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Editorial on the Research Topic
 Phenylpropanoid Systems Biology and Biotechnology



Phenylpropanoids are specialized metabolites involved in several aspects of plant growth and development and in the responses of plants to environmental stimuli. These compounds are synthesized from key intermediates of the shikimate pathway, which are structurally modified by the combined activities of lyases, transferases, ligases, reductases and oxygenases, resulting in the organ- and developmental-specific synthesis and accumulation of diverse metabolites (Vogt, 2010). The phenylpropanoid pathway provides the building blocks for lignin, suberin, and condensed tannins that play a role in structural support and mechanical strength. Lignin is a major contributor to feedstock recalcitrance and negatively affects the conversion of plant biomass into downstream products in biorefineries (Liu et al., 2021). Further, this pathway is key for the production of anthocyanins for organ pigmentation, flavonols and flavones for UV protection, various flavonoids and isoflavonoids for plant-microbe interactions, and antimicrobial phytoalexins for protection against pathogens (Deng and Lu, 2017). In addition to their biological functions in planta, phenylpropanoids are economically important metabolites. They constitute important components in the human diet, acting as nutraceutical compounds with antioxidant, chemopreventive, antimitotic, neuroprotective, cardioprotective, and anti-inflammatory activities. Several phenylpropanoids are considered high-value biochemicals employed in the production of fragrances, pharmaceuticals and biopolymers (Lin and Eudes, 2020).

Systems biology approaches have enabled the characterization of numerous aspects of the phenylpropanoid metabolism in different plant species, including genes, enzymes and metabolites involved in the different branches of the pathway and how these branches are regulated. However, there is still much to be explored and determined in terms of regulation, de novo biosynthesis, transport, compartmentation, and polymerization of phenylpropanoids. In addition to their complex biosynthetic machinery and extensive chemical diversity, the synthesis and accumulation of metabolites is also largely dependent on the tissue type, developmental stage, plant species, or might be triggered in response to specific environmental conditions (Tohge et al., 2013). Advances in “omics” technologies provide a timely opportunity to further characterize even subtle changes in the levels of transcripts, enzymes and metabolites, and thus to provide a comprehensive systems view of phenylpropanoid metabolism throughout plant development and during stress responses. Furthermore, phenylpropanoid bioengineering holds promise to generate more resilient and nutritious crops, to maximize our arsenal of useful biomolecules, and to re-design high-yield and sustainable bioenergy feedstocks by means of biotechnology.

This Research Topic aimed to gather recent findings in all aspects of phenylpropanoid metabolism gained by means of systems biology approaches and the utilization of biotechnology to exploit the economic, medicinal and nutraceutical potential of phenylpropanoids. The topic is organized into four sections: (1) structural, molecular and computational approaches toward unraveling the biosynthetic pathways involved in synthesis of diverse phenylpropanoid-derived metabolites; (2) discovery of genes and/or gene networks involved in distinct aspects of phenylpropanoid metabolism via omics technology; (3) functional characterization of genes involved in the phenylpropanoid metabolism and its coordination with physiological processes; and (4) biotechnological approaches to exploit the economic, medicinal, and nutraceutical potential of phenylpropanoids.


STRUCTURAL, MOLECULAR AND COMPUTATIONAL APPROACHES TOWARD UNRAVELING THE BIOSYNTHETIC PATHWAYS INVOLVED IN SYNTHESIS OF DIVERSE PHENYLPROPANOID-DERIVED METABOLITES

The chemical diversity of phenylpropanoids results from the modification and amplification of a set of core structures derived from the shikimate pathway. A vast array of regulatory proteins, biosynthetic enzymes, oxidases and other genes are recruited to produce the various classes of phenolic metabolites. Additionally, many phenylpropanoids are specific to just one or a few plant species, underscoring the complexity of phenylpropanoid biosynthesis and the need for comprehensive characterization studies in diverse species that expand our knowledge base beyond traditional model plant and crop species. Structural, molecular and computational approaches have been applied to identify genes, enzymes and metabolites involved in the biosynthesis of phenylpropanoids in different plants. Delli-Ponti et al. (in this volume) have reviewed how gene expression and co-expression networks can be used as tools to uncover specialized metabolism biosynthetic pathways. Also using a computational approach, Elder et al. (in this volume) have applied density functional theory (DFT) calculations to evaluate the thermodynamics of coupling modes and subsequent rearomatization reactions between coniferyl alcohol and hydroxystilbene glucosides, which has been detected as a natural monomer in the bark lignin of Norway spruce.

The biosynthesis of phenylpropanoids is often triggered by environmental stimuli. To this end, the effect of chilling treatment on the accumulation of phenylpropanoids and on antioxidant activity in seedlings of two rice varieties (contrasting for chilling tolerance) was studied by Du et al. (in this volume). Lignin is a phenolic polymer important for plant growth and development but it is also considered a major bottleneck to the efficient conversion of plant biomass into downstream products. Rosado et al. (in this volume) have reported an in-depth characterization of the structural characteristics of lignins present in rice husks and straw, which are agricultural by-products that can be used to produce chemicals and materials in biorefineries. To identify the timing and key parameters of cell wall recalcitrance across different switchgrass genotypes, Saha et al. (in this volume) measured cell wall composition and phenylpropanoid/lignin biosynthesis gene expression in three switchgrass genotypes representing lowland and upland ecotypes. Yao et al. (in this volume) reviewed recent progress in defining the lignin biosynthetic pathway in lycophytes, monilophytes, gymnosperms, and angiosperms, and integrated new insights on major transcriptional regulators. In another study with evolutionary implications, Rencoret et al. (in this volume) structurally characterized the lignin-like fractions isolated from several ancestral plants, including those from moss, lycophyte, horsetail, fern, cycad, and gnetophyte species. Blaschek and Pesquet (in this volume) provided an overview of the differences and similarities in the structures, reaction mechanisms, substrate specificities, and functional roles between phenoloxidases. Because grasses are able to synthesize phenylpropanoids from either phenylalanine (Phe) or tyrosine (Tyr), Simpson et al. (in this volume) employed 13C isotopic-labeled precursors and mass spectrometry-based metabolomics to determine the downstream metabolites derived exclusively from Phe and Tyr in sorghum. Several phenylpropanoids show bioactivity that might influence plant growth and development or might be beneficial for human health. El Houari et al. (in this volume) reviewed reports describing altered accumulation of bioactive phenylpropanoids (or phenylpropanoid-derived metabolites) as the causal factor for observed phenotypes of lignin mutants in Arabidopsis. Cappellini et al. (in this volume) reviewed the recent progress in understanding the anthocyanin biosynthetic pathway in plants, with special emphasis on the differences in molecular mechanisms between monocot and dicot plants, and discuss the biological activities of anthocyanins as beneficial components of the human diet. Similar to anthocyanins, tannins form another group of phenolic compounds with beneficial effects on human health. Wang et al. (in this volume) performed a genome-wide analysis of the tannase gene family to identify candidate genes responsible for tannin metabolism in three nut tree species in the Juglandaceae family: walnut, pecan, and Chinese hickory.



DISCOVERY OF GENES AND/OR GENE NETWORKS INVOLVED IN DISTINCT ASPECTS OF PHENYLPROPANOID METABOLISM VIA OMICS TECHNOLOGY

The identification of genes and transcriptional networks responsible for specific accumulation patterns of phenylpropanoids during a physiological development process or a stress response is essential to elucidate and harness the fine regulatory mechanisms involved in these patterns. Recent advancements in omics technologies enable integrated approaches to unravel these mechanisms at the transcriptomic, proteomic, and metabolomic levels. These studies provide platforms to guide future research on improving crops for human health and wellness. Tang et al. (in this volume) leveraged single-molecule real-time sequencing technology to elucidate flavonoid synthetic pathways in blueberries. Their transcriptome analyses led to the discovery of a R2R3 MYB transcription factor that can positively regulate anthocyanin synthesis in fruits. 5-aminolevulinic acid (ALA) is a plant growth regulator that induces fruit coloration and thereby finds potential applications in modern fruit production. A transcriptome study by Zheng et al. (this volume) identified the differentially expressed genes associated with ALA-induced anthocyanin accumulation in apple, including two R2R3-MYB transcription factors involved in flavonoid accumulation. A study by Aničić et al. (this volume) investigated flavonoid metabolism during fruit development in rockrose, a traditional medicinal plant rich in bioactive phenylpropanoids, using comparative metabolomic and transcriptomic approaches. This work highlights correlations between expression patterns of biosynthetic genes and the content of proanthocyanidins. Phenolic compounds are modulated by biotic and abiotic stresses, and a study by Laoué et al. (in this volume) used quantitative trait locus (QTL) mapping and RNA-Seq to explore the complex polygenic network underlying the constitutive production of specific stilbenoids, flavonoids, and lignans in white spruce. Understanding the formation of secondary cell walls (SCWs) and their lignification has important agro-industrial applications. Hixson et al. (this volume), by undertaking an integrated analysis of the metabolome, transcriptome, and proteome of Arabidopsis lines mutated in arogenate dehydratase genes, exposed the involvement of novel proteins and additional post-transcriptional and translational processes that govern phenylpropanoid/lignin biosynthesis. As a proxy to study SCW formation in the bioenergy crop sugarcane, Simões et al. (this volume) established a lignifying cell culture system that they probed with transcriptomic and metabolomic analyses to illuminate the molecular mechanisms involved in this differentiation process, leading to the discovery of regulatory modules that control SCW deposition.



FUNCTIONAL CHARACTERIZATION OF GENES INVOLVED IN THE PHENYLPROPANOID METABOLISM AND ITS COORDINATION WITH PHYSIOLOGICAL PROCESSES

The phenylpropanoid pathway in plants plays a major role in the synthesis of a wide variety of secondary metabolites. Metabolites originating from this pathway are frequently involved in plant structure or chemical signaling and defense, including flavonoids, lignins, hydroxycinnamic esters, flavonoids, anthocyanins and tannins. Dietary flavonoids, anthocyanins, proanthocyanidins, hydroxycinnamoyl acid amides and lignans are bioactive compounds that have been shown to exhibit multiple health promoting and antioxidant activities. Lignans are plant secondary metabolites composed of a core scaffold that is formed by two or more phenylpropanoid units that can adopt a spectrum of different structural forms. Chen et al. (in this issue) identified two non-selective uridine diphosphate (UDP) glycosyltransferases (UGTs) from Isatis indigotica Fort. that catalyze the addition of a sugar molecule onto several structurally diverse lignin acceptor substrates. Shi et al. (in this issue) sought to explore the transcriptional regulatory mechanisms of anthocyanin and proanthocyanidin biosynthesis in Chinese bayberry, of which the fruit is considered an important dietary source of natural antioxidants. They identified a MrMYB6 gene that is highly upregulated during the latter stages of fruit development and determined it is a negative regulator of anthocyanin and proanthocyanidins through formation of a complex with two transcription factors, bHLH and WD40. Busche et al. (in this issue) carried out a study five 2-oxoglutarate-dependent dioxygenases involved in the formation of the flavonoid aglycon in banana (Musa): flavanone 3-hydroxylase, flavonol synthase and anthocyanidin synthase. Biochemical analysis of several recombinant candidate proteins showed that MusaF3H1 and MusaF3H2 act as flavanone 3-hydroxylases, MusaFLS1 and MusaFLS3 both function as flavonol synthases, and MusaANS has anthocyanidin synthase activity. Elucidating the activity of these genes will facilitate the development of bananas with higher nutritional value. Hydroxycinnamoyl acid amides, such as clovamide, are phenylpropanoid metabolites that play roles in protecting plants from biotic and abiotic stresses. Sullivan and Knollenberg (this issue) identified, cloned and biochemically characterized a hydroxycinnamoyl-CoA:L-DOPA hydroxycinnamoyl transferase (HDT) from red clover that is capable of synthesizing clovamide and related hydroxycinnamoyl amides in vitro. Characterization of this enzyme activity expands our knowledge of the poorly characterized family of BAHD hydroxycinnamoyl-CoA transferase enzymes and will aid in future studies aimed at understanding the molecular basis of substrate specificity within this important family.

Lignin is a heterogeneous phenolic polymer that is highly abundant in the secondary cell walls of all land plants and is composed of three major monolignol subunits: 4-hydroxyphenyl (H), guaiacyl (G), and syringyl (S). The monolignol building blocks of lignin are synthesized by enzymes acting in concert that catalyze sequential reactions. Lin et al. (in this issue) provide direct evidence that two key enzymes involved in monolignol biosynthesis, 4-Coumaric acid:CoA ligase (4CL) and 4-hydroxycinnamoylCoA:shikimic acid hydroxycinnamoyl transferase, form a Ptr4CL-PtrHCT complex in Populus trichocarpa and its formation is a potential mechanism to modulate metabolic flux during secondary cell wall synthesis. The brown midrib (bmr) phenotype found across several C4 grasses has been critical for identifying mutants compromised in lignin synthesis. Tetreault et al. (in this issue) used a combined bulk segregant analysis (BSA) and next-generation sequencing (NGA) approach to show that bmr30 encodes a chalcone isomerase (CHI) and is involved in synthesis of the flavonoid tricin and not a monolignol. In Populus species, lignin can also be further modified by acylation with p-hydroxybenzoate. Zhao et al. (in this issue) used wild type (WT), lignin p-hydroxybenzoate deficient, and p-hydroxybenzoate overproduction plants to investigate the role of this modification in the response of plants to gravitropic/mechanical stress. They showed that lignin-bound p-hydroxybenzoate content increased during tension wood formation. This increase is correlated with a significant induction of expression of a gene encoding a BAHD family acyltransferase, namely, p-hydroxybenzoyl CoA: monolignol p-hydroxybenzoyltransferase 1 (PtrPHBMT1) whose gene product preferentially conjugates p-hydroxybenzoate to S-lignin monomer sinapyl alcohol.



BIOTECHNOLOGICAL APPROACHES TO EXPLOIT THE ECONOMIC, MEDICINAL, AND NUTRACEUTICAL POTENTIAL OF PHENYLPROPANOIDS

Plant phenylpropanoids and their derivatives are essential for plant growth, stress responses, and health benefits for humans. A comprehensive understanding of the biosynthetic mechanisms and transcriptional regulatory network(s) of phenylpropanoid metabolism in various plant species is central for developing biotechnological approaches to produce economically desirable traits and products. Additionally, advancements in synthetic biology and biosensor technology illuminate the potential of real-time control of phenylpropanoid metabolism in the future. Ferreira and Antunes (this volume) reviewed current progress on synthetic biology and highlighted the application of biosensors for re-engineering and autonomously controlling plant phenylpropanoid metabolism. Lam et al. (this volume) reviewed the understanding and bioengineering of the biosynthesis of tricin, a type of plant flavonoid that is an essential plant defense chemical and a promising nutraceutical. Sullivan et al. (this volume) established a de novo hydroxycinnamoyl-malate ester biosynthetic pathway in alfalfa via heterologous expression of a red clover gene and enhanced alfalfa post-harvest protein protection. A transcriptomic study of transgenic tomato plants by Zhao et al. (this volume) defined a GATA transcription factor mediating the co-regulation of drought stress response and phenylpropanoid biosynthesis. Genetic, biochemical and physiological studies from Lee et al. (this volume) found that Arabidopsis needs optimal anthocyanin content for better growth under high nitrate and high salt conditions. A study by Roldan et al. (this volume) using transgenic white clover with high levels of foliar condensed tannins discovered that condensed tannins bind to forage proteins to reduce anthropogenic greenhouse gas emission. Huber et al. (this volume) chemoenzymatically synthesized a series of new phenylpropanoid derivatives and studied their structures and biological effects. Using qualitative and quantitative phytochemical analyses, Gampe et al. (this volume) demonstrated that Ononis hairy root cultures produce isoflavonoids with less chemical divergence and in higher quantity, suggesting a promising system for large-scale isoflavonoid production.

Systems biology and biotechnology have largely contributed to enhance our understanding on the molecular mechanisms underlying the biosynthesis of phenylpropanoids in plants, as well as to manipulate the phenylpropanoid metabolism to exploit its economic, medicinal and nutraceutical potential. Articles in this volume further contribute to these goals, covering different aspects and branches of the pathway. Novel insights and exciting biotechnological strategies involving the phenylpropanoid pathway are expected in the years to come.
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Differentiation of Tracheary Elements in Sugarcane Suspension Cells Involves Changes in Secondary Wall Deposition and Extensive Transcriptional Reprogramming
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Plant lignocellulosic biomass, mostly composed of polysaccharide-rich secondary cell walls (SCWs), provides fermentable sugars that may be used to produce biofuels and biomaterials. However, the complex chemical composition and physical structure of SCWs hinder efficient processing of plant biomass. Understanding the molecular mechanisms underlying SCW deposition is, thus, essential to optimize bioenergy feedstocks. Here, we establish a xylogenic culture as a model system to study SCW deposition in sugarcane; the first of its kind in a C4 grass species. We used auxin and brassinolide to differentiate sugarcane suspension cells into tracheary elements, which showed metaxylem-like reticulate or pitted SCW patterning. The differentiation led to increased lignin levels, mainly caused by S-lignin units, and a rise in p-coumarate, leading to increased p-coumarate:ferulate ratios. RNAseq analysis revealed massive transcriptional reprogramming during differentiation, with upregulation of genes associated with cell wall biogenesis and phenylpropanoid metabolism and downregulation of genes related to cell division and primary metabolism. To better understand the differentiation process, we constructed regulatory networks of transcription factors and SCW-related genes based on co-expression analyses. Accordingly, we found multiple regulatory modules that may underpin SCW deposition in sugarcane. Our results provide important insights and resources to identify biotechnological strategies for sugarcane biomass optimization.
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INTRODUCTION

Sugarcane (Saccharum spp. hybrids), as a C4 plant, is very efficient in generating high yields of biomass with minimal inputs and also has the unique ability within the Poaceae family to accumulate high amounts of sucrose in its mature stem (Diniz et al., 2019). After extraction, sucrose can be directly commercialized as food or fermented to produce the so-called first-generation bioethanol. Sugarcane bagasse, the SCW-rich residue produced after sucrose extraction, is currently burned to generate power and electricity for the production of sugar and ethanol in the mills. However, it can also be used in part as lignocellulosic feedstock, in which SCW polysaccharides are converted into monomeric sugars for fermentation (Klein et al., 2019). The production of lignocellulosic bioethanol from sugarcane bagasse can be achieved by the sugarcane industry, as the feedstock and most of the necessary infrastructure is available (Klein et al., 2019). In a broader perspective, sugarcane bagasse might serve as a renewable and sustainable resource for the production of a plethora of products in biorefineries, including fuels, chemicals and materials. However, due to the complex chemical composition and physical structure of SCWs, processing of plant biomass (including sugarcane bagasse) into downstream products is still considered to be relatively expensive, negatively affecting the transition from an oil-based economy toward a sustainable bio-based economy. Therefore, unraveling the molecular mechanisms underlying SCW deposition in sugarcane is essential for unlocking the economic potential of the bagasse as lignocellulosic feedstock.

The economic potential of sugarcane biomass has stimulated studies aiming to comprehend sugarcane SCW biology, from chemical compositions and physical structure to gene expression and regulation (Bottcher et al., 2013; de Souza et al., 2013; del Río et al., 2015; Costa et al., 2016; Ferreira et al., 2016; Llerena et al., 2019). Despite the recent advances, our understanding of the molecular bases of SCW deposition in sugarcane is still fragmentary, mostly because genetic studies in sugarcane are challenging due to its highly polyploid and complex genome (Cheavegatti-Gianotto et al., 2011). However, recent efforts have provided the scientific community with key sugarcane genomics resources, including the assembly of a 373k gene space of the polyploid genome of the commercial variety SP80-3280 (Souza et al., 2019). In addition, major advances have been achieved in the last few years regarding sugarcane genetic transformation (Lowe et al., 2016; Zhao et al., 2019). Altogether, the availability of such genetic and genomic resources for sugarcane are an excellent and timely basis for a deeper characterization of key molecular aspects of SCW deposition in this important bioenergy crop.

During plant development, SCW deposition occurs in specialized cell types within complex tissues in the plant body, often composed of cells with different morphologies, functions and with intrinsic genetic and developmental programs. The disperse distribution of SCW-depositing cells and the interaction between cell wall components make the study of SCW deposition in planta difficult (Kärkönen and Koutaniemi, 2010). In this regard, xylogenic cultures constitute an interesting model system in which a population of relatively homogenous cells growing in vitro are induced to differentiate into tracheary elements (TEs; water-conducting xylem cells depositing high amounts of SCW) in response to exogenous stimuli. After induction, changes in cell morphology, cell wall composition and structure, and transcript and metabolite abundances can be investigated by harvesting differentiating cells at different time points (Devillard and Walter, 2014). Xylogenic cultures have been successfully employed to unravel and characterize developmental processes associated with xylogenesis, such as xylem differentiation, SCW deposition and programmed cell death in different plant species (Kubo et al., 2005; Yamagishi et al., 2013; Devillard and Walter, 2014; Ogita et al., 2018). Here, we report on the establishment of a xylogenic culture as a model system to study SCW deposition in sugarcane. Suspension cell cultures were established from friable callus derived from meristematic stem tissues and differentiation of TEs was induced upon treatment with a combination of auxin and brassinolide. We employed biochemical analyses, 2D heteronuclear single-quantum coherence (HSQC) Nuclear Magnetic Resonance (NMR) spectroscopy, and large-scale transcriptomics to investigate the changes in cell wall composition and structure and in transcript abundances associated with the differentiation of TEs and its underlying molecular mechanisms. The establishment and characterization of a xylogenic culture provides new possibilities to understand and manipulate SCW deposition in sugarcane.



MATERIALS AND METHODS


Establishment of Suspension Cell Cultures and Imaging Analyses

Establishment of sugarcane suspension cell cultures was performed as previously described (Cesarino et al., 2013) using transverse sections of meristematic stem tissue from 3-month old of cultivar SP80-3280 as explants. Cultures were maintained in 30 mL liquid MS medium supplemented with 3% (w/v) sucrose and 5 μM 2,4-D, grown in a rotary shaker at 120 rpm in the dark at 25°C and subcultured every 3–4 weeks. Growth rate was measured every 2 days by holding the suspension cells for 10 min in a 15 mL centrifugation tube coupled to a 50 mL Erlenmeyer and measuring the sedimented cell volume. Morphological features of cells were observed using a Zeiss Axio Imager M2 microscope coupled with a Zeiss AxioCam HRc camera. For the induction experiments, cells harvested during the exponential growth phase (i.e., around 10 days after subculture) were first filtered through a 230 μm mesh (CD-1TM 60, Sigma-Aldrich), washed with liquid MS and inoculated (300 mg) in 30 mL liquid MS medium containing 10 μM 2,4-D and 0, 0.2, 1 and 2.5 μM brassinolide. Cultures were kept in a rotary shaker at 120 rpm in the dark at 25°C for 4 weeks. An aliquot of cells was harvested weekly and evaluated for the presence of TEs using a Zeiss Axio Imager M2 microscope coupled with a Zeiss AxioCam HRc camera. Characterization of cell wall thickening patterns was performed by confocal laser scanning microscopy (Zeiss LSM 880 Axio Observer) with excitation at 488 nm.



Cell Wall Characterization Analyses

Induction of TEs differentiation was performed by transferring cells harvested during the exponential growth phase to liquid MS medium containing 10 μM 2,4-D and 2.5 μM brassinolide. Control cells were inoculated in liquid MS medium containing 10 μM 2,4-D only. After filtration, cells were pooled (six flasks per biological replicate), frozen in liquid nitrogen, lyophilized and ground into powder. Lignin quantification was performed using the acetyl bromide method as previously reported (Fukushima and Kerley, 2011). For non-cellulosic cell wall polysaccharides analyses, cell wall fractionation and monosaccharide profiling were performed as described (de Souza et al., 2013). Hydroxycinnamic acids were released by severe alkaline treatment directly from lyophilized material and determined using HPLC (Masarin et al., 2011).



2D-HSQC NMR

Samples from cells after 4 weeks of induction and their corresponding controls were harvested as reported above. Lyophilized samples were successively Soxhlet-extracted with acetone (8 h) and water (3 h) to remove the extractive material and ground in a ball mill. Whole cell-walls were analyzed by 2D-NMR at “gel-state” without previous lignin isolation, according to the method previously published (Kim et al., 2008). 2D-NMR cross-signals were assigned by literature comparison (del Río et al., 2015). A semiquantitative analysis of the volume integrals of the HSQC correlation peaks was performed using Bruker’s Topspin 3.5 processing software. In the aromatic/unsaturated region, the correlation signals of G2 and S2,6 were used to estimate the content of the respective G- and S-lignin units, the signals for pCA2,6 and FA2 were used to estimate the abundance of the different hydroxycinnamates (as signals S2,6 and pCA2,6 involve two proton-carbon pairs, their volume integrals were halved). The data were referred to the total content of carbohydrates, estimated from the signals of the anomeric carbons (that mostly correspond to xylose and glucose), and lignin. Data were recorded for two biological replicates, each of them prepared as a pool of six flasks of suspension cells. The cross-signals assigned in the HSQC spectra are listed in Supplementary Table S1 and the relative abundances of the different lignin and hydroxycinnamate units, estimated from the volume integrals of their signals in the spectra, are shown in Supplementary Table S2.



RT-qPCR Expression Analysis

For the expression analysis, induced and control cells were harvested by vacuum filtration at 0, 12 h, 48 h, and 1 week of treatment, frozen in liquid nitrogen and ground into a fine powder. Total RNA isolation, cDNA synthesis and RT-qPCR analysis were performed as previously described (Simões et al., 2020). Relative expression of each gene was calculated by normalizing it with the geometric mean of the relative quantities of three housekeeping genes, POLYUBIQUITIN (ScPUB), UBIQUITIN-CONJUGATING ENZYME 2 (ScUBE2), and GLYCERALDEHYDE 3-PHOSPHATE DEHYDROGENASE (ScGAPDH) (Ferreira et al., 2016). Primers for SCW-related genes were retrieved from previous publications (Casu et al., 2007; Bottcher et al., 2013) or designed within the 3′ UTR region of the gene using Primer31. Primers used in this study are found in Supplementary Table S3. The expression data were analyzed by one-way ANOVA followed by Tukey’s post hoc test (P < 0.05) along the time series, whereas differences between induced and control samples at each time point were assessed by Student’s t-test (P < 0.05).



RNA Extraction, Library Preparation, and Sequencing

The experimental design and cell harvesting for RNAseq analysis were performed as described for the RT-qPCR analysis. Three biological replicates from each time point of control and induced cultures were ground to a powder in liquid N2. Total RNA was extracted using ReliaPrep RNA Miniprep System (Promega) followed by DNAse treatment (DNAse RQ1, Promega), according to manufacturer’s instructions. RNA integrity/quality and concentration were assessed using Agilent Bioanalyzer RNA 6000 pico kit in a Bioanalyzer 2100 (Agilent Technologies) and Qubit 2.0 (Thermo Fisher Scientific), respectively. RIN (RNA integrity number) scores of above 7 were used. Poly-A mRNA isolation and cDNA libraries construction were carried out using NEBNext Poly(A) mRNA Magnetic Isolation Module (New England Biolabs) and NEBNext Ultra II Directional RNA Library Prep kit for Illumina (New England Biolabs), respectively, according to manufacturer’s protocols and using unique barcode for each sample. Pooled samples were sequenced in a high-output paired-end run (2 × 150 bp) using an Illumina® NextSeq 500.



RNAseq Analysis

Low-quality reads (phred score < 20) and adaptor sequences were removed with Trimmomatic (Bolger et al., 2014). Hisat2 v2.1.0 and StringTie v1.3.3 (Pertea et al., 2016) were used for read alignment against the sugarcane reference genome (Souza et al., 2019), read quantification and transcripts assembly, with the following parameters: –min-intronlen 20 –max-intronlen 50000 –dta –rna-strandness RF (for Hisat2); and default parameters for StringTie. Number of reads, filtering and mapping stats are found in Supplementary Table S4. Transcripts annotation was performed using Blast2GO software (Götz et al., 2008) and functional category enrichment analysis was performed with topGO R-package v2.38.1 (Alexa and Rahnenfuhrer, 2020) using biological process category from Gene Ontology (The Gene Ontology Consortium, 2018). Differential expression analysis was performed with DESeq2 (Love et al., 2014) using cutoffs of log2 fold change −1/1 and FDR 0.01. Heatmaps were generated using log2 fold change (FC) of Transcripts Per Million (TPM) normalized by the expression value of each gene at 0 h. Spearman correlation was generated in R using log2 normalized TPM values of all expressed genes and PCA were generated using DESeq2 R-package with the top 5,000 genes with highest expression variance. Venn diagrams were generated with the aid of online tools2. Identification of transcription factors (TFs) was carried out using first hit results from blastx searches (BLAST v2.3.0+, cutoff e-value 1e-20) against sugarcane and sorghum TFs sequences downloaded from the Grassius TF database3. Identification of putative homologs/orthologs in other species was carried out using first hit blastx analysis (cutoff e-value 1e-10) against proteomes downloaded from Phytozome. v12.1.64.



Co-expression Network and Clustering Analysis

Variance stabilizing transformation from DESeq2 was used to estimate gene expression and median absolute deviation (MAD) was used to filter-out non-varying genes. The top ∼30% genes with highest MAD (n = 39,744 genes) were used to detect co-expression modules (clusters) using the WGCNA R-package (Langfelder and Horvath, 2008), with the following parameters: power = 14, minModuleSize = 50, deepSplit = 3, maxPOutliers = 0.10, TOMType = “signed,” minCoreKME = 0.7, minKMEtoStay = 0.5, pamRespectsDendro = FALSE, corType = “bicor,” mergeCutHeight = 0.25, networkType = “signed hybrid.” Co-expression networks were visualized using Cytoscape v3.8.0 (Shannon et al., 2003).



RESULTS AND DISCUSSION


A Combination of Auxin and Brassinolide Induces the Differentiation of TEs in Sugarcane Suspension Cells

To establish a xylogenic culture to study SCW deposition in sugarcane, we generated a suspension cell system from friable callus derived from meristematic stem tissues of greenhouse grown SP80-3280, a cultivar used in Brazilian breeding programs for which a 373k gene space of its genome was recently sequenced and assembled (Souza et al., 2019). Histological analysis using optical microscopy demonstrated that the resulting culture consisted of cells with different morphologies, with both small and generally rounded cells and large and elongated cells, normally aggregated into cell clusters (Supplementary Figure S1). We determined efficient in vitro conditions to induce TEs differentiation by transferring suspension cells into various media containing different concentrations of 2,4-D and brassinolide (BL), based on a protocol previously established for lignification of suspension cells of switchgrass (Shen et al., 2013; Rao et al., 2017), a grass species phylogenetically close to sugarcane. Cultures were analyzed weekly for the presence of TEs using optical microscopy during a period of four weeks. Different combinations of such hormones promoted the formation of TEs (Supplementary Figure S2). The combination of 10 μM 2,4-D and 2.5 μM BL was selected because cell growth was maintained, no browning occurred even after 4 weeks of induction and as we observed consistent TEs formation. Interestingly, this combination of phytohormones only induce ectopic lignification in suspension cells of switchgrass, with no changes in cell morphology (Shen et al., 2013; Rao et al., 2017). Brassinosteroids are known to promote xylem differentiation and wood formation (Du et al., 2020) and the addition of these plant steroids to the medium is essential for TEs differentiation in cell cultures of Arabidopsis thaliana (Kubo et al., 2005), poplar (Yamagishi et al., 2013), and banana (Negi et al., 2015).

We used confocal microscopy to characterize SCW deposition in differentiating cells after 1 week of induction. Induced TEs showed thick SCWs deposited in reticulate (Figures 1a,b) or pitted (Figures 1c,d) patterning, both characteristic of later-forming secondary xylem cells (i.e., metaxylem), which has been largely observed in xylogenic cultures of woody species but not those of herbaceous plants (Möller et al., 2006; Yamagishi et al., 2013). We did not observe other types of SCW thickening, such as helical or annular characteristic of early forming xylem cells (i.e., protoxylem). These changes suggest that the phytohormone treatment not only induced cell wall thickening but also induced xylem differentiation in sugarcane suspension cells. To the best of our knowledge, this is the first xylogenic culture developed for a C4 grass species. Finally, an in vitro experimental system was recently developed in Arabidopsis, in which vascular development is strongly induced in leaf-disk cultures using bikinin, an inhibitor of glycogen synthase kinase 3 (GSK3) proteins (Kondo et al., 2015). This was due to repression of the inhibitory activity of GSK3s on xylem cell differentiation. We tested the same conditions in sugarcane suspension cells, as well as in leaf disks of sugarcane and sorghum, but found no differentiation of TEs, even though such species harbor homologs of genes encoding GSK3s in their genomes (Supplementary Figure S3). These results suggest that the signaling cascade toward xylem differentiation downstream of GSK3s might not be conserved between eudicots and grasses.


[image: image]

FIGURE 1. Confocal laser scanning images showing secondary xylem-like tracheary elements in sugarcane suspension cells after 1 week of induction. (a,b) Tracheary elements with reticulate patterning of the secondary wall thickening. (c,d) Tracheary elements with pitted patterning of the secondary wall thickening.




Differentiation of TEs Is Accompanied by Quantitative and Qualitative Changes in Cell Wall Deposition

Xylem cells deposit significant amounts of SCWs, and we therefore expected the differentiation of TEs to be accompanied by changes in cell wall content and composition. Hence, lignin content and monosaccharide composition of cell walls from control and induced cells were analyzed as a function of time. Because SCW deposition is a terminal and cumulative process, samples were harvested every week for a period of 4 weeks to allow robust changes to occur. Lignin content, measured as percentage of cell wall residue (CWR), was significantly higher after 1 week of induction, and continued to increase in a roughly linear manner throughout the induction time of 4 weeks reaching up to 12–13% on a CWR basis (Figure 2A). This amount of lignin was equivalent to that observed for maturing internodes, but slightly lower than that of mature internodes of two sugarcane cultivars grown in the field (Bottcher et al., 2013).
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FIGURE 2. Lignin content and monosaccharide composition of cell wall residues isolated from control and induced sugarcane suspension cells along a time frame of 4 weeks. (A) Lignin content determined by the acetyl bromide method. Data are expressed as percentage of CWR. Error bars represent SE (n = 4). (B–H) Monosaccharide content determined by HPAEC-PAD. Panels indicate (B) arabinose, (C) xylose, (D) galactose, (E) fucose, (F) glucose, (G) rhamnose, and (H) mannose. Data are means ± SE (n = 5). (I) Arabinose to xylose ratio. Data are means ± SE (n = 5). Statistical differences were assessed using one-way ANOVA and Tukey’s post hoc test (P < 0.05) for comparisons along time in the same treatment and using Student’s t-test (P < 0.05) between control and induced samples at each time point. Different uppercase letters represent significant differences along the time series, whereas different lowercase letters represent significant differences between treatments.


Mild hydrolysis of non-cellulosic polysaccharides from alcohol-insoluble residues (AIR) of the sugarcane suspension cells (initial phase, T = 0 h) produced mainly xylose and arabinose (Figures 2B–I), suggesting predominance of arabinoxylans. These results are similar to those reported for suspension cell cultures of other grass species, including wheat, rice, switchgrass and even sugarcane (Burke et al., 1974; Rao et al., 2017). High levels of galactose also indicate the occurrence of pectins. By contrast to lignin, the content of most non-cellulosic-related monosaccharides decreased through time in both control and induced cultures (Figures 2B–H). Although the contents of arabinose (Figure 2B) and xylose (Figure 2C) decreased in both cultures when compared to T0h, only the amount of arabinose significantly differed between treatments, being lower in the induced cells after 4 weeks and leading to a significant decrease in the ratio of arabinose to xylose (Figure 2I). Because arabinoxylan is composed of a backbone of β-1,4-linked xylose residues often decorated with arabinose side chains on the O3 position, the arabinose to xylose ratio reflects the degree of arabinoxylan branching/linearity (de Souza et al., 2013; Rao et al., 2017). The significant decrease in arabinose to xylose ratio observed in induced cells indicates that a less branched arabinoxylan is produced during the differentiation process in sugarcane suspension cells. This is in accordance with the results found for internode tissues of different sugarcane hybrids (de Souza et al., 2013; Costa et al., 2016) and species (Llerena et al., 2019) and for stem material of three Miscanthus sinensis genotypes (de Souza et al., 2015), suggesting that a less branched polymer is produced in SCW-depositing tissues of grasses. The contents of other non-cellulosic-related monosaccharides showed a consistent and significant decrease through time in both cultures, with little or no differences between the control and the induced cells (Figures 2D–H). These contrasting accumulation patterns between lignin and non-cellulosic polysaccharides were also observed along stem maturation in four experimental sugarcane hybrids (Collucci et al., 2019). These observations suggest that developmental lignification increases cell wall density with a decreased proportion of polysaccharide to lignin ratio (Collucci et al., 2019).

To further characterize the changes in lignin deposition during the differentiation process, we analyzed cell wall preparations of samples from 4 weeks after induction via 2D HSQC NMR. The main 1H/13C cross-signals observed in the aromatic/unsaturated region (δC/δH 90–150/5.8–8.0) of the HSQC spectra corresponded to the aromatic rings and the unsaturated side-chains of the different guaiacyl (G) and syringyl (S) lignin units, and to the wall-bound hydroxycinnamates p-coumarate (pCA) and ferulate (FA) (Figure 3 and Supplementary Table S1). Signals for p-hydroxyphenyl (H) lignin units overlapped with those of proteins and thus were not quantified. Our data revealed higher relative abundance of total lignin units in the induced culture when compared to the control (7.1–7.5 lignin units per 100 lignin + carbohydrate units in induced cells compared to 2.3–2.7 in the control), corroborating the data on lignin quantification. The higher lignin amount in the induced cells was mainly caused by a more pronounced increase in S-lignin units (4.2–4.4 versus 1.1–1.4 in the control) than in the G-lignin units (2.9–3.1 versus 1.2–1.3 in the control), resulting in higher S/G ratios (1.4–1.5 versus 0.9–1.1 in the control) (Figure 3 and Supplementary Table S2). In most xylogenic cultures, G units often represent the main lignin component, most likely because water-conducting cells are typically enriched in G units (Pesquet et al., 2019). Conversely, stress-lignins ectopically deposited in cell cultures of Angiosperms are normally enriched in S units with trace amounts of G units (Shen et al., 2013; Mélida et al., 2015). This is in line with the proposed role of S lignin in plant defense responses against stresses (Cesarino, 2019). The lignin polymer deposited in sugarcane induced cells showed a typical G+S composition with the slightly higher levels of S units than normally found in grass lignins, with a S/G ratio of around 1.2. Nevertheless, similar lignin composition was observed for the bagasse of a hybrid (del Río et al., 2015) and mature internodes of four sugarcane species (Llerena et al., 2019), confirming that what we observe is not due to stress and suggest that our in vitro conditions were effective to mimic a natural program controlling xylem differentiation and SCW deposition.
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FIGURE 3. Structural characterization of lignin by NMR. 2D-HSQC-NMR spectra (in DMSO-d6) is shown for the aromatic/unsaturated regions (δC/δH 90–150/5.8–8.0) of whole cell walls from control and induced sugarcane cells. Main structures found are: G, guaiacyl lignin units; S, syringyl lignin units; pCA, p-coumarates; FA, ferulates. The structures are colored to match the assigned contours in the NMR spectra. Integrated values for each monomeric G, S, pCA and FA units (as per total lignin and carbohydrate units) and the corresponding S/G and pCA/FA ratios are provided.


The hydroxycinnamates pCA and FA are chemically bound to different cell wall components in grasses: whereas pCA is mainly ester-linked to the γ-OH of S units sidechains in lignin, FA is preferentially ester-linked to arabinosyl residues of arabinoxylan, participating in both polysaccharide-polysaccharide and lignin-polysaccharide cross-coupling reactions (Hatfield et al., 2017). The relative abundance of FA units was slightly lower in the induced culture (7.2–7.8 versus 9.8–10.1 in the control), whereas the relative abundance of pCA units was around ninefold higher (9.1–9.7 units versus 1.0–1.3 in the control), leading to higher pCA/FA ratios (from around 0.1 in the control to around 1.3 in the induced cells) (Figure 3 and Supplementary Table S2). The higher amounts of pCA units in the wall preparations of induced cells are in accordance with its higher lignin levels, as the pCA content largely reflects the degree of lignification in grass cell walls (Masarin et al., 2011; Hatfield et al., 2017). These results were further confirmed when the contents of FA and pCA were determined in samples for all time points via high-performance liquid chromatography (HPLC) after alkaline hydrolysis. A strong increase in the pCA/FA ratio was observed along the time course exclusively in induced cells, mainly caused by a sharp increase in pCA content (Figures 4A–C). Altogether, these data corroborate the accumulation of lignin in the induced sugarcane suspension cultures.
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FIGURE 4. Wall-bound hydroxycinnamates quantification and cell wall fractionation of residues isolated from control and induced sugarcane suspension cells. Hydroxycinnamates were quantified by HPLC after alkaline hydrolysis from samples harvested weekly along a time frame of 4 weeks. Cell wall fractionation was performed in samples from control and induced cells after 4 weeks of treatment. (A) p-coumarate content determined by HPLC after alkaline hydrolysis. Data are expressed as percentage of dry matter. Error bars represent SE (n = 4). (B) Ferulate content determined by HPLC after alkaline hydrolysis. Data are expressed as percentage of dry matter. Error bars represent SE (n = 4). (C) Ratio of p-coumarate to ferulate. Data are means ± SE (n = 4). (D) Yields of total soluble sugars and polysaccharides sequentially extracted upon cell wall fractionation from control and induced cells. Data are expressed as percentage of total biomass ± SE (n = 5). (E) Monosaccharide composition of the ammonium oxalate extract. Data are means ± SE (n = 5). (F) Monosaccharide composition of the sodium chlorite extract. Data are means ± SE (n = 5). (G) Monosaccharide composition of the 4M NaOH extract. Data are means ± SE (n = 5). (H) Monosaccharide composition of the insoluble wall residue. Data are means ± SE (n = 5). For the hydroxycinnamates data, statistical differences were assessed using one-way ANOVA and Tukey’s post hoc test (P < 0.05) for comparisons along time in the same treatment and using Student’s t-test (P < 0.05) between control and induced samples at each time point. Different uppercase letters represent significant differences along the time series, whereas different lowercase letters represent significant differences between treatments. For the cell wall fractionation data, statistical differences (indicated by asterisks) were assessed between control and induced samples using Student’s t-test (P < 0.05).


To further assess the structural changes in cell wall polysaccharides occurring during the differentiation process, we fractionated AIR preparations of the last time point (i.e., 4 weeks after induction) by sequential extraction with increasingly harsh reagents to release the most weakly to the most tightly bound components of the cell wall (de Souza et al., 2013), which was followed by monosaccharide profiling of the resulting extracts. For the preparation of AIR, the dry matter was extracted with ethanol, which released similar amounts of total soluble sugars (TSS) in both cultures (Figure 4D). Ammonium oxalate, which mainly releases pectins and arabinogalactans loosely bound to the wall by ionic interactions, extracted more material from induced cells when compared to the control (Figure 4D), and monosaccharide profiling showed significantly higher amounts of arabinose, xylose, galactose, and rhamnose in the extracts of the former (Figure 4E). Sodium chlorite, which extracts phenolic-associated wall polysaccharides, released more material from control cells (Figure 4D), whose extract showed higher amounts of xylose, galactose, and rhamnose, but lower amounts of mannose (Figure 4F). No significant differences were observed in the case of 4M NaOH extraction, which typically releases hemicelluloses, tightly bound pectins, arabinogalactans and phenolics, neither for yield (Figure 4D) nor for monosaccharide profile (Figure 4G). Finally, similar yields were found for the insoluble wall residue remaining after all extractions in both cultures (Figure 4D), but higher amounts of glucose were found in control cells in comparison to induced cells (Figure 4H). These results suggest that the differentiation of TEs in sugarcane suspension cells was accompanied by structural changes in cell wall polysaccharides, mainly an increase in the fraction of loosely bound pectins and arabinogalactans and a decrease in phenolic-associated wall polysaccharides, mainly arabinoxylan.



Differentiation of TEs Results in a Massive Transcriptional Reprogramming in Induced Sugarcane Cells

Because TEs formation is a rather complex process that involves cell differentiation, secondary cell wall deposition and programmed cell death, we expected to observe extensive reprogramming in gene expression. To establish the time frame for the large-scale transcriptomic analysis, the expression of selected SCW-related genes was first evaluated via RT-qPCR in both control and induced cells harvested on 0, 12, 48 h, and 1 week after the beginning of the treatment. This analysis showed an upregulation of lignin biosynthetic genes and CELLULOSE SYNTHASE genes already on 12 h after induction, followed by a slight downregulation during later time points (Supplementary Figure S4). In control cells, the expression of these genes remained largely unchanged compared to T0h and were significantly lower than that of induced cells (Supplementary Figure S4). These results confirmed that the selected time frame was effective to unravel expression changes during TEs differentiation. Thus, we chose these time points to perform genome-wide RNAseq analyses.

A total of 139,433 genes were detected as expressed in the cells (at least one sample with average TPM ≥ 0.1), approximately one third of all genes annotated in the sugarcane reference genome (Souza et al., 2019). This genome version separates the hom(e)ologous loci in sugarcane, ranging from 1 to 16, which explains the high number of expressed genes observed in the analysis. Spearman correlation and principal component analyses (Supplementary Figure S5) depicted a good correlation among biological replicates and a clear separation between induced and control samples, reflecting the transcriptional changes caused by the differentiation process. Using a threshold of 2x fold change (log2-fold change +1/−1) expression differences and P ≤ 0.01 after false discovery rate (FDR) correction, a high number of differentially expressed genes (DEGs) was identified between induced and control cells (Figure 5A and Supplementary Table S5). Compared to the control, the differentiating conditions stimulated a more extensive reprogramming of gene expression, especially in the first time interval (0–12 h transition), but in both cultures the number of DEGs decreased through time (Figure 5A). Venn diagrams were generated for each time interval to identify genes with higher or lower expression exclusively in induced samples (Supplementary Figure S6a). At the 0–12 h time transition (Supplementary Figure S6a), a high number of DEGs were shared between induced and control cells, suggesting that major changes in gene expression occur normally during the progress of the in vitro culture. Still, the number of DEGs found exclusively in induced cells was much higher (14,511 down- and 7,226 upregulated) than that found exclusively in the control (2,207 down- and 1,370 upregulated). For latter time transitions, the number of shared DEGs between treatments decreased, as well as the number of DEGs exclusively observed in induced cells. The set of DEGs exclusively found for induced cells provides an interesting resource for gene discovery with respect to vascular development, programmed cell death (PCD) and SCW deposition.
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FIGURE 5. Large-scale transcriptomic analysis of the sugarcane cell cultures. (A) Double-sided histograms of the number of differentially expressed genes (DEGs) identified along the time course in control (dark blue shading) and induced (light blue shading) cells, separately, and between control and induced cells in each time point (pink shading). Up- and downregulation is indicated by red and blue color, respectively. (B) Enrichment analysis of biological processes terms from Gene Ontology among downregulated and upregulated DEGs found for the comparison control × induced samples for each time point [pink shading in (A)]. Enriched biological processes (P < 0.0001) in each sample are indicated by red boxes. For brevity, only 23 GO terms are shown. (C) Selected clusters/modules whose expression shows distinct patterns between induced and control samples along the time course. Line graphs denote the average of the module eigengene expression, which is the most representative gene expression profile of the module. Average expression of induced and control samples is shown in black and red, respectively. (D) Enrichment analysis of biological processes terms from Gene Ontology among genes associated with selected clusters [shown in (C)]. Enriched biological processes (P < 0.0001) in each cluster are indicated by red boxes. For brevity, only 35 GO terms are shown.


To obtain an overview of the biological processes affected by differentiation of TEs in the sugarcane culture, we undertook enrichment analysis of functional categories from Gene Ontology among DEGs. Biological processes related to ‘secondary metabolic process,’ ‘phenylpropanoid metabolic process,’ ‘flavone biosynthetic process,’ ‘cinnamic acid biosynthetic process,’ and ‘cell wall organization or biogenesis’ were enriched among DEGs upregulated in induced cells when compared to control cells in different time points, whereas ‘cell division,’ ‘mitotic cell cycle,’ ‘microtubule bundle formation,’ and ‘primary metabolism’ were enriched among downregulated DEGs (Figure 5B). When enrichment analyses were performed among DEGs specifically up- or downregulated in induced samples along the time course, similar functional categories were found to be overrepresented (Supplementary Figure S6b). The repression of cell cycle/division and of specific pathways related to primary metabolism concomitantly with the activation of the phenylpropanoid pathway and cell wall biogenesis is consistent with a genetic reprogramming from cell proliferation toward cell differentiation in induced cells, which involves a shift of the cells’ metabolism for the biosynthesis of secondary wall components (Ohtani et al., 2016). A similar shift from primary to secondary metabolism was observed during brassinosteroid-mediated lignification of switchgrass suspension cells (Rao et al., 2017) and during protoxylem formation in etiolated seedlings of dexamethasone (DEX)-inducible VND7 Arabidopsis lines (Li et al., 2016).

A co-expression analysis was further performed to group the genes according to their expression profiles along the time course in both induced and control cultures. Genes with low expression variation among samples were filtered out (see section “Materials and Methods”) and a total of 39,744 genes were used as input. This analysis resulted in 18 clusters of co-expressed genes (Supplementary Figure S7). Among them, three clusters deviated sharply between induced and control samples (Figure 5C). Cluster 1 (n = 815 genes) shows genes whose transcript levels linearly and significantly increased along the time course in induced cells when compared to control, whereas transcript levels of genes in cluster 2 (n = 1954 genes) showed a sharp increase in the first time interval and remained higher in the following time points. When enrichment analysis was performed for these two clusters individually, cluster 1 was enriched in biological processes related to responses to hormones, negative regulation of growth and cell wall organization and biosynthesis, whereas cluster 2 was largely enriched in functional categories related to secondary metabolism, phenylpropanoids and reactive oxygen species metabolism (Figure 5D). Conversely, cluster 3 (n = 745 genes) represents genes for which transcript levels decreased along the time course in induced cells and gradually increased in control cells (Figure 5C), and its enriched categories were mostly related to cell division, microtubule formation and skotomorphogenesis (Figure 5D). Altogether, these results corroborate downregulation of genes involved in growth and proliferation and the upregulation of genes involved in cell specialization and lignification.

To evaluate common and distinctive features in the process of TEs formation between grasses and eudicots, enrichment analysis was applied to public microarray data from an Arabidopsis xylogenic culture induced upon treatment with brassinolide and boron (Kubo et al., 2005) and compared to those found in our study. The comparison with this particular xylogenic culture is convenient because of the similarities regarding system conditions (i.e., in vitro cultured cells induced by brassinolide) and time frame (i.e., within 7–10 days of treatment). From the total of 1,705 genes showing more than an eightfold change in expression over the time course, enrichment analyses were performed for three sets of genes with well-defined patterns: (i) down-regulation from T = 0 (n = 674 genes), (ii) early up-regulation (expression peak between 0 and 4 days; n = 341 genes), and (iii) late up-regulation (expression peak between 4 and 10 days; n = 512 genes) (Supplementary Table S6). These sets showed analogous expression patterns to clusters 3, 2, and 1 in the sugarcane dataset (Figure 5C), respectively. Although some of the enriched functional categories among down-regulated genes in the Arabidopsis culture were also found for sugarcane cluster 3, the biological processes being repressed along the time course seem to significantly differ between the two systems (Supplementary Figure S8 and Supplementary Table S6). For instance, functional categories related to cell division and microtubule formation enriched among down-regulated genes in the sugarcane culture were not observed for the Arabidopsis set, which was enriched in categories such as “response to stimulus,” “signal transduction” and those involved in housekeeping functions (Supplementary Figure S8 and Supplementary Table S6). When comparing sets of up-regulated genes, perhaps the most striking difference between the two systems was that enrichment with categories related to phenylpropanoid metabolism was observed for early up-regulated genes (cluster 2) in sugarcane but late up-regulated genes in Arabidopsis (Supplementary Figure S8 and Supplementary Table S6). Additionally, the set of late up-regulated genes in the Arabidopsis culture was more strongly enriched with categories related to cell wall deposition and to metabolic pathways related to cell wall components. These data suggest that, despite some similarities, the differentiation of suspension cells into TEs triggered by treatment with brassinolide in sugarcane and Arabidopsis involves largely different transcriptional reprogramming. The fact that bikinin induced the transdifferentiation of mesophyll cells into TEs only in Arabidopsis but not in sugarcane (Supplementary Figure S3) reinforces the differences in this signaling cascade.



SCW-Related Genes Are Upregulated During the Differentiation of TEs in Sugarcane Suspension Cells

Because increased lignin levels were observed for induced cells during the time course and because enrichment analyses showed that genes associated with the phenylpropanoid metabolism were overrepresented among upregulated DEGs in induced samples, a more detailed expression analysis was performed for this metabolic pathway. A total of 227 hom(e)ologous genes involved in the phenylpropanoid and monolignol pathways were detected as differentially expressed in at least one comparison, with varying expression levels and patterns during the time course of the culture (Figure 6 and Supplementary Table S5). Among them, we found putative orthologs of sorghum BROWN MIDRIB2 (BMR2, encoding 4CL; seven genes), BMR6 (encoding CAD; five genes) and BMR12 (encoding COMT; seven genes), respectively, which are involved in lignin biosynthesis (Saballos et al., 2008, 2012; Sattler et al., 2009). The identification of individual phenylpropanoid genes that are upregulated in induced cells might be useful to further identify the core set of genes among family members potentially involved in developmental lignification in sugarcane, improving target selection for biotechnological strategies. Previously, large-scale transcriptomics of two sugarcane cultivars contrasting for their lignin content have shown limited success, as only three monolignol biosynthetic genes were differentially expressed between the cultivars (Vicentini et al., 2015). Upregulation of phenylpropanoid/monolignol biosynthetic genes was more pronounced at 12 h and at 1 week of treatment (Figure 6), a similar pattern observed in cluster 2, and 35 from the 227 phenylpropanoid genes were indeed present in this cluster, including putative orthologs of sorghum BMR2 and BMR12. This expression pattern was observed for several genes from the majority of the lignin-related gene families, with exception of C3’H, and included PTAL, which encodes monocot-specific PALs able to use tyrosine as well as phenylalanine as substrate and shown to provide nearly half of the total lignin deposited in Brachypodium distachyon cell walls (Barros et al., 2016). Interestingly, some CSE-like genes also showed the same pattern, even though it is still not clear whether CSE is important for lignin biosynthesis in grasses (Barros et al., 2019; Volpi e Silva et al., 2019). Conversely, a different pattern was observed for genes encoding the recently characterized p-coumarate 3-hydroxylase, a bifunctional ascorbate peroxidase that catalyzes the 3-hydroxylation of p-coumarate to caffeate in the lignin pathway (Barros et al., 2019), as these genes were only slightly upregulated at the transition from 0 to 12 h in induced cells, whereas not differentially expressed in the same time point in the control (Figure 6 and Supplementary Table S7). Consistent with the increased levels of wall-bound pCA in induced cells, genes encoding p-coumaroyl-CoA:monolignol transferase (PMT), a grass-specific enzyme that acylates monolignols with pCA (Petrik et al., 2014), are also upregulated at 12 h in induced samples, but their expression decreased in the following time points.
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FIGURE 6. Representation of the monolignol biosynthetic pathway and the secondary cell wall domain embedded with expression data of lignin-related genes. Color code represents expression depicted as log2 fold change (FC) of transcripts per million (TPM) normalized by the expression value of each gene at 0 h. Only genes detected as differentially expressed in at least one comparison are shown. Each heatmap shows one hom(e)ologous genes per line for a given gene family and columns denote the different samples. Black and gray bars on the top of each heatmap indicate control and induced samples, respectively. Figure was adapted from MapMan4 (Schwacke et al., 2019) and includes all enzymatic steps toward monolignol biosynthesis, in addition to monolignol p-coumaroylation and oxidation. PAL, phenylalanine ammonia lyase; PTAL, bifunctional phenylalanine/tyrosine ammonia-lyase; C4H, cinnamate 4-hydroxylase; C3H, 4-coumarate 3-hydroxylase; 4CL, 4-coumarate-CoA ligase; HCT, p-hydroxycinnamoyl-CoA:quinate/shikimate p-hydroxycinnamoyltransferase; C3’H, 4-coumaroyl quinate/shikimate 3-hydroxylase; CSE, caffeoyl shikimate esterase; CCoAOMT, caffeoyl-CoA O-methyltransferase; CCR, cinnamoyl-CoA reductase; F5H, ferulate 5-hydroxylase/coniferaldehyde 5- hydroxylase; COMT, caffeate/5-hydroxyconiferaldehyde O-methyltransferase; CAD, cinnamyl alcohol dehydrogenase; PMT, p-coumaroyl-CoA:monolignol transferase.


Tricin is a flavonoid belonging to the flavone subclass that is incorporated into the lignin polymer, and thus it was established as an authentic lignin monomer mainly in the Poaceae family (del Río et al., 2020). In addition to its role in lignification, this flavone also occurs as free tricin, tricin-O-glycosides, flavonolignans, and flavonolignan glycosides in sugarcane (Bottcher et al., 2013). The fact that GO term ‘flavonoid metabolism’ was overrepresented among DEGs of induced samples advocated for a more detailed expression analysis of the tricin biosynthetic pathway. Among the genes encoding the flavonoid entry point enzymes chalcone synthase (CHS) and chalcone isomerase (CHI) that were differentially expressed, three CHS and seven CHI genes were associated with clusters 1 or 2 (Supplementary Table S8), suggesting that they may be responding to the differentiation process. For the genes more downstream in the tricin biosynthetic pathway, ten CYP93G1 and four CYP75B4 genes were differentially expressed (Supplementary Table S7), among which three CYP93G1 and three CYP75B4 genes belonged to clusters 1 or 2 (Supplementary Table S8). Despite the upregulation of tricin biosynthetic genes, tricin-derived units were not detected in the polymer synthesized by sugarcane induced cells using 2D-HSQC NMR. Although little is known about tricin topochemistry, this flavonoid might be preferentially synthesized and/or incorporated into the lignin of fibers or parenchymatic cells rather than in vessels. Alternatively, tricin glycosylation might preclude its incorporation into the lignin polymer. The major UDP-dependent glycosyltransferases (UGTs) responsible for 7-OH and 5-OH glycosylation of rice flavones (all of them belonging to GT1 family) were recently identified and shown to catalyze the glycosylation of tricin aglycone and tricin-monolignol dimers (Peng et al., 2017). Seven GT1 family members were upregulated in both induced and control cells (Supplementary Figure S7 and Supplementary Table S8), whereas one GT1 was upregulated exclusively in induced cells at 1 week (Supplementary Table S7). The upregulation of UGT genes belonging to the GT1 family in induced cells is consistent with the NMR data and suggests that glycosylation might play an important role in modulating tricin incorporation into lignin.

Lignin polymerization occurs in the apoplast and is mediated by laccases and class III peroxidases that are responsible for the oxidation of lignin monomers. These enzymes belong to large multigene families with highly redundant members and diverse functions, making the identification of individual genes involved in lignification a difficult task (Shigeto and Tsutsumi, 2016; Simões et al., 2020). Thus, genes encoding laccases and peroxidases that are specifically upregulated during the differentiation of TEs in the sugarcane culture are strong candidates to be involved in lignin polymerization. A massive number of laccases (31 genes) and peroxidases (197 genes) were differentially expressed in at least one comparison, but with different expression patterns (Figure 6 and Supplementary Table S7). Most laccases were rapidly upregulated after 12 h of induction and their expression levels remained high in the following time points. After 1 week, 27 out of the 31 laccases showed high expression in induced cells when compared to the same time point in control cells (Supplementary Table S7). Expression patterns observed for peroxidases were more diverse, but 78 out of the 197 genes showed higher expression at 12 h and/or 1 week in induced cells compared to control cells. Accordingly, eight laccases and 44 peroxidases shown to be differentially expressed were present in cluster 2 (Supplementary Table S7) and were, therefore, co-expressed with lignin-related genes. Monolignol oxidases are interesting biotechnological targets for lignocellulose optimization because manipulating such terminal players in lignin deposition is less likely to affect plant development due to the loss of other physiologically important phenylpropanoids or to the accumulation of potentially cytotoxic pathway intermediates.

Due to the observed structural changes in cell wall polysaccharides, genes related to cellulose and hemicellulose biosynthesis were also investigated. The cellulose glucan chain is synthesized by a complex of cellulose synthase (CesA) proteins, which are classified as those required for primary (CesA1, CesA3, and CesA8 in rice) and secondary cell wall synthesis (CesA4, CesA7, and CesA9 in rice) (Tanaka et al., 2003; McFarlane et al., 2014). Only four CesA genes were upregulated exclusively in induced samples (at the transition from 0 to 12 h), but none of them are potential homologs to rice secondary wall CesAs (Supplementary Table S7). Similar results were found for a xylogenic culture of the woody bamboo species Phyllostachys nigra, in which SCW-related CesAs were not upregulated upon inducing conditions (Ogita et al., 2018). Noteworthy, the determination of CesAs specificities in primary or secondary wall deposition in sugarcane has been problematic. While analyzing the transcripts that are differentially expressed during sugarcane stem development, Casu et al. (2007) observed a major increase in the expression of all CesAs (especially those homologous to primary wall CesAs in other species) in developing and maturing internodes, tissues in which SCW is actively deposited. This observation led the authors to suggest that in sugarcane there may not be a distinction between primary or secondary wall CesA genes or that both types of walls are deposited simultaneously. More recently, tissue-specific transcriptome analysis showed that the expression of putative SCW-related CesAs in sugarcane vascular bundles was low (Casu et al., 2015). Altogether, these results suggest that different groups of CesA genes might be involved in cell wall deposition in different sugarcane stem tissues or cell types, but currently it is not obvious whether any specificities between PCW and SCW CesAs exist.

The backbone of arabinoxylan, the major hemicellulose found in grass cell walls, is synthesized by the activity of glycosyltransferases (GT) from GT43 and GT47 families, such as the homologs of Arabidopsis IRREGULAR XYLEM9 (IRX9), IRX10, and IRX14 genes (Scheller and Ulvskov, 2010), whereas its side-chain arabinosyl substitutions are incorporated in grasses by xylan arabinosyltransferases (XATs), members of the GT61 family (Anders et al., 2012). In contrast to the reduced number of DEGs encoding CesAs, 36 genes from GT43 and GT47 families (putative orthologs of IRXs genes) were differentially expressed, 20 of which were upregulated in induced samples, mainly at 12 h (Supplementary Table S7). Moreover, seven XAT genes were found upregulated in induced samples, mainly at 12 h (Supplementary Table S7). In addition, two CslF and two CslH genes, responsible for mixed-linkage glucan biosynthesis (Vega-Sánchez et al., 2012), were also upregulated in exclusively induced samples (Supplementary Table S7). These results are in contrast to those observed for switchgrass suspension cell cultures, in which CslF and GAX-related genes are mostly downregulated (Rao et al., 2017), most likely because the latter system triggers only ectopic lignification but does not promote cell differentiation, leading to the deposition of different SCWs.



The Expression of Regulators of SCW Deposition and PCD Is Induced During Differentiation of Tracheary Elements in Sugarcane Suspension Cells

Secondary cell walls deposition is transcriptionally regulated by a hierarchical feed-forward loop of regulators. On the top level, SCW-related NAC TFs, referred to as master switches, directly activate the expression of second-level SCW-related myeloblastosis (MYB) TFs and, together, both activate downstream TFs, mostly MYBs, and the coordinated expression of SCW biosynthetic genes (Ohtani and Demura, 2019). A total of 50 genes encoding NAC TFs were upregulated in induced cells, considering both DEG identification approaches (Supplementary Table S5) and several of them were found in clusters 1 (six genes) and 2 (19 genes), respectively (Supplementary Tables S5, S6), suggesting a potential function during the differentiation process. The sequences of these NACs were compared against the Arabidopsis, poplar, rice, maize and switchgrass proteomes using first hit blastx analysis (Supplementary Table S7) to identify their potential orthologs. Two of them (belonging to cluster 1) showed high similarity to SCW-related NACs of different species, named VND4 in Arabidopsis (Zhou et al., 2014), ZmSNW6 in maize (Zhong et al., 2011b) and PvSWN6A/B in switchgrass (Zhong et al., 2015) (Supplementary Table S7). VND TFs, including VND4, directly regulate the expression of a broad range of genes involved in xylem vessel differentiation in Arabidopsis, including SCW biosynthetic and PCD-related genes (Zhou et al., 2014). Additionally, seven NAC TFs that shared high similarities to Arabidopsis XND1 (three genes) and ANAC087 (four genes) were associated with cluster 2 (Supplementary Table S7). XND1 was previously characterized as a repressor of SCW deposition and PCD in xylem of Arabidopsis (Zhao et al., 2008). XND1 plays a role in the maturation of metaxylem elements, prolonging the duration of xylem extensibility possibly by counteracting genes such as the SCW NAC master switches VND6/7 and NST1/2 (Zhao et al., 2008). The expression of XND1 genes in the sugarcane induced cells is thus consistent with the metaxylem-associated patterns of SCW deposition observed for the TEs in the culture. Notably, ANAC087 is a positive regulator of distinct aspects of developmental PCD in Arabidopsis columella root cap cells (Huysmans et al., 2018). The upregulation of sugarcane hom(e)ologs of ANAC087 during the differentiation process suggests a regulatory role for these TFs in PCD of tracheary elements. Lastly, although not present in any co-expression cluster, two NAC genes upregulated from at 12h exclusively in induced samples (Supplementary Table S5) were found to be putative orthologs of Arabidopsis SND2 and poplar PtrNAC154 (Supplementary Table S7), which are both master switches activating SCW deposition (Zhong et al., 2008, 2011a).

MYBs have been extensively characterized as regulators of different branches of the phenylpropanoid pathway. Regarding the SCW transcriptional network, these TFs compose the second level of master switches and most of the third level of direct regulators of SCW biosynthetic genes (Ohtani and Demura, 2019). Ninety-seven genes encoding MYBs were upregulated in induced cells (Supplementary Table S5). Blastx searches showed that several of them (Supplementary Table S7) share high similarity with phenylpropanoid-related MYBs in Arabidopsis, including AtMYB112 (17 genes), a regulator of anthocyanin biosynthesis (Lotkowska et al., 2015), and AtMYB36 (11 genes) that directly and positively regulates the expression of genes involved in the formation of Casparian strips (Kamiya et al., 2015), a root diffusion barrier made of exclusively of lignin (Naseer et al., 2012). In addition, we also found putative orthologs of repressors of phenylpropanoid biosynthesis (Supplementary Table S7), including the Arabidopsis AtMYB4 and AtMYB7 (eight and three genes, respectively) (Wang et al., 2020) and their corresponding orthologs OsMYB108 in rice (Miyamoto et al., 2019), ZmMYB31/42 in maize (Agarwal et al., 2016), and PvMYB4 in switchgrass (Shen et al., 2012). These MYBs are members of subfamily 4 of the R2R3-MYB family that function as transcriptional repressors of monolignol and flavonoid biosynthesis (Agarwal et al., 2016; Wang et al., 2020). Although the upregulation of such transcriptional repressors might be unexpected, similar results were found during SCW formation in seedlings of DEX-inducible VND7 Arabidopsis lines, in which the expression of the repressors AtMYB7 and AtMYB32, another MYB repressor from subfamily 4, increased substantially upon DEX treatment (Li et al., 2016). Moreover, these repressors may act as switches to fine tune the flux through the different branches of the phenylpropanoid pathway in response to environmental and internal signals (Wang et al., 2020). A putative ortholog of the lignin-specific activator AtMYB63 (Zhou et al., 2009) was also upregulated in induced cells after 1 week of treatment (Supplementary Table S5). More importantly, phylogenetic analysis showed that this sugarcane gene may be the true ortholog of SbMYB60 (Supplementary Figure S9), a co-ortholog of AtMYB58/63 shown to activate the expression of monolignol biosynthetic genes in Sorghum bicolor (Scully et al., 2016). Finally, 33 sugarcane MYBs were associated with cluster 1 (three genes) and 2 (30 genes) (Supplementary Table S7), including the putative orthologs of the phenylpropanoid repressors AtMYB4 and OsMYB108 and the anthocyanin activator AtMYB112, reinforcing their involvement in the differentiation process in sugarcane cells. Altogether, these results corroborate previous suggestions that the regulatory network controlling phenylpropanoid genes in grasses employs a dynamic balance of MYB activators and repressors (Agarwal et al., 2016). Alternatively, duplication events followed by sub/neofunctionalization might have contributed to the generation of specialized regulatory activities for some of these TFs, as recently demonstrated for the repressors MYB31/MYB42 in maize, sorghum and rice (Agarwal et al., 2016).



Co-expression Network Analysis Allowed the Identification of Potential Regulators of SCW Deposition in Sugarcane

Co-expression approaches have been employed to identify new genes involved in SCW deposition, based on the observation that genes with similar function are often transcriptionally coordinated (Ruprecht et al., 2017). To identify regulators of SCW deposition in sugarcane, co-expression network analysis was applied to the transcriptomics dataset using weighted correlation network analysis (WGCNA) and the sugarcane homologs to sorghum BMR2 and BMR12 as baits. These genes were chosen because their function in lignification is well established in sorghum, a phylogenetically close species to sugarcane. In addition, both genes were associated with cluster 2, which was the cluster enriched with GO terms related to secondary and phenylpropanoid metabolisms (Figure 5D). The method used for network analysis, WGCNA, provides weight to connections between genes, allowing the identification of strongly co-expressed genes (high edge weight). The resulting network comprised 1954 genes (nodes), from which three functional categories are highlighted in Figure 7A: SCW biosynthetic genes (63 genes), monolignol oxidases (59 genes), and TFs (175 genes). Among biosynthetic genes, members of all three families involved in the general phenylpropanoid pathway were present in the network, in addition to families of some of the downstream steps of the lignin-specific (CCR, CCoAOMT, CSE-like, and COMT) and the flavonoid/tricin-specific branches. Genes related to hemicellulose biosynthesis, such as GUX-like, IRX15-like, and GT47, and several monolignol oxidases were also part of this network. These co-expressed genes may provide important functions to SCW deposition in sugarcane and are potential targets for biotechnological strategies. The sugarcane co-expression network enriched in SCW-related genes comprised a similar set of TF families to those obtained in studies on SCW deposition in Miscanthus spp., Arabidopsis and switchgrass (Hu et al., 2017; Rao et al., 2019), consistent with the evolutionary conservation of the core regulatory network for SCW deposition (Ohtani and Demura, 2019). In addition to NACs and MYBs (21 and 34 genes, respectively), a total of 120 genes encoding TFs from different families were also co-expressed with the target lignin biosynthetic genes, including WRKY, bHLH, DOF, bZIP, ARF, GLK, GRAS, ZIM, ABI, ERF, and HB (Figure 7A and Supplementary Tables S8, S9). Several members of the NAC, MYB, WRKY, ERF, and ZIM families have been previously characterized as SCW or lignin biosynthesis regulators (Ambavaram et al., 2011; Vélez-Bermúdez et al., 2015; Rao et al., 2019) whereas members of the MYB and bHLH families are known regulators of flavonoid biosynthesis (Xu et al., 2015). For instance, several MYBs in the network are putative orthologs of the lignin-specific activators AtMYB63 (Figure 7A, dark red diamond within the MYB neighborhood; Supplementary Table S9), the anthocyanin activator AtMYB112 (Figure 7A, light cyan diamonds; Supplementary Table S9), Casparian strip regulator AtMYB36 (Figure 7A, orange diamonds; Supplementary Table S9) and the phenylpropanoid repressors AtMYB4 and OsMYB108 (Figure 7A, dark green and dark purple diamonds, respectively; Supplementary Table S9).
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FIGURE 7. Co-expression network analysis of transcripts associated with cluster 2. Nodes represent genes while edges connect co-expressed genes. For brevity, from all 1954 genes in cluster 2, only those annotated as TF or SCW-related genes and high edge weight are shown (arbitrarily selected as weight > 0.1). Biosynthetic genes are depicted as circles, whereas monolignol oxidases (laccases and peroxidases) and transcription factors are shown as triangles and diamonds, respectively. Genes belonging to the same family were grouped together. Genes were colored as: light red, lignin-related; blue, hemicellulose-related; light purple, flavonoid-related; cyan, transcription factors. Orthologs of sorghum’s BMR2 (encoding 4CL) and BMR12 (encoding COMT) genes are denoted as brown circles. TFs of interest are colored differently for convenience: light green, SCW-related NACs (AtXND1 and AtANAC087 putative orthologs); light cyan, AtMYB112 putative orthologs; orange, AtMYB36 putative orthologs; dark green, AtMYB4 putative ortholog; dark purple, OsMYB108 putative ortholog; dark red, AtMYB63 and putative ortholog; olive, AtTMO5-like1 putative ortholog; and black, ScWRKY among the top 3 edge weight, as mentioned in the main text. (A) Network showing all TFs and SCW-related genes (nodes) and connections (edges), filtered by edge weight (>0.1). (B) Subnetwork showing only genes directly connected to SCW-related NACs. (C) Subnetwork showing only genes directly connected to SCW-related MYBs. (D) Subnetwork showing only genes directly connected to the tricin-specific genes CYP93G1 and CYP75B4.


To gain further insights into the potential role of the co-expressed NACs and MYBs as regulators of SCW deposition, subnetworks were produced by selecting only genes directly connected to either NACs (Figure 7B and Supplementary Table S10) or MYBs (Figure 7C and Supplementary Table S10) and also showing stronger connections (edge weight > 0.10). The subnetwork of genes co-expressed with NACs comprised 185 nodes and several of them were SCW-related genes including phenylpropanoid/monolignol (22 genes), tricin (8 genes) and hemicellulose biosynthetic genes (8 genes), peroxidases (33 genes), laccases (8 genes) and TFs from the same gene families as observed for the initial network (93 genes), with the exception of the ABI family (Figure 7B and Supplementary Table S10). Among these TFs, 23 were from the MYB family, including putative orthologs of AtMYB4, AtMYB36 and AtMYB112 (Figure 7B and Supplementary Tables S9, S10). Similarly, MYB subnetwork (Figure 7C and Supplementary Table S10, 175 genes) also comprised genes related to phenylpropanoid/monolignol (17 genes), tricin (5 genes) and hemicellulose biosynthesis (7 genes), peroxidases (33 genes), laccases (9 genes), and TFs (70 genes). Moreover, 11 out of the 15 co-expressed NACs in this subnetwork were homologous to SCW-related NACs of other plant species, including the putative orthologs of Arabidopsis XND1 (three genes) and ANAC87 (two genes) (Figure 7C and Supplementary Tables S9, S10). The observation that several NACs and MYBs are strongly connected to lignin, tricin and hemicellulose biosynthetic genes in the network indicates that these TFs might regulate the biosynthesis of SCW components in sugarcane.

As the NAC-MYB-based gene regulatory network has been demonstrated to be highly evolutionary conserved across the plant kingdom, research focus is now shifting toward the identification of novel molecular hubs connecting developmental/environmental signals in SCW deposition (Ohtani and Demura, 2019). Recent studies have characterized developmental upstream regulators of the NAC-MYB network in both eudicots and grasses, among which TFs belonging to the WRKY family. WRKY12, which belongs to group IIc of the WRKY family, is a putative regulator of pith cell maintenance by repressing SCW deposition in pith cell walls in Arabidopsis and Medicago truncatula (Wang et al., 2010). The function of WRKY12 as repressor of SCW accumulation has been further confirmed for its orthologs in switchgrass and maize (Gallego-Giraldo et al., 2016). WRKY15, a member of the group IId of the WRKY family, was identified as a negative regulator of TEs differentiation by suppressing the expression of VND7 in procambial cells of Arabidopsis roots (Ge et al., 2020). Interestingly, although not the closest homologue to AtWRKY12 or AtWRKY15, a ScWRKY gene (Figure 7, black diamond; Supplementary Table S9) was among the top three highly co-expressed genes (higher edge weight) in both NACs and MYBs subnetworks (Figures 7B,C and Supplementary Table S10), suggesting a role for this TF in regulating SCW-related processes in sugarcane. The identification of WRKYs from different groups within the family with a role in regulating the NAC-MYB network in different cell types indicates that there is still much to be explored in terms of regulation of SCW deposition. For instance, TFs from the GRAS family are interesting candidates for further analysis, as these TFs have been systematically found as co-expressed with SCW biosynthetic genes in different species, such as Arabidopsis (Rao et al., 2019), bamboo (Ogita et al., 2018), switchgrass (Rao et al., 2017, 2019), and Miscanthus (Hu et al., 2017), and were also found in the sugarcane network (Figure 7A).

The recent recognition of tricin as an authentic lignin monomer in grasses brings the question on whether tricin biosynthesis is controlled by the same gene regulatory network employed for the biosynthesis of the canonical monolignols. Sugarcane tricin biosynthetic genes were co-expressed not only with lignin biosynthetic genes (Figure 7A) but were also directly connected with NACs and MYBs in their corresponding subnetworks (Figures 7B,C and Supplementary Table S10). This observation suggests that tricin and lignin biosynthetic genes share some common regulatory mechanisms. To gain further insights into the regulation of tricin biosynthesis, we produced a subnetwork by selecting only genes directly connected to the tricin biosynthetic genes CYP93G1 and CYP75B4 (Figure 7D and Supplementary Table S10), which was followed by the identification of the 83 co-expressed TFs. Among them, the TF family with the highest number of members in this subnetwork was MYB with 20 genes (including the putative orthologs of AtMYB4, AtMYB36, AtMYB63, and AtMYB112), followed by NAC with 16 genes (including the homologs of XND1 and ANAC087) (Figure 7D and Supplementary Table S10). Interestingly, the putative ortholog of OsMYB108 was not present in this subnetwork. Although not comprehensively characterized, OsMYB108 loss-of-function not only resulted in higher lignin levels but also in the augmentation of p-coumaroylated and tricin lignin units in rice cell walls (Miyamoto et al., 2019). The fact that the ortholog of OsMYB108 was present in cluster 2 and, thus, is co-expressed with tricin biosynthetic genes, but was not directly connected with such genes in the tricin subnetwork suggests a potential role in regulating tricin biosynthesis, although this regulation might not be direct. Additionally, R2R3 MYBs are known to physically interact with bHLHs and WD-repeat proteins to form MBW ternary complexes and, thus, regulate flavonoid biosynthesis (Xu et al., 2015). bHLH was the third family with the highest number of members in the tricin subnetwork (nine genes); however, none of the sugarcane bHLH in this subnetwork or the complete network are putative orthologs of bHLHs known to regulate the phenylpropanoid metabolism (Supplementary Table S9). Nevertheless, six sugarcane bHLHs present in the subnetwork were putative orthologs of Arabidopsis TMO5-like1 (Figure 7D and Supplementary Table S9), which has been shown to induce procambium cell proliferation and the establishment of xylem precursor cells (Ohashi-Ito et al., 2014). Further characterization of these sugarcane bHLHs, along with other TFs co-expressed with tricin and lignin biosynthetic genes, might help understanding some of the molecular mechanisms underlying grass-specific aspects of vascular development, flavonoid biosynthesis and SCW deposition.



CONCLUSION

Here, a combination of auxin and brassinosteroids triggered the differentiation of TEs in sugarcane suspension cells, which results in massive changes in cell wall structure and global gene expression profiles. This xylogenic culture constitutes a first such system in C4 grasses and presents an interesting model system to study different aspects of vascular development and SCW deposition. Our data provide insights into structural features of sugarcane SCWs and, most importantly, may enable identification of key genes involved in the regulation, biosynthesis and polymerization of the different components of SCW. Accordingly, several genes encoding enzymes involved in the biosynthesis of SCW components, monolignol oxidases and TFs were identified in co-expression analyses and are excellent candidates for future functional analyses. Because the sugarcane xylogenic culture consists in an in vitro system, it may not completely represent the natural process of xylem formation occurring in planta, and future functional validation of these candidate genes is still necessary. Ultimately, these findings provide a basis for the genetic engineering of sugarcane to optimize its biomass for the production of downstream bioproducts in biorefineries.
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Plants produce a vast array of chemical compounds that we use as medicines and flavors, but these compounds’ biosynthetic pathways are still poorly understood. This paucity precludes us from modifying, improving, and mass-producing these specialized metabolites in suitable bioreactors. Many of the specialized metabolites are expressed in a narrow range of organs, tissues, and cell types, suggesting a tight regulation of the responsible biosynthetic pathways. Fortunately, with unprecedented ease of generating gene expression data and with >200,000 publicly available RNA sequencing samples, we are now able to study the expression of genes from hundreds of plant species. This review demonstrates how gene expression can elucidate the biosynthetic pathways by mining organ-specific genes, gene expression clusters, and applying various types of co-expression analyses. To empower biologists to perform these analyses, we showcase these analyses using recently published, user-friendly tools. Finally, we analyze the performance of co-expression networks and show that they are a valuable addition to elucidating multiple the biosynthetic pathways of specialized metabolism.
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INTRODUCTION

Despite the therapeutic and industrial potential of specialized plant metabolites (SM, also called secondary metabolites), their total chemical synthesis is often prohibitively expensive or even impossible due to their structural complexity (Chemler and Koffas, 2008). As a consequence, most of the SM are still extracted from their plant sources. The plant sources are often difficult to cultivate, resulting in the overharvesting of these species from the wild, as exemplified by firmoss (Huperzia serra), the pacific yew (Taxus brevifolia), and golden root (Rhodiola rosea; Busing et al., 1995; Lan et al., 2013). Furthermore, many valuable SM can be present at low concentrations in plants, precluding the production of these beneficial molecules in a cost-efficient manner. Consequently, large efforts are underway to understand the SM biosynthetic pathways, as these pathways can be engineered into more suitable microbial or plant hosts and further modified to produce novel, more potent compounds.

Despite the efforts to elucidate the plant SM biosynthetic pathways, very few pathways have been studied to completion, and even fewer have been transferred to heterologous hosts. A few examples include artemisinic acid (Paddon et al., 2013), the monoterpenoid indole alkaloids (Brown et al., 2015), and the benzylisoquinoline alkaloids (Thodey et al., 2014). This is a stark contrast to the >700 bacterial and fungal SM biosynthetic pathways that have been characterized and engineered (Cimermancic et al., 2014). There are two main reasons for this discrepancy between plants and microbes. Firstly, the enzymes biosynthesizing a SM in microbes are typically organized as biosynthetic gene clusters (BGCs), i.e., in a contiguous manner on chromosomes (Keller, 2019), which greatly simplifies the identification of the biosynthetic pathways. Conversely, in plants, the majority of SM pathways are not found in BGCs (Kliebenstein et al., 2012; Shi and Xie, 2014). However, nearly two dozen BGCs making defensive compounds have been functionally characterized, indicating that BGCs can be used to predict plant SM pathways in some cases (Nützmann et al., 2016; Kautsar et al., 2017; Tohge and Fernie, 2020). Secondly, in contrast to microbes, biosynthetic enzymes in plants comprise multiple, large gene families (e.g., cytochrome p450 family can comprise up to 1% of all plant genes; Mizutani and Ohta, 2010), complicating the assignment of an enzyme to a correct pathway based on genomic approaches alone. Consequently, many plant SM pathways, such as artemisinin, salicin, and taxol, have been elucidated by time-consuming and complex experimental approaches such as activity-guided fractionation, where the relevant enzyme is purified by multiple rounds of activity-guided fractionation, and identified by a proteomic approach, such as mass spectrometry.

Fortunately, the last decade has seen the emergence of novel methods in the area of genomics, transcriptomics, proteomics, metabolomics, synthetic biology, and gene function prediction, which has fueled the identification of SM biosynthetic pathways (Jacobowitz and Weng, 2020; Mutwil, 2020). These additional approaches provide multipronged sources of information to predict the identity of the enzymes making a given SM, allowing rapid de novo biosynthetic pathway prediction in nonmodel plants (Torrens-Spence et al., 2016). These predictions can then be rapidly tested by synthesizing codon-optimized cDNA of the putative enzyme and expressed in a laboratory microbe or a more suitable plant, such as Nicotiana benthamiana [please see the excellent review on these approaches in Jacobowitz and Weng, 2020)]. The various computational approaches comprising sequence similarity, Quantitative Trait Loci/Genome-Wide Association Studies (QTL, GWAS), phylogenetic profiling, and machine learning have been extensively reviewed elsewhere (Jacobowitz and Weng, 2020; Mutwil, 2020).

This review focuses on gene expression and co-expression networks as tools to uncover SM biosynthetic pathways. To showcase some of the analyses, we dissect biosynthetic pathways of sporopollenin, lignin, cutin, and suberin. We also discuss another important but overlooked property of gene expression and co-expression analyses: the ability to identify transcription factors and transporters as additional genes involved in the metabolites’ regulation and biosynthesis. Finally, we discuss some of the caveats typical for these analyses.



CORRELATING METABOLITE PRESENCE AND GENE EXPRESSION

Specialized metabolites often show a restricted presence in only a few organs, tissues, and cell types (Li et al., 2016), and can be extensively regulated by environmental factors (e.g., pathogen attack, UV-B light; Li et al., 2015; Tohge et al., 2016). For example, plant defense metabolites are frequently present in specialized tissues/cell types to minimize autotoxicity in the surrounding tissues and/or to maximize the effectiveness of these metabolites toward the spatially specific attacks of the aggressors (Schilmiller et al., 2010; Tissier, 2012). Of the 895 non-redundant metabolite spectra from different tissues of Nicotiana attenuata, 595 (63%) displayed tissue-specific expression, showing that SM often have organ- and tissue-specific gene expression (Li et al., 2016). Intuitively, the biosynthetic enzymes and their mRNAs should only be present in the cells where the metabolite is made. This assumption can be exploited to identify the biosynthetic genes by correlating gene expression and metabolite levels. This assumption fails for cases where the site of metabolite biosynthesis and accumulation differs, as exemplified by nicotine, which is biosynthesized in roots by root-specific enzymes and exported to leaves (Katoh et al., 2005; Tan et al., 2020). However, this simple yet powerful analysis has been successfully applied to unravel biosynthetic pathways of modified fatty acids in tomato (Jeon et al., 2020) and colchicine in Gloriosa superba (Nett et al., 2020).

To exemplify how gene expression specificity can uncover a biosynthetic pathway, we use the CoNekT online tool1 (Proost and Mutwil, 2018) to analyze pollen exine biosynthesis. Pollen exine is an outermost protective layer of pollen grains, and consists of the insoluble sporopollenin biosynthesized in anthers (Hsieh and Huang, 2007). Thus, by identifying other genes with anther-specific gene expression, we should find the exine biosynthetic genes. To perform this analysis, we navigated to the “Tools/Find Specific Profiles,” selected Arabidopsis and “Flowers (anthers)” as the target species and tissue, which revealed 162 genes with another-specific expression (Figure 1A and Supplementary Table 1). As expected, these genes show exclusively anther-specific expression profiles (Figure 1B). Among these genes, we found numerous genes with unknown function, transcription factors, lipid transfer proteins, and several genes implicated in sporopollenin biosynthesis (Table 1). Notably, the analysis can reveal non-enzymatic genes essential for the functioning of the pathways, such as transporters needed for shuttling of the metabolite precursors (ABCG26) and transcription factors controlling the expression of the pathway (MYB103).
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FIGURE 1. Expression profiles of AT1G69500 (CYP704B1), a cytochrome P450 involved in pollen exine formation. (A) User interface of the CoNekT tool used to identify organ-specific genes. (B) The plot shows the expression of CYP704B1 in Arabidopsis. The various organs and tissues are shown on the x-axis, while the y-axis indicates expression levels as Transcripts Per Million (TPM). The gray points indicate the minimum and maximum expression. (C) Expression profiles of CYP704B1 and its orthologs in seed plants. Green and red color indicate low and high expression, respectively, while black cells indicate missing gene expression data. The figure contains expression profiles of genes from Arabidopsis (AT) and Amborella (AMTR). The CoNekT platform groups various tissues (e.g., petals, anthers, and pistils) from an organ (e.g., flower) into one category. Each cell contains the average expression values of samples from the organ. For brevity, only genes from Amborella and Arabidopsis are shown.



TABLE 1. Annotation of anther-specific genes involved in sporopollenin biosynthesis.

[image: Table 1]
Expression profiles can also identify functionally equivalent genes across species. For example, gene AT1G69500 (CYP704B1) is a cytochrome P450 long-chain fatty acid {omega}-hydroxylase essential for pollen exine formation (Dobritsa et al., 2009). Cytochrome P450 genes comprise one of the largest gene families that catalyze various metabolic reactions (Xu et al., 2015). Due to numerous duplications, it can be challenging to identify P450 genes involved in sporopollenin biosynthesis in other plants. However, since all sporopollenin-specific P450s are also likely expressed in anthers in other species, we can use gene expression to identify the relevant genes. We used CoNekT to compare expression profiles of the orthogroup containing AT1G69500 and 78 other land plant-specific genes (https://evorepro.sbs.ntu.edu.sg/family/view/131885, click on “row-normalized” to view expression). As expected, AT1G69500 is expressed specifically in flowers (CoNekT groups components of an organ into one category), while for Amborella trichopoda, only AMTR_s00010p00266280 is showing a similar expression pattern, suggesting that AT1G69500 and AMTR_s00010p00266280 are functionally equivalent (Figure 1C).



USING GUIDE GENES TO IDENTIFY BIOSYNTHETIC PATHWAYS

To uncover the other biosynthetic pathway components, it is possible to identify other genes with a similar expression profile if at least one of the biosynthetic enzymes is known (Usadel et al., 2009; Serin et al., 2016). This assumption is based on the observation that genes with similar expression patterns across organs, developmental stages, and biotic and abiotic perturbations tend to be involved in related biological processes. Identification of genes with similar profiles can be made by calculating all possible pairwise comparisons of gene expression profiles using different similarity metrics (e.g., Pearson Correlation Coefficient, Mutual Rank, and Highest Reciprocal Rank), across tens to thousands of gene expression measurements captured by microarrays or RNA sequencing (RNA-seq; Usadel et al., 2009; Mutwil et al., 2010; Aoki et al., 2016).

The identification of these transcriptionally co-regulated (co-expressed) genes has been successfully used to further complete various metabolic pathways, such as protolimonoids from Azadirachta indica (Hodgson et al., 2019), vinblastine from Madagascar periwinkle (Caputi et al., 2018), etoposide glycone from Podophyllum hexandrum (Lau and Sattely, 2015), and the seco-iridoid pathway from Catharanthus roseus (Miettinen et al., 2014), to name a few recent examples. The identification of the co-expressed genes can be performed in three ways, by a: (i) co-expression list analysis, (ii) hierarchical clustering of expression profiles, or (iii) co-expression networks. To exemplify how these analyses can be performed and interpreted, we use the classical example of lignin biosynthesis, which requires multiple steps to convert phenylalanine to various lignin precursors (Figure 2A; Sibout et al., 2017).
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FIGURE 2. Analysis of lignin biosynthesis with expression clustering and co-expression network approaches. (A) Biosynthetic pathway of lignin. (B) Hierarchical clustering of PALs, C4H, and CAD genes. The red and blue colors indicate high and low expression in a given organ, respectively. (C) Co-expression network of PAL1. Nodes represent genes, gray edges connect co-expressed genes, while node colors indicate orthogroups of the gene families. The red square in (B,C) indicate genes known to be involved in lignin biosynthesis.




UNCOVERING FUNCTIONALLY RELATED GENES BY THE CO-EXPRESSION LIST ANALYSIS

The co-expression list analysis is typically a “one versus all” analysis, where the expression profile similarity of one gene is compared to expression profiles of all genes, and the resulting list is sorted according to a similarity metric, such as the Pearson Correlation Coefficient (PCC; Usadel et al., 2009). Typically, this analysis is used to uncover unknown components of a biological process (Brown et al., 2005; Persson et al., 2005). Since the list is sorted according to expression profile similarity, the most relevant genes are found on top of the list, and typically top 50 genes are investigated (Aoki et al., 2016; Proost and Mutwil, 2018). The analysis of phenylalanine ammonia-lyase 1 (PAL1), which is the first enzyme in the phenylpropanoid pathway needed for lignin biosynthesis (Figure 2A), revealed several known players, such as C4H, PAL2, CYP98A3, CCR1, CCR2, 4CL, and HCT (Table 2 and Supplementary Table 2). It is important to note that the list does not contain all of the lignin biosynthetic enzymes, showing that co-expression is not always guaranteed to retrieve all relevant genes. To uncover the pathway’s missing members, we recommend using other known members of the pathway as a query and collate the results.


TABLE 2. Co-expression list of PAL1.
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HIERARCHICAL CLUSTERING ANALYSIS

Hierarchical clustering of expression profiles is a “many versus many” analysis, where the selected genes are grouped into clusters defined by expression profile similarity. These clusters are then visually analyzed to identify genes containing the known components of a pathway and exclude genes that are not part of these clusters. Typically, this analysis is used when the list of candidate genes is extensive and needs to be reduced. This approach has been used in identifying P450 enzymes important for protolimonoid synthesis (Hodgson et al., 2019) and components of etoposide aglycone biosynthesis (Lau and Sattely, 2015). To exemplify a clustering analysis, we selected four PAL gene family members, ATC4H, and nine members of the CAD family. We entered the 14 (AT2G37040, AT3G10340, AT3G53260, AT5G04230, AT2G30490, AT1G72680, AT2G21730, AT2G21890, AT3G19450, AT4G34230, AT4G37970, AT4G37980, AT4G37990, and AT4G39330) genes into the ‘‘Tools/Heatmap/Comparative’’2, which revealed the expression profiles of these genes in organs of Arabidopsis. The resulting heatmap was pasted into the ClustVis web-tool3 (Metsalu and Vilo, 2015) and used to perform hierarchical clustering. The heatmap revealed that PAL1,2 and 4 are clustering with C4H and CAD, but, e.g., not with PAL3, which has not been implicated in lignin biosynthesis (Figure 2B). The heatmap can also indicate where a given cluster is expressed, showing that the lignin cluster has the highest expression in roots. In contrast, the other major cluster containing CAD2, 3, 6, and ELI3 are expressed in male organs (comprising pollen and sperm, Figure 2B). Thus, the clustering analysis can reveal functionally related genes and indicate the organs and tissues where these genes are likely active.



CO-EXPRESSION NETWORK ANALYSIS—SEARCHING WITH A QUERY GENE

Co-expression networks can be used in “many versus many” (when used with one query gene) or “all versus all” (when used with co-expression clusters) type of analyses. In co-expression networks, nodes (or vertices) represent genes, and edges (or links) connect genes that display similar expression profiles (Lee et al., 2004; Usadel et al., 2009; Serin et al., 2016). While the networks are different from co-expression lists (lists are ordered while networks are not) and hierarchical clustering (networks are unordered and typically do not indicate the expression patterns of genes), when used with one query gene, the networks provide the same information: the identity of functionally-related genes. To exemplify a typical network analysis, we used PAL14, which similarly to the co-expression list (Table 2), retrieved several, but not all, known participants of lignin biosynthesis (Figure 2C).

In contrast to lists and hierarchical clustering approaches, networks can convey additional information with node and edge colors. For example, CoNekT uses different node colors and shapes to indicate gene families (see text footnote 4; Proost and Mutwil, 2018), while ATTED-II5 (Aoki et al., 2016), and GeneMANIA6 (Warde-Farley et al., 2010) use edge styles to indicate different types of functional relationships between genes (e.g., co-expression, protein-protein interactions). Modern tools provide interactive networks, where the nodes can be moved, colored by different criteria (e.g., by organ-specific expression or gene family membership), allowing adjusting the networks to convey the desired information better.



IDENTIFYING FUNCTIONALLY RELATED GENES BY CUSTOM NETWORK ANALYSIS

While a typical genome-wide co-expression network typically contains tens of thousands of nodes (genes) and millions of edges (connections), a typical user is only interested in a particular part of the network representing a biological process of interest. Since functionally related genes tend to be connected, the network can be used to uncover functional clusters of genes. Conceptually, the analysis is similar to hierarchical clustering (Figure 2B), but instead of clades, the functionally related genes are connected by edges.

While most current studies focus on uncovering the enzymes constituting a biosynthetic pathway, non-enzymatic genes are also crucial for SM’s efficient biosynthesis. For example, gliotoxin biosynthesis in fungi Aspergillus requires a gliotoxin efflux pump that removes the harmful metabolite from the cellular environment. At the same time, another enzyme modifies it to a less toxic form (Dolan et al., 2015). Furthermore, up to 50% of BGCs in fungi also contain transcription factors that positively regulate the corresponding pathway (Brown et al., 2015). In plants, we observed that relevant transcription factors and transporters can be co-expressed with the pathways they regulate and participate in, respectively. For example, we observed ABCG26, a polyketide transporter needed for exine biosynthesis in Arabidopsis (Table 1), and in Brachypodium distachyon various other transporters and transcription factors important for cellulose biosynthesis (Sibout et al., 2017), artemisinin biosynthesis in Artemisia annua (Tan and Mutwil, 2019) and nicotine biosynthesis in Nicotiana tabacum (Tan et al., 2020). Thus, co-expression analysis is uniquely positioned to reveal non-enzymatic components essential for the efficient functioning of metabolic pathways.

To demonstrate how this analysis can be performed, we tested which MYB transcription factors are co-expressed with lignin biosynthesis-related laccases (LAC) in Arabidopsis (Figure 3). To this end, we used as input the 11 LAC genes7, together with 122 MYB transcription factors8 into the ‘‘Tools\Create custom network’’ tool9. We observed the association of laccases necessary for lignin biosynthesis in the secondary cell wall (LAC2, LAC4, and LAC17; Berthet et al., 2011; Khandal et al., 2020) with MYBs controlling lignin biosynthesis (MYB103, MYB85, MYB63, and MYB52; Zhou et al., 2009; Cassan-Wang et al., 2013; Öhman et al., 2013; Geng et al., 2020). Interestingly, we also observed the association of MYB5, which controls seed coat development (Li et al., 2009) to TT10, which is essential for flavonoid biosynthesis in the seed coat (Pourcel et al., 2005). Since CoNekT allows quick retrieval of gene families representing different gene functions, we envision that this functionality can be used to rapidly highlight transcription factors, transporters, and other genes necessary for the biosynthetic pathways.
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FIGURE 3. Co-expression network of Arabidopsis laccases and MYB transcription factors. Nodes represent genes, gray edges connect co-expressed genes, while node colors indicate MYBs (yellow) or laccases (purple). The red square indicates MYBs and laccases implicated in lignin biosynthesis. For brevity, only genes that are connected to at least one other gene are shown.




SEARCHING CO-EXPRESSION CLUSTERS FOR ENRICHED BIOSYNTHETIC PATHWAYS

One of the significant advantages of co-expression networks is the availability of graph-theoretical methods to define co-expression clusters, i.e., groups of genes with similar expression profiles (Ronan et al., 2016). This simplifies gene expression data analysis, as clustering typically assigns tens of thousands of genes into hundreds of co-expression clusters. The clusters can then be compared to identify groups with similar functions across species (Heyndrickx and Vandepoele, 2012) or duplicated modules within species (Ruprecht et al., 2016). Furthermore, the clusters’ biological function can be elucidated by identifying enriched Gene Ontology or MapMan terms (Sibout et al., 2017; Ferrari et al., 2020).

To demonstrate how searching for functionally enriched clusters can be used to generate novel insights, we selected cutin and suberin as an example. Cutin and suberin are lipid biopolyester components of the cell walls important for desiccation tolerance (Philippe et al., 2020). To identify a module biosynthesizing cutin in Arabidopsis, we navigated to the “Tools/Find enriched clusters,” entered “cutin biosynthesis” under GO search box, and clicked “Show clusters.” This revealed three clusters significantly (p-value < 0.05) enriched for genes known to be involved in cutin biosynthesis in Arabidopsis, and we clicked on cluster 26. The page dedicated to the cluster provides information about the average expression profile of the genes in the cluster, the identity of the genes, and functional enrichment analysis10. The “Similar clusters” table found on the cluster page also contains the identity of similar clusters across and within species (similarity is defined by Jaccard index between cluster gene families; Proost and Mutwil, 2018), allowing an easy way to identify conservation and duplication of biosynthetic pathways (Ruprecht et al., 2016). Interestingly, we observed that cluster 206 from Arabidopsis is most similar to cutin cluster 26, indicating that the cutin cluster has been duplicated to biosynthesize a cutin-like polymer in another organ or tissue.

By clicking on the “Compare” button next to the duplicated cluster 206, the two clusters are visualized (Figure 4A). The two clusters contain numerous gene families that have been implicated in the biosynthesis of cutin and suberin, comprising CYP450s, lipid transfer proteins, acyl-transferases, and glycerol-3-phosphate acyltransferase (GPAT; Philippe et al., 2020). Cutin is predominantly present in aerial organs, while suberin is mostly present in roots and seed coats (Philippe et al., 2020). In line with this, comparative expression profile analysis of two representative CYP450s revealed the expected expression of cluster 26 in flowers and cluster 206 in roots (Figure 4B). Interestingly, MYB107 has been shown to regulate suberin biosynthesis (Gou et al., 2017), but is also found in the cutin cluster, suggesting that it might also have a role in cutin biosynthesis. We also observed numerous other gene families (e.g., cupredoxin, cysteine/histidine-rich, carboxypeptidases, and RING/U-box), which are not implicated in the biosynthesis of the polymers. However, since these gene families are present in both clusters, they are likely involved in some aspect of their biosynthesis.
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FIGURE 4. Comparison of the duplicated clusters involved in suberin and cutin biosynthesis. (A) Co-expression networks of module 26 (blue, left) and 206 (green, right) from Arabidopsis thaliana. The annotation of the colored shapes of the gene families (given as orthogroups OG) is shown below. (B) Expression profiles of At4g39480 from cluster 29 and At5g58860 from cluster 206. Green and red colors indicate low and high expression, respectively. The expression values are scaled by dividing each row by the maximum expression found in the row. The tool used is available at the “Tools/Generate heatmap/Comparative” on CoNekT’s homepage.


To conclude, enriched cluster analysis can reveal the clusters comprising various biosynthetic pathways. The conserved or duplicated modules can identify the conserved (i.e., likely relevant) genes found in the pathways.



PERFORMING YOUR OWN ANALYSIS WITH EXISTING TOOLS OR YOUR OWN DATA

While the above analyses exemplified how CoNekT can be used to study SM, multiple online tools are available, such as ATTED-II (Aoki et al., 2016), CoNekT (Proost and Mutwil, 2018), PlaNet (Mutwil et al., 2011), ePlant (Waese et al., 2017), and PlantGenIE (Sundell et al., 2015) reviewed in Rao and Dixon (2019). These tools are preloaded with expression data from tens of plants of agricultural and evolutionary interest (Table 3). Still, there are >200,000 RNA-seq experiments publicly available for >100 species from the plant kingdom11, providing an excellent opportunity to study the biosynthetic pathways of SM. Furthermore, as RNA-seq analysis is becoming more affordable and accessible, numerous studies nowadays generate and analyze their own RNA-seq data to prioritize genes for functional analysis. To perform such an analysis, we need (i) coding sequence (CDS) file, (ii) gene expression data, and (iii) gene expression similarity analysis.


TABLE 3. Online tools allowing expression profiles and co-expression network analysis.

[image: Table 3]The CDS file contains the transcript sequences the RNA-seq data should be mapped too. A CDS file can be typically retrieved from a public database, such as the EnsemblGenone12 or Phytozome13, or the genome release paper, if available. If no genome is available, RNA sequencing data can be used for de novo assembly. Best-performing transcriptome assemblers are typically able to retrieve >70% of the expected gene space (Hölzer and Marz, 2019). Indeed, elucidation of biosynthetic pathways without a reference genome successfully revealed steps in colchicine alkaloid (Nett et al., 2020) and protolimonoid biosynthesis (Hodgson et al., 2019), showing that the RNA-seq data can be used as an acceptable source for CDS. Comparison of 10 transcriptome de novo assembly tools across nine RNA-seq datasets spanning different kingdoms of life showed that Trinity, SPAdes, and Trans-ABySS consistently show the highest performance in reconstructing the coding sequences (Hölzer and Marz, 2019), where Spades has the easiest setup, user-friendliness, and lowest memory usage and runtime.

The gene expression data is used to reveal the functional associations between the genes. While as few as eight samples can be sufficient to identify relevant members of a metabolic pathway (Nett et al., 2020), the expression data should ideally capture organs/tissues which show contrasting levels of the metabolite of interest. For example, among the four organs of G. superba (leaf, stem, rhizome, and root), colchicine alkaloids showed the highest accumulation in the rhizome, which allowed the authors to elucidate most of the pathway by identifying rhizome-specific genes by clustering analysis. In another study, the authors took advantage of highly specific induction of falcarindiol biosynthesis by pathogen elicitors and identified six acetyltransferases that were upregulated upon treatment (Jeon et al., 2020). Conversely, the lignin (Figures 2, 3), suberin, and cutin (Figure 4) examples from Arabidopsis use one dataset containing hundreds of publicly available RNA-seq experiments that captures different organs, developmental stages, and growth conditions. This comprehensive dataset can thus be potentially used to identify all Arabidopsis biosynthetic pathways, as long as the dataset captures the organs where a given pathway is expressed. We have developed a user-friendly, cloud computing pipeline, LSTRaP-Cloud14, that provides tools to download and quality-control publicly available gene expression data and to perform co-expression list and co-expression network guide gene analyses (Tan et al., 2020). Alternatively, Curse can perform these analyses on the user’s computer and allow the semi-automated annotation of the RNA-seq experiments15 (Vaneechoutte and Vandepoele, 2019).

The gene expression similarity analysis is used to identify genes with similar expression patterns, which is the basis for identifying functionally-related genes. If one or multiple guide genes are known, we recommend the co-expression list approach (Table 2), which can be performed by the LSTRaP-Cloud or Curse. To identify gene clusters containing known participants of the pathway of interest, clustering-based analyses of the expression matrix (Table 1 and Figure 2B) can be done with the ClustVis web-tool16 (Metsalu and Vilo, 2015). Alternatively, CoExpNetViz allows the upload and co-expression analysis of the user’s gene expression data17 (Tzfadia et al., 2016), and CoNekT provides source code and instructions to set up a stand-alone database18 (Proost and Mutwil, 2018).



IS CO-EXPRESSION A SILVER BULLET IN BIOSYNTHETIC PATHWAY DISCOVERY? NOT QUITE

The above examples demonstrate that gene expression and co-expression analyses are valuable additions to the SM pathway discovery toolbox. However, as with many guilt-by-association methods, we often observe many missing enzymes (false negatives) and irrelevant genes (false positives). This is exemplified by Figure 2C, where, e.g., COMT enzyme is not detected (false negative) and where a large number of seemingly irrelevant genes are found in the lignin biosynthesis network (false positive).

To gage the co-expression networks’ performance in identifying SM genes, we tested three network construction methods (PCC, HRR, and MR) from four different species (Zea mays, Solanum lycopersicum, Oryza sativa, and Arabidopsis thaliana). The used networks are based on gene expression data representing all major plant organs at different developmental stages (Julca et al., 2020). We analyzed 15 different secondary metabolic pathways associated with alkaloids, betaines, glucosinolates, phenolics, and terpenoids (Figure 5). We then predicted genes that are involved in each of the 15 pathways, by using a network neighborhood approach (Hew et al., 2020), and the F1 score to see how known members of each pathway could be correctly classified by each of the networks. We observed a complex interplay between the different metabolic pathways and species. For example, the performance of the networks was higher in Arabidopsis than tomato for nearly all pathways, while, e.g., terpene pathway could be more readily predicted in maize than Arabidopsis (higher scores in the latter plant), for all three types of networks (HRR, MR, and PCC). Conversely, methylerythritol 4-phosphate (MEP) pathway could not be predicted at all in Arabidopsis (F1 score 0 for all networks). These results indicate that co-expression networks can show unpredictable performance when predicting SM pathways, and more research is needed to understand which conditions would result in best performance (quantity and quality of the expression data, the network construction methods).
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FIGURE 5. Performance of co-expression networks in predicting correct enzymes in specialized metabolism. The rows contain different SM classes, as defined by MapMan, while the columns contain four plants: maize (Zea mays, orange box), tomato (Solanum lycopersicum, red box), rice (Oryza sativa, gray box), and Arabidopsis thaliana (green box). For each species, we calculate the performance for three networks, based on: Higest Reciprocal Rank (HRR), Mutual Rank (MR), and Pearsson Correlation Coefficient (PCC). The shade of the cells and the cell numbers correspond to F1 score (harmonic mean of precision and recall), which ranges from 0 (poor performance of prediction or too few genes associated to a specific pathway to perform a prediction) to 1 (perfect performance).




CONCLUSION AND FUTURE PERSPECTIVES

Gene expression and co-expression network analyses are valuable, unique tools to unravel the biosynthetic pathways of specialized metabolism. The expression-based analyses’ versatility allows shortlisting of gene candidates with even a few RNA sequencing samples (Nett et al., 2020) or elucidation of multiple pathways with one large expression dataset (Figures 1–4). We find ourselves in the log phase of metabolic pathway discovery as open-source online tools are publicly available (e.g., https://github.com/tqiaowen/LSTrAP-Cloud) and repositories are brimming with gene expression data for hundreds of plant species.

In addition to uncovering the enzymes underpinning the various metabolic pathways, the co-expression networks present two exciting, novel opportunities. Firstly, these analyses can reveal non-enzymatic components of the pathways, such as transporters and transcription factors (Table 1 and Figure 3). The transcription factors are especially exciting, as changing their expression can alter the whole pathway’s activity and cause dramatic changes in metabolite levels (Zhao and Dixon, 2011). Secondly, the networks can serve as top-down tools to uncover new pathways by identifying novel clusters of connected genes. For example, the analysis investigating the functional association between MYB transcription factors and laccases (Figure 3) can be repurposed to study associations between all enzymes in an organism. The analyses discussed in this review can and should be supplemented with other omics-based inference methods to pave the way for more nutritious, resilient crops, and the development of novel medicines.
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Many plants accumulate high levels of hydroxycinnamoyl esters and amides in their tissues, presumably to protect against biotic and abiotic stress. Red clover (Trifolium pretense) leaves accumulate high levels [5–15 mmol/kg fresh weight (FW)] of caffeic acid derivatives, including phaselic acid (2-O-caffeoyl-L-malate). Oxidation of caffeoyl-malate by an endogenous polyphenol oxidase (PPO) has been shown to help preserve forage protein after harvest and during storage as silage, which should improve N use efficiency in dairy and other ruminant production systems. The widely grown forage alfalfa lacks both PPO and PPO substrates and experiences substantial loss of protein following harvest. We previously identified a hydroxycinnamoyl-coenzyme A (CoA):malate hydroxycinnamoyl transferase (HMT, previously called HCT2) responsible for phaselic accumulation in red clover. With the goal of producing PPO-oxidizable compounds in alfalfa to help preserve forage protein, we expressed red clover HMT in alfalfa. Leaves of these alfalfa accumulated mainly p-coumaroyl- and feruloyl-malate (up to 1.26 and 0.25 mmol/kg FW, respectively). Leaves of HMT-expressing alfalfa supertransformed with an RNA interference (RNAi) construct to silence endogenous caffeoyl-CoA acid O-methyltransferase (CCOMT) accumulated high levels of caffeoyl-malate, as well as the p-coumaroyl and feruloyl esters (up to 2.16, 2.08, and 3.13 mmol/kg FW, respectively). Even higher levels of caffeoyl- and p-coumaroyl-malate were seen in stems (up to 8.37 and 3.15 mmol/kg FW, respectively). This level of caffeoyl-malate accumulation was sufficient to inhibit proteolysis in a PPO-dependent manner in in vitro experiments, indicating that the PPO system of post-harvest protein protection can be successfully adapted to alfalfa.

Keywords: BAHD acyltransferase, forage, hydroxycinnamoyl-CoA hydroxycinnamoyl transferase, protein protection, specialized metabolism


INTRODUCTION

Hydroxycinnamoyl esters and amides can serve a variety of roles in plants. One well characterized example is p-coumaroyl-shikimate, which is essentially a biosynthetic intermediate between p-coumaroyl-Coenzyme A (CoA) and caffeoyl-CoA by being the substrate for coumaroyl 3′-hydroxylase (C3′H) (Schoch et al., 2006). C3′H is a cytochrome P450 that hydroxylates the p-coumaroyl moiety of the ester to the caffeoyl moiety, which can subsequently be transformed to other hydroxycinnamates such as ferulic and sinapic acid. These biochemical transformations are important in the biosynthesis of monolignol precursors for lignin formation and volatile phenylpropanoids/benzenoids (Dudareva et al., 2013; Dixon and Barros, 2019). In other cases, hydroxycinnamoyl derivatives accumulate to relatively high levels where they likely serve to protect the plant against biotic and abiotic stresses (Niggeweg et al., 2004). For example, arabidopsis and other brassica species accumulate sinapoyl-malate in their leaves (Lehfeldt et al., 2000), presumably as protection against UV radiation (Jin et al., 2000). Coffee beans accumulate large amounts of chlorogenic acid (caffeoyl-quinate) (Lallemand et al., 2012). Tomato, potato, and other solanaceous species also accumulate chlorogenic acid and other hydroxycinnamoyl-quinate esters (Niggeweg et al., 2004). In the case of the caffeoyl derivatives, these can be the substrate for endogenous chloroplast-localized polyphenol oxidases (PPOs). Upon tissue breakdown and release of PPO, oxidation of these caffeic acid derivatives to the corresponding quinones, and the subsequent secondary reactions of the quinones can lead to the familiar browning reaction common in injured or post-harvest plant materials (Sullivan et al., 2004; Sullivan and Hatfield, 2006; Sullivan and Foster, 2013). These reactions appear to also have a role in protecting plants against herbivory and pathogens (Thipyapong et al., 2004).

The forage crop red clover (Trifolium pretense L.) contains high levels of PPO activity (Sullivan et al., 2004) and accumulates two caffeoyl-derivatives that are oxidizable by PPO: clovamide (N-caffeoyl-3,4-dihydroxyphenylalanine) and phaselic acid (2-O-caffeoyl-L-malate, hereafter referred to as caffeoyl-malate whereas related compounds will be referred to as p-coumaroyl-malate, feruloyl-malate, or hydroxycinnamoyl-malate for these compounds in general) (Sullivan and Zeller, 2012). In red clover leaves, caffeoyl-malate can accumulate to 4–15 mmol/kg fresh weight (FW) (Sullivan and Zeller, 2012, and references therein) where, as described above, it presumably helps defend the plant against abiotic and biotic stress. Post-harvest, as plant tissues break down, the action of PPO on these caffeoyl derivatives, while leading to the familiar browning, also prevents degradation of protein to amino acids during storage as silage (Sullivan and Hatfield, 2006). This proteolytic inhibition is presumably due to quinones reacting with nucleophilic sites on proteins, either inactivating endogenous plant proteases themselves, making proteins poor substrates for endogenous proteases, or both. Keeping plant protein intact (i.e., “true protein”) is important because ruminant animals, such as dairy cows, poorly use degraded protein, leading to increased cost to producers because they need to supplement diets with true protein. High levels of degraded protein in ruminant diets also leads to excess nitrogen being released into the environment since degraded protein tends to be excreted by the animal rather than incorporated into milk or meat (Rotz et al., 1999). Previously, we showed red clover’s natural system of protein protection could likely be transferred to the widely used perennial forage alfalfa, which lacks both endogenous foliar PPO activity, but also PPO-oxidizable substrates such as caffeoyl-malate or other caffeic acid derivatives (Sullivan et al., 2004; Sullivan and Hatfield, 2006; Sullivan et al., 2008).

Although in arabidopsis and some other Brassicaceae, hydroxycinnamoyl-malate esters are synthesized via the action of a hydroxycinnamoyl-glucose hydroxycinnamoyl transferase (Lehfeldt et al., 2000), in common bean (Phaseolus vulgaris L.) (Sullivan, 2017) and red clover (Sullivan, 2009), we identified BAHD family (D’Auria, 2006) hydroxycinnamoyl-CoA:malate hydroxycinnamoyl transferases capable of transferring hydroxycinnamic acids from a CoA thiolester to malic acid (Figure 1). In red clover, the transferase, HMT (previously called HCT2), appears to be responsible for caffeoyl-malate accumulation (Sullivan and Zarnowski, 2011). Similar hydroxycinnamoyl-CoA transferases are responsible for biosynthesis of chlorogenic acid and related compounds in coffee (Lallemand et al., 2012) and solanaceous species like tomato (Niggeweg et al., 2004; Cle et al., 2008), and of p-coumaroyl-shikimate in several species including arabidopsis, alfalfa, and red clover (Hoffmann et al., 2003, 2004; Shadle et al., 2007; Sullivan, 2009). Here, we describe using red clover HMT to make a biosynthetic pathway in alfalfa to produce caffeoyl-malate as a PPO substrate with the goal of recreating red clover’s PPO/o-diphenol system of post-harvest protein protection in this important forage crop.
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FIGURE 1. Possible pathways for biosynthesis of caffeoyl-malate (phaselic acid) and p-coumaroyl-malate that include phenylalanine ammonia lyase (PAL), cinnamate 4-hydroxylase (C4H), 4-coumarate:CoA ligase (4CL), hydroxycinnamoyl-CoA:shikimate hydroxycinnamoyl transferase (HST), hydroxycinnamoyl-CoA:malate hydroxycinnamoyl transferase (HMT), and p-coumarate 3′-hydroxylase (C3H). No enzymatic activity in red clover has been identified that can directly hydroxylate p-coumaroyl-malate to caffeoyl-malate (Sullivan and Zarnowski, 2010). Additional pathways whereby feruloyl-malate might be made in alfalfa are boxed and include the enzymes caffeoyl-CoA O-methyltransferase (CCOMT) and caffeic acid O-methyltransferase (COMT), possibly in conjunction with esterases and 4CL. As detailed in the text, COMT is incapable of direct methylation of caffeoyl-malate as indicated with a red “X”.




MATERIALS AND METHODS


Reagents

All purchased reagents were of molecular biology or higher grade. The standard 2-O-(p-coumaroyl)-L-malate was prepared by the method described by Hemmerle et al. (1997) and characterized as previously detailed (Sullivan and Zarnowski, 2011). 2-O-caffeoyl-L-malate was synthesized and characterized as reported (Zeller, 2012). 2-O-feruloyl-L-malate was prepared enzymatically using HMT protein as previously described (Sullivan and Zarnowski, 2011).

Caffeoyl-, p- coumaroyl-, and feruloyl-CoA thiolesters were prepared using recombinant arabidopsis (Arabidopsis thaliana) 4CL1 protein (Lee et al., 1995) produced in Escherichia coli using the pET30 expression vector (Novagen MilliporeSigma, Burlington, MA, United States) as previously detailed (Sullivan, 2009). Concentrations of the thiolesters were determined spectrophotometrically using extinction coefficients of 21, 18, and 19 mM–1 cm–1 for p-coumaroyl- (λmax = 333 nm), caffeoyl- (λmax = 346 nm), and feruloyl-CoA (λmax = 346 nm), respectively (Stoeckigt and Zenk, 1975).



Plant Materials

All work described here used a highly regenerable alfalfa (Medicago sativa) clone (Regen SY27) (Bingham, 1991; Samac and Austin-Phillips, 2006). Both wild type and transgenic plants (described below) were propagated by stem cuttings. Plants were maintained in a greenhouse year-round and fertilized weekly (Peter’s soluble 20-20-20; Scotts, Marysville, OH, United States). Supplemental lighting (13 h/d) was used during all but summer months. For experiments detailed here, plant tissue was typically harvested mid to late morning. For analysis of mRNA levels and hydroxycinnamoyl ester content leaves were harvested, frozen in liquid nitrogen, and stored at −80°C until needed.



Nucleic Acid Methodologies

Total RNA was prepared from plant tissues using the RNeasy Plant Mini Kit (Qiagen, Valencia, CA, United States). Oligo dT-primed cDNA was prepared using Superscript III reverse transcriptase according to the manufacturer’s protocol (Invitrogen, Carlsbad, CA, United States) from DNase I-treated total RNA. Plasmid DNA was prepared using the QIAprep Spin Miniprep Kit (Qiagen). Alfalfa DNA for PCR screening was prepared from freshly harvested leaves by extraction with Tris/EDTA/SDS followed by precipitation with ammonium acetate and isopropyl alcohol. DNA sequence was determined by Sanger cycle sequencing using Big Dye v3.1 (Applied Biosystems, Foster City, CA, United States) and run on ABI 3730xl DNA Analyzers by the University of Wisconsin Biotechnology Center (Madison, WI, United States). Sequence analyses were carried out using the Lasergene Version 8 or higher (DNAStar, Madison, WI, United States), and BLAST programs using the National Center for Biotechnology Information (NCBI)1 web sites.



Cloning and Plasmid Construction

For all cloning, standard molecular biology techniques were used (Sambrook et al., 1989; Ausubel et al., 1998). When fragments for cloning were generated via PCR, a high-fidelity thermostable enzyme, Phusion DNA polymerase (New England Biolabs, Ipswich, MA, United States), was used according to manufacturer’s suggested conditions and the cloned insert was sequenced to ensure that no mutations were introduced.

For expression of red clover HMT in transgenic alfalfa, a PCR primer pair (ms536 and ms537, Table 1) was designed to introduce XbaI and BamHI restriction endonuclease sites on either side, respectively, of the red clover HMT coding region (Sullivan, 2009). The forward primer contained the proposed dicot consensus sequence AAACA (Joshi et al., 1997) immediately upstream of the initiating Met codon. A cloned red clover HMT cDNA (GenBank EU861219) served as template for PCR (Sullivan, 2009). The resulting HMT PCR product was digested with XbaI and BamHI and cloned into the plant transformation vector pILTAB357 (also digested with XbaI and BamHI) (Verdaguer et al., 1996) such that the HMT open reading frame was between the vector’s cassava vein mosaic virus (CsVMV) promoter and the NOS (nopaline synthase) terminator.


TABLE 1. Oligo nucleotide primers used in this study.
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To create an RNA interference (RNAi) construct to downregulate endogenous alfalfa caffeoyl-CoA O-methyltransferase (CCOMT), sense and antisense fragments corresponding to a 540-bp portion of an alfalfa CCOMT coding region (Genbank U20736) were generated from alfalfa leaf cDNA by PCR using the primer pairs ms638 and ms640 (to produce the sense arm) or ms639 and ms641 (to produce the antisense arm) (Table 1). Based on BLAST searches of M. sativa sequences available in Genbank, no obvious potential off-targets were identified. The resulting fragments were digested with either XhoI and KpnI or BamHI and ClaI and cloned into the sense and antisense arms, respectively, of pMLS380, a modified version of the intron-containing gene silencing vector pHANNIBAL (Wesley et al., 2001) where the 35S promoter has been replaced with the CsVMV promoter (Verdaguer et al., 1996). The silencing cassette of this pMLS380 construct was subcloned as a NotI fragment into pMLS298, a version of the binary vector pBIG-HYG (Becker, 1990) whose native NotI site was removed (cleaved, filled in, and religated) and whose polylinker was modified to have a unique NotI site. The final construct had the promoters for the hairpin silencing RNA and the hygromycin resistance selectable marker in a divergent orientation.

For expression of alfalfa caffeic acid O-methyltransferase (COMT) in E. coli, alfalfa leaf cDNA was used as template in PCR reactions with primers designed based on a previously cloned COMT sequence (Genbank M63853; Gowri et al., 1991) to introduce an NdeI site at the start codon and an XhoI site immediately following the stop codon of the open reading frame (Table 1, ms646 and ms647, respectively). PCR fragments from three independent PCR reactions were sequenced to ensure an error free clone whose sequence was deposited in Genbank (GU066087). The resulting PCR product was digested with NdeI and XhoI and inserted into pET42 (Novagen MilliporeSigma) digested with NdeI and XhoI, respectively. This resulted in a plasmid that would produce native COMT protein.



Generation and Identification of Transgenic Alfalfa

Plant transformation constructs (HMT expression, CCOMT RNAi, or pMLS298 empty vector control) were introduced into Agrobacterium tumefaciens strain LBA4404 by standard methods (Wise et al., 2006). The resulting A. tumefaciens strains were used to transform a highly regenerable clone of Regen-SY27 (Bingham, 1991) (or supertransform alfalfa already transformed with the HMT transgene) as described by Samac and Austin-Phillips (2006) using 50 mg/L kanamycin or 25 mg/L hygromycin B for selection as appropriate. Plants containing transgenes were identified by PCR with GoTaq Green Master Mix (Promega Corporation, Madison, WI) using manufacturers suggested conditions and appropriate primers (Table 1) to detect the kanamycin selectable marker (ms74 and ms75), the hygromycin selectable marker (ms507 and ms508), the HMT gene (ms536 and ms537), or the antisense arm of the RNAi silencing cassette (ms524 and ms525, which anneal to the pyruvate orthophosphate dikinase (pdk) intron and OCS (octopine synthase) terminator, respectively, of the silencing cassette).



Expression of Alfalfa COMT in E. coli and COMT Activity Assay

The COMT expression plasmid described above and the corresponding pET42 empty vector control were transformed into BL21(DE3)RIL Codon Plus E. coli (Agilent, Santa Clara, CA, United States), and the resulting E. coli were cultured, induced, and extracts prepared essentially as described previously (Sullivan, 2009). COMT activity was assessed by a modification of the method described by Inoue et al. (1998). In vitro reactions (250 μL total volume) containing 100 mM Tris (pH 7.5), 0.2 mM MgCl2, 10% (v/v) glycerol, 2 mM dithothreitol, 25 mM ascorbate, 0.3 mM S-adenosylmethione, 5 mM caffeic acid (or caffeoyl-malate), 3 μL E. coli extract (equivalent to 15 μL induced culture, approximately 2.5 μg COMT protein based on Coomassie staining) were incubated for up to 180 min at 30°C. Following incubations, reactions were stopped by the addition of 1/5 volume 10% formic acid, centrifuged at 17,000 × g for 5 min to remove precipitated protein, and analyzed for methylation products by liquid chromatography (LC) as described below.



Quantitative Real-Time PCR Analysis of Gene Expression

To assess mRNA levels of endogenous CCOMT and COMT in alfalfa, cDNA was prepared from DNase I treated total RNA isolated from young fully expanded alfalfa leaves as described above. Quantitative real-time PCR was carried out using PowerUp SYBR Green PCR Master Mix (Thermo Fisher Scientific, Waltham, MA, United States) in triplicate 10 μL reactions. Each reaction contained cDNA equivalent to 12.5 ng total RNA and primers at 300 nM. Primer pairs (Table 1) were ms666/ms667 to detect alfalfa CCOMT, ms650/ms651 to detect alfalfa COMT, and ms786/ms787 to detect alfalfa actin 2 (GenBank JQ028730) as the reference gene. Real-time PCR was run in a QuantStudio 5 (Thermo Fisher Scientific) using the cycling conditions 50°C for 2 min, 95°C for 2 min, followed by 40 cycles of 95°C for 15 s, 58°C 15 for 15 s, 72°C for 1 min with CYBR as the reporter and ROX as the passive reference. Following cycling, melt curves were generated using the default settings (65–95°C over 400 s). Threshold cycle (CT) was determined using the auto function of the QuantStudio analysis software.



Extraction of Phenolic Compounds From Plant Tissues

Tissue samples were ground in liquid nitrogen in 2 mL screw cap tubes with two 4 mm glass beads using a Mini-BeadBeater (Biospec Products, Bartlesville, OK, United States). The ground frozen tissue was extracted at room temperature with 10 mL/g FW 100 mM HCl, 50 mM ascorbic acid for 30 min with periodic mixing. Extracts were filtered through Miracloth (MilliporeSigma) or glass wool then centrifuged at 20,000 × g at room temperature. One milliliter of the resulting supernatant was applied to a 1 mL ENVI-18 solid phase extraction column (MilliporeSigma) preequilibrated with 3 × 1 mL of methanol and 3 × 1 mL 0.1% (v/v) acetic acid in water, pH adjusted to 2.5 with HCl. The column was washed with 3 × 1 mL 0.1% acetic acid (v/v) in water (pH 2.5 with HCl) and phenolic compounds eluted with 1 mL methanol.



LC and Mass Spectrometry

Phenolic samples were analyzed by LC on a Shim-Pack XR-ODS II (C-18) 120Å column (Shimadzu Scientific Instruments North America, Columbia, MD, United States; 100 × 2.0 mm x 2.2 micron) using a two solvent system [Solvent A: deionized water with 0.1% (v/v) formic acid, Solvent B: acetonitrile] as previously described (Sullivan, 2014). Compound elution was monitored (250–500 nm) with a UV/visible photodiode array (PDA) detector. In most cases, elution was also monitored with a MS2020 mass spectrometer (MS) (Shimadzu Scientific Instruments North America) using a dual ion source (electrospray and atmospheric pressure chemical ionization) with data collection in both positive and negative ion modes. MS data was collected between 2.0 and 16.0 min of the LC run, scanning for (m/z) between 50 and 500 at 7,500 u/s, with detector voltage of 1.3 kV, nebulizing gas flow of 1.5 L/min, drying gas flow of 10 L/min, desolvation line and heat block temperatures of 250°C.

Compounds of interest were quantified from peak areas of PDA chromatograms (250–500 nm) using LC Solutions software (Shimadzu Scientific Instruments North America) and standard curves generated using purchased free hydroxycinnamic acids (p-coumaric, caffeic, and ferulic acids) as previously described (Sullivan, 2009).



Proteolysis Assay

To prepare tissue extracts for proteolysis assays, alfalfa leaves and stems were harvested, and powdered in liquid nitrogen in a mortar and pestle. The ground tissue was extracted with 3 mL/g 0.05 M MES (2-[N-morpholino]ethanesulfonic acid), pH 6.5. The slurry was filtered through Miracloth and the resulting filtrate was centrifuged at 15,000 × g for 10 min at 4°C. To determine caffeoyl-malate content, a 1 mL portion of extract was acidified by adding 1/10 volume 1 N HCl and processed for phenolic content as described above. To provide a source of PPO, leaf extracts were similarly prepared from PPO-expressing alfalfa plants (Sullivan et al., 2004) or from non-transformed plants as a negative control, but in this case the post-centrifugation supernatant was desalted on spin columns packed with Sephadex G-25 (GE Healthcare, Uppsala, Sweden) equilibrated with 0.05 M MES pH 6.5 as previously described (Sullivan and Hatfield, 2006). Protein concentrations were determined using Bio-Rad Protein Assay (Bio-Rad Laboratories, Hercules, CA, United States) with bovine serum albumin as the standard.

Proteolysis assay reactions contained 2 mg/mL extract protein in 0.05 M MES, pH 6.5. The reactions consisted of 90% (v/v) extract from leaves and stems of phenolic producing plants (or their corresponding control) and 10% (v/v) leaf extract from PPO-expressing plants (or their corresponding non-transformed control). Duplicate samples of each reaction were removed at time 0 and at 24 h following incubation at 37°C, a temperature previously established for sensitive assay of amino acid release (Sullivan et al., 2004; Sullivan and Hatfield, 2006). Once removed, the samples were immediately mixed with one-half volume of 15% (w/v) trichloroacetic acid (TCA) and placed on ice for at least 30 min to precipitate proteins and peptides. TCA-insoluble material was removed by centrifugation at 20,000 × g for 5 min. Free amino acids in the resulting supernatants were measured by ninhydrin assay as previously described (Sullivan and Zeller, 2012) using glycine as the standard. Amino acid release was determined by subtracting the amino acid concentration of the initial (unincubated proteolysis reactions) from the amino acid concentrations of the reactions following incubation. Proteolysis was expressed for the PPO-containing reactions relative to the no PPO-control reactions.



Data Analysis and Statistics

Descriptive statistics for hydroxycinnamoyl-malate content for populations of transgenic plants include range, median, and median absolute deviation (MAD), since transgenic plant data is often non-normal. A minimum of five independent transformants was analyzed (one technical replicate) for each population. Data were visualized with box and whisker plots using BoxPlotR2. Because of the non-normality of the hydroxycinnamoyl-malate accumulation data, non-parametric tests were used to assess whether differences in accumulation were significant (Nap et al., 1993), using directional hypotheses when appropriate. For differences in hydroxycinnamoyl-malate content between leaves of RNAi and vector control plants, the Mann-Whitney U-test was performed using an online tool3. For differences in hydroxycinnamoyl-malate ester content between leaves and stems, the Wilcoxon sign-rank test was performed on the paired data using an online tool4. For correlation analysis of accumulation of various hydroxycinnamoyl esters with each other and of caffeoyl-malate content with PPO mediated proteolytic inhibition, significance was tested by linear regression and Student’s t-test (Samuels, 1989). The analysis used proteolysis and phenolic content values from five independently prepared extracts from caffeoyl-malate-accumulating plants and the median value of three wild type plants (negative control). Real-time PCR data were analyzed by the comparative CT method (Schmittgen and Livak, 2008) using the average CT of three technical replicates for each sample and primer combination. ΔCT was determined subtracting actin CT from CCOMT CT or COMT CT for each sample. ΔΔCT was determined by subtracting the average vector control group ΔCT for CCOMT or COMT from each sample ΔCT for CCOMT or COMT, respectively. Differences between treatment groups [vector control (n = 4 independent transformants) or RNAi accumulating caffeoyl-malate (n = 5 independent transformants)] were evaluated by t-test using Prism 8 (GraphPad Software, San Diego, CA, United States) with summary statistics presented as mean ± standard error.



RESULTS AND DISCUSSION


Expression of Red Clover HMT in Alfalfa Results in Accumulation of Hydroxycinnamoyl-Malate Esters

We previously identified a hydroxycinnamoyl-CoA:malate hydroxycinnamoyl transferase (HMT, previously called HCT2) (Sullivan, 2009) from red clover capable of transferring trans-hydroxycinnamic acids from their CoA thiolester derivatives to L-malic acid and responsible for accumulation of hydroxycinnamoyl-malate esters, particularly caffeoyl-malate, in red clover (Figure 1; Sullivan and Zarnowski, 2011). Because PPO-oxidizable compounds like caffeoyl-malate are an important part of a natural system of post-harvest protein protection in some legume forage crops (Sullivan and Hatfield, 2006; Sullivan and Zeller, 2012; Sullivan and Foster, 2013), we sought to determine whether alfalfa, an important forage crop lacking both foliar expression of PPO and accumulation of PPO substrates, could be engineered to accumulate caffeoyl-malate.

We therefore transformed alfalfa with a cDNA encoding red clover HMT under the control of the strong constitutive CsVMV promoter (Verdaguer et al., 1996). Eight independent transgenic lines containing the HMT transgene were identified by PCR. No obvious morphological or developmental phenotypes were apparent for the transgenic alfalfa relative to non-transformed alfalfa. To determine whether the HMT transgene was directing accumulation of hydroxycinnamoyl-malate esters in the alfalfa, phenolic compounds were extracted from leaves and analyzed by LC. Figure 2 shows comparison of reverse phase separation of phenolics extracted from leaves of an untransformed alfalfa plant with leaves of a typical plant transformed with red clover HMT. Several prominent peaks not present in untransformed alfalfa can be seen in the HMT-expressing plants. We identified two of these as trans-p-coumaroyl-malate and trans-feruloyl-malate based on them being indistinguishable from synthesized standard compound in terms of retention time (11.2 and 12.0 min, respectively), UV absorption spectrum (λmax of 313 and 326 nm, respectively), and (m/z) (−279 and −309, respectively, in negative mode). cis-p-Coumaroyl-malate and cis-feruloyl-malate were also identified based on (m/z) and compounds of the same retention time and UV absorption spectrum formed upon UV irradiation of synthesized standards (Sullivan, 2014). The presence of cis versions of these compounds was not unexpected. We have previously observed cis versions of hydroxycinnamic acid derivatives in the leaves of both wild type plants that accumulate hydroxycinnamoyl ester compounds (e.g., red clover and perennial peanut; Sullivan, 2014) and transgenic plants expressing hydroxycinnamoyl-CoA hydroxycinnamoyl transferases (Sullivan, 2017, 2019), which are presumably in equilibrium with the trans versions in vivo. A smaller peak from the HMT alfalfa plants was identified as trans-caffeoyl-malate based on being indistinguishable from synthesized standard compound in terms of retention time (10.2 min), UV absorption spectrum (λmax of 326 nm), and (m/z) (−295 in negative mode). No cis version was apparent, consistent with previous observations that for caffeic acid, accumulation of the cis isomer seems to be energetically unfavored for the free acid and at least some of its esters that have been examined (Sullivan, 2014).
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FIGURE 2. LC separation with PDA detection (310–325 nm) of alfalfa phenolics from leaves of untransformed wild type (top), HMT-expressing (middle), or HMT-expressing/CCOMT RNAi (bottom) alfalfa. Identified hydroxycinnamoyl-malate esters are indicated.


trans-Hydroxycinnamoyl-malate esters accumulating in the leaves of the eight independent transgenic plants were quantified. Results are represented in a box and whiskers plot (Figure 3) with summary statistics (Table 2, see also Supplementary Data). All eight independent lines expressing red clover HMT accumulated hydroxycinnamoyl-malate esters, with total accumulation ranging from 0.41 to 1.55 mmol/kg fresh weight (0.97 ± 0.22 mmol/kg FW, median ± MAD) although these levels are lower than that typically seen for red clover (values ranging from 4 to 15 mmol/kg FW have been reported; Winters et al., 2008; Sullivan, 2009; Saviranta et al., 2010; Sullivan and Zarnowski, 2011; Sullivan and Zeller, 2012). While total trans-hydroxycinnamoyl-malate accumulation in the leaves varied nearly fourfold among the transgenic plants, the relative proportion of the various hydroxycinnamoyl-malate esters was relatively consistent among the independent transgenic lines, with median accumulation (as percent of total ± MAD) of 4 ± 1, 82 ± 1, and 15 ± 1 for caffeoyl-, p- coumaroyl-, and feruloyl-malate esters, respectively. The relatively low accumulation of caffeoyl-malate is consistent with measured kinetic parameters of red clover HMT: although caffeoyl-, p- coumaroyl-, and feruloyl-CoA have similar KM values, Vmax values for p-coumaroyl- and feruloyl-CoA are eight- and sixfold higher than for caffeoyl-CoA (Sullivan and Zarnowski, 2011). Interestingly, red clover leaves do not accumulate measurable amounts of feruloyl-malate, and accumulate predominantly caffeoyl-malate: > 90% in mature leaves, but generally lower amounts (60–70%) in young and unexpanded leaves with the balance as p-coumaroyl-malate (Sullivan and Zarnowski, 2011; Sullivan and Zeller, 2012). Given the apparent lack of a 3′ hydroxylating activity capable of producing caffeoyl-malate directly from p-coumaroyl-malate in vivo in red clover (Sullivan and Zarnowski, 2010), the accumulation of mostly caffeoyl-malate in red clover and mostly p-coumaroyl- and feruloyl-malate in HMT-expressing alfalfa could be a reflection of differences in pool sizes of the various hydroxycinnamoyl-CoA donor substrates between these two species. To our knowledge, the relative abundances of these in alfalfa and red clover leaves have not been measured. Nonetheless, since ferulic acid is derived from caffeic acid, accumulation of feruloyl-malate in alfalfa transformed with HMT suggests that the limited accumulation of caffeoyl-malate in these plants is not due exclusively, if at all, to a limitation of enzymes involved in biosynthesis of caffeoyl moieties, and that conversion of caffeoyl moieties to feruloyl moieties is contributing to the low level of caffeoyl-malate accumulation.
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FIGURE 3. Content of various hydroxycinnamoyl-malate esters in leaves of eight independent HMT alfalfa transformants. Center lines show the medians, box limits indicate the 25th and 75th percentiles as determined by R software, whiskers extend to the minimum and maximum values.



TABLE 2. Accumulation of hydroxycinnamoyl esters in leaves of eight independent HMT transformants.
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Alfalfa Caffeic Acid O-Methyltransferase (COMT) Is Incapable of Direct Methylation of Caffeoyl-Malate

Lack of accumulation of caffeoyl-malate and accumulation of feruloyl-malate in leaves of alfalfa expressing red clover HMT suggested two non-mutually exclusive mechanisms whereby feruloyl-malate might be produced. The first would be that feruloyl-malate is produced directly from caffeoyl-malate by the action of caffeic acid O-methyltransferase (COMT). Alternatively, caffeoyl or caffeoyl-CoA moieties might be converted to feruloyl moieties by the action of either COMT or caffeoyl-CoA O-methyltransferase (CCOMT) and the resulting feruloyl moieties converted to feruloyl-malate by HMT (following ligation to CoA by 4-coumarate CoA ligase for free ferulic acid) (Figure 1).

In order to assess whether COMT is capable of directly converting caffeoyl-malate to feruloyl-malate, an alfalfa cDNA encoding COMT was cloned for expression in E. coli. The cDNA (Genbank GU066087) encodes a protein that has a single amino acid substitution (asparagine for isoleucine at position 88) relative to a previously reported COMT cDNA (M63853; Gowri et al., 1991), but the substitution likely represents natural variation, as other M. sativa sequences in Genbank have this substitution. The cDNA was expressed in E. coli, and the resulting COMT protein’s in vitro enzyme activities were assessed. Expression of the alfalfa COMT cDNA in E. coli resulted in active enzyme that was able to methylate caffeic acid to ferulic acid in the presence of S-adenosyl methionine (Figure 4, left panels at 0 and 60 min) as previously demonstrated by others (Gowri et al., 1991). Methylation was dependent on the COMT protein as no reaction was seen with extract of E. coli transformed with the pET vector only (data not shown). Incubation of caffeoyl-malate with the E. coli expressed COMT and S-adenosyl methionine did not result in conversion of caffeoyl-malate to the corresponding feruloyl ester (Figure 4, right panels at 0 and 120 min). This finding indicates that alfalfa COMT is incapable of directly methylating caffeoyl-malate to feruloyl-malate. Thus, it seems likely feruloyl-malate is formed in alfalfa in vivo by HMT utilization of feruloyl-CoA as donor substrate, although we cannot absolutely rule out the existence of an uncharacterized O-methyltransferase activity capable of carrying out this transformation in vivo.
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FIGURE 4. Alfalfa COMT protein, produced in E. coli, was incubated with caffeic acid (left panels) or caffeoyl-malate (right panels) for up to 120 min as indicated, and reactions were resolved by reverse phase LC with PDA detection (250–500 nm). Reactants and products are labeled. No methylation product was detected when caffeoyl-malate was used as substrate.




Downregulation of Endogenous CCOMT Enhances Accumulation of Caffeoyl-Malate in Alfalfa Plants Expressing Red Clover HMT

Given the above results, we hypothesized that downregulation of endogenous alfalfa CCOMT might increase accumulation of caffeoyl-malate at the expense of feruloyl-malate without necessarily affecting accumulation of p-coumaroyl-malate or total hydroxycinnamoyl-malate levels. To test this hypothesis, two alfalfa plants already transformed with red clover HMT (#17 and #56) and showing substantial foliar accumulation of p-coumaroyl- and feruloyl-malate (on the order of 1 mmol/kg FW) were supertransformed with a CCOMT RNAi construct. The empty vector used for the RNAi construct was supertransformed as a negative control. Numerous (5–19) independent transformation events, confirmed by PCR for the presence of transgenes, for each of the four combinations (two different backgrounds transformed with RNAi or vector control) were recovered. Phenolics present in leaves were identified and quantified by LC. An LC trace for one of the HMT CCOMT RNAi plants (Figure 2) shows a dramatic increase in caffeoyl-malate accumulation relative to the parental plant when the CCOMT RNAi is present. Substantial increases in caffeoyl-malate accumulation relative to the parental plants were seen for about half (10 of 21) of the RNAi supertransformed plants, while none of the plants supertransformed with vector (control) were obviously different from the parental plants with respect to caffeoyl-malate accumulation (see Supplementary Data). None of the plants (RNAi or vector control) had any obvious morphological or developmental phenotype compared to wild type alfalfa plants.

Quantitative accumulation data for all plants are represented in box and whiskers plots (Figure 5A) with summary statistics in Table 3 (see also Supplementary Data). Because the two HMT backgrounds used for the supertransformation experiment were derived from two independent HMT transformation events, they were analyzed separately with respect to hydroxycinnamoyl-malate ester accumulation. Even though about half of the RNAi plants had no obvious phenotype with respect to caffeoyl-malate accumulation, as a whole they had significantly higher levels of caffeoyl-malate (P < 0.05) and total hydroxycinnamoyl-malate esters (P < 0.05), regardless of background. Although in most cases median accumulation for these compounds was not substantially higher for the RNAi plants, this was largely driven by the relatively high proportion of plants included in the analysis which lacked an obvious caffeoyl-malate phenotype. That the RNAi construct is impacting caffeoyl- and total hydroxycinnamoyl-malate accumulation is more apparent from the box and whisker representations of the data (Figure 5A), where the top two quartiles for the RNAi plants show little overlap with the control plants. p-Coumaroyl-malate accumulation in the RNAi plants, as a whole, was not significantly different from the control plants (P = 0.075 and P = 0.123 for the #17 and #56 backgrounds, respectively) although there may be a trend toward an increase in the RNAi plants. Surprisingly, despite downregulation of CCOMT, feruloyl-malate levels seemed to increase in the RNAi plants [significant in #17 background (P = 0.003) and trending in the #56 background (P = 0.085)], which is also well-reflected in the box and whiskers representation of the data, where the top two quartiles for the RNAi plants show little overlap with the control plants.
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FIGURE 5. (A) Hydroxycinnamoyl-malate content in leaves of HMT alfalfa plants retransformed with vector (negative control, –, white boxes) or CCOMT RNAi (+, gray boxes). Two different HMT alfalfa backgrounds (#17 and #56) were used as indicated with a minimum of five independent transformants in each group. (B) Proportion of individual hydroxycinnamoyl-malate esters as percent of total for leaves in both backgrounds with 24 and 21 independent transformants analyzed for the vector and RNAi groups, respectively. Labels are as in A above. For all panels, center lines show the medians, box limits indicate the 25th and 75th percentiles as determined by R software, whiskers extend to minimum and maximum values.



TABLE 3. Accumulation of hydroxycinnamoyl esters in leaves of plants transformed with HMT and CCOMT RNAi or vector control.
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Although some differences in accumulation of both the total hydroxycinnamoyl-malate esters as well as the individual derivatives were only marginally significant (P just under 0.05), trending (0.05 < P < 0.10), or not significant (P > 0.10) by the Mann-Whitney analysis, as discussed above, this may be due to including all plants containing the transgenes of interest in the analysis. It is possible that high level suppression of CCOMT expression might interfere with recovery of transgenic plants in our system, which could lead to recovery of a higher proportion of plants with low level or no silencing. Thus, it might not be surprising that for plants supertransformed with the RNAi construct, nearly half showed no discernable increase in hydroxycinnamoyl-malate esters, while some plants had dramatic increases in hydroxycinnamoyl-malate esters (Figure 5A).

Although downregulation of CCOMT was expected to increase caffeoyl-malate accumulation, it is seemingly paradoxical that not only did feruloyl-malate accumulation not decrease, it appears to have increased. It could be that downregulation of CCOMT increased the pool size of caffeoyl-CoA, leading to the expected increase in caffeoyl-malate accumulation. An alternative pathway to feruloyl moiety biosynthesis, for example by COMT either on its own, since COMT is capable of methylating caffeoyl-CoA (Inoue et al., 1998), or in conjunction with esterases that might liberate free caffeoyl moieties from caffeoyl-shikimate (Ha et al., 2016) or caffeoyl-CoA, then subsequent religation of the newly formed feruloyl moiety to CoA by 4-coumarate:CoA ligase, would allow feruloyl-malate to be formed by HMT (Figure 1). Whether an altered caffeoyl-CoA pool size would allow such a pathway to work efficiently, and whether some sort of feedback mechanism might allow flow of metabolites in this way is unclear. We are currently planning detailed transcriptomic and metabolomic studies of HMT/CCOMT RNAi plants that should provide additional insight into this.

For each independent line, we also determined the proportion of each hydroxycinnamoyl-malate ester. Since we did not expect HMT background (#17 or #56) to impact the relative proportion of the various hydroxycinnamoyl esters, we combined data from both backgrounds and compared the presence or absence of the RNAi silencing construct using Mann-Whitney analysis. A box and whiskers representation of the data is presented in Figure 5B and summary statistics are presented in Table 4 (see also Supplementary Data). The proportion of caffeoyl-malate increased in the group of plants supertransformed with the RNAi silencing construct (P = 0.004, one-tailed), as did the proportion of feruloyl-malate (P = 0.007), while the proportion of p-coumaroyl-malate decreased (P = 0.003). As with the analysis of absolute amounts of hydroxycinnamoyl-malate esters, because many of the RNAi plants included in the analysis did not have a phenotype, these differences were not always apparent from median values. However, as can be seen in Figure 5B, for RNAi plants the proportion of caffeoyl- and feruloyl-malate for plants above the median values are substantially higher than those of nearly all plants for the vector control, whereas for RNAi plants the proportion of p-coumaroyl-malate for plants below the median value are substantially lower than those of nearly all the vector control plants. Further, increases in the proportion of caffeoyl-malate and feruloyl-malate were correlated with each other (R2 = 0.288, P = 0.012) and with a decrease in the proportion of p-coumaroyl-malate (R2 = 0.701 and 0.829 for caffeoyl- and feruloyl-malate, respectively, p < 0.0001 for both; see also Supplementary Data). The highest level of caffeoyl-malate accumulation measured for leaves of these plants was 2.16 mmol/kg FW, which constituted 34% of hydroxycinnamoyl-malate esters accumulating.


TABLE 4. Proportion of various hydroxycinnamoyl esters in leaves of plants transformed with HMT and CCOMT RNAi or vector control.
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Accumulation of Caffeoyl-Malate Is Enhanced in Stems Relative to Leaves for HMT/CCOMT RNAi Alfalfa

Many of the enzymes involved in phenylpropanoid biosynthesis in general (phenylalanine ammonia lyase, cinnamic acid 4-hydroxylase, 4-comaric acid CoA ligase) (see (Dixon et al., 2001) and references therein) and caffeoyl moiety biosynthesis specifically [hydroxycinnamoyl-CoA:shikimate transferase (HST), C3′H] (see for example Sullivan, 2009; Sullivan and Zarnowski, 2010) are highly expressed in stems, presumably to provide monolignols for lignin biosynthesis. In Medicago truncatula, a model legume closely related to alfalfa, expression of HST and C3′H are three to fourfold higher in lignifying stems compared to leaves based on data from the Medicago truncatula Gene Expression Atlas5 (see Supplementary Figure 1). Consequently, we hypothesized that hydroxycinnamoyl-malate ester accumulation, particularly caffeoyl-malate accumulation, might be higher in stems than in leaves for alfalfa expressing HMT and/or CCOMT RNAi. For representative plants analyzed above, stem hydroxycinnamoyl-malate content was also analyzed and compared to that of leaves, and differences were evaluated using the Wilcoxon sign-rank test. The plants examined were placed into three categories without regard to the HMT background: vector control plants lacking the CCOMT RNAi transgene, plants transformed with the RNAi transgene but not showing a phenotype (defined as having foliar caffeoyl-malate accumulation ≤ 0.10 mmol/kg FW, the highest measured level for vector control plants, “RNAi, no phenotype”), and plants transformed with the RNAi transgene showing a phenotype (defined as having foliar caffeoyl-malate accumulation > 0.10 mmol/kg FW, “RNAi, with phenotype”). Results of the analysis are shown in Table 5 and Figure 6.


TABLE 5. Accumulation of hydroxycinnamoyl esters in leaves (L) and stems (S) of plants transformed with HMT and CCOMT RNAi (without and with the caffeoyl-malate accumulation phenotype) or vector control.
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FIGURE 6. Hydroxycinnamoyl-malate accumulation in leaves (L, white boxes) versus stems (S, gray boxes) of HMT-expressing alfalfa (A) retransformed with vector only (eight independent transformants), (B) retransformed with the CCOMT RNAi construct but not showing the caffeoyl-malate phenotype (six independent transformants), or (C) retransformed with the CCOMT RNAi construct and showing the caffeoyl-malate phenotype (10 independent transformatns). Center lines show the medians, box limits indicate the 25th and 75th percentiles as determined by R software, whiskers extend to minimum and maximum values.


Not surprisingly, the vector control plants and the RNAi plants lacking phenotype showed similar accumulation patterns for the various hydroxycinnamoyl-malate esters in leaves versus stems (Figure 6, Table 5, and Supplementary Data). For these groups, caffeoyl-malate levels in stems were slightly lower relative to leaves [P = 0.008 and 0.003 (two-tailed)] rather than higher as might have been expected, and feruloyl-malate accumulation was not significantly different between leaves and stems (P = 0.46 and 0.84 [two-tailed]). In contrast, p-coumaroyl-malate content was significantly higher in stems relative to leaves in both groups [P < 0.002 (one-tailed)], although the magnitude of the difference was less than twofold. The higher level of p-coumaroyl-malate content in stems appears to account for a higher level of total hydroxycinnamoyl-malate accumulation (P < 0.008).

For the RNAi plants with phenotype (increased accumulation of caffeoyl-malate in leaves), like the vector control and no phenotype plants, feruloyl-malate accumulation was not significantly different between leaves and stems (P = 0.69) and p-coumaroyl-malate accumulation was significantly higher in stems compared to leaves [P = 0.001 (one-tailed)]. In contrast, median accumulation of caffeoyl-malate was fivefold higher in stems relative to leaves [4.30 ± 1.20 versus 0.76 ± 0.14 mmol/kg fresh weight (median ± MAD), P = 0.004 (one-tailed)]. The higher levels of both p-coumaroyl-malate and caffeoyl-malate account for significantly higher levels of total hydroxycinnamoyl-malate in stems compared to leaves for the RNAi plants [8.69 ± 2.38 versus 3.65 ± 0.70 mmol/kg fresh weight (median ± MAD), P = 0.002 (one-tailed)]. The highest measured accumulation of caffeoyl-malate was 8.37 mmol/kg fresh weight, accounting for 63% of the hydroxycinnamoyl-malate present in stems in this plant. Although this plant had both the highest absolute amount as well as proportion of caffeoyl-malate, most (except for one outlier) had a high proportion of caffeoyl-malate (52 ± 7%, median ± MAD), and lesser proportions of p-coumaroyl- and feruloyl-malate (24 ± 1 and 20 ± 4%, respectively, median ± MAD) (see also Supplementary Data). For stems, levels of hydroxycinnamoyl-malate esters in general, and caffeoyl-malate in particular, are comparable to those found in leaves of red clover, indicating a huge potential in reshaping specialized metabolism in alfalfa. It seems likely that the normally high levels of phenylpropanoid biosynthetic enzymes in stems are supporting high levels of caffeoyl-malate biosynthesis and accumulation. Using additional transgenes to increase levels of some of these enzymes in leaves, for example hydroxycinnamoyl-Co:A: shikimate hydroxycinnamoyl transferase and C3′H to increase levels of caffeic acid, might similarly lead to increased levels of foliar caffeoyl-malate accumulation. Aside from increased levels of hydroxycinnamoyl-malate in leaves and stems of the transgenic plants, no obvious phenotypes were observed for greenhouse grown plants. It is not clear whether the redirection of specialized metabolism in these plants would impact agronomic performance either negatively (for example, by diverting resources or altering lignin structure) or positively (for example, enhancing defense against biotic and abiotic stresses). We anticipate evaluating field performance of these plants alone and in combination with a PPO transgene in future experiments to evaluate the complete PPO system (see below).



Extent of CCOMT Downregulation in Alfalfa Accumulating Caffeoyl-Malate

To evaluate the extent to which CCOMT was downregulated in alfalfa plants accumulating caffeoyl-malate, CCOMT expression was examined by real-time PCR in five independent transformants from the “RNAi, with phenotype” group and compared with that of four independent transformants from the vector control group. The CCOMT primer pair amplified a segment of the CCOMT coding region outside of the segment used in the RNAi silencing construct to avoid interference from the silencing RNA. Results of this analysis are shown in Table 6. As expected, alfalfa in the “RNAi, with phenotype” group had a significant decrease (approximately 50-fold less, on average) in CCOMT mRNA relative to vector control plants (P < 0.001). Unfortunately, only a single plant from the “RNAi, no phenotype” group was analyzed, making statistical analysis not possible. However, this single plant had a CCOMT mRNA level indistinguishable from those measured for vector control plants, consistent with the idea that alfalfa plants transformed with the CCOMT RNAi construct but which fail to accumulate higher levels of caffeoyl-malate are not sufficiently downregulated in CCOMT to exhibit the caffeoyl-malate accumulation phenotype. Because the “RNAi, with phenotype” group had enhanced levels of feruloyl-malate accumulation despite CCOMT downregulation, we also examined COMT mRNA levels. No significant differences (P > 0.05) in COMT expression were detected between vector control and “RNAi, with phenotype” plants. These results indicate that COMT expression is not enhanced in response to CCOMT downregulation. Thus, wild type levels of COMT expression are sufficient for the enhanced accumulation of feruloyl-malate in CCOMT downregulated plants, and the enhanced accumulation may be due to changes in precursor pool sizes.


TABLE 6. Real-time PCR analysis of CCOMT and COMT expression.
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PPO-Mediated Proteolytic Inhibition Is Correlated With Caffeoyl-Malate Content in Transgenic Alfalfa

We wished to test whether the alfalfa expressing red clover HMT and CCOMT RNAi produced sufficient caffeoyl-malate to inhibit protein breakdown by endogenous proteases in a PPO-dependent manner. Alfalfa leaves and stems do not express an endogenous PPO gene (Sullivan et al., 2004, 2008; Sullivan and Hatfield, 2006), but alfalfa transformed with red clover PPO has been produced (Sullivan et al., 2004). The PPO trait and the caffeoyl-malate trait are currently not both present in the same plant, but we were able to examine PPO-dependent proteolytic inhibition by an in vitro reconstruction of the system. Extracts were prepared from stems and leaves of five caffeoyl-malate-producing transgenic alfalfa plants and three wild type, non-transformed control plants. Caffeoyl-malate and protein content of the extracts were measured. Leaf extracts from alfalfa plants expressing PPO served as the source of PPO while leaf extracts from non-transformed plants served as a negative (no-PPO) control. Reactions containing 90% (v/v) of the leaf and stem (caffeoyl-malate-containing) and 10% (v/v) of the PPO or no-PPO leaf extract were incubated and proteolysis (as amino acid release) was measured. PPO-dependent proteolytic inhibition in the caffeoyl-malate-containing extracts was assessed by comparing amino acid release in the presence versus absence of PPO (Figure 7).
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FIGURE 7. PPO-dependent proteolytic inhibition is correlated with caffeoyl-malate content. Extracts of five transgenic (HMT and CCOMT RNAi) and three wild type plants (WT) were analyzed for caffeoyl-malate content and PPO-dependent proteolytic inhibition. Correlation of PPO-dependent proteolytic inhibition with caffeoyl-malate content was assessed by regression analysis. For the wild type plants, only the median value of the three plants assayed was included in the regression analysis.


Wild type control plants (not expressing HMT or CCOMT RNAi) did not contain caffeoyl-malate, while the transgenic plants had caffeoyl-malate concentrations that ranged from approximately 0.2–0.4 μmol per mg protein. For wild type plants (no caffeoyl-malate) amino acid release over the 24 h time period ranged from 1.2 to 1.7 μmol per mg of protein for the individual extracts and was unchanged by the presence of PPO (thus ratio of proteolysis with PPO versus no-PPO ranged from 0.97 to 1.10). This was expected as both PPO and a PPO substrate such as caffeoyl-malate are required for proteolytic inhibition (Sullivan and Hatfield, 2006). For the caffeoyl-malate-producing plants, amino acid release in the absence of PPO ranged from about 1.5–2 mmol per mg of protein. However, in contrast to the wild type plants, it was reduced in the presence of PPO by 17–60% and PPO-dependent reductions in proteolysis were highly correlated with caffeoyl-malate content of the plant extract (r2 = 0.81, P = 0.004).

The extent of proteolytic inhibition seen for the caffeoyl-malate-containing alfalfa extracts (∼50%) is similar to that seen in previous experiments using purified caffeoyl-malate (Sullivan and Zeller, 2012) and might be expected to have substantial impacts on proteolytic losses during ensiling and N-utilization in ruminant animals. It must be kept in mind, however, that the non-uniform distribution of caffeoyl-malate in the transgenic alfalfa (more in stems than in leaves) could result in less proteolytic inhibition during ensiling than is seen in these extract experiments. Nonetheless, previous experiments utilizing PPO-expressing transgenic alfalfa treated with exogenously applied PPO substrate, showed substantial reductions in proteolysis in mini ensiling experiments when the tissue was well-macerated (Sullivan and Hatfield, 2006).



CONCLUSION

Here we’ve shown that transgenic expression of red clover HMT in alfalfa results in accumulation of hydroxycinnamoyl-malate derivatives. When endogenous CCOMT was also downregulated, caffeoyl-malate accumulated to substantial levels (up to about 2 and 8 mmol/kg FW in leaves and stems, respectively). The levels of caffeoyl-malate produced in these plants is sufficient to reduce proteolysis in the presence of PPO in in vitro experiments. The next step will be to cross PPO-expressing alfalfa plants with caffeoyl-malate-producing alfalfa plants to generate experimental populations of alfalfa (PPO-expressing, caffeoyl-malate-producing, PPO-expressing and caffeoyl-malate-producing, and wild type). These populations should allow us to better assess how well this level of PPO substrate production and distribution within the plant (more in stems than in leaves) will perform during ensiling, and whether ensiling conditions (e.g., extent of maceration) will need to be optimized to take advantage of the PPO system. These materials should also allow us to begin examining how the PPO system might impact N-utilization and animal performance first via in vitro experiments, but ultimately in small ruminant feeding studies. We should also be able to evaluate other impacts of these traits on field performance and resistance to biotic and abiotic stress. Lignin content and composition will also be evaluated, as it could be altered in this system due to the CCOMT downregulation, the diversion of metabolites away from monolignols by HMT expression, or both. Altered lignin composition could result in higher fiber digestibility in ruminant production systems, thus delivering additional value.
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Hairy root cultures are genetically and biochemically stable, and they regularly possess the same or better biosynthetic capabilities for specialized (secondary) metabolite production compared to the intact plant. Ononis species are well-known herbal remedies in ethnopharmacology and rich sources of isoflavonoids. Besides isoflavones, less prevalent isoflavones and pterocarpans with valuable biological effects can be found in Ononis species as well. As these plants are only collected but not cultivated, biotechnological methods could play a role in the larger-scale extraction of Ononis isoflavonoids. Regarding this information, we aimed to establish Ononis spinosa and Ononis arvensis hairy root cultures (HRCs) and analyze the isoflavonoid profile of hairy root cultures qualitatively and quantitatively, in order to define their capacity to produce biologically valuable isoflavonoids. During the qualitative description, beside isoflavonoids, two new phenolic lactones, namely, bulatlactone 2″-O-β-D-glucoside and ononilactone, were isolated, and their structures were characterized for the first time. Altogether, 29 compounds were identified by the means of UPLC-Orbitrap-MS/MS. Based on UHPLC-UV-DAD measurements, the isoflavonoid spectrum of the Ononis HRCs differed markedly from wild-grown samples, as they produce a limited range of the scaffolds. The most abundant compounds in the HRCs were medicarpin glucoside and sativanone glucoside. The overall isoflavonoid production of the cultures was comparable to wild-grown O. arvensis and approximately twice as high as in wild-grown O. spinosa samples. As the overall content of wild-grown samples include more isoflavonoid derivatives, the HRCs contain structurally less divergent isoflavonoids but in higher quantity.

Keywords: Ononis, hairy root, biotechnology, isoflavonoid, bulatlactone, ononilactone


INTRODUCTION

Bioactive natural products are molecules perfected by evolution, which, based on their physico-chemical properties, are much more likely to become potential drug candidates than synthetic compounds produced by combinatorial chemical methods (Larsson et al., 2005). Their sources might be herbs that are easy to cultivate, e.g., lavender or chamomile, etc., but in many cases, it is only possible to isolate it from wild-growing populations, e.g., taxol. This poses a major threat to ecological diversity, habitat undisturbedness, or even the survival of the species. An additional difficulty could be if the intact plant contains the active compound only as a minor component, and its extraction is not economical (Atanasov et al., 2015).

In vitro cultivation of medicinal plants can provide a solution to this problem. Micro-propagation, organ, and cell cultures present an opportunity to produce the desired species under laboratory conditions and to bioreplicate individuals and/or organs with the highest active substance content. Although plant cell cultures seemed to be very promising tools in the production of specialized metabolites, unfortunately, they often did not live up to their expectations. The reasons can lie in the difficulty of industrial upscaling. Another problem is that the lack of differentiation and compartmentalization, that can result in different metabolic profiles compared to the intact plant (Atanasov et al., 2015). Hairy root cultures, as transgenic tissue cultures, show a higher degree of differentiation. These are created by the bacterial infection of Agrobacterium rhizogenes, during which bacterial plasmid is incorporated into the plant DNA causing prolific growth of neoplastic roots. Hairy root systems can be maintained without the use of phytohormones. As opposed to cell cultures, they are genetically and biochemically stable, and they regularly possess the same or better biosynthetic capabilities for specialized metabolite production as the intact plant (Georgiev et al., 2012).

Isoflavonoids are products of the phenylpropanoid biosynthesis route, and their main groups are isoflavones, isoflavanones, and pterocarpans (Davies and Schwinn, 2006). Their best-known representatives are compounds belonging to the group of isoflavones, which are found in food and agricultural crops such as soy, alfalfa, or red clover. These compounds are used mainly because of their phytoestrogenic effect, and since the wild-grown plants are cultivated in large areas, they are easy to obtain (Clifford and Brown, 2006). In addition to isoflavones, the group of isoflavanones and pterocarpans also include compounds with valuable biological effects; however, the plants that contain them mostly live only in the wild. For example, Ononis species are well-known herbal remedies in the Mediterranean region. As a member of the Fabaceae (Leguminosae) family, they are rich in isoflavonoids, and beside isoflavones, they produce less-prevalent isoflavanones and pterocarpans (Gampe et al., 2016, 2018b). Despite the medicinal benefits (Addotey et al., 2018; Deipenbrock et al., 2020; Spiegler et al., 2020; Stojkovic et al., 2020; Stojković et al., 2020), the plant is not cultivated. The part of the herb mostly used in phytomedicine is the extremely hardy root, making the collection cumbersome. Regarding these aspects, biotechnological methods could play a role in the larger-scale yield of Ononis isoflavonoids. Tumova et al. investigated the flavonoid content of callus cultures and cell suspensions of Ononis arvensis, but their experiments covered only the measurement of total flavonoid content in elicited cultures (Tůmová and Rusková, 1998; Tůmová et al., 2003, 2011; Tůmová and Polívková, 2006). Regarding this information, we aimed to analyze the isoflavonoid profile of hairy root cultures qualitatively and quantitatively, in order to define their capacity to produce biologically valuable isoflavonoids.



MATERIALS AND METHODS


General Materials

Standard compound naringenin were purchased from Sigma-Aldrich (St. Louis, MO, United States), and formononetin, pseudobaptigenin, onogenin, sativanone, medicarpin, and maackiain were purified from hydrolyzed extracts of Ononis spinosa root in our laboratory. The isoflavone glucoside standards (formononetin-, pseudobaptigenin-, onogenin-, sativanone-, maackiain-, and medicarpin glucoside) were isolated in our laboratory, too (Gampe et al., 2020). High-performance liquid chromatography (HPLC) and Mass spectrometry (MS)-grade methanol and acetonitrile were purchased from Fischer Scientific Co. (Fair Lawn, NJ, United States); LiChropur formic- and acetic acid were obtained from Merck (Darmstadt, Germany). Purified water was prepared using a Millipore Direct-Q system (Millipore Corp., Bedford, MA, United States).



Plant Material

Transformed root cultures of Ononis spinosa L. and Ononis arvensis L. were obtained by the inoculation of sterile 6-week-old plants with Agrobacterium rhizogenes (strain R-1601). The segments of hypocotyls with fast-growing adventitious roots were transferred to Petri dishes containing MS medium (Murashige and Skoog, 1962), and cefotaxime was added to the medium (500 mg/l) for several subcultures until the total disappearance of Agrobacterium (Kuzovkina et al., 1996). After elimination of bacteria, the hairy roots were cultured in liquid Gamborg B5 (Gamborg et al., 1968) media in Erlenmeyer flasks, in a CERTOMAT BS-4 programmable incubation shaking cabinet (Braun Biotech International, Melsungen, Germany) at 100 rpm at 23 ± 2°C in the dark, and were subcultured every 21 days. Genomic DNA was extracted from hairy roots using the protocol and reagents of the Maxwell 16 LEV Plant DNA Kit (Madison, WI, United States). Polymerase chain reaction was executed for the confirmation of the presence of rolB rooting locus. The primers used to detect rolB were forward 5′-GAAGGTGCAAGCTACCTCTC-3′ and reverse 5′-GCTCTTGCAGTGCTAGATTT-3′ designed by Furner et al. (1986) (Bio Basic Canada Inc.). A PCR program described by Bertóti et al. (2019) was applied in a Bio-Rad iCycler machine (Hercules, CA, United States). Amplified PCR products were separated using electrophoresis on a 2% w/v agarose gel (Bio-Rad, CA, United States). From the two species, three parallel samples were inoculated (both 21-day-old, O. spinosa average mass 0.74 g and O. arvensis average mass 0.58 g) in 100-ml Erlenmeyer flasks with fresh liquid B5 medium (40 ml) and cultivated in the same shaking cabinet as before mentioned (100 rpm at 23 ± 2°C in the dark). Sampling of plant material was carried out at the time of inoculation (0 h) and at 7, 13, 21, and 28 days after inoculation.



Sample Preparation

For the qualitative study, 0.10 g of freeze-dried (Christ Alpha 1-4 liophilizator, Braun, Melsungen, Germany) and ground hairy root culture was extracted with 5 ml 70% methanol using sonication for 30 min at room temperature. For quantitative analysis, 0.100 g powdered plant material was weighed and 50 μl of the internal standard (2.0 mg/ml naringenin solution) was added first, and then, the samples were extracted with 5 ml 70% methanol by sonication for 30 min. The samples were centrifuged, and the pellet was repeatedly extracted twice more with the same method. The collected supernatants were filled up to 25 ml, out of which 1 ml was filtered through a 0.22-μm PTFE filter (Nantong FilterBio Membrane Co., Ltd., Nantong, Jiangsu, China). From these, 200 μl were taken out and kept at 83°C for 5 h prior to HPLC analysis in order to hydrolyze malonate esters (Gampe et al., 2020). Investigating the liquid media for possible exudation of isoflavonoids, it was filtered and analyzed directly.



UHPLC-ESI-Orbitrap-MS/MS Conditions for the Qualitative Analysis of Hairy Root Samples

For obtaining high-resolution mass spectrometric data of hairy root cultures, a Dionex UltiMate 3000 UHPLC system (3000RS diode array detector, TCC−3000RS column thermostat, HPG−3400RS pump, SRD−3400 solvent rack degasser, and WPS−3000TRS autosampler) was used hyphenated with a Orbitrap Q Exactive Focus Mass Spectrometer equipped with electrospray ionization (Thermo Fisher Scientific, Waltham, MA, United States). The UHPLC separation of the samples was attained on a Waters XSelect CSH Phenyl-Hexyl phase column (100 × 2.1 mm i.d.; 3.5 μm; Waters Corporation, Milford, MA, United States). Mobile phase consisted of 0.1% v/v formic acid (A) and 8:2 acetonitrile:0.1% v/v formic acid (B). The following gradient program was applied: 0 min, 20% B; 15 min, 80% B; 20 min, 80% B; and 22 min, 20% B. Solvent flow rate was 0.3 ml/min, and the column temperature was set to 25°C. The injection volume was 2 μl. The electrospray ionization source was operated in positive ionization mode, and operation parameters were optimized automatically using the built−in software. The working parameters were as follows: spray voltage, 3,500 V; capillary temperature, 256.25°C; sheath gas (N2), 47.5°C; auxiliary gas (N2), 11.25 arbitrary units; and spare gas (N2), 2.25 arbitrary units. The resolution of the full scan was of 70,000, and the scanning range was between 120 and 1,000 m/z units. The most intense ions detected in full scan spectrum were selected for MS/MS scan at a resolving power of 35,000, in the range of 50–1,000 m/z units. Parent ions were fragmented with normalized collision energy of 10%, 30%, and 45%.



Isolation of Bulatlactone 2″-O-β-D-Glucoside and Ononilactone

Using an ultrasonic bath, 4.5 g of lyophilized, powdered sample of 4-week-old hairy root cultures of O. spinosa were extracted with 200 ml 50% methanol for 30 min. The extract was filtered and dried under reduced pressure at 60°C. The residue was redissolved in 5 ml 30% methanol and purified using the same flash chromatographic method mentioned at the isolation of standard compounds. The fractions eluting between 2 and 3 min were unified and further separated on a preparative HPLC system using eluents of 0.3% v/v acetic acid (A) and methanol (B). Gradient elution was used with the following program: 0 min, 30% B; 10 min, 30% B; and 20 min, 100% B with a 10-ml/min flow rate. Bulatlactone eluted at 7.5 min and the yield was 12.1 mg. From flash chromatography fractions eluted between 13 and 14 min, ononilactone was isolated using the same preparative HPLC system with the following eluents: 0.3% v/v acetic acid (A) and acetonitrile (B). The used gradient was as follows: 0 min 40% B up to 43% in 20 min. The peak eluted at 11.8 min was further purified using an isocratic method consisting of 63% methanol and 37% 0.3% v/v acetic acid with a 10-ml/min flow rate. The peak of interest eluted at 12.5 min and the yield was 1.4 mg.



Nuclear Magnetic Resonance Spectroscopy

Nuclear magnetic resonance (NMR) spectral studies for ononilactone were carried out on Avance III HDX spectrometer from Bruker BioSpin GmbH (Rheinstetten, Germany): 800 MHz (equipped with a 1H&19F/13C/15N TCI CryoProbe 1H: 799.7 MHz, 13C: 201.0 MHz) and 500 MHz (with a 500 S2 1H/13C/15N TCI Extended Temperature CryoProbe, 1H: 499.9 MHz, 13C: 125.7 MHz). Standard pulse sequences available in the TopSpin 3.5 pl 7 software were used for spectral acquisition, while the spectra were processed in MestreNova (Mestrelab Research). The complete resonance assignments were established from scalar and through-space 1H-1H, direct 1H-13C, and long−range 1H-13C connectivities on the basis of 1D 1H, 13C as well as 2D COSY, ROESY (CW spinlock for 250 ms), 1H-13C multiplicity-edited HSQC (1JCH = 140 Hz), and 1H-13C HMBC (nJCH = 7 and 2.5 Hz) spectra, respectively. The sample temperature was maintained at 298 K, and standard 5-mm NMR tubes were used. The 1H and 13C chemical shifts were referenced to the solvent signal of CHD2SOCD3 at δH = 2.500 ppm and the resonance line of CD3SOCD3 at δC = 39.520 ppm, respectively. The sample was dissolved in 600 μl DMSO-d6 (VWR International L.L.C.) and acidified by two drops of neat trifluoroacetic acid (TFA). NMR experiments for the structural analysis of bulatlactone 2″-O-β-D-glucoside were carried out in D2O on a 600-MHz Varian DDR NMR spectrometer (Agilent Technologies, Palo Alto, CA, United States) equipped with a 5-mm inverse-detection gradient (IDPFG) probehead. Standard pulse sequences and processing routines available in VnmrJ 3.2C/Chempack 5.1 were used for the structure identification. The complete resonance assignments were established from scalar and through-space 1H-1H, direct 1H-13C, and long−range 1H-13C connectivities as described above. The probe temperature was maintained at 298 K, and standard 5-mm NMR tubes were used. The 1H chemical shifts were referenced to the residual solvent signal δH = 4.790 ppm.



Preparation of Stock Solutions, Calibration Standards, and Quality Control Samples

Individual stock solutions of the standards were prepared by dissolving the compounds in 70% methanol containing the internal standard (50 μl 2.0 mg/ml naringenin solution diluted to 25 ml) to obtain ∼1 mg/ml solutions. Equal parts of the standard solutions were mixed to gain the stock solution. Calibration standards were prepared by diluting the stock solution with the solution of the internal standard. The 10-point calibration curve was prepared using the following: 100, 60, 30, 10, 6, 3, 1, 0.6, 0.3, and 0.1 μg/ml concentration levels. QC samples were prepared separately from the stock solution at 50, 5, and 0.5 μg/ml nominal concentrations.



UHPLC-UV-DAD Conditions for the Quantitative Analysis of Ononis Samples

Quantitative measurements were executed on a Waters ACQUITY UPLC system (sample manager, binary solvent manager, and PDA detector) (Waters Corporation, Milford, MA, United States). The samples were analyzed using the same phenyl-hexyl column as mentioned at the qualitative studies. Aiming at the determination of isoflavone derivatives, the same eluents were used, with the following gradient program: 0 min, 10% B; 15 min, 30% B; 17 min, 100% B; and 19 min, 10% B with 0.4 ml/min flow rate and 5 μl injected volume, and the column was heated to 40°C. For quantification of the isoflavanone and pterocarpan derivatives, the following gradient was used: 0 min, 25% B; 5 min, 25%; 6 min, 29% B; 15 min, 29%; 17 min, 100% B; and 19 min, 25% B with 0.4 ml/min flow rate and 5 μl injected volume, and the column was heated to 27°C (Gampe et al., 2020).



RESULTS


Characterization of Hairy Root Growth

For both Ononis species, the complete and stable transformation status of the isolated hairy root cultures (HRCs) was confirmed by PCR on their genomic DNA for the detection of the presence of the proto-oncogene rolB. In general, the HRCs of O. spinosa showed a more robust phenotype and darker color, than O. arvensis (Figure 1). Investigating the change in biomass, a very similar trend could be observed. The biomass of both species increased until the 3rd week. In the first 2 weeks, the increase was lighter in the case of O. arvensis. During the 3rd week, both cultures reached their maximum in biomass production and their growth did not differ significantly. Reaching the 4th week, the biomass started to decrease, showing the aging of the cultures. The dry masses showed a similar pattern; however, O. spinosa cultures showed a significantly higher dry mass. O. arvensis HRCs followed a similar trend, but the change in the dry mass is not significant (Figure 2).


[image: image]

FIGURE 1. The relative change in the two cultures’ biomass production with their standard deviation (n = 3) and the cultures after 21 days.
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FIGURE 2. The dry mass of the cultures expressed as mass percentage with their standard deviation (n = 3).




Qualitative Characterization of Phytochemical Composition of Ononis HRCs

The total ion chromatogram (TIC) recorded in positive ionization mode of the 70% aqueous-methanol extracts with the identified compounds of O. spinosa and O. arvensis HRCs can be seen in Figure 3.


[image: image]

FIGURE 3. Total ion chromatograms of the aqueous-methanolic extracts of O. spinosa and O. arvensis hairy root cultures.


The identified compounds along with their number, retention time, protonated pseudo-molecular ions, and most intense product ions are shown in Supplementary Table 1. All identified compounds could be observed in both species.

The most characteristic peaks of the samples were isoflavonoid derivatives. Isoflavonoid derivatives were identified following the methods described in our previous publication (Gampe et al., 2016, 2018a,b). In the HRCs, the isoflavonoid derivatives could be found in the forms of glucosides (10, 12, 13, 14, 16, and 17), glucoside malonates (17, 20, 21, and 22), aglycones (24, 25, 27, 28, and 29), and homopipecolic acid esters of glucosides (5, 6, 7, and 8) (Supplementary Table 1). Based on solely HR-MS/MS studies, the type of hexoside and the position of the malonate moiety could not be deduced, so the compounds were identified tentatively as 7-O-glucosides and 7-O-glucoside 6″-O-glucoside malonates based on the works of Farag et al. (2007) and de Rijke et al. (2004). Because of the racemic feature of the beta amino acid moiety, the homopipecolic acid derivatives can be found in the form of diastereomeric pairs separated to double peaks on the stationary phase (Supplementary Table 1). The first two peaks were identified as the methyl-esters of homoproline and homopipecolic acid; the esterification of homoproline in methanol as extraction solvent has already been reported before (Paßreiter, 1992). Although homoproline could be found in the form of methyl ester, the corresponding homoproline isoflavonoid glucoside esters could not be detected.

Beside isoflavonoid derivatives, special phenolic lactones (norneolignans) were detected in the forms of glucosides (9 and 11) and aglycones (15 and 23). These derivatives of puerol A and clitorienolactone B were known in Ononis species before (Ghribi et al., 2015; Addotey et al., 2018; Gampe et al., 2018b). Surprisingly, a compound (peak 26) with a different fragmentation profile and a rather unusual UV spectrum with two absorption maxima was also observed eluting with the aglycones (Figure 4).
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FIGURE 4. The structure, UV, and MS/MS spectra of ononilactone.


The solution of this compound in aqueous-polar organic solvents and DMSO showed a strong blue fluorescence if irradiated with UV light of 366 nm. The most dominant fragment ions originated from the sequential losses of CO and H2O units. Based on HR-MS analysis, the observed protonated pseudo-molecular ion showed an m/z 295.0591 value, and the calculated formula was C17H10O5, suggesting the presence of 13 double bond equivalents. Since broadened aromatic 1H NMR signals could be observed in DMSO-d6, hindering the observation of key 1H-13C correlations in the heteronuclear 2D spectra, two drops of TFA was applied to overcome line broadening. NMR spectra of the acidified spectrum enabled the structure elucidation of compound 26 from only 49 μM material (ca. 9 μg in the NMR tube). In the 13C NMR spectrum, the presence of a carbonyl group at δC 170.5; six quaternary carbons at δC 163.2, 160.0, 146.4, 135.4, 134.1, 120.0, and 107.4; one methine carbon at δC 89.1; and nine aromatic methine carbons between δC 103.0 and 129.8 were confirmed (Table 1). The 1H NMR contained spectrum seven aromatic and one methine proton (see Table 1).


TABLE 1. 1H, 13C, and 2D NMR data of ononilactone in DMSO-d6 acidified by TFA [δ (ppm), J (Hz)].

[image: Table 1]Investigating the early eluting peaks, peak 4 showed a UV spectrum very similar to that of chlorogenic acid or other caffeoyl acid derivatives (Figure 5). Moreover, in the HR-MS spectrum, a peak at m/z 355.1054 could be detected, which could result in the same molecular formula (C16H18O9) as chlorogenic acid, but the fragmentation profile did not match. The 1H NMR spectrum revealed glucose resonances (δH 3.54, 3.62, 3.70, 3.70, 3.80, 3.98, and 5.20) and two aromatic spin systems. Similarly to compound 26, a para-disubstituted phenyl ring gives the resonances at δH 6.71 and 6.87 ppm, while the multiplets at δH 6.67, 6.79, and 7.25 indicate a 1,2,4 trisubstituted phenyl ring (Table 2). Three singlet signals were also recorded at δH 5.19, 6.07, and 6.22. The lack of scalar coupling between the adjacent methine protons may be the consequence of their ca. 90 dihedral angle, according to the Karplus relationship.
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FIGURE 5. The structure, UV, and MS/MS spectra of bulatlactone 2″-O-β-D-glucoside.



TABLE 2. 1H, 13C, and 2D NMR data of bulatlactone 2″-O-β-D-glucoside in D2O [δ (ppm), J (Hz)].

[image: Table 2]


Quantitative Analysis of Isoflavonoids in Ononis HRCs

Using the same UHPLC-UV-DAD method developed for the characterization of wild-grown Ononis species, the relative and absolute isoflavonoid contents of HRCs were evaluated (Supplementary Tables 2, 3). Firstly, the liquid media were investigated, but no isoflavonoid derivatives could be detected. In the in vitro cultures, the main compounds were sativanone glucoside and medicarpin glucoside followed by pseudobaptigenin glucoside and formononetin glucoside (Figure 6). The aglycones could be observed in a magnitude lower quantity for sativanone and medicarpin, whereas in the case of isoflavones, they were under limit of detection (Supplementary Tables 2, 3). In O. spinosa samples, the isoflavonoid concentration (mg/100 mg) showed a constant regression from the 1st week, whereas in O. arvensis samples, up to the 2nd week the level increased, then dropped (Figure 7). The O. spinosa cultures possessed a higher level of total isoflavonoid content than O. arvensis (Figures 7, 8). If the absolute quantities of isoflavonoids were investigated (Figure 8), without the correction of the biomass, both samples reached their maximum at 3rd week (similarly to the biomass). In the 4th week, the isoflavonoid levels dropped, indicating their breakdown or transformation (Figure 8).
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FIGURE 6. The most abundant structures found in Ononis HRC extracts.
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FIGURE 7. The relative isoflavonoid content of O. spinosa and O. arvensis HRCs in mg/100 mg (SG, sativanone glucoside; MedG, medicarpin glucoside; S, sativanone; Med, medicarpin; PG, pseudobaptigenin glucoside; FG, formononetin glucoside).
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FIGURE 8. The absolute isoflavonoid content of O. spinosa and O. arvensis HRCs in milligrams (SG, sativanone glucoside; MedG, medicarpin glucoside; S, sativanone; Med, medicarpin; PG, pseudobaptigenin glucoside; FG, formononetin glucoside).




DISCUSSION


Structural Identification of the New Compounds

The UV spectrum of compound 26 resembled to that of flavonoids; however, the bands did not completely overlap with that of standard compounds (Markham and Mabry, 1975). The MS/MS fragmentation spectrum recorded in positive ionization mode did not show any specific patterns characteristic for flavonoids or isoflavonoids (Cuyckens and Claeys, 2004). The presence of two phenyl rings with para (ring B) and ortho-para (ring A) substitution patterns could be deduced from the coupling constants of 1H resonances and 1H-1H COSY experiments. Based on the 1H NMR chemical shifts and 2D HMBC correlation peaks, the protons at δH 8.01 were shown to belong to H-2′ and 6′, while protons at δH 7.00 to H-3′ and 5′ of ring B, respectively. The coupling pattern of the 1H resonances at δH 7.94, 7.02, and 6.98 assigns these chemical shifts to H-3″, H-6″, and H-5″ (ring A), respectively. These aromatic protons served as good entry points to assign the quaternary carbon atoms of ring B. Using the HMBC data, the C-1″, C-2″, and C-4″ atoms were assigned to peaks at δC 107.4, δC 152.7, and δC 163.2 ppm, respectively. The sharp singlet at δH 6.07 showed a HMBC correlation peak to C-1″, indicating a connection of a –C= CH– unit to ring A. The position of the H-2 proton has also been confirmed by the ROESY crosspeak of H-6″ and H-2. The same proton (δH 6.07) showed a HMBC crosspeak to the carbonyl δC 170.5, which permitted the deduction that this olefinic group is linked to an ester or lactone. The structural motif, which could be drawn up regarding the information gained from the NMR experiments, showed a close similarity with the structure of puerol A (Ghribi et al., 2015), so that the presence of a δ-lactone was presumed, which could be confirmed by the HMBC correlations of H-2 with both C-3 and C-4. In the case of puerol derivatives or clitorienolactones (Addotey et al., 2018; Gampe et al., 2018b), one of the phenolic rings (ring A) is linked to the lactone ring through a methylene group. However, in our case, a CH2 unit could not be observed, and the other phenolic ring (ring B) showed a linkage through a quaternary carbon atom based on HMBC experiments. Regarding the molecular formula and the structures of puerol derivatives, an ether bridge between C-2″ and C-4a was hypothesized. With this linkage, a furanoflavonoid-like structure is formed (Figure 4), which can explain the similarity of the UV spectrum and the blue fluorescence. As this compound is described for the first time, the name ononilactone was chosen for this new skeleton.

Although the UV spectrum, HR-MS base peak, and the calculated formula strongly resembled to chlorogenic acid, looking at the MS/MS spectrum of compound 4, the most intense fragment rose at m/z 193.0491, which was in disagreement with the MS/MS data of chlorogenic acid registered by other research groups [Metabocard of Chlorogenic Acid (HMDB0003164), 2006]. The mass difference (162 Da) between the two peaks (Figure 5) led us to the assumption that this compound is a glycoside, which could lose a hexose unit as a neutral loss. With the same exact mass and molecular formula, scopolin is mentioned in the literature, as a glycosidic compound. Furthermore, scopolin and its aglycone scopoletin were isolated from O. arvensis (Sichinava et al., 2014). Nevertheless, the UV spectrum of these compounds shows an absorption maximum at higher values (Pina et al., 2019), and the fragmentation pathway does not match with that of coumarins (Yi et al., 2014). As a consequence, the isolation of the compound was inevitable to elucidate its structure by NMR spectroscopy. The number of carbon and hydrogen resonances were not in agreement with that of the hypothesized one by the HR-MS measurements (C16H18O9), but the presence of a glucose unit could be confirmed. The recorded NMR signals showed great similarity with that of puerol A (Ghribi et al., 2015), except for the lack of a CH2 signal at 4a position. The downfield shifts of H-4a and C-4a indicated the presence of a hydroxy group in geminal position (Figure 5). Regarding the structure of the aglycone and the glucoside drawn from the NMR studies, the molecular formulas C17H14O6 and C23H24O11 could be calculated, resulting in calculated protonated quasi-molecular masses of 315.0863 and 477.1391. Revising the HR-MS spectrum of peak 4, none of these signals could be detected; however, the [M + Na]+, [2M + H]+, and [2M + Na]+ ions were present at m/z 499.1224, 953.7456, and 975.6811, respectively. Instead of the aglycone as a product ion, the [M + H-ring B]+ ion could be detected at m/z 355.1054, which indeed could lose a glucose moiety resulting in the peak at m/z 193.0491 (Figure 9). Neither the aglycone nor the glucoside form of this compound have been described before in the plant kingdom; thus, it is named as bulatlactone 2″-O-β-D-glucoside.


[image: image]

FIGURE 9. The tentative MS/MS fragmentation pathway of bulatlactone 2″-O-β-D-glucoside.


The presence and structure of bulatlactone is fascinating from the point of view that it can serve as an intermediate between the well-known puerol derivatives and the newly described structure, ononilactone (Figure 10). As we assume, through a dehydration and a ring closure step, ononilactone could be formed from bulatlactone aglycone. Bulatlactone was only detected in the form of 2″-O-glucoside and not as an aglycone. As the glucosidation takes place through the 2″ hydroxy group (which is involved in the ring closure, as well), it prevents the transformation of bulatlactone to ononilactone and stabilizes this form.


[image: image]

FIGURE 10. The putative synthetic pathway of ononilactone.




Qualitative Characterization of Phytochemical Composition of Ononis HRCs

Investigating the isoflavonoid pattern of the HRCs of the species, a reduced spectrum could be observed compared to the native plants. Formononetin, 2′-methoxyformononetin, sativanone, and medicarpin beside their derivatives could be found in both wild-grown (Ghribi et al., 2015) and genetically modified transformed samples abundantly. On the contrary, isoflavonoid derivatives with various skeletons (isoflavone, isoflavanone, and pterocarpan) but with a common methylenedioxy substituent (pseudobaptigenin, cuneatin, onogenin, and maackiain) could only be detected in the HRCs in trace quantities or not at all. Interestingly, pseudobaptigenin derivatives could be observed only in trace quantities in the samples for qualitative analysis; however, in the quantitative samples, their concentration was comparable with formononetin. This could be the consequence of that after lyophilization, quantitative samples were immediately measured, while the qualitative samples were kept airtight and analyzed only weeks after the harvest. The decomposition of pseudobaptigenin in aqueous medium was experienced by our research group during in vitro tests, but in this case, the HRC were kept sealed in a dry form. Moreover, in the qualitative samples, onogenin and maackiain derivatives could be observed, while in quantitative samples, their amounts were under limit of detection. Based on these observations, it is hypothesized that pseudobaptigenin is transformed to onogenin and maackiain. These results show that the measured isoflavonoid content of wild grown samples (Gampe et al., 2020) does not necessarily reflect the isoflavonoid content of the living plant, as it changes with time after harvest. As different isoflavonoids can possess distinct biological effects, the age and the storage conditions can affect the medicinal value of the sample.



Proliferation of HRCs and Comparison of Biomass and Phenolic Compound Accumulation

The overall isoflavonoid yield of HRCs showed a somewhat higher level, than the wild-grown samples of O. spinosa, and was comparable of that of O. arvensis. However, the aim of this study was not to optimize the proliferation and isoflavonoid extractability, thus modifying the circumstances of cultivation can lead to better results. Moreover, the isoflavonoid profile of wild-grown samples markedly differed from the fresh and older samples, too (Gampe et al., 2020). The most characteristic compound produced by the HRCs was medicarpin glucoside (2.23–2.89 mg/100 mg in O. spinosa and 1.69–1.87 mg/100 mg in O. arvensis), followed by sativanone glucoside (0.56–1.14 mg/100 mg in O. spinosa and 0.13–0.20 mg/100 mg in O. arvensis) and pseudobaptigenin glucoside (0.12–0.20 mg/100 mg in O. spinosa and 0.09–0.16 mg/100 mg in O. arvensis) (Supplementary Tables 2, 3). In the wild-grown samples, the amount of methoxy and methylenedioxy derivatives are comparable, whereas in HRCs, the methoxy derivatives are the predominant, except for pseudobaptigenin. The observed decrease in the amount of the methylenedioxy compounds could be a result of the genetic modification by the Ri plasmid or the lack of some biotic or abiotic factors that could not be reproduced under in vitro circumstances, e.g., symbiotic Rhizobium strains and drought stress. Regarding the relative isoflavonoid content that decreased from the 1st (O. spinosa) or the 2nd week (O. spinosa), but the fresh and dry weight increased until the 3rd week, it can be assumed that the cultures use their sources mainly for growth and not accumulating specialized metabolites. If the aim is the isolation of isoflavonoid compounds, the 3rd week is optimal, since the absolute quantity of the isoflavonoids was the highest in those days. Usually, the aglycone forms are regarded as the biologically active forms, but unfortunately, fresh HRCs accumulate mainly glycosides. On the other hand, regarding the qualitative studies, upon storage, these can transform to aglycones or the intestinal flora can hydrolyze them to their aglycone form, too.

In conclusion, Ononis hairy root cultures contain some special phenolic lactones beside isoflavonoids. O. spinosa can serve as rich sources of methoxylated isoflavonoids, as it produced them in higher quantities compared to wild-grown plants. Considering that most isoflavonoids with methylenedioxy substituent are missing, the isoflavonoid spectrum of HRCs is less complicated, providing an easy possibility to realize the isolation of the present compounds.
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Rice (Oryza sativa L.) is a major cereal crop used for human nutrition worldwide. Harvesting and processing of rice generates huge amounts of lignocellulosic by-products such as rice husks and straw, which present important lignin contents that can be used to produce chemicals and materials. In this work, the structural characteristics of the lignins from rice husks and straw have been studied in detail. For this, whole cell walls of rice husks and straw and their isolated lignin preparations were thoroughly analyzed by an array of analytical techniques, including pyrolysis coupled to gas chromatography-mass spectrometry (Py-GC/MS), nuclear magnetic resonance (NMR), and derivatization followed by reductive cleavage (DFRC). The analyses revealed that both lignins, particularly the lignin from rice husks, were highly enriched in guaiacyl (G) units, and depleted in p-hydroxyphenyl (H) and syringyl (S) units, with H:G:S compositions of 7:81:12 (for rice husks) and 5:71:24 (for rice straw). These compositions were reflected in the relative abundances of the different interunit linkages. Hence, the lignin from rice husks were depleted in β–O–4′ alkyl-aryl ether units (representing 65% of all inter-unit linkages), but presented important amounts of β–5′ (phenylcoumarans, 23%) and other condensed units. On the other hand, the lignin from rice straw presented higher levels of β–O–4′ alkyl-aryl ethers (78%) but lower levels of phenylcoumarans (β–5′, 12%) and other condensed linkages, consistent with a lignin with a slightly higher S/G ratio. In addition, both lignins were partially acylated at the γ-OH of the side-chain (ca. 10–12% acylation degree) with p-coumarates, which overwhelmingly occurred over S-units. Finally, important amounts of the flavone tricin were also found incorporated into these lignins, being particularly abundant in the lignin of rice straw.

Keywords: grasses, lignin, p-coumarates, ferulates, tricin, sinapyl p-coumarates


INTRODUCTION

Lignin is a complex aromatic heteropolymer present in the cell-walls of vascular plants where it provides structural support, waterproofs the cell wall enabling transport of water and solutes through the vascular system, and acts as a barrier against pathogens. Unlike other natural biopolymers present in the plant cell wall (i.e., hemicelluloses, cellulose, proteins, etc.), that have a fixed and established structure, the structure of the lignin polymer lacks any regular order of repeating units and its composition widely fluctuate among taxa, from plant to plant, among different tissues of the same plant, and also with growing stage (Campbell and Sederoff, 1996; Donaldson, 2001; Vermerris and Boon, 2001; Rencoret et al., 2011; Lourenço et al., 2016). The high variability in lignin composition in plants is a consequence of the timing of the supply of the individual monomers to the lignifying zone and to the mechanism of lignin biosynthesis. Lignin is formed by the combinatorial oxidative radical coupling of three main monolignols, p-coumaryl, coniferyl, and sinapyl alcohols, that form the respective p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) lignin units when incorporated into the polymer, and this mechanism generates a series of substructures with a considerable variety of inter-unit linkages (β–O–4′, β–5′, β–β′, β–1′, 5–5′, 4–O–5′, etc.) within the polymer (Ralph et al., 2004; Vanholme et al., 2010, 2019). During the last few years, other phenolic compounds derived from beyond the canonical monolignol biosynthetic pathway have also been identified to behave as true lignin monomers participating in coupling and cross-coupling reactions with monolignols and being integrally incorporated into the lignin polymer (del Río et al., 2020). This is the case of the flavone tricin, that was found incorporated into the lignin structure in grasses and other monocots (del Río et al., 2012b; Rencoret et al., 2013; Lan et al., 2015, 2016a, b), or the hydroxystilbenes, particularly piceatannol, that were found incorporated into the lignins of palm fruit endocarps (del Río et al., 2017; Rencoret et al., 2018). The discoveries of these “novel” lignin monomers widely expanded our understanding of the lignin structure and revealed the structural complexity, heterogeneity, and variability of the lignin polymer.

Lignin is the only natural, high-molecular-weight polymer, with an aromatic backbone, making it an exceptional source for producing chemicals, biofuels, and materials that are currently obtained from fossil resources. Lignin is available in high amounts from lignocellulosic residues from the processing of agricultural or forest biomass. In this context, harvesting and processing of cereal crops, which are among the world’s most cultivated staple food crops, generate vast amounts of lignocellulosic by-products that can be used as low cost feedstocks to obtain lignin. Among them, rice (Oryza sativa L.), a perennial monocotyledonous grass belonging to the Poaceae, is one of the most cultivated and consumed cereals in the world. In 2018 rice paddy accounted for up to 167 million cultivated ha. with a global rice production of 782 million Mt (FAOSTAT, 2020). Harvesting and processing of rice generates huge amounts of two main by-products, namely rice husks and rice straw. The global production of these by-products amounted up to approximately 156 million Mt of husks (Gao et al., 2018), and over 730 million Mt of rice straw (Swain et al., 2019). These by-products are usually used as fodder or burned for co-generation of heat and power with the subsequent environmental problems (Kumar et al., 2016). However, rice husks and straw are lignocellulosic materials with important amounts of carbohydrates and lignin, and because their relatively low price and high availability, they have been considered excellent feedstocks for the production of chemicals, biofuels and bio-based materials (Lu and Hsieh, 2012; Kalita et al., 2015; Abraham et al., 2016; Gou et al., 2018; Swain et al., 2019; Sharma et al., 2020; Bhattacharyya et al., 2020).

As the lignin composition varies among different tissues of the same plant, it is expected that the lignins from rice husks and straw may have different compositions, a feature that can hinder the development of efficient conversion technologies for these lignocellulosic materials. Therefore, is imperative to know in detail the composition and structure of the lignins of these lignocellulosic materials for their efficient utilization. There have been few studies describing the lignin extraction from rice husks and straw after acidic and/or basic pretreatments although with limited attention paid to their composition (Kumar et al., 2016, 2019; Dagnino et al., 2018; Yeframova et al., 2019). However, studies regarding the detailed composition and the structural characteristics of the native lignins in rice husks and straw have been comparatively scarce. A previous work on the lignin from rice husks indicated that it was mainly formed by G- and H-lignin units, with minor amounts of S-units, and found evidences for β-O-4 alkyl-aryl ether, phenylcoumaran, and resinol substructures, but did not provide any additional structural information (Salanti et al., 2010). Other studies of the lignin in rice culms reported, besides the typical lignin inter-unit linkages (β-O-4, β-5, and β-β), the occurrence of p-coumaroylated lignin units and tricin (Lam et al., 2019; Takeda et al., 2019). In this article, we report the comprehensive structural characterization of the lignins of rice husks and straw by the use of different analytical techniques, including analytical pyrolysis coupled to gas chromatography and mass spectrometry (Py-GC/MS), two-dimensional nuclear magnetic resonance (2D-NMR), and the so-called derivatization followed by reductive cleavage (DFRC) degradation method. The lignin in the whole cell walls of rice husks and straw were first analyzed “in situ” by these analytical techniques, which provided information of the lignin characteristics without the need of their isolation, thus avoiding possible structural modifications during the isolation process. Then, for a more detailed structural characterization, the lignins from rice husks and straw were isolated by traditional procedures (Björkman, 1956), and subsequently analyzed by the same techniques. The results presented here will significantly improve our knowledge of the lignins from these important rice by-products that will help maximizing the industrial use of these materials, as well as providing important inputs for further bioengineering of cell wall lignin to improve the utilization of the rice biomass.



MATERIALS AND METHODS


Rice Husks and Rice Straw Samples and Determination of Their Main Constituents

Samples of rice (O. sativa L., var. Indica, Puntal) husks and straw were obtained from a paddy field located in Isla Mayor (Seville, South Spain). The samples were air-dried and knife-milled using an IKA knife mill (Janke & Kunkel, Staufen, Germany) with 1 mm screen. The contents of extractives (acetone, methanol, and water–soluble extractives) were determined by successive extraction with acetone in a Soxhlet apparatus for 8 h, then with methanol (8 h), and finally with distilled water (8 h). The extractives contents were then determined gravimetrically after evaporating the solvents in a rotary evaporator. Klason lignin content was estimated as the residue after sulfuric acid hydrolysis of the pre-extracted material according to Tappi test method T222 om-88 (Tappi Standard Test Methods 2004-2005, 2004). The Klason lignin content was then corrected for proteins, determined from the N content measured in a LECO CHNS-932 Elemental Analyzer (LECO Corp., St. Joseph Mich.) using a 6.25 factor (Darwill et al., 1980), and ash (determined as indicated below for the whole samples). The acid-soluble lignin was determined, after the insoluble lignin was filtered off, by UV-spectroscopy at 205 nm using 110 L cm–1 g–1 as extinction coefficient, according to Tappi method UM 250 (Tappi Standard Test Methods 2004-2005, 2004). The holocellulose (hemicelluloses and α-cellulose) was isolated from the pre-extracted samples by delignification for 4 h using the acid chlorite method (Browning, 1967). The α-cellulose content was determined by removing the hemicelluloses from the holocellulose by alkali extraction (Browning, 1967). Finally, the ash content was determined by heating the samples for 6 h at 575°C in a muffle furnace. Three replicates were used for each sample.



Isolation of “Milled-Wood Lignins” From Rice Husks and Straw

The “Milled-Wood Lignin” (MWL) preparations were isolated from rice husks and straw using the standard procedure (Björkman, 1956). Briefly, around 70 g of previously pre-extracted samples were finely milled using a Retsch PM100 planetary ball mill (Restch, Haan, Germany) for 5 h at 400 rpm using a 500 mL agate jar and agate ball bearings (20 × 20 mm). The milled samples were then extracted (3 × 12 h) with dioxane-water (90:10, v/v) (20 mL of solvent per gram of milled sample) and the isolated crude MWLs were subsequently purified as described elsewhere (del Río et al., 2012a). The isolated MWLs yields were ∼20% of the Klason lignin contents of the original material.



Pyrolysis Coupled to Gas Chromatography and Mass Spectrometry

Pyrolysis of the whole cell walls of rice husks and straw and of their isolated MWLs (ca. 1 mg) were performed at 500°C in an EGA/PY-3030D microfurnace pyrolyzer (Frontier Laboratories Ltd., Fukushima, Japan) connected to a GC 7820A (Agilent Technologies, Inc., Santa Clara, CA, United States) equipped with a DB-1701 fused-silica capillary column (30 m × 0.25 mm i.d., 0.25 μm film thickness) and an Agilent 5975 mass-selective detector (EI at 70 EV). The oven temperature was programmed from 50° to 100°C at 20°C min–1 and then ramped to 280°C at a heating rate of 6°C min–1 and held for 5 min. The carrier gas was helium at 1 mL min–1. For the pyrolysis in the presence of tetramethylammonium hydroxide (TMAH), around 1 mg of sample were mixed with 0.5 mL of TMAH (25% w/w, in methanol), and the pyrolysis was carried out as described above. The released compounds were identified by comparison of their mass spectra with those of the Wiley and NIST libraries, with those reported in the literature (Ralph and Hatfield, 1991), and when possible, by comparison with the retention times and mass spectra of our own collection of authentic standards. Molar peak areas were calculated for the released pyrolysis products, the summed areas were normalized, and the data for two repetitive analyses were averaged and expressed as percentages. The relative standard deviation for the pyrolysis data was below 10%. No attempt was made to calculate the response factor for every single compound released. However, for most of the lignin-derived phenols, the response factors are quite similar (Bocchini et al., 1997), with the exception of vanillin, but this is a minor peak here.



Two-Dimensional Nuclear Magnetic Resonance Spectroscopy

Two-dimensional nuclear magnetic resonance (2D-NMR) spectra were recorded on an AVANCE III 500 MHz instrument (Bruker, Karlsruhe, Germany) at the NMR facilities of the General Research Services of the University of Seville. For 2D-NMR of the whole cell walls, around 60 mg of finely ball-milled extractives-free samples were swollen in 0.6 mL of DMSO-d6 according to the method previously described (Kim et al., 2008; Rencoret et al., 2009). In the case of the MWLs, around 40 mg were dissolved in 0.5 mL of DMSO-d6. Heteronuclear Single Quantum Coherence (HSQC) experiments used Bruker’s standard “hsqcetgpsisp2.2” pulse program (adiabatic-pulsed version) using the parameters already described (del Río et al., 2012b). The central solvent peak was used as an internal reference (δC 39.5; δH 2.49). Signal assignments were made by comparison with literature (del Río et al., 2008, 2012b; Ralph et al., 2009; Rencoret et al., 2018). A semi-quantitative analysis of the volume integrals of the HSQC cross-relation signals was performed using Bruker’s Topspin 3.5 as previously described (del Río et al., 2012b). In the aliphatic oxygenated region, the relative abundances of side-chains involved in the various inter-unit linkages were estimated by integration of the areas of the Cα /Hα correlations (signals Aα/A′α, Bα, Cα, C′α, Dα, Fα). The relative abundances of cinnamyl alcohol end-groups (I) were determined by integration of the Cγ/Hγ correlation signals (Iγ), whereas the abundance of cinnamaldehyde end-groups (J) was determined by integrating the signal from the C8/H8 correlations (J8) and comparing with that of Iβ. In the aromatic/unsaturated region, the signals used to quantitate the relative abundances of the aromatic units were S2,6, G2, H2,6, T6, FA2, pCA2,6; as signals S2,6, H2,6, and pCA2,6 involve two proton-carbon pairs, their volume integrals were halved. The relative abundances of pCA, FA, and T were referred to as a percentage of the total lignin units (S + G + H = 100%).



Derivatization Followed by Reductive Cleavage

The derivatization followed by reductive cleavage (DFRC) was performed according to the originally developed method (Lu and Ralph, 1997a, b, 1998) and the detailed explanation of the experimental procedure can be found elsewhere (del Río et al., 2012a). Briefly, around 5 mg of MWL were stirred for 2 h at 50°C with acetyl bromide in acetic acid, 8:92 (v/v) and then treated with powdered Zn (50 mg) for 40 min at room temperature. The lignin degradation products were then acetylated for 1 h in 1.1 mL of dichloromethane containing 0.2 mL of acetic anhydride and 0.2 mL of pyridine. In order to assess the presence of naturally acetylated lignin units, the DFRC method was slightly modified to use propionylating reagents instead of acetylating ones (so-called DFRC′), as previously described (Ralph and Lu, 1998; del Río et al., 2007b). The lignin degradation products released by DFRC and DFRC′ were analyzed in a GCMS-QP2010plus instrument (Shimadzu Co., Kyoto, Japan) using a capillary column (DB-5MS 30 m × 0.25 mm I.D., 0.25 μm film thickness). The oven temperature was heated from 140 (1 min) to 250°C at a rate of 3°C min–1, then ramped at 3°C min–1 to 280°C (1 min) and finally ramped at 20°C min–1 to 300°C, and maintaining the final temperature for 18 min. The injector temperature was set at 250°C while the transfer line was kept at 310°C. The carrier gas was helium (1 mL min–1 flow rate). The relative molar abundances of the released lignin degradation products were determined using the molecular weights of their respective acetylated or propionylated compounds.




RESULTS


Main Constituents of Rice Husks and Straw

The relative abundances of the main constituents (water-soluble material, acetone extractives, methanol extractives, Klason lignin, acid-soluble lignin, hemicelluloses, cellulose, proteins, and ash) of the rice husks and straw selected for this study are shown in Table 1. The lignin content in rice husks amounted up to 22.5% (including Klason and acid-soluble lignin contents) and was significantly higher than the lignin content in rice straw, where it accounted for 13.5%. On the other hand, the rice straw presented a higher content of extractives (totaling 17.3%, including acetone, methanol, and water-soluble extractives) than rice husks (10.7%). Both residues presented similar contents of hemicelluloses (28.3% in rice husks and 27.8% in rice straw), and cellulose (27.2% in rice husks and 24.0% in rice straw), and a very low content of proteins (0.7–0.9%). Also, both residues presented a high content of ash (10.6% in rice husks and 16.5% in rice straw), which mostly corresponded to silica, as indicated by other authors (Chandrasekhar et al., 2003; Salanti et al., 2010).


TABLE 1. Abundance (in percentage) of the main constituents of the dry weight of rice (Oryza sativa L.) husks and straw.a
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Lignin Composition as Obtained by Py-GC/MS

The whole cell walls of rice husks and straw, and their isolated MWLs, were first analyzed by Py-GC/MS that provided useful information regarding the composition of the lignocellulosic materials. The pyrograms of the whole cell walls of rice husks (Figure 1A) and rice straw (Figure 1B) showed compounds released from both carbohydrates (peaks a–q) and lignin (peaks 1–33). The identities and relative molar abundances of the released lignin-derived phenolic compounds are listed in Table 2, whereas the identities of the carbohydrate-derived compounds are detailed in the legend of Figure 1. Interestingly, the pyrolysis of rice husks released higher amounts of lignin-derived compounds, whereas the pyrolysis of rice straw released higher amounts of carbohydrate-derived compounds, in agreement with the higher lignin content observed in rice husks (22.5%) compared to rice straw (13.5%), as shown in Table 1. In both cases, the main phenolic compounds released were 4-vinylguaiacol (8) and 4-vinylphenol (9). The pyrograms of the MWLs isolated from rice husks (Figure 1C) and rice straw (Figure 1D) only released phenolic compounds arising from lignin (and from p-hydroxycinnamates), that, in general terms, matched the profile of the phenolic compounds released from the corresponding whole cell walls (Figures 1A,B). The most abundant phenolic compounds released from both lignins were 4-vinylguaiacol (8) and 4-vinylphenol (9), as occurred in the pyrolysis of their respective whole cell walls. In addition, important amounts of phenolic compounds derived from guaiacyl (G)-lignin units, such as guaiacol (2), 4-methylguaiacol (5), and 4-ethylguaiacol (7), among others, were released from both lignins. Phenolic compounds derived from p-hydroxycinnamyl (H)-lignin units, such as phenol (1), 4-methylphenol (4), 4-ethylphenol (6), and from syringyl (S)-lignin units, such as syringol (12), 4-methylsyringol (17), 4-ethylsyringol (19), and 4-vinylsyringol (22), among others, were also released from both lignins, although in much lower amounts than their respective G-counterparts. In principle, the H:G:S composition of both lignins could be assessed from the relative abundances of the phenolic compounds derived from the different H, G, and S-lignin units. However, in the case of grasses, p-hydroxycinnamates (p-coumarates and ferulates) are also important part of the lignins, with p-coumarates acylating the lignin side-chains, and ferulates acylating the arabinosyl residues of arabinoxylans and also forming covalent linkages with the lignin core (Ralph, 2010; Hatfield et al., 2017). p-Hydroxycinnamates are known to decarboxylate upon pyrolysis producing the respective 4-vinylphenol (from p-coumarates) and 4-vinylguaiacol (from ferulates), which hinder the effective estimation of the lignin H:G:S composition (del Río et al., 1996, 2007a). A close estimation of the lignin H:G:S compositions were, however, obtained by ignoring the 4-vinylpyhenol (that can arise from both H-lignin and p-coumarates) and 4-vinylguaiacol (that can arise from G-lignin and from ferulates), as well as the respective 4-vinylsyringol, as previously and successfully done for other grasses (del Río et al., 2012a, b, 2015, 2018; Rencoret et al., 2015). The lignin composition thus estimated is shown in Table 2, and indicated that the lignin from rice husks presented a H:G:S composition of 13:73:14 (S/G ratio of 0.19) where as the lignin from rice straw presented a H:G:S composition of 16:61:23 (S/G ratio of 0.37). Therefore, the Py-GC/MS data indicated that both lignins were highly enriched in G-lignin units with the occurrence of lower amounts of H- and S-lignin units, with the lignin of rice husks being particularly highly enriched in G-units.


[image: image]

FIGURE 1. Py-GC/MS chromatograms of the whole cell walls of rice husks (A) and rice straw (B), and of the isolated MWLs from rice husks (C) and rice straw (D). The identities and relative abundances of the released phenolic compounds are listed in Table 2. Letters refer to carbohydrate-derived compounds: (a) (3H)-furan2-one; (b) (2H)-furan-3-one; (c) furfural; (d) 2-hydroxymethylfuran; (e) cyclopenten-1-ene-3,4-dione; (f) 2,3-dihydro-5-methylfuran-2-one; (g) 5-methyl-2-furfuraldehyde; (h) 3-ethyldihydro-2(3H)-furanone; (i) (5H)-furan-2-one; (k) 4-hydroxy-5,6-dihydro-(2H)-pyran-2-one; (m) 2-hydroxy-3-methyl- 2-cyclopenten-1-one; (n) 3-hydroxy-2-methyl-(4H)-pyran-4-one; (o) 5-hydroxymethyl-2-tetrahydrofuraldehyde-3-one; (p) 5-hydroxymethyl-2-furfuraldehyde; (q) levoglucosan.



TABLE 2. Identities and relative molar abundances of the compounds released after Py-GC/MS of whole cell walls (CW) of rice (Oryza sativa L.) husks and straw and their respective isolated MWLs.
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The occurrence of p-hydroxycinnamates (p-coumarates and ferulates) in these lignins was confirmed by performing the pyrolysis in the presence of a methylating reagent, TMAH. Pyrolysis in the presence of TMAH (Py-TMAH) prevents decarboxylation of p-hydroxycinnamates and releases them intact as their fully methylated derivatives (del Río et al., 1996, 2007a). The Py-TMAH pyrograms of the whole cell walls of rice husks and straw and of their respective isolated MWLs are shown in Figure 2, and clearly show the release of important amounts of the fully methylated derivatives of p-coumaric (methyl trans-4-O-methyl-p-coumarate, pCA) and ferulic (methyl 4-O-methyl-ferulate, FA) acids. Therefore, the Py-TMAH analysis conclusively demonstrated the presence of significant amounts of p-coumarates and ferulates in the lignins of rice husks and rice straw.
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FIGURE 2. Py-TMAH-GC/MS chromatograms of the whole cell walls of rice husks (A) and rice straw (B), and of the isolated MWLs from rice husks (C) and rice straw (D). pCA is the fully methylated p-coumaric acid (methyl trans-4-O-methyl-p-coumarate); FA is the fully methylated ferulic acid (methyl trans-4-O-methyl-ferulate).




Lignin Units and Inter-Unit Linkages as Seen by 2D-NMR

Additional information about the composition of the lignin units as well as the inter-unit linkages present in the lignins from rice husks and straw were obtained by 2D-NMR spectroscopy (in HSQC experiments). The side-chain (δC/δH 48–90/2.5–5.7) and the aromatic/unsaturated (δC/δH 90–150/6.0–7.8) regions of the HSQC spectra of the whole cell walls of rice husks and straw and of their isolated MWLs, are shown in Figures 3, 4. The spectra of the whole cell walls showed signals from carbohydrates and lignin, whereas the spectra of the isolated MWLs showed mostly signals from the lignin polymer, evidencing the efficiency of the lignin isolation process. The HSQC spectrum of the whole cell walls of rice husks presented higher intensities of the lignin signals than the spectrum of the whole cell walls of rice straw, as corresponded to their higher lignin content. The lignin correlation signals assigned in the HSQC spectra are listed in Table 3 and the main lignin units and substructures identified are depicted in Figure 5. Carbohydrate signals from the different correlations of xylans (X2, X3, X4, and X5), including acetylated xylans (X′2 and X′3), were predominant in the aliphatic side-chain region of the spectra of the whole cell walls, partially overlapping with some lignin signals. The spectra of the isolated MWLs, however, exhibited predominantly lignin signals that matched those present in the HSQC spectra of their respective whole cell walls indicating that the MWL preparations were representative of the native lignins.


[image: image]

FIGURE 3. Aliphatic-oxygenated (δC/δH 48–90/2.5–5.7; top) and aromatic (δC/δH 90–150/6.0–7.8; bottom) regions from the 2D-HSQC-NMR spectra (in DMSO-d6) of the whole cell walls from rice husks (A) and its isolated MWL (B). The main structures identified are drawn in Figure 5. See Table 3 for signal assignments.
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FIGURE 4. Aliphatic-oxygenated (δC/δH 48–90/2.5–5.7; top) and aromatic (δC/δH 90–150/6.0–7.8; bottom) regions from the 2D-HSQC-NMR spectra (in DMSO-d6) of the whole cell walls from rice straw (A) and its isolated MWL (B). The main structures identified are drawn in Figure 5. See Table 3 for signal assignments.



TABLE 3. Assignments of the lignin 1H/13C correlation signals in the 2D HSQC spectra from the whole cell walls of rice husks and straw and their isolated MWLs (in DMSO–d6).
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FIGURE 5. Main structures identified in the NMR spectra of the lignins of rice husks and straw. A, β–O–4′ alkyl-aryl ethers; A′, β–O–4′ alkyl-aryl ethers acylated at the γ-OH; B, phenylcoumarans; C, resinols; C′, tetrahydrofurans acylated at the γ-OH; D, dibenzodioxocins; F, spirodienones; I, p-hydroxycinnamyl alcohol end-groups; I′, p-hydroxycinnamyl alcohol end-groups acylated at the γ-OH; J, cinnamaldehyde end-groups; pCA, p-coumarates; FA, ferulates; H, p-hydroxyphenyl units; G, guaiacyl units; S, syringyl units; S′, Cα-oxidized S-units; T, tricin. The structures are colored in order to match the signals in the HSQC spectra of Figures 3, 4.


In the aliphatic-oxygenated region of the spectra, besides the signal from methoxyls, the rest of signals corresponded to the different lignin inter-unit linkages. Typical signals from the Cα/Hα, Cβ/Hβ, and Cγ/Hγ correlations of β–O–4′ alkyl-aryl ethers (A), phenylcoumarans (B), resinols (C), dibenzodioxocins (D), spirodienones (F), and cinnamyl alcohol end-groups (I), were observed in this region of the spectra. The occurrence of strong signals from condensed lignin structures, such as phenylcoumarans (B), and particularly from dibenzodioxocins (D), which essentially involved G-lignin units linked by β–5 and 5–5 bonds, respectively, was indicative of the enrichment of G-lignin units in these lignins. An important feature observed in the HSQC spectra of these lignins was the occurrence of strong signals from γ-acylated lignin structures, mainly from γ-acylated β–O–4′ alkyl aryl ethers (A′). The occurrence of intense signals at around δC/δH 62.7/3.83-4.30, assigned to the Cγ/Hγ correlations of γ-acylated β–O–4′ substructures (A′γ), revealed that a significant part of the lignins from rice husks and straw were acylated at the γ-OH of the lignin side-chain. Signals for the Cβ/Hβ correlations of γ-acylated β–O–4′ substructures linked to S-units (A′β(S)) overlapped with those of normal γ-OH β–O–4′ substructures linked to G-units (Aβ(G)) at around δC/δH 83.0/4.33, whereas the signal for the Cβ/Hβ correlations of γ-acylated β–O–4′ substructures linked to G-units (A′β(G)) were clearly observed at around δC/δH 80.5/4.53. The extent of γ-acylation of these lignins were estimated from the Cγ/Hγ correlation signals of normal γ-OH (Aγ) and γ-acylated β–O–4′ substructures (A′γ) in the HSQC spectra of the isolated MWLs, where the signals from carbohydrates do not interfere, and revealed that 10% of the lignin side-chains of rice husks, and 12% of the lignin side-chains of rice straw were acylated at the γ-OH. Likewise, signals for the Cα/Hα and Cβ/Hβ correlations of γ-acylated tetrahydrofuran structures arising from β–β-coupling of two γ-acylated monolignols (C′) could be observed in the spectrum of the lignin from rice straw at δC/δH 82.6/5.00 (C′α) and 49.7/2.58 (C′β), although at lower intensities, providing additional evidences of the partial acylation of the lignin side-chain. In addition, a signal for the Cγ/Hγ correlations of cinnamyl alcohol end-groups acylated at the γ-OH of the lignin side-chain (I′) was also observed at δC/δH 64.0/4.77 (I′γ(pCA)). This signal is clearly distinctive of γ-acylation with p-coumarates, and is different from the signals of γ-acylation with other groups, such as acetates that should appear at δC/δH 64.0/4.65, or p-hydroxybenzoates that should appear at δC/δH 64.4/4.87 (Rencoret et al., 2018). Therefore, this signal clearly evidenced that the cinnamyl alcohol end-groups were partially acylated with p-coumarates, which may also be the main group acylating these lignins.

In the aromatic/unsaturated region of the HSQC spectra, the main correlation signals corresponded to the aromatic rings of the different lignin units (H, G, and S), including Cα-oxidized S-lignin units (S′), as well as to the aromatic rings and the unsaturated side-chains of p-coumarates (pCA) and ferulates (FA). The signals for H-lignin units were only observed at low intensities, and in some cases overlapped with signals from proteins. Other signals in the aromatic/unsaturated region of the spectra were from the Cα/Hα and Cβ/Hβ correlations of cinnamyl alcohol end-groups (I) and for the C8/H8 correlations of cinnamaldehydes (J). In addition, in this region of the spectra also appeared the two distinctive signals corresponding to the C8/H8 and C6/H6 correlations of tricin (T), together with the signals for their C3/H3 and C2′,6′/H2′,6′ correlations (del Río et al., 2012b).

The structural characteristics of the lignins from rice husks and straw, such as the relative abundances of the different interunit linkages, β–O–4′ aryl ethers (A/A′), β–5′ phenylcoumarans (B), β–β′ resinols (C), β–β′ tetrahydrofurans (C′), 5–5′ dibenzodioxocins (D), β–1′ spirodienones (F), and cinnamyl alcohol (I), and cinnamaldehyde (J) end-groups, the percentage of γ-acylation of the lignin side-chain, the relative abundances of the lignin units (H, G, and S), p-coumarates (pCA), ferulates (FA), and tricin (T), estimated from volume integration of the signals in the HSQC spectra, are indicated in Table 4. The 2D-NMR data confirmed that the lignins from rice husks and straw were enriched in G-lignin units and depleted in H- and S-lignin units, as already revealed by Py-GC/MS. The H:G:S composition of the lignins from rice husks (7:81:12; S/G of 0.15) and rice straw (5:71:24; S/G of 0.34) basically matched those obtained upon Py-GC/MS, and indicated that the lignin from rice husks was particularly highly enriched in G-units. The 2D-NMR data also indicated that p-coumarates and ferulates were important components in the lignins from rice husks and straw, as already shown by Py-TMAH. Interestingly, ferulates were present in lower abundance in the isolated MWLs than in the respective whole cell walls, which was reflected in the pCA/FA ratio, that was lower in the whole cell walls of (1.5 and 0.7, in rice husks and straw) than in their respective isolated MWLs (3.0 and 4.0, in the MWLs of rice husks and straw). This indicated that ferulates were predominantly attached to the carbohydrates, which were removed during the MWL isolation process, whereas p-coumarates were mostly linked to the lignin structure. The occurrence of important amounts of p-coumarates in these lignins is an indication that they might be the groups acylating the γ-OH of the lignin side-chain, a typical feature of grass lignins (Ralph, 2010). Finally, the flavone tricin was also present in both lignins in significant amounts, being more abundant in the lignin from rice straw (27% referred to total lignin units) than in the lignin from rice husks (7%). However, it is important to note that the quantitation of tricin by 2D-NMR (as well as of p-coumarates and ferulates) is overestimated due to the longer relaxation time of these end-units. The differences in the composition between the lignins from rice husks and straw, with the former being highly enriched in G-lignin units, were reflected in the relative abundances of the various interunit linkages, as shown in Table 4. Hence, the lignin from rice husks presented lower levels of β–O–4 alkyl aryl ether structures (65% of all measured linkages) and higher levels of condensed structures such as phenylcoumarans (23%), as corresponds to a lignin highly enriched in G-lignin units, together with minor amounts of other condensed structures (dibenzodioxocins, 5%; resinols, 4%; spirodienones, 3%), as well as cinnamyl alcohol (6%) and cinnamaldehyde (5%) end-groups. On the other hand, the lignin from rice straw, with a slightly higher S/G ratio, presented a higher level of β–O–4 alkyl aryl ether structures (78%), and lower levels of phenylcoumarans (12%), together with minor amounts of other condensed structures (dibenzodioxocins, 4%; resinols, 4%; tetrahydrofurans, 1%; spirodienones, 1%) and cinnamyl alcohol (6%) and cinnamaldehyde (5%) end-groups.


TABLE 4. Structural characteristics (lignin inter-unit linkage types, end-groups, γ-acylation, aromatic units, and S/G ratio, cinnamate content, and tricin content) from integration of 1H/13C correlation signals in the HSQC spectra of the whole cell walls (CW) of rice husks and rice straw and their isolated MWLs.
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Nature of Lignin Acylation as Seen by DFRC

The HSQC spectra of the lignins of rice husks and straw revealed that they were partially acylated (10–12%) at the γ-OH of the lignin side-chains but did not provide information regarding the nature of the acylating groups. To assess the nature of the acyl groups present at the γ-OH of the lignin side-chain, the MWLs were analyzed by DFRC, a chemical degradative method that cleaves β-ether bonds, the most abundant linkages in the lignin structure, releasing the lignin units that are involved in those bonds. A characteristic feature of this degradation method is that it maintains intact the ester bonds present at the γ-OH of the lignin side chain, and thus can provide important information about the nature of the groups acylating the γ-OH.

The chromatograms of the DFRC degradation products released from the lignins of rice husks and straw (Figure 6) showed the occurrence of the cis- and trans-isomers of the p-hydroxyphenyl (tH), guaiacyl (cG and tG), and syringyl (cS and tS) lignin monomers (as their acetate derivatives) arising from normal γ-OH lignin units involved in β-ether linkages. But more important, the chromatograms also showed the release of the cis- and trans-isomers of S-lignin units acylated with p-coumarates (cSpCA and tSpCA), as well as minor amounts of the guaiacyl analogs (cGpCA and tGpCA). The release of these compounds confirmed that p-coumarates were the groups partially acylating the γ-OH of these lignins, and that p-coumaroylation preferentially occurred over S units. On the other hand, the lignins from many plants, including other grasses, also present acetate groups acylating the γ-OH of the lignin side-chain (Ralph, 1996; Ralph and Lu, 1998; del Río et al., 2007b, 2008). However, the original DFRC protocol cannot be used to assess the occurrence of naturally occurring acetates acylating the γ-OH of the lignin side chain because this degradation method uses acetate reagents that produces acetate derivatives; however, with a small modification of the original protocol by using propionylating reagents (so-called DFRC′) it was possible to obtain information about the occurrence of acetate groups naturally acylating the γ-OH (Ralph and Lu, 1998; del Río et al., 2007b). The analysis of the lignins from rice husks and straw by DFRC′ indicated that they were barely acylated with acetate groups (less than 0.5%), and confirmed that p-coumarate was the most important group acylating the γ-OH. Interestingly, significant amounts of tricin (T), as its acetate derivative, were also released from these lignins by DFRC (Figure 6), being more abundant in the lignin from rice straw than in the lignin from rice husks.


[image: image]

FIGURE 6. Chromatograms of the DFRC degradation products released from the MWLs isolated from rice husk (A) and rice straw (B) showing the presence of sinapyl (and minor coniferyl) units acylated by p-coumarate moieties. tH, cG, tG, cS, and tS are the normal cis- and trans-p-hydroxyphenyl (H), coniferyl (G), and sinapyl (S) alcohol monomers (as their acetate derivates); cGpCA, tGpCA, cSpCA, and tSpCA are the cis- and trans-coniferyl and sinapyl dihydro-p-coumarates (as their acetate derivatives); T is tricin (as its acetate derivative).


The results obtained from the DFRC and DFRC′ degradations of the MWLs isolated from rice husks and straw, including the molar yields of the released monomers (H, G, Gac, GpCA, S, Sac, SpCA, and T), as well as the percentages of naturally acetylated guaiacyl (%Gac) and syringyl (%Sac), and p-coumaroylated guaiacyl (%GpCA) and syringyl (%SpCA) lignin units, are shown in Table 5. The analyses confirmed that p-coumarate was the main group acylating the γ-OH of the side-chain in both lignins, and were preferentially attached to the S-lignin units (30.2% of total S-units, and only 0.5% of total G-units were p-coumaroylated in the lignin from rice husks, whereas 19.7% of total S-units, and only 1.2% of total G-units, were p-coumaroylated in the lignin from rice straw). The analysis indicated that acetates were also acylating the γ-OH in these lignins although at a very low level. In the lignin of rice husks, acylation with acetates represented only 0.5% of all G units and 0.1% of all S-units, whereas in the lignin of rice straw, acetates represented 0.4% of all G units, and 0.2% of all S-units. In both cases, acetylation occurred preferentially over G-lignin units. Finally, the DFRC confirmed the occurrence of significant amounts of tricin (T) incorporated into these lignins, being more abundant in the lignin of rice straw (accounting for 8.1% of all release lignin units), than in the lignin of rice husks (only 1.6% of all released lignin units), confirming the results obtained from 2D-NMR that indicated the occurrence of higher amounts of tricin incorporated into the lignin of rice straw than into the lignin of rice husks.


TABLE 5. Relative molar abundance of the normal γ-OH (H, G, S), γ-acetylated (Gac, Sac), and γ-p-coumaroylated (GpCA, SpcA) lignin units, and tricin (T), obtained from DFRC and DFRC′ degradation of the MWLs isolated from rice husks and straw.
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DISCUSSION

In this work, the detailed structural characteristics of the lignins of rice husks (with 22.5% lignin content) and rice straw (13.5% lignin content) were thoroughly analyzed by using an array of analytical techniques, including Py-GC/MS, 2D-NMR, and DFRC. The analyses indicated that both lignins were enriched in G-lignin units, and depleted in H- and S-lignin units, but with noticeable differences in the lignin composition between both tissues. The lignin of rice husks presented a H:G:S composition of 7:81:12 (S/G of 0.15) and was significantly more enriched in G-units than the lignin of rice straw, with a H:G:S composition of 5:71:24 (S/G of 0.34). Moreover, these lignins presented a higher content of G-lignin units, and consequently lower S/G ratios, than the lignins of similar tissues in other grasses. Hence, the lignin of rice husks presented a lower S/G ratio than the lignins of barley husks (S/G ∼ 0.5) (Rencoret et al., 2015), and more especially than the lignin of corn husks (S/G ∼ 2) (del Río et al., 2018). Likewise, the lignin of rice straw presented a lower S/G ratio than the lignins of wheat straw (S/G of 0.5) (del Río et al., 2012b), or sugarcane straw (S/G of 0.5) (del Río et al., 2015). The lignin composition greatly influenced the distribution of the different lignin inter-unit linkages in both lignins. As sinapyl alcohol (the precursor of the S-lignin units) presents two methoxyl groups in the aromatic ring, it can only form linkages at the β-position, being mostly β–O–4 alkyl aryl ether linkages, and β–β linkages to a lesser extent; on the contrary, coniferyl alcohol (the precursor of G-lignin units) has only one methoxyl group in the aromatic ring and presents a free position at C5 to form additional covalent linkages with another lignin unit, such as β–5 or 5–5 linkages, and producing a more condensed structure. Hence, the lignin from rice husks, that presented a higher abundance of G-lignin units, presented lower levels of β–O–4 alkyl aryl ether structures (65% of all measured linkages) and higher levels of condensed structures, particularly phenylcoumarans (23%), and dibenzodioxocins (5%). On the other hand, the lignin from rice straw, with a slightly higher S/G ratio, presented a higher level of β–O–4 alkyl aryl ether structures (78% of all measured linkages), and lower levels of phenylcoumarans (12%), and dibenzodioxocins (4%). The analyses, therefore, indicated that the lignins of rice husks and straw have a remarkably more condensed structure than the lignins from similar tissues in related grasses, and that the lignin from rice husks was significantly more condensed than the lignin from rice straw, being therefore more recalcitrant and less prone to chemical and biological degradation. Rice husks are the hard protecting coverings of rice grains, therefore, lignification of rice husks plays an important role in seed protection. The higher recalcitrance of the lignin in rice husks, together with their higher lignin content compared to rice straw, makes this lignin more difficult to degrade, which appears to play a role in protecting the seeds.

The lignins of rice husks and straw also presented significant amounts of p-hydroxycinnamates (p-coumarates and ferulates). Ferulates were found to be mostly attached to the carbohydrates, most likely to the arabinosyl residues of arabinoxylans, as occurred in other grasses, and are known to participate in radical coupling reactions with monolignols that cross-link the carbohydrates to the lignin network (Quideau and Ralph, 1997; Hatfield et al., 2017). On the other hand, p-coumarates were found partially acylating the γ-OH of the lignin side-chains (10 and 12% of all side-chains were p-coumaroylated in the lignins of rice husks and straw), and overwhelmingly over S-lignin units, as occurred in other grasses (Grabber et al., 1996; Lu and Ralph, 1999; Hatfield et al., 2008, 2009; Ralph, 2010; del Río et al., 2012a, 2015). The p-coumaroyl-CoA:monolignol transferases involved in the p-coumaroylation of the lignin have already been identified and characterized in some grasses and presented higher affinity toward sinapyl alcohol than toward coniferyl alcohol (Withers et al., 2012; Marita et al., 2014; Petrik et al., 2014). However, the role of lignin p-coumaroylation in grasses still remains unclear, although it has been suggested that p-coumarates may act as a radical transfer system to help in the radical coupling of sinapyl alcohol into the growing lignin polymer (Hatfield et al., 2008). On the other hand, the lignins from many plants, including grasses, also present acetate groups acylating the γ-OH of the lignin side-chain, and in some cases the acetylation degree occurs to a high extent, as occurred with sisal (78% acetylation level), kenaf (69%), or abaca (50%) (Ralph, 1996; del Río et al., 2007b, 2008). However, the lignins of rice husks and straw were barely acylated with acetate groups at the γ-OH; in the lignin from rice husks only 0.5% of all G-units and 0.1% of all S-units were acetylated, whereas in the lignin from rice straw, only 0.4% of all G-units, and 0.2% of all S-units were acetylated. Interestingly, and contrary to what occurs with p-coumarates, in both cases acetylation occurred preferentially over G-lignin units, a feature that has already been observed in the lignins from other grasses, as bamboo, wheat straw, sugarcane, or the pith of elephant grass (del Río et al., 2007b, 2012a, b, 2015). This fact seems to indicate that the acetyl-CoA:monolignol transferases involved in monolignol acetylation in grasses presents a higher affinity toward coniferyl alcohol than toward sinapyl alcohol, contrary to what occurs in most plants where acetylation usually takes place preferentially over S-lignin units (del Río et al., 2007b, 2008). The most important acylated monolignol in the lignins of rice husks and straw was, therefore, sinapyl p-coumarate, that accounted for 30.2% of the total S-units in rice husks, and for 19.7% of total S-units in rice straw. Sinapyl-p-coumarate has been shown to behave as a true lignin monomer participating in coupling and cross-coupling reactions during lignification, as it was demonstrated by the formation of γ-acylated β–β tetrahydrofuran structures produced from the β–β coupling of two γ-acylated monolignols, or by the cross-coupling of a γ-acylated and a normal γ-OH monolignol (Lu and Ralph, 2005; del Río et al., 2015). The occurrence of the characteristic signals from γ-p-coumaroylated β–β tetrahydrofuran structures (C′) in the HSQC spectrum of the lignin from rice straw clearly evidenced that sinapyl-p-coumarate behaves as a true lignin monomer in these rice tissues participating in coupling reactions during lignification.

Important amounts of the flavone tricin were also found incorporated into the lignin of rice straw (8.1% of total lignin units involved in β-ethers), and to a lesser extent, into the lignin of rice husks (1.6%). Tricin has mostly been found in the aerial parts of grasses, and therefore, it is likely that the higher amounts of tricin found in rice straw may be related to its potential role as UV-protecting agent, as already suggested (del Río et al., 2020). Tricin was the first phenolic compound from beyond the canonical monolignol biosynthetic pathway that was discovered to behave as a true lignin monomer participating in cross-coupling reactions with traditional monolignols during the lignification process and being integrally incorporated into the lignin polymer (del Río et al., 2012b; Lan et al., 2015). Further studies indicated that tricin was an important component of the lignin of all grasses (del Río et al., 2012b, 2015; Lan et al., 2015, 2016a,b) and that it was also incorporated into the lignins of other monocots, such as in coconut coir (from the Arecaceae), vanilla (from the Orchidaceae), or curaua (from the Bromeliaceae) (Rencoret et al., 2013; Lan et al., 2016b). Due to its particular structure, tricin cannot couple with another tricin molecule and its only possible mode of incorporation into the lignin polymer is through 4–O–β coupling with a monolignol, and consequently it must always be present at the starting end of a lignin chain; therefore, it seems that tricin may have a role as an initiation site for lignification in grasses (Lan et al., 2015, 2016a). The pathway for tricin biosynthesis in rice has recently been elucidated, and involved the condensation of p-coumaroyl-CoA and three malonyl-CoA units catalyzed by Chalcone Synthase (CHS) followed by isomerization by Chalcone Isomerase (CHI) to form the flavanone naringenin, which is then converted to the flavone apigenin by flavone synthase II (FNSII), and further sequential and consecutive hydroxylation and O-methylation steps leads to luteolin, chrysoeriol, selgin, and ultimately to tricin, and all the enzymes involved have been identified (Lam et al., 2015, 2017). The detailed knowledge of the biosynthetic pathway leading to tricin allowed producing genetically engineered rice with altered lignins that resulted in the incorporation of other flavonoids, such as the flavanone naringenin or the flavone apigenin into their structure, instead of tricin (Lam et al., 2017, 2019). Tricin can also occur in grasses in the form of extractives, such as free tricin, as O-glucosides, as flavonolignans, or as flavonolignan glucosides. A detailed quantitative study of the tricin content in several grasses demonstrated that the content of tricin incorporated into the lignin polymer was much higher than the content of extractable tricin (Lan et al., 2016b, 2019). In the case of rice straw, the content of tricin incorporated into the lignin amounted up to 980 mg/kg in comparison to only 195 mg/kg of extractable tricin (Lan et al., 2016b), which indicates that the lignin of rice straw could be an attractive and potential source for the extraction of this valuable compound. It is important to note that tricin presents multiple nutraceutical and pharmacological applications, and has a potential role as a chemopreventive and anticancer agent (Jian-Min and Ragai, 2010). The fact that tricin is linked to the lignin network exclusively by labile and easily cleaved β-ether bonds adds to the feasibility of considering rice straw lignin as a potential feedstock for obtaining valuable tricin.

In general terms, the detailed chemical and structural characteristics of the lignins of rice husks and rice straw provided in this work will be of great help for tailoring appropriate and efficient conversion technologies for these lignocellulosic materials as well as for developing lignin-based high value added products. Fractionation of rice by-products into their cell wall components (cellulose, hemicelluloses, and lignin) is a main step for their efficient utilization in integrated biorefineries and to maximize their value-added conversion into biofuels and chemicals. Various pretreatment techniques have been used for this purpose, including chemical (acid, alkaline, and oxidation) and thermochemical (steam explosion, autohydrolysis, and organosolv) methods, or combinations of them (Imman et al., 2015; Abraham et al., 2016; Singh and Dhepe, 2016; Wood et al., 2016; Wu et al., 2018; Swain et al., 2019; Takeda et al., 2019; Sharma et al., 2020). However, fractionation of cell wall components is greatly influenced by the lignin characteristics. As shown above, the lignins of rice husks and rice straw are highly recalcitrant and difficult to depolymerize, and it can be anticipated that severe and harsh conditions must be necessary to achieve delignification in order to access the carbohydrates. In particular, the data indicated that rice husks exhibited a much higher degree of recalcitrance compared to rice straw as a result of the higher lignin content and the higher degree of condensed linkages in this lignin. This explains the large differences observed in the degree of delignification between both materials reported in previous works (Wood et al., 2016; Wu et al., 2018); for example, and despite having a similar carbohydrate content, rice husks were found to be much less susceptible to saccharification by steam explosion, even under optimal pretreatments conditions, compared to rice straw (Wood et al., 2016). The results of this work indicate that the use of rice husks as raw material for biorefinery purposes would be difficult to achieve and that its potential exploitation will require severe conditions to cope with its recalcitrance. New developments in pretreatment technologies or breeding strategies to reduce the recalcitrance of rice husks have been suggested to address this problem (Wood et al., 2016).

On the other hand, the potential applications of the lignins extracted from the rice by-products will be determined by the lignin composition. Hence, the lignins from rice husks and rice straw are highly enriched in G-units and are suitable for producing phenols with unsubstituted C5 positions, which would provide the necessary reactivity to produce phenol formaldehyde (PF) resins, and therefore, could be appropriate for this type of application (de Menezes et al., 2017). Furthermore, these lignins can also produce significant amounts of non-methoxylated p-hydroxyphenyl units arising from the p-coumarate groups attached to the lignin side chains that could also provide reactivity for PF resin applications. However, it is important to note that the pretreatment procedures used to extract the lignins will also have a great impact on the structure, purity and physico-chemical properties of the recovered lignins and, hence, on their subsequent applications.

Finally, and perhaps more importantly, the results of this study indicate that these lignins also contain significant amounts of p-hydroxycinnamic acids, as well as the flavonoid tricin, which can be recovered as different side streams. The core lignin of these rice by-products is mostly composed of G-units, making them highly recalcitrant and difficult to degrade. However, as shown above, p-coumarates are esterified to the γ-OH of the lignin side chain, and can be easily released by mild alkaline treatment; likewise, tricin is linked exclusively by β-ether bonds, which can also be easily cleaved releasing this valuable flavonoid. Therefore, rice husks and rice straw may represent a promising source for these fine chemicals in the context of a lignocellulosic biorefinery.
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Variations in antioxidant compounds were examined in seedlings of two rice cultivars (Qiutianxiaoting and 93-11) exposed to low temperature (4°C) for 0, 12, 36, and 48 h. Antioxidant activity was identified by 2,2-diphenyl-1-picrylhydrazyl (DPPH) and ferric reducing antioxidant power (FRAP) assays. The concentrations of total phenols, flavonoids, chlorophyll, and anthocyanins (ACNs) were determined by spectrophotometry. In addition, high-performance liquid chromatography (HPLC) was used to reveal the changes in phenolic compound concentrations in rice seedlings under chilling treatment. Results showed that antioxidant concentrations and antioxidant activity after chilling treatment were higher in 93-11 compared to Qiutianxiaoting, reaching the highest level at 36 h chilling treatment in 93-11. Phenolic compounds in Qiutianxiaoting decreased between 12 and 36 h but then increased at 48 h, whereas the corresponding levels in 93-11 increased as chilling time increased. Moreover, 10 phenolic compounds were detected and quantified by HPLC, of which gallic acid and caffeic acid tended to only exist in 93-11, whereas rutin was observed only in Qiutianxiaoting. The results of this study could be leveraged to optimize the antioxidant potential of rice in the context of healthy food choices.

Keywords: rice seedlings, high-performance liquid chromatography, antioxidant activity, phenolic compounds, chilling treatment


INTRODUCTION

Rice (Oryza sativa L.) is the most important crop in many Asian countries and feeds more than half of the world’s population (Ito and Lacerda, 2019). According to the Food and Agriculture Organization (FAO; Gennari et al., 2019), the production of rice has continued to increase over time; however, between 2016 and 2017 there was only a 0.6 percent increase in production, possibly because of adverse environmental stresses in the main rice production areas, such as floods, persistent drought, locust disasters, and so on (Bailey-Serres et al., 2019; Fang et al., 2019; Muehe et al., 2019). In general, grain, husked rice, and rice bran are the principal edible parts (Kumarathilaka et al., 2018). The use of young rice seedlings is rarely reported (Julia et al., 2018; Muehe et al., 2019). Rice seedlings have a certain potential to be used as food as well as to make beverages and cosmetic products, and could be important for helping people to maintain healthy lifestyles (Almeida et al., 2016; Eom et al., 2019). In addition, the process of growing rice seedlings is not only eco-friendly with zero waste, but can also be automatically operated in greenhouses or cultured rooms (Tamprasit et al., 2019).

A well-known example of developing functional food from seedlings is wheatgrass (Agropyron cristatum; Khanthapoka et al., 2015). Since the 1980s, wheatgrass sprout has been considered as a healthy food and important dietary supplement (Ben-Arye et al., 2011; Khanthapoka et al., 2015; Deroover et al., 2020). Juice squeezed from seedlings could be consumed as a drink, and seedlings powder could be added to other foods for better consumption. Wheatgrass sprout contains many functional components, such as amino acids (Bar-Sela et al., 2015), vitamins (Gore et al., 2017), minerals, and super antioxidants (Parit et al., 2018). Clinical studies have revealed that wheatgrass sprout plays an active role in alleviating symptoms associated with allergies and asthma (Devi et al., 2019) as well as distal ulcerative colitis (Ben-Arye et al., 2002; Kiran et al., 2018).

Like wheat, rice also belongs to the Poaceae family (Ito and Lacerda, 2019). Previous studies have shown that rice sprout might be used as an alternative healthy food (Tamprasit et al., 2019). Khanthapoka et al. (2015) reported that leaves harvested at the jointing stage from colored rice grass might be developed into functional foods. The fresh grass juices of rice contain lots of bioactive components with antioxidant properties, which is attributed to phenolic acids, monomeric anthocyanin, and β-carotene among others (Khanthapoka et al., 2015). The rice variety “Kum Doisaket” has the highest level of anthocyanins (ACNs), which leads to the most effective antioxidant activity and DNA protective effect (Khanthapoka et al., 2015). Tamprasit et al. (2019) studied the effect of harvest age on the phytochemical content of white and black rice grass (Tamprasit et al., 2019). It was revealed that black rice grass harvested at 5–7 days had the highest total phenols content (TPC) and total flavonoids content (TFC), while total ACNS were highest in white rice (Tamprasit et al., 2019). Earlier studies have reported that low temperature could increase the amount of antioxidants in rice; however, the difference between chilling-tolerant and chilling-susceptible varieties under cold treatment has rarely been studied (Khanthapoka et al., 2015). Furthermore, research into the antioxidation potential of rice grass is limited, and major active components which are beneficial to health and wellness are rarely known (Tamprasit et al., 2019).

Qiutianxiaoting (Q, chilling-tolerant) and 93-11 (Y, chilling-susceptible) are common in Asian countries, especially in China and Japan. In this study, seedlings of the two rice varieties were cultured for 15 days and exposed to chilling treatments (4°C) of different durations. The effect of chilling treatment was evaluated by the concentrations of total phenols, flavonoids, anthocyanin, and chlorophyll, as well as antioxidant activities. High-performance liquid chromatography (HPLC) was used to detect the phenolic compounds. The results of this study could be used to help improve the benefits associated with rice products, with more economic benefits for farmers in the future.



MATERIALS AND METHODS


Chemicals

Analytical reagents were purchased from Aladdin Co. (Shanghai, China). Methanol, formic acid, and acetonitrile were in chromatographic grade for HPLC analysis. Ten phenolic acid standards (i.e., gallic acid, protocatechuic acid, chlorogenic acid, caffeic acid, p-coumaric acid, rutin, ferulic acid, salicylic acid, cinnamic acid, and kaempferol) were used at 98% purity or greater. Folin-Ciocalteu reagent, ethanol, and sodium carbonate (Na2CO3) were of analytical reagent purity for the total phenolic analysis. Sodium nitrite (NaNO2), aluminum nitrate [Al(NO3)3], and sodium hydroxide (NaOH) were used for flavonoids analysis. Potassium chloride (KCl) and sodium acetate (CH3COONa·3H2O) were used for detecting total anthocyanin.



Plant Material and Chilling Treatment

Qiutianxiaoting (Q, O. sativa subsp. japonica) and 93-11 (Y, O. sativa subsp. indica) varieties were supplied by Nanchang Agricultural Bureau. Seeds of the two rice varieties were harvested in October 2019 from a farm where no chemical fertilizers or pesticides are used in Jiangxi province, China. Seeds of similar size and color were chosen and grown in plastic boxes (length: 10 cm; width: 7 cm and height: 10 cm). Seedlings of each variety were then cultured for 15 days in a plant incubator (Percival Scientific, Inc., United States), before being randomly divided into four groups for chilling treatment at 4 ± 1°C for 0, 12, 36, and 48 h, respectively. Methanol extracts from rice seedlings (MES) were obtained using a method based on Cui et al. (2019). In detail, 10 seedlings were ground into powder in liquid nitrogen. The powder (0.2000 g) was placed in a centrifuge tube with 70% methanol (1 ml), then ultrasonic extraction was performed at 65°C for 30 min. Samples were centrifuged at 4°C for 15 min (10,000 rpm). The supernatant was collected, and the residues were extracted again. Finally, the supernatants were pooled and made up to 2 ml, then were filtered using an organic filter (0.25 μm) membrane. The supernatant was stored at 4°C before analyses.



Determination of DPPH Radical Scavenging Activity and FRAP

To determine the antioxidant activity of extracts from rice seedlings, we conducted assays of 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging activity and ferric reducing antioxidant power (FRAP).

Methanol extracts from rice seedlings was used to determine the DPPH radical scavenging activity following the method of Mensor et al. (2001) with a slight modification. Briefly, rice seedling extracts (1 ml) were mixed with 0.1 mM DPPH (3 ml), and incubated at 25°C for 30 min. Absorbance was measured at 515 nm using a UV-vis-spectrophotometer (AJ1501003, China). The DPPH activity was calculated as follows:

DPPH activity (%) = [1-(A1-A2)/A3] *100

Where A1, A2, and A3 represent the absorbance values of 1 ml sample + 3 ml DPPH), 1 ml sample + 3 ml ethanol, and 1 ml ethanol + 3 ml DPPH, respectively.

Methanol extracts from rice seedlings was also used to measure the FRAP values using an existing method (Benzie and Strain, 1996) with minor modifications. The extract (0.5 ml) was added to 7.5 ml FRAP reagent and incubated for 30 min in darkness. The absorbance was taken at 593 nm. To estimate the FRAP values of unknown samples, grades of trolox (0.15, 0.3, 0.6, 0.9, 1.2, and 1.5 mM) were used to build the standard curve. For estimating the antioxidant capacity, the FRAP value was shown in μM trolox equivalent g−1 DM.



Determination of Total Phenol, Total Flavonoid, Chlorophyll, and Anthocyanins Concentration

Total phenol concentration was determined using the Folin-Ciocalteu method with a minor modification (Butsat et al., 2009; Shao et al., 2014). In brief, 0.5 ml MES was added to Folin-Ciocalteu reagent (2 ml), vortexed for 30 s, and stewed for 5 min. Then 15% Na2CO3 solution (4 ml) was mixed in and incubated at room temperature (25°C) for 1 h in darkness. The absorbance of the mixture was detected at 765 nm using a UV-vis spectrophotometer (AJ1501003, China) in comparison with a blank. The actual TPC was calculated using a known standard curve of gallic acid.

Total flavonoid content (TFC) was measured using coloration methods with a chromogenic system of NaNO2-Al(NO3)3-NaOH (Meda et al., 2005). Briefly, 0.5 ml MES was mixed with 5% NaNO2 and vortexed for 30 s. After 5 min, 0.14 ml of 10% Al(NO3)3 was added and vortexed for 30 s. Then, 1 ml of 4% NaOH was mixed and incubated at 25°C for 15 min. The absorbance was measured spectrophotometrically against a blank at a 415 nm wavelength. The TFC content was calculated using a standard curve prepared using known contents of rutin (0.02, 0.04, 0.16, 0.32, 0.64, and 1.28 mg L−1).

Total chlorophyll content (TCC) was evaluated based on the method put forward by Ozkan and Bilek (2015), with a minor modification. In brief, 0.2000 g fresh shoot was ground in liquid nitrogen and extracted by 95% ethanol and then the absorbance was detected spectrophotometrically at 663 and 645 nm.

Total anthocyanin content (TAC) was determined based on the method put forward by Roland et al. (2017), with a minor modification. Briefly, 0.2000 g fresh tissue was homogenized in 5 ml methanol with 1% hydrochloric acid (v/v), then ultrasonically extracted for 30 min, and heated at 100°C for 1 h in a water bath. After cooling, the mixture was centrifuged at 4°C for 10 min, the supernatant was transferred to a centrifuge tube, and made up to 10 ml using methanol with 1% hydrochloric acid (v/v). The supernatant was used to measure the content of TAC by using the absorbance at 530 nm.



HPLC Analysis of Phenolic Compounds in Rice Seedlings


Choice of Detection Wavelength

The detection wavelength for phenolic compounds in rice seedlings is mainly between 260 and 370 nm (Sabir et al., 2017). In our study, 260, 280, 320, and 370 nm were used to obtain the optimal detection wavelength of mixed reference standards (10 phenolic compounds).



Linearity Experiment

Mixed reference standard solutions with six concentration gradients were obtained by diluting 70% methanol, and each was detected by HPLC three times. The calibration curves of 10 phenolic compounds were constructed according to the peak area and concentration, which were set as the y-axis and x-axis (μg), respectively. The LOD was estimated by a signal-to-noise (S/N) ratio of 3:1, and the LOQ was estimated by a signal-to-noise ratio of 10:1.



Precision and Repeatability Test

The mixed standard solution was used to determine the precision of HPLC analysis, which was estimated by the reproducibility of the retention time and peak area. The mixed standards were tested six times in total, once every 6 h. The mixed standard solution was stored at 4°C before HPLC analysis, and sample stability and repeatability were evaluated six times, once every 12 h and once every 6 h, respectively by the detected retention time and peak area.



Standard Recovery Test

Rice seedlings were ground in to powder in liquid nitrogen, and accurately weighed (0.2000 g). The mixed solution of known concentration was then added. MES was detected by HPLC six times. The recovery of the mixed standard solution was calculated by the following equation.

Recovery = (the detected phenolic acid content of sample with standard ‐ the phenolic acid content of the sample) /the original phenolic acid content of standard solution) × 100%.



HPLC Analysis of Phenolic Compounds

The MES and mixed standard solutions were filtered with organic filters (0.25 μm), and 10 phenolic compounds were detected and quantified using HPLC-UV (Waters E2695, United States) based on the retention time and calibration curve. A Waters Symmetry C18 column (4.6 mm × 250 mm, 5 μm) was used in this study. Acetonitrile was used as mobile phases A, and 0.5% formic acid diluted with water (pH 2.35) was used as mobile phases B. The wavelength of UV detection was 260 nm, and the column temperature was 35°C. The flow rate and injection volume were set as 1.0 ml min−1 and 10 μl, respectively. The gradient elution method is shown in Table 1.



TABLE 1. Ratio of mobile phases for gradient elution.
[image: Table1]




Statistical Analysis

Each physiological index was calculated for three biological replicates, with each replicate consisting of 10 rice seedlings which were selected randomly. Means were calculated by Microsoft Excel (2016); SEs and statistical significance (p ≤ 0.05) based on Duncan’s test were determined using SPSS (Version 26.0, SPSS Inc., Chicago, United States).




RESULTS


DPPH and FRAP Assays

Results showed that significant differences existed for both DPPH radical scavenging activity and FRAP assays in the two groups after chilling treatment (Figures 1A,B). DPPH radical scavenging activity increased initially, then decreased in both groups reaching the summit at 36 h. Compared to the control (untreated group), the value of DPPH increased by 4.28 and 12.64% after 36 h chilling in Q and Y groups, respectively. The FRAP assay results exhibited a similar trend to those of DPPH after chilling treatment, increasing by 16.31 and 27.30% at 36 h in the two groups, respectively. However, there was no significant difference among chilling treated groups of Q; meanwhile the values of Y groups were greater than those of Q at the same stage under chilling treatment. In addition, the FRAP assay returned to the normal level at 48 h in group Q, while it remained at a higher level in group Y compared with the control.

[image: Figure 1]

FIGURE 1. Total antioxidant activity in rice seedling extracts exposed to chilling treatments spanning different durations. (A) Antioxidant activity of 2,2-diphenyl-1-picrylhydrazyl (DPPH). (B) Antioxidant activity of ferric reducing antioxidant power (FRAP) assays. Bars represent means and SD (n = 3). For each group, significant mean differences (p < 0.05) are shown by different lowercase letters.




Total Phenols and Total Flavonoids Contents

Total phenolic content and total flavonoid content exhibited differential trends between group Q and group Y after chilling treatment. TPC and TFC in Y increased initially then decreased as the duration of chilling treatment increased. The values reached the maximum at 36 h chilling in comparison with the control (untreated group), increasing by 27.33 and 35.21%, respectively (Figures 2A,B). Both TPC and TFC in group Q showed a decreasing trend compared to the control after chilling treatment, with the lowest values at 36 and 48 h, respectively (Figures 2A,B). Meanwhile, the concentrations of polyphenols including TPC and TFC reached the maximum (5671.38 μg−1 DW) in group Y after 36 h chilling.

[image: Figure 2]

FIGURE 2. Total phenol and flavonoid contents in rice seedlings. Results are represented by means and SEs. (A) The concentrations of total phenols. (B) The concentrations of total flavonoids. DW, dry weight.




Total Chlorophyll and Anthocyanin Contents

Results showed that TCC and TAC exhibited different trends between group Q and group Y. In general, the TCC of group Q decreased slightly after chilling treatment, while for group Y, TCC increased initially then decreased, reaching the highest level after chilling for 36 h (+47.52%) in comparison with the control group (Figure 3A). However, TCC decreased by 43.38% at 48 h compared with the untreated group (Figure 3A). The level of TAC showed a slight increase in group Q after chilling treatment (Figure 3B). For group Y, TAC increased after 12 h chilling and then increased by 51.19% with the highest value after 36 h (Figure 3B).

[image: Figure 3]

FIGURE 3. Total chlorophyll and anthocyanin contents in rice seedlings. (A) The concentrations of total chlorophyll. (B) The concentrations of total anthocyanins. Results are represented by means and SEs. DW, dry weight.




Viability of the HPLC Method for Detection of Phenolic Compounds

After comparing the signal strength, peak shapes, and separation effect, 280 nm was chosen as the best wavelength for detection (Figure 4). Linear relationship results are shown in Table 2. The correlation coefficients were between 0.9979 and 0.9999 with low LODs from 0.03 to 3.22 (μg L−1), which suggested that the correlation was good between the peak area and concentration of each phenolic compound (Table 2).

[image: Figure 4]

FIGURE 4. High-performance liquid chromatography (HPLC) chromatograms under 280 nm wavelength of the mixed standard (A) and methanol extracts for group Q (B) and group Y (C) chilled for 0, 12, 36, and 48 h. 1. gallic acid; 2. protocatechuic acid; 3. chlorogenic acid; 4. caffeic acid; 5. p-coumaric acid; 6. rutin; 7. ferulic acid; 8. salicylic acid; 9. cinnamic acid; and 10. kaempferol.




TABLE 2. Retention time, linear range, calibration curve, limit of detection, limit of quantification, precision, stability, repeatability, and recovery of 10 reference standards.
[image: Table2]

The precision, stability, and repeatability of 10 phenolic standards are also shown in Table 2, together with the relative SD (RSD) of each peak area and the corresponding retention time. The range of peak area RSDs was 0.82–3.79% in the precision test, with retention times of 0.06–1.12%, indicating that the precision of detection was sufficient in mixed standard compounds. The standard recovery rates ranged from 86.92 to 105.29%, suggesting that the processing of extraction was reliable with minor loss of phenols, and the extraction method was stable for the quantitative analysis.

Stability test results showed that peak area RSDs were between 0.79 and 2.71%, and that retention time RSDs were between 0.01 and 1.96%. These results indicate that the mixed standard of phenols was stable in terms of HPLC detection (Table 2).

The results of repeatability testing showed the range of peak RSDs was 0.42–3.75%, and retention time was 0.02–0.38%. This indicates that the repeatability was adequate during the process of detection (Table 2).



HPLC Analysis for Phenolic Compound Contents

Ten phenolic compounds were detected and quantified in rice seedlings under different chilling treatments by using standards of phenols. In general, most phenolic compounds showed confusing trends in the two groups; whereas the total content of phenolic compounds exhibited a significant trend after chilling treatment. In detail, it decreased between 12 and 36 h and then returned to the normal level at 48 h in group Q; whereas levels in Y showed a rising trend as the chilling time increased, reaching the highest value at 36 h (Table 3).



TABLE 3. Contents of 10 phenolic compounds in methanol extracts from rice seedlings (MES) after different chilling treatments (μg g−1 DW).
[image: Table3]

For group Q, the concentrations of gallic acid, protocatechuic acid, and p-coumaric acid increased initially then decreased after chilling treatment. However, the concentrations of chlorogenic acid and caffeic acid decreased first then increased. Moreover, the concentrations of rutin, ferulic acid, and salicylic acid increased from 193.83, 111.65, and 20.17 μg g−1 DW to 217.59, 141.54, and 51.43 μg g−1 DW at 48 h, respectively.

For group Y, gallic acid and caffeic acid were major phenol acids under chilling treatment, whose concentration reached the maximum value at 36 h, increasing by 865.32 and 60.80%, respectively. Levels of protocatechuic acid and kaempferol decreased first then increased after chilling treatment. Meanwhile, the levels of phenolic compounds with a lower concentration decreased and changed little at 0–48 h, namely chlorogenic acid, p-coumaric acid and cinnamic. Levels of ferulic acid and salicylic acid increased from 94.49 and 92.27 μg g−1 DW to 122.78 and 112.38 μg g−1 DW at 48 h, respectively.




DISCUSSION

Rice is a staple food in some Asian countries and it is widely distributed all over the world (Gennari et al., 2019). In general, rice can be classified into japonica (cold-tolerant varieties) and indica (cold-sensitive varieties). Phytochemical content dynamics, especially with respect to antioxidant substances, are rarely reported for these two varieties under chilling treatment (Zhu et al., 2017). It is important to increase antioxidant concentrations in order to enhance the potential value of rice. Previous reports have revealed that seedling juices and extracts from rice seedlings exhibit a certain antioxidant capacity (Gennari et al., 2019). The results of our study showed that Y (cold-sensitive variety) contained higher levels of antioxidants compared to Q (cold-tolerant variety), with the maximum value in group Y occurring after chilling for 36 h; this indicates that Y has the potential to be utilized as a healthy food choice (Figures 1A,B).

Zhang et al. (2016) reported that the content of polyphenols (phenols and flavonoids) increased in rice seedlings under low temperatures, and that phenols might act as antioxidants to scavenge free radicals generated under chilling stress. Kyriacou et al. (2019) examined 13 common microgreen species in terms of compositional variation. Results showed that phenolic composition (phenols and flavonoids) exhibited high antioxidant capacity, ranging from 691 to 5920 μg g−1 DW. In our study, higher total phenols and flavonoids were observed in the rice seedlings of Y after chilling treatment, and phenolic compounds reached 5671.38 μg−1 DW at 36 h (Figure 2A), which indicates that Y might be considered as a novel functional food with desirable properties from the perspective of healthy lifestyles. Additionally, low temperature plays an important role in plants during the growth period: it can induce the production of reactive oxygen species (ROS), which may activate phenol biosynthesis-related genes in plants (Chinnusamy et al., 2007). In this study, phenols occurred at a higher level after chilling treatment which suggests that further research exploring chilling optimization (in terms of time and temperature) for maximizing phenol content, would be valuable (Figure 2A).

Chlorophyll is widely present in plants, and it has been found in seedling juices from barley (Zhou et al., 2020). Chlorophyll has a similar structure to hemoglobin, and could be used as a substitute for it in clinical contexts (Zhou et al., 2020). Chlorophyll is also used in drinks in some Thai cultivars of rice seedlings with content between 0.07 and 0.8% solids (Wiwat and Suthaya, 2016). It has been reported that barley seedling juices have a clinically beneficial effect in terms of hemoglobin when eaten as an adjuvant over 1 year (Li et al., 2019).

Anthocyanins, obtained from botanical extracts, are a class of flavonoids which include a heterocyclic ring and two aromatic rings; these endow them with significant antioxidant potential to scavenge ROS (Banerjee et al., 2020). For this reason, ACNs might be a better choice instead of synthetic antioxidants. Moreover, some researchers have reported that ACNs can increase the stability of protein-based colloidal systems by combining with proteins through covalent and non-covalent bonds (Pham et al., 2019). ACNs could also shield lipids from oxidation, especially unstable fatty acids, by forming interfacial barriers (Elias et al., 2008). ACNs extracted from rice could be used as natural antioxidants (Yi et al., 2020).

Polyphenols including phenolic acid and flavonoids are well-known as a class of important secondary metabolites; gallic acid, p-coumaric acid, and vanillic acid are soluble free or conjugated in rice (D’Amato et al., 2018). In our study, polyphenols were more abundant in Y compared to Q; and gallic acid, caffeic acid, and rutin showed obvious differences between the two groups (Table 3). Gallic acid and caffeic acid were major phenols existing in group Y, while rutin was only identified in group Q (Table 4).

Gallic acid is the dominant phenolic acid in most plants and is of great importance for growth and development (Chao et al., 2018). Gallic acid is considered as a bioactive metabolite in plants with anti-oxidation, antibacterial, and anticancer properties (Chao et al., 2018). However, its antioxidant property has been of particular interest to researchers (Ahmed et al., 2018). Gallic acid is applied as a raw material to produce trimethoprim which is widely used for treating prostatitis and urinary tract infections (Fernandes and Salgado, 2015). It is also used as a preservative in food and beverages mainly because of its free radical scavenging ability (Fernandes and Salgado, 2015).

Caffeic acid is abundant in nature and exhibits anti-oxidation behavior (Khan et al., 2016). It is found in significant quantities in plants, such as rice, coffee, fruit, vegetables, and tea (Choi et al., 2017; Liu et al., 2019). In general, free radicals produced in humans can damage DNA, proteins, and cells, which lead to pathophysiological disturbances (Liu et al., 2019). Foods rich in caffeic acid exhibit antioxidant capacity with the potential to scavenge free radicals (Khan et al., 2016). Moreover, caffeic acid is widely applied as an antioxidant to promote hematopoiesis and hemostasis (Lee and Back, 2019).

The level of rutin content exhibited an obvious increasing trend in group Q but it was not detected in Y (Table 3). Rutin is extracted from natural resources such as oranges, grapes, and limes (Akanksha et al., 2016). Rutin is known as a flavonoid and considered as vitamin P, which acts as a vital bioactive compound in plants (Akanksha et al., 2016). Furthermore, previous studies have reported that rutin has an antihyperglycemic effect by preventing the small intestine from absorbing carbohydrates and stimulating beta cells to secrete insulin (Bijou-Adaze et al., 2018). In addition, some reports show that rutin, as an antioxidant, plays an important role in neurodegenerative diseases, such as Alzheimer’s disease, Parkinson’s disease, and Huntington’s disease (Bijou-Adaze et al., 2018).



CONCLUSION

The concentrations of total phenols, flavonoids, chlorophyll, and anthocyanins were quantified in two varieties of rice seedlings (Q and Y groups) after exposure to chilling treatments spanning different durations. Further, antioxidant activity was measured by DPPH and FRAP assays. Under chilling treatment, the concentrations of these phytochemicals increased to a greater extent in group Y compared to group Q, with the maximum value occurring after 36 h in group Y. An effective method was also provided for the detection of 10 phenolic compounds extracted from rice seedlings.

The results show that phytochemicals such as phenols, flavonoids, chlorophyll, and anthocyanins were abundant in the seedlings from group Y. Higher antioxidant activity was also observed in Y after chilling treatment. Therefore, Y seedlings could be considered for developing functional foods or novel sources of antioxidants; meanwhile, chilling treatment can be used to increase the antioxidants in rice seedlings to optimize product efficacy.
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The monolignols, p-coumaryl, coniferyl, and sinapyl alcohol, arise from the general phenylpropanoid biosynthetic pathway. Increasingly, however, authentic lignin monomers derived from outside this process are being identified and found to be fully incorporated into the lignin polymer. Among them, hydroxystilbene glucosides, which are produced through a hybrid process that combines the phenylpropanoid and acetate/malonate pathways, have been experimentally detected in the bark lignin of Norway spruce (Picea abies). Several interunit linkages have been identified and proposed to occur through homo-coupling of the hydroxystilbene glucosides and their cross-coupling with coniferyl alcohol. In the current work, the thermodynamics of these coupling modes and subsequent rearomatization reactions have been evaluated by the application of density functional theory (DFT) calculations. The objective of this paper is to determine favorable coupling and cross-coupling modes to help explain the experimental observations and attempt to predict other favorable pathways that might be further elucidated via in vitro polymerization aided by synthetic models and detailed structural studies.

Keywords: lignin, hydroxystilbene glucosides, density functional theory, quinone methides, rearomatization


INTRODUCTION

Lignin is canonically formed by the oxidation and polymerization of p-coumaryl, coniferyl, and sinapyl alcohols derived from the general phenylpropanoid biosynthetic pathway (Ralph et al., 2019; Vanholme et al., 2019). Increasingly, however, it is being found that other phenolic compounds, formed either naturally or through genetic modifications, can behave as true lignin monomers and are incorporated into the polymer during lignification of plant cell wall. As of a 2019 review, 35 phenolic monomers had been found in natural lignins (Vanholme et al., 2019). These monomers, like the cinnamyl alcohols, arise through the general phenylpropanoid pathway (del Río et al., 2020), and include monolignol acetates (del Río et al., 2007), benzoates (Kim et al., 2020), p-hydroxybenzoates (Lu et al., 2015), p-coumarates (del Río et al., 2008) and ferulates (Karlen et al., 2016), caffeyl alcohol (Chen et al., 2012), 5-hydroxyconiferyl alcohol (Ralph et al., 2001), hydroxycinnamaldehydes, and dihydroconiferyl alcohol (Ralph et al., 1997). In addition to these, there have been recent reports of phenolic compounds that are fully incorporated into the lignin polymer, produced through hybrid processes that combine the phenylpropanoid and acetate/malonate ketide or the amino acid pathway (del Río et al., 2020). To date, the lignin monomers that have been identified include flavonoids and hydroxystilbenes, that are produced by the former biosynthetic pathway, and hydroxycinnamic amides that are formed by the latter pathway.

The flavone tricin was the first lignin monomer discovered that comes from one of these hybrid metabolic pathways. Tricin was initially identified in wheat straw lignin, but appeared in the lignin of all commelinid monocotyledons examined (del Río et al., 2012; Lan et al., 2015, 2016b). Tricin and monolignols were found to cross-couple in vitro via 4′−O−β coupling, and tricin was found in a high molecular weight fraction of isolated maize lignin (Lan et al., 2016a). Subsequently, tricin has been reported to be widely distributed in the lignins of monocotyledons and the amounts of tricin incorporated into the lignin are greater than the readily extractable levels, possibly leading to a new source for a valuable chemical (Lan et al., 2016b). The isolation of metabolites from lignifying tissue in maize revealed cross-coupling between tricin, monolignols and the γ-acylated derivatives thereof (Lan et al., 2016a). Although such structures are known to occur as flavonolignans, it was found that these isolates were racemic rather than optically active, providing additional evidence for tricin-lignin cross-coupling, leading to the term “tricin-oligolignols” and flavonolignins.

Among the hydroxycinnamic amides, feruloyltyramine was identified in several plants of the Solanaceae, including tobacco and potato tubers, and were reported to couple with lignin models through 8−O−4′ and 8−5′ linkages (Negrel et al., 1996; Ralph et al., 1998; Kudanga et al., 2009; del Río et al., 2020). Likewise, the presence of diferuloylputrescine was detected in the lignin of maize grain fibers (del Río et al., 2018). Diferuloylputrescine can be oxidized by peroxidases, and homo-coupling and cross-coupling reactions with ferulates and monolignols are proposed to occur through the 4−O-, 5- and 8-positions. Indeed, an 8−5′ phenylcoumaran linkage has been identified, with a preliminary assignment of an 8−O−4′ bond.

The hydroxystilbenes piceatannol and, to a lesser extent, resveratrol and isorhapontigenin, have been found in lignins isolated from palm fruit endocarps (del Río et al., 2017). Piceatannol was released from the isolated lignins by DFRC (derivatization followed by reductive cleavage) (Lu and Ralph, 1997), indicating its incorporation into the polymer. Piceatannol can homo-couple and cross-couple with monolignols, through 8−O−4′ and β−O−4′ linkages, forming benzodioxane rings after the post-coupling rearomatization reactions involving internal trapping of the quinone methide intermediate. Homo-coupling can occur throughout the extended conjugated system, including producing 8−10′-coupled units resulting in a phenylcoumaran ring. Additionally, β−8′ cross-coupling has been proposed as a feasible reaction, but to date this linkage has not been identified in the lignin.

The subject of the current paper, hydroxystilbene glucosides, have been recently reported to occur in the bark lignin of Norway spruce (Rencoret et al., 2019). The hydroxystilbene glucosides, astringin (piceatannol-O-glucoside), piceid (resveratrol-O-glucoside), and isorhapontin (isorhapontigenin-O-glucoside), are substrates for peroxidases, resulting in phenoxy radicals in which there can be considerable delocalization of the unpaired electron as in their respective aglycones (Elder et al., 2019), and as shown in Figure 1, leading to numerous possible interunit linkages arising from homo- and cross-coupling of hydroxystilbene glucosides and monolignols. Results from nuclear magnetic resonance (NMR) spectroscopy on lignin fractions isolated from Norway spruce bark revealed the presence of G-lignin, small amounts of H-lignin, and hydroxystilbenes. In addition, signals for glucose were observed, verifying the presence of hydroxystilbene glucosides. Furthermore, the glucosylation was shown to occur through a phenolic position on the resorcinol ring of the hydroxystilbenes, i.e., on phenols that are not involved in extended conjugation and are therefore not involved in traditional radical coupling. NMR has shown coupling of hydroxystilbene glucosides to produce benzodioxane and phenylcoumaran units. With respect to the latter, a phenylcoumaran structure arising from 8−10′ coupling was conclusively identified in the lignin from Norway spruce bark. Although other possible phenylcoumaran structures arising from other linkages (i.e., 8−5′ and 8−12′) could occur, their identification is difficult due to the similarities in NMR signals. Cross-coupling of astringin and coniferyl alcohol to produce benzodioxane units within the lignin polymer has also been reported. Additional evidence for the incorporation of hydroxystilbene glucosides into the lignin of Norway spruce bark was provided by Diffusion-ordered Spectroscopy, that confirmed that they were part of the polymer.
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FIGURE 1. Structures of hydroxystilbene glucosides and spin density plots, in which the blue spheres represent regions of unpaired electron density.


Based on these observations, the objective of the current work is concerned with evaluating and comparing the thermodynamics of the proposed coupling reactions to determine if there are differences between coupling modes of the hydroxystilbene glucoside reactants. This will be accomplished by the application of contemporary methods in computational chemistry. Such methods have been applied to the general chemistry of lignin (Sangha et al., 2012, 2014; Younker et al., 2012; Berstis et al., 2016; Elder et al., 2016; Gani et al., 2019) and more specifically to novel lignin monomers (Elder et al., 2019, 2020).



MATERIALS AND METHODS

The reactions to be assessed are as shown in Figures 2, 3. Figure 2A illustrates the initial dehydrogenation step, essential for any inclusion into the lignin polymer. Calculations were carried out on astringin, piceid, and isorhapontin. Figures 2B–E represent coupling reactions between the hydroxystilbene glucosides through different linkages. Figure 2B shows quinone methide formation resulting from 8−O−4′ coupling between two astringin free radicals or an astringin and an isorhapontin radical, both of which rearomatize to the benzodioxane products. The reactions depicted in Figures 2C–E are combinations between coupling of an astringin (or isorhapontin) radical and another astringin (or isorhapontin) radical, as discussed in Rencoret et al. (2019). The cross-coupling reactions depicted in Figure 3 all involve the coniferyl alcohol radical cross-coupling with an astringin (Figure 3A) or an isorhapontin radical (Figures 3B,C).


[image: image]

FIGURE 2. (A) Dehydrogenation reactions of hydroxystilbene glucosides and resonance forms of the radicals, (B) 8−O−4′ homo-coupling of astringin (R=OH), and cross-coupling of astringin and isorhapontin (R=OMe), (C) 8−10′ homo-coupling of astringin (R=OH) and isorhapontin (R=OMe), (D) 8−5′ homo-coupling of astringin (R=OH) or isorhapontin (R=OMe), (E) 8−12′ homo-coupling of astringin (R=OH) or isorhapontin (R=OMe). (Adapted from Rencoret et al., 2019).
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FIGURE 3. (A) 4′−O−β Cross-coupling of coniferyl alcohol and astringin, (B) 4′−O−β cross-coupling of coniferyl alcohol and isorhapontin, (C) 5′-β cross-coupling of coniferyl alcohol and isorhapontin. (Adapted from Rencoret et al., 2019).


Given the size and numerous rotational degrees of freedom within these structures, the first step in the analysis was a conformational search using a 1000 step Monte Carlo procedure and MMFF (Merck Force Field) minimization. The lowest 100 energy conformers, within a 40 kJ mol–1 window were subsequently optimized at the HF/3−21∗ level of theory. These calculations were performed as implemented in Spartan’18 (“Spartan’18, 2019”). An automated version of this approach has been described (Hehre et al., 2019) in which accurate Boltzmann weighting of conformationally flexible molecules was reported. The 10 lowest energy conformations were next refined using the M06−2X density functional theory (DFT) method and the 6−31+G(d) basis set, with the GD3 empirical dispersion correction. The lowest energy conformation from this step was further optimized with M06−2X/6−311++G(d,p), the GD3 correction, and frequency calculation to verify the identification of a stationary point and to extract thermal corrections for enthalpy and Gibbs free energy at 298.15 K. All DFT calculations were performed using Gaussian 16 (Gaussian 16 et al., 2019). The default optimization criteria were used throughout. All calculations were done in gas phase. As all reactants and products are uncharged, the solvent effect on the energetics is expected to be minor.



RESULTS AND DISCUSSION

The first step in any of these coupling reactions is, of necessity, the initial dehydrogenation step, the results of which are shown in Table 1. For comparison purposes the hydroxystilbenes are included as well. The differences among the hydroxystilbene glucosides are small, with a range of 0.4 kcal mol–1 for Gibbs free energy, in the order astringin > isorhapontin > piceid. For comparison purposes the differences among the hydroxystilbenes are slightly greater at 1.5 kcal mol–1 for Gibbs free energy, with the same ordering as for the corresponding hydroxystilbene glucosides. These values are not inconsistent with the bond dissociation energy for coniferyl alcohol, such that the dehydrogenation of the hydroxystilbene glucosides would not represent a thermodynamic obstacle to their incorporation into the lignin polymer.


TABLE 1. Gibbs free energy for dehydrogenation reactions.
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Reactions of the Hydroxystilbene Glucosides


Quinone Methide Formation

The 8−O−4′ coupling reactions between two astringin radicals and by astringin-isorhapontin radicals are shown in Figure 4, in which homo-coupling of astringin is found to be slightly (2.2 kcal mol–1) more exergonic than cross-coupling of astringin with isorhapontin. Both of these reactions are, however, less exergonic than the analogous homo-coupling of piceatannol at −24.7 kcal mol–1 (Elder et al., 2019).
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FIGURE 4. Quinone methide formation of 8–O–4′ coupling and rearomatization reactions of homo-coupled astringin and cross-coupled astringin-isorhapontin.


Due to electron delocalization (Figures 1, 2A) the hydroxystilbene glucosides astringin and isorhapontin can also couple through 8−10′, 8−5′, and 8−12′ linkages, as shown in Figures 2B–E. The Gibbs free energies of reaction for these couplings are as shown in Figures 5, 6. The homo-couplings of astringin (Figure 5) are uniformly more exergonic than isorhapontin (Figure 6). For both hydroxystilbene glucosides, the quinone methides formed by 8−10′ and 8−12′ coupling are less exergonic than from the 8−5′ coupling. This is probably due to greater retention of aromaticity in the 8−5′ reaction. It can be seen that the exergonicity of the 8−10′ and 8−12′ isorhapontin quinone methides are quite low, but these results are consistent with the 8−10′ homo-coupling of piceatannol (Elder et al., 2019). It will also be noticed that these reactions generate two chiral centers. There are small differences in energy with stereochemistry. Among the stereoisomers of the astringin quinone methides the RS/SR of the 8−10′ is 1.4 kcal mol–1 more stable, the RR/SS of the 8−5′ is 2.0 kcal mol–1 more stable and the RR/SS of the 8−12′ is 0.9 kcal mol–1 more stable than the other stereoisomers (Figure 5). The stereoisomers of the isorhapontin quinone methides (Figure 6) are slightly more variable with the RS/SR of the 8−10′ 2.8 kcal mol–1 more stable, the RS/SR of the 8−5′ 0.2 kcal mol–1 more stable and the RR/SS of the 8−12′ 1.7 kcal mol–1 more stable than the other stereoisomers (Figure 6). These values do not differ markedly from those found for the 8−10′ quinone methides of piceatannol in which the RS/SR stereoisomer is 1.2 kcal mol–1 more stable (Elder et al., 2019). Given that the definition of “chemical accuracy” can vary from 1 to 2 kcal mol–1 (Lewars, 2011; Foresman and Frisch, 2015) and the thermochemical accuracy of M06−2X can range from 0.37 to 1.32 kcal mol–1 across a range of datasets (Zhao and Truhlar, 2008), predicting the reaction preferences for the various stereoisomers based on energy cannot be determined within the accuracy of the method.
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FIGURE 5. Quinone methide formation of 8−10′, 8−5′, and 8−12′ homo-coupled astringin.
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FIGURE 6. Quinone methide formation of 8−10′, 8−5′, and 8−12′ homo-coupled isorhapontin.




Rearomatization

The Gibbs free energy of rearomatization for the 8−O−4′ coupled quinone methides are shown in Figure 4. Among these, the most exergonic involves the formation of the RS/SR (cis) stereoisomer of homo-coupled astringin, which is 5.6 kcal mol–1 more stable than the RR/SS stereoisomer. The rearomatization of homo-coupled isorhapontin has free energies of about −31 kcal mol–1 for both stereoisomers that differ by only 1.4 kcal mol–1, with the RS/SR (cis) isomer being the more stable. Both of these values are more exergonic than the analogous reaction of piceatannol, which has a value of ∼20 kcal mol–1, in which the trans isomer is slightly (0.8 kcal mol–1) more stable, in agreement with NMR results (del Río et al., 2017; Elder et al., 2019).

The rearomatization energies for 8−10′, 8−5′, and 8−12′ homo-coupled astringin quinone methides are shown in Figure 7. As the nucleophilic trapping reaction can occur of either side of C-α, both stereoisomers of the quinone methides can produce both stereoisomers of the products. The energies of rearomatization mirror the stability of the quinone methides, with the less stable 8−10′ and 8−12′ reactants exhibiting markedly higher exergonicity. The effect of stereochemistry on product stability is somewhat variable with the 8−10′ coupling exhibiting the largest (4.0 kcal mol–1) and 8−12′ the smallest (0.2 kcal mol–1) differences with the cis isomer more stable in each case. The stereoisomers of the 8−5′ coupled products differ by 3.4 kcal mol–1 with the trans phenylcoumaran isomer being the more stable as has been noted previously (Li et al., 1997; Ralph et al., 2009). The rearomatization of the 8−10′, 8−5′, and 8−12′ homo-coupled isorhapontin quinone methides (Figure 8) are uniformly more exergonic than the astringin analogs. The trans isomers of the 8−10′ and 8−12′ are the more stable, by 3.3 and 1.4 kcal mol–1, respectively, whereas the cis isomer of the 8−5′ product is the more stable by 1.1 kcal mol–1. For comparison purposes, the rearomatization energy of 8−10′ homo-coupled piceatannol quinone methides ranges from −51.3 to −54.5 kcal mol–1 (Elder et al., 2019), which is in general agreement with the current work.
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FIGURE 7. Rearomatization of 8−10′, 8−5′, and 8−12′ homo-coupled astringin quinone methides.
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FIGURE 8. Rearomatization of the 8−10′, 8−5′, and 8−12′ homo-coupled isorhapontin quinone methides.




Cross-Coupling Reactions of Hydroxystilbene Glucosides and Coniferyl Alcohol


Quinone Methide Formation

The cross-coupling reactions of hydroxystilbene glucoside and coniferyl alcohol radicals to form quinone methides are shown in Figure 9. The 4′−O−β couplings (Figures 9A,B) have energies of reaction of −29.8 and −25.1 kcal mol–1 for astringin and isorhapontin, respectively. These values are somewhat more exergonic, but compare reasonably well with the cross-coupling reaction of piceatannol and coniferyl alcohol, which has an energy of reaction of −24.5 kcal mol–1 (Elder et al., 2019). The 5′–β linked quinone methide made up of isorhapontin and coniferyl alcohol results in the generation of two chiral centers and the finding that the RS/SR stereoisomer is more stable by 2.5 kcal mol–1. Furthermore, the 5′–β coupling reaction is markedly less exergonic than the 4′−O−β couplings, due to the loss of aromaticity in two of the three rings.


[image: image]

FIGURE 9. Quinone methide formation and rearomatization reactions of coniferyl alcohol cross-coupled through (A) 4′−O−β with astringin, (B) 4′−O−β with isorhapontin, and (C) 5′–β with isorhapontin.




Rearomatization

The 4′−O−β astringin-coniferyl alcohol quinone methide rearomatizes through internal trapping of the ortho−OH acting as a nucleophile, resulting in the formation of benzodioxane rings (Figure 9A). The formation of the RR/SS stereoisomer, which is the trans configuration, is 2.0 kcal mol–1 more exergonic. Conversely, due to the presence of the ortho-methoxy group in isorhapontin, rearomatization occurs by the nucleophilic addition of water forming an acyclic product (Figure 9B). Among these, the reaction resulting in the RS/SR (erythro) stereoisomer is slightly (0.8 kcal mol–1) more exergonic. The rearomatization energy of the cross-coupled astringin-coniferyl alcohol free radical is somewhat more exergonic (∼20 kcal mol–1) than the isorhapontin-coniferyl alcohol quinone methide (∼19 kcal mol–1), perhaps due to the ring closure in the former. These are both less exergonic than rearomatization of the cross-coupled piceatannol-coniferyl alcohol quinone methide (∼25 kcal mol–1) (Elder et al., 2019).

As was the case with the homo-coupled quinone methides with carbon-carbon bonds, both stereoisomers of the 5′–β linked isorhapontin-coniferyl alcohol quinone methides can form both stereoisomers of the products (Figure 9C). The energies of reaction of the RS/SR are somewhat (∼3 kcal mol–1) more exergonic due the lower stability of the quinone methide and the similarity in stability of the products. With respect to the latter, the energies of the products only differ by 0.8 kcal mol–1, with the RS/SR (trans) stereoisomer being the more stable.



SUMMARY

To summarize, in the formation of 8−O−4′ couplings, the hydroxystilbene glucoside quinone methides were less exergonic than the corresponding piceatannol reaction, but the rearomatizations were more exergonic, such that overall, the energies of reaction are not dissimilar. Among the carbon-carbon linkages (8−10′, 8−5′, and 8−12′), the homo-coupled astringin quinone methides have energies of reaction that are substantially more exergonic than the homo-coupled isorhapontin quinone methides, whereas the rearomatizations are fairly similar in this regard. In addition, due to decreased aromaticity, the 8−10′ and 8−12′ quinone methides are markedly less stable than the 8−5′ linkage. The results for 8−10′ homo-coupled isorhapontin are consistent with the analogous reactions of homo-coupled piceatannol. Although somewhat variable, there do not appear to be any reactions of the hydroxystilbene glucosides that would be thermodynamically precluded, such that the couplings under consideration should occur readily.

Cross-coupling of astringin and coniferyl alcohol through a 4′−O−β linkage is somewhat more exergonic than the isorhapontin-coniferyl alcohol cross-coupling, due to the formation of a benzodioxane ring in the former. The energies of reaction of astringin and coniferyl alcohol via the 4′−O−β linkage are quite similar to cross-coupling of piceatannol and coniferyl alcohol, which also results in a benzodioxane ring. The reaction resulting in 5′−β cross-coupled of isorhapontin and coniferyl alcohol quinone methides is less exergonic than the 4′−O−β reactions, due to the increased disruption of aromaticity, while the rearomatization is more exergonic because of the ring closures.

As of this writing, the cross-coupling of astringin with coniferyl alcohol to form a benzodioxane unit has been detected experimentally (Rencoret et al., 2019). The other proposed cross-coupled products of the hydroxystilbene glucosides with coniferyl alcohol in the lignin of Norway spruce bark have not been definitively identified yet, but the current results show that there should be no thermodynamic impediments to the reactions and formation of such structures.



CONCLUSION

Hydroxystilbene glucosides have been identified in the lignin of Norway spruce and, based on NMR experiments, homo-coupling, and cross-coupling with coniferyl alcohol are observed. Furthermore, their incorporation into the lignin polymer has been confirmed by Diffusion-ordered spectroscopy. Among the possible coupling modes the 8–10′ linkage has been definitively identified. Other possible linkages forming phenylcoumarans have been proposed but not confirmed due to similarities with other NMR signals. Evidence for cross-coupling with coniferyl alcohol, producing benzodioxane units has also been clearly shown.

Based on these observations, the current work has applied contemporary methods in computational chemistry to an assessment of the energetics of radical coupling and rearomatization reactions for homo- and cross-coupling. In addition to the linkages that have been experimentally verified, additional probable combinations were considered. Among these results it is interesting to note that the radical coupling reaction to form the 8–10′ linkage, that has been spectroscopically identified, is less exergonic than other products that have not yet been confirmed. It has also been found that the energetics of the latter linkages are similar to those for other lignin monomers and monolignols. It can therefore be concluded that there should be no thermodynamic impediment to these coupling modes and the incorporation of hydroxystilbene glucosides into the lignin polymer.
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Overexpression of SlGATA17 Promotes Drought Tolerance in Transgenic Tomato Plants by Enhancing Activation of the Phenylpropanoid Biosynthetic Pathway
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GATA transcription factors (TFs) are widely distributed in eukaryotes. Some GATA TFs have been shown to be related to photosynthesis, germination, circadian rhythm, and other functions in plants. Our previous study found that some members of this family have obvious responses when tomato plants are subjected to drought stress, in which the SlGATA17 gene is significantly upregulated. To further verify the function of this gene under drought stress, we constructed tomato lines with this gene overexpressed. Phenotypic and physiological indicators indicated that the SlGATA17-overexpressing plants were more drought tolerant than the wild-type plants. Transcriptomic sequencing results showed that the overexpression of the SlGATA17 gene improved the activity of the phenylpropanoid biosynthesis pathway. The PAL enzyme activity assay results confirmed that the initial activity of this pathway was enhanced in transgenic plants, especially in the initial response stage, indicating that the SlGATA17 gene regulates the drought resistance of tomato plants by regulating the activity of the phenylpropanoid biosynthesis pathway.
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INTRODUCTION

Tomato (Solanum lycopersicum L.) is one of the most widely cultivated and economically important crop plants worldwide. Tomato is also a model system in plant research. Because tomatoes are sensitive to drought stress, they need sufficient water to grow. For example, drought will lead to a decrease in tomato yield, an increase in disease, and a decrease in fruit quality. Therefore, improvement in the drought resistance of tomato varieties is important. Transcription factors (TFs) are proteins that bind to DNA-regulatory sequences to modulate the rate of gene transcription, which plays an important role in plant growth and stress regulation. Studies have shown that multiple family TFs are involved in drought resistance regulation in tomato. A study has shown that JUNGBRUNNEN1, a TF of the NAC family, enhances drought tolerance in tomato (Thirumalaikumar et al., 2018). Zhao et al. found that downregulating the expression of the ZF-HD TF, SL-ZH13, decreases the drought tolerance of tomato (Zhao et al., 2019). The heat-shock TF, HsfA1a, plays a positive role in the induction of autophagy under drought stress in tomato tolerance to drought stress (Wang et al., 2015).

GATA TFs are major transcriptional regulators that are widely distributed in eukaryotes (Nutan et al., 2020). GATA TFs play important roles in many developmental processes and regulate gene transcription by binding to the (A/T)GATA(A/G) consensus sequence (Reyes et al., 2004). The DNA-binding domain of GATA TFs is constituted by one or two type IV zinc fingers in the form of CX2CX17–20CX2C (C, cysteine; X, any residue) followed by a highly basic amino acid stretch (Lowry and Atchley, 2000). Genes of the GATA family have been identified in several species as follows: 64 GATA genes in soybeans (Zhang et al., 2015); 29 and 28 GATA genes in Arabidopsis and rice, respectively (Reyes et al., 2004); 39 putative GATA genes in Populus (An et al., 2020); and 30 GATA genes in tomato (Yuan et al., 2018).

The GATA genes have many regulatory functions. In Arabidopsis, the GATA zinc finger protein, CONSTANS (Putterill et al., 1995), and its homologous genes in rice (Song et al., 1998) and perennial ryegrass (Martin et al., 2004) are related to photoperiodic control of flowering. Previous observations have shown that GATA motifs are enriched in promoters of genes controlled by circadian rhythms and light-regulated genes (Argüello-Astorga and Herrera-Estrella, 1998). According to Berger et al. (2006), AreA from the fungus Aspergillus nidulans is a key GATA regulator of nitrogen signaling. Liu et al. (2005) indicated that the GATA zinc finger protein, BME3, is a positive regulator of seed germination in Arabidopsis seeds. In addition, one study has demonstrated that the GATA TF, TaGATA1, is also associated with biotic stress. It has been shown that overexpression of TaGATA1 significantly enhances the resistance of wheat to Rhizoctonia cerealis, whereas silencing TaGATA1 suppresses the resistance (Liu et al., 2020). Thus, these findings indicate that GATA genes play an essential role in a wide array of biological processes.

In our previous study, systematic bioinformatics analysis was conducted on 30 members of the GATA family in the tomato genome. By analyzing the stress response patterns of the expression of these genes, we found that some of the genes in this family responded significantly to drought stress, especially the SlGATA17 gene. The expression of SlGATA17 was rapidly upregulated in the early stage under drought stress (Yuan et al., 2018). However, no genetic evidence for the roles of GATA TFs in drought responses has been reported in plants. Therefore, a SlGATA17 tomato transgenic line was constructed in this study to further verify the function of this gene in the regulation of drought resistance in tomato and to elucidate its regulatory pathway. We verified the drought-resistant ability of this gene and found the pathways of differential response regulated by SlGATA17 transcriptomic sequencing analysis. This work laid the foundation for the study of the precise regulatory mechanism of this gene and provided a reference for the breeding of resistant tomato varieties.



MATERIALS AND METHODS


Plant Materials and Treatment

The “Micro-Tom” tomato cultivar used for the Agrobacterium tumefaciens–mediated transformation experiment was obtained from the tomato Research Institute (Northeast Agricultural University, Harbin, China). Tomato plants, including the transgenic tomato lines and wild-type (WT) tomato plants, were grown on soil in a phytotron with 16-h light/8-h dark cycles and 60% relative humidity at 28 and 20°C, respectively. Three WT plants were sprayed with 100 mg/L, 0.1 mmol/L, and 0.4 mmol/L solutions of abscisic acid (ABA), jasmonic acid (JA), and salicylic acid (SA), respectively, and SlGATA17 expression was then measured at different time points after treatment using quantitative reverse transcriptase–polymerase chain reaction (qRT-PCR). Plants at the 5–8-leaf stage were subjected to drought stress. Plants were removed from the soil, and roots were cleaned. Then, roots were soaked in PEG 6,000 solution (15% PEG solution). Leaves were collected and frozen in liquid nitrogen at different time points (0, 3, and 6 h) after treatment. Three biological replicates were performed for each time point.



Gene Cloning and Phylogenetic Analysis of the SlGATA17 Gene Family

Total RNA was extracted from sampled leaves of Micro-Tom seedlings using TRIzol reagent (TRIzol; Invitrogen, Shanghai, China) according to the manufacturer’s instructions. First-strand cDNA was synthesized using a RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher scientific, Waltham, MA, United States) according to the manufacturer’s instructions. The target sequence of the DNA was amplified with specific primers designed by Primer 5.0 software. After amplification, the cDNA fragment was cloned into the digested vector and sequenced by Beijing Genomics Institution (BGI). The protein structure was analyzed using SMART1. All GATA gene sequences were downloaded from the NCBI database, and the GATA family phylogenetic relationships of all GATA genes in tomato were analyzed using the NJ method with bootstrapping analysis (1,000 replicates).



Subcellular Localization of SlGATA17

The cDNA of SlGATA17 (Solyc05g056120.2.1) without the stop codon was amplified using the SlGATA17–green fluorescent protein (GFP)-F/SlGATA17-GFP-R primer pair (Supplementary Table S1) and cloned into the pCAMBIA2300-GFP vector under the control of the 35S promoter to produce SlGATA17-GFP by SmaI and SalI restriction digestion. Leaves of Nicotiana benthamiana plants were infiltrated with the Agrobacterium strain, GV3101, with a recombinant plasmid containing a GFP fusion gene and a control plasmid containing GFP alone. GFP fluorescence expressed in epidermal cells was detected using a confocal microscope (Leica TCS SP8, Germany) at 36 h after infiltration.



Transcriptional Activation Analysis in Yeast

SlGATA17 transactivation was investigated using a yeast system. The complete CDS, segments A and B of SlGATA17 (Solyc05g056120.2.1), were amplified by the SlGATA17-F/R, A-SlGATA17-F/R, and B-SlGATA17-F/R primers (Supplementary Table S1), which were tailed with BamHI and EcoRI restriction sites, and ligated into the pGBKT7 vector to generate the SlGATA17-pGBKT7 constructs. pGBKT7-53 + pGADT7-T, as a positive control, and pGBKT7-Lam + pGADT7-T, as a negative control, were transformed into the Y2Hgold yeast strain. These transformants were then grown on SD/–Leu/–Trp/–His with X-α-Gal medium at 30°C for 3 days.



Generation of Transgenic Plants

The full-length cDNA of SlGATA17 (Solyc05g056120.2.1) was cloned with the SlGATA17-F/SlGATA17-R primers. The amplified products were digested and cloned into the pCAMBIA2300 plant binary vector to construct an overexpression vector. Transgenic plants were generated by previously published Agrobacterium-mediated transformation methods (Van Eck et al., 2006). The transgenic lines were screened through kanamycin selection and validated by a qRT-PCR assay. The SlGATA17 primers used for qRT-PCR are shown in Supplementary Table S2.



Physiological Index Measurement

To visualize reactive oxygen species (ROS) accumulation in plants, a nitroblue tetrazolium (NBT) assay was performed according to Rao and Davis (1999), and 3,3′-diaminobenzidine (DAB) staining was performed according to Ramel et al. (2009). We measured the weight of fresh leaves of each sample before drying (W1) and the weight of dried leaves of each sample (W2). The moisture content was calculated using the following formula: moisture content (%) = [image: image]. SOD activity was measured using the SOD test kit (SOD-1-Y, Comin, China) and the POD test kit (POD-1-Y, Comin, China). MDA and Pro contents were measured using the MDA test kit (MDA-1-Y, Comin, China) and Pro test kit (PRO-1-Y, Comin, China), respectively. Three biological replicates were performed.



RNA Isolation and qRT-PCR Analysis

Total RNA for the qRT-PCR assay was extracted using TRIzol reagent (Life Technologies). First-strand cDNA was synthesized using the M-MLVRTase cDNA synthesis kit (Takara, Dalian, China) according to the manufacturer’s instructions. qRT-PCR was performed using the ChamQ Universal SYBR qPCR Master Mix (Vazyme, Nanjing, China) and the iQ5 system. The 2–ΔΔCT method was used to calculate the relative gene expression (Livak and Schmittgen, 2001). The tomato EFα1 gene was used for normalization.



cDNA Library Construction and Sequencing

Samples of WT and both overexpression lines were collected at 0, 3, and 6 h under drought stress and used for RNA-seq analysis. Samples from overexpression lines were mixed for sequencing. The extracted total RNA was sent to BGI (Shenzhen, China) for high-throughput RNA sequencing. First, mRNA with an incorporated polyA tail was enriched with oligo-dT magnetic beads. The obtained mRNA was synthesized into double-stranded cDNA, which was then purified and recovered. The 3′ end of the cDNA was added with a base “A” and adapters. Finally, PCR amplification was performed. Thus, a total of six libraries were constructed, and each library was represented by three biological replications. The libraries were sequenced using paired end Illumina (HiSeq 4,000) sequencing technology.



RNA Sequencing Data Processing, Differentially Expressed Gene Identification, Gene Ontology Analysis, and Kyoto Encyclopedia of Genes and Genomes Analysis

Clean reads were obtained by removing reads containing adapters, and reads with unknown base content greater than 5% and low-quality reads were removed from raw data. The high-quality reads were aligned to the annotated S. lycopersicum reference genome using hierarchical indexing for spliced alignment of transcripts (Kim et al., 2015).

Differential expression analysis to identify the differentially expressed genes (DEGs) was performed using DEseq2 (Li and Dewey, 2011). Genes with an adjusted P < 0.05 and an absolute value of log2 ≥ 1 found by DESeq were assigned as differentially expressed. Gene Ontology (GO) enrichment analysis of the DEGs was implemented by the GOseq R package. KOBAS software was used to test the enrichment of DEGs in Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways (Mao et al., 2005). The data generated for this study can be found in the NCBI database, and the GEO accession number is GSE148530.



Validation of Gene Expression Patterns in the Transcriptome by qRT-PCR Analysis

Fifteen DEGs in the transcriptome were randomly selected, and their expression patterns were verified by qRT-PCR with the method described above. The primers are shown in Supplementary Table S2.



Measurements of Phenylalanine Ammonia Lyase Activity

Phenylalanine ammonia lyase (PAL) activity was measured using a PAL test kit (PAL-1-Y, Comin, China). PAL catalyzes L-phenylalanine decomposition into trans-cinnamic acid and ammonia. trans-Cinnamic acid had the maximum absorption value at 290 nm. PAL activity was calculated by measuring the rate of increase in the absorption value.



RESULTS


Structural and Phylogenetic Analysis of the SlGATA17 Gene

We successfully cloned the full-length sequence of the CDS of SlGATA17, which was 100% consistent with the gene sequence in the Solanaceae Genomics Network. The gene was composed of 1,084 bases and encoded 327 amino acids. Phylogenetic relationships were analyzed for all the GATA family genes in tomatoes, and the GATA family genes of tomatoes were divided into four groups. SlGATA17 belonged to the first group (Supplementary Figure S1).



Expression Patterns of the SlGATA17 Gene Under Different Exogenous Hormones

The expression of SlGATA17 at 1.5, 3, 6, 12, and 24 h and 3 days after ABA, JA, and SA foliar spraying is shown in Figure 1. SlGATA17 was responsive to all three exogenous hormones, but there were differences in its response patterns to different hormones. After ABA and SA treatment, the expression of SlGATA17 was upregulated rapidly in the short term. Then, the expression of SlGATA17 began to decline over time, but the expression of SlGATA17 did not drop below the initial level until 12 h after ABA treatment. However, the expression of SlGATA17 dropped below the initial level at 3 h after SA treatment. After JA treatment, the expression of SlGATA17 was downregulated and was below the initial level, except at 24 h. These findings indicated that the expression of SlGATA17 had a strong response to ABA and SA in the early stage but not to JA.


[image: image]

FIGURE 1. Expression of SlGATA17 induced by exogenous hormones. Error bars represent the SD of triplicate experiments. Vertical bars with * and ** represent significant differences compared with 0 h, analyzed by one-way ANOVA (P ≤ 0.01**/0.05*).




Analysis of TF Characteristics

TFs are generally expressed in the nucleus and have transcriptional activation activity. To ascertain the subcellular localization of SlGATA17, we transformed the SlGATA17-GFP fusion protein and GFP protein into tobacco leaves. As shown in Figure 2, SlGATA17-GFP displayed strong fluorescent signals in the nucleus, whereas the control GFP signal was distributed throughout the cell. We cloned the full-length SlGATA17, the N-terminal segment of SlGATA17 including the conserved domain (segment A), and the C-terminal segment of SlGATA17 including the conserved domain (segment B). The activation activity of full SlGATA17, segment A, and segment B was evaluated using a GAL4 activation system. SlGATA17, segment A, and segment B fully activated the reporter genes in yeast (Figure 3). Same concentration and volume of transformants containing full length, segment A, and segment B of SlGATA17 were spotted on SD/–Leu/–Trp/–His and SD/–Leu/–Trp/–His–Ade medium. The yeast clones containing segment A grew out earlier and more than those containing segment B (Figure 3B). These results suggested that the transcriptional activation activity of segment A is stronger than that of segment B.


[image: image]

FIGURE 2. Subcellular localization of SlGATA17 in tobacco leaf epidermal cells. The four images in each row from left to right are the green fluorescence signal, red fluorescence signal, light-field images, and merged images of the first three.
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FIGURE 3. (A) Results of transformant growth on SD/–Leu/–Trp/–His with X-α-Gal medium. SlGATA17 showed transcriptional activation activity. (B) Full length, segment A and segment B of SlGATA17 transformants grown on SD/–Leu/–Trp/–His and SD/–Leu/–Trp/–His–Ade media. The picture shows that the transcriptional activation activity of segment A was stronger than that of segment B.




Generation of Transgenic Tomatoes

A total of eight tomato transgenic lines with kanamycin resistance were generated from tissue culture and detected by qPCR. Two independent transgenic lines (OE1 and OE5) were confirmed by qRT-PCR. The relative expression levels of SlGATA17 were substantially higher in the OE1 and OE5 transgenic lines than in WT plants (Supplementary Figure S2). The two lines at T2 and subsequent generations were used for further analysis.



Phenotypic Identification Results of Transgenic Plants Under Drought Treatment

After 3 h of drought treatment, the leaf margins of WT plants were slightly curled, but OE1 and OE5 plants did not exhibit any change. After 6 h under drought treatment, WT plants showed the following changes: significant wilting, shriveled leaves, and drooping petioles. However, the leaves of the OE1 and OE5 plants only drooped slightly (Figure 4). These findings indicated that phenotypically, OE plants are more drought-tolerant than WT plants.


[image: image]

FIGURE 4. Phenotype comparison of representative SlGATA17 transgenic tomato plants and WT plants under drought stress.




Results of Physiological Index Measurements

Drought stress generally leads to ROS generation. Thus, DAB and NBT staining was used to detect the accumulation of H2O2 and O2– (superoxide) radicals in leaves under normal and drought stress conditions. Under natural conditions, the difference in the activities of SOD between WT and transgenic plants was insignificant. After 3 and 6 h of drought stress, the amounts of brown precipitate (DAB staining) and blue color products (NBT staining) were greater in WT than in transgenic lines (Figure 5). The water content in the leaves of WT and OE plants increased slightly at 3 h of drought treatment, and there was no significant difference in water content at this time between WT and OE lines. At 6 h, however, the water content of WT and OE plants decreased significantly, and the decrease in water content in OE plants was greater. At 10 h after drought treatment, the difference in moisture content between the WT and OE lines was even more pronounced (Figure 6). As shown in Figure 6, the SOD activity, POD activity, and Pro content increased in both plants after drought stress, but they remained higher in OE plants than in WT plants. The MDA content increased in both WT and OE plants after drought stress but remained lower in OE plants than in WT plants. These results indicated that WT plants are more damaged by drought stress and that OE plants have a stronger ability to resist drought stress.
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FIGURE 5. DAB and NBT staining of tomato leaves. The yellow and blue colors both represent superoxide accumulation.
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FIGURE 6. Water content, Pro content, SOD activity, POD activity, and MDA of WT and OE plants. Error bars represent the SD of triplicate experiments. Vertical bars with * and ** represent significant differences compared with WT at each time point, analyzed by one-way ANOVA (P ≤ 0.01**/0.05*).




Statistical Analysis of Transcriptome Sequencing Data

On average, 6.4 G of data was generated per sample. The details of raw reads and clean reads of each sample are shown in Supplementary Table S3. More than 96% of the clean reads had quality at the Q20 level, and more than 87% of the clean reads had quality at the Q30 level. In addition, 92% of the clean reads were mapped to the tomato reference genome.



GO and KEGG Enrichment Analyses of the DEGs

We conducted principal component analysis on six groups of triplicate RNA-seq data, and the results showed that there was a large difference between the OE plants and WT plants at 3 h after drought treatment (Supplementary Figure S3). DEGs were classified as those genes with an absolute log2 value greater than 1 based on RNA-seq results, and there were a large number of DEGs at all three time points. To investigate the biological significance of the genes regulated by drought stress in tomato, the DEGs were annotated by GO. DEGs were enriched in multiple GO terms at the three time points. At 3 h under drought treatment, many DEGs were enriched in endopeptidase inhibitor activity, peptidase inhibitor activity, endopeptidase regulator activity, peptidase regulator activity, and enzyme inhibitor activity items (Figure 7A). In the comparison between the CK3 and OE3 groups, many DEGs were enriched in the phenylpropanoid biosynthesis pathway and pathways related to the phenylpropanoid biosynthesis pathway (phenylalanine metabolism pathway and flavonoid biosynthesis pathway). In addition, DEGs at all three time points were enriched in phenylpropanoid biosynthesis pathways. Two common pathways, the MAPK signaling pathway and plant–pathogen interaction, were enriched by DEGs at all three time points (Figure 7B). The pathways with Q < 0.05 were further screened out in the comparison of the three time points. A schematic diagram of the differential regulation process at different stages is shown in Supplementary Figure S4. The overexpression of SlGATA17 directly led to changes in the expression of related genes in the MAPK signaling pathway, plant hormone signal transduction, and phenylpropanoid biosynthesis. The differential expression of the phenylpropanoid biosynthesis pathway was further strengthened after drought stress. Finally, after 6 h under drought stress, some genes that respond to biotic stresses were enriched.
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FIGURE 7. (A) GO annotation of DEGs at three time points. The asterisks represent the items of inhibiting or regulating protein degradation. (B) KEGG analysis and comparison of DEGs between WT and OE lines at three time points under drought stress. WT represents WT plants, and OE represents overexpression lines. The pentacle represents the phenylpropanoid biosynthesis pathway.




Phenylpropanoid Biosynthesis Pathway Analysis

As the most obvious DEG-enriched pathway, we analyzed the phenylpropanoid biosynthesis pathway in depth. Gene expression of WT and OE lines in this pathway at three different time points was compared, and we selected all the gene regulatory points containing upregulated expression in the three groups. At 0 h, a total of six (A–F) regulatory points contained upregulated genes encoding various enzymes in the OE lines (Supplementary Figure S5). At 3 h, upregulated genes appeared at three new regulatory points, namely, G, H, and I (Supplementary Figure S6). However, at 6 h, there were no additional new regulatory points containing upregulated genes. Therefore, a total of nine regulatory points were screened out, including the key rate-limiting enzyme, PAL, in this pathway (EC: 4.3.1.24) and eight other regulatory points related to the synthesis of coumarin, lignin, cinnamaldehyde, and scopolin. These regulatory points were positively regulated by the SlGATA17 gene. A simplified regulatory relationship schematic diagram of these regulatory points is shown in Figure 8. DEGs with higher expression levels in OE lines than in WT lines at any time point within the three were selected. The heatmap of differential expression is shown in Figure 8. Regulatory points A and F had the largest number of DEGs (10 and 6, respectively). There was only one gene at the D and I regulatory points. Most of the genes showed more than twofold change expression levels at two or three time points. After 3 h, the number of genes that had higher expression levels in the OE plants than in the WT plants increased, indicating that most of the genes had significantly upregulated responses after drought stress. The flavonoid biosynthesis pathway, as a phenylpropanoid biosynthesis downstream metabolic pathway, was relatively active in the OE lines and was also the significantly DEG enriched pathway at 0 h. Among all 12 DEGs, there were six DEGs with higher expression levels in OE lines than in WT lines at 0 h, and the other six DEGs had higher expression levels in OE lines than in WT lines at 3 h. These results indicated that genes in this pathway are regulated by SlGATA17 in different ways.
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FIGURE 8. Simplified schematic diagram of regulatory points with upregulated genes encoding various enzymes and heatmaps of differential expression of these genes. The compounds in the circles are the metabolites catalyzed by these enzymes.




Analysis Results of PAL Activity

To further verify the initial activity of the phenylpropanoid biosynthesis pathway, PAL activity, the first and most important catalytic enzyme in the phenylpropanoid biosynthesis metabolic pathway, was detected. At 0 h, the PAL activity of OE plants was significantly higher than that of WT plants. At 3 h under drought stress, the PAL activity of OE1, OE5, and WT plants all increased and maintained nearly the same level until 6 h after drought stress. However, the PAL activity of WT plants was considerably less active than that of OE1 and OE5 plants (Figure 9). This suggested that overexpression of SlGATA17 activates the enzyme activity that initiates this pathway.
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FIGURE 9. PAL activity of WT and OE plants. The PAL activity of OE lines was significantly higher than that of WT plants after drought treatment. Vertical bars with * and ** represent significant differences compared with WT at each time point, analyzed by one-way ANOVA (P ≤ 0.01**/0.05*).




Validation of RNA-Seq Data via qRT-PCR

To validate the accuracy of the data obtained from RNA-seq, 15 DEGs were chosen randomly for confirmation by qRT-PCR at three different time points. The 15 pairs of primers used for validation of RNA-seq are shown in Supplementary Table S2. Pearson correlation coefficients between the RNA-seq and qRT-PCR results of each gene at three time points in WT and OE plants are shown in Supplementary Figure S7. These results were largely consistent with the RNA-seq results, thereby validating the RNA-seq results.



DISCUSSION

GATA TFs are evolutionarily conserved transcription regulators that recognize promoter elements with an (A/T)G-A-T-A (A/G) amino acid sequence (Behringer and Schwechheimer, 2015). Although the roles of GATA proteins in photosynthesis (Chiang et al., 2012; An et al., 2020) and nitrogen metabolism (Berger et al., 2006) have been determined, their functions and the molecular mechanism of tolerance to abiotic stress have not been well studied to date. Furthermore, GATA proteins in tomato have rarely been studied for their biological functions. In this study, we functionally identified a tomato GATA gene family member, the SlGATA17 TF, under drought stress.

GATA factors generally contain two zinc finger domains in animals (Katsumura et al., 2017). However, according to previous studies on plants, most GATA factors in plants have a single zinc finger domain (such as in Arabidopsis, rice, soybean, and grape) (Reyes et al., 2004; Zhang et al., 2015, 2018), which is consistent with the results of our SlGATA17 protein sequence analysis. The transcriptional activation test indicated that the complete sequence of SlGATA17 has self-activation ability. Further analysis of segment A of SlGATA17 with an N-terminus containing a conserved domain and segment B of SlGATA17 with a C-terminus containing conserved domain sequences showed that both ends have self-activating activity, but the self-activation ability of the N-terminus is stronger. We speculate that this is because the conserved domain common to segments A and B contains the transcriptional activation domain. This may also be due to the presence of other transcriptional activation domains in segment A or that there is less influence on the structure of the transcriptional activation domain in the non-conservative domain of segment A compared with the non-conservative domain in segment B.

Drought signal transduction is controlled by both ABA-dependent and ABA-independent pathways (Shinozaki and Yamaguchi-Shinozaki, 2000). To preliminarily determine whether the regulation of drought resistance by SlGATA17 is related to ABA signaling, we analyzed the expression pattern of SlGATA17 after endogenous ABA application and found that ABA significantly upregulated the expression of SlGATA17, indicating that the expression of SlGATA17 is sensitive to ABA, which is likely to belong to the ABA-dependent regulation mode. In addition to ABA, SA and JA play an important role in the regulation of plant stress resistance and disease resistance. Methyl jasmonate has been found to improve resistance against abiotic stresses in many plants (Lee et al., 1996; Wang, 1999). SA induces several genes responsible for heat shock proteins, antioxidants, and secondary metabolites, thereby improving abiotic stress tolerance (Jumali et al., 2011). Therefore, we also analyzed the expression pattern of SlGATA17 after induction of these two hormones and found that SlGATA17 had a significant response to SA. The expression of this gene was significantly upregulated after induction of SA, indicating that the regulation of drought resistance by SlGATA17 may also intersect with SA signals or be coregulated by ABA and SA.

To confirm the function of SlGATA17 in the drought response of tomato plants, we successfully constructed overexpression lines of this gene. After simulating drought stress on the overexpression lines, we found that both phenotypic changes and changes in physiological indicators (moisture loss rate, ROS, MDA, SOD, POD, and Pro) showed that SlGATA17 overexpression increased the drought resistance of tomato plants compared with the control plants, which confirmed that this gene is a positive regulatory gene for plants to respond to drought stress. The results of previous experiments have also shown that GATA TFs are related to enhancing plant tolerance to abiotic stress. Studies on the paralogous and functionally redundant GATA TFs in Arabidopsis, GNC, and GNL/CGA1 have revealed that these two GATA TFs are involved in the process of improving cold tolerance (Richter et al., 2013). Overexpression of OsGATA8 in rice improves tolerance to salinity and drought compared to WT plants (Nutan et al., 2020).

To further explore the ways in which the SlGATA17 gene can improve the drought resistance of tomato plants, we performed transcriptome sequencing on the leaf samples of OE lines and WT plants before and after drought stress. KEGG analysis found that SlGATA17 overexpression in the early stage under drought stress caused the phenylpropanoid synthesis pathway to be significantly enriched. The differential expression of genes at several downstream regulatory points of this pathway indicated that the SlGATA17 gene was involved in the upstream regulation of the phenylpropanoid synthesis pathway.

KEGG analysis showed that phenylpropanoid synthesis was the most important differential metabolic pathway in drought resistance in this study. Phenylpropanoids are a large class of plant secondary metabolites. Phenylalanine is an aromatic amino acid, and phenylpropanoids are derived from phenylalanine in most plants. Phenylalanine can be deaminated by PAL to become cinnamic acid, which is further transformed to p-coumaric acid. Finally, p-coumaric acid is converted into p-coumaroyl-CoA under the catalysis of 4-coumaroyl CoA ligase (4CL), which is an important point in the pathway to generate various phenylpropanoid compounds (Vogt, 2010). p-Coumaric and p-coumaroyl-CoA eventually form lignin through multiple metabolic pathways (Supplementary Figure S5). Lignification in plants has been shown to increase drought tolerance in some studies, although the associated regulatory networks have not been well elucidated (Hu et al., 2009; Pereira et al., 2018). p-Coumaroyl-CoA is not only metabolized into lignin but also catalyzed by chalcone synthase to form chalcone and then further to form flavonoids after several steps (Supplementary Figure S5). Flavonoids, phenolic acids, and monolignols are the most common phenylpropanoids and are found in almost all terrestrial plants (Deng and Lu, 2017). Flavonoids and phenolic compounds in various plants are well-known potent antioxidants (Niggeweg et al., 2004; Deng and Lu, 2017). The flavonoid biosynthesis pathway, a phenylpropanoid biosynthesis downstream metabolic pathway, was also enriched at 0 and 3 h under drought stress, demonstrating that flavonoids are critically important metabolites for OE lines in response to stress resistance. Several studies have shown that flavonoids protect plants against a variety of biotic and abiotic stresses (Li et al., 1993; Simmonds, 2003; Rowan et al., 2009; Misra et al., 2010). Nakabayashi et al. (2014) confirmed that overaccumulation of flavonoids is key to enhancing drought tolerance in Arabidopsis. Ma et al. (2014) found that drought tolerance in wheat is related to the expression of flavonoid pathway genes and flavonoid compound accumulation. Many genes that encode metabolism-related enzymes at regulatory points are upregulated after drought stress in phenylpropanoid synthesis. The upregulation of these genes may increase the amount of the corresponding enzymes in the OE plants such that the corresponding metabolites increased. The increase in these substrates further activates the activity of the downstream flavonoid biosynthesis pathway. Therefore, we speculate that the SlGATA17 gene enhances the drought tolerance of tomato plants by activating the expression of multiple genes involved in the synthesis of phenylpropanoids, especially flavonoids or lignin, thereby improving the antioxidant capacity through the accumulation of phenylpropanoids. PAL is a key enzyme in phenylalanine metabolism in plants. The increase in PAL activity under drought stress further corroborated the possibility of phenylpropanoid or lignin accumulation in SlGATA17-overexpressing plants.

At 3 and 6 h under drought stress, the expression levels of most genes related to PAL synthesis in OE plants were higher than those in WT plants. The PAL activity of OE plants was also significantly higher than that of WT plants at the two time points. However, there were only slight differences between the phenotype of OE plants and WT plants at 3 h. And there was no significant difference in water loss at 3 h. The phenotypic difference was very obvious at 6 h under drought stress, and the water loss was also significantly different at the same time. This suggests that phenotypic differences are later than changes in gene expression and enzyme activity.

The distribution of differential gene expression patterns at different regulatory points varied. For example, the upregulated expression of genes at the G and H points in OE lines occurred after 3 h relative to WT lines (Supplementary Figure S6). The upregulated expression of most genes at the F point appeared at 0 h, indicating that different regulatory points are regulated by the SlGATA17 gene in different ways. Among the 12 DEGs in flavonoid biosynthesis, six DEGs showed upregulated expression at 0 h in OE lines relative to WT lines, and the other six DEGs showed upregulated expression at 3 h, indicating that the genes in flavonoid biosynthesis pathway are also regulated in different ways by SlGATA17.

The top five functional annotations of DEGs were all related to inhibiting or regulating protein degradation. This finding indicated that overexpression of the SlGATA17 gene may prevent the degradation of some important functional proteins under drought stress or that the drought resistance mechanism is realized by improving posttranslational modification activities. These related proteins may play a direct role in resisting external stress or play a direct role as enzymes in regulating downstream metabolism, which are most likely related to the phenylpropanoid synthesis process. These possibilities warrant further research.
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Comparative Metabolite and Gene Expression Analyses in Combination With Gene Characterization Revealed the Patterns of Flavonoid Accumulation During Cistus creticus subsp. creticus Fruit Development
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Cistus creticus L. subsp. creticus (rockrose) is a shrub widespread in Greece and the Mediterranean basin and has been used in traditional medicine as herb tea for colds, for healing and digestive hitches, for the treatment of maladies, as perfumes, and for other purposes. Compounds from its flavonoid fraction have recently drawn attention due to antiviral action against influenza virus and HIV. Although several bioactive metabolites belonging to this group have been chemically characterized in the leaves, the genes involved in their biosynthesis in Cistus remain largely unknown. Flavonoid metabolism during C. creticus fruit development was studied by adopting comparative metabolomic and transcriptomic approaches. The present study highlights the fruit of C. creticus subsp. creticus as a rich source of flavonols, flavan-3-ols, and proanthocyanidins, all of which displayed a decreasing trend during fruit development. The majority of proanthocyanidins recorded in Cistus fruit are B-type procyanidins and prodelphinidins, while gallocatechin and catechin are the dominant flavan-3-ols. The expression patterns of biosynthetic genes and transcription factors were analyzed in flowers and throughout three fruit development stages. Flavonoid biosynthetic genes were developmentally regulated, showing a decrease in transcript levels during fruit maturation. A high degree of positive correlations between the content of targeted metabolites and the expression of biosynthetic genes indicated the transcriptional regulation of flavonoid biosynthesis during C. creticus fruit development. This is further supported by the high degree of significant positive correlations between the expression of biosynthetic genes and transcription factors. The results suggest that leucoanthocyanidin reductase predominates the biosynthetic pathway in the control of flavan-3-ol formation, which results in catechin and gallocatechin as two of the major building blocks for Cistus proanthocyanidins. Additionally, there is a decline in ethylene production rates during non-climacteric Cistus fruit maturation, which coincides with the downregulation of the majority of flavonoid- and ethylene-related biosynthetic genes and corresponding transcription factors as well as with the decline in flavonoid content. Finally, functional characterization of a Cistus flavonoid hydroxylase (F3′5′H) was performed for the first time.
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INTRODUCTION

Flavonoids are plant polyphenolic compounds synthesized through the phenylpropanoid pathway. Based on their structure, they can be classified into the major groups of flavanones, flavones, isoflavones, dihydroflavonols, flavonols, leucoanthocyanidins (flavan-3,4-diols), anthocyanidins, flavan-3-ols (F3Os), the polymeric proanthocyanidins (PAs), and anthocyanins (Marchiosi et al., 2020). An initial “core phenylpropanoid pathway” involves phenylalanine ammonia-lyase (PAL), cinnamate 4-hydroxylase (C4H), and 4-coumarate-CoA ligase (4CL), leading to 4-coumaroyl-CoA, which is the general precursor of flavonoid metabolism (Figure 1). The flavonoid pathway further proceeds via chalcone synthase (CHS) and chalcone isomerase (CHI) to synthesize the flavanone naringenin, which is considered the first flavonoid and the branching point of the flavonoid pathway. Naringenin can be further converted into dihydroflavonols, leading to flavonols, leucoanthocyanidins, anthocyanidins, F3Os, and PAs, respectively (Tohge et al., 2017). In another branch, naringenin and other flavanones can be converted into flavones by flavone synthases (FNSI and FNSII) (Martens and Mithöfer, 2005). The biosynthetic route leading to flavonols includes flavanone-3β-hydroxylase (F3H syn. FHT) and flavonol synthase (FLS) proteins. The number of hydroxyl groups on the B-ring (Supplementary Figure 1) is determined by the presence and activity of flavonoid 3′-hydroxylase (F3′H) and flavonoid 3′,5′-hydroxylases (F3′5′H), catalyzing the hydroxylation of the 3′ position, and the 3′ and 5′ positions, respectively (Tanaka and Brugliera, 2013). These enzymes are believed to predominantly hydroxylate dihydroflavonol substrates (Ishiguro et al., 2012), which are upstream intermediates in the flavonoid biosynthesis pathway two steps before F3Os. Two biosynthetic branches of a different stereo-configuration preference control the formation of F3Os. Leucoanthocyanidin reductase (LAR) catalyzes, in a one-step reaction, the formation of one stereotype of F3Os, 2R,3S-trans-flavan-3-ols [e.g., (+)-catechin], from leucoanthocyanidins. In a second branch, the anthocyanidin reductase (ANR) converts anthocyanidins, which are formed from leucoanthocyanidins in a reaction catalyzed by anthocyanidin synthase (ANS syn. leucoanthocyanidin dioxygenase, LDOX) into the other stereotype of F3Os, 2R,3R-cis-flavan-3-ols [e.g., (−)-epicatechin]. PAs (or condensed tannins) are polymeric flavonoids built from F3O units. The exact mechanism of PA polymerization and extension and the factors affecting the PA chain subunit composition are not fully elucidated; however, some recent studies proposed a significant role of LAR, ANS/LDOX, and ANR in this process (Liu C. et al., 2016; Jun et al., 2018). The enzymes responsible for galloylation of F3Os, known from Camellia sinensis, are epicatechin:1-O-galloyl-β-D-glucose O-galloyltransferase (ECGT) and UDP-glucose:galloyl-1-O-β-D-glucosyltransferase (UGGT), and they belong to the family of serine carboxypeptidase-like acyltransferases (Liu et al., 2012).
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FIGURE 1. Proposed flavonoid biosynthetic pathway in Cistus creticus subsp. creticus fruit. Compounds in boldface letters are detected in flowers and in fruit of different developmental stages. Enzymes in boldface letters are those for which the gene expression analysis was performed: phenylalanine ammonia-lyase (PAL), cinnamate 4-hydroxylase (C4H), 4-coumarate:coenzyme A ligase (4CL), chalcone synthase (CHS), chalcone isomerase (CHI), flavanone-3β-hydroxylase (F3H), dihydroflavonol-4-reductase (DFR), flavonoid-3′-hydroxylase (F3′H), flavonoid 3′,5′-hydroxylase (F3′5′H), flavonol synthase (FLS), leucoanthocyanidin reductase (LAR), anthocyanidin synthase (ANS), and anthocyanidin reductase (ANR). Heat map based on the peak areas presents the amounts of proanthocyanidins (PAs) in Cistus flowers (S0) and fruits of three developmental stages (S1–S3). The values are represented by the intensity of the red color as indicated on the color scale.


As the F3O and PA biosynthetic route is a branch of the flavonoid pathway, it has to be co-ordinately regulated with other flavonoid branches in different tissues and organs and in response to various developmental and environmental cues. Biosynthetic genes are turned on and off by specific transcription factors (TFs), which can simultaneously control several genes, or a single step within the pathway. Among plant TFs, the MYB factor proteins (V-myb myeloblastosis viral oncogene homolog) are most important within the flavonoid pathway (Martin et al., 2001). Following MYB factor binding to specific DNA regulatory elements in the promoter regions of target genes, transcriptional activation is initiated. Unlike many others, the PA- and anthocyanin-specific MYBs also need to partner with basic helix–loop–helix (bHLH) and WD-40 repeat proteins, forming the so-called MBW complex to promote transcription (Feller et al., 2011; Montefiori et al., 2015).

Most of the species belonging to the genus Cistus L. (Cistaceae) are spread in the Mediterranean area (Ferrer-Gallego et al., 2013) and are traditionally used as remedy for various skin diseases, as anti-inflammatory agents, and as antidiarrheics (Attaguile et al., 2000). Strong antimicrobial (Hutschenreuther et al., 2010) and cytotoxic activities (Chinou et al., 1994; Skorić et al., 2012) are usually ascribed to labdane diterpenes, which are the major components of “Oleoresin Labdanum” produced by the majority of Cistus species (Demetzos et al., 1997). Species from this genus are also rich sources of flavonoid and phenolic acid derivatives (Vogt et al., 1987; Demetzos et al., 1989; Pomponio et al., 2003; Barrajón-Catalán et al., 2011; Tomás-Menor et al., 2013; Papaefthimiou et al., 2014; Maggi et al., 2016). Recently, it was shown that fractions enriched in phenolic compounds from the leaves of C. creticus L. subsp. creticus [syn. Cistus incanus subsp. creticus (L.) Heywood, The Euro + Med PlantBase] exhibited potent activity against influenza virus (Droebner et al., 2007; Ehrhardt et al., 2007, 2013; Ludwig, 2011; Khoufache et al., 2013) and HIV (Rebensburg et al., 2016).

The aim of the present work was to analyze the polyphenolic composition of C. creticus subsp. creticus flowers and fruit, which, to our knowledge, have not been phytochemically characterized before. Species belonging to the genus Cistus primarily develop five-valve fruits (Demoly and Montserrat, 1993), with colors varying from green in juvenile to dark red in ripe fruit. Similarly, as in other fruit species, Cistus fruit development from flower to ripe stage undergoes metabolic alterations regulated by both developmental and hormonal factors. The accumulation of major groups of flavonoids in fruit might be the result of complex changes in the expression of structural/biosynthetic and regulatory genes involved in their metabolism. Therefore, in this work, the expression of structural genes involved in flavonoid biosynthesis and regulatory genes like TFs controlling this pathway was studied in parallel with the content of the major flavonoids during fruit development and senescence. Next, the interplay between ethylene and flavonoid accumulation in Cistus fruit was investigated. Lastly, a Cistus flavonoid hydroxylase (F3′5′H) was functionally characterized.



MATERIALS AND METHODS


Plant Material

Cistus creticus L. subsp. creticus plants were grown in the experimental field of the School of Agriculture, Aristotle University of Thessaloniki, located in the area of Thermi, Thessaloniki, Greece (N 40.536247° and E 22.993830°). Whole mature flowers and fruits of three different developmental stages were collected from three groups comprising five individual plants, and each group represented a biological replicate. Fruits of three developmental stages were distinguished based on the size and color of sepals and valves (Figure 2A). Small-sized half-expanded fruits with green capsules and sepals were marked as stage 1 (S1). Stage 2 (S2) was composed of fully expanded fruits with the sepals starting to change color and detached from valves, while stage 3 (S3) comprised fully colored ripe fruits. Flowers were appointed as the control organ and marked as stage 0 (S0). Upon harvest, all samples were frozen in liquid nitrogen and kept at −80°C until further use.
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FIGURE 2. Metabolic profiling of Cistus flower (S0) and three fruit stages (S1–S3). (A) HPLC/DAD elution profiles at λ = 260 nm; notable peaks are denoted in the legend on the side. The Y-axis scales are different for each of the chromatograms. (B) Biplot of principal component analysis performed on zero-centered and unit-scaled compound quantity data. The samples are colored by stage (S0–S3) as shown in the legend, and these groups are further encircled by a convex hull of the same color. Variable loadings are indicated by arrows and were scaled by multiplying with five prior graph constructions so they could be seen more readily. (C) Heat map of zero-centered and unit-scaled compound quantity data. The samples (in rows) are arranged according to hierarchical cluster analysis (Ward’s method of cluster agglomeration) constructed using Euclidean distances (left tree), and the metabolites (in columns) are arranged according to hierarchical cluster analysis (cluster agglomeration using complete linkage) constructed using Spearman correlation distances (top tree).




Reagents and Standards

MS-grade acetonitrile and formic acid were purchased from Merck (Darmstadt, Germany). Phenolic standards were supplied by Sigma Aldrich (Steinheim, Germany) and TransMIT PlantMetaChem (Giessen, Germany). Ultrapure water was generated using TKA MicroPure water purification system, 0.055 μS/cm (Thermo Fisher, Bremen, Germany). Syringe filters (25 mm, PTFE membrane, pore size 0.45 μm) were purchased from Agilent Technologies (Econofilter, Palo Alto, CA, United States).



UHPLC–MS Orbitrap Identification of Phenolics in Cistus Fruit

For chemical analyses, the frozen plant material was powdered in mortars and pestles and subsequently lyophilized. Around 100 mg of each sample was extracted with 1 ml of 99.8% methanol (AppliChem, United States) by 1 min of vortexing and subsequent sonification in ultrasonic bath (RK100, Bandelin, Berlin, Germany) for 20 min. The samples were centrifuged for 10 min at 10,000 g, and the supernatants were filtered. The samples were kept at 4°C until analyses. All extractions were performed in triplicate.

Chromatographic separations of compounds in methanol extracts of Cistus flowers (S0) and fruit (S1–S3) were performed using an Accela 600 ultrahigh-performance liquid chromatography (UHPLC) system coupled to a linear ion trap-OrbiTrap hybrid mass spectrometer (LTQ OrbiTrap MS) (Thermo Fisher Scientific, Bremen, Germany). All chromatographic and MS settings [heated electrospray ionization (HESI) and the other MS parameters] were the same as in Banjanac et al. (2017). The injection volume was 5 μl.

The mass spectrometer (MS) was operated in negative ionization mode, and MS spectra were acquired by full-range acquisition covering 100–1,500 m/z. The resolution was set at 30,000 for full-scan (FS) analysis, which was employed to detect the monoisotopic masses of unknown compounds. Fragmentation pathways were proposed by multistage mass spectrometry (MSn). The ions of interest were isolated in the ion trap with an isolation width of 5 ppm and activated with 35% collision energy (cE) levels. FS analysis was employed, while Xcalibur software (version 2.1) was used for instrument control and data analysis.



UHPLC/DAD/(±)HESI-MS/MS Quantification of Phenolics in Cistus Flowers and Fruits

UHPLC/diode array detector (DAD)/(±)HESI–MS/MS method was developed for the separation, identification, and quantification of targeted phenolic compounds in samples (methanol extracts) of Cistus flowers and fruits. Dionex Ultimate 3000 UHPLC system (Thermo Fisher Scientific, Bremen, Germany) was equipped with a DAD and connected to a triple–quadrupole MS (TSQ Quantum Access Max, Thermo Fisher Scientific, Basel, Switzerland). Elution was performed at 40°C on Syncronis C18 column (100 mm × 2.1 mm) with 1.7-μm particle size (Thermo Fisher Scientific, Bremen, Germany). The mobile phase consisted of (A) water + 0.1% formic acid and (B) acetonitrile, which were applied in the gradient elution previously described in Mišić et al. (2015), and with a flow rate of 0.4 ml min–1. Acquisition of UV spectra was performed at λ = 260 and 320 nm, and the injection volume was set to 5 μl. The HESI source of MS was operated with a vaporizer temperature of 350°C, while the ion source settings were as follows: spray voltage, 3,510 V; sheet gas (N2) pressure, 28 AU; ion sweep gas pressure, 0.0 AU, and auxiliary gas (N2) pressure, 4 AU; capillary temperature, 270°C; and skimmer offset, 0 V. Selected reaction monitoring (SRM) experiment was conducted for the quantification of targeted phenolics, using argon as the collision gas and cE of 30 eV. The parameters of the adopted SRM UHPLC/DAD/(−)HESI–MS2 method are presented in Supplementary Table 1, including the major MS2 fragments and λmax values of targeted compounds. Instrument control, data acquisition, and processing analysis were performed using Xcalibur software (version 2.2). The phenolics were quantified based on the calibration curves of commercial standards: gallic acid, caffeic acid, quinic acid, rutin hydrate, myricetin, luteolin, quercetin, naringenin, apigenin, catechin, epicatechin, gallocatechin, epigallocatechin, epigallocatechin gallate, and gallocatechin gallate. Myricetin 3-O-rhamnoside was quantified relatively using the calibration curve of myricetin. The total amount of each targeted compound is expressed as μg 100 mg–1 dry weight (DW).



Ethylene Production and Respiration Rates

Air samples were taken after closing the fruit of all stages in 0.5-L glass jars for 1 h, according to Koukounaras et al. (2010). CO2 concentration was measured by injecting the gas samples into a stream of N2 carrier gas flowing through a CO2/O2 analyzer (model Combo 280, David Bishop Instruments, United Kingdom), while ethylene concentration was measured by injecting the gas sample into a Varian 3300 gas chromatographer (Varian Instruments, Walnut Creek, CA, United States) equipped with a flame ionization detector. The ethylene production and respiration rates were expressed as μl C2H4 kg–1 h–1 and mg CO2 kg–1 h–1, respectively.



Selection of Candidate Genes and qPCR Analysis

Putative candidate genes involved in the flavonoid pathway were identified by a comparative analysis of C. creticus fruit transcriptome BLAST search against the NCBI public database. Although the BLAST search resulted in several hits for some genes involved in flavonoid and ethylene pathway, only the full-length sequences retrieved from C. creticus fruit transcriptome were selected for this study. Based on the detected sequences, highly specific primer pairs for qPCR were designed using NCBI Primer-BLAST1 (Supplementary Table 2). The sequences of characterized CcTTG1 and CcSPBPA/B from Cistus transcriptome cDNA library (Falara et al., 2008; Ioannidi et al., 2016) have GenBank accession numbers as follows: CcTTG1: KT892927, CcSPLA: KU145276, CcSPLB: KU041720, and CcF3′5′H: MT707661.

For the analysis of ethylene biosynthesis, total RNA isolation was performed from C. creticus flowers and the three developmental stages of fruit in biological triplicates using Sigma Spectrum Kit (Sigma Aldrich, Germany), with a slight modification of the manufacturer’s instructions, namely, RNA was extracted from 50 mg of tissue; the volume of lysis buffer used was 1.5 ml per sample, whereas the volume of binding buffer was 3 ml per sample. To remove traces of genomic DNA, the RNA samples (1 μg) were treated with DNase I (Fermentas, Vilnius, Lithuania) in a final reaction volume of 10 μl. RNA quality was confirmed using NanoDrop 2000C Spectrophotometer (Thermo Scientific, United States), and their integrities were assessed by agarose gel electrophoresis.

First-strand cDNA was synthesized from 1 μg of total RNA using the SuperScriptTM III Reverse Transcriptase (Thermo Fisher Scientific) following the manufacturer’s instructions. The expression of genes was analyzed by real-time PCR using Light Cycler QuantStudio 3 (Thermo Fisher Scientific) and KAPA SYBR® Fast qPCR Master Mix (2X) Universal (KAPA Biosystems, United States). The general thermocycler conditions were 95°C for 4 min and 40 cycles of 95°C for 10 s, 64°C for 20 s, and 72°C for 15 s. The relative expression values were normalized against elongation factor-1α (EF062868.1) as the endogenous control and calculated by the 2–ΔΔCt method (Livak and Schmittgen, 2001). The data represent the means ± SD of triplicates.



Phylogenetic Analysis

The phylogenetic analyses were performed as previously described in Aničić et al. (2020). Flavonoid-related protein sequences of MYB and nucleotide sequences of bHLH TFs were aligned using Clustal W within the software package MEGA 6.0. Gblocks v0.91b, with default parameters, was utilized to select highly conserved blocks of alignment positions. The maximum likelihood method within MEGA version 6.0 with default settings (NNI heuristic method, BioNJ initial tree, JTT model for MYB tree, and Tamura-Nei model for bHLH tree and 1,000 bootstrap replicates) was used to conduct the phylogenetic analyses of the conserved blocks.



Functional Analysis of Putative F3′5′H by Heterologous Expression in Saccharomyces cerevisiae

Multiple alignment with ClustalW was used to identify the consensus of flavonoid hydroxylase genes. Known and publicly available characterized protein sequences from various plant species coding for functional F3′H and/or F3′5′H were aligned. The obtained consensus sequence served as a template in local tblastn against RNA sequencing available for C. creticus fruit and leaves to identify candidate genes for hydroxylases. The primers used for the PCR amplification of putative full-length genes from Cistus cDNA were designed in Primer3Plus online tool and were for c15585 forward: ATGGTGGAAACACTGACTCCC and reverse: TTAGGAAACATAAGCACCCGGC. Leaves of the second stage (S2) of C. creticus (Falara et al., 2008) were used for total RNA isolation using Spectrum Plant total RNA kit (Sigma), according to the manufacturer’s protocol. Subsequently, cDNA was synthesized with SuperScript III Reverse Transcriptase (Invitrogen) using a 1:1 mix of oligo(dT)12–18 and random primers. PCR reaction was performed in a 5-μl final volume using Q5 high-fidelity polymerase (NEB, Ipswich, MA, United States), according to the following program: initial denaturation at 98°C for 10 s, followed by 35 cycles including 98°C for 10 s, 62°C for 30 s, and 72°C for 1 min and a single cycle of a 2-min final extension at 72°C. pGEM T-Easy vector (Promega, Madison, WI, United States) was used for the cloning of the PCR-amplified product. After confirmation of selected clones by sequencing, the genes were subcloned in pYES2 yeast expression vector (Invitrogen) using the same set of primers, with the addition of EcoRI/XhoI restriction sites in their 5′ ends. The resulting plasmids were transformed into yeast strain INVSc1 (Invitrogen) using LiAc method (Gietz et al., 1992), and positive yeast colonies were verified through PCR. A 5-ml SD-URA liquid pre-culture of a single transformed yeast colony was grown in a selective SD-URA plate containing 20 g l–1 glucose and was incubated at 30°C and 200 rpm for 24 h. The propagated cells were collected and re-dissolved into 30-ml SD-URA medium containing 20 g l–1 galactose as a carbon source and for induction of protein expression. For functional characterization experiments, naringenin or dihydrokaempferol dissolved in dimethyl sulfoxide (DMSO) was separately added into the culture to a final concentration of 5 μM. The yeast culture was incubated at 30°C for 36 h. A liquid/liquid extraction of the yeast products was performed by addition of 1:1 ethyl acetate (v:v), sonication for 15 min, and centrifugation for 5 min at 11,000 × g for three times. The ethyl acetate fractions were collected and evaporated in an EZ-2 ENVI Genevac (GeneVac, Ipswich, United Kingdom). The crude residue was re-dissolved in 150 μl of 80% methanol (v:v), filtered through 0.22-μm polytetrafluoroethylene membrane filters into 1.5-ml glass vials, and injected directly to ultra-performance liquid chromatography (UPLC)–DAD and/or UPLC–tandem mass spectrometry (MS/MS) instruments.



UPLC–PDA and UPLC–QTOF MS Analyses of Yeast Products

Yeast extracts were analyzed on a 1290 Infinity Binary UPLC (Agilent; Santa Clara, CA, United States) equipped with photodiode array (PDA) using a modified method described previously by Rafique et al. (2016). Separation of the compounds was achieved on a Machery and Nagel Nucleodur C18ec column (4.6 μm, 250 mm × 4 mm) set at 25°C. The gradient consisted of two solvents containing 1% phosphoric acid: solvent A was water and solvent B was acetonitrile. The analysis was performed following the chromatographic conditions, namely: 100% A to 50% A in 25 min, plateau of 3 min, up to 100% A in 7 min, and final plateau of 5 min with a flow rate of 1 ml min–1 and monitoring at 222 and 280 nm. In order to identify naringenin, eriodictyol, dihydrokaempferol, dihydroquercetin, and dihydromyricetin, external standards were injected in a concentration of 1 mM.

A Waters Acquity UPLC coupled via an electrospray ionization (ESI) interface to a Synapt HDMS QTOF MS (Waters, Manchester, United Kingdom) operating in W-mode and controlled by MassLynx 4.1 was used. Both LC and MS parameters were previously described (Shahaf et al., 2013; Arapitsas et al., 2014). Yeast extracts were chromatographically separated using an ACQUITY UPLC 1.8 μm, 2.1 mm × 150 mm HSS-T3 column (Waters, Manchester, United Kingdom), thermostated at 40°C. Mobile phase [0.1% (v/v) formic acid in water (A) and 0.1% in methanol (B)] was eluted with a flow rate of 0.28 ml min–1, adopting the multistep linear gradient previously described by Arapitsas et al. (2014). The injection volume was 5 μl. Mass spectrometric data were collected in negative ESI mode over a mass range of 50–2,000 amu, with a scan duration of 0.4 s in centroid mode. The source parameters, as well as transfer cE and trap cE, were set as previously reported (Arapitsas et al., 2014). Annotation of compounds in yeast extracts was performed by comparing retention times and mass spectra (mass difference less than 5 ppm, isotopic distribution, and minimum three m/z ions) to those of the standards and based on internal database (Shahaf et al., 2013). In cases when standards were not available (pentahydroxyflavanone), tentative identification was made by using spectral features and literature data.



Statistical Analysis

Statistical analysis was performed using R Software (R Core Team, 2018) by applying the package stats for hierarchical clustering (HCA) and principal component analysis (PCA), gplots (Warnes et al., 2016) for heat map generation, corrplot for visualization of correlation matrices (Wei and Simko, 2017), and ggplot2 for data visualization (Wickham, 2016). HCA and PCA of metabolomics data were performed after cantering the data to 0 and scaling to unit variance. The expression data were not scaled or centered prior to performing the mentioned methods since these were already on a relative scale (log2 fold change). HCA was performed based on Euclidean distances with cluster agglomeration using Ward’s (Ward, 1963) minimum variance method. When the dissimilarity matrix was based on correlation distances (1 – cor), cluster agglomeration was performed using complete linkage. The details on dissimilarities used for HCA are provided in the legends of the respective figures. One-way analysis of variance was conducted for both metabolomics (absolute quantitates) and expression data (log2 fold change), followed by a Tukey post hoc test.



RESULTS AND DISCUSSION


Identification of Phenolic Compounds in Cistus Fruit

To our knowledge, the current study is the first attempt to characterize the phytochemicals of the flowers and fruits of any Cistus species. Previous investigations have been primarily focused on the leaves or aerial parts (Vogt et al., 1987; Demetzos et al., 1989, 1990; Danne et al., 1993; Kreimeyer et al., 1997; Pomponio et al., 2003; Barrajón-Catalán et al., 2011; Tomás-Menor et al., 2013; Papaefthimiou et al., 2014; Maggi et al., 2016). UHPLC–MS Orbitrap analysis identified 53 compounds in the flowers and fruits of C. creticus subsp. creticus, which belong to phenolic acids, flavonoids and their derivatives, and quinic acid (Table 1). The peak numbers, compound names, molecular formulas, calculated and exact masses ([M−H]–, m/z), retention times (Rt, min), mass accuracy errors, as well as major MS2, MS3, and MS4 fragment ions are summarized in Table 1.


TABLE 1. UHPLC-MS/MS Orbitrap metabolic fingerprinting of methanol extracts of Cistus creticus spp. creticus flowers (S0) and leaves of three developmental stages (S1–S3).
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Among phenolic acids, caffeic, 4-coumaric, gallic, ellagic acids, and their derivatives were found in the investigated samples (Table 1). Derivatives of gallic acid were especially abundant, including gallic acid glycosides (compounds 3, 4, 8, 15, 17, 18, 19, 22, 27, 28, and 43) and galloylated F3Os (5, 37, and 38). The results revealed the presence of six flavonoid subclasses in Cistus samples: flavanones, dihydroflavonols, flavones, flavonols, F3Os, and PAs. Flavones are represented by luteolin (50) and apigenin (53), while flavonols are represented by kaempferol derivatives (33, 40, and 47); quercetin (51) and its derivatives (29, 35, 39, and 43) and myricetin (49) and its derivatives (26, 30, 31, and 44), were abundant in the samples. Gallic acid glycosides and flavonol glycosides are present in Cistus species, and their fragmentations are very well described in the literature (Barros et al., 2013). As for dihydroflavonol derivatives, four compounds were identified, dihydrokaempferol (syn. aromadendrin) (46) and its 7-O-hexoside (24) as well as dihydromyricetin (41) and dihydroquercetin (42). Barrajón-Catalán et al. (2011) reported the existence of gallic acid, rutin [quercetin 3-O-(6′′-rhamnosyl)glucoside], and other glycosides of kaempferol, quercetin, and myricetin in C. incanus (syn. C. creticus subsp. creticus), which is in accordance with the present study. Previous chemical investigation of the air-dried aerial parts of Cistus incanus L. subsp. tauricus has also led to the isolation of protocatechuic and (−)-shikimic acid (Danne et al., 1993). Another phytochemical study on Cistus leaves revealed the presence of different flavonoid aglycones and glycosides belonging to the flavonol family (Hickl et al., 2018). Kaempferol, quercetin, and myricetin glycosides were also abundant in the aerial parts of C. creticus subsp. eriocephalus (Maggi et al., 2016).

Catechin (C, 12), gallocatechin (GC, 5), catechin 3-O-gallate (C3-O-gallate, 37), and epicatechin 3-O-gallate (EC3-O-gallate, 38) were F3Os identified in C. creticus subsp. creticus samples analyzed within the present study. Interestingly, epicatechin (EC) was not detectable, indicating that it is efficiently metabolized to respective derivatives. Previous phytochemical characterization of this species disclosed the presence of C, GC, GC-3-O-gallate, and the rarely occurring C-3-O-α-β-rhamnoside (Petereit et al., 1991). Among the F3Os, C, GC, EC, epigallocatechin (EGC), EC-3-O-gallate, EGC-3-O-gallate, and EGC-3-O-(4-hydroxybenzoate) were isolated from the leaves of Cistus salvifolius (Danne et al., 1994). C. incanus subsp. incanus and C. monspeliensis are also a rich source of GC and C (Pomponio et al., 2003), and C and EGC are abundant in C. creticus subsp. eriocephalus (Maggi et al., 2016).

The Orbitrap-MSn analysis of Cistus flowers and fruits allowed the tentative identification of PAs based on their exact molecular masses in the negative ionization mode, the degree of hydroxylation in the B-ring of the F3Os, the presence of galloylation, the nature of the interflavan linkage, and the degree of polymerization. However, we were not able to distinguish between different stereoisomers. Here we follow the most often used classification of PAs and consider that C and EC are the subunits of procyanidins (PCs) and GC and EGC of prodelphinidins (PDs), respectively (Lin et al., 2014; Pešić et al., 2019), although some other classifications of PAs have also been proposed (Teixeira et al., 2016). The majority of identified PAs belong to the B-type, characterized by a single interflavan bond linkage between the monomers, usually C4 → C8 or C4 → C6. Only one PA identified in C. creticus samples (compound 10), showing [M−H]– at m/z 607, belongs to the group of A-type PAs usually characterized by C2 → O7 linkages. This compound eluting at Rt = 5.37 min showed MS2 base peak at m/z 439 (Supplementary Figure 2), resulting from a specific Retro Diels–Alder (RDA) fragmentation (Yuzuak et al., 2018). Furthermore, MS3 base peak at m/z 301 was generated by the RDA fragmentation of the remainder part of the molecule with a pyrogallol functional group, while MS4 base peak at m/z 257 occurs by loss of the C2H4O group. Compounds 6 and 11 displayed pseudo-molecular ions [M−H] – with m/z at 609 (Supplementary Figure 3) and MS2 spectra with product ions m/z 305 indicating C and D rings quinone methide fission (QMCD), m/z 441 indicating a retro Diels–Alder fission in the C ring (RDAC), m/z 483 indicating a heterocyclic ring fission in ring C (HRFC), and m/z 591, which corresponds to the loss of a water molecule. MS3 ion m/z 423 is a result of a consequent loss of a water molecule from MS2 ion with m/z 441. These mass spectral data indicate that 6 and 11 are B-type PDs containing two (E)GC units: (E)GC-(4b → 8)-(E)GC.

Compound 21 showed pseudo-molecular ion [M−H] – at m/z 593, which indicated that it is a B-type PA formed from one (E)C unit and one (E)GC unit: (E)GC-(4b → 8)-(E)C or (E)C-(4b → 8)-(E)GC. The MS2 spectrum shows product ions m/z 289 (C or EC) indicating QMCD fission or a second fission after HRFC, m/z 425 indicating RDAC, and m/z 407 for a consequent loss of a water molecule, while m/z 245 corresponds to the (E)C loss of 44 molecular units (m.u.) (Table 1). Product ion with m/z 575 corresponded to the loss of a water molecule and m/z 467 to a HRFC. According to some studies (de Pascual-Teresa et al., 2000), the RDA fission occurs fundamentally in the upper subunit of the PA dimers, which indicates that compound 21 is a B-type PD formed with (E)GC in the upper subunit and (E)C in the lower subunit (Supplementary Figure 3). Dimeric PDs GC-(4α →)-GC, GC-(4α → 8)-C, and C-(4α → 8)-GC, EGC-3-O-gallate-(4β → 8)-GC, and EGC-3-O-gallate-(4β → 6)-GC have previously been recorded in rock rose (Petereit et al., 1991; Danne et al., 1993). A range of PD dimers have been isolated from Cistus albidus leaves, including EGC-(4b → 8)-C, GC-(4a → 8)-C, EGC-(4b → 6)-C, GC-(4a → 8)-GC, GC-(4a → 6)-C, EGC-(4b → 6)-GC, and GC-(4a → 6)-GC (Qa’Dan et al., 2003). Dimeric PDs such as EGC-(4 → 8)-EGC, EGC-3-O-gallate-(4 → 8)-EGC, EGC-(4 → 6)-EGC-3-O-gallate, EGC-3-O-4-hydroxybenzoate-(4 → 8)-EGC, and EGC-3-O-4-hydroxybenzoate-(4 → 8)-EGC-3-O-gallate were present in C. salvifolius leaves (Danne et al., 1994; Qa’Dan et al., 2011).

Compounds 23, 25, and 32 showed pseudo-molecular ions [M−H]– with m/z 577, indicating that they are B-type PCs containing two (E)C units: (E)C-(4b → 8)-(E)C (Table 1 and Supplementary Figure 3). The MS2 spectra of these compounds showed fragment ions at m/z 289 and m/z 287, which indicated QMCD fission. MS2 fragment m/z 425, resulting from RDAC, went through a consequent loss of a water molecule, yielding the pseudo-molecular ion m/z 407. The presence of MS2 fragment at m/z 451 indicated a HRFC. PC EC-(4b → 8)-EC and C-(4b → 8)-C have previously been recorded in C. incanus (syn. C. creticus subsp. creticus) (Petereit et al., 1991) and C. albidus leaves (Qa’Dan et al., 2003).

Finally, compound 9 presented pseudo-molecular ion [M−H]– with m/z 913, indicating that it is a B-type PD trimer made of three (E)GC subunits. The MS2 spectrum shows a fragmentation pattern with product ions m/z 609, a dimeric PD, indicating QMCD fission, m/z 745, corresponding to a RDAC, and m/z 305, corresponding to QMFG fission. Thus, we were able to conclude that this compound is of (E)GC-(4b → 8)-(E)GC-(4b → 8)-(E)GC type. In C. incanus, PD trimers GC-(4α → 8)-GC-(4α → 8)-C (Petereit et al., 1991) and GC-(4α → 8)-GC-(4α → 8)-GC (Danne et al., 1993) were recorded as well as GC-(4α → 6)-GC-(4α → 8)-GC and EGC-3-O-gallate-(4β → 8)-EGC-3-O-gallate-(4β → 8)-GC (Mansoor et al., 2016). PD trimers EGC-(4b → 8)-GC-(4a → 8)-C and EGC-(4b → 8)-GC-(4a → 8)-GC have previously been isolated from C. albidus leaves (Qa’Dan et al., 2003).

Qualitative metabolite analysis revealed that all 53 compounds were present in fruit stages S1–S3, while in Cistus flowers (S0) the following six compounds were not recorded: B-type PD dimer-isoform 3 (21), all three isoforms of B-type PC dimers (23, 25, and 32), aromadendrin 7-O-hexoside (24), and astragalin (40). Based on the obtained metabolite data, a flavonoid biosynthetic pathway in Cistus fruit has been proposed (Figure 1). The major flavonoid groups in Cistus fruit are flavones, flavonols, F3Os, and PAs. In Cistus fruit, at least three flavonoid biosynthetic branches starting from the flavanone intermediate naringenin (52) are present. One pathway results in the production of flavones apigenin (53) and luteolin (50), and the other proceeds via commonly occurring dihydroflavonols (dihydrokaempferol—46, dihydromyricetin—41, dihydroquercetin—42), leucoanthocyanidins (leucocyanidin and leucodelphinidin) to the anthocyanidins (cyanidin and delphinidin), which are further converted into F3Os and PAs, but also to some extent to anthocyanins as can be expected by the obvious pigmentation. Dihydroflavonols also give rise to flavonols kaemferol (40), quercetin (51), myricetin (49), and their glycosides in a side branch. It could be presumed that DFR shows distinct substrate specificity toward dihydroflavonols of the cyanidin and delphinidin branches while not converting dihydrokaempferol (46) as found in several plant species (e.g., Petunia), that LAR pathway overrides the ANR pathway in the biosynthesis of F3Os, and that catechin (12) is the predominant extension unit in oligomeric PAs in Cistus flowers and fruits. However, the dominant group of PAs in the analyzed fruit samples are PDs, indicating a tissue-specific expression of the flavonoid 3′,5′-hydroxylase (F3′5′H). The PA amounts were generally decreasing during Cistus fruit development, as given in the heat map in Figure 1. The amounts of some F3Os (EC, C) and PAs have been previously found to decrease in the progression of fruit ripening in grape (Boss et al., 1996), bilberry (Jaakola et al., 2002), and strawberry (Schaart et al., 2013). Astringent persimmon fruits are rich in PAs even at maturity, while in non-astringent types the content decreases during development (Akagi et al., 2009a).



Patterns of Changes in Flavonoids Content During Cistus Fruit Development

Following Orbitrap-MSn phytochemical characterization of Cistus flowers and fruits, a targeted metabolic approach was adopted to quantify the major polyphenolics in samples. The use of a highly sensitive and selective analytical technique, such as UHPLC/DAD/(-)HESI–MS2, was chosen to quantify and identify phenolic compounds in samples accurately. Metabolic profiling was targeted toward quinic acid (1), two phenolic acids (caffeic acid—14 and gallic acid—2), and 12 flavonoids, belonging to the group of flavanones (naringenin—52), flavones (luteolin—50 and apigenin—53), flavonols (quercetin—51, quercetin 3-O-rhamnoside—43, rutin—29, myricetin—49, myricetin 3-O-rhamnoside—31), and F3Os (catechin—12, gallocatechin—5, catechin 3-O-gallate—37, and epicatechin 3-O-gallate—38). PAs were not quantified due to the lack of available standards. The UHPLC/DAD chromatograms of Cistus flowers (S0) and of three developmental fruit stages (S1–S3) are presented in Figure 2A.

The peak eluting at Rt = 0.46 min and displaying the deprotonated molecule [M−H]– at m/z 191 was identified as quinic acid (1) (Figure 2A and Supplementary Table 1). Although 1 is not a phenolic compound, it was interesting to trace its amount in Cistus fruits because it is involved in the regulation of the biosynthesis of aromatic compounds (Ghosh et al., 2012). This free acid is synthesized via the shikimate pathway and is abundant in a variety of fruits, such as papaya, pineapple, lemon, kiwi, cranberry, lingonberry, blueberry, apple, and orange (Jensen et al., 2002; Chinnici et al., 2005; Albertini et al., 2006; Erk et al., 2009; Hernández et al., 2009; Barboni et al., 2010; Ye et al., 2014). Significant amounts of 1 were found in S0 stage (flower) (∼12 μg 100 mg–1 DW), while it was significantly lower in fruit (stages S1–S3) (Supplementary Figure 4).

The peak eluting at Rt = 0.66 min and displaying deprotonated molecule [M–H]– at m/z 169 was identified as gallic acid (2) (Figure 2A and Supplementary Table 1). The amount of 2 slightly decreased during Cistus fruit development, and in S3 stage it reached ∼4 μg 100 mg–1 DW (Supplementary Figure 4). Gallic acid (2) and galloylated F3Os were identified in C. albidus, Cistus clusii, Cistus crispus, C. creticus, Cistus ladanifer, Cistus laurifolius, C. monspeliensis, Cistus populifolius, and Cistus salviifolius leaf samples collected in Spain (Santagati et al., 2008; Barrajón-Catalán et al., 2011). In PA-rich berries, such as grapes, 2 was mainly accumulated as galloylated F3Os (Bontpart et al., 2016). The glucose ester of 2, β-glucogallin (β-G), is not only involved in the biosynthesis of hydrolysable tannins (Haslam and Cai, 1994; Niemetz and Gross, 2005) but also the donor of 2 for galloylated PAs (Liu et al., 2012). In Cistus fruit, 2 was present both as free and in the form of galloylated F3Os. Caffeic acid (14), with pseudomolecular ion [M–H]– at m/z 179, eluted at Rt = 3.54 min. Trace amounts of 14 were recorded in flowers (S0 stage), while it was relatively constant in fruit stages S1 to S3, with concentrations ranging from 0.1 to 0.15 μg 100 mg–1 DW (Supplementary Figure 4).

The peak visible at Rt = 5.87 min, showing [M–H] – at m/z 301, was assigned as flavonol quercetin (51). Its amount was relatively stable in flowers and fruits of all stages, although it is usually further metabolized to different glycosides. The peak eluting at Rt = 3.95 min, with pseudo-molecular ion [M−H] – at m/z 609, displayed MS2 fragmentation pattern (Supplementary Table 1) characteristic for the flavonol glycoside rutin (29). The content of 29 was the highest in flowers (S0 stage) but significantly reduced in all stages of fruit (S1–S3) (Supplementary Figure 4). The amount of quercetin 3-O-rhamnoside (43), showing [M–H]– at m/z 447 and eluting at Rt = 4.44 min, was not significantly changed within the analyzed Cistus flowers and fruits. Myricetin (49), which eluted at Rt = 4.76 min, was identified as deprotonated molecular ion [M–H]– at m/z 317. The amount of 49 was the highest in Cistus flowers (S0 stage) and S3 fruit but significantly decreased in S1–S2 fruit (Supplementary Figure 4). The major flavonol in Cistus fruit was myricetin 3-O-rhamnoside (31), reaching around 23 μg 100 mg–1 DW in flowers (S0). As in the case of 49, its amount was severely reduced in fruit (stages S1–S3) (Supplementary Figure 4). Therefore, the tissue- and stage-specific expression of the F3′5′H to yield the precursor dihydromyricetin for flavonol formation and a rhamnosyltransferase involved in the biosynthesis of 31 can be predicted. The peak corresponding to 31 and showing [M–H]– at m/z 463 eluted at Rt = 4.01 min.

Apigenin (53), with molecular ion [M−H] – of m/z 269, eluted at Rt = 5.83 min, while luteolin (50), showing [M−H] – at m/z of 285, eluted at Rt = 5.37 min (Figure 2A and Supplementary Table 1). The glycosides of the two flavones were not detectable in this study. Flavanone naringenin (52) (Rt = 5.71 min), showing pseudo-molecular ion [M−H] – at m/z of 271, was identified by the characteristic fragmentation patterns (Supplementary Table 1). The content of 50, 52, and 53 was not significantly different between Cistus flowers (S0) and fruits (Supplementary Figure 4). Some flavonoids, including 49, 51, 53, and kaempferol and their derivatives, are abundant in the leaves and resin of Cretan C. creticus subsp. creticus (Demetzos et al., 1989, 1990). In the present study, kaempferol was not detected in rock-rose flowers and fruits, indicating its efficient and complete conversion by glycosyltransferases. Similarly, kaempferol was not recorded in the methanol extracts of C. creticus and C. monspeliensis leaves (Hickl et al., 2018). Although a few kaempferol glycosides are identified in Cistus flowers and fruits (Table 1), they were present in amounts which were below the limits of quantification of the analytical procedure and were thus not quantified.

The major F3Os in Cistus fruits are GC (5) and C (12), while C-3-O-gallate (37) and EC-3-O-gallate (38) were less abundant. C (12) was visible in the negative ionization mode as adduct with formic acid, which was used as the mobile phase. It showed pseudo-molecular ion [M−H+formic acid]– at m/z of 334 and was eluted at Rt = 2.29 min (Supplementary Table 1), and its MS2 fragmentation pattern was in accordance with some previous studies (Del Rio et al., 2004; Stöggl et al., 2004). Galloylated F3Os 37 and 38, visible as pseudo-molecular ions [M−H]– at m/z of 441, were eluted at Rt = 4.03 min and Rt = 4.08 min, respectively. Their MS2 fragmentation profiles were the same and were characterized by the predominance of fragments [M−H-galloyl group]– at m/z of 289 (−152 Da), matching the deprotonated (E)C and [M−H-catechin]– m/z of 169, corresponding to deprotonated 2. Gallocatechin (5), showing [M−H]– at m/z 305, eluted at Rt = 1.12 min and displayed MS2 fragmentation pattern (Supplementary Table 1). The contents of targeted F3Os varied during Cistus fruit development. The content of 12, 37, and 38 was the highest in fruits of S1 and S2 stages (Supplementary Figure 4). The content of 5 was the highest in flowers (S0), with a concentration of ∼40 μg/100 mg–1 DW, and it decreased, during fruit development, down to ∼1.9 μg/100 mg–1 DW in S3 phase (Supplementary Figure 4). F3Os EC, C, EGC, and GC have been previously reported for C. incanus (Riehle et al., 2013).

Among the analyzed phenolics, the major compounds in flowers were GC (5), myricetin 3-O-rhamnoside (31), C (12), gallic acid (2), rutin (29), apigenin (53), and naringenin (52). Quinic acid (1) was very abundant in flowers (Supplementary Figure 4). In fruits, C (12), GC (5), myricetin 3-O-rhamnoside (31), quercetin 3-O-rhamnoside (43), and gallic acid (2) were the most abundant compounds. The abundance of compounds 5, 31, and 29 indicates differential hydroxylase and rhamnosyltransferase activity in Cistus flowers and fruits.

The quantitative content of targeted metabolites obviously changed during Cistus fruit development, as supported by PCA analysis (Figure 2B). Not surprisingly, the chemical profile of Cistus flowers (stage S0) was distinctively different from that of fruit of all developmental stages (S1–S3), with PC1 accounting for 43.2% of the total variance. The main contributors to PC1 are 31, 1, 29, and 14. On the other hand, fruit stage S3 segregates from S1 and S2 in PC2, explaining 25.51% of the data variance. Stages S1 and S2 showed no visible separation in PC1 and PC2. The highly contributing compounds to PC2 are 38, 37, 12, 49, 51, and 50. The PCA indicates that stages S1 and S2 are phytochemically closer to each other than to stages S0 and S3.

For a better perception on the phytochemical correlation among flowers (S0) and the three developmental fruit stages (S1–S3), data per compound normalized to 0–1 range, are presented as a heat map (Figure 2C) with biological replicates (in rows) arranged according to HCA based on Euclidean distances and metabolites (in columns) organized according to HCA based on Spearman correlation distances (1 −corsp, i.e., 100% positive correlation equals 0 and 100%, negative correlation equals 2). Flowers (stage S0) form a homogenous cluster, while fruits of different developmental stages are clustering together. However, samples belonging to stage S3 form a separate sub-cluster. On the other hand, HCA based on Spearman correlation distances (Figure 2C, top) provides a clear depiction of the targeted compound linkages. Two distinct clusters are visible. The first cluster contains the majority of F3Os (12, 37, and 38) and compounds 14 and 43. The second cluster is divided into two subclusters. The first sub-cluster consisted of flavonol aglycones and metabolites 1, 5, 29, 31, and 49, while all the rest of the compounds (2, 50, 51, 52, and 53) belonged to the second sub-cluster.



Expression Patterns of Flavonoid Biosynthetic Genes and Related Transcription Factors During Cistus Fruit Development

The present study was conducted to comprehend how structural biosynthetic genes are regulated during Cistus fruit development and senescence to balance the synthesis for flavones, flavonols, F3Os, and PAs. Transcriptomes of C. creticus fruit were searched for homologs of known flavonoid pathway biosynthetic genes and related TFs. The expression patterns of the following genes in flowers (S0) and throughout the three fruit developmental stages (S1–S3) have been investigated in more detail: phenylalanine ammonia-lyase (CcPAL1 and CcPAL2), cinnamate 4-hydroxylase (CcC4H), 4-coumarate:coenzyme A ligase (Cc4CL1 and Cc4CL2), chalcone synthase (CcCHS1 and CcCHS2), chalcone isomerase (CcCHI), flavanone-3β-hydroxylase (CcF3H1 and CcF3H2), dihydroflavonol-4-reductase (CcDFR1 and CcDFR2), flavonoid-3′,5′-hydroxylase (CcF3′5′H), flavonol synthase (CcFLS), leucoanthocyanidin reductase (CcLAR1 and CcLAR2), anthocyanidin synthase (CcANS), and anthocyanidin reductase (CcANR) (Supplementary Figure 5).

The expression of CcPAL1, CcPAL2, CcCHS1, and CcCHI is down-regulated during fruit development and senescence (Supplementary Figure 5) which is in agreement with the metabolomics data, showing the highest naringenin (52) levels in flowers (S0) and S1 Cistus fruit and its decrease during further fruit development. Comparable data were observed during development of the apple fruit (Henry-Kirk et al., 2012). Conversely, the levels of Cc4CL1 transcripts were relatively high in flowers and fruits of S1 and S2 developmental stages, and their expression decreased in S3 fruit (Supplementary Figure 5). For CcC4H, Cc4CL2, and CcCHS2, no apparent differences between samples were recorded, although the expression was slightly higher in flowers (S0) and S1 fruits. The enzyme 4CL converts p-coumaric acid to p-coumaroyl-CoA. This enzyme is concurrently engaged in controlling the efflux of p-coumaroyl-CoA in divergent branches of the phenylpropanoid pathway as well as in promiscuously converting other hydroxycinnamic acids (caffeic and ferulic acid) in the lignin biosynthesis. Therefore, the slightly different correlation pattern of 4CL2 expression in comparison with the other structural genes of flavonoid biosynthesis could indicate its additional role in lignification of Cistus fruit. The transcript levels of CcF3H1 and CcF3′5′H were relatively stable in flowers (S0) and in S1 and S2 fruits, and they significantly decreased in S3 fruit (Supplementary Figure 5). The expression of CcF3H2 is the highest in flowers (S0) and is down-regulated during fruit development, with the lowest transcript levels recorded in S3 fruit. A similar trend was observed for CcFLS gene, which is responsible for converting dihydroflavonols into flavonols. Thus, both CcF3H1 and CcF3H2 are active in flowers, while in fruit of early developmental stages only CcF3H1 is involved in the synthesis of flavonols and PAs. The expression of CcDFR, which reduces dihydroflavonols to leucoanthocyanidins, was detected throughout fruit development, and the transcript levels of both CcDFR1 and CcDFR2 reached their maximum in flowers (S0) and decreased during fruit development (Supplementary Figure 5). Two pathway branches are involved in the synthesis of F3Os, the LAR and ANR branches. In Cistus fruit, CcANR and CcLAr1 and also the intermediate CcANS expressions are relatively stable in flowers and S1 and S2 fruits but are decreased in S3 fruit. The transcript levels of a second LAR candidate, CcLAR2, are highest in flowers (S0) and slightly drop during fruit development and ripening (S1 and S2), reaching significantly lower amounts in ripe S3 fruit (Supplementary Figure 5).

In view of the above-mentioned condition, it could be presumed that flavonoid metabolism is differently modulated in flowers and fruits in a way to complement their morphology, physiology, and function. Higher transcript levels of LBGs (CcDFR1, CcDFR2, CcANR, CcANS, CcLAR1, and CcLAR2) and, at the same time, generally lower F3Os content in flowers, when compared to fruits, led to the belief that the flavonoid pathway in flowers is most likely directed toward anthocyanin biosynthesis, the main pigments of pink Cistus flowers, and/or toward PAs, both not quantified in this tissue within the present study. In fruits (S1–S3), the transcript levels of CcANR, CcANS, CcLAR1, and CcLAR2 followed the trend of F3Os content during their development and ripening. Based on metabolomic and transcriptomic data, it could be presumed that the LAR pathway is the predominant one so that the metabolic flux is directed toward the synthesis of 2R,3S-trans-flavan-3-ols (GC, C, and C-3-O-gallate). Although galloyled F3Os, such as GC, CG, and ECG, are recorded in Cistus fruits, the genes directly involved in their biosynthesis (CcECGT and CcCGT) have not been identified in the transcriptome of C. creticus fruit (stage S2) and were therefore not analyzed within the present study. During the maturation and ripening of bilberry (Zifkin et al., 2012), blackberry (Chen et al., 2012), and peach (Zhou et al., 2015), a decrease in the expression of ANR and LAR genes was observed similarly to the data obtained here. Furthermore, genes specific for the PA pathway, LAR and ANR, have been functionally characterized in a variety of fruit crops, such as grapevine (Bogs et al., 2005), persimmon (Ikegami et al., 2007; Akagi et al., 2009a, b), apple (Han et al., 2012; Henry-Kirk et al., 2012), strawberry (Schaart et al., 2013), and peach (Ravaglia et al., 2013). Besides the known function of LAR in the conversion of, e.g., leucocyanidin to (+)-catechin (Tanner et al., 2003), a new role in regulating the oligomerization and extension of PAs in Medicago truncatula has been proposed (Liu C. et al., 2016).

To explain the regulatory background of Cistus flavonoid metabolism during fruit development, we studied the expression profile of MYB, bHLH, and WD40 TFs. MYB proteins function as direct activators of structural genes and as activators of the gene(s) encoding bHLHs (Schaart et al., 2013). Regulation of F3O and PA biosynthesis may be conditioned by the feedback interactions of MYB and bHLH components of the MBW activation complex (Chezem and Clay, 2016). In Arabidopsis thaliana, the MBW complex formed by MYB, bHLH, and TTG activates the genes DFR, ANS, and ANR, the products of which coordinate the production of PAs in the seed coat (Nesi et al., 2001; Debeaujon et al., 2003). The regulation of F3O and PA biosynthesis and accumulation has previously been studied in fruits of several species, including persimmon (Ikegami et al., 2007; Akagi et al., 2009a, b), grape (Czemmel et al., 2009; Terrier et al., 2009), and apple (Henry-Kirk et al., 2012). In grape berries development, several MYBs (VvMYBPA1, VvMYBPA2, VvMYB5a, and VvMYB5b) specifically regulate PA synthesis (Deluc et al., 2008; Bogs et al., 2007; Terrier et al., 2009). PA-specific MYB regulators (DkMYB2 and DkMYB4) have also been described from persimmon fruit, which has unusually high PA levels (Akagi et al., 2009b, 2010). DkMYB4 was found to be the specific activator of DkANR but not of DkLAR (Akagi et al., 2010). To date, PA-related MYB activators have been identified in fruits of various plant species, such as PpMYBPA1 in nectarine (Ravaglia et al., 2013), MdMYB9/MdMYB11 in apple (Gesell et al., 2014; An et al., 2015), PpMYB7 in peach (Zhou et al., 2015), and PbMYB9 in pear (Zhai et al., 2015). Transgenic tomato lines expressing AtMYB12 TF of Arabidopsis under constitutive promoter exhibited an enhanced accumulation of flavonols in fruits, accompanied with the elevated expression of phenylpropanoid pathway genes involved in flavonol biosynthesis (Pandey et al., 2015). Generally, MYB factors are involved in primary and secondary metabolism; they regulate many physiological processes in plants such as cell fate and identity, development, hormone signal transduction, and response to environmental stresses (Dubos et al., 2010). To examine the patterns of PA regulation by MYBs, we traced the expression of eight MYB candidates identified in Cistus fruit transcriptome (CcMYB1, CcMYB2, CcMYB3, CcMYB4, CcMYB5, CcMYB6, CcMYB12a, and CcMYB12b). The expression profiles of these MYBs followed the same trend, being relatively stable in flowers (S0) and in S1 and S2 stage fruits, whereas these decreased significantly in S3 fruit (Supplementary Figure 5). To propose a putative specific function of identified C. creticus MYBs, a phylogenetic analysis was constructed for MYB TFs of different plants (Figure 3A). CcMYB4 clusters closely with PA-related MYB activators, such as AtMYB123 (AtTT2) in Arabidopsis (Nesi et al., 2001), MdMYB9/MdMYB11 and MdMYB6 in apple (Gao et al., 2011; Gesell et al., 2014; An et al., 2015), and others. Anthocyanin and PA-related MYB activators require specific bHLH co-activators to work, and they contain a bHLH-binding domain in the N-terminal R3-MYB repeat (Ma and Constabel, 2019). The lignin- and flavonol-activating MYBs do not have this domain. Since Cistus CcMYB4 contains bHLH-binding domain, it could be presumed that it is most likely anthocyanin and PA biosynthesis activator. C. creticus CcMYB5 and CcMYB6 contain no bHLH-binding domain and are presumably involved in the activation of lignin and/or flavonol biosynthesis. They cluster close to the MYBs of the flavonol clade (Figure 3A). The same goes for CcMYB12a and CcMYB12b which, according to some previous studies on A. thaliana and Solanum lycopersicum (Mehrtens et al., 2005; Ballester et al., 2010; Pandey et al., 2015), might play an important role in regulating the flavonol pathway. Cistus CcMYB1 and CcMYB2 are clustered closely to grapevine VvMYBC2L-1 (Huang et al., 2014; Cavallini et al., 2015), which falls into the group of MYB repressors. However, based on the present study, CcMYB1 and CcMYB2 expression in Cistus flowers and fruits follows the decreasing expression patterns of biosynthetic genes during the fruit’s development. Similarly, CcMYB3 is similar to apple MdMYB16 (Xu et al., 2017) and other R2R3-MYB repressors involved in the regulation of general phenylpropanoid and lignin biosynthetic pathway but is down-regulated during Cistus fruit development. Within the MYB phylogeny, most MYB repressors belong to the subgroup of R2R3-MYBs (Ma and Constabel, 2019), which is separated into two clusters, both containing the bHLH domain: (1) a general phenylpropanoid and lignin MYBs (CcMYB3) and (2) flavonoid-related MYBs (CcMYB1 and CcMYB2). Only the anthocyanin and PA repressors interact with bHLH proteins. It has been suggested that, unlike most MYB flavonoid activators, MYB repressors seem to affect the biosynthesis of multiple flavonoids due to their bHLH-binding activity (Ma and Constabel, 2019). Activator MYBs are more specific than corresponding repressor MYBs. The mechanism of action of activator and repressor MYBs is largely determined by their competition for corresponding cofactor or DNA cis-element. Binding of flavonoid MYB repressors with bHLH co-activators can interfere with the MBW complex (Ma and Constabel, 2019). The relative abundance of MYB activator and repressor proteins in a given cell determines the incident of promoter activation and repression events. Functional characterization of identified Cistus MYBs would suggest their regulatory role within the flavonoid biosynthetic pathway in fruits.
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FIGURE 3. Phylogenetic trees derived from MYB and BHLH transcription factors involved in the regulation of flavonoid pathway. Phylogenetic analysis of putative MYB amino acid (A) and BHLH nucleotide sequences (B) from Cistus and a range of other species. Sequences were aligned using Clustal W, and a maximum likelihood tree was formed from the alignment. The scale bars represent 0.2 (A) and 0.1 (B) substitutions per site. The GenBank accession numbers are as follows: AtCPC (AAN78321.1), AtMYB4 (AT4G38620), AtTT2 (AJ299452), Ccl MYB41like (XP_024033719.1), CmMYB1 AEO27497.1, CpMYB41-like (XP_021904296.1), CsMYB20 (XP_006482113.1), CsMYB4a (ARB51599.1), CsMYB34 (XP_006488922.1), CsMYBF1 (AMH40451.1), CsRUBY (NP_001275818.1), DkMYB4 (AB503701), FaMYB1 (AF401220), FaMYB5 (AZI95727.1), FaMYB11 (JQ989282), FcMYB1 (ADK56163.1), FtMYB13 (APZ74338.1), FtMYB14 (APZ74339.1), FtMYB15 (ASK85760.1), FtMYB16 (APZ74341.1), FvWER-like (XP_011468576.1), GbMYB2-like (ACI23563.1), GmMYB1 (ACM62749.1), GmMYB10 (FJ197137), LjTT2a (AB300033), LlMYB1 (ADY38393.2), Malus_hybr MYB111 (AHG99475.1), MdMYB3 (AEX08668.1), MdMYB5-like (XP_008356551), MdMYB6 (AAZ20429.1), MdMYB9 (ABB84757.1), MdMYB10 (ACQ45201.1), MdMYB11 (AAZ20431.1), MdMYB16 (ADL36756.1), MdMYB22 (AAZ20438.1), MdMYB308-like (XP_008369485), MtPAR (HQ337434), NnMYB4-like (XP_010259378.1), PhAN2 (ABO21074), PhMYB4 (ADX33331.1), PhMYB27 (AHX24372.1), PhMYBx (AHX24371.1), PmTT2-like (XP_008238440), PpMYB6 (XP_020419855.1), PpMYB7 (ALO81018.1), PpMYB10 (ADK73605.1), PpMYB15 (ONH94094.1), PpMYB18 (ALO81021.1), PpMYBF1 (ONI28129.1), PpMYBPA2 (XM_007203070), SlMYB12 (ACB46530.1), SlMYBATV-X1 (AUG72360.1), SlMYBATV-X2 (AUG72361.1), SlMYBATV-X3 (AUG72362.1), TaMYB14 (JN049641), TaMYB5 (XP_007039783), TcMYB20 (EOY03898.1), TrMYB7 (AMB27080.1), VuMYB R2R3 (AKR80571.1), VvMYB4a (ABL61515.1), VvMYB4b (ACN94269.1), VvMYB5a (NP_001268108.1),VvMYB5b (NP_001267854.1), VvMybC2-L1 (NP_001268133.1), VvMYBF1 (ACT88298.1), VvMYBPA1 (CAJ90831.1),VvMYBPA2 (ACK56131.1), VvWER-like (XP_010646852.1). AmDEL (M84913.1), AtEGL3 (NM_001198373.2), AtMYC1 (NM_001340255.1), AtTT8 (NM_117050.3), BlMYC1 (KP245830.1), CsEGL1-like (XM_006491035.2), FaBHLH3 (JQ989284.1), FvGL3-like (XM_004298754.2), FvEGL1 (XM_004308329.2), GaGLABRA3-like (XM_017772602.1), InBHLH1 (AB232774.1), JcGLABRA3-X3var (XM_012231504.2), JrEGL1-like (XM_018952436.1), LcBHLH1 (KY302803.1), LcBHLH2 (KY302804.1), LhbHLH1 (AB222075.1), LhbHLH2 (AB222076.1), LjGL3 (AB492284), LjTT8 (AB490778.1), MdBHLH3 (HM122458.1), MdbHLH33 (DQ266451.1), Md’GrannySmith′BHLH3 (KX822759.1), MrBHLH2 (JX629462.1), PcBHLH3 (KT254006.1), PfF3G1 (AB103172.1), PfMYC-RP (AB024050.1), Phyban1 (AF260919.1), PhybJAF13 (AF020545.1), PmBHLH (XP_008238828.1), PpBHLH (XM_020564682.1), QsMYC1-like (XM_024018235.1), TcEGL1-like (XM_007040187.2), VvMYC1 (EU447172.1), and VvMYCA1 (EF193002.3).


The MBW complexes might include different classes of MYBs and bHLHs with specific functions in regulating the transcription of flavonoid biosynthetic genes. Within the present study, we also examined several Cistus bHLH candidates, and the majority of them (CcbHLH3, CcbHLH4, and CcbHLH5) showed a relatively stable expression in flowers and during the early development of fruits (S1 and S2 stages) and a decreasing trend in late fruit developmental stage (S3) (Supplementary Figure 5). The exceptions are CcbHLH1 and CcbHLH2 since their expression did not change during fruit development. It is not strange that some bHLH genes show observable different transcript behavior since they are regulating different branches of the flavonoid biosynthetic pathways and possibly other metabolic pathways. Some previous studies showed that the expression of 113 FabHLH genes in strawberry is dependent on the variety, fruit tissues/organs, and developmental stages (Zhao et al., 2018). By comparing the nucleotide sequences of Cistus bHLHs and bHLHs from other species, the phylogenetic tree was constructed (Figure 3B). According to Montefiori et al. (2015), the bHLH TFs have been divided into two major groups, bHLH2/AN1/TT8 and bHLH/JAF13/EGL3 clades. Many members of both clades have been shown to regulate different branches of the flavonoid pathway (Montefiori et al., 2015). Cistus bHLH candidates CcbHLH1 to CcbHLH3 belong to the bHLH/JAF13/EGL3 clade (Figure 3B), together with grapevine VvMYC1 (Hichri et al., 2010), Arabidopsis bHLH proteins AtGL3 and AtEGL3 (Payne et al., 2000), apple MdbHLH33 (Espley et al., 2007), lychee LcbHLH1 (Lai et al., 2016), and petunia PhJAF13 (Quattrocchio et al., 1998), which are involved in the production of different flavonoids. The grape bHLH TFs VvMYC1 and VvMYCA1 were found to induce anthocyanin and PA production through the interaction with corresponding MYBs and consequent activation of the promoters of biosynthetic genes (Hichri et al., 2010). In lychee, LcMYB1 has been identified as the key regulator of anthocyanin biosynthesis (Lai et al., 2014). On the other hand, CcbHLH4 belongs to the bHLH2/AN1/TT8 clade, clustering close to strawberry FabHLH3 and putative negative regulator FabHLH3Δ (Schaart et al., 2013), apple MdbHLH3 (Espley et al., 2007), VvMYC1 (Hichri et al., 2010), Arabidopsis AtTT8 (Nesi et al., 2000), lychee LcbHLH2 (Lai et al., 2016), etc. Strawberry FabHLH3 and FabHLH3Δ are found to be involved in PA biosynthesis through the interaction with four MYBs (Schaart et al., 2013).

Similarly as MYBs and the majority of bHLHs, Cistus TTG candidate (CcTTG) showed a decreasing trend of expression during fruit development and ripening (Supplementary Figure 5). It was previously suggested that, in planta, TTG1 could regulate both the specific activity (i.e., interactions with other proteins or DNA) and the quantity (e.g., stability and localization) of the MBW complexes (Xu et al., 2015) and is therefore essential for flavonoid biosynthesis. Apart from its role in flavonoid biosynthesis, it is suggested that MYB-BHLH-TTG1 complex is modified by squamosal promoter-binding protein (SPBPs) to control trichome development and patterning in C. creticus leaves (Ioannidi et al., 2016). Overexpression of CcSPBPA/B Cistus genes in Arabidopsis leaves affected a broad range of plant developmental processes, most probably by directly binding to TTG1 (Ioannidi et al., 2016). Moreover, previous reports have shown that the elevated levels of SPBPs negatively modify TTG1-dependent physiological processes, including anthocyanin accumulation and trichome distribution of floral stems and leaves (Gou et al., 2011; Ioannidi et al., 2016). The expression patterns of the two SPBP candidates identified, CcSPBP1 (syn. CcSPLA) and CcSPBP2 (syn. CcSPLB), showed opposite trends in flowers (S0) and fruits (S1–S3). The expression of CcSPBP1 was increased in stages S1–S3 when compared to S0, while the level of CcSPBP2 transcripts gradually decreased during Cistus fruit development and was lowest in S3 stage (Supplementary Figure 5). These results indicate that CcSPBP1 is most likely an isoform involved in the regulation of flavonoid metabolism in fruit, while CcSPBP2 predominates in flowers. Negative correlations observed between CcTTG and CcSPBP1 further support the proposed role of CcSPBP1 as the MBW antagonist influencing flavonoid biosynthesis in rockrose fruit.



Ethylene Biosynthesis and Respiration During Cistus Fruit Development

Distinct hormone signaling pathways are known to be implicated in the regulation of the flavonoid pathway. In this context, the regulatory roles of abscisic acid (ABA) (Lacampagne et al., 2010; Zifkin et al., 2012), jasmonate (JA) (An et al., 2015; Delgado et al., 2018), ethylene (Min et al., 2012), brassinosteroids (Zhou et al., 2018), and other hormones have been proposed.

The highest ethylene production rate was observed in Cistus fruits of S1 and S2 stages, which is followed by a significant reduction in S3 stage. Respiration rates gradually decreased during fruit development, with the lowest value in S3 senescent fruits (Figure 4). The signals that trigger ripening in fruits are not clear; the ethylene production rates follow a similar pattern with the respiration rates, which suggests that fruits might behave as non-climacteric. Non-climacteric fruits, such as grape and strawberry, do not exhibit a sharp peak in respiration, although a rise in ethylene is sometimes observed (Liu et al., 2015). Obviously, non-climacteric fruits have minimum capacity to synthesize ethylene, which may influence some physiological and molecular events during development and ripening of this class of fruit (Liu et al., 2015). By contrast, in climacteric fruits, such as tomato, banana, or apple, the onset of ripening is marked by an obvious respiratory burst linked to ethylene action, which is the primary cue mediating and controlling most aspects of climacteric fruit ripening at the physiological, biochemical, and molecular levels (Liu et al., 2015; Giovannoni et al., 2017).
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FIGURE 4. Ethylene production and respiration in Cistus fruits of three developmental stages (S1–S3). Bars with different letters are significantly different (p < 0.05) according to ANOVA post hoc Tukey’s test. Ethylene is synthesized from methionine (A) in a simple three-step biosynthetic pathway involving the enzymes S-adenosyl methionine synthetase (SAMS), 1-amino cyclopropane-1-carboxylate synthase (ACCS), and 1-amino cyclopropane-1-carboxylate oxidase (ACO). S-adenosyl methionine, synthesized from methionine in a reaction catalyzed by SAMS, is converted by ACCS into ACC, and then ACC is oxidized by ACO to form ethylene. Ethylene further induces a signaling cascade which activates ethylene-responsive genes.


Ethylene is synthesized from methionine (Figure 4) in a simple three-step biosynthetic pathway involving enzymes such as S-adenosyl methionine synthetase (SAMS), 1-amino cyclopropane-1-carboxylate synthase (ACS), and 1-amino cyclopropane-1-carboxylate oxidase (ACO). S-Adenosyl methionine, synthesized from methionine in a reaction catalyzed by SAMS, is converted by ACS into 1-amino-cyclopropane-1-carboxylic acid (ACC) that then is oxidized by ACO to ethylene (Liu et al., 2015). In this study, we utilized available transcriptomic information from Cistus to identify ethylene-related genes and known controllers of fruit development and ripening. Their expression in flowers and three stages of fruit development was investigated, aiming to better understand the maturation and ripening process in relation to flavonoid metabolism. We analyzed the expression patterns of genes involved in endogenous ethylene biosynthesis (CcSAMS, CcACS, CcACO1, and CcACO2) or in ethylene perception (ethylene response sensor, CcERS). The expression levels of CcSAMS were relatively stable during fruit development, with no significant changes from stages S0 to S3. Two ACO genes, CcACO1 and CcACO2, displayed different expression profiles, in which the expression of CcACO1 decreased in S3 stage, while the expression of CcACO2 was relatively stable (Supplementary Figure 5). This negative correlation between the expressions of the two CcACO genes was also depicted in the correlation analysis of gene expression shown in Figure 5. On the other hand, the expression of CcACS gradually decreased during fruit development. In tomato fruit, the expression of ACO and ACS increased during tomato fruit ripening, which has been linked to ripening-associated ethylene production in climacteric fruits (Nakatsuka et al., 1998).


[image: image]

FIGURE 5. Chemometric analysis of the gene expression data for Cistus flavonoid-related biosynthetic genes (BS, red letters), transcription factors (TF, black letters), and genes involved in ethylene biosynthesis and sensing (Et, green letters). (A) Principal component analysis performed on log2 fold change expression data. The samples are colored by stage (S0–S3) as shown in the legend, and these groups are further encircled by a convex hull of the same color. (B) Principal component analysis variable loadings. (C) Heatmap of log2 fold change expression data. The samples (in rows) are arranged according to hierarchical cluster analysis (Ward’s method of cluster agglomeration) constructed using Euclidean distances (left tree), and the genes (in columns) are arranged according to hierarchical cluster analysis (cluster agglomeration using complete linkage) constructed using Pearson correlation distances (top tree).


Ethylene induces a linear transduction pathway, which starts with the hormone perception by a specific ethylene receptor–ethylene response sensor, which then initiates a signaling cascade by releasing the block exerted by serine–threonine protein kinase constitutive triple response 1 (CTR1) on ethylene insensitive 2 (EIN2). This further activates a transcriptional cascade involving ethylene insensitive 3 (EIN3)/ethylene insensitive-like 1 (EIL1) as the primary TF and then ethylene response factors (ERFs) which, in turn, regulate genes underlying ripening-related traits, such as color, firmness, aroma, taste, and post-harvest shelf-life (Solano and Ecker, 1998; Solano et al., 1998; Ju et al., 2012; Cheng et al., 2013; Liu et al., 2015). In the absence of ethylene, CTR1 inhibits the activity of EIN2 (Kieber et al., 1993). Cistus CcERS expression slightly increased in S3 fruit (Supplementary Figure 5).

Transcription factors play critical roles in relaying ripening-inducing signals and controlling ethylene biosynthesis and signaling. TFs such as the SPBP, colorless non-ripening, ERF, as well as various MADS-box genes regulate downstream ripening genes (Vrebalov et al., 2002; Liu et al., 2015). In the TF networks that affect fruit ripening, MADS-box family TFs serve as the central regulators of ripening and are involved in early fruit development, maturation, and pre-ethylene ripening events in both climacteric and non-climacteric fruits (Yao et al., 1999; Boss et al., 2001; Tadiello et al., 2009; Seymour et al., 2011; Liu et al., 2015; Giovannoni et al., 2017). Within the present study, we traced the expression of four putative MADS-box genes identified in Cistus fruit transcriptome (CcMbox1, CcMbox2, CcMbox3, and CcMbox4). The expression of CcMbox1 is significantly increased in S1 and S2 stages when compared to S0, and it decreased in S3 stage (Supplementary Figure 5). The expression of CcMbox2, CcMbox3, and CcMbox4 is relatively stable during the stages S0–S2, and it significantly decreased in S3 stage (Supplementary Figure 5). This is in accordance with the proposed regulatory role of MADS-box TFs during maturation and pre-ethylene events in fruits.



Chemometric Analysis of Gene Expression Data

A PCA combining gene expression studies revealed a clear separation between Cistus flowers and fruits (Figure 5A). PC1 and PC2 cumulatively explained 92.6% of total variance. Stages S0–S2 are clearly separated along PC1 (87.1% variability) from S3. Furthermore, flowers (S0) and S3 fruits are separated from S1 and S2 along PC2 (5.5%). In general, stages S1 and S2 are very similar in terms of gene expression profiles. The genes highly contributing to the diversification of Cistus samples along PC1 are CcDFR2, CcPAL1, CcLAR2, CcSPBP2, CcFLS1, CcDFR1, and CcF3′5′H (Figure 5B). On the other hand, CcACO1, CcSPBP1, CcMbox3, and CcACO2 are the major variables contributing to the diversification of fruit developmental stages along PC2.

To analyze the transcriptional association among flowers (S0) and the three developmental stages of fruits (S1–S3), the data are also presented as a heat map of log2 fold changes (Figure 5C), arranged row-wise (samples) according to HCA constructed using Euclidean distances (Figure 5C, left) and column-wise (genes) according to HCA constructed using Pearson correlation distances (Figure 5C, top). Based on the presented tree (Figure 5C, left), samples from stage S3 form a separate homogenous cluster, while samples from stages S0–S2 are clustered together. As for the targeted gene expression linkages, ethylene-related biosynthetic genes (CcERS and CcSAMS) and TFs CcBHLH1 and CcSPBP1 form a separate cluster (A). The expression of these genes is stable or slightly increases during fruit ripening. All the other genes cluster together (B) and are separated into two sub-clusters (Figure 5C, top). The first sub-cluster (b1) comprises CcACO1 and CcMbox1 to CcMbox4 TFs, while all the other genes belong to the second sub-cluster (b2). Within sub-cluster b2, two groups of genes could be diversified: (a) containing one EBG-Cc4CL2 and (b) comprising all the other genes divided into two subgroups: (1) with CcACO2 and (2) containing all the rest of the genes. Interestingly, the majority of EBGs (Cc4CL1, CcCHI, CcPAL2, CcC4H, and CcCHS2) cluster together with one LBG-CcANS and CcMYB5 TF. On the other hand, the majority of LBGs (CcF3H1, CcF3H2, CcFLS, CcLAR1, CcLAR2, CcANR, CcDFR1, and CcDFR2) cluster close to two EBGs (CcPAL1 and CcCHS1), five MYBs (CcMYB1–4 and CcMYB6), CcbHLH2 to CcbHLH5, CcTTG, and CcMbox4 gene. The presented associations between genes indicate that EBGs are most likely regulated by MYB4 to MYB6, while LBGs are under the control of MYB1 to MYB3 and corresponding bHLH TFs (CcbHLH2 to CcbHLH5).

A pairwise correlation analysis of the expression patterns between flavonoid biosynthetic genes and TFs was carried out to identify TFs that are co-expressed with the biosynthetic genes (Figure 6). Positive correlation has been observed between all the analyzed biosynthetic genes (EBGs and LBGs) and TFs (MYBs, bHLHs, and TTG), indicating the transcriptional regulation of flavonoid biosynthesis in Cistus fruit. The exception is the expression of CcbHLH1, which was negatively correlated with the analyzed biosynthetic genes, especially with Cc4CL2 and CcCH4. The positive correlation in the expression levels between MYB, bHLH, and TTG TFs indicated the role of MBW activation complex in the regulation of PA synthesis in fruits. MBW complexes might be involved in the developmental regulation of the flavonoid pathway at the transcriptional level, especially in the LBGs (DFR, ANR, ANS, LAR, F3H, F3′5′H, and FLS). EBGs (PAL, C4H, 4CL, CHS, and CHI) are probably less affected by the activities of these complexes. The exception again seems to be CcbHLH1, the expression of which was negatively correlated with the expression of other MYB, bHLH, and TTG TFs. Thus, it appears that PA biosynthesis in Cistus fruits is controlled by a network of MYBs (activators and repressors) and bHLHs, which could allow for a more subtle regulation of the transcriptional mechanism through different combinations of TFs within the MBW complex.
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FIGURE 6. Correlation analysis of gene expression data. The correlation matrix was constructed using Spearman’s rank-order correlation. Spearman’s correlation coefficients are shown in the lower triangle, while the significance of the association samples using a two-sided test (p < 0.05) is denoted by asterisks in the upper triangle. The genes are ordered according to hierarchical cluster analysis (cluster agglomeration using complete linkage) constructed based on 1-corsp dissimilarity matrix (left tree).


Among the analyzed ethylene-related genes, CcACO1, CcACS, and, to some extent CcACO2 were positively correlated with most of the flavonoid biosynthetic genes and TFs, with the exception of CcSPBP1 and CcbHLH1 (Figure 6). On the other hand, CcERS and CcSAMS were significantly negatively correlated with all the biosynthetic genes and majority of TFs but were positively correlated with CcSPBP1 and CcbHLH1. The only significant positive correlation of CcSAMS was with CcSPBP1.



Correlation Analysis Between Metabolomics and Gene Expression Data

The expression of structural genes is coordinately regulated and well correlated with metabolite pools, supporting the hypothesis that the biosynthesis of flavonoids during Cistus fruit development is controlled at the transcriptional level (Figure 7A). All the structural gene transcripts were more abundant in flowers (S0) and during the first stages of fruit development (S1 and S2) when the majority of targeted flavonoids accumulated and the transcripts of the TFs were at a high level.
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FIGURE 7. (A) Pairwise correlation analysis of gene expression and phenolics quantitative data in flowers (S0) and fruits of three developmental stages (S0–S3). Since different biological samples were used for metabolomics and expression measurements, the correlation was performed on averaged data by developmental stage. (B) Pairwise correlation analysis of gene expression and ethylene production and respiration (CO2) data in Cistus fruits of three developmental stages (S1–S3). For both (A,B), the correlation matrix was constructed using Spearman (rank) correlations between compound quantity and relative gene expression. Asterisks denote significant (p < 0.05) association between paired samples using a two-sided test.


The exceptions are correlations between caffeic acid (14), quercetin 3-O-rhamnoside (43), and luteolin (50) content on one side and analyzed gene expressions on the other (Figure 7A). Of the five bHLH candidates analyzed, CcbHLH1 was the only one positively correlated with the amount of 14 and 50, while both CcbHLH1 and CcbHLH2 were positively correlated with 43. The above-mentioned compounds were also positively correlated with CcSPBP1 and with some ethylene-related genes (CcERS and CcSAMS). However, such correlations should be considered with caution, especially in complex metabolic pathways in which the accumulation of the intermediates is balanced between the rate of biosynthesis and further utilization and conversion to other molecules. For example, the amount of naringenin (52) resulted from the activity of biosynthetic genes upstream of the pathway (PAL, 4CL, C4H, and CHI) but is also influenced by the rate of its conversion into other flavonoids as mediated by the activity of downstream enzymes (Figure 1). As stated before, 52 is considered the branching point for the biosynthesis of different flavonoid classes. In the same way, the detected concentrations of other intermediates of the pathway, including several detected aglyca, should be considered.

A correlation analysis of flavonoid-related biosynthetic genes, ethylene-biosynthetic genes, and TF expression patterns on the one hand and ethylene production/respiration on the other was carried out to identify possible associations between flavonoid and ethylene metabolism (Figure 7B). Ethylene production rate and respiration were positively correlated with the expressions of CcACS and CcACO1 and negatively correlated with CcACO2, CcERS, and CcSAMS expressions. On the other hand, the expression of the majority of flavonoid biosynthetic genes and TFs analyzed was positively correlated with the level of ethylene production and respiration (Figure 7B). Significant positive correlations were observed for endogenous ethylene production and CcDFR1, CcANS, CcLAR1, CcCHI, and CcPAL2 transcript levels in Cistus fruits. In strawberry, FabHLH98 is responsive to abiotic stress with the implementation of ABA and ethephon, which, according to Zhao et al. (2018), suggests its involvement in fruit ripening. Ethylene has strong effects on persimmon fruit ripening (Nakano et al., 2003) and on the removal of astringency resulting from high PA contents (Yin et al., 2012). ERFs induce a decrease of PAs in persimmon via the ethylene pathway (Min et al., 2012). As previously reported, ethylene signaling is involved in the regulation of VvCHS, VvF3H, VvDFR, VvLDOX, and VvUFGT expression in grape (El-Kereamy et al., 2003). The transcription of VvCHI1, VvCHS3, VvDFR, VvLDOX, VvUFGT, and VvMYBA1 was up-regulated by ethephon, a commercial growth regulator that is quickly converted to ethylene, which resulted in the activation of PA and anthocyanin biosynthesis in grape berries (Liu M. Y. et al., 2016). Since ethylene production and respiration are positively correlated with the expression of the majority of flavonoid biosynthetic genes and related TFs, there are indications that ethylene biosynthesis and signaling might be involved in the biosynthesis of flavonoids in Cistus fruits. Further studies are needed in order to find connections between these two processes.



Isolation and Heterologous Expression of Flavonoid Hydroxylase (F3′5′H) in Yeast

Hydroxylation appears as one of the crucial steps defining the final metabolite pattern in Cistus flowers and fruits. Besides 3′,4′-hydroxylated flavonols and F3Os, such as quercetin, catechin, and epicatechin derivatives including the respective PAs (i.e., procyanidins), 3′,4′,5′-hydroxlated counterparts (myricetin, gallocatechin, epigallocatechin, and its derivatives and related prodelphinidins) were found as major metabolites in the investigated tissues. These findings indicate the significant involvement of active hydroxylases responsible for the decoration of the basic flavonoid structure. To identify putative genes coding for functional F3′5′H proteins from C. creticus, a blast similarity search was performed. Functionally characterized genes from 42 plant species were selected and retrieved from NCBI public database (Supplementary Table 3). The local tblastn against RNA-seq from C. creticus fruit revealed two sequences for putative flavonoid hydroxylases, named c15585 and c24086, respectively. To assign a putative function to these genes, the retrieved candidate genes were used to generate a phylogenetic tree (Figure 8). The tree demonstrated that the putative contig c15585 is more closely related to F3′5′H genes from Theobroma cacao and Gossypium hirsutum and was clustering within the group of functionally characterized F3′5′Hs from various plant species. The candidate c24087 grouped clearly within the F3′H genes, branching again close to the same species (T. cacao and G. hirsutum). However, according to Seitz et al. (2006), a prediction of the in vivo function of flavonoid hydroxylases from phylogenetic sequence analysis could be, at least for candidates from Asteraceae family, misleading, and an enzymatic characterization of the encoded protein is suggested. Therefore, heterologous expression of the putative flavonoid 3′,5′-hydroxylase in yeast and in vivo bioconversion of selected substrates were performed to determine the exact function of this important step in determining the substitution pattern of major Cistus metabolites. The yeast strain INVSc1 was used to transform and over-express the candidate c15585, cloned into the expression vector pYES2. The induced transformed yeast cells were fed with two potential substrates, naringenin and dihydrokaempferol, dissolved in DMSO (Figure 1). The UPLC–PDA analysis of yeast culture extracts after 24, 48, and 72 h of incubation revealed that the expression of c15585 gene produced a functional enzyme with the predicted activity, validated by the presence of the respective 3′,4′,5′-hydroxylated products pentahydroxyflavanone and dihydromyricetin (Figure 9). Due to a lack of authentic standard, pentahydroxyflavanone was tentatively identified by its retention time behavior and UV profile, which is characteristic for flavanones. In all extracts, the first expected reaction products, eriodyctiol and dihydroquercetin, were also detected. Furthermore, the identity of all six metabolites including pentahydroxyflavanone was confirmed by means of MS analysis using UPLC coupled via an ESI interface to a Synapt HDMS QTOF MS (Figure 9–C and Supplementary Figure 6). The mass accuracy error was, for all compounds, below 5 ppm. Compared with the respective standard, as available, the isotope similarity was above 70%, which allows the unambiguous identification of the given compounds (Figure 9–C). Detailed fragmentations of the compounds at two different energy levels are given in Supplementary Figure 6. These results clearly identify c15585, deposited in GenBank with number MT707661, as a functional F3′5′H involved in the specific hydroxylation of flavanones and/or dihydroflavonols, determining the final hydroxylation pattern of flavonols, F3Os, and PAs and most probably also of anthocyanins, which were not analyzed in this study.
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FIGURE 8. Protein sequences for F3′H and F3′5′H in various plant species available in GenBank were selected, including those of Cistus creticus. Sequences were aligned using ClustalW and phylogenetic distance tree analysis followed in Geneious Tree Builder, with Jukes–Cantor genetic distance model and neighbor-joining method. A consensus tree was built using bootstrap resampling tree method, with 10,000 replicates and majority greedy clustering. The scale bar indicates 0.09 amino acid substitutions per site. Bootstrap values are shown in nodes. The accession numbers displayed are given in Supplementary Table 3.
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FIGURE 9. Functional characterization of Cistus creticus F3′5′H gene. (A) Detection of products in methanolic extracts of yeast culture feeding assay with naringenin after biotransformation with F3′5′H gene. Ultra-performance liquid chromatography (UPLC)–photodiode array (PDA) chromatograms of (a) the substrate naringenin and the product eriodictyol and their corresponding absorption (b) and (c); (d) yeast culture transformed with CcF3′5′H flavonoid hydroxylase after 72 h of feeding with 5 μM naringenin and the alignment of the identified absorption of the products pentahydroxyflavanone (e) and eriodictyol (f) and the substrate naringenin (g) (line in blue) with the external standards from the diode array detector (DAD) library (line in red); (h) negative control yeast culture transformed with CcF3′5′H after 72 h of feeding with 5 μM naringenin without induction with galactose. (B) Detection of products in methanolic extracts of yeast culture feeding assay with dihydrokaempferol after biotransformation with F3′5′H gene. UPLC–PDA chromatograms of (a) the substrate dihydrokaempferol and the products dihydroquercetin and dihydromyricetin and their corresponding absorption (b), (c), and (d); (e) yeast culture transformed with CcF3′5′H flavonoid hydroxylase after 72 h of feeding with 5 μM dihydrokaempferol and the alignment of the identified absorption of the products dihydroquercetin and dihydromyricetin and the substrate dihydrokaempferol (h) (line in blue) with the external standards dihydroquercetin, dihydromyricetin, and dihydrokaempferol from the DAD library (line in red); (i) negative control yeast culture transformed with CcF3′5′H after 72 h of feeding with 5 μM dihydrokaempferol without induction with galactose. (C) Table presenting the relevant data of HDMS QTOF MS identification of all six metabolites.


Furthermore, the identified activity is in line with the phylogenetic clustering of the putative flavonoid hydroxylases’ protein sequences. Therefore, we can postulate that the F3′5′H enzyme encoded by c15585 is involved in converting the metabolic flux toward biosynthesis of myricetin and its derivatives and through the delphinidin branch within the flavonoid biosynthesis network in C. creticus.



CONCLUSION

Being a rich source of flavonols, F3Os, and PAs, C. creticus subsp. creticus fruit represents a convenient model system to study the metabolism of these compounds in relation to development and ripening processes. Patterns of changes in the flavonoid content and expression profiles of biosynthetic genes and TFs during Cistus fruit development suggest a coordinated regulation of gene expression at the transcriptional level. The results propose a significant role of flavonoid hydroxylases in determining the content and ratio of major flavonoid compounds belonging to the groups of flavanones, flavones, dihydroflavonols, and flavonols and indirectly of F3Os and PAs. The function of the most important gene belonging to this group, CcF3′5′H, which is responsible for conducting the metabolic flux through delphinidin branches of the biosynthetic pathway, is confirmed. The involvement of a network of MYBs (activators and repressors) and bHLHs in the subtle regulation of the transcriptional mechanism through different combinations of TFs within the MBW complex is proposed. Although the results suggest the involvement of ethylene biosynthesis and signaling in the biosynthesis of flavonoids in non-climacteric Cistus fruit, further studies are needed in order to confirm the connections between these two processes.
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The red color is an attractive trait of fruit and determines its market acceptance. 5-Aminolevulinic acid (ALA), an eco-friendly plant growth regulator, has played a universal role in plant secondary metabolism regulation, particularly in flavonoid biosynthesis. It has been widely reported that ALA can up-regulate expression levels of several structural genes related to flavonoid metabolism and anthocyanin accumulation. However, the molecular mechanisms behind ALA-induced expression of these genes are complicated and still far from being completely understood. In this study, transcriptome analysis identified the differentially expressed genes (DEGs) associated with ALA-induced anthocyanin accumulation. Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis showed that the flavonoid biosynthesis (ko00941) pathway was significantly enhanced in the ALA-treated apple calli at 24, 48, and 72 h after the treatment. Expression pattern revealed that ALA up-regulated the expression of the structural genes related to not only anthocyanin biosynthesis (MdCHS, MdCHI, MdF3’H, MdDFR, MdANS, and MdUFGT) but also anthocyanin transport (MdGST and MdMATE). Two R2R3-MYB transcription factors (MdMYB10 and MdMYB9), which are the known positive regulators of anthocyanin biosynthesis, were significantly induced by ALA. Gene overexpression and RNA interference assays demonstrated that MdMYB10 and MdMYB9 were involved in ALA-induced anthocyanin biosynthesis. Moreover, MdMYB10 and MdMYB9 might positively regulate the transcription of MdMATE8 by binding to the promoter region. These results indicate that MdMYB10 and MdMYB9 modulated structural gene expression of anthocyanin biosynthesis and transport in response to ALA-mediated apple calli coloration at the transcript level. We herein provide new details regarding transcriptional regulation of ALA-induced color development.

Keywords: ALA, anthocyanin accumulation, apple fruit calli, differentially expressed genes, MdMYB10, MdMYB9, MdMATE8


INTRODUCTION

Fruit coloration acts as one of the most important factors determining commodity value of red cultivars. Finding eco-friendly, efficient, and easy-to-operate methods to improve fruit color has long been a major concern of fruit researchers. 5-Aminolevulinic acid (ALA), a key precursor in tetrapyrrole biosynthesis, has drawn increasing attention due to its important regulation roles in multiple physiological processes, including plant development, secondary metabolism, and fruit ripening (Akram and Ashraf, 2013). Promoting red fruit coloration is one of the most outstanding roles of ALA, which has been widely demonstrated in apple (Wang et al., 2006; Xie et al., 2013; Zheng et al., 2017), grape (Watanabe et al., 2006), pear (Xiao et al., 2012), peach (Guo et al., 2013; Ye et al., 2017), litchi (Feng et al., 2015), and strawberry (Li et al., 2016), indicating great application potential of ALA in modern fruit production. However, the molecular mechanism underlying ALA-induced fruit coloration is largely unknown.

The red pigment of fruit is mainly caused by anthocyanin, which is the major component of flavonoids. Anthocyanin is synthesized from the cytoplasmic face of endoplasmic reticulum in the cytosol and then transported into the vacuoles (Bae et al., 2006). In plant, anthocyanin biosynthesis starts from phenylalanine and is genetically catalyzed by the key enzymes encoded by structural genes, including PAL, CHS, CHI, F3’H, DFR, LDOX/ANS, and UFGT. The common biosynthetic pathways of anthocyanin have been well characterized in Zea mays (Wienand et al., 1986), petunia (Britsch and Grisebach, 1986), snapdragon (Martin et al., 1991), Arabidopsis thaliana (Shirley et al., 1995), and other plant species. Subsequently, a number of flavonoid biosynthesis pathways have been characterized in fruit crops, including apple (Takos et al., 2006), pear (Fischer et al., 2007), grape (Sparvoli et al., 1994), and strawberry (Pillet et al., 2015). Pigment also associated with anthocyanin transport. It was described that several members of glutathione S-transferase (GST) and the multidrug and toxic compound extrusion (MATE) family were involved in anthocyanin transport, such as Zea mays Bronze2 (bz2) (Marrs et al., 1995), petunia AN9 (Mueller et al., 2000), Arabidopsis TT12 and TT19 (Debeaujon et al., 2001), and grape AM1 and AM3 (Gomez et al., 2009). With regard to the preliminary mechanism, several studies suggest that ALA-promoted anthocyanin accumulation is closely related to higher expression levels of flavonoids biosynthetic genes, including CHS, DFR, ANS, and UFGT (Guo et al., 2013; Xie et al., 2013; Feng et al., 2016; Ye et al., 2017).

In general, the structural genes of anthocyanin biosynthesis are coordinately regulated at transcriptional level by a MBW ternary complex of MYB, basic helix-loop-helix (bHLH) domains, and WD40 proteins (Xu et al., 2015). In higher plants, MYB transcription factors (TFs) are one of the largest TF families characterized by the conserved MYB DNA-binding domain. R2R3 subfamily with two adjacent MYB domains are the principal member of MYB, which plays a crucial role in secondary metabolism, stress response, meristem formation, and the cell cycle (Martin and Paz-Ares, 1997). Based on the conservation of amino acid motifs in C terminal domains and of the DNA-binding domain, R2R3-MYB proteins have been divided into 25 subgroups (SG) in Arabidopsis (Dubos et al., 2010). In apple, 229 MYB protein families, containing 222 typical R2R3 MYB proteins, were subdivided into 45 subgroups (Cao et al., 2013). Among them several SGs were involved in the regulation of flavonoid biosynthesis. The SG6 mainly associated with anthocyanin biosynthesis and accumulation by activating structural genes, such as AtMYB75/PAP1, AtMYB90/PAP2, AtMYB113, and AtMYB114 in Arabidopsis (Gonzalez et al., 2008), PhAN2 in petunia (Quattrocchio et al., 1999), PpMYB10.3 in peach (Zhou et al., 2015, 2016), PyMYB10 in pear (Feng et al., 2010), and MdMYB10/MdMYB1/MdMYBA in apple (Takos et al., 2006; Ban et al., 2007; Espley et al., 2007). Members of SG5 were suggested responsible for proanthocyanidins (PAs) synthesis, including AtMYB123/TT2 (Nesi et al., 2001), FaMYB9 and FaMYB11 (Schaart et al., 2013), VvMYBPA2 (Terrier et al., 2009), MdMYB11 (An et al., 2015), and MdMYB12 (Wang et al., 2017). Moreover, MdMYB9, belonged to the SG5 subfamily, bound to the promoters of ANS, ANR, and LAR and promoted the accumulation of anthocyanins and PAs (An et al., 2015). SG7 typically regulating flavonol synthesis were described in Arabidopsis (Stracke et al., 2007), grape (Czemmel et al., 2009), and apple (Wang et al., 2017). In addition, some R2R3-MYB proteins of SG4, which encode transcriptional repressors, also exhibited different effects on flavonoids synthesis. In transgenic tobacco, overexpression of MdMYB3 resulted in anthocyanin accumulation and pigmentation (Vimolmangkang et al., 2013). In contrast, FaMYB1 acted as the transcriptional repressors to reduce expression of late flavonoid biosynthesis genes in tobacco (Aharoni et al., 2001). To date, ALA-promoted expression of anthocyanin biosynthetic genes has also been linked to several regulatory genes. MdMYB10 and MdbHLH33 appeared to play positive roles in ALA-induced anthocyanin accumulation in apple (Zheng et al., 2018), while in peach skin, ALA significantly activated the expression of PpMYB10 and PpWD40 but not PpbHLH3 (Ye et al., 2017). It seems that R2R3-MYB TFs of SG6 respond to ALA-stimulated coloration, but the directly conclusive evidences are limited. Thus, transcriptional network is necessary for us to better understand the molecular mechanism of ALA-induced anthocyanin accumulation.

Under artificial condition, calli can be continuously and uniformly produced to efficiently occupy the available space without seasonal restrictions and also provide a homogeneous system observation and analysis of different treatment effects. Lately, calli was widely used as the model system to identify key candidate genes’ functions and elucidate the mechanism of PGRs on plant growth regulation, especially in flavonoid metabolism (Ji et al., 2015; Sun et al., 2017; Premathilake et al., 2020). Therefore, in the present study, apple fruit calli undergo a transcriptome profiling analysis to identify the differentially expressed genes (DEGs) between the ALA-treated and untreated control apple calli at three illuminating time points. Two key candidate TFs identified by RNA-seq were then proved to regulate ALA-induced coloration in different transgenic cell lines. Our findings enrich the knowledge regarding the molecular mechanism behind ALA-improved fruit coloration, which can substantially accelerate the study of ALA functions and its application in modern fruit production.



MATERIALS AND METHODS


Plant Materials and Sample Treatment

The apple calli used in this study were induced from the flesh of “Fuji” apple (Malus domestica Borkh.), which were collected from commercial apple orchards of eastern China, Fengxian in Jiangsu Province. Calli were grown on MS medium (1 mg L–1 6-BA and 1 mg L–1 2, 4-D) at 22°C in dark, and were subcultured at 20-day intervals (An et al., 2015). For sample treatment, calli cultured in separate flasks were gathered and randomly transferred to liquid medium with (ALA) or without (Control) 50 mg L–1 ALA for 3 h in a shaking incubator in dark. For anthocyanin induction, all samples were re-transferred to MS solid medium and cultured at 22°C under light of 100 μmol m–2 s–1 photon flux density. Calli were harvested after being illuminating for 24, 48, and 72 h, respectively. At each time point, approximate 3 g apple calli were sampled after light irradiation and prepared three replicates for each treatment. A total of 18 independent libraries were subjected to transcriptome sequencing. Control calli were named as Control-24 (including C1, C2, and C3; C, Control), Control-48 (including C7, C8, and C9), and Control-72 (including C13, C14, and C15). ALA-treated calli were named ALA-24 (including T4, T5, and T6; T, treatment), ALA-48 (including T10, T11, and T12), and ALA-72 (including T16, T17, and T18).



Extraction and Determination of Anthocyanin Content

Anthocyanin content in calli was measured according to Xie et al. (2013) with slight modifications. Calli were incubated in 1% (v/v) HCl-methanol for 24 h at room temperature in dark. After centrifugation at 8000 × g for 15 min, the absorbance of upper aqueous phase was measured at 530, 620, and 650 nm with a spectrophotometer. The content of anthocyanin was expressed as nmol of cyanidin-3-galactoside in 1 g of fresh sample using a molar extinction coefficient of 3.43 × 104 (Ubi et al., 2006). Mean values were obtained from three independent replicates.



RNA Extraction, Library Preparation, and RNA-Seq Analysis

Total RNA was isolated from calli using the RNAprep pure Plant Kit (Tiangen, Beijing, China) following the manufacturer’s instructions. DNase I was used for treating total RNA samples, and then mRNA was purified from total RNA using poly-T oligo-attached magnetic beads. The quality of RNA was examined by an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, United States). About 3 μg of high-quality RNA per sample was used to construct the RNA-seq libraries, and a total of 18 libraries (six for per time point) were generated using NEBNext® UltraTM RNA Library Prep Kit. The library preparations were sequenced for paired-end reads with the HiSeq X system (Illumina, San Diego, CA, United States) by Novogene (Beijing, China). The Illumina raw data have been deposited in the NCBI sequence read archive (SRA) database under accession number PRJNA525304.

To obtain the high-quality reads (clean reads), raw RNA-seq reads were filtered by removing the adaptor, reads with unknown sequences “N” > 10%, and low-quality reads (Qphred ≤ 20 bases). Clean reads were then mapped to apple genome (Malus domestica v3.0.a1) using TopHat v2.0.12 (Trapnell et al., 2009; Velasco et al., 2010). HTSeq v0.6.1 was used to count the reads numbers mapped to each gene (Anders et al., 2014). Gene expression levels were estimated with FPKM (Fragments Per Kilobase of transcript per Million mapped reads) (Trapnell et al., 2010).

To identify DEGs between the control and ALA treatment, read counts as imputing data were normalized by DESeq (Anders and Huber, 2010). False discovery rate (FDR) was controlled by p values adjusted according to Benjamini and Hochberg’s approach. Genes with an absolute value of the log2 (Fold Change) ≥ 1 and FDR < 0.05 were identified as DEGs. The principal component analysis (PCA) was conducted with the internal steps of the R package version 3.5.31. GOseq R package was used to analyze Gene Ontology (GO) enrichment of DEGs (Young et al., 2010). GO terms with a corrected p < 0.05 were considered significantly enriched. The KOBAS software was applied to identify the significantly enriched KEGG pathways among the DEGs (Mao et al., 2005).



Phylogenetic Analysis

All the phylogenetic trees were generated using the maximum-likelihood (ML) method with 1000 bootstraps in MEGA X2. The accession numbers and sequences of MYB transcription factors in multiple plant species that were included in the phylogenetic analysis are listed in Supplementary Table 1. The sequences of 21 MdMATE members of clade I and 24 different known MATEs are listed in Supplementary Table 2.



Construct Expression Vectors and Agrobacterium-Mediated Transformation System of Apple Calli

For overexpression of MdMYB10 and MdMYB9, their CDSs were amplified by PCR from cDNA of “Fuji” apple fruit flesh calli. The PCR product was cloned into the pBI121 plant transformation vector downstream of the CaMV 35S promoter. To silence MdMYB9, MdMYB10, and MdMATE8 expression, a partial CDS of MdMYB10 (421 bp), MdMYB9 (507 bp), and MdMATE8 (429 bp) was transferred to RNAi vector (pHELLSGATE2, pHG2) through Gateway BP reaction (Invitrogen). The recombinant and empty plasmids were transformed into competent A. tumefaciens strain EHA105 using the freeze/thaw method. One single transformed A. tumefaciens colony was inoculated in 30 ml of YEB medium supplemented with corresponding antibiotics and grown at 28°C with shaking at 150 r.p.m. When OD600 of culture liquid reached approximately 0.5, A. tumefaciens cells were centrifuged at 4000 × g for 5 min, and resuspended in 10 ml of infiltration buffer (10 mM MES, pH 5.6, and 100 μM acetosyringone). The fresh calli were dipped into A. tumefaciens suspension for 15 min at room temperature. The calli were then co-cultured on solid MS medium containing 2,4-D and 6-BA for 3 days at 25°C in dark. Subsequently, the calli were retransferred to MS medium (250 mg L–1 carbenicillin and 30 mg L–1 kanamycin) for positive transgenic selection after being washed five to eight times with sterile water. The anthocyanin contents of calli were measured according to the method described above. The expression levels in apple transgenic calli lines were confirmed by qRT-PCR amplification. All assays were replicated at least three times.



Cis-Acting Element Analysis

Cis-acting elements in the 1800-bp promoter region of MdMATE8 were identified using the PlantCARE database3.



Yeast One-Hybrid (Y1H) Assay

The promoter sequence (1800 bp) of MdMATE8 (MDP0000175055) was inserted into the pHIS2.1 vector (Clontech, Palo Alto, CA, United States), which contained the reporter gene HIS3. The coding sequences (CDS) of MdMYB10 and MdMYB9 were cloned into the pGADT7 vector (Clontech) to form pGADT7-MdMYB10 and pGADT7-MdMYB9, respectively. To detect the suitable concentration of 3-AT, the yeast strain Y187 transformed with the recombinant pHIS2 vectors were grown on SD/-Trp/-His medium containing different concentrations of 3-amino-1,2,4-triazole (3-AT). The constructs p53HIS2.1 and pGADT7-53 were used as the positive control. Negative controls were transformed with p53HIS2.1 + pGADT7, p53HIS2.1 + pGADT7-MdMYB10, p53HIS2.1 + pGADT7-MdMYB9, or pHIS2.1-MdMATE8pro + pGADT7, respectively. The transformants were selected on double dropout medium (DDO, SD/-Trp-Leu) media. The transformed yeast cells were plated onto triple dropout medium (TDO, SD/-Trp-Leu-His) containing 80 mM 3-AT, and cell growth was examined.



Total RNA Isolation and Quantitative PCR Expression Analysis

As for qPCR assay, total RNA was extracted using the cetyltrimethylammonium bromide (CTAB) method. The first strand of cDNA synthesis was performed using the TransScript® One-Step gDNA Removal and cDNA Synthesis Supermix (Transgen Biotech, China). The qRT-PCR reaction system was performed utilizing ChamQ SYBR qPCR master mix (Vazyme, Nanjing, China). The MdUBQ served as the housekeeping gene, and relative expressions of genes were calculated using the 2−ΔΔCT method (Livak and Schmitten, 2010). Each sample was quantified in triplicate. All qRT-PCR primers are listed in Supplementary Table 3.



Statistics Analysis

All of the results were collected from at least three independent parallel experiments. Statistical analysis was carried out using SPSS 20.0 statistical program. Significant differences (p < 0.05) of data were compared with control or among treatments by analysis of variance (ANOVA) and Duncan’s multiple range test. Graphs were generated in Excel 2016 and Origin Pro 7.5.



RESULTS


Rapid Anthocyanin Accumulation in Apple Flesh Calli After ALA Treatment

To verify the effect of ALA on coloration development, the apple flesh calli were transferred to liquid Murashige and Skoog (MS) medium with (ALA) or without (Control) 50 mg L–1 ALA for 3 h in a shaking incubator in dark, and calli anthocyanin content was measured after being illuminated for 24, 48, and 72 h, respectively. Results showed that red color cumulatively increased in calli with time, and ALA exhibited an attractively promotive effect on coloration after illuminating for 48 h (Figure 1A). The anthocyanin content of ALA-treated calli did not significantly increase at 24 h, but reached 2.78- and 2.70-fold, respectively, of the control at 48 and 72 h (Figure 1B). These results suggest that ALA significantly induces anthocyanin accumulation in apple flesh calli. Therefore, this artificial calli system can be used to identify the candidate genes that are related to ALA-induced anthocyanin accumulation.
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FIGURE 1. Time courses of anthocyanin accumulation after ALA treatment in fruit calli. The calli were incubated with 50 mg L–1 ALA or deionized water (Control) for 3 h under dark and then cultured in solid MS medium under light of 100 μmol m–2 s–1 photon flux density at 22°C for 72 h. (A) The process of color development in calli under light. (B) Anthocyanin content in calli. The different small letters represent significant differences (p < 0.05).




Overview of RNA Sequencing

A total of 514,483,442 raw reads were obtained from ALA-treated and control calli and were sampled at 24, 48, and 72 h. After quality filtering process, the number of clean reads for each library ranged from 22.7 to 32.0 million and the rate of clean reads/raw reads ranged from 93.82 to 96.26%. The Q30 values for all libraries were above 89.2% (Supplementary Table 4). An average of 90.62% reads were mapped to apple reference genome sequence, and 83.0% to 84.9% reads were mapped to exon region. Additionally, the correlation coefficient analysis showed that biological replicated libraries for two treatments per illumination time had highly consistent transcriptome profiles (Supplementary Table 4). These results reveal that the data we obtained are reliable and qualified for the following analysis.



Analysis of DEGs

To investigate differential gene expression between ALA-treated and control apple calli, gene expression levels were calculated based on the FPKM values (Supplementary Table 5). The DEGs were identified and filtered by a threshold of FDR ≤ 0.05 and an absolute Log2 (fold-change) value ≥ 1. A total of 1692 DEGs were identified as DEGs between ALA-treated and control calli (Supplementary Table 6). Except for the control calli illumination at 72 h, the PCA of the transcriptomic data revealed a high similarity among the three biological replicates within each treatment (Supplementary Figure 1). Among treatments, a clear separation of the ALA treatments from the control calli was observed. At 24 h after the treatment, the expression level of 487 and 354 genes were up- and down-regulated, respectively, in ALA-treated apple calli compared with control levels (Figure 2A). The expression level of 314 and 254 genes was up- and down-regulated, respectively, in ALA-treated apple calli relative to the corresponding control levels at 48 h after the treatment (Figure 2B). Furthermore, the expression level of 324 and 187 genes was up- and down-regulated, respectively, in ALA-treated apple calli versus control levels at 72 h (Figure 2C). More DEGs were found at 24 h between control and ALA-treated calli. DEGs among different time points were also identified. A total of 667, 411, and 415 DEGs were exclusively detected at 24, 48, and 72 h, respectively, suggesting that these genes might be involved in ALA-regulated physiology at a specific stage (Figures 2D–F). There were 29 common DEGs in all three illumination stages. Among these DEGs, 16 structural genes involved in flavonoid metabolism were identified (Figures 2D–F). These results imply that ALA stimulates significant changes of transcriptional level.
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FIGURE 2. Differentially expressed genes (DEGs) identified by RNA-seq analysis in ALA-treated and control calli after illuminating for 24, 48, and 72 h. (A–C) Volcano plot of the RNA-seq showing DEGs in red and green. The X-axis represents the fold change in ALA-24 versus Control-24, ALA-48 versus Control-48, and ALA-72 versus Control-72, respectively. The Y-axis represents the negative –log10-transformed p values (p-adj < 0.05) for differences between the samples. (D) Quantity of total DEGs. (E) Quantity of up-regulated DEGs. (F) Quantity of down-regulated DEGs. Overlapping areas shows the shared DEGs at different time points.




GO Annotation and KEGG Pathway Analyses

Gene ontology (GO)-based term classification was performed to provide insights into DEG function. Among the total of 1692 DEGs, 1293 genes were annotated according to the GO database and were classified as “biological process,” “cellular component,” and “molecular function” (Figures 3A–C and Supplementary Table 7). However, the enriched items did not cover cellular components in the calli samples of ALA-72 versus Control-72 (Figure 3C). The two largest subcategories in the “biological process” category were “response to stimulus” including 523 DEGs and “biological regulation” including 466 DEGs. In addition, the subcategory of “flavonoid biosynthetic process” were notably enriched in the “biological process” at all three time points (Figures 3A–C). For the “cellular component” category, “membrane” including 506 DEGs and “intrinsic component of membrane” including 361 DEGs were the most abundant classes. Among the “molecular function” category, the two largest subcategories were “small molecule binding” and “anion binding” and included 346 and 340 DEGs, respectively (Supplementary Table 7).
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FIGURE 3. Gene ontology (GO) classifications and KEGG pathways enrichment of DEGs. (A–C) GO categories assigned to DEGs in ALA-24 versus Control-24 (A), ALA-48 versus Control-48 (B), and ALA-72 versus Control-72 (C), respectively. The X-axis represents the negative –log10-transformed p values (p-adj < 0.05) for differences between the samples. The left Y-axis shows categories according to the annotation of GO. (D–F) KEGG pathways of DEGs in ALA-24 versus Control-24 (D), ALA-48 versus Control-48 (E), and ALA-72 versus Control-72 (F), respectively. The Y-axis and X-axis present the KEGG pathways and the enrichment scores, respectively. Dot size corresponds to the number of distinct genes, whereas dot color reflects the p-adj value.


To further understand the biological pathways activated by ALA at each time point, Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways enrichment were conducted. Corresponding to GO enrichment, the KEGG pathway analysis showed that the flavonoid biosynthesis (mdm00941) pathway was significantly enhanced in ALA-treated calli at all three time points after the treatment (Figures 3D–F). A total of 21, 15, and 14 DEGs were enriched in flavonoid biosynthesis at 24, 48, and 72 h, respectively (Supplementary Table 8). Among them, 11 DEGs were significantly enriched at all three time points. These results imply that flavonoid biosynthesis pathway significantly responds to ALA stimulation.



DEGs Related to Anthocyanin Biosynthesis and Transport

Anthocyanin biosynthesis is a dynamic and complex process catalyzed by multiple enzymes in the phenylpropanoid pathway. Here, 17 DEGs known to be involved in anthocyanin biosynthesis were identified according to GO and KEGG enrichment analysis (Figure 4). For example, MdCHS (MDP0000126567, MDP0000575740, MDP0000686661, and MDP0000686666), MdCHI (MDP0000134791, MDP0000252589, MDP0000759336, and MDP0000205890), and MdF3’H (MDP0000286933) were identified as the early biosynthetic genes (EBGs) in the early steps of the flavonoid biosynthesis pathway. Additionally, MdDFR (MDP0000494976), MdANS (MDP0000788934, MDP0000240641, MDP0000240643, and MDP0000360447), and MdUFGT (MDP0000543445, MDP0000933711, and MDP0000170162) were annotated as the late biosynthetic genes (LBGs) that were specifically involved in anthocyanin biosynthesis. Except for MdUFGT (MDP0000170162), which was down-regulated, 16 DEGs were significantly up-regulated in the ALA-treated apple calli, especially at 24 h after the treatment (Figure 4A). These results indicate that high expression levels of these structural genes in ALA-treated calli might be the main reason leading to anthocyanin accumulation.
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FIGURE 4. Expression pattern of genes involved in flavonoid biosynthesis and transport. (A) Heat map representation of transcriptional profiles of DEGs in the flavonoid biosynthesis pathway. The depth of color represents the changes of the value of log2 [fold change (FC)], and red represents up-regulation and blue represents down-regulation. The gray represents the relative differential expression level of those genes that did not reach screening threshold of DEGs in one or two time points after ALA treatment. (B) Verification of the expression of DEGs in the flavonoid biosynthesis pathway by qRT-PCR.


Flavonoid transporter also plays a vital role in flavonoid accumulation. The MDP0000252292, annotated as MdGSTF6, was up-regulated in ALA-treated calli, which has been proven to play a role in anthocyanin transporter of apple peel (Jiang et al., 2019). We also identified four MdMATE genes that were more highly expressed in ALA-treated calli, indicating that these genes might be involved in ALA-induced flavonoid accumulation (Figure 4A).

Moreover, two MdFLS (MDP0000183682, and MDP0000294667) and three MdLAR (MDP0000140621, MDP0000636927, and MDP0000225491) were identified, suggesting that ALA may also affect flavonol and proanthocyanidin (PA) biosynthesis (Figure 4A).

In addition, we noticed that several structural genes could not respond to ALA-induced flavonoid metabolism at all three illumination time points, such as MdCHI (MDP0000759336 and MDP0000134791), MdANS (MDP0000240641 and MDP0000360447), MdUFGT (MDP0000933711 and MDP0000170162), MdMATE (MDP0000175055, MDP0000157345, and MDP0000163588), and MdLAR (MDP0000140621, MDP0000636927, and MDP0000225491) (Figure 4A). Therefore, the results reveal that some genes of flavonoid metabolism respond to ALA only in specific time points.

To verify the sequencing data, the relative expression levels of selected structural genes were further analyzed by qRT-PCR. The expression levels of these EBGs and LBGs were up-regulated to above 4.5-fold by ALA treatment (Figure 4B). These results suggest that these structural genes may play vital roles in ALA-induced anthocyanin accumulation.



Transcriptional Regulation of ALA-Induced Anthocyanin Metabolism

The changes of structural gene expression are controlled by transcriptional factors, which plays the key role in plant responding to external stimulates. In this study, a total of 171 DEGs predicted to encode transcription factors (TFs) were identified by iTAK software. The MYB family members were the predominant TF genes in response to the ALA treatment, followed by the AP2-EREBP, and WRKY. Moreover, bHLH family genes were also differentially expressed (Supplementary Table 9).

To further identify the key members of MYB family in the transcriptional regulation of ALA-induced anthocyanin accumulation in apple calli, a phylogenetic tree was constructed based on 39 selected R2R3-MYB proteins of phenylpropanoid pathway regulators and 27 MYB from DEGs (Figure 5A and Supplementary Table 1). Four candidate MYB transcription factors (MDP0000127691, MDP0000259614, MDP0000317257, and MDP0000573302) belonged to SG6, which phylogenetically related to positive regulators of anthocyanin biosynthesis such as VvMYBA1, VvMYBA2, and MrMYB1 (Niu et al., 2010; Rinaldo et al., 2015). Several candidate MYB TFs were revealed as the regulators of PA biosynthesis because they were grouped with SG5 MYB TFs including AtTT2, VvMYBPA2, FaMYB9, and OsMYB3. Additionally, two MYB TFs were identified as potential repressors, which branched with AtMYB4, AtMYB7, and AtMYB32 of SG4 (Fornalé et al., 2014).
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FIGURE 5. Analysis of differentially expressed MYB transcription factor genes related to putative flavonoid biosynthesis. (A) Phylogenetic tree with 39 phenylpropanoid pathway regulatory MYB TFs and 27 MYB from DEGs. (B) Heat map presenting the expression patterns of differentially expressed of 27 MYB. The depth of color represents the changes of the value of log2 [fold change (FC)], and red represents up-regulation and blue represents down-regulation. The gray represents genes that did not belong to DEGs at the corresponding time points. (C) Verification of the expression of four differentially expressed transcription factor genes by qRT-PCR analysis. (D) QRT-PCR analysis of the relative expression of MdMYB10 and MdMYBR9 and genes related to anthocyanin biosynthesis and transport in apple flesh calli at 24, 48, and 72 h after ALA treatment. The different letters in each gene represents significant differences (p < 0.05).


The expression profiles of the 27 MYBs showed that most of these genes were more highly expressed in the ALA-treated apple calli than in the control (Figure 5B). Moreover, most members of SG4-6 MYB TFs predicted as the candidates involved in ALA-regulated flavonoid metabolism were up-regulated and peaked at 24 or 48 h after the treatment, indicating that these TFs could rapidly respond to ALA stimulation. The relative expression levels of four selected transcription factor genes determined by qRT-PCR were consistent with the FPKM values based on the RNA-sequencing (Figure 5C). In Figure 5B, although MdMYB10 (MDP0000259614) and MdMYB9 (MDP0000210851) were not screened as DEGs at two time points in RNA-seq, MdMYB10 was up-regulated to 1.6-fold by ALA at 24 h (p < 0.05) and MdMYB9 was improved to 0.8-fold at 48 h (p = 0.01) after ALA-treatment. These results indicated that the expression levels of these two TFs were induced by ALA treatment, which was basically consistent with our qRT-PCR results in Figure 5C.

Among 12 MYB TFs of SG4-6, MdMYB10 (MDP0000259614 and MDP0000127691) and MdMYB9 (MDP0000210851) were characterized as known anthocyanin regulatory MYB transcription factors in apple (An et al., 2015; El-sharkawy et al., 2015). Their expression profiles were positively correlated with structural genes of anthocyanin accumulation under ALA treatment (Figure 5D and Supplementary Table 10). These results demonstrate that MdMYB10 and MdMYB9 may play key roles in ALA-regulated coloration.



Regulation Roles of MdMYB10 and MdMYB9 in ALA-Induced Anthocyanin Biosynthesis

To verify the roles of MdMYB10 and MdMYB9 in ALA-induced pigmentation, they were transiently overexpressed or silenced in “Fuji” apple fruit calli. The expression levels in their corresponding overexpression line were 12.4 and 6.7 times, respectively, higher than that in the control, which transformed the empty pBI121 plasmids (Supplementary Figures 2A,B). Moreover, exogenous ALA further up-regulated MdMYB10 or MdMYB9 expression level in their OE transgenic lines (Supplementary Figures 2A,B). In the RNA interference lines, the expression of MdMYB10 and MdMYB9 were approximately decreased to 61% and 55%, respectively, compared with the control, which was transformed with empty pHG2 plasmids (Supplementary Figures 2C,D). However, ALA did not significantly affect MdMYB10 and MdMYB9 expression in their RNAi calli. These results indicate that we obtain useable transformed apple calli of two key candidate genes.

Under light condition, the OE calli of MdMYB10 and MdMYB9 turned red more rapidly than the control(OE) (Figure 6A). Spectrophotometric analysis showed that MdMYB10(OE) and MdMYBR9(OE) accumulated significantly higher anthocyanin level, and the content was approximately 4.7 and 4.6 times, respectively, as high as that of the control(OE) calli (Figure 6B). Results confirmed their positive roles in anthocyanin biosynthesis. When exogenous ALA was applied, the color of MdMYB10 and MdMYB9 OE calli turned to deep red (Figure 6A), and the anthocyanin content further increased by 2.3 and 1.9 times, respectively, compared with each corresponding OE calli without ALA treatment (Figure 6B). Consistent with the color changes, overexpression of MdMYB10 or MdMYB9 up-regulated the expression level of structural genes of anthocyanin biosynthesis, and the effect was further promoted by ALA (Figure 6C). These results indicate that the promotive effect of ALA-induced anthocyanin accumulation is notably enhanced when MdMYB10 or MdMYB9 is overexpressed.
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FIGURE 6. Effect of ALA on coloration level and anthocyanin content as well as the corresponding gene expression in MdMYB10 and MdMYB9 transgenic calli. Color (A) and anthocyanin content (B) in transgenic calli; OE, calli infiltrated with the plasmid for overexpressing of target genes; Control (OE), calli infiltrated with an empty pBI121 vector. (C) The expression of anthocyanin biosynthesis genes in MYB10(OE) and MYB9(OE). Color (D) and anthocyanin content (E) in transgenic calli; RNAi, calli infiltrated with the plasmid for silencing of target genes; Control(i), calli infiltrated with an empty pHG2 vector. (F) The expression of anthocyanin biosynthesis genes in MYB10(i) and MYB9(i). The different letters in each gene represent significant differences (p < 0.05).


In the MdMYB10 and MdMYB9 RNAi lines, the coloration level and the anthocyanin content did not obviously change (Figures 6D,E), compared with control(i). ALA treatment also induced anthocyanin accumulation in MYB10(i) and MYB9(i); however, the promotive effects of ALA were markedly blocked and the anthocyanin content was 56% and 42%, respectively, of the control(i) treated with ALA (Figures 6D,E). The expression level of several structural genes decreased in the calli of MYB10(i) or MYB9(i) (Figure 6F). Compared with control(i) + ALA, silence of MdMYB10 or MdMYB9 significantly suppressed ALA-induced expression of structural genes (Figure 6F). These results demonstrate that ALA-induced anthocyanin biosynthesis is closely related to the normal transcriptional expression of MdMYB10 and MdMYB9.



MdMATE8 Involved in ALA-Regulated Anthocyanin Accumulation

In anthocyanin accumulation pathway, GSTs and MATEs are putatively associated with the vacuolar sequestration of anthocyanins. Recently, it was proved that ALA promoted anthocyanin accumulation through GST pathway (Fang et al., 2020), which was consistent with differentially expressed MdGSTF6 (MDP0000252292) in ALA-treated calli. Meanwhile, we also identified four MdMATE genes. To comprehensively analyze MATE transporter, the genome-wide analysis of the MATE genes in apple genome was conducted. At least 53 genes were initially isolated and named MdMATE1 to MdMATE53 according to their chromosomal information (Supplementary Figure 3A). A total of 53 MdMATE, 56 AtMATE, and 45 OsMATE were classified into four clades with ML (Maximum Likelihood) method (Supplementary Figure 3B). Some members of clade I were clustered with At3g59030 (AtTT12), and they may be involved in the transport of flavonoids (Debeaujon et al., 2001). Therefore, a phylogenetic analysis between 21 MdMATE members of clade I and 24 different known MATEs was conducted to further predict the functions of the MdMATE proteins (Figure 7A). One of the four MdMATE DEGs, named MdMATE8, was contained in seven MdMATE members, which were phylogenetically related to anthocyanin transporters such as MtMATE2 in barrel medic (Medicago truncatula) (Zhao et al., 2011), SlMTP77 in tomato (Solanum lycopersicum) (Mathews et al., 2003), and VvAM1 and VvAM3 in grapevine (Vitis vinifera) (Gomez et al., 2011), indicating that MdMATE8 might be involved in the anthocyanin accumulation in the apple calli. In addition, the other three DEGs (MdMATE1, MdMATE2, and MdMATE52) were clustered together with PA-transporting MATEs, such as FaTT12-1, VvMATE1, VvMATE2, AtTT12, and MtMATE1 (Figure 7A), implying that these three MdMATE might function in ALA-regulated PA accumulation. Thus, we chose MdMATE8 as the key candidate gene to analyze its molecular function in apple calli coloration and ALA-induced anthocyanin accumulation.
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FIGURE 7. Functional characterization of MdMATE8. (A) Phylogenetic analysis of MdMATE proteins and selected MATE proteins from other species. (B) The expression levels, colors, and anthocyanin contents in the MdMATE8 transgenic calli with or without ALA treatment. (C) Transcript levels of MdMATE8 in MdMYB10 and MdMYB9 transgenic calli with or without ALA treatment. (D) The promoter region of MdMATE8. (E) Y1H assay showing the interaction between MdMYB10/MdMYB9 and the MdMATE8 promoter. The constructs p53HIS2.1 + pGADT7-53 were used as the positive control. The constructs p53HIS2.1 + pGADT7, p53HIS2.1 + pGADT7-MdMYB10, p53HIS2.1 + pGADT7-MdMYB9, or pHIS2.1-MdMATE8pro + pGADT7 were used as the negative controls, respectively. The different letters in each gene represent significant differences (p < 0.05).


Transient assays with apple calli were performed to test the function of MdMATE8. RNAi significantly decreased the expression of MdMATE8 to 58.5%, but the color levels and anthocyanin content did not change in comparison with control(i) calli (Figure 7B). However, the promotive effect of ALA on calli pigment was significantly impaired in the MdMATE8(i) transformed calli, and the anthocyanin content was 51.6% of the control(i) treated with ALA (Figure 7B). These results suggest that MdMATE8 may play important roles in ALA-induced anthocyanin accumulation.

Furthermore, the expression levels of MdMATE8 were detected in MdMYB10 and MdMYB9 transgenic calli lines (Figure 7C). Consistent with the anthocyanin content changes (Figures 7A,B), the expression level of MdMATE8 was significantly up-regulated in MdMYB10 or MdMYB9 overexpression calli, but down-regulated in their RNAi calli. The relative expression levels of MdMATE8 were more highly expressed in ALA-treated OE calli than in the control(OE) + ALA calli. However, the promotive capacity of ALA on expression of MdMATE8 was obviously inhibited in ALA-treated MdMYB10 or MdMYB9 RNAi calli, compared with the control(i) + ALA calli. These findings indicate that MdMYB10 and MdMYB9 were probably involved in transcriptional expression regulation of MdMATE8 in ALA-up-regulated anthocyanin accumulation.

To explore the region upstream of MdMATE8, the MdMATE8 promoter sequence was analyzed using the PlantCARE online tools. Some hormone response elements were detected in the promoter, including ABA (ABRE) and MeJA (CGTCA-motif) response elements. In addition, several putative MYB cis-elements were found in the promoter regions of MdMATE8, including CAACCA and CAACAG, as illustrated in Figure 7D. With the results above, we speculated that MdMYB10 or MdMYB9 might affect the transcriptional activity of the MdMATE8. To validate this possibility, we conducted the Y1H assay. The results showed that the transformants harboring the plasmid of pHIS2.1-MdMATE8 could not grow on SD/-Trp/-His media containing 80 mM of 3-AT (Supplementary Figure 4). Screening was carried out on TDO medium containing 80 mM 3-AT (Figure 7E). Like the positive control cells containing p53HIS2.1 + pGADT7-53, the yeast cells transformed with pHIS2.1-MdMATE8pro + pGADT7-MdMYB10, or pHIS2.1-MdMATE8pro + pGADT7-MdMYB9 were able to grow on TDO medium with 80 mM 3-AT, whereas the negative control yeast cells (p53HIS2.1 + pGADT7, p53HIS2.1 + pGADT7-MdMYB10, p53HIS2.1 + pGADT7-MdMYB9, and pHIS2.1-MdMATE8pro + pGADT7) were able to grow only on DDO medium (Figure 7E). These results showed that MdMYB10 and MdMYB9 can bind to the MdMATE8 promoter (Figure 7E). Therefore, all of these results suggest that MdMYB10 and MdMYB9 are involved in regulation of the expression of MdMATE8 in response to the ALA stimulation.



DISCUSSION


ALA Effectively Induces Anthocyanin Accumulation in Calli Culture System

In red cultivars, the coloration of fruit largely determines fruit nutritional and commercial value. It has been well-documented that ALA plays an effective role in promoting fruit color formation (Wang et al., 2006; Xiao et al., 2012; Guo et al., 2013; Xie et al., 2013; Feng et al., 2016; Ye et al., 2017; Zheng et al., 2017). In orchards, exogenously sprayed high concentration ALA on fruit clusters of litchi at 45 days after full bloom significantly increased the anthocyanin content (Feng et al., 2015). Likewise, both exogenous 300 mg L–1 ALA and bagging remarkably promoted “Yunhongli 2” coloration at the early stage of fruit coloration (Xiao et al., 2012). Recently, direct root irrigation of ALA also improved fruit coloration and nutrition quality, and this approach was recommended when encountering fruit bag barriers (Zheng et al., 2018). Under lab conditions, researches showed that exogenous ALA elevated anthocyanin accumulation in fruit cubes placed into the growth chamber (Xie et al., 2013). The above researches suggest that ALA has a promising application prospect in fruit production. However, the mechanisms underlying ALA-induced anthocyanin accumulation remain largely unknown. Here, the calli induced from apple flesh also showed significantly higher anthocyanin content under ALA treatment than control after illuminating at 48 and 72 h (Figure 1), providing a more efficient way to study the regulation roles of ALA on anthocyanin accumulation.



ALA Rapidly Stimulates Transcriptome Changes

Secondary metabolites are catalytically synthesized by a series of enzymes in plant (Kim et al., 2004). Substantiality changes in the quantity and activity of these enzymes depend on regulation at the transcriptional or protein level (Xie et al., 2012; Yang et al., 2013; Jiang et al., 2014). Thus, regulation of transcription or protein levels is the fundamental reason of secondary metabolic rate changes. In litchi, the anthocyanin contents in pericarp remarkably increased after bags were removed 1–7 days; however, the greatest number of up-regulated DEGs was found between 0- and 1-day libraries (Zhang et al., 2016). Cyanidin-3-galactoside, the main cyanidin pigment in “Starkrimson” apple skin, rapidly accumulated at 4–8 days after bag was removed and peaked at 8 days, while the transcript levels of MdMYB1-1, MdbHLH3-2, and MdUFGT4 increased immediately when exposed to light at 0–2 days and then gradually decreased (Meng et al., 2015). Therefore, there appears a time course discrepancy between mRNA or protein expression level and secondary metabolite accumulation. Here, we found similar results. The DEGs were enriched at 24 h after ALA treatment (Figures 2A–C), but anthocyanin significantly accumulated at 48 h and 72 h (Figure 1), implying that ALA-induced changes of gene expression levels may be the main reason for anthocyanin accumulation in calli. Moreover, the KEGG analysis revealed that the flavonoid biosynthesis pathway was significantly enhanced in the ALA-treated apple calli compared with the untreated control (Figures 3D–F). Thus, the transcriptional data we obtained provides valuable information on elucidating the mechanism behind ALA-regulated color formation.



ALA Regulates Expressions of Structural Genes of Anthocyanin and Other Flavonoids Metabolism

Higher levels of anthocyanin are largely dependent on the higher transcript levels of a series of structural genes. Researches have reported that exogenous ALA up-regulated the expression levels of several key structural genes in the phenylpropanoid pathway (Guo et al., 2013; Xie et al., 2013; Feng et al., 2016; Ye et al., 2017; Zheng et al., 2018). Chalcone synthase (CHS), the key enzyme in the first committed step of the flavonoid biosynthetic pathway, catalyzes the stepwise condensation of 4-coumaroyl-CoA and malonyl-CoA into yellow chalcone (Martin, 1993). Exogenous ALA notably enhanced CHS gene expression in peach (Guo et al., 2013; Ye et al., 2017), apple (Xie et al., 2013; Feng et al., 2016; Zheng et al., 2017), and apple calli (Figure 4A). Leucoanthocyanidin dioxygenase (LDOX/ANS) and flavonoid 3-O-glucosyltransferase (UFGT) are the enzymes at the end of plant anthocyanin biosynthetic pathway, which catalyze colorless leucoanthocyanidins into colorful and stable anthocyanin (Kim et al., 2003). ALA strongly induced gene expression or enzyme activities of ANS and UFGT in peach (Guo et al., 2013), pear (Xiao et al., 2012), and apple (Xie et al., 2013). Similarly, here, both ANS and UFGT were increased by ALA at transcript levels (Figure 4A). Meanwhile, transcriptome analysis also showed that ALA significantly promoted expression levels of four CHI, one F3’H, and one DFR (Figure 4A). These results indicate that the biosynthetic genes of anthocyanin significantly respond to ALA induction.

For anthocyanin sequestration, several members of GST- and MATE-encoded enzymes are required for anthocyanin transport from cytoplasm to vacuole. Some members of GST have been identified to be responsible for anthocyanin transport in Arabidopsis (Kitamura et al., 2004), grapes (Gomez et al., 2011), litchi (Hu et al., 2016), peach (Zhao et al., 2020), and apple (El-sharkawy et al., 2015; Jiang et al., 2019). Some MATE family members also showed positive correlation with anthocyanin transport (Mathews et al., 2003; Marinova et al., 2007; Frank et al., 2011; Gomez et al., 2011; Zhao et al., 2011). In the present study, one GST and four MATE genes were up-regulated by ALA in calli (Figure 4A). Among them, MdGSTF6 has shown the positive role in anthocyanin accumulation in apple and ALA-treated apple calli (Jiang et al., 2019; Fang et al., 2020). MdMATE8, an ortholog of MtMATE2 (Zhao et al., 2011), SlMTP77 (Mathews et al., 2003), and VvAM1 and VvAM3 (Gomez et al., 2011), was predicted as the anthocyanin transporter (Figure 7A). Transient expression assays showed that the RNA interference of MdMATE8 notably inhibited anthocyanin accumulation in calli after ALA treatment (Figure 7B). These results suggest that MdGSTF6 and MdMATE8 may act as the key anthocyanin transporters for ALA-induced coloration.

In addition to anthocyanin, flavonol and proanthocyanidin are major subclasses of flavonoids. Anthocyanin and flavonol biosynthesis are produced from dihydroflavonol via two different branches, which are catalyzed by DFR or FLS, respectively. Overexpressing DFR or inactivation of FLS promoted anthocyanin accumulation (Davies et al., 2003; Stracke et al., 2009), while overexpression of FLS1 decreased seed coat pigmentation (Nguyen et al., 2016), suggesting existence of the substrate competition between FLS and DFR. Interestingly, root application of ALA not only promoted anthocyanin accumulation but also increased flavonol content (Zheng et al., 2017). ALA-improved flavonol accumulation has also been reported in guard cells of apple leaves and Arabidopsis cotyledons (An et al., 2016; Liu et al., 2016). Here, our results further showed that ALA simultaneously increased the transcription level of MdFLS and MdDFR (Figure 4A). Meanwhile, the expression of the key genes involved in PA biosynthesis (MdLARs) was up-regulated by ALA (Figure 4A). Additionally, three MATE DEGs were grouped with PA transporters (Figure 7A), and both MdMATE1 (MDP0000163588) and MdMATE2 (MDP0000157345) showed functional similarity to TT12 from A. thaliana and acted as vacuolar flavonoid/H+-antiporters active in PA accumulating cells (Debeaujon et al., 2001; Frank et al., 2011). These results demonstrate that ALA not only induces anthocyanin accumulation but also may participate in regulating other flavonoids’ metabolism. The knowledge of ALA affecting flavonol and proanthocyanidin accumulation pathways require further research.



MdMYB10 and MdMYB9 Are Involved in ALA-Induced Anthocyanin Accumulation in Apple Calli

Anthocyanin biosynthesis regulation particularly focuses on the MBW regulatory complex (Xu et al., 2015). R2R3-MYB TFs of SG6 predominantly play vital roles in modulation of anthocyanin metabolism in plant (Dubos et al., 2010). Among them, AtPAP1, AtPAP2, AtMYB113, and AtMYB114 have been demonstrated to control anthocyanin biosynthesis in Arabidopsis seedling vegetative tissues (Gonzalez et al., 2008). PhAN2 is predominantly correlated to anthocyanin biosynthesis in petunia flowers (Quattrocchio et al., 1999). Putative ortholog proteins of MYB10 of 20 different rosaceous fruits have been demonstrated to be involved in anthocyanin production (Lin-Wang et al., 2010). PyMYB10 has been characterized as being associated with anthocyanin biosynthesis in red-skinned pear cultivars (Feng et al., 2010). In strawberry, FaMYB10 activated the early and late steps of phenylpropanoid and flavonoid biosynthesis (Medina-Puche et al., 2014). In apple, it has been proposed that MdMYB1/A were responsible for the red coloration of the apple peel, while MdMYB10 mainly for the whole fruit as well as foliage (Peng and Moriguchi, 2013). Therefore, MdMYB10 is involved in anthocyanin biosynthesis, mainly in apple flesh. In the present study, we found that MdMYB10 expression was significantly increased and positively correlated with EBGs and LBGs of anthocyanin biosynthetic pathway in ALA-tread calli (Figures 5B,D). This result suggests that MdMYB10, a typical SG6 anthocyanin regulator, may be directly responsible for ALA-induced anthocyanin biosynthesis. Here, another typical R2R3-type MYB of SG5, MdMYB9, was screened out as a potential positive regulator mediated ALA-triggered color development (Figures 5A,B,D). In “Orin” apple transgenic calli, MdMYB9 has been functionally characterized as a positive regulator of MeJA-induced anthocyanin and PA production (An et al., 2015). Recent researches showed that MdMYB9 was involved in several TFs that regulated anthocyanin and PA biosynthesis in apple, such as MdNAC52 (Sun et al., 2019), MdBBX37 (An et al., 2020), and MdERF1B (Zhang et al., 2018). Therefore, MdMYB9 may also play a role in ALA-regulated anthocyanin accumulation.

On the basis of transient assays in apple calli, we confirmed that MdMYB10 and MdMYB9 are responsible for controlling anthocyanin biosynthesis in apple fruit (Figures 6A,B) (Espley et al., 2007; An et al., 2015). Previous studies observed that MdMYB10 and MdMYB9 could directly bind to the promoter region of MdDFR and MdANS, respectively (Espley et al., 2007; An et al., 2015). In the present study, overexpression of MdMYB10 and MdMYB9 significantly activated several key genes of the anthocyanin biosynthesis, and the effect was further enhanced in ALA-treated calli (Figures 6A–C), which may associate with ALA up-regulated MdMYB10 and MdMYB9 expression level in their OE transgenic lines (Supplementary Figures 2A,B). The results imply that several upstream TFs of MdMYB10 and MdMYB9 could respond to ALA-activated coloration to induce endogenous MdMYB10 and MdMYB9 expression in their OE calli. Thus, it seems that overexpression of MdMYB10 and MdMYB9 achieved by the 35S promoter could not have feedback to inhibit ALA-induced endogenous MdMYB10/9 gene expression. In contrast, the promotive roles of ALA on expression of MdCHS, MdANS, and MdUFGT were obviously suppressed in MdMYB10 or MdMYB9 silenced calli (Figure 6F). Therefore, MdMYB10 and MdMYB9 are essential for ALA-up-regulated expression of EBGs and LBGs of anthocyanin biosynthesis during calli coloration. Interestingly, ALA still up-regulated these structural gene expression levels in calli of two TFs RNAi lines (Figure 6F). These results suggest that ALA-induced structural gene expression partially depends on MdMYB10 and MdMYB9. In fact, MYB9 group is a rare type of anthocyanin-related MYB activator, which is lost in most dicot species (Zhou et al., 2016), whereas ALA is able to activate anthocyanin biosynthesis in various fruit species (Watanabe et al., 2006; Xiao et al., 2012; Guo et al., 2013; Feng et al., 2015; Li et al., 2016; Ye et al., 2017), suggesting that ALA-induced accumulation of anthocyanin is coordinately regulated by a set of R2R3-MYB genes. Moreover, among the DEGs of TFs, we also identified bHLH, AP2-EREBP, WRKY, bZIP, and NAC family members (Supplementary Table 9). These DEGs of TFs possibly function in ALA-activated coloration and will be clarified in further researches.

Additionally, our DEG data found that MdbHLH3 (MDP0000225680) was dramatically induced in 24 h under ALA treatment (Figure 5C and Supplementary Table 6). In apple calli, we also found that MdbHLH3 expression was up-regulated after ALA treatment (Zheng et al., 2018). An et al. (2015) found that MdbHLH3 could be recruited to the promoter regions of MdMYB9 to activate expression. Thus, it is reasonable to speculate that the MdMYB9 expression was initiated by MdbHLH3 in response to ALA. Importantly, MdbHLH3 was required for the regulatory activity of MdMYB10 and MdMYB9 (Xie et al., 2012; An et al., 2015). In MdMYB10 and MdMYB9 OE and RNAi transgenic calli, the anthocyanin content and selected structural gene expression level of ALA-treated calli were higher than that without ALA-treated calli (Figures 6A–F). We deem that MdbHLH3 up-regulated by ALA can active MdMYB9 expression or form more complexes of transcriptional regulation with MdMYB10 or MdMYB9 to bind to the promoters of structural genes and ultimately effectively promote anthocyanin accumulation in transgenic calli lines. The function of MdbHLH3 in ALA-induced coloration needs to be further conducted.

Compared with the intensive studies of the regulatory and structural genes involved in anthocyanin biosynthesis, the molecular mechanism associated with anthocyanin transport from cytoplasm to vacuole remains uncertain, especially in ALA-mediated anthocyanin accumulation. Recently, researches showed that anthocyanin transport is regulated by MBW complexes. In peach, transient overexpression of PpGST1 together with PpMYB10.1 led to much deeper coloration as compared with PpMYB10.1 alone (Zhao et al., 2020). In apple, the expression of MdGSTF6 was activated by MdMYB1 (Jiang et al., 2019). AtTT2 was also able to induce the AtTT12 promoter activity (Xu et al., 2014). Here, our results revealed that MdMYB10 and MdMYB9 showed high expression relation with MdMATE8 in ALA-stimulated color developing calli (Figure 5D). Overexpression of MdMYB10 and MdMYB9 up-regulated the expression of MdMATE8, but the expression was decreased in MdMYB10 or MdMYB9 RNAi calli (Figure 7C). Moreover, through Y1H screening, we found that MdMYB10 and MdMYB9 can bind to the MdMATE8 promoter (Figure 7E), indicating that MdMYB10 and MdMYB9 may activate MdMATE8 transcription by binding to its promoter. These findings provide a new understanding that ALA strongly up-regulates the expression of MdMYB10 and MdMYB9 to regulate anthocyanin biosynthesis as well as transport, thereby promoting anthocyanin accumulation.



CONCLUSION

In the current study, exogenous ALA-activated anthocyanin accumulation was analyzed on the transcriptome level in apple calli. The GO enrichment and KEGG analysis as well as anthocyanin metabolism pathway of DEGs demonstrated that ALA-induced expression changes of anthocyanin biosynthesis and transport structural genes may be the key reason for anthocyanin accumulation. The MYB family members were prominently involved in the transcriptional regulation of ALA-induced coloration. Two R2R3-MYB members, MdMYB10 and MdMYB9, are likely involved in the regulation of ALA-mediated anthocyanin biosynthesis via calli transient expression. Additionally, MATE gene family members’ identification, phylogenetic trees, expression pattern, expression level analysis, cis-acting elements’ prediction, and Y1H screening revealed that MdMYB10 and MdMYB9 may activate MdMATE8 transcription to regulate anthocyanin transport under ALA treatment. Overall, the study disclosed the key regulators and the putative mechanism behind the positive transcriptional regulation of ALA on anthocyanin accumulation in apple.
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Lignans are a class of chemicals formed by the combination of two molecules of phenylpropanoids with promising nutritional and pharmacological activities. Lignans glucosides, which are converted from aglycones catalyzed by uridine diphosphate (UDP) glycosyltransferases (UGTs), have abundant bioactivities. In the present study, two UGTs from Isatis indigotica Fort., namely IiUGT71B5a and IiUGT71B5b, were characterized to catalyze the glycosylation of lignans with promiscuities toward various sugar acceptors and sugar donors, and pinoresinol was the preferred substrate. IiUGT71B5a was capable of efficiently producing both pinoresinol monoglycoside and diglycoside. However, IiUGT71B5b only produced monoglycoside, and exhibited considerably lower activity than IiUGT71B5a. Substrate screening indicated that ditetrahydrofuran is the essential structural characteristic for sugar acceptors. The transcription of IiUGT71B5s was highly consistent with the spatial distribution of pinoresinol glucosides, suggesting that IiUGT71B5s may play biological roles in the modification of pinoresinol in I. indigotica roots. This study not only provides insights into lignan biosynthesis, but also elucidates the functional diversity of the UGT family.

Keywords: Lignan glucosides, uridine diphosphate glycosyltransferase, Isatis indigotica Fort, recombinant enzyme catalysis, diversity


INTRODUCTION

Lignans, with a wide variety of clinically and dietarily important biological activities (Milder et al., 2005; Saarinen et al., 2007; Wang et al., 2011; Shi et al., 2012; Satake et al., 2013; Nantarat et al., 2020), are a class of derivatives formed by the combination of two molecules of phenylpropanoids (Fang and Hu, 2018). Lignans can be classified into eight subclasses depending on the way in which oxygen is incorporated into the skeleton and the cyclization pattern (Supplementary Figure S1; Teponno et al., 2016; Fang and Hu, 2018). The biosynthesis of lignans has been well-studied in Isatis indigotica Fort., Linum usitatissimum L., Sinopodophyllum hexandrum (Royle) Ying., Sesamum indicum Linn., Forsythia koreana, Arabidopsis thaliana, and other plants (Ono et al., 2010; Ghose et al., 2014; Lau and Sattely, 2015; Okazawa et al., 2015; Xiao et al., 2015; Teponno et al., 2016; Murata et al., 2017). As shown in Figure 1, two molecules of coniferyl alcohol undergo an oxidative coupling reaction to generate pinoresinol with the participation of dirigent protein (DIR; Davin et al., 1997). Then pinoresinol can be reduced by pinoresinol/lariciresinol reductase (PLR) to lariciresinol, which can be subsequently reduced to secoisolariciresinol under the catalysis of PLR. Next, the oxidative dehydrogenation of isolariciresinol produces matairesinol under the catalysis of secoisolariciresinol dehydrogenase (SIRD). The conversion from coniferyl alcohol to matairesinol represents the general biosynthetic pathway of plant lignans (Ghose et al., 2014; Xiao et al., 2015; Teponno et al., 2016). Matairesinol can be continuely converted into (−)-deoxypodophyllotoxin by cytochrome P450s (CYPs), O-methyltransferases (OMTs), and 2-oxoglutarate/Fe(II)-dependent dioxygenase (2-ODD), and finally hydroxylated by CYPs to produce (−)-4'-desmethyl-epipodophyllotoxin in S. hexandrum (Lau and Sattely, 2015). In another lignan biosynthesis pathway that mainly occurs in the seeds of S. indicum, pinoresinol can be catalyzed by CYP81Q1 to sequentially generate piperitol and sesamin, then sesamin can be converted into sesamolin and sesaminol (Murata et al., 2017; Ono et al., 2020). In Forsythia suspensa, after the transformation of coniferyl alcohol into epipinoresinol, phillygenin is produced by OMT (Ono et al., 2010). Ultimately, lignans are usually glycosylated by uridine diphosphate (UDP) glycosyltransferases (UGTs), and stored stably in plant cells (Lorenc-Kukula et al., 2005; Hano et al., 2006; Ono et al., 2010, 2020; Ghose et al., 2014; Teponno et al., 2016; Murata et al., 2017).

[image: Figure 1]

FIGURE 1. Biosynthetic pathway of lignans. Oxidation (OX), dirigent protein (DIR), cytochrome P450 (CYP), pinoresinol/lariciresinol reductase (PLR), secoisolariciresinol dehydrogenase (SIRD), O-methyltransferase (OMT), O-methyltransferase (OMT), 2-oxoglutarate/Fe(II)-dependent dioxygenase (2-ODD), piperitol/sesamin synthase (PSS), and uridine diphosphate-dependent glycosyltransferases (UGT). Uncharacterized steps are indicated by dashed lines.


Isatis indigotica is a traditional Chinese medicinal herb, and its dried root (Radix Isatidis) is widely used for the treatment of influenza with lignan glucosides as the proven antiviral active ingredients (Lin et al., 2005; Yang et al., 2013; Li et al., 2015; Zhou et al., 2017; Runfeng et al., 2020). Currently, a variety of lignans and their glucosides have been identified from I. indigotica, including pinoresinol, lariciresinol, secoisolariciresinol, matairesinol, (+)-pinoresinol-4-O-glucoside, lariciresinol-4-O-glucoside, lariciresinol-4'-O-glucoside, pinoresinol diglucoside, lariciresinol diglucoside, etc. (Chen et al., 2013; Zhang et al., 2016, 2019). Each of these lignan glycoside exhibits both similar and specific bioactivities in mammals (Wang et al., 2011; Yang et al., 2013; Li et al., 2015, 2019; Zhou et al., 2017). Previous studies have elucidated the lignan biosynthetic pathway of I. indigotica from pinoresinol to secoisolariciresinol (Xiao et al., 2015). However, the catalytic enzymes involved in lignan glycosylation remain unknown.

Generally, glycosylation is catalyzed by UGT, which transfers a sugar moiety from a UDP-sugar to an acceptor molecule (Noguchi et al., 2008). To gain insights into lignan biosynthesis, we identified two lignan UGT genes, named IiUGT71B5a and IiUGT71B5b, which are responsible for glucosylation at the 4-position of pinoresinol. Meanwhile, the comprehensive catalytic properties and expression profiles of these two IiUGTs were also characterized. Thus, our findings will be important for understanding the biosynthesis of lignans, as well as for elucidating the functional diversity of the UGT family.



MATERIALS AND METHODS


Plant Materials

Isatis indigotica Fort. and Nicotiana benthamiana: the seeds were kept in our laboratory. The plants were growing under a constant temperature of 25°C, light for 16 h, and a constant temperature of 18°C in a dark environment for 8 h, with humidity of approximately 75%.



Chemical Standards

The names and manufacturers of the standards are as follows: pinoresinol, (+)-pinoresinol-4-O-glucoside, lariciresinol, secoisolariciresinol, secoisolariciresinol monoglucoside, secoisolariciresinol diglucoside, isolariciresinol, (−)-isolariciresinol-9'-O-glucoside, matairesinol, matairesinoside, matairesinol monoglucoside, phillygenin, and forsythin (BioBioPha, China); pinoresinol diglucoside, clemaphenol A, trans-coniferin, coniferyl alcohol, sesaminol, quercetin, quercetin-3-O-glucoside, and quercetin-7-O-glucoside (SHYuanYe, China); quercetin-4'-O-glucoside (extracted by our laboratory), UDP-glucoside (UDP-Glc; Sigma, United States); UDP-xylose (UDP-Xyl), UDP-rhamnose (UDP-Rha), UDP-arabinose (UDP-Ara), and UDP-galacturonic acid (CarboSource, United States). All chemicals used in this study were of analytical or HPLC grade.



UHPLC-Q-TOF/MS Based Metabolic Profiling

Lignans and phenylpropanoids profiling was carried out on an Agilent 1290A Infinity II ultra-performance liquid chromatography (UHPLC) system coupled with an Agilent 6530A accurate mass quadrupole-time of flight mass spectrometer (Q-TOF/MS; Agilent, United States) equipped with a dual AJS electrospray ionization source (ESI) operated in negative ion mode. The parameters were as follows: nitrogen drying gas temperature, 350°C; flow, 11 L∙min−1; nebulizer pressure, 45 psi; sheath gas temperature and flow rate were the same as those of the drying gas; capillary voltage, 4 kV; fragment voltage, 120 V; skimmer voltage, 60 V; octopole 1 RF peak voltage, 750 V; and mass range, 100–3,200 m/z. Chromatographic separations were performed using an Agilent Poroshell 120 SB-C18 column (2.7 μm, 2.1 mm × 150 mm; Agilent) at 35°C with the mobile phase consisting of (0.01% formic acid + 2 mM ammonium acetate) aqueous solution (phase A) and mass spectrometry grade acetonitrile (phase B), and the following elution method: 5% ACN at 0 min, 20% ACN at 2 min, 25% ACN at 10 min, 95% ACN at 20 min, and a final 4.5 min of equilibration post run. The injection volume was 3.0 μl, and the flow rate was 0.3 ml/min. The main mass spectrometry parameters of the target compound were all designated in the negative ion mode of UHPLC-Q-TOF/MS. Mass spectrometry parameters of the target compound in the negative ion mode of UHPLC-Q-TOF/MS are listed in Supplementary Table S1. All data acquisition and analysis were controlled by Agilent MassHunter Workstation Software (Agilent Technologies, United States).



LC/MS Based Lignans and Phenylpropanoids Assay

The liquid phase mass spectrometer (LC/MS) was an Agilent 1200–6410 LC/MS, the chromatographic column was an Agilent ZORBAX SB-C18 (3.5 μm, 2.1 mm × 100 mm), the column temperature was 30°C, the flow rate was controlled at 0.3 ml/min, and the injection volume was 5 μl. The mobile phase was composed of acetonitrile (phase A) and 5 mM ammonium acetate aqueous solution (phase B), and the elution method was as follows: 14% ACN at 0 min, 50% ACN at 6 min, 85% ACN at 6.5 min, 85% ACN at 12 min, and a final 4.5 min of equilibration post run. The main mass spectrometry parameters of the target compound were all designated in the negative ion mode of LC/MS 6410 (Supplementary Table S2).



Expression and Purification of UGTs

The coding regions of each UGT gene were subcloned into the pET-32a+ expression vector and then transformed into Escherichia coli strain BL21(DE3; primers are listed in Supplementary Table S3). The cell cultures were induced by 1 mM isopropyl-β-D-thiogalactoside (IPTG) until the OD600 reached 0.5–0.7. After 10–16 h of incubation at 16°C at 200 rpm, the cells were harvested by centrifugation at 4°C. The tagged recombinant proteins were purified by Ni-NTA affinity chromatography (Bio-Scale Mini Profinity IMAC Cartridges, BIO-RAD, United States).



Activity Assays in vitro

Pinoresinol, (+)-pinoresinol-4-O-glucoside, lariciresinol, secoisolariciresinol, matairesinol, isolariciresinol, phillygenin, sesaminol, clemaphenol A, and coniferyl alcohol were selected as sugar acceptors. UDP-glucose, UDP-Xyl, UDP-Rha, UDP-Ara, and UDP-galacturonic acid were tested as sugar donors. The reaction was carried out in 50 μl of 100 mM phosphate buffer (pH 8.0), containing 2 mM sugar donor, 200 μM substrate, and 1 μg of purified protein. The reaction mixture without enzyme was preincubated at 30°C for 10 min, and then the purified protein was added and incubated at 30°C for 5 min to 12 h. The reaction was stopped by adding 150 μl of absolute ethanol. The reaction solution was evaporated to dryness, and reconstituted with methanol before chemical analysis.



Sequence Analyses

Multiple sequence alignments of target UGTs were performed using the Clustal-W program, and phylogenetic trees were constructed using MEGA 7.0 (Kumar et al., 2016). The neighbor-joining statistical method was used to calculate the phylogenetic tree, with 1,000 bootstrap replications. The homology models of IiUGT71B5a and IiUGT71B5b were built using the crystal structure of Medicago truncatula UGT71G1 [Shao et al., 2005; Protein Data Bank (PDB) code: 2acv.1.A] as a template with the SWISS-MODEL server at http://swissmodel.expasy.org. UDP-glucose and sesaminol bound in GTB were taken as the sugar donor and sugar acceptor, respectively, and were docked into the built model of IiUGT71B5a using Autodock 4.2. The models were visualized with the PyMOL molecular graphics system.1



Transcription Analysis

Total RNA was extracted by a TransZol Plus RNA Kit (TransZol Up Plus RNA Kit, ER501, TransGen, China). cDNA was synthesized by one-step reverse transcription (PrimeScript™ 1st Strand cDNA Synthesis Kit, 6110A, TAKARA, China) using 2 μg of total RNA as a template. Gene expression levels were detected using real-time quantitative PCR [qRT-PCR; TB Green® Premix Ex Taq™ (Tli RNaseH Plus), RR420A, TAKARA, China; QuantStudio™ 3, Applied Biosystems, United States]. Gene specific primers are listed in Supplementary Table S3. Each group of samples had six biological replicates, and each biological replicate was assayed three times.



Subcellular Localization of UGTs

The coding regions of IiUGT71B5a and IiUGT71B5b were cloned into the plant expression vector PHB-yellow fluorescent protein (YFP; Primers are listed in Supplementary Table S3). PHB-YFP vectors carrying IiUGT71B5a and IiUGT71B5b were transferred into Agrobacterium tumefaciens strain GV3101. Cultures were inoculated in 10 ml of YEB medium (containing 75 μg∙ml−1 kanamycin and 25 μg∙ml−1 rifampicin) overnight (28°C, 200 rpm) and collected by centrifugation (5,000 g, 10 min, RT). The collected cells were resuspended in Murashige and Skoog medium (10 mM MES, 100 μM acetosyringone, pH 5.8) to a final OD600 of 0.3–0.6. After incubation for 2–3 h at RT, the mixed A. tumefaciens was injected into the abaxial surface of leaves of 4-week-old N. benthamiana plantlets by needle-free syringes. The infected leaves were harvested 48–72 h after infiltration. Agrobacterium tumefaciens containing PHB-YFP was infiltrated as a negative control. The YFP fluorescence was imaged using a laser scanning confocal microscope (Leica TCS SP3, Germany).



Synteny and Collinearity Analysis in Plant Genomes

Syntenic blocks were assigned via all-by-all BLASP with cutoffs of identity ≥40% and e-value ≤ 1e−10. Synteny comparison and Microsynteny visualization were performed using JCVI with LASTAL (Tang et al., 2008).



Data Availability

The sequence data of IiUGT71B5a, IiUGT71B5b, and IiUGT71B5c have been submitted to the GenBank databases under accession numbers: MW051594, MW051595, and MW051596, respectively.




RESULTS


Identification of UGTs

To annotate UGT genes from the I. indigotica genome (VHIU00000000; Kang et al., 2020), HMMER was used to search UGTs according to the plant secondary product glycosyltransferase (PSPG) motif (Yonekura-Sakakibara and Hanada, 2011; Caputi et al., 2012). As a result, 83 putative UGTs were identified, which were further assigned to 15 previously characterized groups based on phylogenetic tree construction (Figure 2; Wilson and Tian, 2019). Three IiUGT71B5s (IiUGT71B5a, IiUGT71B5b, and IiUGT71B5c) were suggested to have lignan catalytic activity as they have close phylogenetic relationship with a known pinoresinol glycosyltransferase (FkUGT71A18) from F. koreana (Figure 2; Ono et al., 2010).
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FIGURE 2. A neighbor-joining phylogenetic tree of 118 UGTs from selected plants. Groups A–N and the outgroup (OG) contain 83 IiUGTs, FkUGT71A18, BnUGT71B5, LuUGT74S1, SiUGT71A9, SiUGT94D1, PgUGT84A24, PlUGT88A20, and 28 AtUGTs. For simplicity, only group E UGTs are shown, and the other 14 groups are folded. The expanded tree is shown in Supplementary Figure S2, and the protein sequences are listed in Supplementary Table S4. The neighbor-joining tree was constructed using MEGA 7.0 software with 1,000 bootstrap replicates. The tree is drawn to scale, with branch lengths measured in the relative numbers of substitutions per site. Blue color words indicate the UGTs that had been reported for pinoresinol glycosylation, red color words indicate the candidate IiUGTs for pinoresinol glycosylation. Ii, Isatis indigotica Fort.; Fk, Forsythia koreana; Lu, Linum usitatissimum L.; Si, Sesamum indicum Linn.; Bn, Brassica napus; Pg, Punica granatum; Pl, Pueraria lobata; and At, Arabidopsis thaliana.




Cloning and Functional Characterization of IiUGT71B5a and IiUGT71B5b

IiUGT71B5a has an open reading frame (ORF) of 1,449 bp encoding 482 amino acids (aa), and IiUGT71B5b has an ORF of 1,443 bp encoding 480 aa. However, IiUGT71B5c only shows an ORF of 435 bp encoding a protein (145 aa) without the PSPG motif (Supplementary Figure S3). Thus, IiUGT71B5a and IiUGT71B5b were chosen for further studies. To identify the catalytic capability of the two IiUGTs in vitro, recombinant IiUGT71B5a and IiUGT71B5b driven by pET-32a+ expression vectors were obtained using E. coli BL21(DE3) cells (Supplementary Figure S4), and pinoresinol (1) was tested as the sugar acceptor. With uridine 5'-diphosphate glucose (UDP-Glc) as the sugar donor, IiUGT71B5a could efficiently convert pinoresinol (1) into 1a and 1b, while IiUGT71B5b could only convert pinoresinol (1) into 1a (Figure 3A). The mass spectrum of 1a was identified with the [M-H]− ion at m/z 519, which could produce fragments at m/z 357 ([M-H-162]−), indicating that 1a is a mono-O-glucoside (Figure 3B, 1a). The mass spectrum of 1b showed an [M-H]− ion at m/z 682, which could produce fragments at m/z 519 ([M-H-162]−) and m/z 357 ([M-H-324]−), indicating that 1b is a di-O-glucoside (Figure 3B, 1b). Notably, 1a and 1b were detected with the same retention time as the authentic compounds of (+)-pinoresinol-4-O-glucoside and pinoresinol diglucoside, respectively (Figure 3A). The above results suggest that both IiUGT71B5a and IiUGT71B5b may be involved in lignan biosynthesis in I. indigotica, while only IiUGT71B5a may contribute to the production of pinoresinol diglucoside (Figure 3C).
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FIGURE 3. O-glucosylation of pinoresinol. (A) Ultra-performance liquid chromatography-quadrupole-time of flight mass spectrometer (UHPLC-Q-TOF/MS) chromatogram of the enzymatic reaction solution of recombinant UGT71B5a and UGT71B5b on pinoresinol and (B) the secondary mass spectra of 1a and 1b. The reaction was carried out in 50 μl of 100 mM phosphate buffer (pH 8.0), containing 2 mM uridine 5'-diphosphate glucoside (UDP-Glc), 200 μM pinoresinol, and 1 μg of purified protein, and then incubated at 30°C for 1 h. (C) The two-step glycosylation of pinoresinol (1), produced (+)-pinoresinol-4-O-glucoside (1a), and pinoresinol diglucoside (1b) in sequence.




Biochemical Properties of Recombinant IiUGT71B5a

With pinoresinol as the sugar acceptor and UDP-glucose as the sugar donor, the biochemical properties of IiUGT71B5a were investigated. We found that IiUGT71B5a exhibits its maximum activity at pH 8.0 and 30°C (Figures 4A,B). The effect of metal cations showed that IiUGT71B5a is a non-cation-dependent protein, which is significantly inhibited by Cu2+ (Figure 4C). Under the catalysis of IiUGT71B5a, pinoresinol (1) was first transferred into pinoresinol-4-O-glucoside (1a). As the reaction continued, pinoresinol-4-O-glucoside (1a) was gradually converted into pinoresinol diglucoside (1b). At 12 h after reaction, pinoresinol (1) was almost completely converted into pinoresinol-4-O-glucoside (1a) and pinoresinol diglucoside (1b; Figure 4D).
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FIGURE 4. Biochemical properties of recombinant protein UGT71B5a. (A) Effect of pH on the enzyme activity of UGT71B5a. The relative activity of UGT71B5a at pH = 8.0 was set as 100%. (B) Effect of temperature on the enzyme activity of UGT71B5a. The relative activity of UGT71B5a at 30°C was set as 100%. (C) Effect of metal cations on the enzyme activity of UGT71B5a. The relative activity of UGT71B5a at 1 mM potassium chloride was set as 100%. (D) The concentration of pinoresinol (1), pinoresinol-4-O-glucoside (1a), and pinoresinol diglucoside (1b) changes with the reaction time (1–12 h). The changes of the three compounds (1, 1a, and 1b) in the enzyme reaction system within 60 min are shown in Supplementary Figure S10. The reaction was carried out in 50 μl of 100 mM phosphate buffer (pH 8.0), containing 2 mM UDP-Glc, 200 μM pinoresinol, 1 mM metal chlorine salt, and 1 μg of purified protein, and then incubated at 30°C for 1 h. When conducting a single factor (pH, temperature, metal cations, and reaction time) investigation, only the corresponding single variable is changed, and other variables remain unchanged. The ordinate value is expressed as the average value, and the error bar indicates SD (n = 3). ***p < 0.001.




Substrate Heterogeneities of IiUGT71B5a and IiUGT71B5b

It has been reported that UGTs have wide range of reorganization properties toward substrates (Koeller and Wong, 2001; Ono et al., 2010; Ban et al., 2012; Okazawa et al., 2015). To determine whether IiUGT71B5a and IiUGT71B5b are lignan glycosyltransferases with substrate promiscuity, a variety of lignans, including pinoresinol (1), (+)-pinoresinol-4-O-glucoside (1a), clemaphenol A (2), sesaminol (3), phillygenin (4), lariciresinol (5), matairesinol (6), isolariciresinol (7), and secoisolariciresinol (8), were tested as sugar acceptors (Figure 5A). Coniferyl alcohol (9), the common precursor of lignans, was also tested. The reactions were performed in 50 μl of 100 mM phosphate buffer (pH 8.0) containing 1 μg of purified protein, 2 mM UDP-Glc, and 200 μM sugar receptors. Using the UHPLC-Q-TOF/MS method, according to chemical standards (Supplementary Figure S5) or their MS2 fragments (Supplementary Figure S6), we found that IiUGT71B5a could catalyze all tested substrates, and IiUGT71B5b could catalyze eight of them (1–8), indicating that both IiUGT71B5a and IiUGT71B5b have high promiscuity. Moreover, IiUGT71B5a had significantly higher catalytic activity toward each substrate compared to that of IiUGT71B5b (Figure 5B). According to the characteristics of each glycosylated product, we proposed that IiUGT71B5s have two catalytic properties. First, the conversional efficiency of IiUGT71B5a varies depending on the substrate (Figure 5B). Compared to other types of lignans, IiUGT71B5a has higher catalytic activities toward ditetrahydrofuran lignans (1, 1a, 2, and 3), including both backbones and their monoglucosides. Second, the glycosylation sites of IiUGT71B5s are aromatic hydroxyl groups rather than aliphatic hydroxyl groups, supported by the productions of secoisolariciresinol and isolariciresinol (Supplementary Figure S5).
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FIGURE 5. Substrate heterogeneities of UGT71B5a and UGT71B5b. (A) Structures of 1–9 and part of the glycosylated products (1: pinoresinol, 1a: (+)-pinoresinol-4-O-glucoside, 2: clemaphenol A, 3: sesaminol, 4: phillygenin, 5: lariciresinol, 6: matairesinol, 7: isolariciresinol, 8: secoisolariciresinol, and 9: coniferyl alcohol). (B) Conversion rates of glycosylated products for substrates 1–9, using UDP-Glc as the sugar donor. The reaction was carried out in 50 μl of 100 mM phosphate buffer (pH 8.0), containing 2 mM sugar donor, 200 μM substrate, and 1 μg of purified protein, and then incubated at 30°C for 1 h. The ordinate value is expressed as the average value, and the error bar indicates SD (n = 3).




Determination of Enzyme Kinetic Parameters

Considering that IiUGT71B5b had much lower catalytic properties than IiUGT71B5a, we focused on the kinetics of IiUGT71B5a. The detailed catalytic properties of recombinant IiUGT71B5a were measured using UDP-glucose as the sugar donor and a variety of lignan substrates as sugar acceptors. The kinetic parameters (Table 1) were analyzed through Lineweaver Burk plots (Supplementary Figure S7). As a result, IiUGT71B5a had the highest catalytic efficiency for sesaminol (kcat/Km = 1.17 × 104 s−1·M−1), followed by pinoresinol (kcat/Km = 1.04 × 103 s−1·M−1), (+)-pinoresinol-4-O-glucoside (kcat/Km = 9.39 × 102 s−1·M−1), clemaphenol A (kcat/Km = 7.16 × 102 s−1·M−1), matairesinol (kcat/Km = 6.46 × 102 s−1·M−1), and secoisolariciresinol (kcat/Km = 5.71 × 102 s−1·M−1), with the lowest catalytic efficiency for lariciresinol (kcat/Km = 2.85 × 102 s−1·M−1). In contrast, the catalytic efficiency of IiUGT71B5b for sesaminol (kcat/Km = 1.06 × 103 s−1·M−1) and matairesinol (kcat/Km = 4.51 × 102 s−1·M−1) were relatively weak. According to the structures of these lignans, IiUGT71B5a seemed to have a substrate preference for ditetrahydrofuran lignans. Given that sesaminol does not exist in I. indigotica, we proposed that IiUGT71B5a is the major UGT contributing to the biosynthesis of pinoresinol glucosides.



TABLE 1. Enzyme kinetic parameters of recombinant UGT71B5a and UGT71B5b with lignans as substrates (20–200 μM) and uridine diphosphate (UDP)-glucose (2 mM) as a sugar donor.
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Sugar Donor Preference of IiUGT71B5a

To determine the sugar donor specificity of IiUGT71B5a, UDP-Glc, UDP-Xyl, UDP-Rha, UDP-Ara, and UDP-glucuronic acid (UDP-GalA) were tested (Figure 6A). When pinoresinol (1) was used as the substrate, UGT71B5a could efficiently utilize UDP-Glc (conversion rate of pinoresinol > 85%) and UDP-Xyl (conversion rate of pinoresinol > 10%), but not UDP-Rha, UDP-Ara, or UDP-GlcA (Figure 6B). In support of this, similar results were observed when using (+)-pinoresinol-4-O-glucoside (1a) or lariciresinol (5) as the substrate (Figure 6C). Consistent with previous report (Zhang et al., 2020), by comparing the structures of the five sugar donors (Figure 6D), we confirmed that the 4-OH configuration of the sugar group is an essential structural trait that affects the selective binding to the sugar donor. Furthermore, diglucosides (1b and 1d) with glucose and xylose moieties were also detected (Supplementary Figure S8).
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FIGURE 6. Sugar donor selectivity of UGT71B5a. (A) UHPLC-Q-TOF/MS chromatograms of purified recombinant UGT71B5a for the enzymatic reaction of three sugar receptors (1: pinoresinol, 1a: (+)-pinoresinol-4-O-glucoside, and 5: lariciresinol). (B) Conversion rates of substrates (1, 1a, and 5) catalyzed by recombinant UGT71B5a, using different sugar donors [UDP-Glc, UDP-xylose (UDP-Xyl), UDP-rhamnose (UDP-Rha), UDP-arabinose (UDP-Ara), and UDP-glucuronic acid (UDP-GalA)] separately. The reaction was carried out in 50 μl of 100 mM phosphate buffer (pH 8.0), containing 2 mM sugar donor, 200 μM substrate, and 1 μg of purified protein, and then incubated at 30°C for 12 h. The ordinate value is expressed as the average value, and the error bar indicates SD (n = 3). (C) The structures and glycosyl sites of sugar receptors. (D) The structures of sugar donors.




Modeling and Docking of IiUGT71B5a and IiUGT71B5b

To explore the potential structural basis for the catalytic properties of IiUGT71B5a, molecular docking was performed to model the binding sites. A glycosyltransferase from M. truncatula was selected as the template (PBD: 2ACV; Shao et al., 2005). Binding sites for UDP-glucose were modeled first (Figure 7A). Several residues (Ile13, Thr141, Ser283, Ala350, Gln352, His367, Ser372, Tyr389, and Gln392) were shown to form hydrogen bonds (2.1–2.7 Å) with UDP-glucose, with a predicted affinity of −9.2 kcal·mol−1 (Figure 7B). Among these residues, most were located on the plant secondary product PSPG motif (Gln352, His367, Ser372, Tyr389, and Gln392; Figure 7C). Given that Gln392 is conserved and considered the critical residue for the preference toward UDP-glucose (Kubo et al., 2004), pinoresinol and pinoresinol-4-O-glucose were then docked into the predicted pocket (IiUGT71B5a-UDP-Glc). Two amino acids (Ser10 and Arg42) were predicted to interact with pinoresinol, with a predicted affinity of −7.7 kcal·mol−1 (Figure 7D). Meanwhile, only one residue (Asp47) was predicted to form a hydrogen bond with pinoresinol-4-O-glucose, with a affinity of −6.9 kcal·mol−1 (Figure 7E). Notably, the two ligands approached UDP-glucose at different angles and positions is in the predicted pocket with an estimated volume of 1,121 Å3, which was a broad binding space. This might be caused by the structural basis for the substrate promiscuity of IiUGT71B5s. Interestingly, when comparing the secondary structure of IiUGT71B5s (90% sequence similarity), most of the different residues were located on the surface of the proteins and near the entrance of the pocket (Figure 7F), which might be critical for their difference in catalytic capability.
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FIGURE 7. Homology modeling and multiple sequence alignment of IiUGT71B5a and IiUGT71B5b. (A) Cartoon representation of the structure of IiUGT71B5a-UDP-glucose. UDP-glucose is shown as sticks. The structure of IiUGT71B5a is shown as a dark green cartoon and the product glycosyltransferase (PSPG) motif is colored light blue. (B) Interactions between UDP-glucose and the residues of IiUGT71B5a. Hydrogen bonds are represented by dark blue dashed lines. (C) The PSPG boxes of IiUGT71B5a, IiUGT71B5b, IiUGT71B5c, FkUGT71A18, LuUGT74S1, SiUGT71A9, and SiUGT94D1. The key residues determining the UDP-sugar donor activity specificity are denoted with a red frame. (D) Binding mode of pinoresinol with IiUGT71B5a-UDP-glucose predicted by molecular dynamics simulations. The structure is shown as a dark green cartoon, pinoresinol is shown as light green sticks, and UDP-glucose is shown as yellow sticks. Hydrogen bonds are represented by yellow dashed lines. (E) Binding model of (+)-pinoresinol-4-O-glucoside with IiUGT71B5a-UDP-glucose predicted by molecular dynamics simulations. The structure is shown as a dark green cartoon, (+)-pinoresinol-4-O-glucoside is shown as light green sticks, and UDP-glucose is shown as orange sticks. Hydrogen bonds are represented by yellow dashed lines. (F) The divergent residues between IiUGT71B5a and IiUGT71B5b were mostly located near the entrance of the pocket. The overall structures of IiUGT71B5a and IiUGT71B5b are shown with an overlaid cartoon representation. Red and yellow represent IiUGT71B5a. Blue and green represent IiUGT71B5b. The different amino acid residues of the two IiUGTs are shown in yellow and green, respectively.




Correlation Between Spatial Distribution of Lignans and Transcription of IiUGT71B5s

To verify the correlation between IiUGT71B5s and correlated lignan glucosides, chemical profiling of lignans was carried out in different organs (leaf, root) and specific root cells (epidermis and cortex, phloem, xylem, and cambium). LC/MS profiling showed that at least three lignans and three lignan glucosides were present in I. indigotica, including pinoresinol, (+)-pinoresinol-4-O-glucoside, pinoresinol diglucose, lariciresinol, secoisolariciresinol, and secoisolariciresinol monoglucoside (Supplementary Table S5). Only a single lignan was analyzed and found that (+)-pinoresinol-4-O-glucoside and pinoresinol diglucose were mainly distributed in the roots, with the highest accumulation in the epidermis and cortex (Figure 8A). In contrast, pinoresinol was not detected in any root cells, which could be due to an extremely low accumulation. Besides, as a precursor of lignan biosynthesis, we also characterized coniferyl alcohol and found that coniferyl alcohol was not detected in these tissues (Supplementary Table S5). It is mainly stored in the form of trans-coniferin in plants because coniferyl alcohol may have a toxic effect on cells (Vaisanen et al., 2015). Interestingly, trans-coniferin has a high accumulation in roots, but it is almost undetectable in leaves, and the abundance of lignans in roots is much higher than that in leaves (Supplementary Table S5). These above results indicate that the process of synthesis and accumulation of lignans is mainly carried out in the roots, not in the leaves.
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FIGURE 8. Expression characteristics of IiUGTs and distribution characteristics of lignans. (A) The abundance of pinoresinol (1), (+)-pinoresinol-4-O-glucoside (1a), and pinoresinol diglucose (1b) in different organs (roots, leaves) and different root tissues (epidermis and cortex, phloem, xylem, and cambium) of Isatis indigotica. N.D. indicates not detected. (B) Relative gene expression levels of IiUGT71B5a and IiUGT71B5b in different organs (roots, leaves) and different root tissues (epidermis and cortex, phloem, xylem, and cambium) of I. indigotica (n = 6, *p < 0.05, **p < 0.01). (C) Subcellular localization of IiUGT71B5a-yellow fluorescent protein (YFP) and IiUGT71B5b-YFP in leaf cells of Nicotiana benthamiana. YFP exhibited yellow fluorescence under excitation light with a wavelength of 514 nm. Scale bars represent 20 μm.


The correlated transcription level of IiUGT71B5s was analyzed by qRT-PCR. In different organs, the transcription levels of the two IiUG71B5s in leaves were much higher than those in roots. Among different root cells, the highest transcription levels of both IiUGT71B5a and IiUGT71B5b were detected in the epidermis and cortex cells, followed by phloem cells, and their expression in xylem and cambium cells were slightly lower than those in phloem (Figure 8B). The transcription of IiUG71B5s and the metabolism of pinoresinol glucosides are highly consistent in the roots of I. indigotica, suggesting that IiUG71B5s could possibly be a major contributor to the accumulation of pinoresinol glucosides in roots. However, the high expressions of IiUG71B5s did not increase the accumulation of pinoresinol glucosides in the leaves, which may be due to the extremely low biosynthesis of pinoresinol in leaves. Obviously, the low accumulation of pinoresinol is also caused by the low abundance of its precursor (trans-coniferin) in the leaves (Supplementary Table S5). In addition, the high transcription levels of IiUG71B5s in leaves imply that they may also assume wider glycosylation functions in plants, and the substrate heterogeneities of IiUGT71B5s also support this conjecture (Figure 5).



Subcellular Localizations of IiUGT71B5a and IiUGT71B5b

To investigate the subcellular localizations of IiUGT71B5a and IiUGT71B5b, their ORFs were fused with YFP at the C-terminus and transiently expressed in N. benthamiana leaves. As shown in Figure 8C, the signals of both fused proteins presented in the cytoplasm, which was consistent with those of previously reported UGTs, such as MtUGT72L1, PhUGT79B31, and PbUGT72AJ2 (Pang et al., 2013; Knoch et al., 2018; Cheng et al., 2019). This result also indicated that the cytoplasm might be the subcellular site for lignan glycoside biosynthesis.




DISCUSSION


Substrate Heterogeneities of IiUGT71B5s

Although there are diverse types of lignans, only a few UGTs involved in lignan glycosylation have been discovered, including lignans (pinoresinol and lariciresinol) glycosyltransferase UGT71C1 from A. thaliana, pinoresinol glycosyltransferase UGT71A18 from F. koreana, secoisolariciresinol glycosyltransferase UGT74S1 from L. usitatissimum, and sesaminol glycosyltransferases UGT71A9, UGT94D1, UGT94AG1, and UGT94AA2 from S. indicum (Ono et al., 2010, 2020; Ghose et al., 2014; Okazawa et al., 2015; Teponno et al., 2016; Murata et al., 2017). UGTs, such as AtUGT71C1, FkUGT71A18, and IiUGT71B5s are able to catalyze glycosylation of pinoresinol, however, their substrate catalytic characteristics are not the same. For example, AtUGT71C1 has a more extensive substrate heterogeneity than IiUGT71B5s, which can catalyze phenylpropanoids, flavonoids, as well as lignans (Lim et al., 2003; Okazawa et al., 2015). FkUGT71A18 also exhibits relatively broad sugar acceptor specificity for lignans with a preference for ditetrahydrofuran lignans, but it performs well catalytic activity for phillygenin (Figure 5B, compound 4) compared with IiUGT71B5s (Ono et al., 2010). The identification of novel lignan glucosyltransferases from I. indigotica based on the similarity to the FsUGT71A18, AtUGT71C1, and SiUGT71A9 highlights the structural conservation of lignan UGTs across plant species (Figure 2). Nevertheless, similar to flavonoid UGTs forming independent phylogenetic clades based on their various regio-specificities (Noguchi et al., 2009), the structural diversity of lignan glucosides strongly suggests that not all lignan UGTs belong to the UGT71 family, such as LuUGT74S1, SiUGT94D1, SiUGT94AG1, and SiUGT94AA2 (Supplementary Figure S2). In addition to the catalytic activities of lignans, glycosylation 3-OH of quercetin by AtUGT71B5 was also reported (Lim et al., 2004). IiUGT71B5s, as homologous genes of AtUGT71B5, are preferred to glycosylate 3'-OH of quercetin, indicating that functional differentiation occurs in UGT71B5s (Figure 2; Supplementary Figure S11).

Among these known UGTs, most have been validated to have functional plasticity with a wide range of substrate recognition toward a variety of lignans. In this study, the promiscuity of both sugar acceptors and donors of two IiUGT71B5s was demonstrated. On the other hand, although IiUGT71B5s are capable of catalyzing multiple lignan substrates (Figure 5), we surmise that two IiUGT71B5s may contribute mainly to the catalysis of pinoresinol, owing to its substrate preference (Figure 5B) and high consistency with the accumulation of pinoresinol glucosides in the roots of I. indigotica (Figures 8A,B). Notably, the similar catalytic activities and transcription patterns suggested functional redundancy between IiUGT71B5a and IiUGT71B5b (Laruson et al., 2020). In support of this, a tandem duplication, including three loci (Ii4G26670, Ii4G26680, and Ii4G26690) coding UGT71B5 genes was discovered on chromosome 4 (Supplementary Figure S12), which could be the primary source for redundancy of UGT71B5 genes. In addition, Ii4G26690 (IiUGT71B5c) represented as a partial gene with an ORF region of 435 bp, accompanied by two extra introns (2,009 and 104 bp; Supplementary Figures S3, S13), indicating the pseudogenization of this locus. Although transcription of IiUGT71B5c was detected in the leaves and roots of I. indigotica (Supplementary Figure S9), without the PSPG box it could only become a nonfunctional UGT (Supplementary Figure S3). However, it is also possible that the in vivo activity of IiUGT71B5s does not match its in vitro activity, which has been reported in many plant UGT proteins, including AtUGT73C6, MtUGT78G1, and LjUGTs (Peel et al., 2009; Husar et al., 2011; Yin et al., 2017). Therefore, further validation of the roles of UGT71B5s in planta is required. Interestingly, although sesaminol (Figure 5B, compound 3) and its glucosides are not produced in I. indigotica, IiUGT71B5a had the strongest activity toward sesaminol, indicating that IiUGT71B5a might be used as an efficient catalytic element for biosynthesis.



Catalytic Properties of IiUGT71B5s

IiUGT71B5s seemed to exhibit similar functions as previously reported lignan UGTs such as FkUGT71A18, with a wide range substrate promiscuity (Ono et al., 2010). However, specificities of substrate were also discovered in IiUGT71B5s catalyzation. First, although IiUGT71B5s catalyzed various lignan substrates, they have showed obvious substrate preferences toward lignans containing ditetrahydrofuran on the skeleton, such as pinoresinol (1), clemaphenol A (2), and sesaminol (3; Figure 5). In addition, among the tested four ditetrahydrofuran lignan substrates (Figure 5A, compounds 1–4), IiUGT71B5s had extremely low activities toward phillygenin (4), the only substrate in the S configuration with a phenolic group at C-1, supporting the strong stereoselectivity of IiUGT71B5s. Furthermore, conserved activities toward sugar donors were also observed. IiUGT71B5s only showed high conversion efficiency with UDP-Glc, which was supposed to correlate with the conserved glutamine (Gln, Q) located at the end of the PSPG motif (Supplementary Figure S3; Kubo et al., 2004).



Evolution of the Lignan Biosynthesis Pathway

Lignans represent eight categories according to the differences in their basic skeleton (Teponno et al., 2016; Fang and Hu, 2018), and they have diverse chemical compositions and distributions in the plant kingdom (Ono et al., 2010; Lau and Sattely, 2015; Murata et al., 2017; Zhang et al., 2019). Thus, the diversity of lignan biosynthesis pathways in different plants provides an ideal example to study the evolution of the origins and the loss of plant chemical diversity. For example, the major lignans accumulated in the roots of A. thaliana are lariciresinol glucosides but not secoisolariciresinol, which is determined by variance in the activity of PLR (Nakatsubo et al., 2008). In this study, we found that the pinoresinol in I. indigotica is not only catalyzed by PLR to produce lariciresinol and secoisolariciresinol (Xiao et al., 2015; Zhang et al., 2016), but also accumulates in the form of its glucosides (Figure 1; Supplementary Table S5), which may be influenced by functional differentiation of UGT71B5s. In addition, some categories of lignans are not produced in I. indigotica, such as sesaminol and podophyllotoxin, which is due to the functional diversity of gene families involved in the lignan biosynthesis network, including CYPs (Murata et al., 2017; Harada et al., 2020), OMTs (Lau and Sattely, 2015), and UGTs (Ono et al., 2020). Studying the activity, diversity, and evolution of these families will help to reveal mechanisms for the diversity of lignans in plants.

In summary, we identified two UGTs that may primarily contribute to the modification of pinoresinol. We discussed the structural insights of their functional diversity, which will provide an in-depth understanding of lignan biosynthesis and the functional diversity of the UGT family in plants. In addition, these novel UGTs may facilitate further enzyme engineering to produce bioactive lignan glucosides.




DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.



AUTHOR CONTRIBUTIONS

WC, LZ, and JC were the leading investigators of this research program. JC and XC designed the experiments and wrote the manuscript. XC performed the most of experiments and analyzed the data. JF performed the molecular docking. YW, SL, YX, and YD assisted in experiments and discussed the results. All authors contributed to the article and approved the submitted version.



FUNDING

This work was financially supported by the National Key R&D Program of China (2019YFC1711000), National Natural Science Foundation of China (81673550, 81803668, 81874335, and 31872665), Shanghai Rising-Star Program (18QB1402700), Shanghai local Science and Technology Development Fund Program guided by the Central Government (YDZX20203100002948), and the program of Shanghai University of Traditional, Chinese Medicine (A1-GY20-306-02-08).


SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2021.637695/full#supplementary-material



FOOTNOTES

1http://www.pymol.org



REFERENCES

 Ban, L., Pettit, N., Li, L., Stuparu, A. D., Cai, L., Chen, W., et al. (2012). Discovery of glycosyltransferases using carbohydrate arrays and mass spectrometry. Nat. Chem. Biol. 8, 769–773. doi: 10.1038/nchembio.1022 

 Caputi, L., Malnoy, M., Goremykin, V., Nikiforova, S., and Martens, S. (2012). A genome-wide phylogenetic reconstruction of family 1 UDP-glycosyltransferases revealed the expansion of the family during the adaptation of plants to life on land. Plant J. 69, 1030–1042. doi: 10.1111/j.1365-313X.2011.04853.x 

 Chen, J., Dong, X., Li, Q., Zhou, X., Gao, S., Chen, R., et al. (2013). Biosynthesis of the active compounds of Isatis indigotica based on transcriptome sequencing and metabolites profiling. BMC Genomics 14:857. doi: 10.1186/1471-2164-14-857 

 Cheng, X., Muhammad, A., Li, G., Zhang, J., Cheng, J., Qiu, J., et al. (2019). Family-1 UDP glycosyltransferases in pear (Pyrus bretschneideri): molecular identification, phylogenomic characterization and expression profiling during stone cell formation. Mol. Biol. Rep. 46, 2153–2175. doi: 10.1007/s11033-019-04669-y 

 Davin, L. B., Wang, H. B., Crowell, A. L., Bedgar, D. L., Martin, D. M., Sarkanen, S., et al. (1997). Stereoselective bimolecular phenoxy radical coupling by an auxiliary (dirigent) protein without an active center. Science 275, 362–367. doi: 10.1126/science.275.5298.362 

 Fang, X., and Hu, X. (2018). Advances in the synthesis of lignan natural products. Molecules 23:3385. doi: 10.3390/molecules23123385 

 Ghose, K., Selvaraj, K., McCallum, J., Kirby, C. W., Sweeney-Nixon, M., Cloutier, S. J., et al. (2014). Identification and functional characterization of a flax UDP-glycosyltransferase glucosylating secoisolariciresinol (SECO) into secoisolariciresinol monoglucoside (SMG) and diglucoside (SDG). BMC Plant Biol. 14:82. doi: 10.1186/1471-2229-14-82 

 Hano, C., Martin, I., Fliniaux, O., Legrand, B., Gutierrez, L., Arroo, R. R., et al. (2006). Pinoresinol-lariciresinol reductase gene expression and secoisolariciresinol diglucoside accumulation in developing flax (Linum usitatissimum) seeds. Planta 224, 1291–1301. doi: 10.1007/s00425-006-0308-y 

 Harada, E., Murata, J., Ono, E., Toyonaga, H., Shiraishi, A., Hideshima, K., et al. (2020). (+)-Sesamin-oxidising CYP92B14 shapes specialised lignan metabolism in sesame. Plant J. 104, 1117–1128. doi: 10.1111/tpj.14989 

 Husar, S., Berthiller, F., Fujioka, S., Rozhon, W., Khan, M., Kalaivanan, F., et al. (2011). Overexpression of the UGT73C6 alters brassinosteroid glucoside formation in Arabidopsis thaliana. BMC Plant Biol. 11:51. doi: 10.1186/1471-2229-11-51 

 Kang, M., Wu, H., Yang, Q., Huang, L., Hu, Q., Ma, T., et al. (2020). A chromosome-scale genome assembly of Isatis indigotica, an important medicinal plant used in traditional Chinese medicine: an isatis genome. Hortic Res. 7:18. doi: 10.1038/s41438-020-0240-5 

 Knoch, E., Sugawara, S., Mori, T., Nakabayashi, R., Saito, K., and Yonekura-Sakakibara, K. (2018). UGT79B31 is responsible for the final modification step of pollen-specific flavonoid biosynthesis in Petunia hybrida. Planta 247, 779–790. doi: 10.1007/s00425-017-2822-5 

 Koeller, K. M., and Wong, C. H. (2001). Enzymes for chemical synthesis. Nature 409, 232–240. doi: 10.1038/35051706 

 Kubo, A., Arai, Y., Nagashima, S., and Yoshikawa, T. (2004). Alteration of sugar donor specificities of plant glycosyltransferases by a single point mutation. Arch. Biochem. Biophys. 429, 198–203. doi: 10.1016/j.abb.2004.06.021 

 Kumar, S., Stecher, G., and Tamura, K. (2016). MEGA7: molecular evolutionary genetics analysis version 7.0 for bigger datasets. Mol. Biol. Evol. 33, 1870–1874. doi: 10.1093/molbev/msw054 

 Laruson, A. J., Yeaman, S., and Lotterhos, K. E. (2020). The importance of genetic redundancy in evolution. Trends Ecol. Evol. 35, 809–822. doi: 10.1016/j.tree.2020.04.009 

 Lau, W., and Sattely, E. S. (2015). Six enzymes from mayapple that complete the biosynthetic pathway to the etoposide aglycone. Science 349, 1224–1228. doi: 10.1126/science.aac7202 

 Li, J., Liang, X., Zhou, B., Chen, X., Xie, P., Jiang, H., et al. (2019). (+)pinoresinolObetaDglucopyranoside from Eucommia ulmoides Oliver and its antiinflammatory and antiviral effects against influenza A (H1N1) virus infection. Mol. Med. Rep. 19, 563–572. doi: 10.3892/mmr.2018.9696 

 Li, J., Zhou, B., Li, C., Chen, Q., Wang, Y., Li, Z., et al. (2015). Lariciresinol-4-O-beta-D-glucopyranoside from the root of Isatis indigotica inhibits influenza A virus-induced pro-inflammatory response. J. Ethnopharmacol. 174, 379–386. doi: 10.1016/j.jep.2015.08.037 

 Lim, E. K., Ashford, D. A., Hou, B., Jackson, R. G., and Bowles, D. J. (2004). Arabidopsis glycosyltransferases as biocatalysts in fermentation for regioselective synthesis of diverse quercetin glucosides. Biotechnol. Bioeng. 87, 623–631. doi: 10.1002/bit.20154 

 Lim, E. K., Higgins, G. S., Li, Y., and Bowles, D. J. (2003). Regioselectivity of glucosylation of caffeic acid by a UDP-glucose:glucosyltransferase is maintained in planta. Biochem. J. 373, 987–992. doi: 10.1042/BJ20021453 

 Lin, C. W., Tsai, F. J., Tsai, C. H., Lai, C. C., Wan, L., Ho, T. Y., et al. (2005). Anti-SARS coronavirus 3C-like protease effects of Isatis indigotica root and plant-derived phenolic compounds. Antivir. Res. 68, 36–42. doi: 10.1016/j.antiviral.2005.07.002 

 Lorenc-Kukula, K., Amarowicz, R., Oszmianski, J., Doermann, P., Starzycki, M., Skala, J., et al. (2005). Pleiotropic effect of phenolic compounds content increases in transgenic flax plant. J. Agric. Food Chem. 53, 3685–3692. doi: 10.1021/jf047987z 

 Milder, I. E., Feskens, E. J., Arts, I. C., Bueno de Mesquita, H. B., Hollman, P. C., and Kromhout, D. (2005). Intake of the plant lignans secoisolariciresinol, matairesinol, lariciresinol, and pinoresinol in Dutch men and women. J. Nutr. 135, 1202–1207. doi: 10.1093/jn/135.5.1202 

 Murata, J., Ono, E., Yoroizuka, S., Toyonaga, H., Shiraishi, A., Mori, S., et al. (2017). Oxidative rearrangement of (+)-sesamin by CYP92B14 co-generates twin dietary lignans in sesame. Nat. Commun. 8:2155. doi: 10.1038/s41467-017-02053-7 

 Nakatsubo, T., Mizutani, M., Suzuki, S., Hattori, T., and Umezawa, T. (2008). Characterization of Arabidopsis thaliana pinoresinol reductase, a new type of enzyme involved in lignan biosynthesis. J. Biol. Chem. 283, 15550–15557. doi: 10.1074/jbc.M801131200 

 Nantarat, N., Mueller, M., Lin, W.-C., Lue, S.-C., Viernstein, H., Chansakaow, S., et al. (2020). Sesaminol diglucoside isolated from black sesame seed cake and its antioxidant, anti-collagenase and anti-hyaluronidase activities. Food Biosci. 36:100628. doi: 10.1016/j.fbio.2020.100628

 Noguchi, A., Fukui, Y., Iuchi-Okada, A., Kakutani, S., Satake, H., Iwashita, T., et al. (2008). Sequential glucosylation of a furofuran lignan, (+)-sesaminol, by Sesamum indicum UGT71A9 and UGT94D1 glucosyltransferases. Plant J. 54, 415–427. doi: 10.1111/j.1365-313X.2008.03428.x 

 Noguchi, A., Horikawa, M., Fukui, Y., Fukuchi-Mizutani, M., Iuchi-Okada, A., Ishiguro, M., et al. (2009). Local differentiation of sugar donor specificity of flavonoid glycosyltransferase in Lamiales. Plant Cell 21, 1556–1572. doi: 10.1105/tpc.108.063826 

 Okazawa, A., Kusunose, T., Ono, E., Kim, H. J., and Muranaka, T. (2015). Glucosyltransferase activity of Arabidopsis UGT71C1 towards pinoresinol and lariciresinol. Plant Biotechnol. 31, 561–566. doi: 10.5511/plantbiotechnology.14.0910a

 Ono, E., Kim, H. J., Murata, J., Morimoto, K., Okazawa, A., Kobayashi, A., et al. (2010). Molecular and functional characterization of novel furofuranclass lignan glucosyltransferases from Forsythia. Plant Biotechnol. 27, 317–324. doi: 10.5511/plantbiotechnology.27.317

 Ono, E., Waki, T., Oikawa, D., Murata, J., Shiraishi, A., Toyonaga, H., et al. (2020). Glycoside-specific glycosyltransferases catalyze regio-selective sequential glucosylations for a sesame lignan, sesaminol triglucoside. Plant J. 101, 1221–1233. doi: 10.1111/tpj.14586 

 Pang, Y., Cheng, X., Huhman, D. V., Ma, J., Peel, G. J., Yonekura-Sakakibara, K., et al. (2013). Medicago glucosyltransferase UGT72L1: potential roles in proanthocyanidin biosynthesis. Planta 238, 139–154. doi: 10.1007/s00425-013-1879-z 

 Peel, G. J., Pang, Y., Modolo, L. V., and Dixon, R. A. (2009). The LAP1 MYB transcription factor orchestrates anthocyanidin biosynthesis and glycosylation in Medicago. Plant J. 59, 136–149. doi: 10.1111/j.1365-313X.2009.03885.x 

 Runfeng, L., Yunlong, H., Jicheng, H., Weiqi, P., Qinhai, M., Yongxia, S., et al. (2020). Lianhuaqingwen exerts anti-viral and anti-inflammatory activity against novel coronavirus (SARS-CoV-2). Pharmacol. Res. 156:104761. doi: 10.1016/j.phrs.2020.104761 

 Saarinen, N. M., Warri, A., Airio, M., Smeds, A., and Makela, S. (2007). Role of dietary lignans in the reduction of breast cancer risk. Mol. Nutr. Food Res. 51, 857–866. doi: 10.1002/mnfr.200600240 

 Satake, H., Ono, E., and Murata, J. (2013). Recent advances in the metabolic engineering of lignan biosynthesis pathways for the production of transgenic plant-based foods and supplements. J. Agric. Food Chem. 61, 11721–11729. doi: 10.1021/jf4007104 

 Shao, H., He, X., Achnine, L., Blount, J. W., Dixon, R. A., and Wang, X. (2005). Crystal structures of a multifunctional triterpene/flavonoid glycosyltransferase from Medicago truncatula. Plant Cell 17, 3141–3154. doi: 10.1105/tpc.105.035055 

 Shi, J., Liu, C., Liu, L., Yang, B., and Zhang, Y. (2012). Structure identification and fermentation characteristics of pinoresinol diglucoside produced by Phomopsis sp. isolated from Eucommia ulmoides Oliv. Appl. Microbiol. Biotechnol. 93, 1475–1483. doi: 10.1007/s00253-011-3613-8 

 Tang, H., Bowers, J. E., Wang, X., Ming, R., Alam, M., and Paterson, A. H. (2008). Synteny and collinearity in plant genomes. Science 320, 486–488. doi: 10.1126/science.1153917 

 Teponno, R. B., Kusari, S., and Spiteller, M. (2016). Recent advances in research on lignans and neolignans. Nat. Prod. Rep. 33, 1044–1092. doi: 10.1039/c6np00021e 

 Vaisanen, E. E., Smeds, A. I., Fagerstedt, K. V., Teeri, T. H., Willfor, S. M., and Karkonen, A. (2015). Coniferyl alcohol hinders the growth of tobacco BY-2 cells and Nicotiana benthamiana seedlings. Planta 242, 747–760. doi: 10.1007/s00425-015-2348-7 

 Wang, H., Li, M. C., Yang, J., Yang, D., Su, Y. F., Fan, G. W., et al. (2011). Estrogenic properties of six compounds derived from Eucommia ulmoides Oliv. and their differing biological activity through estrogen receptors alpha and beta. Food Chem. 129, 408–416. doi: 10.1016/j.foodchem.2011.04.092 

 Wilson, A. E., and Tian, L. (2019). Phylogenomic analysis of UDP-dependent glycosyltransferases provides insights into the evolutionary landscape of glycosylation in plant metabolism. Plant J. 100, 1273–1288. doi: 10.1111/tpj.14514 

 Xiao, Y., Ji, Q., Gao, S., Tan, H., Chen, R., Li, Q., et al. (2015). Combined transcriptome and metabolite profiling reveals that IiPLR1 plays an important role in lariciresinol accumulation in Isatis indigotica. J. Exp. Bot. 66, 6259–6271. doi: 10.1093/jxb/erv333 

 Yang, Z., Wang, Y., Zheng, Z., Zhao, S., Zhao, J., Lin, Q., et al. (2013). Antiviral activity of Isatis indigotica root-derived clemastanin B against human and avian influenza A and B viruses in vitro. Int. J. Mol. Med. 31, 867–873. doi: 10.3892/ijmm.2013.1274 

 Yin, Q., Shen, G., Chang, Z., Tang, Y., Gao, H., and Pang, Y. (2017). Involvement of three putative glucosyltransferases from the UGT72 family in flavonol glucoside/rhamnoside biosynthesis in Lotus japonicus seeds. J. Exp. Bot. 68, 597–612. doi: 10.1093/jxb/erw420 

 Yonekura-Sakakibara, K., and Hanada, K. (2011). An evolutionary view of functional diversity in family 1 glycosyltransferases. Plant J. 66, 182–193. doi: 10.1111/j.1365-313X.2011.04493.x 

 Zhang, L., Chen, J., Zhou, X., Chen, X., Li, Q., Tan, H., et al. (2016). Dynamic metabolic and transcriptomic profiling of methyl jasmonate-treated hairy roots reveals synthetic characters and regulators of lignan biosynthesis in Isatis indigotica Fort. Plant Biotechnol. J. 14, 2217–2227. doi: 10.1111/pbi.12576 

 Zhang, M., Li, F. D., Li, K., Wang, Z. L., Wang, Y. X., He, J. B., et al. (2020). Functional characterization and structural basis of an efficient Di-C-glycosyltransferase from Glycyrrhiza glabra. J. Am. Chem. Soc. 142, 3506–3512. doi: 10.1021/jacs.9b12211 

 Zhang, D., Li, J., Ruan, D., Chen, Z., Zhu, W., Shi, Y., et al. (2019). Lignans from Isatis indigotica roots and their inhibitory effects on nitric oxide production. Fitoterapia 137:104189. doi: 10.1016/j.fitote.2019.104189 

 Zhou, B., Li, J., Liang, X., Yang, Z., and Jiang, Z. (2017). Transcriptome profiling of influenza A virus-infected lung epithelial (A549) cells with lariciresinol-4-beta-D-glucopyranoside treatment. PLoS One 12:e0173058. doi: 10.1371/journal.pone.0173058 


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Chen, Chen, Feng, Wang, Li, Xiao, Diao, Zhang and Chen. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.










	
	ORIGINAL RESEARCH
published: 17 May 2021
doi: 10.3389/fpls.2021.675108






[image: image2]

Combining QTL Mapping and Transcriptomics to Decipher the Genetic Architecture of Phenolic Compounds Metabolism in the Conifer White Spruce

Justine Laoué1*†, Claire Depardieu1,2†, Sébastien Gérardi1†, Manuel Lamothe2†, Claude Bomal2, Aïda Azaiez1, Marie-Claude Gros-Louis2, Jérôme Laroche3, Brian Boyle3, Almuth Hammerbacher4, Nathalie Isabel1,2† and Jean Bousquet1*


1Canada Research Chair in Forest Genomics, Centre for Forest Research and Institute for Systems and Integrative Biology, Université Laval, Québec, QC, Canada

2Natural Resources Canada, Canadian Forest Service, Laurentian Forestry Centre, Québec, QC, Canada

3Institute for Systems and Integrative Biology, Université Laval, Québec, QC, Canada

4Department of Zoology, Entomology, Forestry and Agricultural Biotechnology Institute, University of Pretoria, Pretoria, South Africa

Edited by:
Breeanna Urbanowicz, University of Georgia, United States

Reviewed by:
Jaime Barros, University of North Texas, United States
 Melissa Hamner Mageroy, Norwegian Institute of Bioeconomy Research (NIBIO), Norway

*Correspondence: Justine Laoué, justine.laoue@gmail.com
 Jean Bousquet, jean.bousquet@sbf.ulaval.ca

†ORCID: Justine Laoué orcid.org/0000-0003-3560-419X
 Claire Depardieu orcid.org/0000-0003-1340-1586
 Sébastien Gérardi orcid.org/0000-0003-3198-4551
 Manuel Lamothe orcid.org/0000-0002-5947-533X
 Nathalie Isabel orcid.org/0000-0001-8621-9801

Specialty section: This article was submitted to Plant Metabolism and Chemodiversity, a section of the journal Frontiers in Plant Science

Received: 02 March 2021
 Accepted: 08 April 2021
 Published: 17 May 2021

Citation: Laoué J, Depardieu C, Gérardi S, Lamothe M, Bomal C, Azaiez A, Gros-Louis M-C, Laroche J, Boyle B, Hammerbacher A, Isabel N and Bousquet J (2021) Combining QTL Mapping and Transcriptomics to Decipher the Genetic Architecture of Phenolic Compounds Metabolism in the Conifer White Spruce. Front. Plant Sci. 12:675108. doi: 10.3389/fpls.2021.675108



Conifer forests worldwide are becoming increasingly vulnerable to the effects of climate change. Although the production of phenolic compounds (PCs) has been shown to be modulated by biotic and abiotic stresses, the genetic basis underlying the variation in their constitutive production level remains poorly documented in conifers. We used QTL mapping and RNA-Seq to explore the complex polygenic network underlying the constitutive production of PCs in a white spruce (Picea glauca) full-sib family for 2 years. QTL detection was performed for nine PCs and differentially expressed genes (DEGs) were identified between individuals with high and low PC contents for five PCs exhibiting stable QTLs across time. A total of 17 QTLs were detected for eight metabolites, including one major QTL explaining up to 91.3% of the neolignan-2 variance. The RNA-Seq analysis highlighted 50 DEGs associated with phenylpropanoid biosynthesis, several key transcription factors, and a subset of 137 genes showing opposite expression patterns in individuals with high levels of the flavonoids gallocatechin and taxifolin glucoside. A total of 19 DEGs co-localized with QTLs. Our findings represent a significant step toward resolving the genomic architecture of PC production in spruce and facilitate the functional characterization of genes and transcriptional networks responsible for differences in constitutive production of PCs in conifers.

Keywords: conifers, phenolic compounds, Picea glauca, metabolites, QTL, RNA-Seq, co-regulation


INTRODUCTION

Empirical evidence indicates that global warming will increase pressure on conifer forests via the intensification of drought events and the introduction of new insects and pathogens (Dale et al., 2001; Sturrock et al., 2011). As long-lived species, trees largely depend on their mechanical and chemical defenses to survive and reproduce (Davis and Shaw, 2001). Trees can protect themselves by producing secondary metabolites such as terpenes and phenolic compounds including flavonoids, monolignols, phenolic acids, stilbenes, and coumarins (Berini et al., 2018). The constitutive production of phenolic compounds (PCs) is usually thought to confer broad resistance to pathogens and abiotic factors in trees (Francheschi et al., 2005; Kessler, 2015). In spruces (Picea spp.), PCs are frequently associated with defense responses against pathogenic fungi (Brignolas et al., 1995; Hammerbacher et al., 2011, 2013, 2014) or pest insects (Brignolas et al., 1998; Faccoli and Schlyter, 2007; Delvas et al., 2011; Schiebe et al., 2012; Warren et al., 2015), and a recent study also highlighted their involvement in drought resistance in Picea abies (Schiop et al., 2017). Hence, PCs likely play a major role in climate adaptation in conifers. However, the genetic basis underlying their quantitative variation remains poorly understood (Ralph et al., 2006a; Warren et al., 2015), mainly due to the occurrence of large and complex gene families in conifers, combined with a limited knowledge of their functions (Hamberger and Bohlmann, 2006; Prunier et al., 2016).

The regulatory mechanism of phenylpropanoid biosynthesis is complex and involves several families of transcription factors (TFs) that regulate the expression of downstream genes (Yang et al., 2012). Recent advances showed that the PCs pathway in plants is also controlled at different branches by R2R3-MYB repressors (Cavallini et al., 2015; Ma and Constabel, 2019). The regulation of late biosynthetic anthocyanin and proanthocyanin genes is orchestrated by the ternary MBW complex, involving transcription factors from the R2R3-MYB, basic helix–loop–helix (bHLH) and WD40 classes (Xu et al., 2015; Ma et al., 2018). Although the MBW network is evolutionary conserved in plants (Ramsay and Glover, 2005), the considerable expansion of TF families in plant lineages (Feller et al., 2011) could lead to functionally divergent genes between angiosperms and gymnosperms. The complex regulatory system of PCs metabolism, i.e., genes and their networks of interactions, remains largely undeciphered in conifer species. Recent work evidenced protein-protein interactions among different MYB, bHLH and WDR (Nemesio-Gorriz et al., 2017) and NAC gene family (Dalman et al., 2017) in Norway spruce, while other studies identified a variety of gene families (Hamberger and Bohlmann, 2006; Ralph et al., 2006a; Warren et al., 2015), genes (Celedon et al., 2017) and transcription factors (Bomal et al., 2008; Bedon et al., 2010; Deng and Lu, 2017) playing a role in the regulation of PC pathway.

The majority of PC traits are known to be predominantly polygenic (Külheim et al., 2011; Francisco et al., 2016; Ganthaler et al., 2017), hence the need to deploy genome-wide approaches to study their synthesis. Quantitative trait loci (QTL) mapping was used successfully to uncover the genetic architecture of PCs production in crops (Li et al., 2016; Czyczyło-Mysza et al., 2019) and tree species (Verdu et al., 2014; Caseys et al., 2015). QTL analyses have also been successfully conducted in the Pinaceae, using traits relative to growth and phenology (Pelgas et al., 2011; Prunier et al., 2013) and biotic stress resistance (Porth et al., 2012; Lind et al., 2014). However, these analyses suffer from low resolution in conifers because of the low density of genetic linkage maps currently available and because of the considerable time and resources needed to grow, phenotype and genotype progenies. Recently, several studies in angiosperms showed that combining QTL mapping and transcriptome profiling is a robust approach to identify candidate genes underlying complex traits (Xu et al., 2015; Ye et al., 2017; Zhang et al., 2017; Jian et al., 2019). Transcriptome profiling can be used in combination with genetic mapping to narrow down the number of candidate genes identified by QTL and pointing out key genes involved in the mechanisms of interest. Hence, we used a similar approach to identify key genes involved in the PC pathway in white spruce [Picea glauca (Moench) Voss], a conifer species with high genome complexity and for which considerable genomic resources such as a draft genome sequences (Birol et al., 2013; Warren et al., 2015), an annotated expressed gene catalog (Rigault et al., 2011), high-throughput genotyping arrays (Pavy et al., 2013), and a high-density genetic linkage map (Pavy et al., 2017) are currently available.

In this study, we first conducted QTL mapping to assess the genomic architecture of the constitutive production of nine candidate PCs in a white spruce full-sib family. Three flavonoids, one neolignan and one stilbenoid, for which we identified QTLs stable across 2 years of measurement, were further analyzed with RNA-Seq in order to identify key genes involved in the regulatory network of PC metabolism. Differentially expressed genes (DEGs) among individuals displaying contrasting phenotypes (high vs. low metabolite content) were identified and compared with genes located in QTLs.



MATERIALS AND METHODS


Workflow

In this study, QTL and RNA-Seq approaches were used to identify genes involved in the metabolism of nine PCs in a random subset of 1,976 siblings previously used to produce a high-resolution genetic map for white spruce (Pavy et al., 2017). The nine PCs, all related to various biotic and abiotic stress responses in spruce species as well as in other plants (Table 1), were quantified for 164 and 202 siblings in two different years (Figure 1). QTL analyses were conducted with phenotypes obtained for the same progeny used for genetic mapping. From there, five metabolites showed a significant underlying genetic component for both years of assessment and were deemed of prime interest to be further investigated at the transcriptomic level using an RNA-Seq approach. For each of these metabolites, at least 20 siblings presenting contrasting phenotypes (i.e., highest and lowest metabolite content) were selected for individual transcriptome profiling and analyzed to highlight sets of differentially expressed genes.


Table 1. Bark phenolic compounds analyzed in a white spruce full-sib family.
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FIGURE 1. Schematic representation of experimental design. Bark samples were collected from 164 to 202 white spruce siblings in 2014 and 2017, respectively. QTL analyses were performed on nine phenolic compounds for both years. For five metabolites, RNA sequencing was conducted on a subset of individuals displaying high vs. low metabolite contents in 2017. For each of the five metabolites, differentially expressed genes (DEGs) among groups of individuals displaying contrasting phenotypes were identified.




Plant Material and Phenotypic Data Measurements

Twigs were collected on 164 and 202 full-sib siblings in August 2014 (age 15) and August 2017 (age 18), respectively, from a QTL mapping population previously used in several studies (cross C94-1-2516 between ♀77111 × ♂2388; Figure 1; see Pelgas et al., 2011; Pavy et al., 2012, 2017) and raised in a common garden located in Saint-Antonin, Québec (47°45N; 69°28 W). Seventy-nine siblings were common to both sampling years. Twigs (3-4 copies each) corresponding to the two parents originally crossed were also sampled in August 2015, 2016, and 2017 at the Cap-Tourmente Arboretum of Natural Resources Canada, Québec (47°05 N; −70°47 W). All sampled trees were originally produced from grafted material with a normal growth. For each tree, current-year twigs (18 cm long) were collected at breast height on the same side. Each sample was cut longitudinally with a razor blade to separate the woody inner stem tissues, the pith, from the bark tissues. Each sample was then cut into two parts, immediately frozen in liquid nitrogen, and stored at−80°C until further use: one part for metabolite quantification and the other one for transcriptomic analyses.



Metabolite Quantification: Extraction of Phenolic Compounds

Extraction of PCs, namely astringin, catechin, gallocatechin, isorhapontin, 4-[1,3-dihydroxy-2-[2-hydroxy-4-(3-hydroxypropyl)phenoxy]propyl]-β-D-xylopyranoside (neolignan-2; Supplementary Figure 1), piceid, procyanidin B1, taxifolin and taxifolin glucoside, was performed at the Max Planck Institute in Germany. Briefly, PCs were extracted from ground bark samples and quantified by LC-tandem mass spectrometry on an Agilent 1200 HPLC system (Agilent, Santa Clara, CA, United States) coupled to an API 3200 mass analyzer (Sciex, Darmstadt, Germany). Analyst v1.5 software (Applied Biosystems) was used for data acquisition and processing. Linearity of metabolite detection for quantification was verified by external calibration curves for catechin, taxifolin, astringin and procyanidin B1. Other metabolite concentrations were determined relative to the calibration curve of the metabolite most closely resembling it. Detailed procedures are given in Supplementary Methods 1 in Supplementary Material. Descriptive statistics and phenotypic distributions of metabolites are reported in Supplementary Table 1 and Supplementary Figure 2. Pairwise correlations between metabolite concentrations measured in 2014 and 2017 were calculated with the software R 3.5 (R Core Team, 2013) using the rcor function in the Hmisc R package (Harrell, 2014).



QTL Analyses

QTL analyses were conducted in order to identify genomic regions accounting for variation in metabolite concentrations among siblings and underlying candidate genes putatively carrying causal variants. QTLs detection was performed for the nine PCs investigated (Table 1). Data were analyzed on a yearly basis using the two parental linkage maps consisting in 2,774 (female) and 2,308 (male) high-quality SNPs mapping in as many separated genetic bins (see details in Pavy et al., 2017), resulting in four distinct QTL analyses per metabolite. All individuals included herein were part of the progeny originally used to generate the consensus linkage map consisting of 8,793 distinct gene loci (Pavy et al., 2017). QTL analyses were conducted with the software MapQTL v6.0 (van Ooijen and Kyazma, 2009), using interval mapping, which is a robust method against deviations from normality (van Ooijen and Kyazma, 2009). A QTL with a LOD score ≥ 3.1 was considered significant (P < 0.05 based on 1,000 genome-wide permutations of the markers). QTLs detected on each parental map were then positioned on the consensus map. Genes within 1 LOD of either side of the QTL peak were considered as candidate genes. Given the extremely high LOD score associated with neolignan-2 QTL, the window was expanded to 15 cM, which corresponded to the average window size of other significant QTLs detected in this study.



RNA-Seq Experiment

QTL analyses revealed that five metabolites, namely gallocatechin, neolignan-2, piceid, procyanidin B1 and taxifolin glucoside, had significant QTLs across both years surveyed (Figure 1). The expression of genes involved in the biosynthesis of those five metabolites were further investigated using RNA-Seq to identify sets of differentially expressed genes (DEGs) between two groups of individuals that showed contrasting concentrations of metabolites. Out of the 202 siblings collected in 2017, we selected 80 individuals showing high or low concentrations in gallocatechin, piceid, procyanidin B1 and taxifolin glucoside metabolites (Figure 1), some of them showing extreme phenotypes for more than one metabolite. The transcriptomic profiles of 20 phenotypically divergent individuals per PC (10 high-metabolite content vs. 10 low-metabolite content individuals) were then compared. Since the neolignan-2 displayed a bimodal distribution of concentrations (Figure 2), each of the two contrasted groups of individuals included 35 siblings instead of 10.
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FIGURE 2. Metabolite concentrations and QTL mapping for neolignan-2. Concentrations of neolignan-2 obtained (A) from grafted material (3–4 ramets) corresponding to both parents (♀77111, ♂2388) sampled in August 2015, 2016, and 2017, and (B) from 164 and 202 siblings sampled in August 2014 and 2017, respectively. (C) Linkage map of the white spruce progeny showing location of the putative QTLs with LOD score for neolignan-2 in 2014 (orange line) and 2017 (green line). The peak LOD score reached 75.87 and 86.29 in 2014 and 2017, respectively. The vertical dotted line indicates the threshold for significant linkages of the LOD scores (i.e., 3.1). Ticks on the chromosome represent mapped genes according to Pavy et al. (2017). Within the QTL interval, red and black ticks are genes for which markers were detected for ♂2388 and ♀77111, respectively.



RNA Extraction, Libraries Preparation and Sequencing

For the 80 individuals selected for RNA-Seq, total RNA was isolated from frozen bark tissues following the method of Chang et al. (1993), with the protocol modifications described in Pavy et al. (2008), as detailed in Supplementary Methods 2 in Supplementary Material. For each sibling, a cDNA library was generated from 1 μg of total RNA using the KAPA stranded mRNA-Seq Kit (KAPA Biosystems, Roche Sequencing solutions, Canada). This kit contains all buffers and enzymes required for the poly(A) mRNA capture and the construction of stranded mRNA-Seq libraries of 100 ng−4 μg of intact total RNA. A PCR of 13 cycles was then performed for each cDNA library having a specific adapter (Illumina TruSeq HT). The quality of total RNA was assessed using the Agilent 2100 Bioanalyzer with RNA 6000 Nano LabChips (Agilent Technologies Inc, Santa Clara, CA, USA) and RNA concentration was determined with a Nanodrop 1000 spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, U.S.A). For all samples, RNA concentration exceeded 100 ng μl−1 and RNA Integrity Number (RIN) exceeded 7.8. Libraries were first tagged individually, and then merged into a single sequencing pool at equimolar concentrations. The pool was sequenced at McGill University and Genome Quebec Innovation Center (Montreal, Quebec, Canada) using two lanes of Illumina NovaSeq 6000 S2 PE100.



Pre-processing and Differential Gene Expression Analyses

For each of the five metabolites tested, gene expression was compared between groups of individuals showing high and low PC contents. Quality of raw sequence data was first checked using FASTQC v0.11.2 (Andrews et al., 2014) for each sibling sequenced. Adapter sequences were trimmed using Cutadapt (Martin, 2011) and checked again with FASTQC v0.11.2 to ensure proper trimming. For each metabolite, reads of individuals making up the high and low PC content groups were pooled. High-quality reads were then aligned against the most recent version of the white spruce reference transcriptome (Rigault et al., 2011) using Salmon v0.11.0 with the following options: –Gcbias, –seqBias, –validatingMappings and minScoreFraction (0.8) (Patro et al., 2017).

Read counts were further normalized using the DESeq2 Bioconductor package in R (Anders and Huber, 2010; Love et al., 2014). Differential gene expression analyses were then carried out using the default pipeline implemented in the function “DESeq.” The DEGs were then determined using a threshold of < 0.05 (adjusted p-value after applying the Benjamini-Hochberg's multiple-testing correction; Benjamini and Hochberg, 1995). Expression level of DEGs was further classified as high (log2fc ≥ 1) or low (log2fc ≤ −1) according to the log2 fold change values (log2fc) obtained when comparing expression in high vs. low metabolite content individuals. DEGs with a total read count lower than 10 were discarded. Venn diagrams were plotted to highlight unique and shared DEGs among metabolites using a bio-analytic web tool (http://bioinformatics.psb.ugent.be/webtools/Venn/).



Functional Characterization and Enrichment Tests of Differentially Expressed Genes

Using the BLAST2GO PRO suite (Gotz et al., 2008), functional annotations of the DEGs were retrieved by performing a BLASTX search against the RefSeq database (RefSeq release 91, using a cut-off e-value of ≤10−10). Homologous protein domains from translated sequences were then identified by searching against the Interpro database. GO annotations (molecular functions and biological processes) were obtained for each DEG and slimmed down into the more general GO plant slim terms. For each metabolite, enrichment tests were performed by comparing GO associated with DEGs with those associated with the full set of expressed genes, using Fisher's exact tests (P < 0.05) in the BLAST2GO PRO suite. The transcription factor database PlantRegMap/PlantTFDB v5.0 was used to identify potential transcription factors among DEGs (TFs; http://planttfdb.cbi.pku.edu.cn/; Jin et al., 2017; Tian et al., 2020). Finally, DEG functions were visualized in MapMan v3.5.1 (Thimm et al., 2004) using DEG mapping files generated by Mercator (v3.6; Lohse et al., 2014). MapMan classifies genes into various relevant functional categories, also referred as BIN classes herein.





RESULTS


Variation in Phenolic Compounds and Correlations

The nine PCs examined in this study belonged to the flavonoid, the stilbenoid, and the lignan biosynthesis pathways (Table 1). Astringin and isorhapontin were the most abundant metabolites (62.35 and 22.20 mg g−1 DW, respectively), followed by taxifolin (12.55 mg g−1 DW). The other PCs were relatively less abundant, with concentrations <3.28 mg g−1 DW (Supplementary Table 1). All metabolites followed a unimodal and continuous distribution (Supplementary Figure 2), except for neolignan-2, which displayed a clear bimodal distribution in parents (Figure 2A) and progeny (Figure 2B), suggesting the possibility of a major gene effect.

Most metabolite concentrations within individuals were positively correlated (Figure 3). An exception was found for gallocatechin and taxifolin glucoside, which appeared negatively correlated in 2014 (Figure 3). As a general trend, PCs synthesized from the same biosynthetic pathway were most highly correlated, as observed for the two stilbenoids astringin and piceid (r = 0.60 in 2014 and r = 0.70 in 2017), and for the flavonoids catechin and procyanidin B1 (r > 0.73). However, one other exception was the strong correlation between piceid (a stilbenoid) and catechin (a flavonoid) (r > 0.78 in 2017). The concentration of neolignan-2 only moderately correlated with other metabolites (0.14 < r < 0.36), but variations in concentration among individuals were stable across time (r = 0.94, P < 0.05; based on the 79 individuals measured in both years; data not shown).
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FIGURE 3. Pairwise correlations between phenolic compounds contents measured in 2014 (bottom left; 164 siblings) and 2017 (top right; 202 siblings). Metabolites are classified into three major classes. The scale bar reports positive (red) and negative (blue) correlations. For each phenotypic correlation, the correlation coefficient and significance level are indicated. Levels of significance are as follows: *P < 0.05, **P < 0.01, and ***P < 0.001.




QTL Analyses

A total of 17 significant QTLs (LOD score ≥ 3.1) were detected for eight of the nine metabolites tested (Table 2). Individual QTLs included between 23 and 160 genes, resulting in a list of 871 unique candidate genes (Supplementary Table 2). QTLs for astringin, catechin and taxifolin were only detected from 2017 data (Table 2). Significant QTLs for gallocatechin, neolignan-2, piceid, and procyanidin B1 were observed for both years on at least one co-localizing region of a unique parent. In addition, two distinct QTLs were detected for taxifolin glucoside in 2014 and 2017, on different parents and genomic regions. The phenotypic variance explained (PVE) by single QTLs ranged between 8.0% (which is approximately corresponding to the genome-wide significance threshold for this experiment) and 91.3%. Interestingly, very high LOD scores (86.3 and 75.9) and PVE values (91.3 and 82.4%) were obtained for the only QTL detected for neolignan-2 in both years (Table 2; Figure 2C). Those observations highlight the occurrence of a genetic effect with strong impact on this phenotype on linkage group 4 (Figure 2C). Overall, QTLs were located on seven out of the 12 linkage groups (LG), corresponding to the 12 chromosomes of white spruce. Co-localization of QTLs for both years of measurement was observed for four PC (gallocatechin on LG8; neolignan-2 and piceid on LG4; and procyanidin B1 on LG1). This indicates that genotype-phenotype linkages were robust to inter-annual climate variations, which strengthen the involvement of these regions in the control of the studied phenotypes. These compounds were thus selected for transcriptomic analysis along with taxifolin glucoside, for which QTLs were detected for both years of measurement, but on different parents (Table 2; Figure 1).


Table 2. Summary statistics of significant QTLs (LOD score ≥ 3.1) detected for eight phenolic compounds in the C94-1-2516 white spruce full-sib family in 2014 and 2017.
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The functional annotation of genes located within QTL regions relied on BLAST2GO annotations, GO terms classification, and protein family signatures. While most QTL genes had no known direct role in the phenylpropanoid pathway, we found two genes previously reported as involved in the PC biosynthesis in Picea abies, namely a leucoanthocyanidin reductase-like gene (LAR; GQ03701_M12) for procyanidin B1, and a flavonoid 3′,5′-hydroxylase 2-like gene (F3′5′H; GQ03712_G11) for taxifolin glucoside (Supplementary Table 2).



Relative Functions of Differentially Expressed Genes Between Groups of High and Low PC Content Individuals

The five selected metabolites (gallocatechin, neolignan-2, piceid, procyanidin B1, and taxifolin glucoside) were further investigated using RNA-Seq to compare the transcriptomic profiles of individuals showing contrasting phenotypes (high vs. low metabolite concentrations for each PC). A summary of RNA-Seq statistics is presented in Supplementary Table 3. A total of 603 unique DEGs were identified at a rate of 3 to 372 DEGs per metabolite (Figure 4A; Supplementary Table 4). DEGs overlap among metabolites was very limited to non-existent, except for gallocatechin and taxifolin glucoside, which shared 137 DEGs (Figure 4B). Except for one gene, these DEGs showed higher expression in high taxifolin glucoside content individuals and lower expression in high gallocatechin content individuals (Figure 4C). Among the 603 DEGs, 436 were successfully annotated with a GO term associated to molecular functions and biological processes (Supplementary Figure 3). The GO enrichment analyses revealed that DEGs were particularly overrepresented in monosaccharide metabolic (2.5%), secondary metabolic (1.9%) and phenylpropanoid metabolic (1.9%) processes (Supplementary Figure 3). Overrepresented molecular functions included stress-related functions such as catalytic (59.2%), oxidoreductase (16.8%), lyase (7.6%), and transferase (5.7%) activities, and functions related to the phenylpropanoid pathway such as UDP-glycosyltransferase and O-methyltransferase activities (Supplementary Figure 3).
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FIGURE 4. Results of differential expression analyses for five phenolic compounds. (A) Proportion of differentially expressed genes (DEGs) among groups of individuals displaying contrasting phenotypes, for each metabolite. The proportion of DEGs was calculated as the number of DEGs divided by the total number of genes expressed. The number of DEGs is reported above the bars. (B) Venn diagrams showing the overlap among the 603 DEGs identified for all five metabolites. The set of 137 genes shared between gallocatechin and taxifolin glucoside (surrounded by a blue and red diamond) is further presented in panel (c). (C) Opposite expression profiles of the 137 genes shared between gallocatechin and taxifolin glucoside. The log fold changes of DEGs identified for taxifolin glucoside are plotted against log fold changes of DEGs identified for gallocatechin. The correlation coefficient and p-values are reported. Log2FC: log2 fold change.


MapMan analyses were conducted to classify DEGs into relevant functional bins (or functional categories; Supplementary Figure 4; Supplementary Table 5). DEGs were assigned to 29 functional bins. While an important proportion of the 603 DEGs were not assigned (37%), a significant proportion of DEGs was related to secondary metabolism (8.9%), stress (5.9%) and signaling (5%) (Supplementary Figure 4). The stress-related genes included 20 unique DEGs involved in abiotic stress response (Figure 5A). The most relevant functions associated to the 144 unique DEGs involved in biotic stress response included pathogenesis-related (PR) proteins, heat shock proteins, transcription factors as well as various genes involved in hormone signaling and defense (Figure 5A). The 59 defense-related DEGs identified by MapMan (Figure 5A) included 11 putative PR-proteins, and 48 genes involved in secondary metabolism, among which 36 genes were involved in the shikimate/phenylpropanoid pathway (Figure 5B).
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FIGURE 5. MapMan-based classification of differentially expressed genes (DEGs) involved in stress responses. (A) Expression profiles of DEGs involved in biotic and abiotic stresses. (B) Expression profiles of DEGs involved in secondary metabolism. The scale bar represents positive (red) and negative (blue) regulation of gene expression based on log2fc scores. Black squares represent genes that were either high or low expressed depending on the phenolic compound considered.




Identification of Candidate Genes Specifically Associated to the Phenylpropanoid Pathway

For all metabolites considered, the combination of MapMan classification and Blast2GO functional annotations allowed for the identification of 50 DEGs involved in the phenylpropanoid pathway associated with monophenols, phenylpropanoids, flavonoids, as well as lignins and lignans metabolism (Table 3; Figure 5B). From this subset, 31 and 30 DEGs were respectively associated to gallocatechin and taxifolin glucoside, including 15 genes shared between the two DEG sets. In addition, four other genes were associated with neolignan-2 and procyanidin B1. For all metabolites, the most represented gene families were the putative dirigent proteins (DIR) (9 genes), laccases (7 genes) and plant peroxidases (6 genes) (Table 3). Among the 50 DEGs identified, 36 DEGs were differentially expressed between the groups of high and low PC content individuals. A large proportion of putative DIR showed higher expression, with three genes associated with taxifolin glucoside (GQ03808_J11, GQ03806_D05, GQ03307_E08), two with gallocatechin (GQ036606_J07, GQ03815_M16), one with neolignan-2 (WS00740_J05) and one with procyanidin B1 (GQ01301_K10). Two DIR showing lower expression were detected for gallocatechin (GQ03806_D05, GQ03803_O03). Most laccases associated to the phenylpropanoid pathway were also differentially expressed, with four highly expressed and three lower expressed genes in individuals with high taxifolin glucoside and high gallocatechin content, respectively. In addition, three putative peroxidases (GQ0202_L09, GQ03322_C02, GQ02016_E21), two O-methyltransferases (WS00740_E09, GQ03507_F11), one cytochrome P450 (WS00736_D10) and one NmrA-like (GQ03009_B07) putative protein showed higher expression in high taxifolin glucoside content individuals.


Table 3. List of differentially expressed genes (DEGs; adjusted P < 0.05) involved in phenolic compounds metabolism.
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In this study, genes known to be involved in the phenylpropanoid pathway in white spruce or other plant species, and genes that were found differentially expressed were designated as key genes. Among the 50 DEGs associated to the phenylpropanoid pathway (Table 3), we identified five key DEGs, namely the 4-coumarate-CoA ligase (4CL), the phenylalanine ammonia-lyase (PAL), cinnamoyl-CoA reductase (CCR), p-coumaroyl shikimate/quinate 3′–hydroxylase (C3H) and caffeic O-methyltransferase (COMT) (Figure 6). Six other key enzymes were associated specifically to the flavonoid pathway, and included the flavonol synthase (FLS), the UDP-dependent glucosyl transferase (UGT), the flavonoid 3′5′-hydroxylase (F3′5′H - CYP75A), the bifunctional dihydroflavonol 4-reductase/flavanone 4-reductase (DFR), the leucoanthocyanidin reductase (LAR) and the anthocyanidin reductase (ANR) (Figure 6). It should be noted that FLS, UGT and F3H displayed opposite gene expression patterns in individuals producing high levels of taxifolin glucoside, compared to those producing high levels of gallocatechin (see Supplementary Table 4 for details).
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FIGURE 6. Proposed phenolic compound biosynthesis pathway in spruce. The pathway presented here is adapted from Warren et al. (2015). Candidate gene IDs identified in this study were retrieved from the gene catalog GCAT3.3 (Rigault et al., 2011) and are reported in black and italic. Genes identified in QTLs only are shown in orange boxes. Lower- or highly-expressed genes are indicated by blue and red boxes, respectively. Remaining DEGs (i.e., excluding high- and low expressed genes) are shown in white boxes. Genes within the taxifolin glucoside QTL and differentially expressed for gallocatechin are shown in white boxes with bold margins. The metabolite for which genes are differentially expressed is reported in each box according to the following nomenclature: G, gallocatechin; N, neolignan-2; P, piceid; PB, procyanidin B1; Tg, taxifolin glucoside. The five metabolites studied are underlined in green. Known key enzymes involved in the phenylpropanoid pathway are labeled in blue and bold capital letters. Abbreviations are as follow: 4CL, 4-coumarate-CoA ligase; ANR, anthocyanidin reductase; ANS, anthocyanidin synthase; C3H, p-coumaroyl shikimate/quinate 3′ -hydroxylase; C4H, cinnamate 4-hydroxylase; CAD, cinnamyl-alcohol dehydrogenase; CAD, cinamyl alcohol deshydrogenase; CCoAOMT, caffeoyl-CoA O-methyltransferase; CCR, cinnamoyl-CoA reductase; CHI, chalcone isomerase; CHS, naringenin-chalcone synthase; COMT, caffeic O-methyltransferase DFR, bifunctional dihydroflavonol 4-reductase/flavanone 4-reductase; DIR, dirigent protein; F3H, flavanone 3-hydroxylase; F3′H, flavonoid 3′-hydroxylase; F3′5′H, flavonoid 3′5′-hydroxylase; FLS, flavonol synthase; HCT, hydroxycinnamoyl-CoA:shikimate/quinate hydroxycinnamoyltransferase; LAC, laccase; LAR, leucoanthocyanidin reductase; PAL, phenylalanine ammonia-lyase; PER, peroxidase; PLR, pinoresinol lariciresinol reductase; STS, trihydroxystilbene synthase; UGT, UDP-dependent glucosyl transferase.




Differentially Expressed Transcription Factors as Potential Regulators of the Phenylpropanoid Pathway

A total of 41 transcription factors (TFs) were differentially expressed among the high and low PCs content groups (Supplementary Table 6). Among those, MYB (10 genes), WRKY (5 genes), NAC and AP2-EREBP (3 genes) were the most represented families. No significant TFs were found for piceid, one for procyanidin B1, while only three TFs were detected for neolignan-2. The remaining TFs were associated to taxifolin glucoside and gallocatechin. One bHLH (GQ01301_E17), one WD40 (GQ03304_I14), one WRKY (GQ03304_E19) and eight MYBs genes showed high and low expression in individuals producing high levels of taxifolin glucoside and gallocatechin, respectively.



Combining QTL and Transcriptomic Analyses to Identify Candidate Genes for Phenolic Compound Variation

A total of 19 DEGs that were associated to gallocatechin, neolignan-2, and taxifolin glucoside, were also located within QTL regions (Supplementary Table 7). Those genes can be safely designated as candidate genes for PC variation. They included five hydrolases, four uncharacterized putative proteins as well as two genes encoding methylesterases and transferases. None of them were formally associated to the phenylpropanoid pathway.




DISCUSSION


Neolignan: A Likely Rare Case of Monogenic Trait in Conifers

Two types of phenotypic distributions were observed in the present study (Figure 2; Supplementary Figure 2). Stilbenoids and flavonoids displayed a continuous and unimodal distribution of concentrations typical for quantitative traits controlled by multiple genes with small effects (Supplementary Figure 2), as generally observed for Pinaceae taxa (Routaboul et al., 2012; Wahyuni et al., 2014; Ganthaler et al., 2017). The distribution of their 15 QTLs across 7 linkage groups (Table 2), the moderate proportion of variance explained by single QTLs (10.9% ≤ PVE ≤ 13%; Table 2), and the distribution of 197 DEGs across the 12 spruce linkage groups (Supplementary Table 2) further support the scenario of a polygenic control of stilbenoid and flavonoid production. In contrast, neolignan-2 displayed a bimodal distribution of metabolite content (Figure 2). This distribution suggests a monogenic control of metabolite concentration, consistent with the identification of a single major QTL on LG4 (Figure 2C) explaining up to 91.3% of the phenotypic variance (Table 2). Until now, studies reporting the occurrence of neolignans in the Picea genus, and more generally in conifers, are still scarce [but see Hong et al. (2014); for review see Tanase et al. (2019)]. The neolignan analyzed in the current study (neolignan-2) was recently identified in Norway spruce (Nemesio-Gorriz et al., 2017), and found under the regulation of several MYB genes. Neolignans have diverse physiological roles in angiosperm plants, including defense against fungus and insects (Choi et al., 2009; Saguez et al., 2013), but little is known regarding their specific role in conifers. Monogenic traits usually represent prime candidates for marker-assisted selection in breeding programs. In this sense, further research should focus on the characterization and physiological role of neolignan-2 in white spruce, and densifying the QTL involved with more gene markers, given that less than one third of the transcriptome has been mapped in white spruce (Pavy et al., 2017).



Metabolite Data and Expression Profiles Reveal New Insights Into the Transcriptional Control of Flavonoids

Transcriptomic data highlighted a set of 137 genes showing opposite expression patterns between high gallocatechin and high taxifolin glucoside individuals (r = −0.88, P < 0.001; Figure 4). While further investigations are needed to determine which of these genes play a role in the constitutive production of these two flavonoids, such a strong negative relationship suggests that these 137 genes are likely co-regulated, as commonly observed for genes related to the biosynthesis of flavonoids (Honda et al., 2002; Tian et al., 2017). This opposite expression pattern also points to a possible feedback mechanism influencing the production of these two metabolites. However, the lack of significant negative correlation between gallocatechin and taxifolin glucoside concentrations in contrasted phenotypes (Supplementary Figure 5) indicates that gene expression and metabolite levels are decoupled. This does not rule out the possibility of a feedback mechanism, given that metabolite concentrations can be affected by metabolic network connectivity, when metabolites are involved in several metabolic pathways (Wegner and Kummer, 2005; Zelezniak et al., 2014). Alternatively, the activation of these genes, or a subset of them, may simply enhance the production of taxifolin glucoside, without affecting the production of gallocatechin, while their repression would yield an opposite pattern. Since both pathways require the same substrate, this scenario would imply that substrate availability is not a limiting factor for the synthesis of these two metabolites.



Trancriptomics Highlighted Key Genes Involved in the Phenylpropanoid Pathway and Environmental Stress Response

Transcriptomics revealed that members of gene families generally associated with the phenylpropanoid pathway in plants (Reinprecht et al., 2017) such as DIR, PER-LAC, cytochrome P450, NmrA-like and O-methyltransferases were differentially expressed in white spruce (Table 3; Figure 6). Some key genes involved in the flavonoid pathway (FLS, UGT and F3H; Figure 6) displayed opposite gene expression patterns in individuals producing high levels of taxifolin glucoside and gallocatechin. This observation indicates that these genes are important actors of the transcriptional machinery governing the production of flavonoids. Two genes showing higher expression in trees producing high taxifolin glucoside and gallocatechin contents (GQ03519_N09 and GQ0082_B18; Figure 6) encoded the flavanone 3-hydroxylase (F3H), an enzyme mediating the production of taxifolin in spruce (Hammerbacher et al., 2019). A previous study reported a negative feedback regulation of F3H expression by catechins in Camellia sinensis (Singh et al., 2008). Similar mechanism may occur in white spruce, since catechin and taxifolin metabolite levels were strongly positively correlated in trees producing high or low levels of gallocatechin and taxifolin glucoside (Supplementary Figure 5). Expression level of UGT85A8 was higher in individuals producing high levels of taxifolin glucoside, in line with the commonly accepted hypothetical biosynthesis pathway in spruce where UGT facilitated the glucosylation of taxifolin to taxifolin glucoside (Hammerbacher et al., 2019). One gene encoding a flavonoid 3′5′-hydroxylase (F3′5′H; GQ04107_C21) had a higher expression level in high gallocatechin content individuals (Table 3; Figure 6). F3′5′H is an important branch point enzyme in flavonoid biosynthesis that catalyzes the conversion of flavonols into 3′,4′,5′-hydroxylated derivatives and allows the formation of gallocatechin (Deng and Lu, 2017; Figure 6). In Norway spruce, the formation of gallocatechin preferentially leads through catechin rather than dihydromyricetin and leucodelphinidin, and was induced following bark beetle-fungus infection (Hammerbacher et al., 2018, 2019). Finally, one gene located in the procyanidin B1 QTL (GQ03701_M12) encoded the leucoanthocyanidin reductase (LAR) (Figure 6), a bifunctional enzyme catalyzing the reduction of leucocyanidin and controlling the degree of polymerization of proanthocyanidins (Jun et al., 2018; Yu et al., 2019). In Norway spruce, the homologous gene of GQ03701_M12 (Hammerbacher et al., 2014) and other LAR genes (Oliva et al., 2015; Nemesio-Gorriz et al., 2016) were found to be involved in response to fungus infection. Interestingly, one dirigent protein (DIR, WS00740_J05) was highly expressed in individuals with high neolignan-2 content (Table 3; Figure 6). Dirigent proteins are involved in the stereoselective reaction forming the lignan pinoresinol from coniferyl alcohol (Davin and Lewis, 2005), and could also act in the formation of lignin (Burlat et al., 2001). These proteins are usually induced by wounding as well as weevil and budworm herbivory attacks (Ralph et al., 2006b; Lippert et al., 2007).

Phenylpropanoid biosynthesis is a common plant response to biotic and abiotic stress. In line with this idea, several DEGs identified herein were previously found involved in climate adaptation (Supplementary Table 8; Hornoy et al., 2015), cold hardening and cold acclimation in various spruce species (Supplementary Table 8; Holliday et al., 2008; Kayal et al., 2011; Pelgas et al., 2011). We also identified DEGs related to plant defense pathways other than the phenylpropanoid pathway, such as the terpenoid pathway (Figure 5B; Supplementary Tables 4, 8), possibly indicating signaling crosstalk between secondary metabolites production and stress response (Jacobo-Velázquez et al., 2015; Isah, 2019).



Identification of Transcription Factors Potentially Involved in the Transcriptional Control of Flavonoids

We identified 40 differentially expressed TFs from families (i.e., MYB, bHLH, WD40, WRKY and AP2/EREBP; Supplementary Table 6) known as involved in spruce PCs pathway (e.g., Bomal et al., 2008; Bedon et al., 2010; Nemesio-Gorriz et al., 2017). This is consistent with the fact that in higher plants, several R2R3-MYB proteins are known to activate the early steps of flavonoid biosynthesis, whereas late biosynthetic genes are rather controlled by the MYB-bHLH-WD40 (MBW) complex (Xu et al., 2015; Ma et al., 2018). In addition, recent studies reported that the action of the MBW complex can be modified by WRKY TFs (Lloyd et al., 2017). In this study, we found two R2R3-MYBs (GQ03719_G10, white spruce homolog of PaMYB33; and GQ04002_F03, white spruce homolog of PaMYB31) showing higher expression in high taxifolin glucoside content individuals (Supplementary Table 6), and for which protein-protein interactions with bHLH members were shown to play a role in the regulation of the flavonoid pathway in Norway spruce (Nemesio-Gorriz et al., 2017). Interestingly, the overexpression of PaMYB33 in transgenic cell lines also activated the expression of genes encoding PAL, ANR and LAR enzymes (Nemesio-Gorriz et al., 2017), suggesting that similar mechanisms may govern the late flavonoid biosynthesis in white spruce. The 12 TFs displaying opposite expression patterns between gallocatechin and taxifolin glucoside in our study (Supplementary Table 6) might be directly involved in the formation of the MBW complex or might be downstream target genes of the MBW complex. Given that the regulatory mechanism involving the MBW complex appears highly conserved in higher plants (Xu et al., 2015), our findings provide a relevant framework for studying the complex transcriptional network governing the biosynthesis of flavonoids, in white spruce and other conifer species.



Integrating QTL Mapping and Transcriptomic Approaches: Potential, Limits and Perspectives

While RNA-Seq provided valuable insights into genes involved in white spruce phenylpropanoid pathway and their regulation, the combination of both QTL mapping and RNA-Seq approaches yielded mixed results. We identified 19 candidate DEGs colocalizing within QTLs, but none of them were formally associated with the PC pathway (Supplementary Table 7). However, considering that the landscape of genes essential for the regulation of phenylpropanoids in plants is still not exhaustive (for a review see Biala and Jasiński, 2018), we should not exclude the possibility that these candidate genes could be indirectly linked to the phenylpropanoid biosynthesis pathway. Further, the fact that one third (203) of the 603 DEGs identified herein have not been positioned yet on the current white spruce genetic map (Pavy et al., 2017) suggests that some additional DEGs could have colocalized with the detected QTLs. Association studies focusing on these DEGs would also help identify more candidate genes. Transcriptomics alone proved powerful to investigate the combinatorial gene regulation of flavonoids in white spruce. It allowed the identification of 137 genes likely co-regulated, along with several candidate regulators, and 50 genes encoding key enzymes of the white spruce phenylpropanoid pathway. These results may be further explored by focusing on the discovery of variable genomic regions responsible for variations in gene expression (i.e., eQTL studies), given that PCs regulatory networks appear relatively conserved in plants (e.g., MBW complex; see Xu et al., 2015).
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Tannins are important polyphenol compounds with different component proportions in different plant species. The plants in the Juglandaceae are rich in tannins, including condensed tannins and hydrolyzable tannins. In this study, we identified seven tannase genes (TAs) responsible for the tannin metabolism from walnut, pecan, and Chinese hickory, and three nut tree species in the Juglandaceae, which were divided into two groups. The phylogenetic and sequence analysis showed that TA genes and neighboring clade genes (TA-like genes) had similar sequences compared with other carboxylesterase genes, which may be the origin of TA genes produced by tandem repeat. TA genes also indicated higher expressions in leaf than other tissues and were quickly up-regulated at 3 h after leaf injury. During the development of the seed coat, the expression of the synthesis-related gene GGTs and the hydrolase gene TAs was continuously decreased, resulting in the decrease of tannin content in the dry sample of the seed coat of Chinese hickory. However, due to the reduction in water content during the ripening process, the tannin content in fresh sample increased, so the astringent taste was obvious at the mature stage. In addition, the CcGGTs’ expression was higher than CiGGTs in the initiation of development, but CcTAs continued to be down-regulated while CiTA2a and CiTA2b were up-regulated, which may bring about the significant differences in tannin content and astringent taste between Chinese hickory and pecan. These results suggested the crucial role of TAs in wound stress of leaves and astringent ingredient accumulation in seed coats of two nut tree species in the Juglandaceae.

Keywords: tannase, Juglandaceae, hydrolyzable tannins, astringency, phylogenetic analysis, expression profile, leaf injury


INTRODUCTION

Tannins are the fourth largest plant secondary metabolites after cellulose, hemicellulose, and lignin (Lekha and Lonsane, 1997). They are plant polyphenols with a large molecular weight widely distributed in various plant organs (Salminen, 2018). Classically, tannins are mainly divided into condensed and hydrolyzable tannins. Condensed tannins are polymers of flavan-3-ol and/or flavan-3,4-diol, also known as proanthocyanidins because their acidic hydrolysates are anthocyanidins (de Jesus et al., 2012; Combs, 2016); hydrolyzable tannins are gallate esters of polyols (usually D-glucose). Hydrolyzable tannins can be further divided into gallotannins and ellagitannins, and the latter will produce ellagic acid after being hydrolyzed while the former will not (Lamy et al., 2016). It is the most important characteristic of tannins that there are a large number of hydroxyl groups, which can bind to proteins in the form of hydrogen bonds, causing changes in protein conformation. Tannins also play an important role in biotic and abiotic stresses of plants, such as protecting plants from predators and pathogens (Treutter, 2006; Nakabayashi et al., 2014). In addition, a variety of phenolic substances in tannins also have great impacts on human health.

Tannase (TA), also known as tannin acyl hydrolase (EC 3.1.1.20), could hydrolyze galloyl ester bonds in hydrolyzable tannins and other gallate esters but does not act on condensed tannins (Zhang et al., 2019). Tannases were mainly found in microorganisms such as fungi and bacteria, and the enzymatic properties and protein structure of microbial tannases have been extensively studied (Ren et al., 2013; Jana et al., 2014; Abdel-Naby et al., 2016). At present, there are few studies on plant tannases: some researchers found the phenomenon of substrate hydrolyzed via the enzymatic tests in vitro on UDP-glucose-dependent glycosyltransferases related to gallate tannin biosynthesis, which may be due to some unknown esterase involvement (Weisemann et al., 1988; Cammann et al., 1989; Denzel and Gross, 1991). Subsequently, Niehaus and Gross (1997) isolated and purified this esterase from leaves of pedunculate oak (Quercus robur), which indeed could hydrolyze galloylglucose and was similar to fungal tannase, and classified it as plant tannase. However, the gene encoding plant tannase has not been characterized for many years due to the limitation of analytical techniques. Recently, plant TA genes from tea trees were first discovered and characterized, and TA genes were also distributed in some plants rich in tannins (Dai et al., 2020).

The tree species of Juglandaceae such as walnut (Juglans regia), pecan (Carya illinoinensis), and Chinese hickory (Carya cathayensis), as well as some precious timber species such as black walnut (Juglans nigra) have high economic values (Huang et al., 2019). They have been cultivated, domesticated, and utilized by human beings for a long time (Guo et al., 2020). The plants in the Juglandaceae are rich in tannins, both hydrolyzable and condensed tannins, especially in seeds, barks, and roots (Gong and Pegg, 2017; Jia et al., 2018; Jahanban-Esfahlan et al., 2019). However, there are some differences in the composition of tannins among different species in seeds: walnut and Chinese hickory nuts may have more hydrolyzable tannins, especially ellagitannins, while pecan has more condensed tannins (Regueiro et al., 2014; Gong and Pegg, 2017).

It is known that there are TA genes in walnut, which may regulate tannin composition (Dai et al., 2020), and whether other species in the Juglandaceae have TA genes has not been reported. The study of TA genes in the Juglandaceae can help us further understand the important role of tannins in the difference in astringent taste between different species in the Juglandaceae. In this study, we systematically identified TA genes and other homologous genes in nine plants based on the published genomic and transcriptional data. Seven TA genes were identified from walnut, pecan, and Chinese hickory, three important nut tree species in the Juglandaceae. Their motif composition, gene structure, chromosome localization, and miRNA prediction were comprehensively analyzed. At the same time, we measured the expression levels of TA genes in roots, stems, leaves, flowers, peels, testae (seed coats), and embryos. The expression changes of GGTs and TAs in response to leaf injury stress were further analyzed. Finally, the combination of RT-qPCR and HPLC results led us to discover the relationship between TA genes and tannin content changes during fruit development, preliminarily explaining the formation of the difference in astringency between Chinese hickory and pecan. These results revealed that TA genes may play a crucial role in the metabolism of tannins in the Juglandaceae, which will be good for future tannin research of other plants.



MATERIALS AND METHODS


Plant Materials and Growth Conditions

Chinese hickory (landrace “ZAFU-1”) and pecan (cultivar “Mahan”) plants, planted at the farm of Zhejiang Agriculture and Forestry University (Hangzhou, China), were used as experimental materials. Mature female flowers were collected from late April to early May, and roots, stems, buds, leaves, peels, embryos, and testae (seed coats) were collected in June to October. In order to mimic the effect of chemical defenses on herbivory, the upper third compound leaves of each leaflet were cut off with scissors before and after treatment for 3, 6, 12, 24, and 48 h, respectively. For the tannin determination of seed coat, we collected five periods of Chinese hickory (CcS1–CcS5) as well as ripe period pecan and walnut (CiS5 and JrS5). The walnut (cultivar “Xiangling”) was sampled from Tiantongyuan Company (Tianshui, Gansu, China). All plant samples were frozen in liquid nitrogen prior to storage at −80°C until use.



Identification of TA Genes in Juglandaceae and Other Plants

The genomes of Chinese hickory (C. cathayensis, Cc) and pecan (C. illinoinensis, Ci) were downloaded from the GIGADB database1, and the genome of walnut (J. regia, Jr) was downloaded from Xuehui Huang Lab2. The CsTA protein sequence of tea (Camellia sinensis, Cs) was downloaded from the National Center for Biotechnology Information (NCBI). The genome and protein sequence of other species was downloaded from the Phytozome database, including clementine (Citrus clementina, Ccl), persimmon (Diospyros kaki, Dk), strawberry (Fragaria × ananassa, Fa), woodland strawberry (F. ananassa, Fv), pomegranate (Punica granatum, Pg), aspen (Populus tremula, Pt), and grape (Vitis vinifera, Vv). The protein of CsTA was used as a query to search against the protein database of other plants, and the putative proteins were obtained by BLASTP search with a bit score of more than 200 and an E-value less than 1 × 10–20. For Chinese hickory and pecan, in order to obtain all potential TA genes, the protein sequence of CsTA was also used to blast the novel transcripts from previous transcriptome data. All potential TA protein sequences were examined by searching for abhydrolase_3 (PF07859) and COesterase (PF00135) domains using the Pfam database3 and SMART database4 (Letunic et al., 2012; Finn et al., 2016). All candidate sequences were searched on the whole genome to find the possible genome location of TA genes through TBLASTN.



Analysis of Protein Sequence Properties

The characteristic of TA proteins, including molecular weight (MW), isoelectric points (pI), and grand average of hydropathicity (GRAVY) were predicted by ExPASy ProtParam5 (Gasteiger, 2003). Additionally, we, respectively, predicted the signal peptides and transmembrane (TM) domains with SignalP 4.06 and TMHMM 2.07 (Krogh et al., 2001; Petersen et al., 2011).



Sequences Alignment and Phylogenetic Analysis

The protein sequences of previously reported tannase (from plant, bacterial, and fungal) and homologous genes were obtained from the NCBI protein database (Dai et al., 2020). The potential TA protein sequences in the other published genomes were identified by the method described earlier. The multiple sequence alignment of all proteins was performed using MAFFT version 78 (Nakamura et al., 2018). A maximum likelihood (ML) phylogenetic tree of full-length protein of all sequences was constructed with 1,000 bootstrap replicates using MEGA10.0 (Tamura et al., 2011). The best model “WAG + G” was predicted by MEGA10.0 due to its lowest Bayesian Information Criterion (BIC) score.



Analysis of Gene Structure, Conserved Motif, and Cis-Acting Elements

The conserved motifs of TAs were searched using MEME 5.1.19 (Bailey et al., 2009). It was performed with the following parameters: 20 different motifs, a motif width of 6–50 amino acids, and any number of repetitions. The potential function of motifs was searched against Pfam database (see Text Footnote 3). Plant CARE software10 was used to predict the cis-acting elements within 2000 bp upstream of all TA genes (Lescot, 2002), and PLACE11 was used as a supplement to cis-acting elements of brassinosteroid and cytokinin (Higo et al., 1999). The illustrations of gene structures, motifs, and cis-acting elements were then generated using TBtools (Chen et al., 2020).



MiRNA Predicted in the Juglandaceae TA Genes

The psRNATarget Server12 was used to search and predict potential miRNAs of the coding sequences of the Juglandaceae TA genes with default parameters (Dai and Zhao, 2011). Cytoscape software was used to visualize the predicted interaction between miRNA and TA genes in Juglandaceae (Shannon, 2003).



Expression Analysis of TA Genes

Total RNA was extracted from the samples using the Quick RNA isolation Kit (Huayueyang, China), and cDNA was synthesized using the PrimeScript1stTM Strand cDNA Synthesis Kit (Takara, Japan) according to the manufacturer’s instructions. The expression levels of TA genes in the roots, stems, leaves, female flowers, peel, young embryos, mature embryos, and seed coats at five developmental stages were measured by RT-qPCR using the CFX96 real-time PCR Detection system (Bio-Rad, United States) with TB Green® Premix Ex Taq (TaKaRa, Japan). The reaction condition was 95°C for 3 min, followed by 40 cycles at 95°C for 10 s, and 55°C for 30 s. Meanwhile, the expression levels of TA genes treated with mimicking herbivory were also measured with the same method. The RT-qPCR primers of TA genes listed in Supplementary Table 5 were obtained by online software primer 313. The relative expression was calculated based on the 2–Δ CT method (Livak and Schmittgen, 2001), and the expression of actin gene, which had the same sequences in Chinese hickory and pecan, was monitored as an internal control. Three biological replicates were performed in the RT-qPCR experiment, and three technical replicates were performed in each biological replicate.



SDS-PAGE Analysis of Salivary Protein Precipitated by Seed Coats Extracts

Saliva was collected from six healthy non-smoking volunteers and 2 ml of saliva from each volunteer was used to make a saliva pool (whole saliva). The collection time was standardized from 2 to 3 pm to reduce the concentration changes associated with circadian rhythm secretion. Samples were collected by draining saliva into a cold tube. All samples were collected and centrifuged at 4,000 g for 20 min at 4°C to remove all insoluble matter. The obtained supernatant was divided equally and immediately frozen at −80°C, which was called whole saliva (WS) (Ramos-Pineda et al., 2020).

The 20 mg of seed coat lyophilized sample was dissolved in 1 ml of distilled water as the sample solution, and the concentration of which was noted as 20 mg seed coat dry weight/ml and diluted with distilled water to three concentrations (0.625, 1.25, and 2.5 mg/ml). The 200 μl of whole saliva was mixed with 200 μl of seed coat extracts or distilled water, followed by vortexing for 10 s, and incubating for 20 min at 37°C. The mixtures were centrifuged at 12,000 g for 5 min, and the precipitate was discarded. Then one-quarter volume of 5× sample loading buffer (250 mM Tris-HCl, 10% SDS, 0.5% Bromophenol blue, and 50% Glycerol, pH 6.8) was added to the supernatant.

The detection of salivary proteins after reaction with seed coat extracts was performed by SDS-PAGE using the DYCZ-24B vertical electrophoresis system (LiuYi, China). Forty microliters of each treated sample was electrophoresed on an 8 cm × 7 cm and 1.5-mm-thick, 13.5% w/v denaturing polyacrylamide gel, covered with a 5% w/v polyacrylamide stacking gel. Protein markers (Bio-Rad, United States) in the molecular weight range (10–250 kDa) were also loaded. Electrophoresis is performed at a constant voltage of 75 V for 30 min, followed by switching the voltage to 120 V until the tracking dye (bromophenol blue) reaches the bottom of the gel. The gels were stained with Coomassie Brilliant Blue R250 Staining Solution (0.2% Coomassie blue R250, 10% acetic acid, and 45% methanol) and rinsed overnight using a destaining solution (10% acetic acid and 23.75% ethanol).



Astringency Evaluating Assay

An astringency evaluation method based on the precipitation of tannins by protein was used to evaluate astringency, modified from Llaudy et al. (2004) and Jauregi et al. (2016). We modified this method by replacing ovalbumin with bovine serum albumin (BSA) and adjusting the buffer. Solutions of BSA at 0.4–3.2 mg/ml, solutions of tannic acid at 0.2–1.0 mg/ml, and 2.0 mg/ml seed coat extracts were prepared using 100 mM acetate buffer solution (pH = 5.0), respectively. Two hundred microliters of tannic acid solution and 200 μl of ovalbumin solution were mixed and vortexed for 10 s, and after 10 min, 12,000 g was separated for 10 min. One hundred microliters of supernatant was diluted 50-fold, and the absorbance value at 280 nm was detected using a UV-2600 UV-vis spectrophotometer (Shimadzu, Japan).



Determination of Seed Coat Phenolic Compounds

After manual peeling, the seed coats were freeze-dried for 48 h with a lyophilizer (Christ Alpha 2–4 LD plus, Germany) and ground into powder. Take 20 mg of the sample, add 1.4 ml of 80% aqueous acetone solution, and leave it overnight at 4°C, followed by ice bath of ultrasonic extraction for 2 h. After centrifugation (12,000 g, 5 min), the supernatant was concentrated in a Rotational Vacuum Concentrator (RVC 2-25 CD plus, Germany) for 1 h to remove acetone, the sample residue was extracted once with a new aqueous acetone solution, and the supernatant was pooled twice and vacuum concentrated to remove acetone. The sample solution was then freeze-dried for 24 h to obtain the lyophilized powder, and 1 ml of methanol was added to redissolve it.

We performed a simple analysis of the samples for hydrolyzable and condensed tannins according to the method described by Gong and Pegg (2017). For the analysis of hydrolyzable tannins, a 1,260 series HPLC system (Agilent Technologies, Inc., Wilmington, DE, United States) was used for developing the chromatographic conditions with a 150 mm × 4.6 mm i.d., 2.6 μm, Kinetex PFP column with a pore size of 100 Å (Phenomenex, Torrance, CA, United States). Ten microliters of sample solution were injected after being filtered through a 0.45-μm PTFE membrane. Mobile phases consisted of H2O/CH3CN/CH3COOH (94:5:1, v/v/v) (solvent A) and H2O/CH3CN/CH3COOH (59:40:1, v/v/v) (solvent B). A linear gradient elution at a flow rate of 0.8 ml/min was run as follows: 0–30 min, 0–60% B; 30–32 min, 60% B; 32–33 min, 60-100% B; 33–35 min, 100–0% B. Detection wavelengths were 255 nm (i.e., ellagic acid and its derivatives) and 280 nm (phenolic acids, catechin, and epicatechin). Tentative identification of separated components was achieved by matching UV/vis spectra and retention times (tR) with standard compounds.

Condensed tannins were separated using the same Agilent chromatograph but with a 150 mm × 4.6 mm i.d., 3 μm, Luna HILIC column with a pore size of 200 Å (Phenomenex). Similarly, 10 μl of filtered sample solution was injected. Mobile phases consisted of CH3CN/CH3COOH (98:2, v/v) (solvent A) and CH3COOH/H2O/CH3CN 95:3:2, v/v/v) (solvent B). A linear gradient elution at a flow rate of 1 ml/min was run as follows: 0–25 min, 0–45% B; 25–30 min, 45–0% B. The excitation/emission wavelengths for fluorescence detection were set at 276/316 nm, respectively. Procyanidin A2, B1, B2, and C1 were employed to map the tR values.



Subcellular Localization Analysis

The protein subcellular localization was performed by Agrobacterium tumefaciens-mediated transient expression in Nicotiana benthamiana leaves. The full-length CDS of TAs was amplified using the gene-specific primers and subcloned into pENTR-D-TOPO (Invitrogen, United States). Sequences of CiTA2a and CiTA2b were highly similar, and one universal primer was designed for analysis. After validation by the sequencing, full-length TAs were cloned into pK7FWG2 vector with EGFP reporter gene by LR reaction. The recombinant plasmids were introduced into A. tumefaciens strains GV3101 competent cell and cultured on the LB medium with 50 μg/ml gentamicin (Geta), 50 μg/ml rifampicin (Rif), and 50 μg/ml kanamycins (Kana) at 28°C in the constant temperature incubator. Two days later, a single colony was transferred into lipid LB medium and cultured for another 2 days at 28°C. Then, the cultures of A. tumefaciens (OD600 = 0.5–0.6) were centrifuged at 5,000 rpm at room temperature for 10 min and re-suspended in MMA buffer (10 mM MES, 10 mM MgCl2, and 200 μM acetosyringone, pH = 5.6) to an OD600 of 1.0 and then incubated at room temperature in the darkness for 2–3 h. Subsequently, we injected the agrobacterium cultures into the 4-week-old and well-growing N. benthamiana leaves using a 1-ml syringe. Two days after the culture, GFP fluorescence was observed and examined using laser confocal fluorescence microscopy (excitation: 488 nm; emission: 495–515 nm) (LSM 800, Zeiss, Germany). The experiments were repeated three times.



Statistical Analysis

For the expression of each gene in the figures, multiple comparisons among different samples were performed using Tukey’s honestly significant difference (Tukey’s HSD) with HSD.test function in R package “agricolae.” Different letters above the columns indicate statistically significant differences between groups (P < 0.05).




RESULTS


Identification and Characterization of TA Genes in the Juglandaceae

Protein blast results revealed that many proteins showed high identification with CsTA in each plant species. Among the similar sequences, we excavated 7 TA genes from the genome of Chinese hickory, pecan, and walnut (Table 1 and Supplementary Tables 1, 2). The results indicated that walnut and Chinese hickory had two TA genes, while pecan had three TA genes. These TA proteins in length ranged from 303 to 368 amino acids, with molecular weights from 33.21 to 40.49 kDa and theoretical isoelectric points ranging from 5.52 to 6.17. The average protein length, MW, and hydrophilicity in pomegranate are bigger than in other species. The average pI value of 6.055 in walnut is relatively bigger than others, but the average pI is only 5.51 in strawberry. The GRAVY value of all TA proteins was shown to be less than 0 (varying from −0.307 to −0.111), indicating their hydrophilic feature. Compared with other species, pecan and pomegranate both had a protein, CiTA1 and PgTA2, which had a significantly longer length, bigger molecular weights, and lower PI. Subcellular localization analysis indicated that the vast majority of TA genes are localized in the cytoplasm, except CiTA1 and PgTA2 are located in the plastid (Table 1). The results of signal peptide analysis indicated that only CiTA1 and PgTA2 contained an N-terminal signal peptide, and TM domain analysis showed that all of TAs do not possess TM domains. To determine the subcellular localization of TA genes, the TA-EGFP fusion proteins in the tobacco leaves were examined under a confocal microscope. As shown in Figure 1, the TA-GFP fluorescent signals of all tannase proteins in three species were observed in the cytosol and nucleus. This result indicated that TAs may be predominantly hydrolyzed substrates in the cytosol and nucleus.


TABLE 1. Detailed information of plant tannase genes in the Juglandaceae and other land plants.
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FIGURE 1. Subcellular localization analysis of TA genes in Juglandaceae. The protein subcellular localization was performed by Agrobacterium tumefaciens-mediated transient expression in N. benthamiana leaves. GFP fluorescence was observed and examined using a laser confocal fluorescence microscopy (excitation: 488 nm; emission: 495–515 nm) (LSM 800, Zeiss, Germany). Scale bar in images is 20 μm. Red arrows indicate important areas (N stands for the nucleus and C stands for the cytoplasm).




Sequence Alignment and Phylogenetic Analysis

To examine the phylogenetic relationships of plant tannases, a phylogenetic tree of plant carboxylases to which the tannases belonged was constructed (Figure 2). In the present study, plant carboxylesterases were divided into five clades: methyl esterase, caffeoyl shikimate esterase, carboxylesterase I, acetate esterase, plant tannase, and plant tannase-like. The entire phylogenetic tree was divided into three major clades, with caffeoyl shikimate esterase and methylesterase as the first clade, carboxylesterase I as the second clade, and acetate esterase, plant tannase, and plant tannase-like as the third clade. According to protein blast results, except tannases, all genes that shared high identify with CsTA belonged to plant tannase-like clade.
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FIGURE 2. Molecular phylogenetic analysis of gene families among plant tannase genes and other carboxylesterase genes. The evolutionary history was inferred using the Neighbor-Joining method. The bootstrap consensus tree inferred from 1000 replicates was used to represent the evolutionary history of the tannase genes. Whole tree was divided into five clades, plant tannase clade (with red range), plant tannase-like clade (with blue range), acetate esterase clade (with yellow range), carboxylesterse I clade (with orchid range), caffeoyl shikimate esterase clade (with gray range), and methylesterase clade (with green clade). Previous reported tannase and carboxylesterase genes were marked with a triangle. The Juglandaceae tannase genes in walnut, pecan, and Chinese hickory were marked with asterisks.


The methyl esterase evolutionary branch contains AtMES1-20 from Arabidopsis thaliana (Yang et al., 2008). The methyl esterase clade was thought to be related to the hydrolyzable MeJA, MeSA, and MeIAA. Caffeoyl shikimate esterase contains AtCSE, CsCSE, and others involved in lignin formation (Vanholme et al., 2013; Dai et al., 2020). Other carboxylesterase genes could be split into four clades. The typical carboxylesterase grouped carboxylesterase I clade contained numerous genes. Phylogenetic analysis showed that plant tannase, plant tannase-like, and acetate esterase clade were closest to the carboxylesterase I clade. These results suggested that these three clade genes may be derived from carboxylesterase I genes and tannase and tannase-like genes may be derived from acetate esterase genes.

In plant tannase clade, most species contained more than one tannase gene and we found 5 TA genes in tea. CsTA was reported in a previous study and CsTA1–4 had not been reported. CsTAs were grouped with TAs in grape and persimmon, which was consistent with their species evolutionary status. In the other group, TAs are further divided into two classes. TAs in strawberry, clementine, and aspen all belong to class 1, while TAs in pomegranate all belong to class 2. Interestingly, for 3 Juglandaceae species (walnut, Chinese hickory, and pecan), all have different TA genes assigned to two classes. This classification may lead to differences in tannase functions in Juglandaceae, such as different catalytic efficiencies for different substrates, or produce different metabolites.



Structure and Conserved Motif Analysis of TA Genes

The exon–intron structure of TA genes was analyzed based on the cDNA and DNA sequences. Results showed that almost all TA genes only contained one exon in different species (Figure 3). The similar single-exon structure was also observed in TA-like genes, and about 91.11% of them are intronless. Only nine genes have more than one exon including one TA gene in pomegranate and eight TA-like genes. In walnut, JrTA-L2 and JrTA-L3 had two and six exons, respectively. In aspen and pomegranate, two genes contained two exons. In strawberry and grape, each had one gene that contained more than one exon.
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FIGURE 3. Structure analysis of TA and TA-like genes in plants. (A) Exon–intron structures of TA and TA-like genes in 13 species. CDSs were shown as green boxes, introns were shown as thin gray lines, and UTRs are shown as yellow boxes. (B) Distribution of conserved motifs among proteins identified using MEME suite program. The motifs, numbered 1–20, were designated with a specific color. The sequence information for each motif was provided in Supplementary Table 3.


To understand the diversity of motif compositions among different tannase proteins, the conserved motifs were predicted using MEME. Motifs 1, 2, 3, 4, 6, 7, 8, 9, and 10 were almost distributed in each TA and TA-like protein. Among these nine motifs identified, Motifs 1, 2, and 3 corresponded with abhydrolase_3 domain (PF07859) and Motif 6 corresponded with carboxylesterase domain (PF00135). Motif 5 was also a broadly distributed motif that may play a role in RNA binding and not found in the genes in strawberry, pomegranate, and aspen. According to a previous study (Dai et al., 2020), Motif 7 corresponded with the tannase conserved motif. In alignment result, we also found similar motif 7 in TA-like family, but existed 2 major amino acids change which may lead to their function differentiation (Supplementary Figure 1). Comparing the TA proteins with the TA-like proteins, we found that Motif 14 was more common in TA-like proteins (97.06%) than in TA proteins (33.33%) and this motif was found in all TA proteins of tea and persimmon (Supplementary Table 3). However, Motifs 16, 19, and 20 are found in TA proteins (22.22, 22.22, and 16.67%), but not in any TA-like protein. Motifs 16 and 20 were species unique motifs of TA proteins in Juglandaceae species (walnut, pecan, and Chinese hickory). Motif 16 was only found in TAs of class 2 in Juglandaceae and Motif 20 was in class 1. Motifs 15 and 17 were Carya genus in Juglandaceae. Motif 19 existed in all TA proteins in tea. Further analysis of the three motifs revealed that genes containing Motif 19 are all in tea. These motifs have not found corresponding known domains, which may lead to differences in tannase function in different species.



Analysis of the Promoter Cis-Acting Regulatory Elements of TA Genes

The variances of tannase motif in Juglandaceae may result in the different enzyme activity. The distribution of different cis-acting elements in gene promoters may indicate the differences in their function and regulation when environmental stresses are encountered. To understand the regulatory element of tannases in Juglandaceae, we examined all TA and TA-like genes promoter cis-elements, 2-kb upstream of the ATG start in walnut, pecan, and Chinese hickory (Figure 4 and Supplementary Figure 2). All regulatory elements were grouped into three categories by function, phytohormone responsive, abiotic and biotic stress, and plant growth and development.
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FIGURE 4. Cis-acting element analysis of TA gene promoter regions in Juglandaceae.


The number of motifs between three genes of class 1 and 4 genes of class 2 is almost the same. JrTA2, which was the least motif, only had 35 predicted regulatory elements. The most common motifs found in promoter were E-box (involved in the brassinolide responsiveness) and ARR1AT (involved in the cytokinin responsiveness). Two motifs, WUN-motif and W-box, are involved in wound-responsive element belonging to abiotic stress and were only found in the gene of class 2. Flavonoid biosynthetic-related motif (MYB) and cell growth promotion-related motif (MYC) were significantly higher in two genes, CcTA2 and CiTA2a. CiTA2b has more stress-responsive element (STRE) than other genes. This result demonstrates that some identified cis-elements in tannase genes may be involved in phytohormone regulation, wounding, and so on. Two classes of tannase genes may have different regulation ways.



Prediction Target Network of TA Genes and MicroRNA in Chinese Hickory

MicroRNA is a very important mechanism for post-transcriptionally regulation. In order to find the candidate miRNA of TA genes, we predicted the target relationship with psRNAtarget using all plant miRNAs (Supplementary Table 4). The result showed that each TA gene contained multiple sequences that could well-match with miRNA and might be the targets of miRNAs (Figure 5). In total, there were 78 miRNAs that were predicted as candidate regulators of TA genes in walnut, pecan, and Chinese hickory. The average number of predicted miRNA in each gene was 21 and CiTA1 had the most miRNA target sites. From the result, we found that most miRNAs were found in different TA genes and only a small percentage of miRNAs was unique to each gene. The targeted network showed that two classes of TA genes were basically targeted by different miRNAs. Genes in class 1 had more potential miRNA (50 in total) than class 2 (32 in total), but genes in class 2 had more shared miRNA (18/32) than class 1 (17/50), which implied that genes in class 2 might be more conservative. Notably, there were four miRNAs (miR408, miR909, miR6021, and miR8678) that could target both two classes of genes.
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FIGURE 5. Target network between TAs and potential miRNAs in Juglandaceae. Red circles represented TA genes; other circles denoted potential miRNAs, and different colors indicated the co-regulation ability.




Expression Profiling of TA Genes in Vegetative and Reproductive Tissues

In order to investigate the expression profiles of TA genes, eight main tissues were collected for quantitative real-time PCR, including roots, stems, leaves, female flowers, buds, peels, testae (seed coats), and embryos. Since GGT is a key tannin pathway synthesis gene, we simultaneously quantified its expression pattern (Figure 6 and Supplementary Figure 4). The results showed that the abundance of CcGGT1 in the seed coat was more than 100 times higher than in other tissues and CcGGT2 was both highly expressed in seed coat and leaf. In pecan, CiGGT1 had more than 2000 times higher expression in seed coat than embryo, followed by bud. On the contrary, the abundance of CiGGT2 in leaf, flower, and peel was 50–150 times higher than in seed coat. These results suggest that GGT1 was the main factor to determine the astringent taste in seed coat. GGT2 was involved in the accumulation of tannin in the leaves in addition to the seed coat. This expression pattern suggested that GGT2 played a key role in the resistance of leaves to insect feeding and more tannins may exist in bud and flower in pecan to enhance the response to the environment stress. Compared with the GGT genes with different expression patterns, the pattern of TA genes functioned as tannin acyl-hydrolase was much closer in Chinese hickory and pecan. All five TA genes had high expression in leaves, but low expression in seed coat. Taken together, these results showed that leaves and seed coat were the main tissues of tannin accumulation, and the diverse expression pattern of the synthesis-related gene GGTs and hydrolase gene TAs indicated their important roles in the regulation mechanism of tannins in different tissue.
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FIGURE 6. Expression analysis of GGT and TA genes in different tissues in Chinese hickory and pecan by RT-qPCR. The analysis was carried out using three biological replicates and three technical replicates for each sample. The error bars represented the standard deviations of nine replicates. Different letters indicated significant differences according to the Tukey–Kramer test (P < 0.05).




Role of GGT and TA Genes in Response to Wounding Treatments

According to the expression pattern of GGT and TA genes in different tissues (Figure 6), we found that CcGGT2 and CiGGT2 showed a relatively high expression in leaves. The expression level of TAs was also strongly up-regulated in leaves than in other tissues. In Chinese hickory, the abundance of CcTAs in leaves was only several times higher than other tissues, but in pecan, CiTAs were up to 200 times higher than other tissues. The high expression of two tannin-associated genes in leaves may be related to the resistance mechanism of plants to insect feeding (Barbehenn and Peter Constabel, 2011; Moctezuma et al., 2014). To provide insight into possible physiological roles of TA genes, we simulated insect herbivory under controlled conditions by leaf damage stress to investigate the expression of these genes. All TA and GGT genes in Chinese hickory and pecan were detected using RT-qPCR at 0, 3, 6, 12, 24, and 48 h after wound stress (Figure 7 and Supplementary Figure 5). When leaves were stressed by external damage, CcGGT1 and CiGGT1 quickly reached the maximum expression level in 3 h, and then immediately returned to normal expression. In contrast, CcGGT2 and CiGGT2 were down-regulated initially and returned to normal expression after 24 h. Five TAs shared the same expression pattern: rapidly reached the maximum expression in 3 or 6 h and then decreased to the normal level. Among them, CiTA1 and CiTA2a were up-regulated slightly later and peaked in 6 h. This result suggested that Chinese hickory and pecan might own a rapid tannin-dependent defense mechanism to resistance to insect herbivory. Within 3 h after leaf injury, tannin synthetase and hydrolase genes were highly expressed to synthesize a series of tannin-related substances to resist insects. After 6 h, these genes returned to normal levels, which may mean the end of the defense process. Interestingly, the expression of CcGGT2 and CiGGT2 was completely opposite to GGT1 genes. The expression of GGT2 decreased in 3 h and increased after 24 h later. It is possible that GGT2 does not participate in the defense against insects, or GGT2 was only involved in the reconstruction of defense at the late stage (after 24 h) and this mechanism is worth revealing.


[image: image]

FIGURE 7. Expression analysis of GGT and TA genes induced by wound stress in Chinese hickory and pecan by RT-qPCR. The analysis was conducted based on three biological replicates and three technical replicates for each sample. The error bars represented the standard deviations of nine replicates. Different letters indicated significant differences according to the Tukey–Kramer test (P < 0.05).




Expression Pattern of TA Genes During Embryo Development in Seed Coats

The seed coat is the main tissue of astringency source in the edible part in Juglandaceae. The astringency gradually accumulated with the extension of the seed development period.

The quantitative real-time PCR results of different developmental stages of the seed coat showed that both GGT1 and GGT2 were the highest expressions in the S1 stage in Chinese hickory and pecan (Figure 8). The expression change of GGT1 was much higher than that of GGT2, which indicated that GGT1 may be the most important gene that participated in tannin synthesis in the seed coat. The expression of CiGGT1 was decreased 3,000-fold, while CcGGT1 was decreased only 800-fold. On the contrary, the expressions of CcTAs and CiTAs did not show significant changes. CcTA1 and CcTA2 continued to down-regulate from the S1 to the S4 stage, and slightly increased in S5. Three TA genes in pecan showed two expression patterns. The expression level of CiTA2a and CiTA2b continued to increase, while CiTA1 was lowly expressed in the S1 stage, up-regulated in S2 and S3, and then decreased. Taken together, the above results indicated that the expressions of the synthesis-related gene GGTs in two species had great influence in tannin accumulated especially in early stage of seed coat development, but the hydrolase gene TAs continued to hydrolyzed throughout the developmental period. The expression patterns of GGT genes may lead to the large accumulation of tannins in the early stage of seed coat development, accompanied by the expression of TA genes. However, at the maturity stage, the decrease of GGT expression resulted in tannins that were no longer synthesized in large quantities. At the same time, the stable expression of TA genes resulted in a continuous decrease in the accumulated tannin content. Moreover, compared with the down-regulation of both CcTA genes in Chinese hickory, two of three CiTA genes were up-regulated in the mature stage, which may further enhance the ability to hydrolyze tannins in pecan, resulting in the lighter astringency.
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FIGURE 8. Expression analysis of GGT and TA genes in seed coats in Chinese hickory and pecan by RT-qPCR. The analysis was performed using three biological replicates and three technical replicates for each sample. The error bars represented the standard deviations of nine replicates. Different letters indicated significant differences according to the Tukey–Kramer test (P < 0.05).




Astringency Assessment in the Seed Coats of Chinese Hickory and Pecan

Furthermore, we detected the astringency in the mature seed coats between Chinese hickory and pecan with two assays. After incubating the seed coat extracts of the two species and human salivary proteins, the results of centrifugation in the bottom of tubes showed that obvious precipitation appeared at different concentrations of the extractions in two species compared with the control (Figure 9A). At the maximum concentration, the precipitation from seed coat extracts in Chinese hickory was obviously more than that in pecan. SDS-PAGE gel electrophoresis also showed that seed coat extracts in Chinese hickory had less salivary protein in the supernatant (Figure 9B), which proved that Chinese hickory had stronger astringency.
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FIGURE 9. Astringency assessment in the seed coats of Chinese hickory and pecan. (A) The difference of precipitate binding by human salivary proteins and the astringent substance in seed coat extracts. WS, salivary protein profile obtained for whole saliva; Cc_1-Cc_3, the residual protein in the supernatant after reaction of saliva and the three concentrations (0.625, 1.25, and 2.5 mg/ml) of mature seed coat extracts in Chinese hickory; Ci_1-Ci_3, the residual protein in the supernatant after reaction of saliva and the three concentrations (0.625, 1.25, and 2.5 mg/ml) of mature seed coat extracts in pecan. (B) SDS-PAGE gel electrophoresis of human salivary proteins in the supernatant of reactions. (C) Influence of serum albumin (BSA) additions on A280 nm from different tannic acid solutions and seed coat extracts. Cc: seed coat extracts in Chinese hickory; Ci: seed coat extracts in pecan. Data were expressed as mean ± SD (n = 3). The asterisk stands for significant difference (p < 0.01) in astringency between Chinese hickory and pecan.


The other assay estimated the astringency by the precipitation of tannins, resulting in a decrease in the absorbance value at 280 nm, and the relationship between absorbance value and protein concentration was logarithmic (Llaudy et al., 2004; Jauregi et al., 2016). The slope of the logarithmic equation decreased with increasing tannins, and the calibration curve obtained by plotting the tannin concentration against the slope was linear with a regression coefficient of 0.997. We determined the slope of the logarithmic equation for the seed coat extracts in Chinese hickory and pecan and converted the astringency of the seed coat extracts to the tannic acid standard according to a linear equation. The result showed that the astringency of seed coat in Chinese hickory was 0.333, which was highly significantly greater than 0.281 in pecan (p-value = 0.005) (Figure 9C). All these two results confirmed our taste feeling that the seed coat of Chinese hickory was more astringent than pecan.



The Phenolic Compounds in the Seed Coats of Chinese Hickory, Pecan, and Walnut

To evaluate the content of astringent phenolic substances in the seed coat of Chinese hickory and pecan, we detected condensed tannins and other low-molecular-weight phenolic compounds (including hydrolyzable tannins, flavonoids, and phenolic acids) in the seed coats of mature seeds in three Juglandaceae species and in the different developmental stages of seed coats in Chinese hickory based on previous research methods (Gong and Pegg, 2017) (Figure 10). Comparing the other two species, the seed coats of pecan have the highest content of condensed tannins and the lowest content of phenolic compounds with low molecular weight, and the seed coats of walnut had the highest content of phenolic compounds and the lowest content of condensed tannins, while the content of two types of polyphenols in the seed coats of Chinese hickory was at the median level. With the ripening of seeds, the content of phenolic compounds with a low molecular weight in dry samples of seed coats was continuously decreased. The content of condensed tannin was the highest in the S2 period and was decreased from the S3 to S5 period. Notably, the water content of the seed coats varies greatly throughout the fruit ripening stage. Therefore, the trend in fresh seed coats was completely opposite, and the contents of hydrolyzable tannins and condensed tannins showed an upward trend, possibly leading to the increase of astringency in seed coats.
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FIGURE 10. HPLC analysis of phenolic compounds in the seed coat of maturity stage in pecan (CiS5), walnut (JrS5), and Chinese hickory (CcS1-CcS5). (A) Low-molecular-weight phenolic compounds including hydrolyzable tannins in fresh sample; (B) condensed tannins in fresh sample; (C) low-molecular-weight phenolic compounds including hydrolysable tannins in dry sample; (D) condensed tannins in dry sample. GA, gallic acid; C, catechin; CA, caffeic acid; EA, ellagic acid; PCA2, procyanidin A2; PCB2, procyanidin B2; PCB1, procyanidin B1; PCC1, procyanidin C1.





DISCUSSION

Tannins are an important plant polyphenol and have been classified into two main groups, condensed tannins (CT) and hydrolyzable tannins (HT). The plants in the Juglandaceae are rich in tannins, both CT and HT, and different species have a different component proportion. The plant tannase gene was first discovered in tea plants in 2020 (Dai et al., 2020) and was found to be widely distributed in many species rich in tannins. According to the blast results of CsTA in different plant species, TA genes and the neighboring clade of carboxylesterase genes (named TA-like genes) have very similar sequences compared with other clades (Supplementary Figure 1). In the phylogenetic tree of tannase genes, TA, TA-like, and acetate esterase genes all belonged to one clade. In Arabidopsis, although eight genes were acetate esterase genes, none of them belonged to the TA or TA-like clade. In contrast, persimmon has one TA gene, but no TA-like gene. This phenomenon may be related to the difference in tannin synthesis and degradation in different species. For example, Arabidopsis and rice mainly contain flavonoid-type condensed tannins, while there are no related reports that these two plants contained hydrolyzable tannins (Zhao et al., 2010; Goufo and Trindade, 2014; Shao and Bao, 2015; Demonsais et al., 2020). At the same time, these two species also lack the key genes SDH and GGT for hydrolyzable tannin synthesis as well as the TA genes responsible for the degradation of hydrolyzable tannins. Therefore, we speculate that the TA genes may be distributed in plants rich in hydrolyzable tannins.


Tandem Repeats of TA Genes Indicated Their Evolutionary Origin

According to the genome distribution of TA and TA-like genes from all species we identified, we found that most of these genes were located in a very small region of a chromosome (Supplementary Figure 3 and Supplementary Table 6). These results showed that TA and TA-like genes were tandem repeat genes. In pecan, Chinese hickory, strawberry, and grape, all the TA and TA-like genes were located in a less than 100-kb region, and seven genes were in 15 kb in grape. In pomegranate, TA genes and TA-like genes were distributed on two different chromosomes. In walnut and tea, in addition to one gene, other genes are all located in the same region on the same chromosome. Furthermore, we investigated all the genes in these regions and found that all genes are TA genes or TA-like genes in Chinese hickory and pecan. In other species, most of the genes in the region belonged to the carboxylesterase gene. Tandem repeats of these genes suggested that tannins and tannase were very important for these species. During evolution, carboxylesterase genes produced multiple copies. Some of them kept their original function belonging to CXE genes, and others formed the function of tannase as paralogous genes that belong to TA genes through cumulative mutation. These results demonstrated a strong linkage between CXEs and TAs, which is difficult to separate during plant breeding and needs great attention.

Many metabolites with diversified chemical compounds in plants are produced by the replication, divergence, and selection of metabolic-related enzyme genes. Generally, the more types of metabolites, the more copy of genes are required. In different plants, there are big differences in the number of genes, like triterpenoids (Khakimov et al., 2015; Itkin et al., 2016; Erthmann et al., 2018; Cárdenas et al., 2019; Liu et al., 2019). Tandem repeat is the most important source in the formation of these genes. On the one hand, the copy number of TA genes produced by tandem repeats may affect the ability to hydrolyze tannins in different tissue and even different plants. On the other hand, analyzing the history of tandem repeat formation from the perspective of species evolution may be important for the study of tannin protection mechanisms in plants.



High Expression of Tannase in Leaves May Effectively Resist Herbivores and Microbial Infection

Tannin usually refers to the chemical defense substances against herbivores, which are mainly divided into hydrolyzable tannins and condensation tannins (Boudet, 2007; Miranda et al., 2007; Thipyapong et al., 2007). Tannin mainly forms toxic semiquinone through oxidation and reduces the digestive enzyme activity of herbivores. However, the effects of the two types of tannins are different. Hydrolyzable tannins could resist herbivorous insects, but condensed tannins are ineffective under the condition of high pH (alkaline) in the intestinal tract of insects (Barbehenn et al., 2006; Barbehenn and Peter Constabel, 2011). Although condensed tannins do not affect herbivorous insects, they increase after leaf injury (Osier and Lindroth, 2004; Stevens et al., 2007). The expression of tannase can accumulate more ellagic acid in tissues, further forming ellagic tannins to resist herbivores such as insects. Furthermore, gallic acid produced by hydrolysis of hydrolyzable tannins (HTs) with tannase is an important component, which can effectively inhibit high expression of fungi like Aspergillus flavus, so that tissues have stronger antibacterial ability and reduce fungal infection (Mahoney and Molyneux, 2004).

Leaves are critical to photosynthesis and are the main tissues that plants need to protect. Although the total phenolic content in leaves is low, the main chemical defense substances—condensed tannins and hydrolyzable tannins—have a high proportion. In most plants, leaves are usually the highest tannin content in the whole plant (Barbehenn and Peter Constabel, 2011; Dettlaff et al., 2018). Gallardo et al. (2019) showed that the expression of tannin synthesis-related genes in Quercus ilex leaves increased after mechanical damage treatment, including condensed tannin synthesis-related enzymes like ANR, LAR, ANS, and SDH1, and hydrolyzable tannin synthesis-related enzyme SDH2. After mechanical damage treatment, the content of total phenol, total tannin, and condensed tannin all increased (Gallardo et al., 2019). Another research in Stryphnodendron adstringens also showed that the concentrations of condensed tannins and hydrolyzable tannins all increased, while total phenolics decreased after leaf clipping. Plants showed a trade-off between tannins and total phenols (Tuller et al., 2018). Our quantitative study showed that the expression of tannin-related genes GGTs and TAs in leaves of Chinese hickory and pecan was up-regulated rapidly after 3 h of abiotic stress and began to hydrolyze a large number of substances into small chemicals such as ellagic acid and gallic acid to resist wound stress. After 6 h, the resistance response gradually ended. This result provided a key time point for studying the abiotic stress in Chinese hickory and pecan, and a foundation for further research.



TA Genes May Be Regulated by miRNA in Response to Plant Biotic and Abiotic Stresses

According to predicted miRNAs in walnut, pecan, and Chinese hickory, we found that the TAs could be targeted by many miRNAs. This meant that the regulation mechanism of tannase genes was much more complicated than we thought. Based on the targeted network of miRNAs and targeted TAs in three species, it was found that TA genes from class 1 and class 2 were very diverse and they are targeted by different miRNAs. So, it is likely that two classes of TA genes are involved in different biological processes, regulating the tannins by different regulatory pathways. Nevertheless, there are still four miRNAs that can regulate genes in class 1 and class 2 simultaneously. Like miR408, one of the most conserved plant miRNAs was report as a wound-related miRNA in sweet potato and was repressed by wounding and jasmonate (Kuo et al., 2019). It was proved that jasmonate could induce hydrolyzable tannins and participated in wound response in red oak (Allison and Schultz, 2004; Elderd et al., 2013). In Arabidopsis, miR408 participates in seed yield and abiotic stress such as salinity, cold, oxidative stress, drought, and osmotic stress (Ma et al., 2015; Song et al., 2018). In addition, it was proved to be involved in photosynthesis, growth, and other biological processes (Pan et al., 2018). miR6021 is a specific miRNA found in tobacco, which can regulate plant innate immune receptors and was predicted to target a CC-NB-LRR gene, Hcr9 in Solanaceae (Li et al., 2012). In each class, there exists a lot of co-regulating miRNAs in different species. That implied that the conservation of regulation of two class TA genes in plants rich in tannins may be regulated by the same miRNAs. In addition to the miRNAs mentioned above, there are other miRNAs in the targeted network that are involved in response to biotic and abiotic stress.



TA Genes Contributed Higher Astringency by Controlling Hydrolyzable Tannin Content in the Seed Coat of Chinese Hickory Than Pecans

Tannin is abundantly accumulated in seed coats in Juglandaceae, which is not only resistant to animal feeding and disease but also the main source of astringent taste when humans eat nuts. However, different plants have different tannin species preferences; for example, the fruits of grapes, persimmons, cocoa, and sorghum are dominated by condensed tannins (Zhu et al., 2019; Wei et al., 2020), while the fruits of pomegranates and walnuts contain more hydrolyzable tannins (Bajec and Pickering, 2008; Akhtar et al., 2015). Xu et al. (2020) carried out a comprehensive analysis of phenolic metabolites in eight tissues of pecan. The results showed that hydrolyzable tannins were the main phenolic metabolites in the seed coat of pecan. Hydrolyzable tannins have complex components and high content. Among them, the highest content in the seed coat is ellagic acid. Through HPLC separation, we found that the hydrolyzable tannin content in Chinese hickory was higher than that in pecan, while the condensed tannin content was lower than that in pecan. By our astringency assessment experiments, the seed coat of Chinese hickory is more astringent than pecan’s, indicating that hydrolyzable tannins may be the main source of astringency in the seed coat of Chinese hickory.

In addition, we found that the tannin content in fresh samples showed an upward trend during the seed coat development of Chinese hickory, which was consistent with our astringency assessment assay. However, after excluding the influence of water content change during seed coat development, the tannin content in dry sample decreased continuously. Real-time quantitative PCR results also confirmed that the expression of synthesis gene GGTs and hydrolysis gene TAs continued to decrease during the development of seed coat in Chinese hickory, resulting in corresponding changes in tannin content. At the same time, CcTAs are continuously down-regulated, while CiTA2a and CiTA2b are up-regulated, which may cause a significant difference in tannin content between Chinese hickory and pecan nuts at maturity. Thus, the various expression pattern of TA genes in Chinese hickory and pecan may lead to the difference in the content of hydrolyzable tannins, which are the main source of astringency in the seed coat at the maturity stage.




CONCLUSION

Tannins are a large class of important metabolites of plants with a lot of structures. In 2020, the first plant tannase gene (TA) was discovered in tea (Dai et al., 2020). Tea mainly contains condensed tannins, while the seed coats of Juglandaceae are mainly composed of hydrolyzable tannins. Moreover, although they have similar genetic backgrounds, Chinese hickory and pecan have different levels of astringency in the seed coats. We identified and analyzed two and three tannase genes in Chinese hickory and pecan, respectively. The expression of GGT and TA genes in seed coat during seed development showed that the diversity patterns implied different mechanisms in tannin metabolism. Phenolic compounds separated by HPLC in the seed coats showed that hydrolyzable tannin content in Chinese hickory was higher than that in pecan, while the condensed tannin content was lower than that in pecan. This suggests that the content of hydrolyzed tannin is the main reason for the difference in astringency between the two species. Taken together, the early stage of seed development is a critical period for tannin metabolism in seed coats. Due to the continuous expression of TA genes at the maturity stage, the tannin content in the seed coats decreases, but the percentage of tannins is increased due to the decrease of water content during the maturation process. At the later stages of development, the differential change of expression level in TA genes in Chinese hickory and pecan may be the source of the final difference in astringency between the two species.
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Multiple Arabidopsis arogenate dehydratase (ADT) knock-out (KO) mutants, with phenotypes having variable lignin levels (up to circa 70% reduction), were studied to investigate how differential reductions in ADTs perturb its overall plant systems biology. Integrated “omics” analyses (metabolome, transcriptome, and proteome) of wild type (WT), single and multiple ADT KO lines were conducted. Transcriptome and proteome data were collapsed into gene ortholog (GO) data, with this allowing for enzymatic reaction and metabolome cross-comparisons to uncover dominant or likely metabolic biosynthesis reactions affected. Network analysis of enzymes–highly correlated to stem lignin levels–deduced the involvement of novel putative lignin related proteins or processes. These included those associated with ribosomes, the spliceosome, mRNA transport, aminoacyl tRNA biosynthesis, and phosphorylation. While prior work helped explain lignin biosynthesis regulation at the transcriptional level, our data here provide support for a new hypothesis that there are additional post-transcriptional and translational level processes that need to be considered. These findings are anticipated to lead to development of more accurate depictions of lignin/phenylpropanoid biosynthesis models in situ, with new protein targets identified for further biochemical analysis and/or plant bioengineering. Additionally, using KEGG defined functional categorization of proteomics and transcriptomics analyses, we detected significant changes to glucosinolate, α-linolenic acid, nitrogen, carotenoid, aromatic amino acid, phenylpropanoid, and photosynthesis-related metabolic pathways in ADT KO mutants. Metabolomics results also revealed that putative carotenoid and galactolipid levels were generally increased in amount, whereas many glucosinolates and phenylpropanoids (including flavonoids and lignans) were decreased in the KO mutants.
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INTRODUCTION

Arogenate is an important branch-point to either tyrosine (Tyr) or phenylalanine (Phe) in vascular plants, whose formation from arogenate (Agn) is catalyzed by arogenate dehydrogenase (ADH) and arogenate dehydratase (ADT), respectively (Figure 1). The Phe so formed can then be incorporated into either proteins or massively utilized in the phenylpropanoid pathway to produce lignins, as well as other related metabolites (e.g., lignans, allyl/propenyl phenols, flavonoids, coumarins, anthocyanins) depending upon the species. In our earlier studies, homozygous single and multiple Arabidopsis ADT knock-out (KO) lines with homologous T-DNA insertion mutations were obtained, with the most extreme phenotypes showing an ∼70% reduction in lignin content as compared to wild type (WT) plants (Corea et al., 2012a, b, c). Phenotypes of the former also displayed prostrate stems and lowest stem dry weights/heights.
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FIGURE 1. Simplified metabolic pathways linking photosynthesis, carbon fixation and lignin biosynthesis, as well as placement of arogenate dehydratase (ADT) between the chorismate-shikimate, aromatic amino acid, and phenylpropanoid pathways in vascular plant systems. Selected metabolites are illustrated along with enzymes depicted by arrows.


Differentially varying lignin levels as above, obtained through systematic manipulation of the 6-membered Arabidopsis ADT gene family (ADT1, At1g11790; ADT2, At3g07630; ADT3, At2g27820; ADT4, At3g44720; ADT5, At5g22630, and ADT6, At1g08250), thus offered the opportunity to investigate the holistic nature of such perturbations on overall Arabidopsis systems biology. To do this, we carried out multi-omics (i.e., transcriptomics, proteomics, and metabolomics) analyses of leaf and stem tissues of single (adt1, adt3, adt4, adt5, and adt6), double, triple and quadruple (adt4/5, adt1/4/5, adt3/4/5, and adt3/4/5/6) KO mutant and WT lines, at 4 weeks of growth/development.

In this study, multi-omics “normalization” strategies were employed to enable direct integration and visualization of the disparate “omics” datasets of related transcripts, proteins and metabolites, thereby allowing for greater understanding, confidence and validation of resulting systemic biological perturbations observed. Network analysis (Szklarczyk et al., 2015) was also used to (a) identify enzymes or processes most highly correlated to different lignin levels, and (b) reveal potentially novel enzymes or processes related with lignin level regulation and biosynthesis. This analysis resulted in our provisionally deducing novel transcriptional, post-transcriptional and translational regulatory processes, when carbon flux was reduced in the phenylpropanoid pathway and which profoundly affected lignin deposition.

Many proteins identified in our network analysis have not been reported as potentially linked to lignin biosynthesis regulation. For example, several ribosome subunits with high correlations to lignin level profiles were identified, suggesting the possible presence of a “ribocode.” These proteins, as well as other ribosome-interacting mRNA processing proteins detected in our network analysis, indicate that vascular plant lignin levels are not only controlled at the point of transcription but work together with modulating factors at a post-transcriptional and translational level as described below.



MATERIALS AND METHODS


Chemicals

For metabolomics analyses, OptimaTM grade water, acetonitrile and formic acid were purchased from Fisher Scientific (Hampton, NH, United States). Authentic standards used for secondary metabolite metabolomics are described in Höhner et al. (2018). For proteomics and RNA-Seq sample preparation, nanopure water was used and all chemicals were obtained from Sigma-Aldrich (St. Louis, MO, United States) and were of analytical grade unless otherwise noted.



Arabidopsis T-DNA Knock Out (KO) Insertion

Arabidopsis thaliana WT (Columbia) T-DNA insertion lines were obtained from the Salk Institute Genomic Analysis Laboratory (SIGnAL)1. Individual ADT KO mutant lines were created in homozygous form, with individual lines crossed to ultimately provide double, triple, and quadruple homozygous ADT KO mutants (Corea et al., 2012c).



Plant Growth and Harvesting Conditions

A. thaliana WT (Columbia) and KO mutant lines were grown in Institute of Biological Chemistry (Washington State University) greenhouses with a 16/8 h light/dark cycle at 27–28°C/24–26°C, respectively. Nitrogen-based fertilizer (200 ppm) was added five times a week. Plants were harvested at 4 weeks after planting with rosette leaf and stem tissues individually collected and immediately flash-frozen in liquid N2. Each sample was stored at −80°C until further analysis.



Primary Metabolite Derivatization

Nine individual plants of each line were frozen in liquid N2 and freeze-dried. Dry plant tissues were ground into fine powders using a tissue-lyzer II (Qiagen, Germany) for 30 s at a frequency of 30 Hz at −80°C. Powdered freeze-dried Arabidopsis leaves or stems (20 mg) were individually suspended in 500 μL of methanol:2-iso-propanol:water (5:2:2, v/v/v). After adding 13C labeled ribitol standard (1.5 μg), each material was extracted by vortexing for 10 min, followed by sonication for 5 min. Extracts were individually centrifuged for 10 min at 15,000 × g, with supernatants transferred to a new vial and subsequently dried under vacuum. Dry residues were individually re-suspended in water:acetonitrile (500 μL, 1:1 v/v), and re-extracted by sequential vortexing and sonication, followed by centrifugation at 15,000 × g for 5 min with supernatants then removed and dried under vacuum. Dry residues were individually suspended in O-methoxylamine hydrochloride (40 mg mL–1 in pyridine, 5 μL, Sigma) and incubated for 90 min at 30°C at 1,000 rpm (Eppendorf Thermomixer). Subsequently, samples were individually derivatized with MSTFA (45 μL) with 1% TMCS (Thermo-Pierce) for 30 min at 37°C and 1,000 rpm (Eppendorf Thermomixer).



Primary Metabolite Analysis Using Gas Chromatography Time-of-Flight Mass Spectrometry

Analyses were performed using a Pegasus 4D time-of-flight mass spectrometer (LECO) equipped with a Gerstel MPS2 autosampler and an Agilent 7890A oven. Derivatization products were separated on a (30 m × 0.25 mm i.d. ×0.25 μm) Rxi®-5Sil column (Restek) with an IntegraGuard® pre-column using ultrapure He at a constant flow of 1 mL min–1 as carrier gas. The linear thermal gradient started with 1 min at 50°C, followed by a ramp to 330°C at 20°C min–1. Final temperature was held for 5 min prior to returning to initial conditions and mass spectra were collected at 17 spectra s–1. The injection port was held at 250°C, and an aliquot of the sample (1 μL) was injected.



GC-MS Data Processing

Peak annotation employed the Fiehn primary metabolite library (Kind et al., 2009), where an identity score cutoff of 600 was used. Peak alignment and mass spectra comparisons were carried out using the Statistical Compare feature of the ChromaTOF® software (LECO). Surrogate standard 13C ribitol and original tissue weight were used for normalization.



Secondary Metabolomic Analysis Using Liquid Chromatography Time-of-Flight Mass Spectrometry

Metabolites were extracted from freeze-dried material from each individual plant tissue (10 mg) as described (Lu et al., 2017) in 200 μL of methanol:water (70:30, v/v) containing naringenin (Aldrich) as an internal standard. Samples were vortexed, sonicated for 10 min and finally centrifuged at 14,000 × g at 4°C for 15 min. Supernatants were individually stored at −80°C until analysis.

Samples were analyzed using a Waters AcquityTM Ultra Performance LC system as described in Lu et al. (2017) with the following modifications: Liquid chromatography was performed using a 100 × 2.1 mm i.d. (1.7 μm particle size) UPLC BEH C18 column (Waters). Masses of eluted compounds were detected using an electrospray ionization (ESI) source in the negative ion mode with capillary voltage at 2.2 kV; cone voltage at 20 eV; collision energy at 6 eV and at 30 eV. Chromatograms and spectra were inspected, and raw data files and metabolite assignments were determined as described previously (Lu et al., 2017). Before statistical analysis, feature integration results were normalized to internal standard naringenin (M271T1197_1, retention time 1197 s and m/z (average) 271.0609 and calculated 271.0606, for C15H11O5). Many metabolites were unambiguously identified by comparison with retention times, UV spectra and MS/MS fragmentation patterns of authentic standard compounds. Other metabolites were putatively annotated based on accurate mass, isotopic pattern recognition, and MS/MS spectra. These were searched in both the literature and publicly available mass spectral databases [i.e., Metlin, ReSpect2, Massbank3, and HMDB4 ].



RNA Extraction and Illumina HiSeq Analysis

For each sample, liquid nitrogen frozen tissue sample (100 mg) was ground using a mortar and pestle cooled in presence of liquid nitrogen. A SpectrumTM Plant Total RNA kit (Sigma-Aldrich, St. Louis, MO, United States) was employed according to the manufacturer’s instructions. Quality control was performed on a Thermo Scientific NanoDrop with all 260/280 nm and 260/230 nm readings above 1.8. Illumina TruSeq RNA libraries were constructed per the manufacturer’s protocol, with quality evaluated using the Agilent Bioanalyzer. Samples were sequenced on a HiSeq 2000 instrument (Illumina, San Diego, CA, United States). Six lanes were multiplexed with five samples per lane in the single ended, 50 bp configuration. A mean of 41 M reads passing quality filters was obtained for each sample (min. 31 M, max. 50 M). Cluster generation used the cBot SR Cluster Gen Kit (V3) and the flow cell used was SR FC Information (V3).



RNA-Seq Data Workup

CyVerse (formerly iPlant Collaborative)5 (Goff et al., 2011), was used for analysis and evaluation of the HiSeq data. Once all FASTQ files produced from the Illumina sequencing were uploaded into the Discovery Environment (DE), the TopHat2-SE App, which comprised TopHat 2.0.9 and Bowtie 2.1.0, was used to align the RNA-Seq reads to the A. thaliana TAIR10 genome using the short read aligner Bowtie which is capable of analyzing the mapping results to identify splice junctions between exons. The reference genome and reference annotations used the A. thaliana TAIR10 genome (A. thaliana Ensembl 19). Default analysis options were used with the exception of the FASTQ quality scale of Illumina 1.3-1.8 (PHRED64). Anchor length: 8; Maximum number of mismatches that can appear in the anchor region of spliced alignment: 0; The minimum intron length: 70; the maximum intron length: 50000; Minimum isoform fraction: 0.15; Maximum number of alignments to be allowed: 20; Minimum intron length that may be found during split-segment (default) search: 50; Maximum intron length that may be found during split-segment (default) search: 500000; Number of mismatches allowed in each segment alignment for reads mapped independently: 2; Minimum length of read segments: 20. Next, Cufflinks2 (an interface for Cufflinks version 2.1.1) located in the DE of CyVerse was used to link short read RNA-Seq alignments found from the TopHat analysis to the reference annotations from the TAIR10 genome. Cufflinks identified sequences that did not align with the annotated genome and labels them with novel identifiers. Default settings were used in Cufflinks. These parameters included abundance estimation options of: Number of importance for samples generated for each locus: 1000; Number of iterations allowed during MLE (maximum-likelihood estimates) of abundances: 5000; Prefix for transcripts in reported GTF (General Transfer Format): Cuff; Minimum isoform fraction: 0.1; Pre-mRNA fraction: 0.1; Maximum intron length: 300000; Alpha value for the binomial test used during false positive spliced alignment filtration: 0.001; Small anchor fraction: 0.09; Minimum fragments per transfrag: 10; The number of bp allowed to enter the intron of a transcript when determining if a read or another transcript is map-able with it: 8; Maximum genomic length allowed for a given bundle: 3500000; Minimum intron length: 50; Minimum average coverage required to attempt 3′ trimming: 10; The fraction of average coverage below which to trim the 3′ end of an assembled transcript: 0.1. Next, the HTSeq-with-BAM-input app in the CyVerse site was used to produce count data from the BAM files using default parameter values.



Protein Extraction and Digestion

Ice cold 0.1 M ammonium acetate in methanol (10 mL) and β-mercaptoethanol (250 μL) were added to each pulverized powder sample (ground in liquid nitrogen in a mortar and pestle) followed by vigorous shaking for 15 s. For stem tissues, a Polytron homogenizer was used for about 30 s at a speed of 30 to further homogenize them. Samples were individually placed in a −20°C freezer for 2 h, and subsequently centrifuged for 10 min at 5000 × g at 4°C. Each supernatant was next removed and discarded. The above addition of ammonium acetate/methanol solution and centrifugation steps were repeated four more times to remove metabolites and lipids from each sample. Excess methanol was removed by drying the pellets gently under a flow of nitrogen for ∼2 min. A protein solubilization solution containing 7 M urea, 2 M thiourea, 4% CHAPS and 5 mM of neutralized tris(2-carboxyethyl)phosphine (TCEP) (Bond-Breaker, Thermo Fisher, San Jose, CA, United States) was added to each sample to completely cover each pellet, plus 500 μL more. Samples were then individually incubated at 4°C overnight. Debris from each was physically mixed into solution with a pipette tip and the slurry sonicated in a Hielscher UTR200 ultrasonic processor for 10–20 s at 100% amplitude. Protein slurries were next individually incubated at 60°C for 30 min, with samples vortexed and sonicated in the sonoreactor again for about 30 s. Each sample was then centrifuged for 10 min at 5000 × g at 4°C. A Coomassie Plus protein assay (Pierce, Rockford, IL, United States), using a bovine serum albumin (BSA) standard, was next conducted on individual supernatants to estimate protein contents. Afterward, denatured samples were diluted tenfold with 50 mM ammonium bicarbonate (pH 8.0). CaCl2 was added to a concentration of 2 mM and trypsin (Affymetrix, Santa Clara, CA, United States) was added at a trypsin:sample ratio of 1:50 (w/w). Samples were individually digested overnight at 37°C and then alkylated with chloroacetamide at a concentration of 5 mM in the dark at 37°C for 30 min. Peptides from each treatment were desalted with an SCX SPE (SUPELCO Supelclean) using 10 mM ammonium formate (pH 3.0), 25% acetonitrile (v/v) in water, to remove CHAPS, and then a 80:15:5 (v/v/v) methanol:water:ammonium hydroxide (14.8 M) was used to elute peptides. C-18 SPE columns (SUPELCO Discovery) were employed to remove ammonium salts, using a 0.1% TFA (v/v) in nanopure water to wash the peptides and a 80:20 (v/v) acetonitrile:water with 0.1% (v/v) TFA solvent to elute peptides. Peptides were quantified using a BCA assay (Pierce, Rockford, IL, United States) with a BSA standard.



iTRAQ Peptide Labeling

Peptides were labeled with 8-plex iTRAQ (AB Sciex, Redwood City, CA, United States) reagents: Each peptide sample (30 μg) was placed in a new tube and dried down. Dissolution buffer (iTRAQ buffer kit, 13 μL) was added to each sample, these being vortexed into solution and centrifuged briefly to draw sample to the bottom of each tube. iTRAQ reagent (10 μL) was diluted further with isopropanol (35 μL), and this was added to each sample. Each reaction was carried out at room temperature for 2 h, with 50 mM ammonium bicarbonate (200 μL) added to quench each reaction. After 1 h, contents from all iTRAQ channel reactions were added to one tube and then the sample was vortexed and dried down in a centrifugal vacuum concentrator.



Offline Fractionation of Peptides and Preparation of Proteome Samples

Labeled peptides were separated using an off-line high pH (pH 10) reversed-phase (RP) separation with a Waters XBridge C18 column (250 mm × 4.6 mm i.d., 5 μm particle size) and a guard column (4.6 mm × 20 mm) using an Agilent 1200 HPLC System. Each sample loaded onto the C18 column was washed for 15 min with Solvent A [10 mM ammonium formate, adjusted to pH 10 with ammonium hydroxide (14.8 M)]. The gradient started with a linear increase of 0% Solvent B [10 mM ammonium formate, pH 10, acetonitrile:water (90:10 v/v)] to: 5% Solvent B over 10 min, 45% Solvent B over 65 min, and then to 100% Solvent B over 15 min. Solvent B was held at 100% for 10 min, and then this was changed to 100% Solvent A, this being held for 20 min to recondition the column. The flow rate was 0.5 mL min–1. A total of 48 fractions were collected for each sample into a 96 well plate throughout the above LC gradient. The high pH RP fractions were then combined into 12 fractions using the concatenation strategy previously reported (Wang et al., 2011). Peptide fractions were dried down and re-suspended in nanopure water at a concentration of 75 ng μL–1 for mass spectrometry analysis using an LTQ-Orbitrap Velos MS (Thermo Scientific) system as described below.



Mass-Spectrometry Based Analysis of Peptide Samples

The LC system was custom built using two Agilent 1200 nanoflow pumps and one Agilent 1200 cap pump (Agilent Technologies, Santa Clara, CA, United States), various Valco valves (Valco Instruments Co., Houston, TX, United States), and a PAL autosampler (Leap Technologies, Carrboro, NC, United States). Full automation was made possible by custom software that allows for parallel event coordination and therefore near 100% MS duty cycle through use of two trapping and analytical columns. Reversed-phase columns were prepared in-house by slurry packing 3 μm Jupiter C18 (Phenomenex, Torrance, CA, United States) into 40 cm × 360 μm o.d. ×75 μm i.d. fused silica (Polymicro Technologies Inc., Phoenix, AZ, United States) using a 1-cm sol-gel frit for media retention (Maiolica et al., 2005). Trapping columns were prepared similarly by slurry packing 5-μm Jupiter C18 into a 4-cm length of 150 μm i.d. fused silica and fritted on both ends. Mobile phases consisted of 0.1% formic acid in water (A) and 0.1% formic acid in acetonitrile (B) operated at 300 nL–1 min with a linear gradient profile as follows (min:%B): 0:5, 2:8, 20:12, 75:35, 97:60, 100: 85. Sample injections (5 μL) were trapped and washed on the trapping columns at 3 μL min–1 for 20 min prior to alignment with analytical columns. Data acquisition lagged the gradient start and end times by 15 min to account for column dead volume that allowed for the tightest overlap possible in a two-column operation. The two-column operation also allowed for columns to be “washed” (shortened gradients) and re-generated off-line without any cost to duty cycle.

The LTQ Orbitrap Velos mass spectrometer was operated in the data-dependent mode acquiring higher-energy collisional dissociation (HCD) scans (R = 7,500, 5 × 104 target ions) after each full MS scan (R = 30,000, 3 × 106 target ions) for the top ten most abundant ions within the mass range of 300 to 1,800 m/z. An isolation window of 2.5 Thomson units (Th) was used to isolate ions prior to HCD. All HCD scans used normalized collision energy of 45 and maximum injection time of 1000 ms. The dynamic exclusion time was set to 60 s and charge state screening was enabled to reject unassigned and singly charged ions.



Peptide Identification and Quantification

For peptide identification, MS/MS spectra were searched against a decoy A. thaliana protein TAIR106 database using the algorithm SEQUEST (Eng et al., 1994). Search parameters included: no enzyme specificity for proteome data and trypsin enzyme specificity with a maximum of two missed cleaves, ±50 ppm precursor mass tolerance, ±0.05 Da product mass tolerance, and carbamidomethylation of cysteines and iTRAQ labeling of lysines and peptide N-termini as fixed modifications. Allowed variable modifications were oxidation of methionine and proline. MS-GF (Kim et al., 2008) spectra probability values were also calculated for peptides identified from SEQUEST searches. Measured mass accuracy and MS-GF spectra probability were used to filter identified peptides to <0.4% false discovery rate (FDR) at spectrum level and <1% FDR at the peptide level using the decoy approach. iTRAQ reporter ions were extracted using the MASIC software (Monroe et al., 2008) with a 10 ppm mass tolerance for each expected iTRAQ reporter ion as determined from each MS/MS spectrum.


Protein and Transcript Relative Fold-change, Z-score and P-value Determinations

For the protein data, relative abundances of peptides were determined using iTRAQ reporter ion intensity ratios from each MS/MS spectrum. Individual peptide intensity values were determined by dividing the base peak intensity by the relative ratio associated with each reporter ion. Each iTRAQ experiment references a pool of peptides so that all experiments could be linked. All peptide data were combined into a single data table and were transformed to a log2 value, following which each data row of each iTRAQ experiment was shifted so that the reference pool value in each iTRAQ experiment was equal. Then each column of data representing each channel of each iTRAQ experiment was mean centered. All peptide values were next transformed to undo the log2, by calculating 2 to the power of each data point. Peptide abundance values were then separated into two datasets, one of peptides unique to a single protein and peptides which are shared between two or more proteins. Peptides were rolled up to a protein value by summing the peptides that belong to each protein in each dataset. Where the same protein was calculated in both datasets, only one protein value was selected in a final protein rollup table with the protein value from the unique peptide rollup given preference if identified in all channels. Individual protein roll-up calculations from the unique or shared peptide table were designated in the final protein roll-up table. KEGG Orthology protein family groups (KEGOs) were also determined for both protein and transcript data. Protein KEGOs were calculated by summing all unique peptide values found within a KEGO. Transcript KEGOs were calculated by summing all transcript count data within a like KEGO. All protein, transcript and KEGO values were converted to a log2 value. Log2 values below 2 in all protein datasets were removed as these primarily represent noise signals which interfere with z-score calculations. All replicates were averaged, and MA plots were constructed for each comparison between the average value of each WT and mutant line. All fold change pairs analyzed in MA plots, were combined into a single dataset and the values obtained in the A axis were ranked from lowest to highest. A sliding window which represented 10% of the total number of data point was used to calculate the z-score value along the A axis for each data point (in the MA plot). Z-score (z = x-μ/σ = (datapoint–median)/standard deviation). This standardized the log2 fold change distribution among all data points (low and high abundance alike). From the normal distribution of all log2 fold changes, a p-value was calculated for each log2 fold change comparison using the normsdist function in Excel.



Network Analysis

All proteins with a high Spearman rank correlation (rho > 0.85) to the monomeric guaiacyl (G) and syringyl (S) lignin-derived moieties, and which had a z-score ratio value no more than ±0.5 in the adt1 versus WT analysis, were identified in WT and adt1, adt3, adt4, adt5, adt4/5, adt1/4/5, adt3/4/5, and adt3/4/5/6 mutants, and were entered into the STRING network analysis algorithm7 (Szklarczyk et al., 2017) searching against the A. thaliana database. STRING returned protein-protein associations, type of association, and strength of association. Known interactions from either curated databases or which were experimentally determined were considered, along with predicted interactions from gene fusion, gene co-occurrence, gene neighborhood experiments, as well as from text mining, co-expression datasets and protein homology datasets. Node interactions were selected only if STRING returned a minimum interaction score of 0.4 or higher and for nodes with at least one interaction. These data were then exported into an interaction table, this then being made into a SIF document and uploaded into Cytoscape 3.4.0 (Smoot et al., 2011). In Cytoscape, the layout attribute Organic was selected under yFiles Layout. Nodes in close proximity were further clustered together manually based on either like KEGG or a gene ortholog (GO) term functional category if no KEGG category existed. Nodes were represented by rectangles colored by a red-blue color scheme to represent z-scores of log2 ratios (ADT KO mutant/WT), where red represents proteins higher in abundance in ADT KO mutants compared to WT, white symbolizes no change, and blue represents proteins higher in abundance in WT compared to ADT KO mutants. The thickness of the edge represents strength of relationship between nodes/proteins, as determined by the final combined score output of STRING. A more focused STRING analysis was carried out just on ribosome, spliceosome and mRNA processing involved proteins to view the putative specific connections. Only associations related to known and predicted interactions were considered. A minimum interaction score of 0.4 or higher was used for nodes with at least one interaction.



RESULTS

A multi-omics evaluation of Arabidopsis ADT KO mutant lines (compared to WT plants) was conducted at 4 weeks of growth/development, when the plants had fully developed rosette leaves and had stems about 10–20 cm high (∼1/3 height at maturity). For both tissue types, full RNA-Seq transcriptomics, iTRAQ 8-plex multiplexing proteomics coupled with LC-MS/MS, together with primary (GC-MS) and secondary (LC-MS) metabolomics analyses were performed. Data interrogation resulted in confident detection (1% FDR) of 27,181 transcripts, 8,672 proteins, together with 132 primary and 30 secondary metabolites.


Normalization of Expression Data for Multi-Omics Integration

Each biomolecular class (i.e., transcripts, proteins, and metabolites) was measured using disparate workflows. Since only a few replicate analyses were feasible, as is typical for RNA-Seq and proteome analysis, variance estimations were offset by “borrowing” information from genes or proteins across the entire analysis (Subramaniam and Hsiao, 2012). The general rationale for this approach relied on the assumption that variance is similar for biomolecules of similar abundances. Transcript or peptide measurements with similar abundances can therefore act as pseudo-replicates producing similar distribution parameters. This strategy is commonly utilized for expression data and with various bioinformatics tools [e.g., SAM (Tusher et al., 2001), limma (Ritchie et al., 2015), and VAMPIRE (Hsiao et al., 2005)].

We applied this approach to log2 fold change transcriptome, proteome and metabolome data between each ADT KO mutant and WT analysis. Data were first processed as MA-plots (Dudoit et al., 2002; Labbe and Dudoit, 2012) (Supplementary Figure 1), an approach that distributes log2 fold change data (M = y-axis) according to average abundance (A = x-axis) of the two measurements being compared. Log2 fold change calculations for any type of expression data (gene/protein/metabolite) typically form a normal distribution, with subsequent utilization of localized data (or a sliding window of log2 fold change data with similar abundances) enabling calculation of more accurate z-scores and p-values for significance estimations. Resulting z-score calculations then allowed for normalization of data into units of standard deviation (away from an average or zero-fold change value). This normalization then permits integration of datasets obtained on disparate platforms (i.e., Illumina sequencing, mass spectrometry) to be compared directly.



Metabolomics Analysis

Metabolite profiles represent the ultimate molecular phenotypic indicator of an organism at a specific growth/developmental stage. Metabolites often function as cofactors, energy sources, signaling molecules, polymer precursors (e.g., to cellulose, lignins, proteins, DNA), as well as defense, attractant and effector molecules. In the context of plant bioengineering, metabolomic analyses provide the ultimate validation as to which metabolites are increased or decreased in quantity in response to a genetic change or other perturbation. Here we used two mass spectrometric methods to evaluate the differences between each ADT KO mutant and WT in terms of both primary and secondary metabolism.

Supplementary Figures 2, 3 show heat maps displaying z-scores of log2 fold changes between ADT KO mutants and WT for the metabolites identified by GC-MS (i.e., primary metabolites) and LC-MS (i.e., secondary metabolites), respectively. Data were grouped by functional categories, as defined by KEGG8 (Kanehisa et al., 2017), when available. Z-score values pertaining to Supplementary Figures 2, 3 are found in Supplementary Table 1. The GC-MS results (Supplementary Figure 2) are shown as a heat map displaying z-score of the log2 fold change values of each metabolite found in each ADT KO mutant compared to WT. The largest primary metabolite classes identified were related to carbohydrates, amino acids and lipids. Fold-changes found in the carbohydrate class included on average decreases in ascorbate (2.6 in leaf, 2.3 in stem) and dehydroascorbate (2.6 in leaf, 1.5 in stem). While not detected in leaf tissue, melibiose (3.2 fold), and xylitol (2.3 fold) were lower in abundance in the stems.

In both leaf and stem tissues, the most significant change of all metabolites identified from GC-MS data was that of an increase in sorbitol (5.9 fold in leaf, 152 fold in stem). Knocking out even a single ADT isoform in Arabidopsis has profound effects on sorbitol biosynthesis, and perhaps on a plant-wide level. Jain et al. (2010) reported that treatment of maize seedlings with increased concentrations of sorbitol (a) decreased total chlorophyll, protein and RNA contents, while increasing proline levels and nitrate reductase activity; and (b) induced a stress response that overall inhibited maize growth. By producing so much sorbitol in vivo, ADT KO mutants may too be experiencing changes in chlorophyll, protein and RNA levels. Moreover, these plant lines may also be under increased levels of stress relative to WT plants. Glycolic acid (2.1 fold in leaf and 2.3 fold in stem) additionally was found to be increased in ADT KO mutants versus WT. Glycolic acid is produced when ribulose bisphosphate (RuBisCo) fixes O2 instead of CO2. The increased presence of glycolic acid in both leaf and stem tissues suggests increased photorespiration pathway utilization, which results in a release of CO2 back to the atmosphere.

In stem tissue, other carbohydrates such as D-glyceric acid (2.8 fold), 6-deoxy-D-glucose (10.1 fold), and fructose-6-phosphate (4.1 fold) also had higher levels in ADT KO lines versus WT, whereas significantly increased levels of D-glucoheptose (36.1 fold), allose (4.0 fold), gluconic lactone (3.5 fold), sorbose (2.5 fold), threonic acid (7.3 fold), and glucose-1-phosphate (3.9 fold) were observed in leaves.

Amino acids with the most increased levels in the ADT KO mutants versus WT stem tissues included allothreonine (4.2 fold), alanine (2.3 fold), and glutamate (2.2 fold). By contrast, decreases in the ADT KO lines were found for oxoproline (2.4 fold) in the stems. Interestingly, shikimate which is a key metabolite located in the aromatic amino acid/shikimate chorismate pathways upstream of ADT, was, on average, increased (2.6 fold) in ADT KO mutant leaves, but decreased (8.3 fold) in abundance in stem tissues.

The LC-MS metabolomics analysis of hydro-alcoholic extracts of leaves and stems led to the detection of numerous important secondary metabolites (Supplementary Figure 3). This approach was chosen based on previous knowledge of important and characteristic metabolites produced by A. thaliana, which include flavonoids, phenylpropanoids (e.g., sinapate esters, lignans) and glucosinolates. We found that putative galactolipids and carotenoids generally increased in abundance in both tissues, whereas most of the identified flavonoids, 1-O-β-D-glucopyranosyl sinapate, 5-hydroxyferuloyl malate and lignans (e.g., putative dimeric coniferyl-OH hexoside), generally decreased in abundance most prominently in the stem tissues, with the greatest reductions being in stems with single or multiple KOs of ADT5. Nine glucosinolates, which are nitrogen- and sulfur-containing metabolites synthesized by plants as defense against herbivory and pathogens, were also identified. Glucosinolates derived from homomethione (i.e., glucoiberin, glucohirsutin, 7-methylsulfinylheptylglucosinolate, and glucohesperalin) generally decreased in abundance in the ADT KO mutants compared to WT, whereas those derived from Trp or Phe showed mixed abundance changes depending on the ADT KO mutant and tissue type. Glucobrassicin, 4-hydroxyglucobrassicin and 1-methoxyglucobrassicin, all derived from Trp, showed increases and decreases depending on the specific ADT KO mutant analyzed. 4-Methoxyglucobrassicin (Trp derived) increased in abundance in most ADT KO mutants leaf samples, and in most of the double/triple/quadruple ADT KO mutants as well as in adt5. Ties between glucosinolates and phenylpropanoids, with lignin being synthesized in the phenylpropanoid pathway, have been previously documented in the literature, suggesting that there is a strong link between these two pathways. For example, Kim et al. (2015) identified an indole glucosinolate which limits phenylpropanoid accumulation via an inhibitory effect on early steps of phenylpropanoid biosynthesis.



Transcriptomics and Proteomics Analysis

Various metabolites can often be synthesized or metabolized by one or more isoenzymes contained in distinct plant compartments and/or expressed at different times within a plant’s lifespan. This makes metabolite identification and quantification alone not entirely sufficient to convey key information on specific gene/enzyme targets necessary for full understanding of a system or for bioengineering purposes. For this reason, transcriptomics and proteomics prove to be invaluable for identifying significantly affected pathways, specific gene/enzyme targets, gene regulation events, and tissue specific and/or subcellular compartment-specific target enzyme information.

Supplementary Figure 4 shows RNA-Seq counts observed in leaves and stems for each line investigated. In WT plants, the relative order of transcript abundance in stems (where lignin deposition is greatest) was determined to be ADT5 > ADT4 > ADT3 > ADT1 > ADT6. Earlier phylogenetic evaluation showed that ADT3, ADT4 and ADT5 are all part of the same phylogenetic subgroup. It was also determined that these three ADTs correspond to proteins that exclusively utilize arogenate as a substrate (Cho et al., 2007), whereas ADT1, ADT2, and ADT6 showed a preference for arogenate but could potentially, albeit less efficiently, use prephenate in synthesizing Phe. Our findings that ADT3, ADT4, and ADT5 were highest in abundance in 4 week old stems was corroborated by similar findings of RT-PCR levels found in 5 week old Arabidopsis stem tissues (Corea et al., 2012c) and separate Northern blot analyses (Rippert et al., 2009) in 4 week old WT Arabidopsis. The latter showed that ADT4 and ADT5 were highest in abundance in stem and root tissues.

RNA-Seq data also indicated an increase in ADT expression between ADT3, ADT4, and ADT5, when one of the ADTs in that subgroup was knocked-out. Large increases of ADT5 were observed in the stems when ADT3 and ADT4 were knocked out, showing ∼2 fold and ∼4 fold increases in the adt3 and adt4 knockout lines, respectively. When ADT5 was knocked out, ADT4 was expressed in greater amounts (∼2 fold increase). Overall, these data showed that, especially in stem tissue, ADT mRNA expression between ADT3, ADT4, and ADT5 seemed to be coordinated, as remaining ADTs in the ADT3/ADT4/ADT5 subgroup increased when other subgroup members were knocked out. In leaf tissue, only modest effects were observed within this subgroup.

To view coverage and relative amounts (i.e., counts) of mRNA fragments identified in each RNA-Seq analysis (in reference to each ADT in leaves or stems), location of the various T-DNA insertions used to produce the KOs and peptides identified from the proteomics analysis, gene product data for each gene were illustrated side by side. The IGV Browser (Robinson et al., 2011; Thorvaldsdóttir et al., 2013) was used to map out reads to the gene, and using a PNNL developed script9, the peptide data were converted into BED files which could then be used by any genome viewer software. This allowed visualization of proteomics data in relation to the gene alongside the RNA-Seq data.

Supplementary Figure 5 displays an example of gene-transcript-peptide visualization comparisons detected in WT and ADT KO lines for ADT5. Comparisons of all other ADTs in all RNA-Seq and proteomics data can be accessed at the MassIVE and ProteomeXchange data repository sites (Accession numbers MSV000081518 and PXD007701, respectively). Read sequences downstream of transcription from T-DNA insertions displayed vastly decreased levels as expected. The proteomics data also showed that few peptides from ADTs were identifiable in the high throughput analysis here, which indicated that the ADTs were likely low in abundance relative to the entire proteome in the leaves. By contrast, in stem tissues, more ADT transcripts and peptides were generally identifiable, supporting the hypothesis that ADT genes, as well as proteins, were relatively higher in abundance in stem tissues compared to leaves. This is likely due to stem tissues needing to biosynthesize lignin in greater relative amounts compared to leaves.

We next examined what proportion of each KEGG functional category, on average, contained the most significantly (p-value < 0.05) changed proteins and transcripts in both leaf and stem tissues in all ADT KO lines (Supplementary Figure 6). Categories with the greatest proportion of significantly changed proteins/transcripts were involved in glucosinolate biosynthesis, α-linolenic acid metabolism, nitrogen, carotenoid and phenylpropanoid biosynthesis, as well as aromatic amino acid metabolism. These findings are in high agreement with the significant changes observed in the metabolomics data (Supplementary Figures 2, 3).

Protein and transcript analyses of the putative carotenoid biosynthesis pathway showed a high degree of significantly changed (p-value < 0.05) protein/transcript members (Supplementary Figure 6) when ADT content was reduced. Metabolite measurements of putative carotenoids also showed an almost universal increase in abundance in all ADT KO lines in both leaves and stems (Supplementary Figure 3). Carotenoids function in plants as accessory pigments in plastid membranes and in chloroplasts they are thought to contribute to energy dissipation and can act as protective agents against reactive oxygen species (ROS) (Nisar et al., 2015). Carotenoids and their cleavage apocarotenoid products, which may also serve as signaling molecules, are important in assembly of photosynthesis and antenna proteins for photosynthesis and photoprotection (Cazzonelli and Pogson, 2010). Protein analysis of photosynthesis and antenna protein biosynthesis pathways showed a relatively high proportion of significantly changed proteins (p-value < 0.05) (Supplementary Figure 6A) in ADT KO mutants suggesting that knocking out ADTs in plants also affects photosynthesis.

While increases in the proportion of significantly changed proteins were observed in photosynthesis and carbon fixation pathways, especially in stems, such large changes were not seen at the corresponding transcript level. The fact that mRNA pools related to photosynthesis and carbon fixation were not changed much, whereas translation copy numbers were largely increased, raises the possibility of a post-transcriptional regulatory mechanism. Other categories which were markedly different between protein and transcript data included those involved in Phe metabolism, and glycolate/decarboxylate metabolism. These were found to be highly changed in the protein data, especially in stem tissues, but less so at the transcript level. Categories that showed relatively high changes at the transcript level, but did not seem to translate to higher changes at the protein level, included those pathways involved in alanine/aspartate/glutamate, propanoate, and galactose metabolism, respectively. This was not surprising given that ADTs biosynthesize Phe.

We also observed that shikimate-chorismate derived metabolism pathways (i.e., to Phe, Tyr, and tryptophan) were highly changed at both transcript and protein levels. It is known that Phe, Tyr, and Trp produced via the shikimate-chorismate pathway contribute to feedback inhibition mechanisms of various shikimate pathway enzymes upstream of ADT (Tzin and Galili, 2010), and that ADT KOs can alter not only Phe levels but also levels of Tyr and Trp (Corea et al., 2012a). We thus hypothesize that in ADT KO mutants there likely may be alterations in the levels of other metabolites synthesized from Phe/Tyr/Trp precursors. These could potentially affect metabolites including phytohormones, which could, in turn, produce system-wide effects. For instance, phytohormone indole-3-acetic acid (IAA) is synthesized from Trp, and IAA can affect changes in growth, development and metabolism (Zhao, 2010).

Another phytohormone potentially altered in ADT KO mutants may be jasmonic acid (JA). While we did not specifically detect JA or any other phytohormone in the untargeted metabolomics data, changes in JA precursors may be indicative of potential changes in the downstream phytohormone levels. JA is derived from α-linolenic acid (Weber, 2002) and α-linolenic acid metabolism pathways were highly changed at both the transcript and protein level (Supplementary Figure 6). α-Linolenic acid is not only a precursor to JA, but also aids in photosynthetic thylakoid membrane fluidity (Yashroy, 1987) potentially acting as another contributor to alterations affecting photosynthesis. Other studies indicated that JA levels have a strong relationship to lignin levels. Denness et al. (2011) showed that both JA-isoleucine production and ROS production could form a negative feedback loop which can then repress each other’s production and influence lignin accumulation. Given there were lower levels of ascorbate and dehydroascorbate levels in the metabolomes derived from both leaf and stem tissue of ADT KO mutants compared with WT, it may be that ROS is higher in concentration in ADT KO mutants given that there is less ascorbate to scavenge ROS. This along with altered levels of JA could potentially be contributing signals affecting lignin biosynthesis. Ascorbate is also a cofactor for biosynthesis of several other phytohormones, such as ethylene, gibberellins, and abscisic acid (Pastori et al., 2003). Due to the potential for all these various phytohormones to be altered in amounts when ADT is knocked out, we hypothesize this may be why we see multiple pathway enzymes and metabolite levels affected and not just those directly upstream or downstream of ADT.



Integrated Metabolome, Proteome, and Transcriptome Analysis

Figure 2A shows Pearson’s Pairwise log2 abundance dataset correlations between each WT and ADT KO mutant, as compared to every other ADT KO mutant between both proteins and transcripts at the gene product (protein or transcript) and KEGG ortholog (KEGO) enzyme family levels. Transcripts and proteins had an average correlation of 0.394 and 0.369 in leaf and stem data, respectively. Correlations increased, however, when data were further collapsed into KEGO comparisons, with abundance correlations on average being 0.615 and 0.645. Only about 30 and 28% of the transcriptome was detected at the protein level in leaf and stem data (Figure 2B), respectively, whereas KEGO level coverage was about 65%. About 17% of proteins had no detectable transcript, and about 8% of protein KEGOs had no corresponding detectable transcript KEGOs. Overlap percentages between detectable transcripts and proteins also varied due to the KEGG functional category of which they were a member (Figure 2C). Proteins present which no longer have a detectable transcript might represent long-lasting proteins or protein degradation products remaining in the cells after degradation of the corresponding mRNA have occurred.


[image: image]

FIGURE 2. Proposed correlations of transcript and protein data. (A) Pearson pairwise correlation plots of each log2 abundance ratio data between each ADT KO mutant versus WT dataset compared with all others in both the transcript and protein data. The two leftmost plots are from transcript and protein data, and the last two plots represent collapsed transcript and protein KEGG ortholog data (KEGO) for leaf or stem sample sets. (B) Venn diagram transcripts and proteins, and transcripts and protein KEGOs identified in leaf and stem data. (C) Transcript and protein overlap in all protein and transcript data according to KEGG functional category.


To integrate transcript, protein and metabolomics data for a more direct comparison, KEGO values were compared. In this way, since protein and transcript values reflect an overall summed contribution to each enzymatic reactions, their comparisons are likely closer to metabolite abundance changes which themselves are tissue-wide summed values. Z-scores of each log2 abundance ratio transcript-metabolite-protein reaction set are displayed in Figure 3 (leaf data) and Supplementary Figures 7, 8 (stem data), respectively, with corresponding data in Supplementary Tables 2, 3. As shown in the transcript-metabolite-protein heatmaps, there are multiple enzyme KEGOs that can utilize the same substrate, but which could produce different metabolite products. Moreover, sometimes there are multiple KEGOs which carry out the same reaction.
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FIGURE 3. Transcript-metabolite-protein heatmap displaying z-score comparisons of the log2 ratio pairs (ADT KO mutant/wild type, WT) of identified metabolites found to have a corresponding KEGG Ortholog Gene Family (KEGO) member which utilizes that specific metabolite as a substrate, and which were detected in both transcript and proteomics data. Each KEGO is displayed with substrate and product metabolite formed by that KEGO enzyme family. Data is further sorted into clusters that show: (A) Cluster 1–Transcripts, metabolites and proteins which all on average increased or decreased in the ADT KO mutants together compared to WT. (B) Cluster 2–Transcripts decreased, while metabolites and proteins in the ADT KO lines, on average, increased in abundance. (C) Cluster 3–Transcripts and metabolites on average in the ADT KO lines increased, and proteins decreased in abundance compared to WT. (D) Cluster 4–Transcripts and proteins decreased, and metabolites on average increased in the ADT KO mutants compared to WT. In each cluster, entries are further grouped by whether or not Metabolite 1 is a substrate or product in a unidirectional reaction or if it can be utilized in a reversible reaction. Reactions are then ordered from highest average metabolite z-score to lowest metabolite z-score. Red represents metabolites higher in abundance in the ADT KO mutant compared to WT, blue represents metabolites higher in abundance in WT compared to the ADT KO mutant, white represents metabolites unchanged in abundance between WT and the ADT KO mutant, and grey represents constituents not detected. Green squares indicate the highest average KEGO value associated with each detected metabolite. Grey circles represent KEGO reactions where there was only a single known reaction for that given substrate-product reaction. Blue circles represent log2 transcript data that is most highly correlated to log2 metabolite data across ADT KO mutants, i.e. if ratio abundances between transcripts and metabolites both showed profile increases across single, double, triple and quadruple ADT KO mutants, those would have a positive correlation regardless if the z-score values themselves were negative or positive. Orange circles represent log2 protein data that are most highly correlated to log2 metabolite data across ADT KO mutants, i.e. if ratio abundances between proteins and metabolites both showed profile increases across single, double, triple and quadruple ADT KO mutants, those would have a positive correlation regardless if the z-score values themselves were negative or positive. Abbreviations: rtm = Pearson’s Correlation between transcript and metabolite profiles. rpm = Pearson’s Correlation between protein and metabolite profiles. rtp = Pearson’s Correlation between transcript and protein profiles.1-Acyl-sn-G3P, 1-Acyl-sn-glycerol 3-phosphate; 2-HTD, 2-(α-Hydroxyethyl)thiamine diphosphate; 3-IA, 3-Indole acetonitrile; 9(S)-HPODE, 9(S)-Hydroperoxy octadecadienoic acid; 13(S)-HPODE, 13(S)-Hydroperoxy-(9Z,11E)-octadecadienoic acid; (2S,4S)-4-HTH,(2S,4S)-4-Hydroxy-2,3,4,5-tetrahydrodipicolinate; α-APN, aAminopropiononitrile; DHA, Dehydroascorbate; GABA, 4-Aminobutanoate; MDHA, Monodehydroascorbate; 4-AB-ate, 4-Acetamidobutanoate; 4-AB-nal, 4-Acetamidobutanal; Oleoyl-acp, Oleoyl-[acyl carrier protein]; O-SHS, O-Succinylhomoserine;(S)-AMDLP, (S)-Aminomethyldihydrolipoylprotein; Succinate SA, Succinate semialdehyde.


We further clustered reactions into four groups: Cluster 1 (Figure 3A, and Supplementary Figures 7A, 8A) represent reactions which on average all increased or decreased in abundance in ADT KO mutants compared to WT samples for transcript, protein and metabolite data; Cluster 2 (Figure 3B and Supplementary Figures 7B, 8B) depict KEGO reactions where metabolites and protein KEGOs either both increased or decreased together in abundance in ADT KO lines compared to WT, and where transcripts had an opposite abundance change to metabolites; Cluster 3 (Figure 3C and Supplementary Figures 7C, 8C) are of reactions where transcripts and metabolites either both increased or decreased together in abundance in ADT KO lines as compared to WT, and where proteins showed the opposite abundance change; and Cluster 4 (Figure 3D and Supplementary Figures 7D, 8D) are of KEGO reactions where protein and transcript abundance changes moved in an opposite direction to metabolite abundance changes between ADT KO mutant and WT lines.

Alongside z-score values for each KEGO and metabolite, indicators were added to show the reaction that represented the most abundant KEGO for multiple KEGO reactions for a given metabolite. Indicators were also added for which KEGO abundances were most highly correlated to metabolite abundances. Additionally, KEGO reactions were further grouped into categories of whether or not the detected metabolite was either substrate or product in each reaction, or if it could be involved in a reversible reaction (i.e., a metabolite that can serve as both substrate and product).

Figure 4 shows distribution of reaction types (unidirectional substrate to product, or reversible) and proportion of each reaction type with KEGOs most correlated to metabolite levels, and KEGOs of greatest abundance (when there are multiple KEGOs for a given metabolite). Interestingly, for the protein KEGO data, where a given reaction type showed highest proportion of the most abundant KEGOs, it then had the least proportion of highest correlations between protein and metabolite abundances (Figures 4B,C). When comparing protein KEGO and metabolite abundance changes, we also observed that the most highly abundant KEGOs were not usually the most correlated with detected metabolite level (Figure 4), i.e., most abundant enzymes did not necessarily produce the most metabolite. Given that metabolite abundances are determined by multiple factors not represented by enzyme abundance alone (i.e., enzyme kinetics, differential degradation rates, and post-translational de/activation of enzymes), this observation is not surprising. Indeed, we can generalize that only ∼45–50% (Figure 4D) of the most abundant KEGOs produced metabolite levels that were most highly correlated to KEGO abundances. Metabolite levels controlled by other KEGOs, with low correlations to metabolite levels, may also be influenced by enzyme kinetics and post-translational activation/deactivation. Figure 4E showed that in Cluster 2 (i.e., transcripts are negatively correlated to proteins and metabolites) of the transcript-metabolite-protein comparisons, the most abundant KEGOs were present in both the leaves and stems. In contrast, Figure 4F had a negative correlation in both the leaves and stems, and in both transcript and protein data. Cluster 1 (i.e., transcript, proteins and metabolites are all positively correlated), and had the highest correlated KEGOs profiles to metabolite profiles.
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FIGURE 4. Distribution plots for KEGO reaction heat maps displayed in Figure 3, and Supplementary Figures 7, 8. Distribution of KEGO-metabolite reactions for detected metabolites which are substrates or products in unidirectional reactions or reversible reactions (A). (B) Proportion of each KEGO-metabolite reaction type containing the most abundant KEGO. (C) Proportion of each reaction type containing the most correlated KEGO to metabolite, when there are multiple KEGOs which react with a metabolite. (D) Proportion of highest abundant KEGOs which also are most correlated to metabolite level. (E) Proportion of each cluster (defined in Figure 3 and Supplementary Figure 7) which contain the most abundant KEGOs. (F) Proportion of each cluster which contained the highest correlated KEGOs to metabolite, when there are multiple KEGOs which react to metabolite level.




Network Analysis

Lignin levels were measured previously in the ADT KO mutant and WT lines by Corea et al. (2012c) A Spearman’s rank correlation between the ADT KO mutant and WT log2 ratios to these lignin levels in 4 week old stems was thus calculated here, with proteins identified with a non-parametric measure of rank correlation (rho) of at least ±0.85. Proteins identified as having a high positive or negative correlation to varying lignin levels across ADT KO mutants were entered into the on-line network analysis tool STRING (see text footnote 7) (Szklarczyk et al., 2017). Protein-protein interactions and associations identified from STRING were then used as input data into the network software Cytoscape (Smoot et al., 2011).

Z-score data representing abundance changes between ADT KO mutants and WT were overlaid on proteins (nodes), with line thicknesses (edges) of connecting proteins representing potential protein association strength as calculated by STRING analysis. Proteins found to be proximal in the initial Cytoscape network analyses were further manually grouped into KEGG functional categories to highlight relationships between functional categories. Supplementary Figure 9B shows a stem network analysis showing the z-score changes of multiple ADT KO mutant versus WT analyses. As more ADTs (and specifically as ADT3, ADT4, and ADT5) were knocked out and lignin levels decreased (Supplementary Figure 9A), protein abundances deviated further away from WT levels as indicated by nodes appearing darker red or blue in color (Supplementary Figure 9B).

Figure 5A specifically shows the network analysis of adt3/4/5 stem data as compared to WT, with the ADT KO mutant having greatest reduction in lignin (cleavable monomeric G + S) levels as measured in 4 week old Arabidopsis stems (Supplementary Figure 9A)–although the lignin level difference between adt3/4/5 and adt3/4/5/6 was not statistically different. Enzymes associated with aromatic amino acid, photosynthesis, carotenoid, and α-linolenic acid metabolism were found to be apparently correlated with reduced lignin levels, and this corroborated well with KEGG functional categories identified as being significantly changed (Supplementary Figure 6A). As our focus was in identifying potential lignin-associated proteins in post-transcriptional regulation, known and predicted interactions between mRNA processing and translation machinery proteins were highlighted (see Figure 5B). Figure 5C displays the heat map of corresponding log2 z-scores of transcript and protein data scrutinized from the mRNA processing and translation machinery for all 8 ADT KO lines (Figure 5B).


[image: image]

FIGURE 5. Network analysis and related correlations. (A) Network analysis of relative protein abundances determined to be highly correlated in a Spearman rank correlation analysis (rho > 0.85) to lignin cleaved guaiacyl (G) + syringyl (S) monomer levels in 4 week old stem tissues of adt3/4/5. Nodes are represented by rectangles colored by the z-score of the log2 ratios (ADT KO mutant/WT), where red represents proteins higher in abundance in the mutant compared to WT, blue represents proteins higher in abundance in WT compared to the ADT KO mutant, and white represents proteins unchanged in abundance between WT and the ADT KO mutant. (B) STRING analysis with solely highly correlated proteins identified in KEGG functional categories associated with ribosomes, spliceosome, and RNA transport showing the direct known and predicted interactions. (C) Heatmap showing log2 ratio distribution (ADT KO mutant/WT) for proteins associated with the ribosome, spliceosome and RNA transport for each plant line for transcript and protein data.




DISCUSSION

To begin to put the analyses and discussion below in needed context, it is well known that transcripts and proteins are linked biologically by the central dogma which purports unidirectional flow of genetic information from DNA to RNA to proteins (Crick, 1958). Indeed, comparisons between proteomic and transcriptomic data can highlight which proteins and transcripts have a co-regulatory response (i.e., a high transcript level with a high protein level). The central dogma though is extended in this study to include metabolomics, as many metabolites represent the final product(s) biosynthesized by specific cells/tissues under various environmental conditions or through stresses at specific times during the lifespan of an organism.


Protein and Transcript Comparisons

In this study, it was found that transcript and protein data between ADT KO mutants correlated well within their own groups (i.e., transcript to transcript or protein to protein comparisons). However, correlations on average were quite low for transcript to protein comparisons, being better but still relatively low for transcript to protein KEGO/gene family comparisons. Venn diagrams which depict the overlap between proteins and transcripts revealed that (a) most transcripts detected did not correspond to a detectable protein, likely due to dynamic range and sampling limits of the proteomics technology compared to the depth of coverage capable with RNA-Seq and (b) not all proteins detected corresponded to a detectable transcript (Figure 2) as could arise from differential mRNA and protein degradation rates. Lack of high correlations though between transcripts and proteins have been found to be typical. In many multi-omics evaluations, across eukaryotic and prokaryotic systems, transcripts and proteins are only modestly correlated (Foss et al., 2007; Ghazalpour et al., 2011; Battle et al., 2015; Chick et al., 2016; Hasin et al., 2017). Two examples from plant and animal organisms highlight this point. In a multi-omics investigation of maize, Walley et al. (2016) observed that transcriptome and proteome abundance profiles showed little overlap. In a comparable study of human disease, Hasin et al. (2017) found that transcript levels often exhibited a poor correlation with protein levels, although it was considered that the proteomics data alone was more proximal to the disease mechanisms.

Furthermore, metabolite levels did not show a dominant correlation with either transcripts or proteins. These data illustrate the limitations in using only a single omics evaluation to make systems level biological assessments. Comparisons between these omics datasets may thus reveal (a) what transcripts are actually translated and in what copy number, and (b) what metabolomics data help reveal which proteins or protein families are more or less active in producing the observed metabolites. The integrated “omics” analysis, as presented here, provides over-arching and molecule specific information, which is useful for understanding general molecular pathway trends, and for identifying targets of interest for bioengineering purposes or for follow-on analyses.



Network Analysis Reveals Lignin/Phenylpropanoid Biosynthesis Associated Proteins

Network analysis is a powerful tool for understanding systems biology effects, drawing from known and predicted direct (physical) and indirect (functional) interactions from multiple data and literature sources. Such analyses can utilize enzyme relationships derived from hundreds of sources (e.g., yeast two hybrid, co-localization, co-expression, literature text mining, etc.). In turn, this can help provide new insights into interconnections and significant relationships of proteins with known and as-of-yet unknown function. Since our main focus was on proteins potentially related to altered lignin levels (as determined by thioacidolysis analysis), we selected those with greatest positive and negative correlative trends to lignin amounts present in Arabidopsis stems of each line.

Centrally located in the lignin correlated protein network data created (Figures 5A,B) were eleven ribosomal subunits that correlated with reduced lignin levels. This raised the possibility that lignin levels may be in part regulated by a ribosome filter or “ribocode” (Mauro and Edelman, 2002; Xue and Barna, 2012). That is, lignin biosynthesis regulation may be associated with presence of specific ribosomal subunits involved in translation of lignin-biosynthesis-associated mRNA.

Recent studies have documented evidence for ribocodes, the concept of which suggests differential, temporal and spatial presence of specific ribosomal subunits which preferentially translate specific mRNAs, thus representing regulation at translation. Other observations of possible plant ribocodes include phosphate and Fe-deficiency studies by Rodríguez-Celma et al. (2013) and Wang et al. (2013), who both showed evidence for remodeled translational machinery in response to environmental signals in Arabidopsis. Liu et al. (2012) also reported that translational control was mRNA abundance independent, concluding that mRNA levels had less effect on gene activity than translational control mechanisms in Arabidopsis.

Other potential targets of lignin biosynthesis regulation identified included those associated with purine metabolism, the spliceosome, RNA degradation, mRNA surveillance and general mRNA processing proteins. Post-translational modifications, protein transport, and targeting mechanisms also appeared correlated with varying lignin levels. Additionally, post-translational related protein processing involving the endoplasmic reticulum was identified, as well as ubiquitin proteolysis, phosphorylation, autophosphorylation, and phosphatase proteins which may be connected to important processes related to lignin biosynthesis.

In our analysis as to what connects the spliceosome, which edits native mRNA into mature translatable mRNA and the ribosomal subunits, was the spliceosome protein DRH1 (At3g01540) to the large ribosomal subunit RPL2.1 (ATCG00830) (Figure 5B). DRH1 is a ATP/dATP-dependent RNA helicase and polynucleotide-dependent ATPase (Okanami et al., 1998). Export of poly(A)(+) RNA has been shown to be greatly blocked in DRH1 mutants (Du et al., 2016). Presence or absence of this helicase could thus serve as a level of regulation, blocking or allowing export of mRNA into the cytosol.

Connected to the identified spliceosome proteins was SAP18 (Song and Galbraith, 2006). In plants, this functions as a transcriptional repressor and associates with ethylene-responsive element binding factors to create a hormone-sensitive multimeric repressor complex under conditions of stress. A SAP18 loss of function mutant produces a plant both more susceptible to salt and impaired in chlorophyll synthesis.

These data indicate what we generally observed with our multi-omics data, namely that: (a) despite any significant presence of mRNA, there are additional factors which may prevent proper processing of mRNA into mature translatable form; (b) there are also other factors which may prevent any mRNA present from ever leaving the nucleus to be translated.

Together, these data also highlight the importance of proteomics to illuminate what protein products are actually present and which are potentially functional.

Furthermore, the vast majority of lignin biosynthesis regulation research thus far has focused on genes and transcriptional control (Nakano et al., 2015). From this body of knowledge, we know that lignin biosynthesis is influenced by a series of transcription factors, such as NAC master switches, which can activate or repress an array of other downstream transcription factors (e.g., MYBs). What is lesser known are what additional post-transcriptional controls of lignin or other phenylpropanoids exist. Due to our discovery that modulating ADTs produces differential lignin contents in Arabidopsis, the opportunity was presented where–through this multi-omics study–we could investigate molecular profiles with step-wise decreases or increases in lockstep to varying lignin levels. These results of our investigation suggest that there are potentially multiple processes, phytohormones and layers of regulation involved in lignin biosynthesis or in response to decreased carbon flux through the phenylpropanoid pathway.

Since this study was focused on correlations specific to lignin deposition, most attention was paid to correlative levels found in stems, although other phenylpropanoid-derived biomolecules and other pathways were also affected by ADT composition changes in leaves. It may be an interesting and informative exercise to further explore correlative enzyme abundances to other phenylpropanoids that may play a more central role in leaf tissue function. For example, those associated with UV protection (e.g., flavonoids and sinapate esters) (Stapleton and Walbot, 1994; Landry et al., 1995; Mazza et al., 2000; Clé et al., 2008; Sullivan et al., 2014), in order to tease out specific post-transcriptional biosynthesis regulation of formation of these other phenylpropanoids.

Ultimately, the multi-omics investigation and network analysis presented here proved invaluable for understanding systems level changes that modulated ADTs evoke in a model vascular plant. Importantly, it highlighted potentially new levels of post-transcriptional regulation of lignin/phenylpropanoids that can provisionally serve as biomolecular targets for follow-on analyses and/or for bioengineering purposes, i.e., aimed at modulating or modeling lignin/phenylpropanoids in vascular plants. These proteins can thus be used in follow-on lignin-associated enzyme validation studies and/or can potentially serve as truly novel bioengineering targets for manipulation of lignin/phenylpropanoid levels in vascular plants.



Potential of a Lignin Regulating “Ribocode”

Ribosomes are the effectors in the final steps of gene expression, and it has emerged recently that ribosomes themselves could contribute to regulation via differential ribosomal subunit abundance. Evidence recently has also shown that according to developmental, environmental and pathological conditions, cells can produce different populations of ribosomes which differ in their ribosomal protein and RNA composition. These “specialized ribosomes” suggest that the unique ribosomal composition determines the translational activity of the ribosome and thus controls the biosynthesis of specific proteins and enzymes. For many years, ribosomes were thought to consist of a set number of ribosomal proteins (RPs) and rRNAs, with each RP present as a single copy with resulting conserved stoichiometry and homogeneity. One of the first indications that different types of ribosomes existed was from the study of RP paralogs in plants. In work done by Williams and Sussex (1995), it was found that RPL16 paralog gene expression patterns in Arabidopsis were mutually exclusively expressed in different organs of the plant. In yeast studies, deletion of specific RP paralogs also gave rise to unique phenotypes (Ni and Snyder, 2001; Enyenihi and Saunders, 2003). In human studies, evidence came from patients displaying genetic diseases (i.e., ribosomopathies) caused by haploinsufficiency of genes encoding key factors in ribosome biogenesis or RPs (Draptchinskaia et al., 1999). Proteomic-driven analyses exploring composition of purified ribosomes under various conditions identified all RPs differentially expressed between conditions in murine embryonic stem cells, suggesting that different translational statuses were associated with differential stoichiometry among RPs (Slavov et al., 2015).

In our study, we used the STRING (see text footnote 7) algorithm to identify connections/associations between lignin profile correlated proteins. Our results returned interactions between nucleus and plastid proteins (e.g., RPL2.1 and DRH1). While there is currently no direct evidence in Arabidopsis that this association exists, there is growing documentation of interactions between homologs of these proteins in other organisms (e.g., humans, yeast, Escherichia coli and Helicobacter pylori) (Garcia-Gomez et al., 2011; Havugimana et al., 2012). Additional studies, however, would need to be performed to verify the actual association, if any, between eukaryotic and plastid translation-associated proteins in Arabidopsis.

These studies indicating the influence of differential ribosomal subunit stoichiometry on differential phenotypes and/or translational products suggest that the ribosome has the ability to function in a regulatory fashion in translation. These supporting data, along with observations of correlative associations between specific ribosomes and lignin production in this study here, support the hypothesis that lignin levels in vascular plants may be partially controlled by specialized ribosome compositions or a lignin “ribocode.”
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Anthocyanins and proanthocyanidins (PAs) are important flavonoids in Chinese bayberry (Morella rubra), which functions in fruit color and exhibits multiple health promoting and disease-preventing effects. To investigate the regulation of their biosynthesis in Chinese bayberries, we isolated and identified a subgroup 4 MYB transcription factor (TF), MrMYB6, and found MrMYB6 shared similar repressor domains with other MYB co-repressors of anthocyanin and PA biosynthesis after sequence analysis. Gene expression results revealed the transcripts of MrMYB6 were negatively correlated with the anthocyanin and insoluble PA contents and also with the gene expressions involved in anthocyanin biosynthesis and PA specific genes such as MrLAR and MrANR during the late ripening stages of bayberries. In addition, overexpression of MrMYB6 in tobacco inhibited the transcript levels of NtCHI, NtLAR, and NtANR2, resulting into a decline in the levels of anthocyanins and PAs in tobacco flowers. We further found that MrMYB6 interacted with MrbHLH1 and MrWD40-1 to form functional complexes that acted to directly repress the promoter activities of the PA-specific gene MrLAR and MrANR and the anthocyanin-specific gene MrANS and MrUFGT. Taken together, our results suggested that MrMYB6 might negatively regulate anthocyanin and PA accumulation in Chinese bayberry.

Keywords: Chinese bayberry, anthocyanins, proanthocyanidins, repressor, MYB transcription factor


INTRODUCTION

Flavonoids, widespread secondary metabolites, play many important roles in the development of plants (Winkel-Shirley, 2001). Anthocyanins and proanthocyanidins (PAs) are two major classes of flavonoids in fruits. The former is associated with the wide range of colors including bright orange, pink, red, violet, and blue in fruits, and the latter contribute to the astringency and flavor of fruits. Furthermore, both anthocyanins and PAs are considered as dietary antioxidants that are beneficial to human health in reducing free radical mediated injury and cardiovascular disease (Middleton et al., 2000). Therefore, they play important roles in influencing fruit quality.

The biosynthesis of anthocyanins and PAs share many enzymes in the upstream pathway, including chalcone synthase (CHS), chalcone isomerase (CHI), flavanone 3-hydroxylase (F3H), flavonoid 3′-hydroxylase (F3′H), and dihydroflavonol 4-reductase (DFR). Leucoanthocyanidins produced by DFR are the first branch point between the anthocyanin and PA biosynthesis pathways. Then leucoanthocyanidin reductase (LAR) and anthocyanidin synthase (ANS) can use leucoanthocyanidins to produce trans-flavan-3-ols and anthocyanidins, respectively. After that, anthocyanidins will be converted either to cis-flavan-3-ols by anthocyanidin reductase (ANR) or to anthocyanins by UDP-glucose flavonoid 3-O-glucosyltransferase (UFGT).

Increasing evidences have shown that the synthesis of anthocyanins and PAs is transcriptionally regulated by a conserved MBW complex that consists of R2R3-MYB, bHLH, and WD40 transcription factors (TFs) (Ramsay and Glover, 2005). Of these TFs, R2R3-MYB protein displays the functional specificity of the complex and determines which pathways are regulated. To date, many R2R3-MYB activators responsible for anthocyanin and PA accumulation have been characterized in various plants. For instance, PpMYB10.1 was able to activate anthocyanin biosynthesis and PpMYB7 regulated PA biosynthesis in peach (Rahim et al., 2014; Zhou et al., 2015). In apple, MdMYB1, MdMYB10, and MdMYB110a were activators responsible for anthocyanin accumulation (Takos et al., 2006; Espley et al., 2007; Chagne et al., 2013), while MdMYB9 and MdMYB11 played a positive role in regulating PA biosynthesis (Gesell et al., 2014; An et al., 2015). The accumulation of anthocyanins in grapevine was enhanced by VvMYBA1 and VvMYBA2 (Walker et al., 2007), whereas VvMYBPA1, VvMYBPA2, and VvMYBPAR promoted PA biosynthesis (Bogs et al., 2007; Terrier et al., 2009; Koyama et al., 2014).

Besides MYB activators, R2R3-MYB inhibitors are also important contributors to flavonoid regulation. Many MYB repressors, such as strawberry FaMYB1 (Aharoni et al., 2001), petunia PhMYB27 (Albert et al., 2014), peach PpMYB17-20 (Zhou et al., 2016), grapevine VvMYB4-like (Ricardo Perez-Diaz et al., 2016), apple MdMYB16 (Xu et al., 2017), and MdMYB15L (Xu et al., 2018), have been shown to play key roles in inhibiting anthocyanin biosynthesis. Grapevine VvMYBC2-L1 was identified as the first PA pathway repressor (Huang et al., 2014). Subsequently, some other R2R3-MYB repressors have been identified. For example, FtMYB8 from Tartary buckwheat inhibited both anthocyanin and PA biosynthesis, and interacted with AtTT8/FtTT8/FtGL3 in yeast (Huang et al., 2019). Overexpression of poplar MYB182 reduced anthocyanin and PA accumulation, which depended on the interaction between MYB182 and bHLH131 (Yoshida et al., 2015). In Medicago truncatula, MYB2 was identified as an inhibitor of both anthocyanin and PA biosynthesis, binding to bHLH factors TT8 (Jun et al., 2015). Interestingly, all these repressors typically belonged to the subgroup 4 R2R3-MYB TFs (Kranz et al., 1998), and shared the C1 motif (LlsrGIDPxT/SHRxI/L) and C2 motif (pdLNLD/ELxiG/S) with a core consensus sequence of either LxLxL or DLNxxP in the C-terminal region, which were identified as repression domains (Dubos et al., 2010; Zhou et al., 2019).

Chinese bayberry (Morella rubra Sieb. et Zucc.) contains large amounts of anthocyanins and PAs, and is an important source of natural antioxidants (Bao et al., 2005; Shi et al., 2018a). To date, only one MBW transcription complex, MrMYB1-MrbHLH1-MrWD40-1, has been observed to promote fruit anthocyanin formation Liu, X. et al., 2013; Liu, X. F. et al., 2013), however, there is no available information on TFs negatively regulating anthocyanin biosynthesis. Furthermore, the MYB TFs that specifically regulate PA biosynthesis in Chinese bayberry have not been reported yet. From the transcriptome data, our group previously isolated three putative subgroup 4 MYB repressors (c24596_g1, c28754_g2, and c48297_g1) from Chinese bayberry (Shi et al., 2018b). Here, we cloned and characterized MrMYB6 (c24596_g1) as the ortholog of other MYB TFs that have previously revealed as a negative controller of flavonoid biosynthesis in fruit species (Albert et al., 2014; Cavallini et al., 2015; Yoshida et al., 2015). Functional analysis indicated that MrMYB6 could regulate the transcripts of flavonoid biosynthesis genes, and its overexpression in tobacco repressed both anthocyanin and PA accumulation, suggesting that MrMYB6 might be an inhibitor of anthocyanin and PA synthesis in Chinese bayberry.



MATERIALS AND METHODS


Plant Materials

Chinese bayberry (Myrica rubra Sieb. and Zucc. cv. Biqi) trees were planted in an orchard in Cixi, Zhejiang Province. Fruits were picked at 57, 71, 85, 99, and 113 days after full bloom (DAFB) from four trees. The mixed fruits from the four trees were divided into three biological replicates for each developmental stage. All samples were frozen rapidly in liquid nitrogen and kept at −80°C for further use. Tobacco plants (Nicotiana tabacum cv. Samsunand Nicotiana benthamiana) were planted in a greenhouse with a 16 h light/8 h dark photoperiod at 25°C.



Anthocyanin and PA Analysis

Total anthocyanin content was determined using the method reported by our group (Shi et al., 2014). Total soluble PA content was measured by reaction with dimethylaminocinnamaldehyde (DMACA), and total insoluble PA content was evaluated according to the butanol-HCl method reported in our previous study (Shi et al., 2018a).



Quantitative Real-Time PCR

Total RNA was obtained using a Plant RNA Kit (Omega, Norcross, GA) followed by treatment with RNase-free DNase I. First-strand cDNA synthesis was performed using the SuperRT First Strand cDNA Synthesis Kit (CWBIO, Beijing, China) following to the manufacturer's recommendations. qRT-PCR analysis was conducted using LightCycler 480 SYBR Green Master (Roche, Shanghai, China) on a Bio-Rad CFX96 Real-Time PCR System (BioRad, Hercules, CA, USA). Each reaction was conducted with a 12.5 μl reaction volume containing 6.25 μl of SYBR Green PCR Master Mix, 4.75 μl of RNase-free water, 0.5 μl of cDNA, and 0.5 μl of each primer (10 mM). The transcript levels were calculated using the 2−ΔΔCt method and normalized using the housekeeping gene MrACT (GQ340770) for Chinese bayberry and NtACTIN (GQ339768) for tobacco. All analyses were determined using three biological replicates with 40 fruits per replicate. Primers used for qRT-PCR are shown in Supplementary Table 1.



Isolation and Sequence Analysis of MrMYB6

The 3′-end sequence of MrMYB6 gene was amplified using the SMART RACE cDNA amplification kit (Clontech, Mountain View, CA, USA). Nested primers were designed based on the partial MrMYB6 sequence found in the transcriptome data, and are shown in Supplementary Table 1 (Shi et al., 2018b). The product of PCR was recombined into pMD18-T cloning vector (TaKaRa, China). The deduced amino acid sequences of MrMYB6 and other R2R3-MYB repressors were aligned using the ClustalX2 program. Phylogenetic analysis was performed by the MEGA 7 program with the neighbor-joining (NJ) method and 1,000 bootstrap replicates.



Subcellular Localization

The full-length MrMYB6 coding region without the stop codon was amplified and ligated into the pCAMBIA1301-GFP vector using primers listed in Supplementary Table 1. After sequencing, the recombinant plasmid and the GFP control vector were electroporated into Agrobacterium tumefaciens strain EHA105, and the cultures were adjusted to an OD 600 of 0.5 with infiltration buffer (10 mM MES, 10 mM MgCl2, 150 mM acetosyringone, pH 5.6) and then infiltrated into tobacco (N. benthamiana) leaves using needleless syringes. The GFP fluorescence of the tobacco leaves was detected 3 days after infiltration using the A1+ confocal laser scanning microscope (Nikon, Tokyo, Japan).



Transformation of Tobacco

The full-length MrMYB6 coding region was inserted into the pCAMBIA-1300 binary vector using primers shown in Supplementary Table 1. The resulting binary vector was then transformed into A. tumefaciens strain EHA105 by electroporation. Transgenic tobacco plants overexpressing of MrMYB6 were obtained using the leaf disc infection technology reported by our group (Horsch et al., 1985). The putative transformed plants were selected on MS medium containing 250 mg/L carbenicillin and 25 mg/L hygromycin and finally identified by qRT-PCR analysis.



Yeast Two-Hybrid Assay

The possible interactions between proteins were tested in yeast using the Matchmaker® Gold Yeast Two-Hybrid System (Clontech, Japan). Full-length coding regions of Arabidopsis AtTT8, AtTTG, and bayberry MrHLH1 and MrWD40-1 were cloned into pGBKT7 (bait) vector, and the full-length MrMYB6 was ligated into pGADT7 (prey) vector (primers are listed in Supplementary Table 1). Then, each pair of recombinant plasmids was co-transferred into Y2H yeast by the PEG/LiAC method. Yeast transformants were selected on SD/-Leu/-Trp medium and the interactions were detected on SD/-Leu/-Trp/His/-Ade medium in the presence of X-α-Gal. pGADT7-T co-transformed with pGBKT7-p53 or pGBKT7-Lam were used as positive or negative controls.



Luciferase Activity Assay

The promoter regions of MrANR and MrLAR were isolated using the GenomeWalkerTM Universal Kit (Clontech, USA) according to the manufacturer's protocol, and the promoters of MrANS and MrUFGT were directly amplified based on the sequences reported (Liu, X. F. et al., 2013). These promoter regions were then ligated into the pGreenII 0800-LUC reporter vector. The full-length coding sequences of bayberry MrMYB6, MrbHLH1, MrWD40-1, and Arabidopsis AtTT8, AtTTG were amplified and cloned into the pGreenII 62-SK effector vector. Primer information is shown in Supplementary Table 1. These recombinant vectors were then electroporated into Agrobacterium strain EHA105. After cultivation, cells were resuspended in infiltration buffer (10 mM MgCl2, 10 mM MES, 150 mM acetosyringone, pH 5.6), adjusted to an OD 600 of 0.2, and incubated for 2 h at room temperature without shaking before infiltration. Four-week-old leaves of N. benthamiana were infected with mixed agrobacteria and collected for dual luciferase test according to the method described previously (Hellens et al., 2005).




RESULTS


Cloning and Identification of MrMYB6

In our previous study, three putative subgroup 4 MYB repressors (c24596_g1, c28754_g2, and c48297_g1) of Chinese bayberry were obtained from the transcriptome data (Shi et al., 2018b). Here, we cloned and identified MrMYB6 (c24596_g1), which was named based upon sequence homology to the genes found through the BLAST in the NCBI database, and the characterization of the other two MYB repressors will be carried out in future work. The 3′-end of MrMYB6 open reading frame (ORF) was amplified via 3′RACE-PCR and an 879 bp fragment was obtained. Sequence analysis indicated MrMYB6 contained an ORF of 684 bp encoding 228 amino acid resides with a predicted molecular mass of 25.72 kD and a calculated PI of 8.38.

The sequence alignment of MrMYB6 with MYB repressors of other species suggested that their N-terminus contained highly conserved R2R3 domain with a bHLH-binding domain (Grotewold et al., 2000) and their C-terminus included two conserved motifs of MYB subgroup 4 TFs, the C1 and C2 motif, of which the C2 motif associated with EAR repressor domain (Jin et al., 2000; Kagale and Rozwadowski, 2011; Shen et al., 2012) (Supplementary Figure 1A). MrMYB6 shared the LxLxL-type EAR motif with other subgroup 4 MYBs that inhibit both PA and anthocyanin biosynthesis, such as PtrMYB182 (Yoshida et al., 2015), VvMYBC2-L3 (Cavallini et al., 2015), FtMYB8 (Huang et al., 2019), and FaMYB1 (Aharoni et al., 2001; Paolocci et al., 2011). In addition, MrMYB6 contained a TLLLFR repressor motif, which has been identified in FaMYB1-like proteins such as PtrMYB182 (Yoshida et al., 2015) and VvMYBC2 (Cavallini et al., 2015), but not in AtMYB4-like repressors (Jin et al., 2000). Phylogenetic analysis showed that R2R3 MYB inhibitors were separated into two clades, AtMYB4-like and FaMYB1-like (Supplementary Figure 1B). MrMYB6 was clustered in FaMYB1-like clade, which contained co-repressors in anthocyanin and PA biosynthesis including VvMYBC2 from grapevine (Cavallini et al., 2015), PtrMYB182 from Poplar (Yoshida et al., 2015), PhMYB27 from petunia (Albert et al., 2014), FtMYB8 from buckwheat (Huang et al., 2019), MtMYB2 from Medicago (Jun et al., 2015), and FaMYB1 (Aharoni et al., 2001; Paolocci et al., 2011) from strawberry. Thus, MrMYB6 might act as a negative controller of flavonoid biosynthesis in Chinese bayberry.



Expression Profiles and Subcellular Location of MrMYB6

During fruit development, the red color of bayberry fruit gradually deepened and reached the deepest point at 113 day after full bloom (DAFB) (Figure 1A). MYB6 gene exhibited low expression level at 57 DAFB and 113 DAFB, but was highly expressed from 71 DAFB to 99 DAFB (Figure 1B).
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FIGURE 1. MrMYB6 expression pattern during bayberry fruit development. (A) The bayberry fruits at 57, 71, 85, 99, and 113 days after full bloom (DAFB) used in this study. Scale bar represents 1 cm. (B) Expression levels of MrMYB6 at different stages. The data were normalized to the MrACT expression level. Error bars indicate the mean ± SE of three replicate reactions. Letters (a, b, c, and d) represent significant difference between wild-type and transgenic plants according to the Duncan's multiple range test (P < 0.05). (C) Subcellular localization of MrMYB6 in tobacco leaf epidermal cells. Scale bar represents 50 μm.


In order to investigate the subcellular location of MrMYB6, the 35S:MrMYB6-GFP fusion protein and the 35S:GFP control protein were transiently expressed in tobacco leaves. By scanning the GFP signal, it was found that the 35S:MrMYB6-GFP fusion protein was exclusively localized in the nucleus, whereas the control 35S:GFP was distributed in both the cytoplasm and the nucleus (Figure 1C).



Overexpression of MrMYB6 in Tobacco Represses Anthocyanin and PA Accumulation

To characterize the function of this TF, transgenic tobacco plants overexpressing MrMYB6 were generated. From twelve independent T1 transgenic lines, nine plants showed weaker flower color than wild-type (WT) (date not shown). Among them, three transgenic lines (L1, L2, and L3) with obvious white colored flowers were selected for further study after confirmation of high MrMYB6 transcript levels using qRT-PCR analysis (Figures 2A,B). The result of anthocyanin analysis showed that the anthocyanin content in flowers of all transgenic lines was significantly reduced compared with WT (Figure 2C). The soluble and insoluble PA levels in transgenic tobacco petals were also significantly declined (Figures 2D,E). In addition, all three MrMYB6 overexpression lines exhibited decreased NtLAR, NtANR2, and NtCHI expression and increased NtCHS, NtF3H, NtF3′H, NtDFR, NtANS, NtUFGT, and NtFLS expression in transgenic flowers (Figure 2F).
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FIGURE 2. Ectopic expression of MrMYB6 gene in tobacco. (A) Comparison of flower color in wild type (WT) and three MrMYB6 transgenic (L1, L2, and L3) tobacco lines. (B) Relative expression levels of MrMYB6 in transgenic flowers. The data were normalized using the WT sample and the NtACTIN (GQ339768) gene as the internal controls and calculated using the 2−ΔΔCt method. (C) Anthocyanin content in flowers of WT and three MrMYB6 tobacco lines. (D) Total soluble PAs levels of WT and transgenic flowers. (E) Total insoluble PAs levels of WT and transgenic flowers. (F) Expression analysis of flavonoid biosynthetic genes in flowers of MrMYB6 transgenic tobacco. Error bars indicate the mean ± SE of three replicate reactions. Letters (a, b, c, and d) represent significant difference between wild-type and transgenic plants according to the Duncan's multiple range test (P < 0.05).




MrMYB6 Interacts With bHLH and WD40 TFs

Previous studies demonstrated that Arabidopsis AtTT2 formed the MBW complex with AtTT8 and AtTTG1 to promote PA accumulation (Baudry et al., 2004), and MrMYB1-MrbHLH1-MrWD40-1 complex was essential for anthocyanin biosynthesis in Chinese bayberry (Liu, X. F. et al., 2013; Liu, X. et al., 2013). Therefore, we carried out yeast two-hybrid assays to determine whether MrMYB6 interacts with AtTT8, AtTTG1, MrbHLH1, and MrWD40-1 to regulate the biosynthesis of PAs and anthocyanins.

As shown in Figure 3A, yeast transformants harboring the pGBKT7-MrMYB6/AtTT8/AtTTG1/MrbHLH1/MrWD40-1 constructs could not grow on SD/-Trp-His-Ade selection plates, indicating that these proteins had no self-activating activities. Nevertheless, the yeast cells possessing both pGADT7-MrMYB6 and pGBKT7-AtTT8/AtTTG1/MrbHLH1/MrWD40-1 grew well and showed α-galactosidase activity on the SD/-Trp/-Leu/-His/-Ade medium (Figure 3B). These results showed that MrMYB6 interacted physically with AtTT8, AtTTG1, MrbHLH1, and MrWD40-1 and implied that MrMYB6 might form a MBW complex to control PA and anthocyanin biosynthesis.
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FIGURE 3. The role of MrMYB1-MrbHLH1-MrWD40-1 complex. (A) Autoactivation tests in yeast cells. (B) MrMYB6 interacts with AtTT8/AtTTG1/MrbHLH1/MrWD40-1 in yeast. -T, SD/-Trp medium; -T/-H/-A, SD/-Trp-His-Ade medium; -T/-L, SD/-Trp-Leu medium; -T/-L/-H/-A, SD/-Trp-Leu-His-Ade medium; BD, DNA-binding domain; AD, activation domain. (C) Transcriptional repression ability of MrMYB6 to the promoters of PA-specific gene MrLAR and MrANR and anthocyanin-specific gene MrANS and MrUFGT. The LUC/REN ratio of the empty vector plus promoter was set as 1. Different letters above the columns indicate significant differences at p < 0.05. Error bars indicate SE from four biological replicates.




MrMYB6 Inhibits the Promoters of Anthocyanin and PA Pathway Genes

The promoters of several flavonoid pathway genes, including MrLAR, MrANR, MrANS, and MrUFGT were cloned into reporter constructs. Among them, the MrLAR and MrANR promoters were selected to represent the PA-specific pathway, MrANS and MrUFGT for anthocyanin-specific pathway. Effector constructs expressing MrMYB6 were assayed with combinations of AtTT8, AtTTG1, MrbHLH1, and MrWD40-1. As shown in Figure 3C, MrMYB6 significantly reduced the activities of MrLAR and MrANR promoters. This suppression appeared stronger when MrMYB6 was co-transformed with AtTT8 and AtTTG or with MrbHLH1 and MrWD40-1. Similarly, the co-transformation of MrMYB6 with AtTT8 and AtTTG or with MrbHLH1 and MrWD40-1 inhibited the promoters of MrANS and MrUFGT. However, MrMYB6 alone showed no suppression on the promoters of either MrANS or MrUFGT.




DISCUSSION

In higher plants, R2R3-MYB subfamily, including activators and repressors, are major TFs coordinating flavonoid biosynthesis. However, no MYB repressors that regulate flavonoid synthesis have been identified in Chinese bayberry. In this research, we isolated a novel bayberry R2R3-MYB TF, named MrMYB6. Protein sequence analysis revealed that MrMYB6 contained two conserved motifs, C1 and C2 (Supplementary Figure 1A), which have been demonstrated to function as repression motifs of subgroup 4 MYB TFs (Jin et al., 2000; Shen et al., 2012). In addition, MrMYB6 shared the LxLxL-type EAR motif and TLLLFR repressor motif with FaMYB1-like proteins which inhibit both anthocyanin and PA biosynthesis (Cavallini et al., 2015; Yoshida et al., 2015) (Supplementary Figure 1A). The phylogenetic analysis clearly placed MrMYB6 in FaMYB1-like clade with co-repressors in anthocyanin and PA biosynthesis, including VvMYBC2 (Cavallini et al., 2015), PtrMYB182 (Yoshida et al., 2015), PhMYB27 (Albert et al., 2014), FtMYB8 (Huang et al., 2019), MtMYB2 (Jun et al., 2015), and FaMYB1 (Aharoni et al., 2001; Paolocci et al., 2011) (Supplementary Figure 1B). Thus, MrMYB6 displayed all structural characteristics of known inhibitors of flavonoid biosynthesis, and might exhibit similar regulatory functions. Moreover, the nuclear localization of MrMYB6 protein supported its potential function as a TF (Figure 1C).

It has been reported that many R2R3-MYB repressors were negatively correlated with the levels of anthocyanins and PAs and the transcripts of related structural genes. For instance, FtMYB18 was functionally characterized as an inhibitor of anthocyanin and PA synthesis in Tartary buckwheat, and its expression was negatively related to anthocyanin and PA contents (Dong et al., 2020). The elevated expression of VvMYBC2-L1 during berry development was negatively correlated with the anthocyanin and PA synthesis profiles and also with the expression of VvDFR, VvLDOX, VvLAR1, and VvANR (Huang et al., 2014; Cavallini et al., 2015). For Chinese bayberry, the soluble PA content gradually decreased, while the anthocyanin content greatly increased during fruit development (Shi et al., 2018a,b). Interestingly, in our present study, MrMYB6 experienced low expression level exactly at the early developmental stage (57 DAFB) and the harvest stage (113 DAFB), when the soluble PA content and anthocyanin levels were contradictingly the highest (Figure 1B), paralleling with the high expression levels of PA specific MrANR gene and many anthocyanin structural genes (Shi et al., 2018a,b). These results indicated that MrMYB6 expression also exhibited an opposite trend with anthocyanins and PAs accumulation during fruit development in bayberry.

Overexpression of MrMYB6 in tobacco in our present study resulted in a remarkable loss of red color in flowers due to a significant decrease in anthocyanin levels (Figures 2A,C). However, a recent study suggested that overexpression of gerbera GhMYB1a in tobacco plants reduced anthocyanin content but increased the expression of NtCHS, NtF3H, NtDFR, NtANS, and NtUFGT (Zhong et al., 2020). Ectopic expression of tea CsMYB5a in tobacco resulted into downregulated anthocyanin contents but elevated transcripts of NtCHS, NtCHI, NtF3H, NtF3′H, and NtANS in transgenic tobacco flowers (Jiang et al., 2018). Similarly, our results revealed the transcripts of all anthocyanin structural genes were significantly increased in MrMYB6-overexpression tobacco flowers except for NtCHI (Figure 2F). CHI has been identified as a key gene for anthocyanin biosynthesis. Silencing of CHI effectively inhibited anthocyanin accumulation in tobacco (Nishihara et al., 2005). Together with our findings, these results indicated that the inhibition of expression of NtCHI played the most important role in declining anthocyanin content in tobacco flowers when overexpressing MrMYB6 in tobacco. In addition, MrMYB6 was observed to down-regulate the expression of NtLAR and NtANR2, consistent with the observation that the PA content was reduced in transgenic tobacco flowers (Figures 2D–F). The transcription activity assay further showed that MrMYB6 could significantly inhibit the promoters of MrLAR and MrANR (Figure 3C). Taken together, these results suggested that MrMYB6 might be a negative regulator for anthocyanin and PA biosynthesis by inhibiting the transcription of related structural genes.

It is well known that flavonoid biosynthesis is transcriptionally regulated by MYB-bHLH-WD40 (MBW) complexes (Ramsay and Glover, 2005). The transcriptional activity of some MYBs require physical interaction with their bHLH and WD40 partners. In some plants, MYB activators and repressors can interact with the same bHLH and WD40 cofactors during regulation of flavonoid biosynthesis. As reported in petunia, repression of anthocyanin biosynthesis by MYB27 required the presence of AN1 (a bHLH protein), which was a necessary composition of the MBW activation complex for pigmentation (Albert et al., 2014). In poplar, MYB115 interacted with bHLH131 and TTG1 (WD40) to promote PA biosynthesis, while PtrMYB57 depended on the same bHLH131 and TTG1 cofactors for negatively regulating anthocyanin and PA biosynthesis (Wan et al., 2017; Wang et al., 2017). Consistent with these reports, our study found that MrMYB6 could interact with MrbHLH1 and MrWD40-1 (Figure 3B), which have been identified as members of the MrMYB1-MrbHLH1-MrWD40-1 complex that positively regulated anthocyanin biosynthesis in Chinese bayberry (Liu, X. et al., 2013; Liu, X. F. et al., 2013). In addition, MrMYB6 could also interact with AtTT8 and AtTTG that are essential for PA accumulation in Arabidopsis (Baudry et al., 2004). Meanwhile, our dual luciferase assay data confirmed that the interaction of MrMYB6 with these MBW components increased the inhibitory activity of MrMYB6 on the PA-specific genes such as MrLAR and MrANR and the anthocyanin-specific genes such as MrANS and MrUFGT (Figure 3C). Notably, the combination of MrMYB6 with MrbHLH1 and MrWD40-1 exhibited the strongest repression effect on the flavonoid biosynthesis genes compared with other factors. Therefore, these results indicated that MrMYB6 negatively regulated anthocyanin and PA synthesis through directly inhibiting the transcription of flavonoid pathway genes by forming a MrMYB6-MrbHLH1-MrWD40-1 complex. It must be pointed out that without any partners, MrMYB6 displayed no suppression on the promoters of either MrANS or MrUFGT in anthocyanin-specific pathway (Figure 3C). On the contrary, researches have revealed that several R2R3-MYB repressors such as VcMYBC2, PbMYB120, MaMYB4, and FaMYB1 on their own were sufficient to inhibit anthocyanin accumulation in many fruits such as blueberry, pear, banana, and strawberry (Aharoni et al., 2001; Song et al., 2020; Deng et al., 2021; Li et al., 2021). Therefore, we supposed that there might be other MYB TFs independently down-regulating anthocyanin accumulation in bayberries, which deserved further studies.

In conclusion, a R2R3-MYB transcriptional factor, MrMYB6, which functions as one of the negative regulators for anthocyanin and PA biosynthesis, was isolated from Chinese bayberry. The transcripts of MrMYB6 displayed a negative correlation with the anthocyanin and insoluble PA accumulation during the late ripening stages of bayberries. Ectopic overexpression of MrMYB6 caused reduced anthocyanin and PA contents in tobacco flowers because of the decline in the expression of NtCHI, NtLAR, and NtANR2 genes. In addition, MrMYB6 could directly inhibit anthocyanin and PA pathway gene expression by forming MrMYB6-MrbHLH1-MrWD40-1 complex.
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Supplementary Table 1. Primers used in this study.

Supplementary Figure 1. Sequence analysis of MrMYB6. (A) Multiple sequence alignment of the R2R3-type motifs in MYB TFs from different plant species. (B) Phylogenetic analysis of MrMYB6 and other R2R3-MYB proteins. The phylogenetic tree was constructed using the NJ method with MEGA7 software. The numbers near the branches represents bootstrap value from 1,000 replicates. AmMYB308 (Antirrhinum majus MYB308, P81393), SmMYB39 (Salvia miltiorrhiza MYB39, AGS55356), GhMYB9 (Gossypium hirsutum MYB9, AAK19619), CmMYB1 (Chrysanthemum morifolium MYB1, AEO27497), EgMYB1 (Eucalyptus gunnii, MYB1 CAE09058), HvMYB1 (Hordeum vulgare MYB1, P20026), ZmMYB42 (Zea mays MYB42, NP_001106009), ZmMYB31 (Zea mays MYB31, NP_001105949.2), PhMYB4 (Petunia hybrida MYB4, ADX33331), AtMYB4 (Arabidopsis thaliana MYB4, AAC83582.1), AtMYB32 (Arabidopsis thaliana MYB32, NP_195225), AtMYB7 (Arabidopsis thaliana MYB7, NP_179263), NtMYB2 (Narcissus tazetta MYB2, ATO58377), FaMYB1 (Fragaria × ananassa MYB1, AAK84064.1), PhMYB27 (Petunia hybrida MYB27, AHX24372.1), VvMYBC2-L1 (Vitis vinifera MYBC2-L1, ABW34393), VvMYBC2-L3 (Vitis vinifera MYBC2-L3, AIP98385), FtMYB8 (Fagopyrum tataricum MYB8, MK128409), PtrMYB182 (Populus trichocarpa MYB182, XP_002305872), MtMYB2 (Medicago truncatula MYB2, XP_003616388).
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Nitrogen is one of the most important macro-nutrients for plant growth and crop productivity. The amount of synthetic nitrogen fertilizers supplied to crops has dramatically increased, leading to a notable rise in crop yields. However, excessive nitrogen use has an enormous negative impact on ecosystems and human health through the emission of intense greenhouse gases, such as nitric oxide derived from the nitrate (NO3–) assimilation cascade. Additionally, owing to the development of extensive irrigation in agriculture, crops are known to suffer from high salt stress. The effect of excessive nitrogen fertilizer application has been studied in some crops, but the effect of high nitrate level and salt stress on plant stress tolerance has not been studied in detail. Therefore, in this study we aimed to study the effects of high concentrations of NO3– on salt stress tolerance in Arabidopsis. In addition, since anthocyanin functions as a reactive oxygen species (ROS) scavenger under abiotic stress conditions, we investigated whether enhanced anthocyanin content helps Arabidopsis to withstand higher salt stress levels under high NO3– concentrations by using pap1-D/fls1ko double mutant plants, which accumulate excessive amount of anthocyanin. We found that Col-0 plants are more sensitive to salt stress under high NO3– concentrations. Although both the pap1-D/fls1ko and fls1ko plants accumulated higher anthocyanin levels and radical scavenging activities than Col-0 plants under both normal and salt stress conditions, the fls1ko plants exhibited much better growth than the pap1-D/fls1ko plants. It appears that the enhanced NR activities and transcript levels of NIA1 and NIA2 in pap1-D/fls1ko and fls1ko plants led to an increase in the synthesis of proteins and proline, which increases osmolytes against salt stress. Our results demonstrate that optimal levels of anthocyanin accumulation can enhance growth performance of plants under high NO3– and salt stress conditions.

Keywords: Arabidopsis, anthocyanin, nitrate, nitrate reductase, salt stress tolerance


INTRODUCTION

Recently, the demand for high quality vegetable crops has steadily increased due to global population growth and the rapid pace of economic development. Intensive greenhouse cultivation of vegetable crops is becoming common; greenhouse soil for vegetable cultivation typically has a high NO3– content in agricultural systems (Shen, 2010). In greenhouse cultivation, constant single crop cultivation and, excessive nitrogen fertilizer application change the transformation process of soil nitrogen and accelerate the accumulation of NO3– (Shen, 2010; Li et al., 2015). This not only causes serious environmental pollution (Schlesinger, 2009), but may also impact the stress tolerance and productivity of the plant itself. For example, the use of excessive nitrogen fertilizer was reported to negatively affect the fruit yield and quality in tomatoes and reduce agricultural sustainability (Ronga et al., 2020). Moreover, it has been reported that the use of excess N fertilizers in green houses in China each year has resulted in significant changes in soil chemical properties, including lower nitrogen use efficiency (Zhu et al., 2005; He et al., 2007), and soil secondary salinization and acidification (Shen et al., 2008; Shi et al., 2009). Nitrogen fertilizers that are overspread in arable land are known to leach into the hydrosphere, except for a certain amount absorbed by plants. However, the authors who investigated the fate of isotopically labeled nitrogen fertilizers in a three-decade-long in situ tracer experiment demonstrated that 61–65% of the applied fertilizer N is consumed by plants, while at least 12–15% remain in soil organic matter (Sebilo et al., 2013). Therefore, if nitrogen fertilizer is sprayed every year, nitrogen will continue to accumulate in the soil environment and affect the growth of plants. Moreover, studies have shown that in some vegetable growing areas in northern China, a single season N fertilizer input is over 300 kg N ha–1; this amount is almost twice as much as it is required for most plant crops (Zhang, 2005), with the NUE being only 33% (Song et al., 2009). The excess of N fertilizer applied to the fields results in the accumulation of a significant amount of nitrate within the soil profile (Shi et al., 2009). In addition, due to the development of extensive irrigation in agriculture, crops are known to suffer from high salt stress. When high nitrogen and salt stress conditions are present together, the growth of plants may be further atrophied, requiring specific agricultural protocols to optimally manage specific crop cultivation systems under these conditions. As the development and use of smart farm systems in plant factory technology progress, it is necessary to study the optimization of nitrogen fertilizer application required for the production of crops suitable for a specific purpose.

Anthocyanin, an important secondary metabolite in plants, helps in stress tolerance by functioning as a potent antioxidant molecule (Oh et al., 2011; Li et al., 2017; Yong et al., 2019). For example, when UDP-glycosyltransferases (UGT79B2/B3) were overexpressed, anthocyanins accumulated and increased the antioxidant activity, enhancing the ability of the plant to cope with abiotic stress (Xu and Rothstein, 2018), whereas ugt79b2/b3 double mutant Arabidopsis plants exhibited reduced stress tolerance (Li et al., 2017). Anthocyanins are also known to help improve our health and are sold as health promotion supplements. Increasing the nitrogen concentration decreases the anthocyanin contents in plants, while decreasing the nitrogen concentration dramatically increases the anthocyanin contents (Scheible et al., 2004; Diaz et al., 2006). This suggests that nitrogen and anthocyanin concentrations are closely correlated in plants; however, the reason for this correlation and the underlying regulatory molecular mechanisms remain unclear. The MYB-bHLH-WD40 (MBW) complex plays an important role in the regulation of anthocyanin biosynthesis in plants (Petroni and Tonelli, 2011; Albert et al., 2014). The role of one of these components, the MYB gene, AtPAP1 (AtMYB75), was demonstrated by the discovery of the PRODUCTION OF ANTHOCYANIN PIGMENT 1-dominant (pap1-D) mutant plants (Borevitz et al., 2000). The pap1-D mutations obtained through activation tagging are known to cause overexpression of PAP1 and over-accumulation of anthocyanins (Borevitz et al., 2000). Previously, we had generated a double mutant plant that lacks the FLS1 gene (fls1ko mutant) in the pap1-D background (pap1-D/fls1ko plants) to further increase the anthocyanin content (Lee et al., 2016), because flavonol synthase (FLS) converts dihydrokaempferol into flavonols which are otherwise converted into anthocyanins via Dihydroflavonol-4-reductase (DFR).

As described above, the use of excess nitrogen fertilizers has been studied in several crops (Ronga et al., 2020), but many of the effects on plants remain elusive. Therefore, we investigated how the stress tolerance of Arabidopsis changes when high concentrations of nitrate are treated together with salt stress. We also questioned whether enhanced anthocyanin content could help Arabidopsis to further withstand salt stress in the presence of high NO3– concentrations. In this study, we found that Col-0 plants were more sensitive to salt stress under high NO3– conditions. High NO3– conditions resulted in inhibition of the synthesis of anthocyanin, which act as excellent antioxidants in the abiotic stress responses of plants. We observed that although both the pap1-D/fls1ko and fls1ko plants accumulated higher anthocyanin levels than Col-0 plants under both normal and salt stress conditions, the fls1ko plants exhibited much better growth than the pap1-D/fls1ko plants. Here, we report the possible mechanism of the enhanced growth performance of pap1-D/fls1ko seedlings in response to salt stress under high NO3– conditions.



MATERIALS AND METHODS


Plants Culture Conditions and Generation of the pap1- D/fls1ko Plants

Arabidopsis thaliana wild-type, Columbia (Col-0) were used as control plants. The T-DNA inserted ttg1ko and the, EMS mutant, fls1ko were obtained from the Arabidopsis Information Resource (TAIR)1. To construct pap1-D/fls1ko plants, pap1-D and fls1ko plants were crossed producing homozygous F3 plants (Lee et al., 2016). The seeds were sterilized and stored for 3 days at 4°C. The seeds were germinated and grown on 10 mM NO3– supplied with nitrogen-free half-strength Murashige and Skoog (MS) medium. Each plant was raised in a growth chamber under the following conditions: 16 h light/8 h dark cycle, 23°C, 50–55 μmol photons m–2s–1, and 70% humidity. The prepared 10 mM NO3– half-strength MS medium contained 2% sucrose and 0.5% Phytagel. The pH of the medium was adjusted to 5.8. The seedlings were treated in the nitrogen-free half-strength MS medium with various concentrations of sodium chloride (NaCl) and potassium nitrate (KNO3).



Measurement of Chlorophyll Contents

The chlorophyll contents were detected by spectrophotometry. The chlorophyll contents were extracted from 9-day-old seedlings. First, 50 mg of each samples were treated with various concentrations of NaCl and KNO3. Then, the plants were ground into a fine powder in liquid nitrogen. The prepared samples were treated with 700 μL of an 80% acetone solution at 21°C in a 1.5 mL tube. The solutions were mixed in the dark for 30 min to prevent chlorophyll damage. The mixture was centrifuged at 3,000 rpm at 4°C for 15 min. The absorbance was measured at 663 and 645 nm. Statistical analyses were performed by factorial ANOVA, followed by Tukey’s test for comparisons of means at least at the 95% confidence level. The following equations were used to estimate the chlorophyll concentrations:
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where (V is the volume of the extract, and W is the: weight of fresh leaves).



Measurement of Anthocyanin Contents

Four-day-old seedlings were used for the anthocyanin analysis after treatment with 10, 25, and 50 mM KNO3 and 175 mM NaCl for 24 h. Here, 300 L of 80% methanol and 5% HCl was added to 4-day-old ground plant tissue and the anthocyanin was extracted overnight in a dark refrigerator. After this, 200 L distilled water (DW) and 500 L of chloroform were added to each tube. After centrifugation at 13,000 rpm for 20 min, the extracts were moved to new tubes and the amount of anthocyanin was quantified photometrically (DU 640 spectrophotometer; Beckman Instruments Beijing, China). The seedlings were collected for determination of the anthocyanin content at 535 and 650 nm using a spectrophotometer or plate reader. The blank sample comprised 480 L methanol 1% HCl and 320 L DW in a total volume of 800 L. All statistical analyses were performed using factorial ANOVA, followed by Tukey’s test for comparison of the means at the 95% confidence level.



Quantitative Reverse Transcription Polymerase Chain Reaction

Each of seedlings was grown in the control medium for 9 days and then transferred to each concentration of NaCl and KNO3 with nitrogen-free medium for 6 h. Then the total RNA was isolated form these samples by using TRIzol (total RNA isolation reagent, Thermo Fisher Scientific) and checked the RNA quality by loading 3 μL of the extracted RNA sample to RNA loading gel. For the first strand, the cDNA was synthesized as described by Lee et al. (2016) by using MMLV reverse transcriptase. The strand-specific cDNA was used for quantitative reverse transcription polymerase chain reaction (qRT-PCR) analysis using a primer. qRT-PCR was performed by using EvaGreen 2 × qPCR MasterMix (Applied Biological Materials, Inc., Richmond, Canada) and Bio-Rad CFX manager program. AtActin2 and UBQ10 were used as the internal controls because they are known housekeeping genes. The primer sequences are listed in Supplementary Table 1. All statistical analyses were performed using one-way ANOVA, followed by Tukey’s test for comparison of means at the 95% confidence level.



Measurement of Proline Contents

The proline content was measured as described previously (Bates et al., 1973). Briefly, proline was isolated from 100 mg of plants by grinding in 1 ml of 3% sulfosalicylic acid. A 200 μl aliquot of this extract was then reacted with a mixture of 100 μl of the ninhydrin reagent (80% glacial acetic acid, 6.8% phosphoric acid, and 70.17 mM ninhydrin) for 60 min at 100°C. Immersion in an ice bath was used to end the reaction; the reaction mixture was treated with 200 μl of toluene and vortexed. The absorbance rate of the toluene layer was measured at 520 nm in a UV/VIS spectrophotometer. The Proline concentration was extrapolated from a standard curve, and calculated on an FW basis as follows: [(ng proline ml–1 × ml extraction buffer)/115.5 ng nmol] g–1 sample = nmol proline g–1 FW material.



Measurement of Sucrose Contents

Each 9-day-old seedling was supplemented with various concentrations of NaCl with KNO3 for 24 h. Then, 100 mg of ground tissue was used for sucrose extraction by adding 1 mL of 80% HEPES buffered ethanol for 10 min. The pH was adjusted to 7.8. Using glucose and sucrose assay kits (Sigma-Aldrich, #SCA20), 100 mg of the prepared samples were analyzed, according to the manufacturer’s protocols. The extracted solutions were then filtered by through a 20-nm nylon mesh. Then the extractions were centrifuged at 4,000 g for 5 min. The sucrose contents were then expressed as the sucrose concentration in the fresh weight (μg/mg) and the number of seedlings. The statistical analyses were performed using a factorial ANOVA, followed by Tukey’s test for comparison of means at the 95% confidence level.



Measurement of NO3– Contents

Each of the seedlings were supplemented with various concentration of NaCl and KNO3 for 1 day. The 50 mg samples of whole 9-day-old seedlings were used to isolate the NO3– contents. The prepared samples were washed with distilled water (DW) and ground with liquid nitrogen. DW was added to the samples for 1 mL, and then adding the boiling distilled water for 20 min. The sample was centrifuged at 13,000 rpm at 4°C for 10 min. The tube was vortexed after 100 μL of the supernatant was treated with 400 μL of salicylic sulfate acid in a 15-mL Falcon tube. The samples were incubated at RT for 30 min. The samples were mixed with 9.5 mL of 8% NaOH solution and cooled down at 4°C for 5 min. The NO3– levels were calculated from the absorbance at 410 nm. The statistical analyses were performed using a factorial ANOVA, followed by Tukey’s test for comparison of the means at the 95% confidence level.



Nitrate Reductase Assay

Seedlings of 9-day-old Col-0, pap1-D/fls1ko, fls1ko, and ttg1ko plants were exposed to 10, 25, and 50 mM KNO3 with 175 mM NaCl for 1 d. Whole seedlings were used for the nitrate reductase assay. Nitrate reductase was extracted and calculated by using the NR Assay Kit (BC0080, SolarBio, Beijing, China). Each 50 mg seedling was supplied with 1 mL of the extraction solution and centrifuged at 4,000 rpm for 10 min. The supernatant was collected and analyzed further. The absorbance at 520 nm was used to calculate the nitrate reductase activity. The statistical analyses were performed using factorial ANOVA, followed by Tukey’s test for comparison of means at the 95% confidence level.



BCA Assay for Protein Level Determination

Each seedling was exposed to various concentrations of NaCl and KNO3 at 9 days after growth under control conditions, and then proteins were extracted. PRO-PREPTM Protein Extraction Solution (500 μL) was added to the samples after they were ground, and then they were vortexed. The samples were then incubated at −20°C for 20–30 min for cell-lysis, after which they were centrifuged for 5 min at 13,000 rpm and at, 4°C. The supernatant was transferred to a new e-tube, and was stored at −20°C for use in further experiments. For protein analysis, BCA (Merck millipore, United States) reagent was used. The prepared samples were heated for 30 min at 37°C. Then 25 μL of each standard or sample replicate was pipetted into a microplate well. After this 200 μL of the working reagent was added to each well and mixed for 30 s, and the plate was incubated at 37°C for 30 min for the standard assay (while the enhanced assay required 30 min incubations at 60°C). The samples were cooled at room temperature (10 min for the standard assay, 15 min for enhanced assay), and the absorbance at 562 nm was promptly determined, using a plate reader. Statistical analyses were performed using a factorial ANOVA, followed by a Tukey’s test for comparison of the means at the 95% confidence level.



DAB Staining and DPPH Radical Scavenging Assay

3,3’-Diaminobenzidine (DAB) (D5637, Sigma-Aldrich), the H2O2 staining agent, was dissolved in DW and adjusted to pH 3.8 with KOH. The DAB solution was freshly prepared in order to avoid auto-oxidation. Three 2-week-old seedlings were transferred to 10, 25, and 50 mM KNO3 with 175 mM NaCl for 24 h. Prior to the transfer, seedlings were immersed and infiltrated under vacuum with 1.25 mg/ml DAB staining solution. Stained plants were bleached in acetic acid-glycerol-ethanol solution at 100°C for 5 min, and then stored in glycerol-ethanol solution. H2O2 was visualized as brown color due to DAB polymerization.

For DPPH radical scavenging assay, free radical scavenging ability of the plant extracts was tested by DPPH radical scavenging assay as described by Desmarchelier et al. (1997). A solution of 0.1 mM DPPH in methanol was prepared, and 2.4 mL of this solution was mixed with 1.6 mL of extract in methanol at different concentrations (12.5–150 μg/mL). After votrexing the reaction mixture, it was left in the dark at RT for 30 min. The absorbance of the mixture was measured spectrophotometrically at 517 nm. Percentage DPPH radical scavenging activity was calculated by the following equation: where A0 is the absorbance of the control, and A1 is the absorbance of the extracts/standard. Then % of inhibition was plotted against concentration, and from the graph IC50 was calculated. The experiment was repeated three times at each concentration. Statistical analyses were performed using a factorial ANOVA, followed by a Tukey’s test for comparison of the means at the 95% confidence level.



Measurement of Sodium and Potassium Contents

Ten-day-old seedlings were treated with 10, 25, and 50 mM KNO3 with 175 mM NaCl for 24 h. Whole seedlings were used for the Na+ and K+ measurement. Then the 100 mg of samples were rinsed with deionized water and then each sample was dissolved in 0.6 ml of nitric acid in glass test tubes at 120°C for 2 h. After this, 0.4 ml of 60% (v/v) HClO4 was added to each glass tube. The samples were incubated at 150°C for 2 h until total sample volume is reduced to ≤0.5 ml. The samples were cooled down at room temperature and deionized water was added to samples up to 5 ml. Perkin-Elmer Optima 2000 DV inductively coupled plasma optical emission spectrometer (ICP-OES) was used to measure the concentration of sodium and potassium according to the manufacturer’s instruction. The statistical analyses were performed using a factorial ANOVA, followed by Tukey’s test for comparison of means at the 95% confidence level.



Gene Accession Numbers

The gene sequences reported in this article can be found in the Arabidopsis Information Resource2 under the following accession numbers: LBD37 (AT5G67420), LBD38 (AT3G49940), LBD39 (AT4G37540), NRT1.1 (AT1G12110), NRT 2.1 (AT1G08090), NIA1 (AT1G77760), NIA2 (AT1G37130), CHI (AT2G43570), PAP1 (AT1G56650), and MYBL2 (AT1G71030), RD29A (AT5G52310), KIN2 (AT2G02800), RD22 (AT5G25610), COR15B (AT2G42530), DREB2A (AT5G05410).



RESULTS


Anthocyanin Over-Accumulation Helps to Resist High Salt Stress Under High NO3– Conditions in Arabidopsis

To observe how the growth of plants changed and to investigate the effect of anthocyanin when salt stress and high nitrate conditions co-occurred, we examined the growth performance of Col-0, pap1-D/fls1ko, fls1ko, and ttg1ko plants in 175 mM NaCl combined with various NO3– concentrations. The 4-day-old seedlings of each type from the control medium (10 mM NO3–, half-strength MS) were transferred to a medium with salt and high NO3– content (KNO3 10, 25, and 50 mM). All plants grew slightly smaller at 50 mM than at 10 mM NO3– condition (Figure 1A). We found that the shoot fresh and dry weight and root weights of Col-0 decreased significantly with high level of nitrate (Figure 1B). However, in the case of pap1-D/fls1ko, fls1ko and ttg1ko plants, the growth phenotype was different from Col-0. In particular, in the case of fls1ko, the shoot weight was significantly higher than that of Col-0 at 25 and 50 mM than at 10 mM nitrate condition. Next, to reveal the effect of high nitrate on the salt stress tolerance of plants, the growth of Col-0, pap1-D/fls1ko, fls1ko, and ttg1ko plants was examined in medium with 10, 25, or 50 mM nitrate along with 175 mM NaCl; Col-0 and the ttg1ko plants showed a reduced growth performance and particularly suffered from a high NO3– content (50 mM) under salt stress conditions, whereas we found that the shoot dry weight, as well as the shoot and root weights and primary root length, increased in the pap1-D/fls1ko and fls1ko plants compared with those of Col-0 (Figure 1B). The pap1-D/fls1ko and fls1ko plants showed more purple leaves and longer primary root length than Col-0 and ttg1ko plants. The ttg1ko plants had less purple pigment in their leaves with a shorter root length than Col-0, pap1-D/fls1ko, and fls1ko plants. As shown in Figure 1C), although treatment with high NO3– concentration and 175 mM NaCl resulted in decreased chlorophyll contents in all plant types we examined, pap1-D/fls1ko and fls1ko plants accumulated more chlorophyll contents compared with Col-0 and ttg1ko plants.


[image: image]

FIGURE 1. Growth phenotype of anthocyanin related mutants in response to various NO3– combinations under salt stress conditions. (A) After their growth in normal 10 mM NO3– medium, 9-day-old Col-0, pap1-D/fls1ko, fls1ko, and ttg1ko plants were transferred to 10, 25, and 50 mM KNO3 treated media as the control and to media with the same NO3– concentrations along with 175 mM NaCl. The seedlings were grown in normal medium for 9 days, then moved to test medium for another 12 days; the seedlings were moved back to normal medium and grown for 5 more days to recover before taking pictures. (B) The shoot fresh weight, shoot dry weight, root weight, and primary root length of each seedlings were calculated to quantify the growth phenotype of the plants mentioned in (A). The weight measurement of seedlings was carried out by using the plants harvested after growing 9-day-old plants in each medium for 12 days, then transferring to the 10 mM KNO3 medium for recovery for 5 days. (C) The chlorophyll contents of 9-day-old Col-0, pap1-D/fls1ko, fls1ko, and ttg1ko plants were measured after treatment with 10, 25, and 50 mM KNO3 and 175 mM NaCl for 24 h and are shown per fresh weight (mg). Three independent experiments were conducted, and the data were subjected to a factorial ANOVA, followed by Tukey’s test (P < 0.05). The letters above the columns indicate significant differences. Bars represent the standard errors.


PAP1 is a well-known transcription factor in the anthocyanin biosynthesis pathway in plants (Zuluaga et al., 2008). We investigated whether the accumulation of high levels of anthocyanin affected plant tolerance to high NO3– and salt stress conditions. First, we determined the anthocyanin contents in 4-day-old Col-0, pap1-D/fls1ko, fls1ko, and ttg1ko plants after treatment with salt at various NO3– concentrations for 24 h (Figure 2A). The anthocyanin levels decreased in response to the high NO3– content; however, pap1-D/fls1ko and fls1ko plants accumulated higher levels of anthocyanin, whereas ttg1ko plants accumulated less than Col-0 plants. In order to investigate whether the difference in the potassium concentration affected plant growth according to different nitrogen concentrations, potassium chloride (KCl) was added to the nitrate 5 mM medium at concentrations of 5, 15, 25, and 45 mM. There was no significant difference in plant growth among these conditions (Supplementary Figure 1). In addition, the concentration of anthocyanin in plants treated with the KCl medium was also measured, and it was confirmed that the concentration of KCl did not cause significant difference (Supplementary Figure 2).
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FIGURE 2. Anthocyanin contents and related gene transcript levels in plants after treatment with high concentrations of NO3– under salt stress conditions. (A) The anthocyanin contents were measured in 4-day-old Col-0, pap1-D/fls1ko, fls1ko, and ttg1ko plants after they were treated with 10, 25, and 50 mM KNO3 and 175 mM NaCl for 24 h. The purple anthocyanin pigment was calculated by color-spectrometric absorbance measurement. (B) Nine-day-old Col-0, pap1-D/fls1ko, fls1ko, and ttg1ko plants were treated with 10, 25, and 50 mM KNO3 and 175 mM NaCl for 6 h and the RNA was extracted. The relative transcription levels of the anthocyanin biosynthesis gene, PAP1 (anthocyanin-related transcription factor) were confirmed by using each cDNA sample. Actin2 was used as an internal control. Three independent experiments were conducted, and the data were subjected to a factorial ANOVA, followed by Tukey’s test (P < 0.05). The letters above the columns indicate significant differences. Bars represent the standard errors.


To investigate the reason for the reduced anthocyanin levels in response to high NO3– concentrations even under salt stress conditions, we determined the transcript levels of anthocyanin biosynthesis inhibition-related genes after treatment of 9-day-old seedlings with 10, 25, and 50 mM NO3– and 175 mM NaCl for 6 h (Supplementary Figure 3). Among the many known anthocyanin-related negative regulators in plants, the lateral organ boundary domain (LBD) genes, LBD37 and LBD39, showed up-regulation in Col-0 plants following treatment with high concentrations of NO3–, but the pap1-D/fls1ko and fls1ko plants also showed similar or higher transcript levels compared with the Col-0 plants (Supplementary Figure 3). The MYBL2, which acts as negative regulator of anthocyanin biosynthesis by inhibiting the MBW complex formation, was also up-regulated in Col-0 plants in response to the high NO3– content; however, pap1-D/fls1ko plants showed significantly higher transcript levels compared with Col-0, fls1ko, and ttg1ko plants. We next examined the transcript levels of positive regulators of anthocyanin biosynthesis. which was the PAP1, a transcription factor of the anthocyanin biosynthesis enzyme genes (Figure 2B). The relative transcript level of PAP1 in each of the seedlings was down-regulated in response to high NO3– concentrations, a pattern similar to that of the anthocyanin contents in seedlings. These findings suggested that the reduced anthocyanin accumulation in response to high NO3– concentrations under salt stress could be due to combined regulation of the enhanced transcription of negative regulators along with reduced transcription of the positive regulators of anthocyanin biosynthesis.



Proline Contents Significantly Increased Under High Salinity and High NO3– Conditions Compared With That Under Normal Conditions

Since the pap1-D/fls1ko and fls1ko plants exhibited a better growth performance than Col-0 (Figure 1), we decided to examine the various salt stress responses of Col-0, pap1-D/fls1ko, fls1ko, and ttg1ko plants against salt stress compared to Col-0 in the presence of high nitrate level. First, we examined the transcript levels of the abiotic-stress related marker genes, RD29A, KIN2, RD22, COR15B, and DREB2A (Figure 3A). In Col-0 plants, the transcript levels of KIN2, RD22, COR15B, and DREB2A slightly increased following treatment with different concentrations of NO3–. However, we were not able to see significant difference in the transcript levels of these genes among Col-0, the pap1-D/fls1ko and fls1ko plants (Figure 3A). Under high salt and high nitrate conditions, the transcript levels of COR15b exhibited a significant increase in ttg1ko plants compared to Col-0, although the mechanism underlying this is currently unknown. Modulation of reactive oxygen species (ROS) scavenging systems can lead to enhanced tolerance to oxidative stresses imposed by many biotic and abiotic stresses (Pastori and Foyer, 2002). Thus, we examined the H2O2 level in the Col-0, the pap1-D/fls1ko, fls1ko and ttg1ko plants (Figure 3B). With DAB staining, the intensities of the stain appears slightly lower in the pap1-D/fls1ko and fls1ko than Col-0 in high nitrate and high salt conditions (Figure 3B). When we quantitatively measured anti-oxidant levels using DPPH assay, the radical scavenging activities were higher in the pap1-D/fls1ko and fls1ko plants than in Col-0 at 25 mM nitrate medium with salt (Figure 3C). Next, the content of proline, which is well-known to increase in response to water stress (Greenway and Munns, 1980), was found to be higher in the pap1-D/fls1ko and fls1ko plants than in Col-0 under high nitrate and high salt conditions (Figure 3D). To investigate whether salt content differs between plants, 9-day old seedlings were supplied to 10, 25, and 50 mM KNO3 and 175 mM NaCl for 24 h then Na+ and K+ ion were measured, respectively (Figure 3E). The content of Na+ was slightly higher than that of Col-0 in 10 and 50 mM nitrate medium with salt, but no significant difference was not found in other conditions (Figure 3E). This suggests that the increased levels in anthocyanin and proline have contributed to the increase in salt stress tolerance in the pap1-D/fls1ko and fls1ko plants to some extent.
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FIGURE 3. Altered ABA-related genes transcript levels, DAB staining, proline contents, and ion contents in pap1-D/fls1ko and fls1ko plants under high NO3– and salt conditions. (A) Nine-day-old Col-0, pap1-D/fls1ko, fls1ko, and ttg1ko plants grown in normal media were treated with 10, 25, and 50 mM KNO3 and 175 mM NaCl for 6 h, and the RNA was extracted. The relative transcript levels of RD29A, KIN2, RD22, COR15B, and DREB2A were confirmed by using each cDNA sample. Actin2 was used as an internal control. (B) Nine-day old seedlings were supplied to 10, 25, and 50 mM KNO3 and 175 mM NaCl for 24 h, and DAB staining was conducted. (C) Nine-day old seedlings were supplied to 10, 25, and 50 mM KNO3 and 175 mM NaCl for 24 h, and DPPH assay was conducted. (D) Nine-day-old seedlings were subjected to 10, 25, and 50 mM KNO3 and 175 mM NaCl for 24 h, and the proline content was calculated. (E) Nine-day old seedlings were supplied to 10, 25, and 50 mM KNO3 and 175 mM NaCl for 24 h then Na+ and K+ ion were measured from each seedling. Three independent experiments were conducted, and the data were subjected to a factorial ANOVA, followed by Tukey’s test (P < 0.05). The letters above the columns indicate significant differences. Bars represent the standard errors.


NO3– signaling pathways are known to be closely related to sucrose; moreover carbohydrates increase anthocyanin accumulation by activating its biosynthesis genes (Meng et al., 2018). and high sucrose contents in plants cause reduction in photosynthetic efficiency (Eckstein et al., 2012). Because the anthocyanin contents were significantly higher in the pap1-D/fls1ko and fls1ko plants, we were curious about the sucrose contents in these plants. Thus, the sucrose contents were measured after 9-day-old seedlings were treated with 10, 25, and 50 mM KNO3 and 175 mM NaCl for 24 h (Supplementary Figure 4). Decreased sucrose contents were detected following increased NO3– concentrations under salt stress. The pap1-D/fls1ko plants had lower sucrose contents than the Col-0 and fls1ko plants. The fls1ko plants showed decreased sucrose contents than the Col-0 plants but slightly higher than the pap1-D/fls1ko plants. In contrast, the ttg1ko plants showed higher sucrose contents than the Col-0 plants under 25 mM NO3– with salt stress. These results indicate that high sucrose contents in the ttg1ko plants may partly contribute to better growth performance in response to high NO3– concentrations under salt stress because high sucrose contents in plants can confer enhanced stress tolerance (Pommerrenig et al., 2018).



NO3– Contents and Transporter Gene Transcript Levels Were Altered in Response to High Nitrate Concentrations Under Salt Stress

Next, we analyzed whether the NO3– contents differed in these plants. The 9-day-old seedlings were sampled to measure the NO3– contents after the seedlings were exposed to 10, 25, and 50 mM of NO3– under salt stress for 24 h. As shown in Figure 4A, the NO3– contents increased in response to high NO3– concentrations under salt stress; however, pap1-D/fls1ko and fls1ko plants showed lower NO3– contents than the Col-0 plants especially under 50 mM NO3– with salt stress. Conversely, the ttg1ko plants showed higher NO3– levels than the Col-0, pap1-D/fls1ko, and fls1ko plants (Figure 4A). To determine the reason for the altered NO3– contents, the transcript levels of several NO3– transporter genes were examined after treatment of 9-day-old seedlings with NO3– and salt (Figure 4B). The NRT1.1, a widely known NO3– transporter, showed decreased transcript levels under high NO3– and salt conditions in Col-0 plants. In pap1-D/fls1ko plants, NRT1.1 transcript levels were highly induced but showed a decreasing trend due to the high NO3– concentration. The fls1ko plants showed a similar transcript level to Col-0 plants; however, the ttg1ko plants showed highly induced transcript levels that were similar to pap1-D/fls1ko plants only under 10 and 25 mM KNO3 with salt stress. The gene NRT2.1, a low-affinity NO3– transporter, showed decreased transcript levels in Col-0 plants under high NO3– and salt conditions; however, pap1-D/fls1ko, fls1ko, and ttg1ko plants showed significantly increased transcript levels (Figure 4B).
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FIGURE 4. Altered NO3– metabolism after treatment with high NO3– concentrations under salt stress conditions. (A) The NO3– contents in 9-day-old Col-0, pap1-D/fls1ko, fls1ko, and ttg1ko plants were measured after treatment with 10, 25, and 50 mM KNO3 and 175 mM NaCl for 24 h. The NO3– content of each seedling is shown per seedling fresh weight (mg). (B) Nine-day-old Col-0, pap1-D/fls1ko, fls1ko, and ttg1ko plants were treated with 10, 25, and 50 mM KNO3 and 175 mM NaCl for 6 h, and the RNA was extracted. The relative transcript levels of NRT1.1 and NRT2.1 (nitrate transport encoding genes) were confirmed by using each cDNA sample. Actin2 was used as an internal control. (C) Nine-day-old Col-0, pap1-D/fls1ko, fls1ko, and ttg1ko plants were treated with 10, 25, and 50 mM KNO3 and 175 mM NaCl for 24 h and the nitrate reductase (NR) activity was confirmed. The NR activity of each seedling is shown per seedling fresh weight (mg). For the detection of relative transcript levels of NIA1 and NIA2 (nitrate reductase related encoding genes), 9-day-old Col-0, pap1-D/fls1ko, fls1ko, and ttg1ko plants were supplied with 10, 25, and 50 mM KNO3 and 175 mM NaCl for 6 h and the RNA was extracted. The relative transcript levels of NIA1 and NIA2 were measured by using each cDNA samples and Actin2 as internal control. Three independent experiments were conducted, and the data were subjected to a factorial ANOVA, followed by Tukey’s test (P < 0.05). The letters above the columns indicate significant differences. Bars represent the standard errors.




Optimal Anthocyanin Levels Increased the Nitrogen Use Efficiency of pap1-D/fls1ko and fls1ko Plants

Since NO3– contents were reduced in the pap1-D/fls1ko and fls1ko plants, we speculated that these plants harbored more nitrate reductase (NR) activity under high NO3– and salt conditions. To investigate the NR activity in response to salt and various NO3– concentrations, we conducted the NR activity assay after treating 9-day-old seedlings with 10, 25, and 50 mM NO3– under salt stress for 24 h. As shown in Figure 4C, while the NR activities were increased in the Col-0 plants in response to high NO3– concentrations with salt stress, the pap1-D/fls1ko and fls1ko plants showed slightly higher NR activities than Col-0 plants under all the conditions tested. However, the ttg1ko plants (which had much higher sucrose contents) showed extremely reduced NR activity levels compared with the Col-0 plants under high NO3– contents with salt stress (Figure 4C). To determine if the transcript levels of nitrate reductase related genes, NIA1 and NIA2, were altered, 9-day-old seedlings were separately treated with 10, 25, and 50 mM nitrate in combination with 175 mM NaCl for 24 h. The major nitrate reductase NIA1 (Nitrate reductase 1) and NIA2 (Nitrate reductase 2) transcript levels were measured using qRT-PCR. In Col-0 plants, NIA1 transcript level marginally increased in response to high nitrate content under salt stress conditions (Figure 4C). Consistent with the NR activity assay results, both pap1-D/fls1ko and fls1ko plants showed highly increased NIA1 transcript level following the exposure to high nitrate contents. The ttg1ko plants that had reduced NR activity, showed similar transcript level under normal nitrate concentration (10 mM), but slightly increased under 25 and 50 mM nitrate concentrations with salt stress. The NIA2 transcript level was also increased in response to high nitrate content with salt stress in Col-0 plants and had similar levels of NIA1 in pap1-D/fls1ko, fls1ko, and ttg1ko plants (Figure 4C).

Finally, we evaluated the total protein contents in these plants to determine whether the nitrogen use efficiency was increased in pap1-D/fls1ko and fls1ko plants. As demonstrated in Figure 5, the protein contents significantly increased in pap1-D/fls1ko and fls1ko plants compared with Col-0 and ttg1ko plants.
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FIGURE 5. Enhanced protein contents of plants in response to high NO3– and salt conditions. Nine-day-old seedlings were transferred to various NO3– concentrations (KNO3: 10, 25, and 50 mM) and 175 mM NaCl-treated medium after growth in normal 10 mM NO3– treated media. The protein contents were measured and are shown per seedling fresh weight (mg). Three independent experiments were conducted, and the data were subjected to a factorial ANOVA, followed by Tukey’s test (P < 0.05). The letters above the columns indicate significant differences. Bars represent the standard errors.




DISCUSSION

One of the many responses observed in salt-stressed plants is a decline in general metabolic activities. We have been interested in the relationship between NO3– metabolism and salt stress because the activity of NR enzymes is noticeably reduced when plants are exposed to salt stress (Gao et al., 2013). Since many farmers use much nitrogen fertilizer, we wanted to investigate whether high nitrogen concentrations help plants tolerate salt stress. Moreover, we aimed to investigate whether the mutant plants that over-produce anthocyanins (which help with the oxidative stress associated with salt stress) were better than Col-0 in terms of tolerance to high-salt stress in the presence of high NO3–.

To investigate the effect of high NO3– concentrations on salt stress tolerance in plants, we fixed the salt concentration to 175 mM NaCl and provided three different concentrations of NO3–: 10, 25, or 50 mM. Under these conditions, the fls1ko plants showed the best growth performance among the four plant categories, although the primary root length results were not significantly different (Figures 1A,B). Without salt stress, we found that the growth performance of Col-0 plant was reduced as nitrate concentration increased, which was also observed in other plants (Saiz-Fernández et al., 2015). The authors proposed that high NO3– inhibits maize growth by causing hormonal alterations that modify plant growth from cell to whole plant. To determine whether the anthocyanin content was higher in pap1-D/fls1ko plants than in fls1ko plants, we examined the anthocyanin content and observed that pap1-D/fls1ko plants accumulated more than twice as much anthocyanin than fls1ko plants in all conditions (Figure 2A). Since the pap1-D/fls1ko plants can accumulate much higher anthocyanin levels than Col-0, fls1ko and ttg1ko plants, we expected that the pap1-D/fls1ko plants would exhibit the best tolerance toward salt stress in combination with high NO3– concentrations in the growth medium. However, the fls1ko plants that accumulated less anthocyanin than pap1-D/fls1ko plants showed high tolerance to salt stress with enhanced chlorophyll contents (Figure 1C). This result demonstrates that a dramatic increase in the anthocyanin contents in plants does not lead to enhanced tolerance to salt stress in Arabidopsis. This raises the question of why salt stress tolerance is not proportional to the anthocyanin level, although there is a large amount of anthocyanin in pap1-D/fls1ko plants. A plausible explanation could be found in the metabolic energy problem. In order for plants to synthesize anthocyanin, a secondary metabolite, various enzymes and transcriptional regulators are required, and excess energy is used for these reactions. Therefore, the reduced stress tolerance in pap1-D/fls1ko plants may be related to the consumption of excessive energy for anthocyanin synthesis and the reduction of energy sources for the various reactions required for their tolerance to salt stress. The LBD genes (LBD37, LBD38, and LBD39) are negative regulators of anthocyanin biosynthesis in Arabidopsis. When these genes were overexpressed in NO3– deficient conditions, the transcript levels of PAP1 and PAP2, which are key transcriptional factors for anthocyanin biosynthesis, were suppressed, leading to reduction in flavonoid levels. In contrast, lbd37, lbd38, or lbd39 mutants accumulated anthocyanin when grown in NO3– sufficient conditions. We observed that the transcript levels of LBD37 and LBD39 genes increased with an increase in NO3– concentration, which was also seen in pap1-D/fls1ko, fls1ko and Col-0 plants (Supplementary Figure 3). Moreover, it has been reported that nitrogen controls a coordinated regulation of both positive regulators (MYB proteins) and negative regulators (LBD proteins) in the flavonoid biosynthesis pathway in plants (Soubeyrand et al., 2014). This indicates that the reduction in anthocyanin accumulation in Col-0 plants in response to high NO3– contents with salt may not be caused by the induction of LBD37 and LBD39 genes. It appears that PAP1 plays a major role in the reduction of anthocyanin in Col-0 with its transcript level decreased under high NO3– concentrations with salt stress (Figure 2B).

We subsequently examined various stress index responses to understand the reason underlying the improved growth performance under salt stress of the pap1-D/fls1ko and fls1ko plants in higher nitrate conditions. The transcript levels of COR15b, DREB2A, KIN2, and RD22 which are stress marker genes were not significantly different between the tested plants (Figure 3A). In addition, DAB staining assay showed slightly weaker in the pap1-D/fls1ko and fls1ko plants in 10 mM nitrate medium than Col-0, but there was no significant difference under other conditions (Figure 3B). Since we did not measure all the various types of ROS contents, we cannot conclude that the total ROS contents of the pap1-D/fls1ko and fls1ko plants is not much different from those of Col-0. In contrast, the content of proline was found to be relatively higher in the pap1-D/fls1ko and fls1ko plants than in the Col-0 at high nitrate and high salt conditions (Figure 3D), which is probably because of the increase in the activity of nitrate reductase in these plants (Figure 4C). Therefore, it can be assumed that the higher salt stress tolerance is higher in in the pap1-D/fls1ko and fls1ko plants than in Col-0 under high nitrate and salt stress conditions is because of the higher proline contents of these plants more than Col-0. We adopted ttg1ko as a control plant that lacks anthocyanins to investigate the role of anthocyanin under high NO3– and high salt conditions. At first, we expected that ttg1ko plants would exhibit significantly lower stress tolerance than Col-0 plants in all tested conditions because anthocyanins play important roles in plant stress tolerance. However, under 25 mM of NO3– with salt, ttg1ko plants exhibited more tolerance to salt stress than Col-0 plants (Figure 1A). The high salt stress tolerance of ttg1ko plants could be partly attributed to the higher sucrose content (Supplementary Figure 4). Plants have established a complex regulatory mechanism, which coordinates nitrogen with carbon metabolism. The metabolites serving as substrates and products are important in controlling and facilitating the coordination of carbon metabolism and nitrogen assimilation (Nunes Nesi et al., 2010). This is necessary to prevent the excessive use of carbohydrates and avoid the accumulation of toxic products (NO2 and NH4+), leading to strict regulation of the various steps of nitrogen assimilation. Sucrose can control the NR activity by modulating the phosphorylation level of NR (Iglesias-Bartolomé et al., 2004). Sucrose inhibits SNRK1 (SNF1 related protein kinase), which is proposed to phosphorylate and inhibit NR (Lillo, 2008). When the concentration of nitrogen in plants is low, the anthocyanin content increases. When the concentration of nitrogen is lowered, the relative proportion of carbohydrates increases (Scheible et al., 2004). Carbohydrates, particularly sucrose, induce anthocyanin accumulation by modulating the MBW complex genes in various plant species (Payyavula et al., 2013; Xi et al., 2018). Higher carbohydrate contents in plants can lead to problems such as lower photosynthesis efficiency. To prevent this, plants increase the synthesis of anthocyanins to lower the carbohydrate contents. In contrast, when nitrogen is abundant, carbohydrates are needed for the production of amino acids and other macromolecules; hence, anthocyanin biosynthesis is suppressed.

We observed that when the growth medium contained high NO3– concentrations, the NO3– content increased inside the plant cells (Figure 4A). However, NO3– contents of both pap1-D/fls1ko and fls1ko plants under 25 and 50 mM NO3– concentrations with salt stress conditions were lower than those of Col-0 plants, and the NO3– contents in the ttg1ko plants were the highest under 10 and 50 mM NO3– concentrations with salt stress conditions (Figure 4A). In these plants, the decrease in the transcript levels of the NO3– transporter genes does not seem to have caused reduction in the NO3– content in the cells because when compared with these mutant and Col-0 plants, the transcript levels of NO3– transporter genes such as the NRT1.1 and NRT2.1 were similar or greater in the pap1-D/fls1ko, fls1ko and ttg1ko plants (Figure 4B). Although the transcript levels of the NO3– transporter genes were not significantly different, the NO3– contents were low in the pap1-D/fls1ko and fls1ko plants. Thus, we explored whether there was any difference in the activity of the NR enzymes among these plants. This increase in the NR activity might lead to an increase in protein synthesis in the pap1-D/fls1ko and fls1ko plants (Figure 4C). This is presumed to have contributed to the increase in proline content (Figure 3D). Our results show that the increased accumulation of anthocyanins in plants can partly contribute to improving the nitrogen use efficiency of stressed plants. Anthocyanins function as excellent antioxidants; therefore, we predicted that the content of DAB staining would be weaker in the pap1-D/fls1ko and fls1ko plants than in Col-0, but the results did not support this (Figure 3B). However, since anthocyanin is well-known for their antioxidant activity, we think that nitrate metabolism operate more efficiently and ultimately leading to better growth performance in in the pap1-D/fls1ko and fls1ko plants than Col-0 under stressful environments owing to reduced oxidative stress.

Taken together, our results led us to conclude that salt stress tolerance of plants was weakened by high NO3– concentrations. Although our study was performed on the model plant Arabidopsis and the response of other crops may be different, our findings are still a reminder that we need to minimize the use of nitrogen fertilizers in agricultural activities. Our FLS1-related study suggests a plant biotechnological approach to develop highly stress-resistant crops in the future. In other words, the unconditional increase in anthocyanin does not create the most effect on improving the salt stress tolerance of plants. We observed that reduction in salt stress tolerance by high NO3– application level can be improved to some extent by increasing the anthocyanin contents (Figure 2A). Therefore, anthocyanin biosynthetic genes or other genes need to be carefully engineered to obtain plants that show enhanced tolerance against salt stress. Recently, many studies on the improvement of crop characteristics have been conducted due to the development of CRISPR technology. However, unlike conventional overexpression studies, it is now necessary to delete genes to improve specific traits of crops. The FLS1 gene studied here could be an ideal target gene that can be modified using CRISPR technology.
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Supplementary Figure 1 | Growth phenotype of Col-0 in response to various concentrations of potassium chloride (KCl) medium. After their growth in normal 10 mM NO3– media, 9-day-old Col-0 plants were transferred to the 5 mM NO3– medium supplemented with 5, 15, 25, or 45 mM KCl medium as a control for the high level NO3– treatment. The pictures were taken 7 days after the transfer.

Supplementary Figure 2 | Anthocyanin contents in response to various concentrations of potassium chloride (KCl) medium with nitrate and salt stress conditions. The anthocyanin contents were measured in 4-day-old Col-0, pap1-D/fls1ko, fls1ko, and ttg1ko plants after treatment with 10, 25, and 50 mM KNO3 and 175 mM NaCl for 24 h by color-spectrometric absorbance. For each medium, KCl was added to ensure the KCl concentration was uniform.

Supplementary Figure 3 | Anthocyanin biosynthesis inhibition-related genes transcript levels of plants after treatment with high concentrations of NO3– under salt stress conditions. Nine-day-old Col-0, pap1-D/fls1ko, fls1ko, and ttg1ko plants were treated with 10, 25, and 50 mM KNO3 and 175 mM NaCl for 6 h and the RNA was extracted. The relative transcription levels of the anthocyanin biosynthesis inhibition-related genes (LBD37, LBD38, and LBD39) and anthocyanin biosynthesis inhibition related gene MYBL2 were confirmed using each cDNA sample. ACTIN2 was used as an internal control. Three independent experiments were conducted, and the data were subjected to a factorial ANOVA, followed by Tukey’s test (P < 0.05). The letters above the columns indicate significant differences. Bars represent the standard errors.

Supplementary Figure 4 | Significantly decreased sucrose contents in pap1-D/fls1ko and fls1ko plants under high NO3– and salt conditions. Nine-day-old Col-0, pap1-D/fls1ko, fls1ko, and ttg1ko plants were transferred to 10, and 25 mM KNO3 treated control media after growth in normal 10 mM NO3– media. The sucrose contents were then measured from each seedling. Three independent experiments were conducted, and the data were subjected to Tukey’s test (P < 0.05). The letters above the columns indicate significant differences. Bars represent the standard errors.

Supplementary Table 1 | List of primers designed for qRT-PCR.
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Efficient conversion of lignocellulosic biomass into biofuels is influenced by biomass composition and structure. Lignin and other cell wall phenylpropanoids, such as para-coumaric acid (pCA) and ferulic acid (FA), reduce cell wall sugar accessibility and hamper biochemical fuel production. Toward identifying the timing and key parameters of cell wall recalcitrance across different switchgrass genotypes, this study measured cell wall composition and lignin biosynthesis gene expression in three switchgrass genotypes, A4 and AP13, representing the lowland ecotype, and VS16, representing the upland ecotype, at three developmental stages [Vegetative 3 (V3), Elongation 4 (E4), and Reproductive 3 (R3)] and three segments (S1–S3) of the E4 stage under greenhouse conditions. A decrease in cell wall digestibility and an increase in phenylpropanoids occur across development. Compared with AP13 and A4, VS16 has significantly less lignin and greater cell wall digestibility at the V3 and E4 stages; however, differences among genotypes diminish by the R3 stage. Gini correlation analysis across all genotypes revealed that lignin and pCA, but also pectin monosaccharide components, show the greatest negative correlations with digestibility. Lignin and pCA accumulation is delayed compared with expression of phenylpropanoid biosynthesis genes, while FA accumulation coincides with expression of these genes. The different cell wall component accumulation profiles and gene expression correlations may have implications for system biology approaches to identify additional gene products with cell wall component synthesis and regulation functions.

Keywords: biomass, cell wall, digestibility, lignin, ferulic acid, switchgrass, vegetative development


INTRODUCTION

Due to increased transportation energy usage and urgency to reduce fossil fuel use, demand for advanced fuels is predicted to increase to 79.5 billion liters by 2022 (US CRS Report, 2009), about 7% of annual petroleum utilization (EIA, 2019). Biofuels from lignocellulosic biomass, such as the leaves and stems of perennial grasses, hold promise to sustainably fulfill a significant fraction of the alternative fuel requirement with low greenhouse gas emissions (Schmer et al., 2008; Gelfand et al., 2013). Biochemical processes are now being deployed that convert polysaccharides, typically cellulose, from plant cell walls into alcohol fuels (Youngs and Somerville, 2012; Torres et al., 2016). However, lignin and hydroxycinnamic acids (HCAs) covalently crosslink cell walls and reduce saccharification efficiency during biomass enzymatic digestibility (ED) (Sattler and Funnell-Harris, 2013). Altering expression of single genes, especially those from the phenylpropanoid biosynthesis pathway, which synthesizes lignin and HCAs, improves biomass processing efficiency (Baxter et al., 2014; Li et al., 2018). Still, questions remain as to which manipulations are optimal and how genetic diversity can be harnessed to achieve simultaneous biomass composition and yield improvements. One approach to address this is to associate transcriptomes with biomass properties at harvest, but designing such studies requires an initial understanding of the relationships between gene expression (GE) and composition across development and genotypes. This study aims to reduce this knowledge gap for switchgrass.

Among potential dedicated bioenergy grasses, switchgrass (Panicum virgatum L.) is a front-runner species for lignocellulosic feedstock production in the United States (Bouton, 2007; Casler et al., 2011; Bartley et al., 2013b). Switchgrass is a C4, warm-season perennial that produces high annual biomass yield (typically ≥12 Mg/ha) and exhibits broad environmental adaptation (Lowry et al., 2019). This primarily outcrossing species consists of upland and lowland ecotypes and possesses high genetic diversity (Zalapa et al., 2011; Lu et al., 2013). Lowland genotypes are typically tetraploid, whereas uplands are octaploid or tetraploid (Lu et al., 2013). Most switchgrass cultivars have only undergone a few rounds of selection, and more genetic diversity exists within a cultivar than among cultivars (Cortese et al., 2010). That said, there are established characteristics that typify the ecotypes. Relative to upland cultivars under the same conditions, lowlands tend to cease growth later and have longer, thicker stems, contributing to lowlands typically accumulating greater biomass than uplands (Lowry et al., 2014). On the other hand, uplands exhibit greater drought and cold tolerance than lowlands (Stroup et al., 2003; Ayyappan et al., 2017).

The relationships between GE and cell wall properties across development and among ecotypes and genotypes remain under-explored. Generally, as plants mature, secondary cell wall formation and lignification occur; as a result, mature tissue contains a higher proportion of lignin and is less digestible (Boerjan et al., 2003). Previous cell wall and GE analyses revealed variations among developmental stages and internodes from lowland switchgrass of the Alamo cultivar (Mann et al., 2009; Shen et al., 2009; Escamilla-Treviño et al., 2010; Shen et al., 2013). Cell wall digestibility, a key output of biomass composition, varies across switchgrass development due to changes in cell wall components, with strong negative correlations between digestibility and total lignin, lignin monomers, and HCAs in Alamo switchgrass (Shen et al., 2009; Hu et al., 2010). However, whether developmentally associated cell wall changes are consistent among genotypes has not to our knowledge been examined. When genotypic variation effects on switchgrass cell wall composition has been examined among cultivars, including across ecotypes, these studies have focused on a single stage (Lemus et al., 2002; Hu et al., 2010).

This work reports the cell wall composition, ED, and lignin biosynthesis GE of a series of developmentally matched samples from A4, AP13, and VS16 switchgrass genotypes. We find that the measured cell wall parameters, especially phenylpropanoid content, vary across development and in many cases among genotypes. For example, VS16 is more digestible than A4 and AP13 at earlier developmental stages but not at reproduction. Generally, expression of phenylpropanoid biosynthesis genes precedes lignin accumulation, suggesting that early GE may be an indicator of cell wall properties later in development.



MATERIALS AND METHODS


Plant Material

Switchgrass (Panicum virgatum L.) genotypes A4, AP13, and VS16 were grown in a greenhouse under approximately a 14-h day/10-h night photoperiod at 20–30°C in Norman, Oklahoma. Plants were watered once a week with deionized water and fertilized every 3 months with ∼15-g Osmocote 19-6-12 (Scotts). Single ramets from each genotype were propagated in 5-L pots containing a soil mixture of peat and topsoil (1:1) until producing multiple tillers. A total of nine plants, three biological replicate clones of each genotype, were grown. Harvesting took place between April and July.



Sample Collection

Switchgrass plant developmental stages were determined as previously described (Moore et al., 1991). Single tillers for the vegetative 3 (V3), elongation 4 (E4), and reproductive 3 (R3) stages were collected from each biological replicate. All harvesting took place between 9 and 11 a.m. local time. Each tiller was harvested by cutting the tiller 3–4 cm above soil level, just beneath the first node, N1 (Figure 1). The sample was immediately chopped into small pieces with heavy-duty scissors into 50-ml conical tubes, followed by quick-freezing in liquid nitrogen. For each plant, an additional E4 tiller was further dissected into three segments. These consisted of S1 (lower, more mature) including the stem from just below the first node 1 (N1) above the soil to just below the second node and including the entire bottom leaf sheath and blade; S2 (middle, intermediate maturity) including the stem just below the second node to the stem just below the third internode and the associated leaf; and S3 (upper, least mature) including the stem just below the third node to the stem just below the fourth internode and the associated leaf uppermost node 4. Node 4 and all distal leaf and stem material were discarded. Samples were homogenized into fine powder in liquid nitrogen using mortars and pestles and stored at −70°C.
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FIGURE 1. Diagram of switchgrass stages and segments characterized in this experiment. N indicates nodes. Panicle was removed from the R3 tillers.




Alcohol Insoluble Residue Preparation

Alcohol insoluble cell wall residue (AIR) preparation and subsequent cell wall analysis were carried out essentially as described (Bartley et al., 2013a). Briefly, ∼100 mg of fresh frozen, ground tissue was treated 4–5 times with a 95% (v/v) ethanol wash for 30 min at 100°C in a thermomixer and centrifugation at 10,000 g for 10 min, with the supernatant removed after each wash. AIR was further washed three times with 70% (v/v) ethanol and then vacuum dried. The AIR was destarched using amylase (0.3 U/10 mg AIR) followed by amyloglucosidase (0.33 U/10 mg AIR) and pullulanase (0.04 U/10 mg AIR).



Carbohydrate Composition

Cell wall carbohydrates were measured as previously described (Bartley et al., 2013a). Briefly, 2-mg destarched AIR was treated with 2 M of trifluoroacetic acid (TFA) at 120°C for 1 h. Monosaccharides were quantified relative to standards using high-performance anion exchange chromatography (HPAEC) with pulsed amperometric detection on an Dionex ICS-3000 system equipped with an electrochemical detector and a 4 × 250 mm CarboPac PA20 column, following the method described previously. The remaining glucose in the pellet was measured with the anthrone method.



Lignin Content

Acetyl bromide soluble lignin content was used as a proxy for lignin content (Fukushima and Hatfield, 2004). For this analysis, 2 mg of destarched AIR was treated with 100 μl of freshly made acetyl bromide solution (25% v/v acetyl bromide in glacial acetic acid) for 3 h in a screw-cap tube at 50°C with continuous 1,050-rpm shaking and occasional gentle vortexing every 15 min for the last hour. Quantification in a 96-well plate and lignin content estimation were as described (Bartley et al., 2013a).



Hydroxycinnamic Acid Content

Destarched AIR (3 mg) was saponified using 500 μl of 2 M of NaOH with continuous mixing at 300 rpm in a thermomixer at 25°C for 24 h. The solution was then neutralized with 100 μl of concentrated hydrochloric acid (HCl) and extracted with 300 μl of ethyl acetate. Samples were dried and dissolved in 50% (v/v) methanol for HCA analysis using a Dionex Ultimate 3,000 high-performance liquid chromatography (HPLC) system. Details for the HPLC protocol and run parameters were as previously described, except that detection was at 305 nm (Bartley et al., 2013a).


Enzymatic Digestibility

ED pretreatment conditions were analyzed using a high-throughput assay system, with minor changes, as previously described (Santoro et al., 2010). Specifically, 2 mg of R3 greenhouse-grown ground total biomass from A4 and AP13 was pretreated with 150 μl of aqueous solution at different NaOH concentrations (0, 0.62, 1.5, 3.0, 6.2, 9.4, 12.5, 15.0, 30, and 62 mM) for 1 h at 90°C with continuous shaking. After cooling and adjusting the pH to 4.8, we carried out ED for 20 h at 50°C with a mixture of enzymes (Accellerase 1,000, Genencor, Rochester, NY) in 30 mM of citrate buffer (pH 4.5) plus 0.01% sodium azide.

For ED assays with developmental samples, destarched AIR (2 mg) was suspended in 100 μl of 100 mM citrate buffer (pH 5.0) at 30°C for 1 h and then pretreated with 1.5 mM NaOH at 100°C for 1 h with continuous shaking. After being cooled to room temperature and neutralized, the slurry was incubated with a 1:1:1 cocktail of the Novozymes enzymes cellulose (NS50013, diluted 1:10), β-glucosidase (NS50010, diluted 1:100), and xylanase and other minor enzymes (NS22002, diluted 1:10) at 50°C with continuous shaking. The released reducing sugars were quantified by 3,5-dinitrosalicylic (DNS) assay as reported (Bartley et al., 2013a).



Identification and Analysis of Caffeic Acid 3-O-Methyltransferase Sequences

Caffeic acid 3-O-methyltransferase (COMT) locus IDs and sequences were obtained from the literature and through BLASTP searches of genome databases. Sequences were screened for the presence of the O-methyltransferase domain (PF0089.18) using HMMER with the online search tool (Potter et al., 2018). Sequences lacking this domain were excluded. We obtained Arabidopsis COMT (AtCOMT1, AT5G54160) from TAIR and related sequence from the NCBI GenBank (NP_200227). We identified seven COMT sequences from the P. virgatum v4.1 draft AP13 genome sequence available through Phytozome (DOE-JGI1; locus ID, protein name: Pavir.6NG060500.1.p, PvCOMT1a; Pavir.6KG070300.1.p, PvCOMT1b; Pavir.2NG564200.1.p, PvCOMT2a; Pavir.2KG513400.1.p, PvCOMT2b; Pavir.2NG567300.1.p, PvCOMT2c; Pavir.1KG549300.1.p, PvCOMT3a; and Pavir.1NG551300.1.p, PvCOMT3b). PvCOMT1 and PvCOMT2 were named and characterized previously (Wu et al., 2019); however, COMT1b and COMT2c lack PF0089.18 in this version of the annotation, and we excluded them from further analysis. Other COMT protein sequences were found with an orthologous groups search in Phytozome using AtCOMT, in the NCBI GenBank database (Benson et al., 2011), and from the literature on genetically and biochemically characterized COMTs. These are as follows: for Amborella trichopoda (AmTr_v1.0_scaffold00001.509, AmTrCOMT1), for Arabidopsis (AT3G5310, AtCOMTlike11), for Brachypodium distachyon (Bradi1g14870, BdCOMT1; Bradi3g16530, BdCOMT4, or BdCOMT6; Bradi2g02380, BdCOMT2; Bradi2g02390, BdCOMT3) (Wu et al., 2013), for safflower (Carthamus tinctorius: BAG71895, CtCAldOMT1), for barley (Hordeum vulgare: HORVU7Hr1G082280.1, HvCOMT1; HORVU3Hr1G116770.1, HvCOMT2; HORVU6Hr1G000040.1, HvCOMT3) (Daly et al., 2019), for alfalfa (Medicago sativa: AAB46623, MsCOMT1) (Zubieta et al., 2002), for tobacco (Nicotiana tabacum: X74452.1, NtCOMT1; X71430.1, NtCOMT2) (Maury et al., 1999), for rice (Oryza sativa: LOC_Os08g06100.1, OsCAldOMT1 or OsCOMT1; LOC_Os02g57760, OsCOMT2) (Koshiba et al., 2013), for poplar (Populus trichocarpa: ACC63886.1, PtCALdOMT1) (Wang et al., 2015), for Setaria italica (Seita.6G055900.1, SiCOMT1); for Sorghum bicolor (Sorbic.007G047300.1.p, SbCOMT1 or BMR12; Sorbic.004G351400.1.p, SbCOMT2) (Green et al., 2014), and for maize (Zea mays: GRMZM5G814904_P01, ZmCOMT or ZmBMR3; GRMZM2GO82007, ZmCOMT2).

For each COMT sequence, the O-methyltransferase domain was identified using a MOTIF search (KEGG, 2014). Multiple sequence alignment of the O-methyltransferase domains was performed in ClustalW (Thompson et al., 1994). Phylogenetic reconstruction was conducted using the maximum likelihood model in MEGA X with the LG amino acid substitution matrix and a discrete Gamma distribution (parameter = 1.1485) with five rate categories and 1,000 bootstrap replications (Kumar et al., 2018).



RNA Isolation and Quantitative Reverse Transcription-PCR

Primers for quantitative reverse transcription-PCR (qRT-PCR) of phenylpropanoid pathway genes were obtained from the literature (Shen et al., 2012, 2013). Primers for COMT gene family members were designed using default parameters of Primer Express software (version 3.0) (Applied Biosystems, Foster City, CA, United States) and selected based on low conservation among homologs. Sequences are listed in Supplementary Table 1.

Total RNA was isolated from 100 mg of frozen ground tissue using the RNeasy Plant Mini Kit (Qiagen, Germantown, MD, United States) following manufacturer’s instructions. RNA integrity was checked on a 1% (w/v) agarose gel and from the 260- to 280-nm absorbance ratio determined with a Take3 plate on a SynergyHT reader (BioTek, Winooski, VT, United States). For first-strand cDNA synthesis, 1 μg of total RNA was subjected to Turbo-DNase (Ambion, Austin, TX, United States) treatment as described in the manufacturer’s protocol followed by cDNA synthesis using the primer d(T)20VN primer (Sigma, St. Louis, MO, United States) and SuperScript III reverse transcriptase (Life Technologies, Grand Island, NY, United States). Reactions were performed as described previously (Lin et al., 2016) using a Bio-Rad CFX96 thermocycler (Bio-Rad, Hercules, CA, United States) in a white 96-well plate with optical sealing film (Bio-Rad) in 10-μl final volume with 1 μM each of gene specific primers, 2 μl of cDNA, and 5 μl of 2 × SsoFAST EvaGreen Mastermix (Bio-Rad). The following protocol was used for all qPCR reactions: 95°C for 30 s, 40 cycles of 95°C for 1 s, and 60°C for 5 s, followed by default dissociation curves conducted by heating from 60 to 95°C to ensure a single target amplicon. LinRegPCR software was used to estimate PCR efficiency (Ramakers et al., 2003), and relative expression of each gene was determined from efficiency-adjusted ΔCq values. Microsoft Excel was used to calculate means and standard errors of three biological replicates, each measured with three technical replicates.



Data Analysis and Statistics

Analysis of variance (ANOVA), Tukey’s range test, correlation analyses, and principal component analysis (PCA) were carried out in R (version 2.15.2) (R Development Core Team, 2010). ANOVA was used to detect significant differences of cell wall composition and morphological characteristics among the three genotypes, developmental growth stages, and tiller segments. A Tukey’s range test was performed after ANOVA to detect significant differences at the P < 0.05 level, which are indicated by different letters in the figures and tables. The R package “stats” with the function “princomp” was used for PCAs.

Gini correlation analysis was employed to identify relationships among cell wall traits and between cell wall traits and GE. Gini correlation analysis is a hybrid parametric and non-parametric correlation method that uses both rank and value information (Ma and Wang, 2012). It is more tolerant to outliers, less dependent on sample size and data distribution, and better at detecting non-linear relationships than other correlation methods (Ma and Wang, 2012). Gini correlation coefficients (GCCs) and corresponding P-values were calculated using the “rsgcc” R package with 2,000 permutation tests (Ma and Wang, 2012). False discovery rate q-values were derived with the “q-value” R package (Storey, 2002; Storey and Tibshirani, 2003). For the correlations among cell wall parameters, we compared the GCC results with Spearman correlation coefficients (SCC) and Pearson correlation coefficients (PCCs) produced with the “psych” R package (Supplementary Table 2; Revelle, 2018). Most significant correlations were detected by all three methods, with similar coefficients, P, and q-values. PCC gave the fewest significant correlations, but all correlations that were significant via GCC were significant either with PCC or with SCC. The correlation network generated using the GCC values in the cell wall parameters dataset with q < 0.01 was visualized using Cytoscape version 2.8.3 (Shannon et al., 2003). A significance cutoff of q < 0.05 was applied for the correlations between GE and cell wall change values, whereas a cutoff of q < 0.01 was used for correlations between GE and cumulative cell wall parameters.



RESULTS

Switchgrass development has been classified into vegetative (V), elongation (E), and reproductive (R) stages (Moore et al., 1991; Hardin et al., 2013). At each stage, different segments (phytomers) develop acropetally, with the upper internodes developing after the bottom segments. To address how changes in development among genotypes alter cell wall properties, we analyzed lignin, hydroxycinnamates, cell wall carbohydrates, cell wall ED, and phenylpropanoid biosynthesis GE of whole tillers at the V3, E4, and R3 stages and three tiller segments at E4 stage, from the bottom segment, S1E4, to the top segment, S3E4 (Figure 1). These samples were studied for three switchgrass genotypes: two lowland, Alamo genotypes (A4 and AP13) and one upland, Summer genotype (VS16). Supplementary Table 3 contains the cell wall and GE data generated in this study.


Cell Wall Properties

Among measured cell wall components, phenylpropanoids displayed the most significant differences among genotypes and across development. Acetyl bromide soluble lignin significantly varied among growth stages and tiller segments (ANOVA, P < 0.05). At the whole tiller level, plants at mature R3 stage contain significantly more lignin than immature V3 and E4 stages in all three genotypes [Figure 2A, Tukey’s honestly significant difference (HSD), P < 0.05]. A4 and AP13 have more lignin than VS16 at the V3 and E4 stages but not at the R3 stage. Thus, lignin varies among genotypes in young V3 and E4 stages but converges by the R3 stage. The oldest segment, S1E4, contains significantly more lignin than the younger segment, S3E4 segments of A4 and AP13 but not of VS16 (Figure 2B, Tukey’s HSD, P < 0.05), another indication of the lignin development delay in VS16 relative to A4 and AP13. The HCAs, para-coumaric acid (pCA) and ferulic acid (FA), also differ across genotypes and stages (Figure 3). Consistent with lignin being the major destination for pCA in the cell wall, pCA tends to increase from young to old plants. The amount of pCA at the R3 stage is significantly higher (Tukey’s HSD, P < 0.05) than that at V3 and E4 stages in VS16 and A4 (Figure 3A). At each stage, VS16 has less pCA than A4 and AP13 and less FA than A4. Across E4 segments, the FA concentration does not vary significantly; in the Alamos, increases in pCA with maturity are suggested, but not statistically significant (Figure 3B).


[image: image]

FIGURE 2. Lignin of switchgrass genotypes A4, AP13, and VS16. Samples are arranged from developmentally young tissues to old tissues. (A) Whole tillers at V3, E4, and R3 developmental stages and (B) S3, S2, and S1 tissue segments of the E4 tiller as shown in Figure 1. Error bars indicate standard error (N = 3). Means with unshared letters are likely to be significantly different [Tukey’s honestly significant difference (HSD), P ≤ 0.05].



[image: image]

FIGURE 3. Hydroxycinnamic acids (HCAs), ferulic acid (FA) and para-coumaric acid (pCA), of switchgrass genotypes A4, AP13, and VS16. Samples, diagramed as in Figure 1, are arranged from young to old stages/segments. (A) Whole tillers at V3, E4, and R3 developmental stages and (B) S3, S2, and S1 tissue segments of the E4 tiller. Error bars indicate standard error (n = 3). Means with unshared letters are likely to be significantly different [Tukey’s honestly significant difference (HSD), P ≤ 0.05].


Cellulose and most matrix and pectin monosaccharides are invariant or do not exhibit clear trends across development or among genotypes (Tables 1, 2). Xylose and arabinose decline significantly from the V3 to E4 stage in AP13. TFA-soluble glucose, which derives from mixed linkage glucan and amorphous cellulose, declines with development in AP13 and A4, but not in VS16. Compared with trace amounts of fucose in some other grass species (Lin et al., 2016), switchgrass possesses a higher amount of fucose, ranging from 2.9 to 11 μg/mg, which increases with development. Very few statistically significant differences were detected among segments.


TABLE 1. Matrix polysaccharide and non-crystalline cellulose carbohydrate composition (μg/mg) in cell wall residue of across growth stages from A4, AP13, and VS16 switchgrass.

[image: Table 1]
TABLE 2. Carbohydrate composition (μg/mg) of cell wall residue of elongation 4 (E4) tiller segments (S3–S1) from A4, AP13, and VS16 switchgrass.

[image: Table 2]Cell wall residues from the three switchgrass genotypes were further characterized for cellulase ED using pretreatment conditions optimized to show differences among genotypes. To select pretreatment conditions, we evaluated the effect of varying NaOH pretreatment concentrations on yields of lignocellulose-derived sugars by ED of biomass from mature R3 tillers of A4 and AP13. Supplementary Figure 1 shows differences in reducing sugar yields (Δ) between AP13 and A4. At and below 3.0 mM NaOH pretreatment, the ΔAP13-A4 sugar yield was 0.014 mg/g AIR with significant P-values (P ≤ 0.03); however, at higher NaOH pretreatment concentrations (6.2, 9.4, 12.5, 15, 30, and 62 mM), the difference in sugar yields was not detectable and non-significant (P > 0.05). The maximum difference in ED between A4 and AP13 was observed with 1.5 mM NaOH pretreatment at 100°C (Supplementary Figure 1). Under these conditions, differences likely reflect structural properties, such as crosslinking, that prevent enzyme access to cellulose, as opposed to compositional differences, such as variation in the amount of cellulose. For all three genotypes, R3 tillers showed lower ED than V3 and E4 tillers (Figure 4A). Compared with A4 and AP13, VS16 showed significantly higher saccharification efficiency at the V3 and E4 stages (P < 0.05). However, as with lignin content, the difference in saccharification efficiency diminished by the R3 stage. Our assay possessed too much noise to statistically distinguish the E4 segments, but the trend was decreased digestibility in the more mature S1E4 segment compared with the others for the Alamo genotypes (Figure 4B).
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FIGURE 4. Enzymatic digestibility (ED) of switchgrass genotypes, A4, AP13, and VS16. Samples are diagramed in Figure 1 and are arranged from young to old stages/segments. (A) Whole tillers at V3, E4, and R3 developmental stages and (B) S3, S2, and S1 tissue segments of the E4 tiller as shown in Figure 1. Cell wall residues from different tissue samples were subjected to enzymatic hydrolysis, and the amount of sugars released after 8, 16, and 24 h of incubation were quantified via DNS assay. Error bars indicate standard error (n = 3). Means with unshared letters are likely to be significantly different [Tukey’s honestly significant difference (HSD), P ≤ 0.05].


A PCA of the cell wall parameters indicated that developmentally older samples and the switchgrass genotypes are partially distinguishable (Figure 5A). Principal component 1 (PC1) was negatively influenced by ED but positively influenced by lignin, HCAs, and carbohydrates (Figure 5B). Principal component 2 (PC2) was negatively influenced by ED, HCAs, and carbohydrates including xylose, arabinose, and (non-crystalline cellulose) glucose but positively influenced by lignin and minor monosaccharides. Based on PC1 and PC2 (Figure 5A), A4 and VS16 had divergent cell wall properties, whereas AP13 was intermediate. Plant development also impacts cell wall composition and properties. Mature R3 and S1E4 samples, shown by squares in Figure 5A, generally have higher values in both principal components than younger samples. As indicated by the spread in the PCA, the cell wall differences among genotypes are larger in younger samples (V3, E4, S3E4, and S2E4) than in older samples (R3 and S1).
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FIGURE 5. Principal component analysis of cell wall variables indicates segregation by sample age and, partially, by genotype. (A) Distribution of samples in the first two principal components. Percentages indicate the variation represented by each component. Red indicates A4; blue, AP13; and gray, VS16. Lighter shading indicates whole tillers, and darker shading indicates segments of the elongation 4 (E4) tiller. Figure 1 diagrams the samples. Circles are younger, triangles are intermediate, and squares are older tillers/segments. (B) Loadings of the two major principal components (PC). Ara, arabinose; ED16, ED24, and ED48 h, enzymatic digestibility yield at 16, 24, and 48 h; FA,: erulic acid; Gal, galactose; GalA, galacturonic acid; GlcA, glucuronic acid; Glu, non-crystalline cellulose glucose; pCA, p-coumaric acid; Rhm, rhamnose.


To examine the influence of cell wall composition on saccharification efficiency, in particular, we analyzed the correlations among measured cell wall properties using the Gini correlation method (Figure 6). ED at different time points is strongly correlated. As expected, lignin and pCA negatively correlate with ED, as do minor sugars such as rhamnose, galactose, and fucose. Other cell wall carbohydrates, like cellulose and arabinoxylan, are not significantly correlated with ED possibly because of their low variation across samples. The correlations among cell wall components in this study are partially consistent with correlations based on a cell wall composition atlas of rice tissues from different stages (Lin et al., 2016). Glucuronoarabinoxylan components, including xylose, arabinose, and glucuronic acid, positively correlate with each other as in rice; however, there are also correlations not observed in rice but observed for switchgrass, like the positive correlation between pCA and lignin.
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FIGURE 6. Significant correlations among cell wall components and enzymatic digestibility (ED). Red and blue lines indicate positive and negative correlations, respectively. The thickness of lines is proportional to the absolute value of Gini correlation coefficient. Cell wall components are represented by circular nodes and color-coded based on the cell wall polymers from which they originate. Xyl, xylose; Ara, arabinose; Glc, glucose; Gal, galactose; Rhm, rhamnose; GalA, galacturonic acid; FA, ferulic acid; pCA, p-coumaric acid; ED, enzymatic digestibility. The glucose is non-crystalline cellulose, trifluoroacetic acid (TFA)-soluble glucose. GAX is glucuronoarabinoxylan. Only correlations with a q < 0.01 are shown. Correlation coefficients calculated with Gini, Pearson, and Spearman methods and corresponding P and q-values are provided in Supplementary Table 2.




Phenylpropanoid Biosynthesis Gene Expression

As lignin precursors and HCAs are synthesized by phenylpropanoid biosynthesis genes, we measured expression of selected switchgrass phenylpropanoid biosynthesis genes across the switchgrass genotypes, stages, and internode segments. Transcripts examined correspond to those described in the switchgrass literature, as follows (Shen et al., 2012, 2013): 4-coumarate:CoA ligase (4CL), coumarate 3’-hydroxylase (C3’H), cinnamate 4-hydroxylase (C4H), cinnamyl alcohol dehydeogenase (CAD), caffeoyl CoA 3-O-methyltransferase (CCoAOMT), cinnamoyl coenzyme A reductase (CCR1), ferulate 5-hydroxylase (F5H), and hydroxycinnamoyl-CoA/shikimate/quinate hydroxycinnamoyltransferase (HCT). Due to the importance of S:G ratios in cell wall recalcitrance, as partially determined by the action of COMT enzymes (Fu et al., 2011), we identified and separately measured transcript abundance from three COMT homologs, numbered 1 through 3, with some of our qRT-PCR primers recognizing multiple homeologs in the current version of the switchgrass genome (Supplementary Table 1). Phylogenetic reconstruction of the relationship of the three COMT gene product targets relative to COMTs in the literature indicates that PvCOMT1 and PvCOMT2 are orthologous to biochemically and genetically studied barley (Daly et al., 2019), sorghum (Green et al., 2014), rice (Koshiba et al., 2013), and Brachypodium (Wu et al., 2013) COMTs, which are also sister to the Arabidopsis COMT protein. On the other hand, PvCOMT3 is in a distinct clade that includes OsCOMT2 and is sister to NtCOMT2. In tobacco, NtCOMT2 transcript was induced in response to virus infection and did not vary with development (Pellegrini et al., 1993).

Quantitative real-time PCR measurements for the switchgrass phenylpropanoid biosynthesis genes showed that most genes have similar expression patterns in all three genotypes but vary across development (Figure 7 and Supplementary Table 3). PCA indicates that genotypes, stages, and E4 segments are not distinguished on the basis of the expression of these genes (Supplementary Figure 3), with the lowland Alamos, A4 and AP13, differing more from each other than from the upland VS16. Among the three developmental stages, most genes had the highest expression at the E4 stage, with geometric mean of relative expression being approximately threefold higher than in the R3 and twofold higher than the V3 stage. In the internode segments of A4 and AP13, expression of the COMTs increased from the young S3E4 segment to the older S2E4 and S1E4 segments, but this pattern was not clear in VS16. VS16 instead shows an increase with segment maturity for 4CL and HCT. Among the segments across genotypes, the geometric mean across tested genes was the highest in the more mature S1E4 segment, but besides those noted, patterns differed among genes and genotypes.
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FIGURE 7. Relative gene expression of phenylpropanoid biosynthesis genes by quantitative RT-PCR. ΔCq values, relative to switchgrass Ubi10, were log 10 transformed. Color intensity indicates greater expression. 4CL, 4-coumarate:CoA ligase; C3’H, para-coumarate 3’-hydroxylase; C4H, cinnamate 4-hydroxylase; CAD, cinnamyl alcohol dehydrogenase; CCoAOMT, caffeoyl CoA O-methyltransferase; CCR, cinnamyl CoA reductase; COMT, caffeic acid 3-O-methyltransferase; F5H/Cald5H, ferulate 5-hydroxylase/coniferaldehyde 5-hydroxylase; HCT, para-hydroxycinnamoyl-CoA: Quinate/shikimate p-hydroxycinnamoyltransferase.




Correlations Between Gene Expression and Cell Wall Parameters

To understand how expression of phenylpropanoid biosynthesis GE influences cell wall phenolic compounds and ED (cell wall parameters, CW), we analyzed Gini correlations between these components with various models. The first model (NGE vs. NCW) hypothesizes a correlation between concurrent expression of phenylpropanoid biosynthesis genes and cell wall parameters in the same sample (N). For example, this correlates expression in V3 with cell wall features in V3, or expression in S1E4 with cell wall features in the S1E4 segment. Next, in two “delta” models, we compared GE at time N with the change (Δ) in a cell wall component between N and samples later in the developmental series (NGE vs. Δ[(N + 1) - NCW]) and (NGE vs. Δ[(N + 2) - NCW]). These models tested the hypothesis that expression earlier in development would lead to cell wall properties later in development. For example, the (NGE vs. Δ[(N + 1) - NCW]) model includes V3 expression correlations with E4 composition and S1E4 GE with S3E4 CW. Supplementary Table 4 contains the GCC and associated P and q-values for these NGE vs. NCW and NGE vs. ΔNCW models.

Significant correlations (q < 0.05) in the concurrent (NGE vs. NCW) and Δ delay (NGE vs. Δ[(N + 1) - NCW] and NGE vs. Δ[(N + 2) - NCW]) models differ qualitatively (Figure 8). In the NGE vs. NCW model (Figure 8A), phenylpropanoid biosynthesis genes show a mix of expected and unexpected correlations. Without exception, correlations between expression and FA, when significant, are positive. With lignin and pCA, there are a few expected positive correlations and a few unexpected negative correlations. Similarly, ED, which we expect to be negatively correlated with phenylpropanoid GE, shows mostly positive correlations. In contrast, in the NGE vs. Δ[(N + 1) - NCW] model (Figure 8B), a majority of phenylpropanoids synthesis genes, including C4H, 4CL, CCR1, F5H, and two of the COMTs, positively correlate with the change in lignin and pCA. A few negative correlations, and no unexpected positive correlations, are significant between GE and ED in this model. Finally, in the model with the larger delay (NGE vs. Δ[(N + 2) - NCW], Figure 8C), transcript abundance and the change in lignin abundance are positively correlated for all lignin biosynthesis genes, except the COMTs. Likewise, transcript abundance and ED are negatively correlated for all but the COMTs. In this model, pCA abundance positively correlates with CCR1 and CCoAOMT expression. In summary, the delay models produce more expected significant correlations for lignin, pCA, and ED, while the concurrent model shows more expected correlations between GE and FA.
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FIGURE 8. Correlations between phenylpropanoid gene expression (GE) and the change in cell wall (CW) variables between samples reflecting different developmental times indicate that phenylpropanoid biosynthesis gene expression precedes cell wall phenylpropanoid accumulation and a change in enzymatic digestibility (ED) recalcitrance. (A) NGE vs. NCW model with gene expression and cell wall composition in the same segment. (B) NGE vs. Δ[(N + 1) - NCW] model with gene expression in a segment (N) preceding accumulation of phenylpropanoid components. (C) NGE vs. Δ[(N + 2) - NCW] model with gene expression in a segment long preceding accumulation of phenylpropanoid components. ED#h indicates the enzymatic digestibility yield after # hours of incubation. Color intensity represents magnitude of Gini correlation coefficient (GCC). Only correlations with q < 0.05 are shaded. Correlation coefficients, P-values, and q-values are available in Supplementary Table 4.


We next asked how phenylpropanoid GE correlates with cumulative cell wall properties in the developmental series, again with various models that include delays and separating genotypes, stages, and segments. We particularly were interested in the question of which samples’ GE indicate cell wall properties at maturity. Table 3 shows the various Gini correlation models tested, sorted based on precision, i.e., the number of expected significant correlations divided by the total significant correlations. The input data are available in Supplementary Table 5. Expected correlations include positive correlations between phenylpropanoid GE and accumulated abundance of phenylpropanoid-derived cell wall components (lignin, pCA, and FA) and negative correlations with ED. While unexpected correlations are the opposite, such as significant negative correlations between GE and phenylpropanoid components.


TABLE 3. Significant correlations between switchgrass phenylpropanoid biosynthesis gene expression and cell wall properties for various data subsets and relationships, i.e., models.

[image: Table 3]Though limited by the small number of samples, genotypes, and transcripts examined, our result is that cumulative CW properties are generally highly correlated with GE at a recent preceding series sample. For example, the highest performing model was for the NGE vs. (N + 1)CW for developmental stages (excluding the segment data). This data subset revealed 20 expected correlations and no unexpected correlations (q < 0.01, Table 3 and Supplementary Figure 4). The next four models with high numbers of expected correlations and no unexpected correlations are for E4GE to R3CW and for E4GE segments (S1, S2, and S3) to R3CW (Table 3). In these models, expression of CCR, the COMTs, and F5H in the entire E4 tiller or in E4 segments shows significant correlations with lignin or ED in R3 samples (Supplementary Figure 4). In contrast to the delta CW analysis in Figure 8, the models that return the fewest expected correlations are those that correlate expression in V3 with later composition, e.g., V3GE vs. R3CW.



DISCUSSION

This study examined the generality of switchgrass cell wall synthesis GE and cell wall composition among genotypes toward establishing methods for analyzing the determinants of cell wall composition and biorefining suitability across genotypes. Among the examined switchgrass genotypes at the V3 and E4 stages, lignin content, HCAs, and cell wall digestibility varied significantly, but the differences diminished at the R3 stage. The low abundance of lignin and HCAs in upland VS16 samples relative to lowland A4 and AP13 samples was associated with high ED. Due to superior digestibility, VS16 biomass at V3 and E4 stages has the potential to yield more biofuel than A4 and AP13, but VS16 loses this advantage by the R3 stage. A caveat of this work is that the greenhouse conditions might have had a greater influence on upland, VS16 (Casler et al., 2004). Still, the combined effect of developmental stage and genetic background should be considered when selecting cultivars with promising cell wall traits or when genetically modifying plant biomass for higher saccharification efficiency (Ashworth et al., 2017). For example, a plant with delayed lignin accumulation, such as that exhibited by VS16 under the tested conditions, may have a greater time to accumulate biomass before lignin deposition decreases saccharification efficiency.

In contrast to phenylpropanoids, we observed fewer and less pronounced differences in sugar composition among genotypes and stages. While lignification and hydroxycinnamates are determining factors for reduced saccharification and cell wall digestibility (Dien et al., 2006; McCann and Carpita, 2008; Buanafina, 2009), non-cellulosic polysaccharide components from xylan, pectins, arabinogalactan proteins, and xyloglucan also reduce digestibility (DeMartini et al., 2013; Chung et al., 2014; Li et al., 2019). Indeed, the negative correlations that we observe between ED and the pectic sugars, rhamnose and galactose, are consistent with these observations. Still, in our results, polysaccharide component abundance changed little across developmental stages and tiller segments. Thus, lignin remains a key genetic engineering target since it varies across development and among genotypes, while polysaccharide content appears relatively static and perhaps less tolerant of manipulation.

The relative timing of phenylpropanoid biosynthesis GE and cell wall properties provides targets for further study of cell wall-related GE strategies to control harvested biomass digestibility. Phenylpropanoid biosynthesis GE is the highest at the E4 stage, apparently leading to the approximately twofold increase in lignin from the E4 to R3 stage. This result was consistent with our overall analysis indicating that GE in prior stages (NGE vs. Δ[(N + 1) - NCW] and NGE vs. Δ[(N + 2) - NCW] models) rather than concurrent expression (NGE vs. NCW model) captures expected positive correlations between phenylpropanoid biosynthesis transcript and a change in lignin abundance (Figure 8). Indeed, lignin deposition may be a slow process, in that it includes precursor synthesis, dehydrogenation, and polymerization (Raes et al., 2003). An additional explanation consistent with the data is that lignin undergoes turnover, i.e., breakdown and recycling, that is more rapid than accumulation during earlier developmental stages. Besides evidence for changes to the lignin-containing Casparian strip of roots (Vermeer et al., 2014), we are unable to find clear evidence of this in the literature, suggesting that additional research is required. Consistent with our results, transcriptomics of maize internode subsegments also showed that phenylpropanoid biosynthesis peaks prior to maximal lignin accumulation (Zhang et al., 2014). In our analysis, which includes different genotypes, the observation that correlations between GE and a decrease in ED are the most negative in the NGE vs. Δ[(N + 2) - NCW model hints that high phenylpropanoid biosynthesis GE earlier in development may establish later digestibility recalcitrance. Furthermore, the delay models suggest that expression of all the examined phenylpropanoid biosynthesis genes correlates with lignin accumulation, albeit with different relationships with different genes. Potentially indicating an absence of functional conservation across species, this includes COMT3, for with the tobacco ortholog did not vary with development (Pellegrini et al., 1993).

The HCAs show different accumulation kinetics and GE correlations compared with lignin. Though FA is also synthesized by phenylpropanoid biosynthesis genes, it is mainly esterified to arabinoxylan (Bartley et al., 2013a). This different polymer destination may explain why FA positively correlates with phenylpropanoid biosynthesis genes in the concurrent (NGE vs. NCW) model but not in the delay models. It may also indicate active turnover of FA and/or xylan in the wall (Franková and Fry, 2011). These patterns—early expression controlling lignin accumulation, but sustained expression controlling FA accumulation—may be used to insinuate regulators and other enzymes involved in these alternative processes. Likewise, the difference in correlations between phenylpropanoid biosynthesis GE with pCA and lignin abundance (Figure 8) hints at extra control of pCA synthesis, which is consistent with new evidence that hydroxycinnamoylated monolignols are synthesized by different enzymes than un-acylated monolignols (Takeda et al., 2018). This notion is supported by the absence of a correlation between C3’H and pCA abundance, since reduction of C3’H in rice does not alter abundance of cell wall monolignols esterified with pCA (Takeda et al., 2018).



CONCLUSION

In conclusion, this study advances our knowledge of the relationships between switchgrass developmental stage and genetic background with GE, cell wall composition, and digestibility. Under greenhouse growth conditions, lignin, HCAs, and ED differ significantly, and in a developmentally dependent manner, among genotypes. Though developmental cell wall profiles differed among genotypes, general relationships emerged. Correlations between cell wall phenolics and phenylpropanoid biosynthesis GE revealed that FA accumulation may precede, or be less stable than, pCA and lignin accumulation. Expression of phenylpropanoid biosynthesis genes in mid-development seems likely to be an indicator of cell wall properties, especially lignin, pCA, and ED, at harvest. Systems analysis with more genotypes and global expression analysis will be needed to confirm these conclusions. The recommendation from the analysis presented here would be that such studies should probe GE in whole or partial tillers at mid-development as an indicator of biomass properties at harvest.
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Bananas (Musa) are non-grass, monocotyledonous, perennial plants that are well known for their edible fruits. Their cultivation provides food security and employment opportunities in many countries. Banana fruits contain high levels of minerals and phytochemicals, including flavonoids, which are beneficial for human nutrition. To broaden the knowledge on flavonoid biosynthesis in this major crop plant, we aimed to identify and functionally characterise selected structural genes encoding 2-oxoglutarate-dependent dioxygenases, involved in the formation of the flavonoid aglycon. Musa candidates genes predicted to encode flavanone 3-hydroxylase (F3H), flavonol synthase (FLS) and anthocyanidin synthase (ANS) were assayed. Enzymatic functionalities of the recombinant proteins were confirmed in vivo using bioconversion assays. Moreover, transgenic analyses in corresponding Arabidopsis thaliana mutants showed that MusaF3H, MusaFLS and MusaANS were able to complement the respective loss-of-function phenotypes, thus verifying functionality of the enzymes in planta. Knowledge gained from this work provides a new aspect for further research towards genetic engineering of flavonoid biosynthesis in banana fruits to increase their antioxidant activity and nutritional value.

Keywords: banana, specialised metabolites, flavanone 3-hydroxylases, flavonol synthase, anthocyanidin synthase


INTRODUCTION

Banana (Musa spp.) plants are well known for their edible fruit and serve as a staple food crop in Africa, Central and South America (Arias et al., 2003). With more than 112 million tons produced in 2016, bananas are among the most popular fruits in the world and provide many employment opportunities (FAO, 2019). Furthermore, banana fruits are rich in health promoting minerals and phytochemicals, including flavonoids, a class of plant specialised metabolites, which contribute to the beneficial effects through their antioxidant characteristics (Forster et al., 2003; Wall, 2006; Singh et al., 2016). Flavonoid molecules share a C6-C3-C6 aglycon core, which can be reorganised or modified, e.g. by oxidation or glycosylation (Tanaka et al., 2008; Le Roy et al., 2016). Modifications at the central ring structure divide flavonoids into 10 major subgroups (i.e. chalcones, aurones, flavanones, flavones, isoflavones, dihydroflavonols, flavonols, leucoanthocyanidins, anthocyanidins and flavan-3-ols). The diversity in chemical structure is closely related to diverse bioactivities of flavonoids in plant biology and human nutrition (Falcone Ferreyra et al., 2012). For example, anthocyanins are in many cases well known to colour flowers and fruits to attract animals and thus promoting pollination and dispersion of seeds (Ishikura and Yoshitama, 1984; Gronquist et al., 2001; Grotewold, 2006). Flavonols can interact with anthocyanins to modify the colour of fruits (Andersen and Jordheim, 2010) and play a prominent role in protection against UV-B irradiation (Li et al., 1993) and also in plant fertility (Mo et al., 1992).

Many researchers have attributed positive effects on human health to flavonoids: e.g. antigenotoxic (Dauer et al., 2003), anticarcinogenic and antioxidative (Kandil et al., 2002) effects, as well as the prevention of cardiovascular diseases has been suggested (summarised in Perez-Vizcaino and Duarte, 2010). Additionally, Sun et al. (2019) suggested an involvement of flavonoids in the plant defence against the tropical race 4 (TR4) of the Musa Fusarium wilt (commonly known as ‘panama disease’) pathogen Fusarium oxysporum f. sp. cubense (Foc), which is a threat to the global banana production. It is certainly interesting to take a closer look at the biosynthesis of flavonoids in Musa.

Flavonoids are derived from the amino acid L-phenylalanine and malonyl-coenzyme A. Their biosynthesis (Figure 1) has been analysed in many different species including the dicotyledonous model plant Arabidopsis thaliana (Hahlbrock and Scheel, 1989; Lepiniec et al., 2006) and the monocotyledonous crop plants Zea mays (summarised in Tohge et al., 2017) and Oryza sativa (summarised in Goufo and Trindade, 2014). The first committed step, catalysed by the enzyme chalcone synthase (CHS), is the formation of naringenin chalcone from p-coumaroyl CoA and malonyl CoA (Kreuzaler and Hahlbrock, 1972). A heterocyclic ring is introduced during the formation of naringenin (a flavanone) from naringenin chalcone, which can occur spontaneously or catalysed by chalcone isomerase (CHI; Bednar and Hadcock, 1988). The enzyme flavanone 3-hydroxylase (F3H or FHT) converts flavanones to dihydroflavonols by hydroxylation at the C-3 position (Forkmann et al., 1980). Alternatively, flavanones can be converted to flavones by flavone synthase I or II (FNSI or II; Britsch, 1990). Flavonol synthase (FLS) catalyses the conversion of dihydroflavonols to the corresponding flavonols by introducing a double bond between C-2 and C-3 (Forkmann et al., 1986; Holton et al., 1993). Moreover, dihydroflavonols can be converted to leucoanthocyanidins by dihydroflavonol 4-reductase (DFR; Heller et al., 1985), which competes with FLS for substrates (Luo et al., 2016). Anthocyanidin synthase (ANS; also termed leucoanthocyanidin dioxygenase, LDOX) converts leucoanthocyanidins to anthocyanidins (Saito et al., 1999).

[image: Figure 1]

FIGURE 1. Schematic, simplified illustration of the core flavonoid aglycon biosynthesis pathway in plants. Chalcone synthase, the first committed enzyme in flavonoid biosynthesis, connects a CoA ester and malonyl CoA, forming a chalcone. Chalcone isomerase introduces the heterocyclic ring. The resulting flavanone is converted to dihydroflavonol by flavanone 3-hydroxylase (F3H) or to flavones by flavone synthase (FNSI or FNSII). Dihydroflavonols are converted to flavonols by flavonol synthase (FLS). Alternatively, dihydroflavonol 4-reductase can reduce dihydroflavonols to the corresponding leucoanthocyanidin, which is converted to anthocyanidin by the activity of anthocyanidin synthase (ANS). Flavonoid 3' hydroxylase hydroxylates 3' position of the B-ring using different flavonoid substrates. 2-oxoglutarate-dependant oxygenases are given in bold underlined. Enzymes in the focus of this work are highlighted by grey boxes.


The flavonoid biosynthesis enzymes belong to different functional classes (summarised in Winkel, 2006): polyketide synthases (e.g. CHS), 2-oxoglutarate-dependent dioxygenases (2-ODD; e.g. F3H, ANS, FLS and FNSI), short-chain dehydrogenases/reductases (e.g. DFR), aldo-keto reductases (e.g. chalcone reductase, CHR) and cytochrome P450 monooxygenases (e.g. FNSII and F3'H). Flavonoid biosynthesis is evolutionary old in plants (Wen et al., 2020) and, although differences exist, quite similar in dicots like A. thaliana and monocots-like Musa.

In the present study, we focus on the functional class of flavonoid aglycon forming enzymes, namely, the 2-ODDs. 2-ODDs occur throughout the kingdom of life and play important roles in many biological processes including oxygen sensing and DNA repair (Jaakkola et al., 2001; Trewick et al., 2002). They are a class of non-heme iron-containing enzymes, which require 2-oxoglutarate, Fe2+ and ascorbate for substrate conversion (summarised in Prescott and John, 1996).

Plant 2-ODDs share conserved amino acid residues which coordinate ferrous iron binding (HxDxnH) and binding of 2-oxoglutarate (RxS; Cheng et al., 2014). They can be divided into three distinct evolutionary classes, DOXA, DOXB and DOXC, based on amino acid similarity (Kawai et al., 2014). The 2-ODDs involved in specialised metabolism were classified into the DOXC class. Yet, all flavonoid biosynthesis related 2-ODDs were found in the DOXC subclades 28 (F3H and FNSI) or 47 (FLS and ANS; Kawai et al., 2014). In some cases, the high amino acid similarity between the different enzymes leads to overlapping functions. For example, FLSs from Ginkgo biloba (Xu et al., 2012) and O. sativa (Park et al., 2019) can accept flavanones and dihydroflavonols as substrates. Also, ANSs from A. thaliana (Stracke et al., 2009) and Malus domestica (Yan et al., 2005) can catalyse the formation of flavonol glycosides.

Based on the Musa acuminata genome sequence annotation (DHont et al., 2012; Pandey et al., 2016) identified 28 putative Musa flavonoid biosynthesis enzymes. This includes seven 2-ODD-type enzymes, namely, two F3H, four FLS and one ANS, while no suitable FNSI candidate was identified. While the expression of the respective genes and correlations of expression to flavonoid metabolite accumulation have been studied, the functionality of these enzymes has not been analysed until now.

Here, we describe the sequence-based and functional characterisation of 2-ODDs from the non-grass monocot Musa. Functionalities of recombinant Musa enzymes were analysed using in vivo bioconversion assays and by in planta complementation of corresponding A. thaliana loss-of-function mutants. This resulted in the experimental confirmation that the Musa flavonoid 2-ODDs studied have the predicted functions. The presented results contribute to the understanding of flavonoid biosynthesis in Musa. They provide a strong basis for further research to enhance the efficiency of flavonoid production in banana, in order to increase the fruits’ health promoting effects.



MATERIALS AND METHODS


Plant Material

Banana plants (Grand Naine, plantain) for RNA extraction were grown in the field in Lucknow, India. Musa gene annotation identifiers refer to the study of Martin et al. (2016). Columbia-0 (Col-0, NASC ID N1092) and Nössen-0 (Nö-0, NASC ID N3081) were used as wild-type controls. The A. thaliana mutants tt6-2 (f3h, GK-292E08, Col-0 background; Appelhagen et al., 2014) and ans/fls1-2 (synonym ldox/fls1-2, ldox: SALK_028793, Col-0 background; fls1-2: RIKEN_PST16145, Nö-0 background; Stracke et al., 2009) were used for complementation experiments.



Phylogenetic Analysis

Multiple protein sequence alignments were created with MAFFT v7 (Katoh and Standley, 2013) using default settings. The approximately maximum-likelihood phylogenetic tree of 33 plant 2-ODDs with proven F3H, FNSI, FLS and ANS functionality (Supplementary Table S1) and seven Musa 2-ODDs was constructed as described by Pucker et al. (2020b): MAFFT alignments were cleaned with pxclsq (Brown et al., 2017) and the tree was constructed with FastTree v2.1.10 using the WAG+CAT model (Price et al., 2010). The tree was visualised with interactive tree of life (Letunic and Bork, 2019), branch lengths were neglected.



Expression Analysis

Expression data for Musa 2-ODD genes were extracted from previous analyses (Pucker et al., 2020a). Short Read Archive IDs can be found in Supplementary Table S2.



Total RNA Extraction, cDNA Synthesis and Molecular Cloning

Isolation of RNA from different Musa plant organs (leaf, pseudostem, bract, fruit peel and fruit pulp) was performed according to a protocol from Asif et al. (2000). cDNA synthesis was performed from 1 μg total RNA using the ProtoScript® First Strand cDNA Synthesis Kit [New England Biolabs, (NEB)] with the provided random primer mix according to the suppliers’ instructions. Amplification of predicted full-length CDSs (Pandey et al., 2016) were done using Q5® High-Fidelity DNA polymerase (NEB) and gene-specific primers (Supplementary Table S3) according to standard protocols. Creation of full-length coding sequence constructs (CDS) was performed using the GATEWAY® Technology (Invitrogen). MusaF3H1 (Ma02_t04650), MusaF3H2 (Ma07_t17200), MusaFLS1 (Ma03_t06970), MusaFLS3 (Ma10_t25110) and MusaANS (Ma05_t03850) CDSs were successfully amplified on different cDNA pools. The resulting PCR products were recombined into pDONR™/Zeo (Invitrogen) with BP clonase (Invitrogen) resulting in Entry plasmids, which were sequenced by Sanger technology (Sanger et al., 1977) on 3730XL sequencers using BigDye terminator v3.1 chemistry (Thermo Fisher). Entry plasmids for AtF3H, AtFLS1 and AtMYB12 were available from previous studies (Preuss et al., 2009; Stracke et al., 2017), Petroselinum crispum FNSI (PcFNSI) was amplified on a plasmid from a previous study (Martens et al., 2003). The full-length CDSs were introduced from the Entry plasmids into the inducible Escherichia coli expression vector pDEST17 (Invitrogen) and the binary expression vector pLEELA (Jakoby et al., 2004) using GATEWAY LR reaction (Invitrogen).



Heterologous Expression in E. coli

pDEST17-based plasmids containing proT7-RBS-6xHis-CDS-T7term expression cassettes (proT7: T7 promoter, RBS: ribosome-binding site, 6xHis: polyhistidine tag and T7term: T7 transcription terminator) were transformed into BL21-AI cells (Invitrogen). Cultures were grown in LB to an OD600 of about 0.4 and expression was induced with 0.2% L-arabinose.



F3H and FLS Bioconversion Assay in E. coli

The enzyme assay was performed using 20 ml E. coli cultures expressing the respective constructs right after induction with L-arabinose. 100 μl substrate [10 mg/ml naringenin, eriodictyol or dihydroquercetin (DHQ)], 50 μl 2-oxoglutaric acid, 50 μl FeSo4 and 50 μl 1 M sodium ascorbate were added. The cultures were incubated at 28°C overnight. To extract flavonoids, 1 ml was removed from each culture and mixed with 200 μl ethyl acetate by vortexing for 30 s. Samples were taken after 0 h, 1 h, 2 h, 3 h, 4 h and 24 h. After centrifugation for 2 min at 14,000 g, the organic phase was transferred into a fresh reaction tube. Flavonoid content was analysed by high-performance thin-layer chromatography (HPTLC). Naringenin (Sigma), dihydrokaempferol (DHK; Sigma), kaempferol (Roth), eriodictyol (TransMIT PlantMetaChem), apigenin (TransMIT PlantMetaChem), DHQ (Roth) and quercetin (Sigma) were dissolved in methanol and used as standards. 3 μl of each methanolic extract was spotted on a HPTLC Silica Gel 60 plate (Merck). The mobile phase was composed of chloroform, acetic acid and water mixed in the ratio (50:45:5). Flavonoid compounds were detected as described previously (Stracke et al., 2007), using diphenylboric acid 2-aminoethyl ester (DPBA) and UV light (Sheahan and Rechnitz, 1992).



Agrobacterium-Mediated Transformation of A. thaliana

T-DNA from pLEELA-based plasmids containing 2xpro35S-driven Musa2-ODDs was transformed into A. thaliana plants via Agrobacterium tumefaciens [Agrobacterium, GV101::pMP90RK, (Koncz and Schell, 1986)] mediated gene transfer using the floral dip method (Clough and Bent, 1998). Successful T-DNA integration was verified by BASTA selection and PCR-based genotyping.



Flavonoid Staining of A. thaliana Seedlings

In situ visualisation of flavonoids in norflurazon-bleached A. thaliana seedlings was performed according to Stracke et al. (2007) using DPBA/Triton X-100 and epifluorescence microscopy.



Analysis of Flavonols in Methanolic Extracts

Flavonol glycosides were extracted and analysed as previously described (Stracke et al., 2009). A. thaliana rosette leaves were homogenised in 80% methanol, incubated for 15 min at 70°C and centrifuged for 10 min at 14,000 g. Supernatants were vacuum dried. The dried pellets were dissolved in 80% methanol and analysed by HPTLC on a Silica Gel 60 plate (Merck). Ethyl acetate, formic acid, acetic acid and water (100:26:12:12) were used as a mobile phase. Flavonoid compounds were detected as described above.



Determination of Anthocyanin Content

To induce anthocyanin production, A. thaliana seedlings were grown on 0.5 MS plates with 4% sucrose and 16 h of light illumination per day at 22°C. Six-day-old seedlings were used to photometrically quantify anthocyanins as described by Mehrtens et al. (2005). All samples were measured in three independent biological replicates. Error bars indicate the standard error of the average anthocyanin content. Statistical analysis was performed using the Mann–Whitney U test (Mann and Whitney, 1947).




RESULTS


Creation of cDNA Constructs and Sequence-Based Characterisation of Musa Flavonoid 2-ODDs

Previously described putative Musa flavonoid biosynthesis enzymes encoded in the M. acuminata, Pahang DH reference genome sequence were used. This included two F3Hs, four FLSs and one ANS, which were classified as 2-ODDs. To functionally characterise these Musa enzymes, we amplified the corresponding CDSs from a cDNA template collection derived from different Musa organs, using primers designed on the Pahang DH reference genome sequence. The successfully amplified cDNAs of MusaF3H1 and MusaF3H2 were derived from plantain pulp, MusaFLS1 from Grand Naine young leaf, MusaFLS3 on Grand Naine bract and MusaANS on Grand Naine peel. Unfortunately, we were not able to amplify MusaFLS2 and MusaFLS4 from our template collection.

Comparison of the resulting 2-ODD cDNA sequences with the reference sequence revealed several single-nucleotide polymorphisms (Supplementary File S1). The derived amino acid sequences show close similarity to other plant 2-ODD proteins known to be involved in flavonoid biosynthesis (Supplementary File S2). The amino acids well known to coordinate ferrous iron binding (HxDxnH) and binding of 2-oxoglutarate (RxS) are also conserved in the Musa 2-ODDs. Additionally, the AtFLS1 residues which have been shown to be involved in flavonoid substrate binding (Supplementary File S2) are conserved. The residue F293 (all positions refer to AtFLS1) is conserved in all Musa 2-ODD proteins, F134 and K202 are found in the MusaFLSs and MusaANS and E295 is conserved in MusaANS.

To analyse the evolutionary relationship between Musa 2-ODDs and 33 known flavonoid biosynthesis-related 2-ODDs, a phylogenetic tree was built (Figure 2). The phylogenetic tree revealed two distinct clades, which correspond to the DOXC28 and DOXC47 classes of the 2-ODD superfamily. In the F3H- and FNSI-containing DOXC28 class, MusaF3H1 and MusaF3H2 cluster with other F3Hs from monocotyledonous plants. In the FLS- and ANS-containing DOXC47 class, the MusaANS clusters with ANSs from monocotyledonous plants, while the FLSs from monocotyledonous plants do not form a distinct group, although the MusaFLSs are in proximity to ZmFLS and OsFLS.
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FIGURE 2. Rooted approximately maximum-likelihood (ML) phylogenetic tree of 2-ODDs involved in flavonoid biosynthesis. ODDs from banana are given in blue, 39 enzymes with proven F3H, FNSI, FLS or ANS activity were included. Different grey scales indicate F3H, FLS, ANS and two evolutionary FNSI clades. AtGA3ox1 (gibberellin 3 beta-hydroxylase1) was used as an outgroup. Branch points to DOXC28 and DOXC47 classes are marked with black arrowheads.


Our analyses clearly show that the CDSs identified for MusaF3H1, MusaF3H2, MusaFLS1, MusaFLS3 and MusaANS have the potential to encode functional flavonoid 2-ODDs.



Expression Profiles of Musa 2-ODD Genes

Analysis of the expression patterns of the genes studied was performed using published RNA-Seq data. We obtained normalised RNA-Seq read values for Musa 2-ODD genes from several organs and developmental stages (Table 1). MusaF3H1 and MusaF3H2 are expressed in almost all analysed organs and developmental stages. MusaF3H1 expression is highest in early developmental stages of pulp (S1 and S2), followed by intermediate developmental stages of peel (S2 and S3). MusaF3H2 shows highest expression in adult leaves. MusaFLS2 was not expressed in any of the analysed samples. All four MusaFLS genes show low or no expression in seedlings and embryogenic cell suspension. MusaFLS1 shows variance in transcript abundance with particularly high levels in peel (S2) and in young and adult leaves. MusaFLS3 and MusaFLS4 transcript levels are comparatively constant and low, with highest transcript abundance in root and peel (S1 and S3, respectively). While MusaFLS1 transcript abundance is highest in adult leaf, MusaFLS3 and MusaFLS4 lack expression in this tissue. MusaANS shows highest transcript abundance in pulp (S1, S2 and S4) and peel (S3) and very low expression in embryogenic cell suspension, seedlings and leaves.



TABLE 1. Expression profiles of Musa2-ODD genes in different organs and developmental stages based on RNA-Seq data.
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MusaF3H1 and MusaF3H2 Are Functional F3H

To confirm F3H activity in vivo, we used a bioconversion assay. MusaF3H1 and MusaF3H2 were heterologously expressed in E. coli and the bacterial cultures were fed with naringenin or eriodictyol as substrate of F3H. Both recombinant proteins, MusaF3H1 and MusaF3H2, were able to convert naringenin to DHK in the presence of 2-oxoglutarate and ferrous iron (Figure 3A). After 24 h of incubation, only small amounts of naringenin remained un-converted. Conversion of the formed DHK to kaempferol by MusaF3H1 or MusaF3H2 was not observed. Furthermore, eriodictyol was converted to DHQ by MusaF3H1 and MusaF3H2 (Supplementary File S3). A further conversion to the quercetin was not observed. Since MusaF3H2 was previously considered as FNSI candidate, we analysed FNSI activity in a bioconversion assay. While MusaF3H2 was able to convert naringenin to DHK we detected apigenin as product only for PcFNSI but not for MusaF3H2 (Supplementary File S4). Accordingly, MusaF3H2 does not show FNSI activity in our assay. For further in planta analysis, we chose a complementation assay with an A. thaliana f3h mutant (tt6-2) which expresses FLS and ANS but no F3H. MusaF3H1 or MusaF3H2 were expressed in tt6-2 plants under the control of the constitutive 2x35S promoter. The accumulation of flavonol glycosides was analysed in herbizide-bleached seedlings using DPBA staining (Figure 3B). While Col-0 wild-type seedlings appeared yellow under UV light, indicating the accumulation of flavonol glycosides, tt6-2 seedlings showed a red fluorescence. tt6-2 mutants expressing MusaF3H1 or MusaF3H2 were able to complement the mutant phenotype, showing the characteristic yellow flavonol glycoside fluorescence of the wild type. These results demonstrate that MusaF3H1 and MusaF3H2 are functional enzymes with F3H activity and are able to catalyse the conversion of naringenin to DHK.
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FIGURE 3. MusaF3H1 and MusaF3H2 are functional F3Hs. (A) HPTLC analysis of F3H bioconversion assays using extracts from Escherichia coli expressing recombinant MusaF3H1 or MusaF3H2. The substrate naringenin (N) and the product dihydrokaempferol (DHK) were used as standards. AtF3H was used as a positive control. AtMYB12 was used as a negative control. (B) Analysis of tt6-2 mutant seedlings complemented with MusaF3H1 and MusaF3H2. Col-0 wild type and tt6-2 were used as controls. Representative pictures of DPBA-stained seedlings under UV light are given. Yellow fluorescence indicates flavonol glycoside accumulation. The different numbers indicate individual transgenic lines. The scale bar indicates 0.5 mm.




MusaFLS1 and MusaFLS3 Are Functional FLS

To confirm FLS activity in vivo, the enzymes were assayed in a coupled bioconversion experiment (Figure 4A). Two E. coli cultures expressing MusaF3H1 and a MusaFLS were mixed and fed with naringenin in the presence of 2-oxoglutarate and ferrous irons. Here, MusaF3H1 converts naringenin to DHK, thus providing the substrate for the FLS enzyme to be tested. While MusaFLS1 was found to be able to convert DHK to kaempferol under the assay conditions, MusaFLS3 was not. In a second bioconversion experiment, E. coli cultures expressing MusaFLS1 or MusaFLS3 were fed with DHQ (Supplementary File S5). Again, MusaFLS1 was able to convert the dihydroflavonol to the corresponding flavonol, while MusaFLS3 was not. We checked the expression of recombinant MusaFLS1 and MusaFLS3 in the E. coli cultures by SDS-PAGE and found both MusaFLS proteins being expressed at similar levels (Supplementary File S7). Moreover, we analysed a possible F3H/FLS biofunctional activity of MusaFLS1 and MusaFLS3 by feeding naringenin to E. coli cultures. While MusaFLS1 was not able to convert naringenin to DHK in the assay, MusaFLS3 showed F3H activity but not a further conversion to kaempferol (Supplementary File S6). To further analyse the enzymatic properties in planta, MusaFLS1 or MusaFLS3 was expressed in the flavonol and anthocyanin-deficient A. thaliana ans/fls1-2 double mutant. HPTLC analyses of methanolic extracts from rosette leaves from greenhouse-grown plants (Figure 4B) showed that wild-type plants (Col-0 and Nö-0) contained flavonol glycosides, including the prominent derivatives kaempferol 3-O-rhamnoside-7-O-rhamnoside (K-3R-7R), kaempferol 3-O-glucoside-7-O-rhamnoside (K-3G-7R) and kaempferol 3[-O-rhamnosyl-glucoside]-7-O-rhamnoside (K-3[G-R]-7R). ans/fls1-2 plants accumulated several dihydroflavonols but did not show flavonol derivatives. ans/fls1-2 mutants transformed with 2x35S::MusaFLS1 or 2x35S::MusaFLS3 constructs were able to form several flavonol derivatives. Nevertheless, intensities and accumulation patterns of flavonol glycosides varied. We also analysed if MusaFLS1 and MusaFLS3 are able to complement the anthocyanin deficiency of the ans/fls1-2 double mutant. For this, seedlings were grown on 4% sucrose to induce anthocyanin accumulation. As shown in Figure 4C, 6-day-old Col-0 and Nö-0 seedlings were able to accumulate red anthocyanin pigments, while ans/fls1-2 transformed with MusaFLS1 or MusaFLS3 did not show visible anthocyanins. These results confirm that MusaFLS1 and MusaFLS3 are functional proteins with FLS activity and are enzymes able to catalyse the conversion of dihydroflavonol to flavonol.

[image: Figure 4]

FIGURE 4. MusaFLS1 and MusaFLS3 are functional FLSs. (A) HPTLC analysis of a FLS bioconversion assays using extracts from E. coli expressing recombinant MusaFLS1 or MusaFLS3. The F3H substrate naringenin (N), the FLS substrate DHK and the product kaempferol (K) were used as standards. AtFLS1 served as a positive control and AtMYB12 was used as a negative control. (B) Flavonol glycoside accumulation in MusaFLS-complemented ans/fls1-2 seedlings analysed by HPTLC analysis. Col-0, Nö-0 (both wild type) and ans/fls1-2 were used as controls. Bright green spots belong to derivatives of kaempferol, orange spots are derivatives of quercetin and faint blue shows sinapate derivatives. Dark green and yellow spots indicate DHK and DHQ, respectively. G, glucose; K, kaempferol; Q, quercetin; and R, rhamnose. (C) Representative pictures of anthocyanin (red) accumulation in 6-day-old MusaFLS-complemented ans/fls1-2 seedlings growing on 4% sucrose. The scale bar indicates 0.5 mm.




MusaANS Is a Functional ANS

We analysed MusaANS functionality in a complementation assay with the ans/fls1-2 A. thaliana double mutant. To examine the ability of MusaANS to complement the ans/fls1-2 anthocyanin deficiency phenotype, seedlings were grown on anthocyanin-inducing media. Anthocyanin accumulation was analysed visually and quantified photometrically (Figures 5A,B). While wild-type seedlings showed red pigmentation, the ans/fls1-2 seedlings did not. ans/fls1-2 seedlings expressing MusaANS showed accumulation of anthocyanins. The anthocyanin content in the complemented seedlings was strongly increased compared to ans/fls1-2 knockout plants, indicating ANS activity. Furthermore, we analysed the ability of MusaANS to complement the flavonol deficiency phenotype of ans/fls1-2 plants. For this, methanolic extracts of seedlings were analysed by HPTLC followed by DPBA staining (Figure 5C). While wild-type seedlings accumulated several kaempferol and quercetin glycosides, ans/fls1-2 mutants expressing MusaANS showed a flavonoid pattern identical to the ans/fls1-2 mutant, accumulating dihydroflavonol derivatives, but no flavonol derivatives. These results indicate that MusaANS is a functional enzyme with ANS activity and is able to catalyse the conversion of leucoanthocyanidin to anthocyanidin.
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FIGURE 5. MusaANS is a functional anthocyanin synthase. Analysis of ans/fls1-2 double mutant seedlings complemented with 2x35S-driven MusaANS demonstrate in planta ANS functionality of MusaANS by anthocyanin accumulation. The different numbers indicate individual transgenic lines. (A,B) Sucrose induced anthocyanin accumulation in 6-day-old Arabidopsis thaliana seedlings. (A) Representative pictures of seedlings (the scale bar indicates 0.5 mm) and (B) corresponding relative anthocyanin content. Error bars indicate the standard error for three independent measurements. (C) MusaANS does not show in planta FLS activity. Flavonol glycoside accumulation in MusaANS-complemented ans/fls1-2 seedlings analysed by HPTLC analysis. Col-0, Nö-0 (both wild type) and ans/fls1-2 were used as controls. Bright green spots belong to derivatives of kaempferol, orange spots are derivatives of quercetin and faint blue shows sinapate derivatives. Dark green and yellow spots indicate DHK and DHQ, respectively. G, glucose; K, kaempferol; Q, quercetin; and R, rhamnose.





DISCUSSION

In this study, we isolated several cDNAs of in silico annotated 2-ODD-type flavonoid biosynthesis enzyme coding genes from Musa and tested the in vivo functionality of the encoded proteins in E. coli and A. thaliana.


MusaF3H1 and MusaF3H2

In vivo E. coli bioconversion assays revealed that MusaF3H1 and MusaF3H2 can covert naringenin to DHK. Moreover, MusaF3H1 and MusaF3H2 are able to complement the loss-of-function phenotype of A. thaliana tt6-2 seedlings, showing in planta F3H activity. Therefore, we conclude that MusaF3H1 and MusaF3H2 are functional F3Hs.

Previous studies annotated Ma02_g04650 (MusaF3H1) and Ma07_g17200 (MusaF3H2) as genes encoding F3Hs (Martin et al., 2016; Pandey et al., 2016; Pucker et al., 2020b). However, the automatic approach developed by Pucker et al. (2020b) also considered Ma07_g17200 as a candidate to encode a FNSI enzyme. For a Petroselinum crispum F3H protein, it has been found that a replacement of three amino acids was sufficient to cause FNSI side activity and seven amino acid exchanges almost lead to a complete change in enzyme activity towards FNSI functionality (Gebhardt et al., 2007). These findings underline the particular high similarity between FNSI and F3H. A closer inspection of the deduced peptide sequence of Ma07_g17200 gene revealed a lack of conservation of amino acid residues known to be relevant for FNSI function (i.e. T106M, T115I, I116V, F131I, E195D, I200V, V215L and R216K). Furthermore, Ma07_g17200 did not show FNSI activity in our bioconversion assay. Together with the confirmed F3H activity, this indicates that the classification of Ma07_g17200 as a FNSI encoding gene was inaccurate. Even though Ma07_p17200 is no functional FNSI, flavone derivatives have been identified in Musa (Fu et al., 2018). In Gerbera and Glycine max, FNSII is responsible for the formation of flavones (Martens and Forkmann, 1999; Fliegmann et al., 2010). A candidate MusaFNSII, encoded by Ma08_g26160, has been identified (Pucker et al., 2020b) and is probably responsible for the accumulation of flavones in Musa. Since FNSII enzymes are NADPH-dependent cytochrome P450 monooxygenases (Jiang et al., 2016), the putative MusaFNSII (encoded by Ma08_g26160) was not studied in this work.

Our expression study that was based on published RNA-Seq data (Pucker et al., 2020a), revealed highest MusaF3H1 transcript abundance in early developmental stages of pulp and intermediate stages of peel development, while highest MusaF3H2 expression was found in adult leaves (Table 1). This is, at first glance, in contrast to the quantitative real-time PCR-derived expression data presented by Pandey et al. (2016), reporting high transcript levels of MusaF3H1 and MusaF3H2 in young leaves and bract. In this study, the authors also show increased MusaF3H1 expression in pseudostem, root and ripe pulp, compared to MusaF3H2. These discrepancies are probably due to the different growth conditions, germplasms/cultivars and sampling time points in the generation of the expression data and cannot be reasonably analysed further at this point. It should be noted, however, that MusaF3H2 expression in leaves of plantlets was found to be increased following treatment with the phytohormone methyl jasmonate (MJ), while MusaF3H1 expression was not (Pandey et al., 2016). As MJ is involved in various regulatory processes, including the response against biotic and abiotic stresses (summarised in Cheong and Choi, 2003), the MJ-dependent induction of MusaF3H2 expression could imply that the MusaF3H2 enzyme plays a specialised role in the formation of flavonoids in response to stresses. Such stress response induction of F3H encoding genes was previously shown for a F3H gene from the dessert plant Reaumuria soongorica, which is induced by UV light (Liu et al., 2013) and two F3H genes from Camellia sinensis, which are induced by UV light and by treatment with abscisic acid (ABA) or sucrose (Han et al., 2017). In addition, overexpression of F3H from C. sinensis (Mahajan and Yadav, 2014) and from Lycium chinense (Song et al., 2016) in tobacco improved the tolerance to salt stress and fungal pathogens in the first case and to drought stress in the latter case. In conclusion, our results clearly show that MusaF3H1 and MusaF3H2 are functional F3Hs and that MusaF3H2 might play a role in stress response.



MusaFLS1 and MusaFLS3

MusaFLS1 was found to be able to convert DHK and DHQ to the corresponding flavonol in the E. coli bioconversion assays. This ability was validated in planta by successful complementation of the flavonol deficiency of A. thaliana ans/fls1-2 double mutant seedlings, while the anthocyanin deficiency phenotype was not restored. These observations could hint to an exclusive FLS activity of MusaFLS1. FLS and DFR, the first enzymes of the flavonol and anthocyanin branches of flavonoid biosynthesis, compete for dihydroflavonol substrates (Figure 1). This is demonstrated by several A. thaliana fls1 single mutants which accumulate higher levels of anthocyanin pigments (Owens et al., 2008; Stracke et al., 2009). Falcone Ferreyra et al. (2010) found that overexpression of ZmFLS1 in an A. thaliana fls1 mutant decreases the accumulation of anthocyanins to wild-type level, again indicating that the anthocyanin and flavonol branches of flavonoid biosynthesis can compete for dihydroflavonol substrates in the same cell or tissue. Accordingly, the overlapping substrate usage of FLS and ANS is difficult to analyse in a fls1 single mutant. Here, the use of an A. thaliana ans/fls1-2 double mutant is a simple way to analyse the FLS and a possible ANS side activity of FLSs and vice versa in planta. To analyse further side activities, a f3h fls ans mutant would be beneficial. A. thaliana ans/fls1-2 plants expressing MusaFLS3 showed the accumulation of several kaempferol derivatives. In contrast, plants complemented with MusaFLS1 also accumulate quercetin derivatives. This is most likely an effect of different environmental conditions in plant growth. One set of plants was grown in the greenhouse (MusaFLS1), another set was grown in a growth chamber (MusaFLS3). In the plants used for MusaFLS3 experiments, these conditions promoted the accumulation of DHQ, while the other growth conditions did not in the plants used for MusaFLS1 experiments. Accordingly, DHQ was probably not available as a substrate for MusaFLS1 and could not be converted to quercetin. A possible explanation for the varying DHQ amounts could be the light-induced expression of flavonoid 3'hydroxylase (F3’H), which converts DHK to DHQ. The expression of F3’H in cultured A. thaliana cells can be induced by UV light (Schoenbohm et al., 2000) and the activity of the F3’H promoter from Vitis vinifera is increased under light exposure (Sun et al., 2015). Consequently, a different light quality or higher light intensity could be responsible for increased F3’H expression, causing the accumulation of DHQ in the plants grown in the growth chamber. While MusaFLS3 was able to complement the flavonol deficiency in the ans/fls1-2 mutant, it did not lead to an accumulation of anthocyanins. In contrast to the in planta results, MusaFLS3 did not convert DHK or DHQ to the corresponding flavonol in the in vivo bioconversion assays, even though the protein was successfully expressed in the E. coli culture. We used the bioconversion assays as a simple and versatile tool to analyse enzymatic activities. Nevertheless, heterologous expression of eukaryotic proteins in E. coli is an artificial system. It can cause a divergent pattern of post-translational modifications or production of high amounts of protein in inclusion bodies, leading to inactive protein (Sahdev et al., 2008). Preuss et al. (2009) reported that AtFLS3 did not show FLS activity in E. coli, but did convert dihydroflavonols to the corresponding flavonols upon expression in yeast, indicating that the stability of AtFLS3 was improved under the latter assay conditions. The approach carried out in this work might have similar limitations. Further limitations can be caused by different substrate preferences, as reported for OsFLS (Park et al., 2019). Despite the lack of FLS activity in the bioconversion assay, MusaFLS3 showed F3H activity. Nevertheless, the in planta complementation of the flavonol deficiency in the A. thaliana ans/fls1-2 mutant and the lacking complementation of the anthocyanin deficiency phenotype in the ans/fls1-2 mutant indicate that MusaFLS3 is a bifunctional enzyme with FLS and F3H activity, which does not exhibit significant ANS activity.

MusaFLS1 transcript abundance was found to be high in adult leaves and low in roots. MusaFLS3 and MusaFLS4 revealed opposed transcript levels. Such divergent expression patterns have previously been observed for FLS1 and FLS2 from Freesia hybrida and FLS1 and FLS2 from Cyclamen purpurascens (Akita et al., 2018; Shan et al., 2020). These opposed expression patterns could point to differential activity in distinct organs. Furthermore, the tandemly arranged MusaFLS3 and MusaFLS4 genes show very similar expression patterns (Table 1), possibly indicating functional redundancy. While we could not find expression of MusaFLS2 in our expression analyses, Pandey et al. (2016) observed MusaFLS2 expression in several organs (including bract, pseudostem and root), as well as in different developmental stages of peel and pulp. Again, these results show that different cultivars, growth conditions, sampling time points and analysed organs can have a strong influence on the resulting data. Accordingly, data from different studies should be evaluated carefully. MusaFLS1 and MusaFLS2 expression in leaves of plantlets does not significantly increase after MJ treatment (Pandey et al., 2016). However, UV radiation induces the expression of FLS from Z. mays (Falcone Ferreyra et al., 2010) and M. domestica (Henry-Kirk et al., 2018) and the relative expression of FLS from Triticum aestivum increases during drought stress (Ma et al., 2014). Together with the knowledge that flavonols act as antioxidants (Wang et al., 2006), an involvement of MusaFLSs in stress response seems feasible and should be further analysed under a broader range of conditions. In summary, our results indicate that MusaFLS1 and MusaFLS3 are functional FLS enzymes and hint at possible differential organ-specific activities of MusaFLS1 and MusaFLS3/MusaFLS4.



MusaANS

A. thaliana ans/fls1-2 seedlings expressing MusaANS show a strong, red pigmentation, revealing that MusaANS can complement the anthocyanin deficiency caused by mutation of AtANS. However, the seedlings did not display flavonol derivatives in HPTLC analyses, which have been reported to detect flavonol glycosides at levels of 50 pMol (Stracke et al., 2010). These results indicate that MusaANS is a functional ANS but does not have FLS activity. The RNA-Seq data-derived expression profiles revealed high MusaANS transcript abundance in pulp and peel. Additionally, MusaANS expression has been reported to be high in bract tissue (Pandey et al., 2016), the specialised leaves surrounding the flowers and usually coloured red or purple due to anthocyanin accumulation (Pazmiño-Durána et al., 2001). This spatial correlation of MusaANS transcripts and anthocyanin metabolites in bract tissue supports the proposed biological functionality of this enzyme, catalysing the conversion of leucoanthocyanidins to anthocyanidins in Musa. MusaANS expression increases 24 h after MJ treatment and decreases following dark treatment (Pandey et al., 2016). As supposed for MusaF3H2, the increased expression of MusaANS after MJ treatment could imply an involvement in the formation of anthocyanins as a consequence of stress response. ABA, salicylic acid (SA), UV-B and cold treatments have been shown to enhance ANS transcript abundance in G. biloba (Xu et al., 2008) and overexpression of OsANS raises the antioxidant potential in O. sativa (Reddy et al., 2007). The accumulation of anthocyanins has often been shown to be induced by (UV-) light (Takahashi et al., 1991; Stapleton and Walbot, 1994; Meng et al., 2004). We therefore assume that also MusaANS could be involved in such stress response.

Very recently, a R2R3-MYB-type transcription factor (MaMYB4) has been identified as a negative regulator of anthocyanin biosynthesis in Musa acting as repressor on the MusaANS promoter (Deng et al., 2021). These results give a first insight into the transcriptional regulation of MusaANS expression and confirm the role of MusaANS in the anthocyanin biosynthesis in Musa. Taking all available evidence into account, MusaANS encodes a functional ANS with a possible involvement in the plants’ stress response.

To deepen the knowledge about 2-ODDs and other enzymes involved in Musa flavonoid biosynthesis, it would be beneficial to acquire even more spatially and timely highly resolved transcriptome and in particular metabolite data. This data could serve as a starting point for the analysis of organ-, stress- or development-specific enzyme activities and functions, as well as possible substrate preferences. It could also be used to elucidate the regulatory network of Musa flavonoid biosynthesis. Furthermore, knowledge about the influence of different stresses (e.g. pathogens, light and temperature) on specific transcriptomes and metabolomes of the Musa plant could help to widen the knowledge of flavonoid biosynthesis and particular the functionality of the Musa 2-ODD enzymes. This could also lead to the detection of possible restricted side activities or overlapping functionalities as described for 2-OODs in some other plant species (Falcone Ferreyra et al., 2010; Park et al., 2019) and to further decode the cause of these multifunctionalities in 2-ODDs.

To conclude, in this study, the functionality of five 2-ODDs involved in flavonoid biosynthesis in Musa was demonstrated in vivo in bacterial cells and in planta. Knowledge gained about the structural genes MusaF3H1, MusaF3H2, MusaFLS1, MusaFLS3 and MusaANS in a major crop plant provides a basis for further research towards engineered, increased flavonoid production in banana, which could contribute to the fruits’ antioxidant activity and nutritional value, and possibly even enhanced the plants’ defence against Foc-TR4.
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The phenylpropanoid pathway serves as a rich source of metabolites in plants and provides precursors for lignin biosynthesis. Lignin first appeared in tracheophytes and has been hypothesized to have played pivotal roles in land plant colonization. In this review, we summarize recent progress in defining the lignin biosynthetic pathway in lycophytes, monilophytes, gymnosperms, and angiosperms. In particular, we review the key structural genes involved in p-hydroxyphenyl-, guaiacyl-, and syringyl-lignin biosynthesis across plant taxa and consider and integrate new insights on major transcription factors, such as NACs and MYBs. We also review insight regarding a new transcriptional regulator, 5-enolpyruvylshikimate-3-phosphate (EPSP) synthase, canonically identified as a key enzyme in the shikimate pathway. We use several case studies, including EPSP synthase, to illustrate the evolution processes of gene duplication and neo-functionalization in lignin biosynthesis. This review provides new insights into the genetic engineering of the lignin biosynthetic pathway to overcome biomass recalcitrance in bioenergy crops.
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INTRODUCTION

It is hypothesized that the first land plants possessed adaptive metabolic, physiologic, and morphologic changes as a means of coping with abiotic stresses, such as UV-B irradiation and desiccation (Niklas et al., 2017). In this scenario the phenylpropanoid pathway played a pivotal role in land colonization of early plants by yielding protective secondary metabolites including flavonoids and lignin. Many flavonoids bestowed land plants with the ability to absorb UV-B, while lignin, as the cell wall component, provided mechanical support and facilitated water transport for the vascular plants (Rensing, 2018). Recently several comparative genomics, phylogenetics, and evolutionary genetics approaches have been employed to illustrate the evolution of phenylpropanoid biosynthetic pathway (Ma and Constabel, 2019; Davies et al., 2020). In this review, we unite these current outcomes and provide a comprehensive overview of the phylogenetic occurrence of phenylpropanoid biosynthetic and lignin biosynthetic pathways and showcase the role of gene duplication and neo-functionalization contributing to land plant evolution.

To aid our understanding of the phylogenetic occurrence of the phenylpropanoid pathway and lignin biosynthesis in plants, we offer a primer on lignin biosynthesis. Lignin is derived from three major hydroxycinnamyl alcohols, including p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol by radical coupling (Weng and Chapple, 2010). As such, p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) monolignols are the main units for lignin polymerization. In addition, two additional non-canonical monolignols, caffeyl alcohol (C), and 5-hydroxyconiferyl (5HG) alcohol, have been found naturally in some species or can be introduced via genetic engineering (Dixon and Barros, 2019; Wang X. et al., 2020).

The lignin biosynthetic pathway has been refined and re-envisioned by several research groups over the past two decades. Based on recent studies in the model herbaceous plant Arabidopsis and the model woody plant Populus, eleven core structural enzymes of the lignin biosynthetic pathway have been identified (Boerjan et al., 2003; Vanholme et al., 2013; Zhang et al., 2020). L-phenylalanine ammonia-lyase (PAL), 4-hydroxycinnamate CoA ligase (4CL), and cinnamate 4-hydroxylase (C4H) are the three enzymes that belong to the general phenylpropanoid pathway shared by the biosynthesis of lignin and flavonoids. Generally, the initial substrate of the phenylpropanoid pathway, phenylalanine, is converted into cinnamate by PAL, C4H coverts cinnamate into p-coumarate, and p-coumarate is then activated by 4CL to form p-coumaroyl CoA.

The other eight enzymes belong to lignin-specific pathway (Figure 1), including cinnamoyl CoA reductase (CCR), cinnamyl alcohol dehydrogenase (CAD), coumarate 3-hydroxylase (C3H), coumaroyl shikimate 3′-hydroxylase (C3′H), ferulate/coniferaldehyde 5-hydroxylase (F5H), caffeate/5-hydroxy-coniferaldehyde 3/5-O-methyltransferase (COMT), caffeoyl CoA 3-O-methyltransferase (CCoAOMT), hydroxycinnamoyl CoA: shikimate hydroxycinnamoyl transferase (HCT), and caffeoyl shikimate esterase (CSE). p-coumaroyl CoA is converted into the simplest H-lignin monomer by a reductase CCR and a dehydrogenase CAD. In addition to CAD and CCR, G-lignin biosynthesis starting from p-coumarate requires C3H, COMT, and 4CL; or 4CL, HCT, C3′H, CSE, and CCoAOMT. F5H and COMT are crucial for S-lignin biosynthesis. Noticeably, aldehyde dehydrogenase (ALDH) catalyzes the opposite direction of reactions in lignin biosynthesis, which is required for ferulate and sinapate biosynthesis from coniferaldehyde and sinapaldehyde, respectively (Nair et al., 2004).
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FIGURE 1. Schematic representation of pathways to produce H, G, and S-monolignols across different plant species. Pathways leading to monolignol biosynthesis include general phenylpropanoid pathway and lignin-specific pathway, which are separated by the dash line. S-lignin biosynthesis in lycophytes occurs in an independent pathway mediated by SmF5H and SmCOMT (highlighted in purple). Some pathways are shared by conifers and angiosperms (highlighted in green) while the others are angiosperm-specific (highlighted in blue). There is also monocot-specific pathway mediated by TAL (highlighted in yellow).




LIGNIN BIOSYNTHETIC PATHWAY IN TRACHEOPHYTES


The Origin of Lignin Biosynthetic Pathway

Although lignin has not been discovered in bryophytes, nine structural gene families that are responsible for the biosynthesis of H- and G-lignin monomers occur in moss genomes (Xu et al., 2009; Table 1). Studies using the model plant Physcomitrella patens shed light on the biosynthetic pathway of phenylpropanoids and lignin. Knock-out of the CYP98 gene in P. patens, which encodes a P450 oxygenase, blocks the biosynthesis of the moss cuticle, thus affecting gametophore formation and organ fusion. C3′H is a homolog of CYP98 in higher plants. However, CYP98 in moss uses the p-coumaroyl-threonate as substrate, whereas C3′H in higher plants uses p-coumaroyl-shikimate as substrate (Schoch et al., 2001), leading to the distinct biosynthetic pathway for cuticle (Renault et al., 2017). Interestingly, no phenylpropanoid genes have been found in red algae genomes, but trace amounts of lignin have been reported in red algae, and as such, indicating that the lignin biochemical machinery preexisted the evolution of land plants (Martone et al., 2009; Brawley et al., 2017). The extant presence of lignin in red algae may also represent convergent evolution independent of lignin biosynthesis in bryophytes.


TABLE 1. Copy number variation of lignin biosynthetic genes in selected model species.
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H-Lignin Biosynthesis in Seedless Vascular Plants

During land plant evolution, lignin appeared first in lycophytes (Renault et al., 2019) in the form of H-lignin. Interestingly, there are only low levels of H-lignin in gymnosperms and traces of H-lignin in angiosperms. In contrast, H-lignin is highly abundant in seedless vascular plants, including lycophytes and pteridophytes. Lignin is found between the cellulose matrix and forms a rigid cell wall in these plants (Espiñeira et al., 2011; Ralph et al., 2019). In gymnosperms and angiosperms, H-lignin can be enriched by down-regulation of C3′H, HCT, and CSE genes (Franke et al., 2002a; Wagner et al., 2007; Coleman et al., 2008; Li et al., 2010; Vanholme et al., 2013, Fornalé et al., 2015), though in many cases growth was negatively impacted. Interestingly, the Arabidopsis C3′H mutant ref8 showed severe growth defect that was rescued by disruption of the mediator complex units MED5a and MED5b (Bonawitz et al., 2014). These results indicate that H-lignin may represent one of the earliest forms of lignin.



G- and S-Lignin Biosynthesis in Pteridophytes

G-lignin biosynthesis in pteridophytes is evolutionarily conserved. The Df4CL2 gene is a 4-coumarate:coenzyme A ligase coding gene identified from the fern species Dryopteris fragrans. Heterologous expression of this gene in tobacco increased the synthesis of lignin, demonstrating the conserved function of 4CL in D. fragrans and tobacco (Nicotiana tabacum) (Li et al., 2020). Similarly, two CCoAOMTs have been cloned from the fern species Polypodiodes amoena, and their functions in lignin biosynthesis have been confirmed via heterologous expression in Arabidopsis (Zhang X.-S. et al., 2019).

S-lignin has been identified in lycophytes such as Selaginella moellendorffii; however, its biosynthetic pathway is different from that in angiosperms (Renault et al., 2019). In angiosperm, both C3H and F5H are involved in S-lignin biosynthesis. In contrast, in lycophytes, SmF5H has dual functions that enables S-lignin to be synthesized directly from p-coumaraldehyde and p-coumaryl alcohol. Here, SmF5H and SmCOMT form a gene cluster and are responsible for S-lignin biosynthesis. Phylogenetic analyses suggest that these two genes were independently evolved from their counterparts in angiosperm (Weng et al., 2008b, 2011). Besides the well-known S-lignin biosynthesis in Selaginella, several ferns, such as Dennstaedtia bipinnata, also contain a large amount of S-lignin in the sclerotic sheaths. However, the biosynthetic pathway has not been elucidated (Logan and Thomas, 1985; Weng and Chapple, 2010). Further studies of the lignin biosynthesis-related genes in these fern species and comparation with what we have known in other species in the lineage is needed to provide insights on the evolution of the S-lignin biosynthetic pathway.



G-Lignin Biosynthesis in Gymnosperms

Gymnosperms diverged from angiosperms 300 million years ago (De La Torre et al., 2020). In general, gymnosperms lack the F5H gene, and therefore, gymnosperm lignin mainly contains G-monolignol and contains no or little S-monolignol (Li et al., 2001; Weng and Chapple, 2010). When Cf4CL and CfCCoAOMT were cloned from Cryptomeria fortunei, a gymnosperm, and heterologously expressed in tobacco, an angiosperm, G-lignin biosynthesis was increased, indicating that these two lignin genes can function equally well in both gymnosperms and angiosperms (Guo et al., 2019). Similarly, a CSE, LkCSE, from Larix kaempferi, can convert caffeoyl shikimate to caffeate and shikimate, supporting the conserved function of CSE between gymnosperms and angiosperms (Wang et al., 2019). Gymnosperms also produce a compression layer within xylem that enriched in H-lignin in tracheid. A recent study showed that spatial patterning of H- and G-lignin during wood formation is related to different localizations and enzyme activities of lignin polymerization enzymes, laccases (Hiraide et al., 2021). Interestingly, some gymnosperm species, such as Gentales, can also synthesize S-lignin (Renault et al., 2019). Gnetum genmon contains angiosperm-like vessels as well as tracheids and fiber tracheids (Tomlinson, 2001), and it shares the chemical compositions of lignin with angiosperms (Nawawi et al., 2016). These results suggest that the biosynthetic pathway for G-lignin is shared between gymnosperms and angiosperms. On the basis of these results we are left with two alternate hypotheses; ancient gymnosperms were able to produce S-lignin which was subsequently lost in modern gymnosperms or the occurrence of S-lignin in Gentales is a recent convergent evolutionary event. As an ancient gymnosperm, further systematic studies of lignin biosynthesis in Gentales are needed to definitively describe the evolution trajectory in gymnosperms.



G- and S-Lignin Biosynthesis in Angiosperms

Angiosperms contain the lignin composed of G-, S-, and H-lignin monomers in various ratios (Mansfield et al., 2012). The lignin biosynthetic pathways of angiosperms have been characterized using the model plants, Arabidopsis, Populus, and Brachypodium, among others. Xu et al. (2009) analyzed 10 of 11 lignin biosynthetic gene families (without CSE) across 14 plant species and 1 symbiotic fungal species using comparative genomics. The analysis revealed that the rapid expansion of these gene families occurred after the divergence between dicots and monocots 140–150 million years ago (Xu et al., 2009; Rao and Dixon, 2018).

Although the lignin biosynthetic pathways are generally conserved among angiosperms, alternative pathways have evolved in monocots. In dicots, the first enzyme in the phenylpropanoid pathway, PAL, converts phenylalanine (Phe) to cinnamate. Cinnamate is then converted to p-coumarate by the second enzyme, C4H. However, a bypass route has been discovered in monocots. PTAL was identified as a bifunctional enzyme that recognizes tyrosine (Tyr) as the substrate and converts it to p-coumarate directly in Brachypodium distachyon (Barros et al., 2016). 13C isotope feeding with BdPTAL1-RNAi transgenic plants revealed that BdPTAL1-mediated lignin biosynthesis contributed to half of the total lignin content in B. distachyon (Barros et al., 2016). Another grass-specific enzyme is p-coumaroyl-CoA:monolignol transferase (PMT) that catalyzes the incorporation of p-coumarate into the lignin polymer backbone typically found in the Poaceae family (Withers et al., 2012; Petrik et al., 2014). These findings suggest that lineage-specific lignin biosynthetic pathways have evolved independently in dicots and monocots and highlight the need to study species-specific branches in the lignin biosynthetic pathway.

The C4H gene progenitor appears to have duplicated in early seed plants, yielding two clades that are preserved in Taxaceae and most angiosperms. A second duplication event happened after the divergence of dicots and monocots. By analyzing the protein structure and function of Brachypodium C4H, it was found that each of Brachypodium C4H paralog genes can rescue the growth defect of the Arabidopsis c4h mutant, indicating that the C4Hs in monocots preserved the canonical function in lignin biosynthesis. However, the protein structures of C4Hs in B. distachyon differ from that in Arabidopsis. This newly derived C4H type in monocots has an elongated N-terminus, which alters the subcellular localization and allows the orientation of C4H to the lumen of endoplasmic reticulum (ER) through a double-spanning hairpin structure. Therefore, it is possible that an alternate C4H exists within the ER (Renault et al., 2017).

Coumarate 3-hydroxylase and C3′H catalyze the conversion of p-coumarate and p-coumaroyl shikimate into caffeate (via a bifunctional cytosolic ascorbate peroxidase, Barros et al., 2019) and caffeoyl shikimate (via a cytochrome P450 monooxygenase, Schoch et al., 2001), respectively. These enzymes play important roles in G-lignin and S-lignin biosynthesis. There is only one member of the C3′H family in Arabidopsis thaliana and two members of the cytosolic C3H family in A. thaliana and B. distachyon (Franke et al., 2002b; Barros et al., 2019). PtrC3′H3 was recognized as the homolog of Arabidopsis C3′H. However, it was proposed that PtrC3′H3 requires PtrC4H1 or PtrC4H2 to form a complex to enhance its enzymatic activity in Populus trichocarpa (Chen et al., 2011; Figure 1). Recent study showed that triple knocking-down PtrC4H1/PtrC4H2/PtrC3′H3 causes monolignol benzoate (ML-BL) conjugation and significantly reduces lignin biosynthesis while increasing H-lignin for about 70-fold (Kim et al., 2020). These findings suggest that simultaneous modification of C4H and C3H could be used for reducing biomass recalcitrance in bioenergy crops.

Phylogenetic analysis of 192 4CLs across land plants suggested that a duplication of the 4CL gene family occurred prior to the split of gymnosperms and angiosperms (Li et al., 2015). Functional divergence of the 4CL gene family, post duplication, has been broadly found in angiosperms. In fact, four members of the 4CL gene family have been reported in P. patens, but only three of them were expressed under tested conditions (Silber et al., 2008). There are four 4CL genes in Arabidopsis, five in rice, and seven in Populus. Functional analysis of these gene families revealed that only one subgroup of this gene families is involved in lignin biosynthesis, while other subgroups are involved in the biosynthesis of flavonoids or phenolics via neofunctionalization (Ehlting et al., 1999; Gui et al., 2011; Li et al., 2015; Rao et al., 2015; Table 1). Loss-of-function mutation of 4CL genes in herbaceous species causes reductions in G-lignin and increase of S/G ratios. However, knock-out 4CL1 gene in Populus led to reduction of S-lignin and decrease of S/G ratio, and the homeostasis of G-lignin was maintained by 4CL5 in 4cl1 mutant. These findings point toward a functional divergence of 4CLs between herbaceous and woody species (Xiong et al., 2019; Tsai et al., 2020).

Hydroxycinnamoyl transferase catalyzes the conversion of caffeoyl shikimate to caffeoyl-CoA. Down-regulation of AtHCT caused the reduction of S-lignin content in Arabidopsis (Hoffmann et al., 2004). The orthologs of HCTs are present among all the land plants, which suggests that this enzyme evolved before the occurrence of lignin. A recent study showed that P. patens HCT and Marchantia polymorpha HCT can complement the deficiency of Arabidopsis hct mutant in terms of morphology and metabolite levels, suggesting that the function of HCT is likely conserved in all embryophytes (Kriegshauser et al., 2021). It appears that gene duplication of HCT occurred in dicots that produced the HQT gene. Despite the sequence similarity between HCT and HQT, the latter is required for biosynthesizing chlorogenic acid rather than lignin in Cynara cardunculus (Sonnante et al., 2010). Knock-down of HCT led to increase of G-lignin and decrease of S-lignin and S/G ratio in Populus (Zhou et al., 2020). However, knock-down of both HCT1 and HCT2 did not drastically change lignin content or composition in B. distachyon. Meanwhile, the saccharification efficiency was greatly enhanced in the double knock-down line (Serrani-Yarce et al., 2021). These findings suggest HCT genes play different roles in some monocots compared to that of dicots.

Caffeoyl shikimate esterase is a newly discovered enzyme involved in monolignol biosynthesis. Together with 4CL, these two enzymes form a bypass pathway of monolignol biosynthesis in Arabidopsis (Vanholme et al., 2013). CSE genes cloned from Medicago truncatula and Populus deltoides have been shown to be functionally conserved with their Arabidopsis homolog (Ha et al., 2016; Saleme et al., 2017). However, the homolog of CSE gene has not been identified in most monocots, including maize and Brachypodium. Recently, the generation of cse1, cse2 single mutant and cse1/cse2 double mutant in Populus further confirmed their partial redundant roles in lignin biosynthesis. In addition to causing a 35% reduction in lignin content, the cse1/cse2 double mutant significantly improved cellulose-to-glucose transformation efficiency. As such, CSEs in Populus could be promising target genes in biorefinery although their growth penalty should be managed to avoid (de Vries et al., 2021). Noticeably, CSE has also been shown to be functional in gymnosperms, such as Larix kaempferi (Wang et al., 2019). These findings suggest that CSE may be evolved prior to the divergence of gymnosperms and angiosperms, but was lost in many monocots (Wang et al., 2019; Serrani-Yarce et al., 2021).

Caffeate/5-hydroxy-coniferaldehyde 3/5-O-methyltransferase and F5H are two key enzymes required for catalyzing the intermediates in G-lignin biosynthesis into S-lignin biosynthesis. It has been reported that simultaneously manipulating COMT and F5H resulted in a dramatic change of S-lignin biosynthesis (Wu et al., 2019). COMT and F5H in S. moellendorffii appears to have an independent origin compared to that of angiosperms. There are two F5H genes in Arabidopsis (AtF5H1/CYP84A1 and AtF5H2/CYP84A2), and only AtF5H1 has been confirmed to be involved in lignin biosynthesis (Meyer et al., 1998). Similarly, there is one functional COMT gene identified among 13 homologous genes in Arabidopsis (Raes et al., 2003). In Populus, five F5H genes have been cloned, and two of them, PtrF5H1 and PtrF5H2, were reported to be involved in lignin biosynthesis. Thirteen members of COMT gene family were identified in P. trichocarpa, but only PtrCOMT2 is highly expressed in xylem (Shi et al., 2009; Table 1). The function of F5H was shown to be conserved in monocots, such as Oryza sativa. One of three F5H genes, OsCAld5H1, was reported to greatly affect the S/G-lignin composition via over-expression or knock-out (Takeda et al., 2017, 2019). OsCAldOMT1 has been proven to be a functional COMT in rice (Lam et al., 2019). Noticeably, it not only regulates S-lignin biosynthesis, but also controls tricin-lignin biosynthesis. The dual functions of OsCAldOMT1 seems to be specific in grass species (Lam et al., 2019). CCoAOMT, another O-methyltransferase, converts feruloyl CoA to sinapoyl CoA and is required for the conversion of G-lignin into S-lignin. Genetic engineering of this enzyme led to change in G-lignin biosynthesis in Populus, alfalfa, Pinus radiata, maize, and tobacco (Zhong et al., 2000; Guo et al., 2001; Wagner et al., 2011; Li et al., 2013; Xiao et al., 2020). These studies suggest the function of CCoAOMT is likely to be conserved among all angiosperms and occurred with the advent of the angiosperms.

Cinnamoyl CoA reductase recognizes four types of cinnamoyl-CoAs, including p-coumaroyl CoA, caffeoyl CoA, feruloyl CoA, and sinapoyl CoA, and converts them into cinnamaldehydes. Phylogenetic analysis of 146 CCR genes of various land plants revealed that CCR family contains three classes: CCR, CCR-like, and DFR, and that only the CCR class contains bona fide lignin biosynthetic genes. All these three classes are distributed across land plants, including P. patens, which contains a single functional CCR gene. These results suggested that the progenitor CCR gene evolved after the advent of lycophytes (Barakat et al., 2011). Still, functional divergence within the CCR family has arisen in several species. For example, in Arabidopsis, AtCCR1 is involved in lignin biosynthesis, whereas AtCCR2 is involved in pathogen response (Lauvergeat et al., 2001; Ruel et al., 2009). Downregulation of a CCR gene, CCR2, reduces lignin biosynthesis and increases saccharification efficiency in Populus. However, it also causes severe biomass penalty (Van Acker et al., 2014). Recently, a ccr2 mutant was generated by the CRISPR/Cas9 approach that contain a null and haplo-insufficient allele in Populus. This mutant line does not have growth penalty, but still has low lignin content and improved saccharification efficiency (De Meester et al., 2020). Therefore, CCR2 gene could be a useful target that can be deployed in genetic engineering of bioenergy woody crops.

Cinnamyl alcohol dehydrogenase catalyzes the final step of monolignol biosynthesis leading to compositional differences in lignin forms. Guo et al. (2010) performed phylogenetic analysis of the CAD gene family from 52 species and classified them into three classes. Class I comprises bona fide CADs which are only present in vascular plants, suggestive of their co-occurrence with the advent of lignin. The functional characterizations of Class II and Class III CADs remain unclear (Guo et al., 2010). Within the large gene families, CADC and CADD, PtrCAD1 and OsCAD2 have been reported to be functional CAD genes involved in lignin biosynthesis in Arabidopsis, rice, and Populus. Knock-down or knock-out of these genes resulted in reduced lignin content as well as altered lignin structures (Anderson et al., 2015; Van Acker et al., 2017; Martin et al., 2019). Finally, it was reported that CAD and CCR form an enzyme complex that regulates monolignol biosynthesis in P. trichocarpa (Yan et al., 2019).

In summary, as an important branch of the phenylpropanoid pathway, structural genes of the lignin biosynthetic pathway are conserved in most embryophytes. F5H and COMT contribute to S-lignin biosynthesis and have been hypothesized to have independent origins in S. moellendorffii and angiosperms. Gene duplications and gene family expansion of lignin biosynthetic genes in angiosperms have given rise to sub-functionalization and neo-functionalization of the various members, which is consistent with their morphological and functional changes compared with lower plants.



TRANSCRIPTIONAL REGULATION OF LIGNIN BIOSYNTHETIC PATHWAY

The lignin biosynthetic pathway includes both structural genes and regulatory proteins. Transcriptional regulation, controlling the gene expression of structural genes, plays important roles in lignin biosynthesis. Such genes reflect the phylogenetic occurrence of the phenylpropanoid pathway and evolutionary trajectory of lignin biosynthesis in plants. MYBs and NACs are two major transcription factor families, comprising three layers of the hierarchical transcriptional regulatory network (Ohtani and Demura, 2019; Figure 2). Therefore, we focus on analyzing these two families of transcription factors to illustrate the evolutionary divergence of transcriptional regulation in lignin biosynthesis.
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FIGURE 2. Transcriptional network of lignin biosynthesis in plants. Black box indicates transcriptional activator, and red box indicates transcriptional repressor. Green arrows indicate transcriptional activation, and red blunt arrows indicate transcriptional repression. AC element, recognized by MYBs, were found in most of lignin biosynthetic genes.



MYB46-Mediated Transcriptional Regulation of Lignin Biosynthesis

Transcription factor MYB46 is a central regulator in secondary cell wall formation (Zhong et al., 2007). MYB46 and MYB83 are two functionally redundant A. thaliana MYB transcription factors that act as master switches of lignin biosynthesis regulating nine out of 11 monolignol biosynthetic genes (PAL, C4H, 4CL, HCT, C3′H, CCoAOMT, F5H, CCR, and CAD) (Kim et al., 2014). Besides lignin, the biosynthesis of other secondary cell wall components, including xylan and cellulose, are also regulated by MYB46/MYB83 (McCarthy et al., 2009; Zhong and Ye, 2012; Kim et al., 2013). Several MYB46 orthologs from other plant species have also been shown to function as key regulators for secondary cell wall biosynthesis, including PtMYB4 from pine, EgMYB2 from Eucalyptus, OsMYB46 from rice, PtrMYB2, PtrMYB3, PtrMYB20, and PtrMYB21 from Populus, and ZmMYB46 from maize (Patzlaff et al., 2003; Goicoechea et al., 2005; Zhong et al., 2011, 2013). The functions of MYB46 and MYB83 in lignin biosynthesis are well-conserved in angiosperms.

The phylogenetic history of lignin related MYBs appears to coincide with the advent of the lignin biosynthetic genes, which first emerged in early land plants (Xu et al., 2014; Bowman et al., 2017). Homologs of MYB46 and MYB83 have been found in P. patens and S. moellendorffii (Zhong et al., 2010). Functional conservation of their homologs via transgenic validation has also been demonstrated in vascular plants, including gymnosperms and angiosperms (Zhao and Bartley, 2014). We hypothesis that MYB46 and MYB83 might be required for phenylpropanoid biosynthesis outside of the lignin biosynthetic pathway in non-vascular plants while playing core roles in lignin biosynthesis in all vascular plants.



Upstream Regulators of MYB46/MYB83

Major transcription factors regulating MYB46/MYB83 are the NAC TF family proteins (Figure 2). NAC TF family proteins share a conserved NAC domain located at the N-terminal region and a highly divergent C-terminal activation domain (Olsen et al., 2005). These TFs are specific to plants and play diverse roles in plant defense, growth, and development (Olsen et al., 2005). NAC SECONDARY WALL THICKENING PROMOTING FACTOR1 (NST1) and NST2 are redundantly responsible for secondary wall thickening in anther endothecium (Mitsuda et al., 2005). A MYB family protein, MYB26, localized in the nucleus, was found to be an upstream positive regulator of NST1 and NST2. Overexpression of MYB26 was found to increase lignin deposition and the expression of NST1 and NST2 (Yang et al., 2007). Recent study shows that Xylem NAC Domain 1 (XND1) interacts with NST1 and inhibits the transcriptional activity of NST1, thus repressing secondary cell formation (Zhang Q. et al., 2019). In addition, VASCULAR-RELATED NAC-DOMAIN 6 (VND6) and VND7 directly regulate MYB46 and MYB83 expression (Zhong et al., 2008; McCarthy et al., 2009; Ohashi-Ito et al., 2010; Yamaguchi et al., 2011). Overexpression of VND6 and VND7 can induce the ectopic differentiation of metaxylem-like vessels and protoxylem-like vessels, respectively (Kubo et al., 2005). Functional suppression of VND6 and VND7 caused defects in the formation of vessel elements (Kubo et al., 2005; Yamaguchi et al., 2008). In Arabidopsis, there are seven VND genes (VND1-VND7). Similar to VND6 and VND7, overexpression of VND1 to VND5 also induces ectopic secondary cell wall deposition, suggesting that all VND members contribute to lignin biosynthesis during xylem vessel development (Endo et al., 2014; Zhou et al., 2014).

A third class of TFs involved in lignin biosynthesis include the WRKY gene family. Mutation of the Arabidopsis WRKY12 gene caused secondary cell wall thickening in pith cells that is associated with ectopic deposition of lignin, xylan, and cellulose. WRKY12 mutation upregulated the transcription of downstream genes encoding the NAC domain TF NST2 and the zinc finger TF C3H14, which activate secondary wall synthesis (Wang et al., 2010). Direct binding of WRKY12 to the NST2 gene promoter led to repression of NST2 and C3H14, as defined by in vitro assays and in planta transgenic experiments (Wang et al., 2010). Interestingly, WRKY12 gene is expressed in both pith and cortex that do not have secondary wall thickening, suggesting that WRKY12 may control the parenchymatous nature of pith cells by acting as a negative regulator of secondary cell wall NACs (Wang et al., 2010). WRKY15 was reported to repress the expression of VND7 and suppress tracheary elements (TEs) differentiation through indirect regulation (Ge et al., 2020). Based on our current understanding, WRKY TFs act upstream of NACs to regulate secondary cell wall biosynthesis.

Two members of the ASYMMETRIC LEAVES2-LIKE/LATERAL ORGAN BOUNDARIES DOMAIN (ASL/LBD) family ASL19/LBD30, ASL20/LBD18 were identified to be involved in a positive feedback loop for VND7 expression that regulates TEs differentiation-related genes (Soyano et al., 2008). Overexpression of ASL19 and ASL20 induced trans-differentiation of cells from non-vascular tissues into TE-like cells, similar to those induced by VND6 or VND7 overexpression. Expression of both ASL19/LBD30 and ASL20/LBD18 are dependent on VND6 and VND7 (Soyano et al., 2008). XND1 has been reported to inactivate VND6 by physically interacting with VND6 and directing VND6 from the nucleus to the cytoplasm (Zhong et al., 2020). Another NAC transcriptional factor, VND-INTERACTING2 (VNI2), can bind to VND proteins and has been shown to function as a transcriptional repressor of VND7-mediated gene transcription (Yamaguchi et al., 2010). Recent studies show that E2Fc is a key upstream regulator of VND6 and VND7, directly targeting the genomic loci of VND6 and VND7. E2Fc is a transcriptional repressor, and transcript abundance of VND6 and VND7 were significantly increased in E2Fc knockdown Arabidopsis lines (Taylor-Teeples et al., 2015). Taken together, VND6 and VND7 represent key regulators in lignin biosynthesis whose functions are tightly regulated by various TFs (Ko et al., 2012; Schuetz et al., 2013). Phylogenetic analysis discovered close homologs of VND6 and VND7 in all vascular plants, whose functions were demonstrated to be conserved in P. trichocarpa, Zea mays, Oryza sativa, and B. distachyon (Zhong et al., 2010, 2011; Valdivia et al., 2013).

SND1/NST3 and NST1 are required for secondary wall thickening in stem fibers (Mitsuda et al., 2007). When these genes were expressed constitutively in Arabidopsis, ectopic secondary wall thickening in various tissues was induced (Mitsuda et al., 2005, 2007). Putative orthologs of NST1, NST2, and SND1/NST3 are present in the genome of Populus and are expressed in developing xylem (Mitsuda et al., 2007), implicating a role in lignin biosynthesis. The function of NST homologs in lignin biosynthesis has been confirmed in Medicago truncatula and cotton (Zhao et al., 2010; Fang et al., 2020). However, the homologs of NST proteins have not been identified in gymnosperms or earlier species, implying that these proteins may not have evolved until the appearance of angiosperms (Nakano et al., 2015).



Downstream Targets of MYB46/MYB83

Three MYB family proteins, MYB58, MYB63, and MYB85, whose coding genes are direct targets of MYB46, have been shown to function as direct transcriptional activators of lignin biosynthesis during secondary wall formation in Arabidopsis (Zhong et al., 2008; Ko et al., 2009; Demura and Ye, 2010; Zhou et al., 2020; Figure 2). All three MYBs cause ectopic lignin deposition when overexpressed.

The coding genes of three other MYB family proteins, MYB32, MYB4, and MYB7, are also directly activated by MYB46 (Ko et al., 2009). These three MYBs, sharing high sequence similarity with a conserved EAR motif, have been shown to be transcriptional repressors (Dubos et al., 2010). Trans-activation assays showed that these MYB transcription factors directly repress the expression of SND1, forming a feedback regulatory loop to maintain the abundance of SND1 (Wang et al., 2011).

KNOTTED ARABIDOPSIS THALIANA7 (KNAT7) and BEL1-LIKE HOMEODOMAIN6 (BLH6) belong to knotted-like homeobox proteins and bel1-like homeodomain proteins, respectively. KNAT7 and BLH6 were reported to be direct targets of MYB46 and MYB83 (Zhong and Ye, 2012). KNAT7 and BLH6 interact with each other and negatively regulate lignin biosynthesis while KNAT3 was reported to form heterodimer with KNAT7 to synergistically regulate lignin content and composition (Liu et al., 2014; Qin et al., 2020; Wang S. et al., 2020).

Although the first and second layers of master switches of lignin biosynthesis were shown to be conserved in vascular plants even in early land plants, the targets of MYB46/83 have not been shown to be functionally conserved in lower plants. For example, the close homologs of MYB58 and MYB63 failed to be identified in lower tracheophytes (Zhong et al., 2010). In addition, their homologs in switchgrass were found to be mainly involved in flavonoids biosynthesis rather than lignin biosynthesis. A plausible explanation is that wide expansion, promiscuous functionality, and functional diversification of the MYB family across different species have made it difficult to identify the genuine orthologs responsible for lignin biosynthesis regulation (Zhao and Bartley, 2014; Nakano et al., 2015). Furthermore, lineage-specific MYBs may contribute to lignin biosynthesis in different tracheophytes. For instance, MYB75 was found to repress secondary cell wall biosynthesis and activate anthocyanin biosynthesis in dicots but not in monocots (Zhao and Bartley, 2014).



EPSP as a Transcriptional Repressor

5-enolpyruvylshikimate-3-phosphate (EPSP) synthase is a key enzyme in shikimate pathway, which is present in both plants and many prokaryotes. EPSP synthase has been a well-known herbicide target, which has been widely used in agriculture (Sammons and Gaines, 2014). Noticeably, there is only one copy of an EPSP synthase coding gene in green algae, lycophytes, and bryophytes, but duplicated genes were found in angiosperms, such as Arabidopsis and Populus (Tohge et al., 2013; Yang et al., 2017; Xie et al., 2018; Figure 3). The gene duplication in angiosperms may have given rise to neo-functionalization for the additional gene copy.


[image: image]

FIGURE 3. Molecular dating of EPSPs. A total of 91 EPSPs, identified by searching against PtrEPSP-TF in phytozome, were used for molecular dating analysis. We first used MUSCLE (Edgar, 2004) to perform multiple alignments of EPSP proteins, an in-house python script was then used to convert the amino acid alignment to nucleotide alignment, and finally TrimAL (Capella-Gutiérrez et al., 2009) was used to trim the alignment using parameters “-gt 0.8 -st 0.001,” which indicate the tolerating gaps of no more than 20% and similarity score less than 0.001. Mrbayes (Huelsenbeck and Ronquist, 2001) was used to conduct molecular dating with parameters “lset nst = 6 rates = invgamma” using the “GTR + I + Γ” model. A total of 10,000,000 mcmc generations were run after the standard deviation of split frequencies falls under 0.05. FigTree (Rambaut, 2012) was used to visualize the phylogenetic tree. Number of each node indicates the posterior probabilities. Pink, yellow, blue, and green colors separate monocot, Chlorophyte, Eudicot, and Citrus, respectively.


A recent study in P. trichocarpa discovered the transcriptional regulatory function of one EPSP synthase gene (PtrEPSP-TF) (Xie et al., 2018). Overexpression of PtrEPSP-TF led to ectopic deposition of lignin, accumulation of phenylpropanoid metabolites and differential expression of secondary cell wall biosynthetic genes. It was shown that PtrEPSP-TF accumulates in the nucleus and acts as a transcriptional repressor by directly binding to the promoter element of a hAT transposase family gene (PtrhAT). PtrhAT is also located in the nucleus and serves as a transcriptional repressor. The direct target of PtrhAT is PtrMYB021, which is a homolog of MYB46 in Arabidopsis that acts as a master switch for secondary cell wall biosynthesis, as described above. By repressing the expression of PtrhAT, PtrEPSP-TF activates the expression of PtrMYB021 and the phenylpropanoid pathway (Xie et al., 2018). In conclusion, PtrEPSP-TF/PtrhAT/PtrMYB021 form an additional regulatory loop in lignin biosynthesis in Populus.

PtrEPSP-TF distinguishes itself from ancestral EPSP synthases by carrying an additional helix-turn-helix (HTH) motif in the N-terminus (Xie et al., 2018). HTH motifs are commonly found in transcription factors as nucleic acid binding domains (Aravind et al., 2005). With the addition of the N-terminal HTH DNA binding motif, PtrEPSP-TF exhibited nuclear accumulation and functioned as a transcriptional repressor. By comparing 57 EPSP synthase isoforms from 42 plant genomes, the HTH motif was found to be almost entirely missing in EPSP synthases in non-vascular, algal, and monocots, but was found in many dicots (Xie et al., 2018). The presence of secondary cell wall is a key distinguishing feature separating dicots from algae and mosses. It is intriguing that this shikimate pathway derived-EPSP synthase isoform appears to have obtained a regulatory function modulating the expression of processes that are ubiquitous in dicots relative to other plants. With this in mind, we hypothesized that domain co-option may have occurred during the course of evolution when early dicotyledonous plants attained complex cell wall structure (Weng et al., 2008a; Tohge et al., 2013). The discovery of the additional regulatory loop of MYB46 in Populus also supports the existence of woody plant-specific regulatory mechanisms in lignin biosynthesis.



PERSPECTIVES ON THE ORIGIN AND EVOLUTION OF LIGNIN BIOSYNTHESIS IN PLANTS

The phenylpropanoid pathway produced thousands of metabolites which are essential for plant terrestrialization and subsequent radiation. Lignins appeared as specialized metabolites with the evolution of tracheophytes. The identification of progenitors of lignin biosynthetic genes in bryophytes provides new insights into the origin of lignin biosynthesis (Kriegshauser et al., 2021). The recent progress on genome sequencing of Charophyte algae, bryophytes, lycophytes, and ferns have also provided unprecedented opportunities to study the origin of phenylpropanoid biosynthetic pathway (Szövényi et al., 2021).

On the basis of current knowledge of lignin biosynthetic pathways across tracheophytes, we conclude that most lignin biosynthetic genes experienced expansions and neofunctionalization. As a result, lignin biosynthetic pathway has become increasingly complex evidenced by the existence of many alternate pathways and regulatory hierarchies. In support of this hypothesis many of the alternative pathways have been shown to be lineage specific. Lignin biosynthesis in monocots served an example of diversification. For example, PTAL-mediated by-pass route in lignin biosynthesis and PMT-mediated lignin modification are specific to monocots (Petrik et al., 2014; Barros et al., 2016). Equally, S-lignin biosynthesis in S. moellendorffii suggested that S-lignin biosynthetic pathway may be evolved multiple times or lost in gymnosperms and other pteridophytes (Weng and Chapple, 2010).

Transcriptional regulatory modules have been shown to be generally conserved for phenylpropanoid and lignin biosynthesis; however, a third layer of MYB TFs are not evolutionarily conserved and have witnessed a wide expansion of family members. Finally, newly identified TFs, such as EPSP-TF, have been shown to regulate lignin biosynthesis specifically in woody plants (Xie et al., 2018). The studies on transcriptional regulation of lignin biosynthesis represents an emerging opportunity to understand the phylogenetic occurrence of the phenylpropanoid pathway and lignin biosynthesis in plants.



CONCLUDING REMARKS AND FUTURE DIRECTIONS

In this review, we summarized the phylogenetic occurrence of lignin biosynthetic genes and related transcriptional regulation across different plant species. Comprehensively, the core enzymes in lignin biosynthesis and basal transcriptional regulatory module are conserved among embryophytes, although bryophytes do not produce lignin. With evolutionary time, lignin composition diversity has increased and has been associated with gene duplication, functional gene co-option, and neo- and sub-functionalization, which involved many structural genes and transcriptional regulators. In addition, concomitant with the increase of lignin biosynthetic complexity, is the increase in functional diversity, e.g., water conductivity and defense. As most of the current knowledge of lignin biosynthesis is based on the study of a few angiosperms, identification and functional characterization of the lignin biosynthetic pathways and their regulation in lower plants will provide a comprehensive view of their evolutionary history and lead to new insights in lignin biosynthesis.
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Tricin (3',5'-dimethoxyflavone) is a specialized metabolite which not only confers stress tolerance and involves in defense responses in plants but also represents a promising nutraceutical. Tricin-type metabolites are widely present as soluble tricin O-glycosides and tricin-oligolignols in all grass species examined, but only show patchy occurrences in unrelated lineages in dicots. More strikingly, tricin is a lignin monomer in grasses and several other angiosperm species, representing one of the “non-monolignol” lignin monomers identified in nature. The unique biological functions of tricin especially as a lignin monomer have driven the identification and characterization of tricin biosynthetic enzymes in the past decade. This review summarizes the current understanding of tricin biosynthetic pathway in grasses and tricin-accumulating dicots. The characterized and potential enzymes involved in tricin biosynthesis are highlighted along with discussion on the debatable and uncharacterized steps. Finally, current developments of bioengineering on manipulating tricin biosynthesis toward the generation of functional food as well as modifications of lignin for improving biorefinery applications are summarized.

Keywords: tricin, biosynthetic pathways, flavonoids, lignin, bioengineering, biorefinery


INTRODUCTION

Flavonoids are a large group of plant-specialized metabolites that are ubiquitous in vascular plants and are also found in non-vascular plant lineages except hornworts (Yonekura-Sakakibara et al., 2019). Structurally, they are featured by a basic diphenylpropane (C6–C3–C6) backbone, which is usually made up of two benzene rings (A-ring and B-ring) and a middle pyrone ring (C-ring; Alseekh et al., 2020). Flavonoids are assigned to different classes according to the oxidation states in the C-rings (Schijlen et al., 2004). At least nine major classes, namely, flavanones, flavones, dihydroflavonols, flavonols, flavan-3-ols, leucoanthocyanidins, anthocyanidins, isoflavones, and aurones, have been described (Figure 1A; Yang et al., 2018; Nakayama et al., 2019).

[image: Figure 1]

FIGURE 1. Flavonoids in plants. (A) Structures of the major classes of flavonoids in plants. (B) Structures of tricin and flavone C-glycosides as the major flavone-derived metabolites in grasses. A-, B- and C-rings as well as the numbering system used for flavonoid molecules are indicated. R, R1, R2: H, OH, or OCH3.


In grasses, flavones are the predominant class of flavonoids accumulated in stems and leaves (Harborne and Hall, 1964; Tohge et al., 2017), whereas 3-hydroxylated flavonoids, such as flavonols and anthocyanidins, which are widely distributed in other plant lineages, are usually not accumulated due to the absence of flavanone 3-hydroxylase (F3H) expression (Deboo et al., 1995; Shih et al., 2008; Wang et al., 2020b). Grass flavones are present in the forms of flavone O-conjugates and flavone C-glycosides (Figure 1B; Harborne and Hall, 1964; Brazier-Hicks et al., 2009; Dong et al., 2014). Flavone O-conjugates harbor sugar or monolignol moieties linked to flavone aglycones through glycosidic or ether bonds (Li et al., 2016; Lan et al., 2019). 3',5'-Substituted flavone O-conjugates, in particular, tricin O-conjugates, are widely present (Dong et al., 2014; Li et al., 2016). On the other hand, flavone C-glycosides contain sugar moieties directly attached to C6 and/or C8 of the flavone backbones via C–C linkages (Besson et al., 1985; Cummins et al., 2006; Brazier-Hicks et al., 2009). Such flavone C-glycosides could be 3'-substituted but are rarely 3',5'-substituted (Dong et al., 2014). Unlike flavone O-conjugates, flavone C-glycosides are resistant to enzymatic or acid hydrolysis.

The flavone tricin has been drawing attention due to its widespread and abundant occurrence as soluble O-conjugates in grasses, and more remarkably, its unique incorporation in lignin polymers in cell walls of grasses and some other species. Soluble tricin was first isolated as an aglycone from leaves of a rust-resistant wheat cultivar (Triticum dicoccum; cv. Khapli; Anderson and Perkin, 1931). It was later found to be widely distributed in grasses and could also be detected in other monocots (e.g., Cyperaceae members), some dicots (e.g., Medicago species), and lycophytes (e.g., Lycopodium japonicum) [reviewed by Wollenweber and Dörr, (2008); Zhou and Ibrahim, (2010); Li et al. (2016)]. Soluble tricin-type metabolites usually exist as aglycone or tricin O-glycosides (predominately 5-O-, 7-O- and/or 4'-O-glucosides), tricin-oligolignols (predominately 4'-O-oligolignols and their derivatives), and their O-glycosides [reviewed by Zhou and Ibrahim, (2010); Li et al. (2016); Lan et al., (2019)]. Tricin C-glycosides (Theodor et al., 1981; Markham et al., 1987; Peterson and Rieseberg, 1987; Sun et al., 2013b), tricin sulfate, and tricin O-glycoside-O-sulfates (Harborne, 1975; Harborne and Williams, 1976; Barron et al., 1988; Galland et al., 2014) were also identified. In plants, soluble tricin-type metabolites were reported to function as defensive compounds against fungal pathogens (Kong et al., 2010), weeds (Kong et al., 2004), and insects (Adjei-Afriyie et al., 2000; Bing et al., 2007).

In the last decade, tricin was discovered to be incorporated into lignins (del Río et al., 2012), which are abundant structural polymers deposited together with cellulose and hemicelluloses in secondary cell walls of vascular plants. Tricin-integrated lignin (tricin-lignin; predominately 4'-O-conjugated to the β-position of the monolignol-derived phenylpropane units) is extensively distributed in grasses and is also detected in some non-grass monocot species [e.g., coconut (Cocos nucifera), curaua (Ananas erectifolius), and vanilla (Vanilla planifolia and V. phalaenopsis)] and the dicot alfalfa (Medicago sativa; Mao et al., 2013; You et al., 2013; Lan et al., 2016b). Tricin is the first lignin monomer known to be generated outside the monolignol biosynthetic pathways (del Río et al., 2012, 2020; Lan et al., 2015, 2016a, 2019). Currently, the physiological functions of tricin in cell wall lignins remain largely unknown.

To humans, tricin is considered promising nutraceutical due to its anticancer (Hudson et al., 2000; Yue et al., 2020), antioxidant (Ajitha et al., 2012), anti-inflammatory (Shalini et al., 2012, 2016), antiviral (Yazawa et al., 2010; Akuzawa et al., 2011), and antihistaminic activities [reviewed by Zhou and Ibrahim, (2010); Lan et al. (2016, 2019); Jiang et al. (2020)]. The potential use of tricin as a chemopreventive agent was notably well investigated (Hudson et al., 2000; Cai et al., 2004, 2005, 2009; Oyama et al., 2009; Chung et al., 2018; Tanaka et al., 2019; Wu and Tian, 2019; Yue et al., 2020). Tricin has been shown to be suitable for clinical development because of its excellent pharmacological efficacy (Cai et al., 2009) and low toxicity (Verschoyle et al., 2006), whereas its low bioavailability could be overcome by prodrug modifications (Ninomiya et al., 2011).

Elucidating the biosynthetic pathway for tricin is the pre-requisite for genetic manipulation of soluble and lignin-integrated tricin in different biotechnological applications. Here, we delineate the current understandings on tricin biosynthesis and discuss the present development and future prospects regarding the biotechnological aspects of engineering the biosynthetic pathway.



TRICIN BIOSYNTHESIS


Early Biosynthesis – The General Phenylpropanoid Pathway

Same as other flavonoids, tricin is a downstream metabolite of the general phenylpropanoid pathway (Figure 2) in which ʟ-phenylalanine is first deaminated into cinnamate by phenylalanine ammonia-lyase (PAL; Camm and Towers, 1973; Elkind et al., 1990), followed by cinnamate 4-hydroxylase (C4H)-catalyzed para-hydroxylation of the aromatic ring to form p-coumarate (Russell and Conn, 1967; Russell, 1971; Schilmiller et al., 2009). Afterward, 4-coumarate:coenzymeA ligase (4CL) catalyzes the conversion of p-coumarate into p-coumaroyl-CoA, which serves as the precursor for the biosynthesis of different specialized metabolites, including flavonoids and lignin (Gui et al., 2011; Li et al., 2015). It is long believed that certain 4CL isoforms are specific for flavonoid biosynthesis (Hu et al., 1998; Ehlting et al., 1999; Sun et al., 2013a; Li et al., 2015).

[image: Figure 2]

FIGURE 2. General phenylpropanoid pathway and early flavonoid biosynthetic pathway. PAL, ʟ-phenylalanine ammonia-lyase; PTAL, ʟ-phenylalanine/ʟ-tyrosine ammonia-lyase; C4H, cinnamate 4-hydroxylase; 4CL, 4-hydroxycinnamate:CoA ligase; CHS, chalcone synthase; and CHI, chalcone isomerase. In green: general phenylpropanoid pathway. In purple: flavonoid biosynthetic pathway. In blue: monolignol biosynthetic pathway.


An alternative pathway using ʟ-tyrosine as a substrate to produce phenylpropanoids is also present in grasses (Figure 2; Barros et al., 2016). Bifunctional phenylalanine/tyrosine ammonia-lyases (PTAL) in maize and Brachypodium distachyon catalyze the deamination of ʟ-tyrosine to form p-coumarate, while at the same time, these enzymes also harbor PAL activities (Rosler et al., 1997; Barros et al., 2016). PALs and PTALs are highly conserved in grasses, suggesting the co-existence of two parallel pathways for phenylpropanoid production in Poaceae (Barros et al., 2016). In addition, results from feeding experiments using 13C-labelled ʟ-phenylalanine and ʟ-tyrosine in B. distachyon have suggested that PTAL is likely to be associated with the generation of grass-specific cell-wall-bound p-coumarate units (Barros et al., 2016). It is unknown whether tricin (soluble and lignin-bound) is derived from the PAL and/or PTAL pathway.



Early Biosynthesis – Flavonoid Skeleton Formation

The initial biosynthetic steps and enzymes for flavonoid skeleton formation are highly conserved in the plant kingdom. Chalcone synthase (CHS), a prototype in the type III polyketide synthase superfamily, catalyzes sequential condensation of three malonyl-CoAs with p-coumaroyl-CoA to form naringenin chalcone (Figure 2). Chalcone isomerase (CHI)-catalyzed or occasionally spontaneous isomerization further converts naringenin chalcone into naringenin (a flavanone), which is the first flavonoid structure formed in the biosynthetic pathway. Naringenin is the precursor for all other flavonoids, including tricin. It was shown that deficiency of CHSs in maize and rice resulted in depletion in the accumulation of soluble and/or lignin-integrated tricin (Eloy et al., 2017; Wang et al., 2020a). Although it was not examined previously, CHIs are expected to be involved in tricin biosynthesis based on their conserved catalytic functions in the generation of all classes of flavonoids in plants.



Early Speculation and Recent Demonstration of Separate Pathways for the Biosynthesis of Flavone O-Conjugates and Flavone C-Glycosides

Flavone O-conjugates and flavone C-glycosides are biosynthesized in separate pathways. Early radiotracer experiments on Lamnaceae plants revealed that 14C-labelled flavanone aglycones could be simultaneously converted into flavone O-glycosides and C-glycosides (Wallace and Grisebach, 1973), whereas 14C-labelled flavone aglycones could only be O-glycosylated but could not be C-glycosylated (Wallace et al., 1969). Accordingly, it was proposed that O-glycosylation occurs at the terminal step after the flavone aglycone is generated, whereas C-glycosylation takes place before flavone skeleton formation. Subsequently, crude enzyme extracts prepared from Fagopyrum esculentum cotyledons were shown to utilize 2-hydroxyflavanones, instead of flavanones or flavones, as substrates for C-glycosylation (Kerscher and Franz, 1987, 1988). These early speculations were substantiated by the characterization of flavone C-glycoside biosynthetic pathway in grasses a few decades later. To synthesize flavone C-glycosides, flavanones are first converted into 2-hydroxyflavanones by flavanone 2-hydroxylases (F2H; Figure 3), which are cytochrome P450 (CYP) monooxygenases belonging to the subfamily CYP93G (Du et al., 2010; Morohashi et al., 2012). Afterward, 2-hydroxyflavanones or their open ring isomers are C-glycosylated by C-glucosyltransferase, followed by dehydration to generate the flavone skeletons (Brazier-Hicks et al., 2009; Du et al., 2010; Ferreyra et al., 2013). Meanwhile, it was demonstrated that a rice mutant deficient in OsF2H was depleted in the accumulation of various flavone C-glycosides, but the production of tricin O-conjugates was not affected (Du et al., 2010). Evidently, flavone O-conjugates are synthesized in a separate pathway independent from flavone C-glycosides.
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FIGURE 3. Flavone C-glycoside biosynthetic pathway. F2H, flavanone 2-hydroxylase; F3'H, flavonoid 3'-hydroxylase; FOMT, flavonoid O-methyltransferase; CGT, C-glycosyltransferase; DHT, dehydratase; and Glc, glucose. R: H, OH, or OCH3. In green: general phenylpropanoid pathway. In purple: flavonoid biosynthetic pathway.




Originally Proposed Tricin Biosynthetic Pathway

Structural changes required for converting naringenin into tricin involve desaturation of the C2–C3 bond in the C-ring to generate the flavone nucleus, 3'- and 5'-hydroxylations in the B-ring, and subsequently 3'- and 5'-O-methylations. Two different types of enzymes, flavone synthase I (FNSI) and flavone synthase II (FNSII), were expected to convert flavanones into flavones by direct introduction of the C2–C3 double bond (Figure 4). FNSIs are Fe2+- and 2-oxoglutarate-requiring soluble enzymes, whereas FNSIIs are CYP enzymes bound to endoplasmic reticulum membranes (Martens and Mithöfer, 2005). Meanwhile, tricetin, a 3',5'-dihydroxylated flavone, was long proposed to be an intermediate along the tricin biosynthetic pathway (Cummins et al., 2006; Zhou and Ibrahim, 2010; Galland et al., 2014). Accordingly, sequential B-ring hydroxylations were expected to be catalyzed by flavonoid 3',5'-hydroxylases (F3'5'Hs). As all known F3'5'Hs accept different classes of flavonoids as substrates, 3',5'-hydroxylations might take place before and/or after flavone formation. Afterward, sequential 3',5'-O-methylations of tricetin presumably catalyzed by flavonoid O-methyltransferases would occur to produce tricin (Kim et al., 2006; Lin et al., 2006; Zhou et al., 2006, 2008, 2009). Collectively, the reaction steps for tricin biosynthesis were initially proposed to be: naringenin → apigenin → luteolin → tricetin → selgin → tricin (Galland et al., 2014) and/or naringenin → eriodictyol → dihydrotricetin → tricetin → selgin → tricin (Figure 4; Cummins et al., 2006; Zhou and Ibrahim, 2010).
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FIGURE 4. Originally proposed tricin biosynthetic pathway. FNSI, flavone synthase I; FNSII, flavone synthase II; F3'H, flavonoid 3'-hydroxylase; F3'5'H, flavonoid 3',5'-hydroxylase; and FOMT, flavonoid O-methyltransferase. In green: general phenylpropanoid pathway. In purple: flavonoid biosynthetic pathway. Dotted arrows: originally proposed tricin biosynthetic pathway.




Current Understanding on Tricin Biosynthesis in Grasses


Flavone Nucleus Formation

Using rice (Oryza sativa) as a model system, FNSII was identified to be the primary enzyme generating the flavone nucleus for tricin biosynthesis in grasses (Figure 5; Lam et al., 2014). Recombinant OsFNSII catalyzes direct conversions of flavanones, i.e., naringenin and eriodictyol, into apigenin and luteolin, respectively, in vitro (Brazier-Hicks and Edwards, 2013; Lam et al., 2014). In addition, over-expression of OsFNSII in Arabidopsis resulted in the accumulation of flavones (apigenin, luteolin, and chrysoeriol) O-glycosides which are normally not present in wild-type plants (Lam et al., 2014). Further analyses of the rice OsFNSII knockout mutant revealed substantial depletion of soluble tricin O-conjugates as well as tricin-lignin in cell walls, demonstrating the direct and predominant involvement of OsFNSII in the generation of both soluble and lignin-integrated tricin in rice (Lam et al., 2014, 2017). Moreover, the OsFNSII mutant accumulated soluble naringenin but not the other flavanones, e.g., eriodictyol (Lam et al., 2014), and generated altered lignins incorporated with naringenin (Lam et al., 2017), indicating that the in planta substrate of OsFNSII is primarily naringenin.
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FIGURE 5. Current understanding on tricin biosynthetic pathway in grasses. FNSII, flavone synthase II; A3'H/C5'H, apigenin 3'-hydroxylase/chrysoeriol 5'-hydroxylase; F3'H, flavonoid 3'-hydroxylase; FOMT, flavonoid O-methyltransferase; COMT, caffeic acid O-methyltransferases; and CAldOMT, 5-hydroxyconiferaldehyde O-methyltransferase. In green: general phenylpropanoid pathway. In purple: flavonoid biosynthetic pathways. Dotted arrows: originally proposed tricin biosynthetic pathway.


OsFNSII, or CYP93G1, is a P450 enzyme belonging to the same CYP93G subfamily as OsF2H, or CYP93G2. Using naringenin as a common substrate, OsFNSII and OsF2H are the branch-point enzymes for the biosynthesis of tricin O-conjugates and flavone C-glycosides, respectively (Figures 3, 5). Phylogenetic analysis revealed that OsFNSII and OsF2H form two separate clades, each containing highly conserved sequences from the grass family (Figure 6A; Lam et al., 2017). Hence, sub-functionalization of CYP93G members probably preceded lineage divergence within Poaceae, resulting in the widespread distribution of the two classes of flavone-derived metabolites in grasses today. It is noteworthy that grass FNSIIs and F2Hs have a different phylogenetic origin from dicot FNSIIs and F2Hs, all of which exclusively belong to the CYP93B subfamily (Figure 6A; Kitada et al., 2001; Martens and Mithöfer, 2005; Zhang et al., 2007; Fliegmann et al., 2010; Wu et al., 2016; Zhao et al., 2016; Jiang et al., 2019). Noteworthily, grass species do not contain any CYP93B members and dicots do not have CYP93G members (Du et al., 2016).
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FIGURE 6. Phylogeny of tricin biosynthetic enzymes. Phylogenetic trees of (A) FNSIIs and F2Hs; (B) A3'H/C5'Hs, F3'Hs, and F3'5'Hs; and (C) COMT/CAldOMTs in grasses and dicots, constructed based on previously published studies (Lam et al., 2017, 2019b; Lui et al., 2020). The unrooted phylogenetic trees were built by neighbor-joining method using MEGAX (Kumar et al., 2018). Bootstrapping with 1,000 replicates was performed. Scale bar denotes 0.1 substitutions per site.


Functionally, redundant enzymes other than FNSII are likely to be involved in tricin biosynthesis in grasses. For example, the rice OsFNSII mutant still accumulated soluble tricin and other flavones in anthers albeit at reduced levels compared with wild type (Wang et al., 2020a), while it shows substantial depletion of soluble tricin O-conjugates and tricin-lignin in vegetative tissues (Lam et al., 2014, 2017). In fact, two rice FNSIs were shown to catalyze the conversion of naringenin into apigenin in vitro (Kim et al., 2008; Lee et al., 2008b). In addition, maize possesses an FNSI (ZmFNSI-1) which shows in vitro FNS activities and results in the accumulation of flavones when over-expressed in Arabidopsis (Ferreyra et al., 2015; Righini et al., 2019).



B-Ring Hydroxylations

In the plant kingdom, 3',5'-substituted flavonoids are patchily distributed, because F3'5'Hs, the enzymes responsible for catalyzing 5'-hydroxylation, are only present in isolated plant lineages (Tanaka and Brugliera, 2013). This is in contrast to the ubiquitous nature of flavonoid 3'-hydroxylases (F3'H; exclusively members of the CYP75B subfamily) that gives rise to the prevalence of 3'-substituted flavonoids (Tanaka and Brugliera, 2013). There have been strong interests for the investigation of F3'5'Hs as they are the key enzymes for the generation of delphinidin-derived anthocyanins, which confer blue or violet coloration in plant tissues, such as flowers and fruits (Tanaka and Brugliera, 2013). For ornamental purposes, transgenic expression of foreign F3'5'Hs has been employed to engineer novel blue or violet color in roses (Rosa hybrida), chrysanthemums (chrysanthemum morifolium), and carnations (Dianthus caryophyllus), all of which naturally lack delphinidin-derived anthocyanins (Katsumoto et al., 2007; Brugliera et al., 2013; Noda et al., 2013; Tanaka and Brugliera, 2013).

The canonical F3'5'Hs are CYP enzymes belonging to the CYP75A subfamily (Tanaka and Brugliera, 2013). Apparently, CYP75A-encoding genes have been lost repeatedly or became non-functional in many lineages during evolution (Tanaka and Brugliera, 2013). In rice, the only CYP75A member (CYP75A11) did not show any F3'5'H functions in in vitro enzyme assays or in CYP75A11 over-expressing transgenic Arabidopsis plants (Lam et al., 2015). On the other hand, a rice CYP75B member (CYP75B4) solely contributes to the 5'-hydroxylation activity during tricin biosynthesis, as evidenced by in planta metabolite analysis. For example, the CYP75B4 T-DNA knockout mutant is completely devoid of soluble selgin and tricin O-conjugates in vegetative tissues (Lam et al., 2015) and tricin-lignin in cell walls (Lam et al., 2019a). In addition, transgenic Arabidopsis co-expressing CYP75B4 and OsFNSII accumulates O-conjugates of selgin and tricin (Lam et al., 2015). Meanwhile, apigenin produced by OsFNSII using naringenin as a preferred in planta substrate was initially expected to undergo sequential B-ring hydroxylations to form tricetin as a tricin precursor. However, while CYP75B4 3'-hydroxylates apigenin to luteolin, it fails to 5'-hydroxylate luteolin to tricetin (Lam et al., 2015). Instead, CYP75B4 catalyzes 5'-hydroxylation of chrysoeriol to produce selgin (Lam et al., 2015). Chrysoeriol could be generated by 3'-O-methylation of luteolin, whereas selgin could undergo 5'-O-methylation to generate tricin. The flavonoid B-ring O-methylation reactions are known to be catalyzed by several O-methyltransferases in rice (see B-ring O-methylations below). Collectively, tricin biosynthetic pathway in rice has been re-established as: naringenin → apigenin → luteolin → chrysoeriol → selgin → tricin (Figure 5; Lam et al., 2015, 2019a). Meanwhile, chrysoeriol O-linked derivatives accumulates in rice vegetative tissues (Galland et al., 2014; Lam et al., 2015, 2019a; Eloy et al., 2017), whereas tricetin and its O-linked derivatives (e.g., O-conjugates) are rarely detected in grasses (Galland et al., 2014; Lam et al., 2015, 2019a; Eloy et al., 2017), supporting that chrysoeriol, instead of tricetin, is an intermediate along the tricin biosynthetic pathway.

CYP75B4 is a flavone-specific bifunctional B-ring hydroxylase in rice. It displays very weak 3'-hydroxylase activity toward naringenin while converting apigenin to luteolin readily (Lam et al., 2015; Park et al., 2016). In addition, its 5'-hydroxylation activity was restricted to chrysoeriol, but not any other 3'-methoxylated or 3'-hydroxylated flavonoids (Lam et al., 2015). Hence, the enzyme is now dedicated as apigenin 3'-hydroxylase/chrysoeriol 5'-hydroxylase (A3'H/C5'H). The dual catalytic activities have also been demonstrated in the highly conserved orthologs in sorghum (CYP75B97) and switchgrass (CYP75B11; Figure 6B), indicating that similar enzymology and intermediates were recruited for tricin biosynthesis in the grass family (Lam et al., 2019a). Further evidence indicated that the 3'-hydroxylation reaction (apigenin → luteolin) for tricin biosynthesis is also predominantly contributed by A3'H/C5'H. Thus, the rice CYP75B4 mutant accumulates elevated amounts of soluble apigenin metabolites along with the incorporation of apigenin into cell wall lignins (Lam et al., 2015, 2019a). On the other hand, CYP75B3, the only other CYP75B member in rice, is a canonical F3'H which catalyzes in vitro 3'-hydroxylation of a wide range of flavonoids including apigenin (Shih et al., 2008; Lam et al., 2015, 2019a; Park et al., 2016). However, CYP75B3 loss-of-function mutants are preferentially deficient in 3'-substituted flavone (luteolin and chrysoeriol) C-glycosides, while their production of soluble and lignin-integrated tricin remains unaffected (Lam et al., 2019a). Apparently, CYP75B3 primarily functions together with OsF2H along the separate biosynthetic pathway for flavone C-glycosides (Figure 3).

The highly conserved A3'H/C5'Hs in grasses are distinctive from other F3'5'Hs with regard to their phylogeny and catalytic properties. They are phylogenetically distant from CYP75A F3'5'Hs and were likely recruited through neofunctionalization of an ancestral CYP75B F3'H protein (Figure 6B). Similarly, several Asteraceae species had acquired CYP75B F3'5'Hs independently through convergent evolution, leading to delphinidin-derived anthocyanin pigmentation (Seitz et al., 2006; Seitz et al., 2015). In addition, the grass A3'H/C5'Hs are substrate specific for both 3'-hydroxylation (apigenin) and 5'-hydroxylation (chrysoeriol), while CYP75A and Asteraceae CYP75B F3'5'Hs could utilize a variety of non-substituted, 3'-hydroxylated and 3'-methoxylated flavonoids as substrates. Intriguingly, the unique catalytic properties of A3'H/C5'Hs are reminiscent of the bifunctional phenylpropanoid meta-hydroxylase (CYP788A1) required for syringyl (S)-lignin biosynthesis in the spikemoss Selaginella moellendorffii. CYP788A1 is involved in both 3- and 5-hydroxylations of phenylpropanoids, but it could only catalyze 5-hydroxylation after 3-O-methylation (Weng et al., 2008, 2010).



B-Ring O-Methylations

Several cation-independent OMTs in grasses were found to catalyze in vitro O-methylation of flavones in grasses (Kim et al., 2006; Lin et al., 2006; Zhou et al., 2006, 2008, 2009). Interestingly, these enzymes have been annotated as caffeic acid O-methyltransferases (COMT) or 5-hydroxyconiferaldehyde O-methyltransferases (CAldOMT) as they also show in vitro O-methylation activities toward 5-hydroxyconiferaldehyde, 5-hydroxyferulic acid, and caffeic acid, which are intermediates in the monolignol pathway; hence, they are also involved in S-lignin biosynthesis (Figure 7A; Collazo et al., 1992; Piquemal et al., 2002; Ma and Xu, 2008; Sattler et al., 2012; Koshiba et al., 2013).
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FIGURE 7. Current understanding on lignin biosynthesis in grasses. (A) Monolignol biosynthetic pathways. Major activity of COMT/CAldOMT in monolignol biosynthetic pathways is indicated. (B) Radical coupling of tricin and monolignols to produce tricin-lignin polymers. 4CL, 4-hydroxycinnamate:CoA ligase; C3H, p-coumarate 3-hydroxylase; HCT, p-hydroxycinnamoyl-CoA:quinate/shikimate esterase; APX, ascorbate peroxidase; C3'H, p-coumaroyl ester 3-hydroxylase; CSE, caffeoyl shikimate esterase; CCoAOMT, caffeoyl-CoA O-methyltransferase; CAld5H, coniferaldehyde 5-hydroxylase; COMT, caffeic acid O-methyltransferases; CAldOMT, 5-hydroxyconiferaldehyde O-methyltransferase; CCR, cinnamoyl-CoA reductase; CAD, cinnamyl alcohol dehydrogenase; PMT, p-coumaroyl-CoA:monolignol transferase; LAC, laccase; and PRX, peroxidase. In green: general phenylpropanoid pathway. In purple: flavonoid biosynthetic pathways. In blue: monolignol biosynthetic pathways. T, tricin; M, monolignols and their derivatives; pCA, p-coumarate; and Ac, acetate.


Recently, knockout and knockdown mutant analyses have demonstrated that grass COMT/CAldOMTs are actually bifunctional enzymes required for both tricin and S-lignin biosynthesis (Fornalé et al., 2016; Eudes et al., 2017; Daly et al., 2019; Lam et al., 2019b). Rice and sorghum deficient in COMT/CAldOMT accumulated reduced levels of soluble tricin but increased levels of selgin (mono-methoxylated) and luteolin (non-methoxylated) when compared with wild-type controls (Lam et al., 2015; Eudes et al., 2017). In addition, maize, rice, and sorghum plants deficient in COMT/CAldOMT were depleted in both tricin-lignin and S-lignin (Fornalé et al., 2016; Eudes et al., 2017; Lam et al., 2019b). Apparently, the highly conserved grass COMT/CAldOMT orthologs (Figure 6C) have likely evolved dual catalytic functions for the two parallel biosynthetic pathways of flavonoids and monolignols, contributing to the widespread occurrence of soluble and lignin-integrated tricin metabolites in the grass family nowadays.

Based on the revised tricin biosynthetic pathways and the new findings in the COMT/CAldOMT-deficient grass plants, the catalytic activities of COMT/CAldOMTs were re-examined. Recombinant COMT/CAldOMTs in rice and sorghum were found to catalyze 3'-O-methylation of luteolin and 5'-O-methylation of selgin (Kim et al., 2006; Lin et al., 2006; Zhou et al., 2006; Eudes et al., 2017; Lam et al., 2019b), which are the substrates of COMT/CAldOMTs in the tricin biosynthetic pathway (Figure 5). Meanwhile, rice OsCAldOMT1 shows comparable catalytic efficiencies toward selgin and 5-hydroxyconiferaldehyde, which are the substrates of COMT/CAldOMTs in tricin and monolignol biosynthetic pathway, respectively (Figures 5, 7A), further suggesting the bifunctional roles of COMT/CAldOMTs in tricin and monolignol biosynthesis in grasses (Lam et al., 2019b).

Functionally redundant OMTs other than COMT/CAldOMTs appear to be present for the biosynthesis of tricin in grasses as tricin-derived metabolites, including tricin-lignin, are not completed depleted in the COMT/CAldOMT loss-of-function mutants in maize, sorghum, and rice (Lam et al., 2015, 2019b; Fornalé et al., 2016; Eudes et al., 2017). In fact, several cation-dependent caffeoyl-CoA O-methyltransferase (CCoAOMT)-related enzymes could catalyze 3',5'-O-methylation using various flavone substrates (Lee et al., 2008a), but their involvement in tricin biosynthesis in planta requires further investigations.



Further O-Conjugations After Tricin Formation

Based on the types of soluble tricin metabolites detected in grasses, O-glycosylations and O-conjugations with monolignols and their acylated derivatives represent the predominant structural modifications of tricin (Dong et al., 2014; Lan et al., 2016a; Eloy et al., 2017; Peng et al., 2017). These modifications occur after the formation of tricin aglycone (Hong et al., 2007; Jiang et al., 2016; Lan et al., 2016a).

O-Glycosylations of flavonoids are usually catalyzed by uridine diphosphate (UDP)-dependent glycosyltransferases (UGT; family 1 glycosyltransferases 1; GT1; Ko et al., 2006; Yonekura-Sakakibara and Hanada, 2011; Kim et al., 2015), which utilize UDP sugars as sugar donors (Yang et al., 2018). A number of UGTs from rice (Ko et al., 2006, 2008; Hong et al., 2007; Luang et al., 2013; Chen et al., 2014; Peng et al., 2017) and wheat (Shi et al., 2020) are capable of catalyzing the conjugation of sugars, usually glucose, to one or multiple hydroxyl groups of tricin in vitro and/or when over-expressed in transgenic plants. Single-nucleotide polymorphisms (SNPs) in several putative UGTs were also found to be directly associated with the variations of flavone O-glycoside accumulation in different natural cultivars and/or recombinant inbred lines of rice (Chen et al., 2014; Dong et al., 2014; Peng et al., 2017; Li et al., 2019) and wheat (Shi et al., 2020). The different O-glycosylations could enhance solubility and stability, and might be involved in regulating storage, transport, and detoxification of tricin (Yonekura-Sakakibara and Hanada, 2011).

In addition to sugars, tricin conjugates with monolignols and their derivatives, leading to the formation of soluble tricin-oligolignols along with insoluble tricin-lignin in the cell walls. The soluble tricin-oligolignols in grasses have been found to be either optically active (Wenzig et al., 2005; Xiong et al., 2011) or inactive (racemic; Lan et al., 2016a). The optically active tricin-oligolignols, which have been often referred to as “flavonolignans” (Begum et al., 2010; Chambers et al., 2015; Csupor et al., 2016), may be formed by oxidative radical coupling of tricin with monolignols or their derivatives with the assistance of dirigent proteins, similar to the biosynthesis of lignans (Davin and Lewis, 2003; Umezawa, 2003; Paniagua et al., 2017), in which dirigent proteins serve as auxiliary proteins for guiding the regioselective and stereoselective coupling of phenoxy radicals from monolignols and their analogs. For example, the absolute configuration of a diastereomeric pair of β–O–4 neolignan-type flavonolignans, threo-(−)-guaiacylglycerol-β-tricin ether [(−)-salcolin A], and erythro-(−)-guaiacylglycerol-β-tricin ether [(−)-salcolin B] isolated from Sinocalamus affinis (Poaceae) were determined as 7''S,8''S and 7''R,8''S, respectively (Xiong et al., 2011). This strongly suggests that the coupling between tricin and coniferyl alcohol radicals to form 4'–O–8'' bond proceeds enantioselectively, probably mediated by a dirigent protein, giving rise to the optically active quinonemetide, which are then attacked by water non-stereoselectively, giving rise to both (−)-(7''S,8''S)-salcolin A and (−)-(7''R,8''S)-salcolin B (Figure 8). This is in line with the recent findings that a dirigent protein, AtDIR12/AtDP1, was involved in the formation of arylglycerol-β-aryl ether (β–O–4) type neolignans in Arabidopsis (Yonekura-Sakakibara et al., 2021). However, from Avena sativa, (−)-salcolin A and (+)-salcolin B were isolated (Wenzig et al., 2005). In this case, the diastereomers should have opposite absolute configuration at 8'' position, forming (−)-(7''S,8''S)-salcolin A and (+)-(7''S,8''R)-salcolin B (Figure 8). During their formation, the radical coupling should afford racemic quinonemethide in terms of 8'' position, and the following water addition at 7'' position should be diastereoselective to give rise to the optically active diastereomers (Wenzig et al., 2005). On the other hand, optically inactive tricin-oligolignols are generated solely by radical coupling (Figure 7B) and are considered to exist at least partially as the precursors for the generation of tricin-lignin polymers (see Tricin-lignin formation below; Lan et al., 2016a).
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FIGURE 8. A possible mechanism for the formation of optically active salcolin A and salcolin B through radical coupling of tricin and coniferyl alcohol. Different possible stereoisomers of salcolin A and salcolin B are shown.




Tricin-Lignin Formation

Tricin is incorporated into lignin polymers in grass cell walls by radical coupling (Lan et al., 2015), essentially the same way lignification takes place solely with monolignols (coniferyl alcohol, sinapyl alcohol, and p-coumaryl alcohol) in typical non-grass vascular plants (i.e., gymnosperms, dicots, and non-grass monocots). The compatibility of tricin with radical coupling was demonstrated by biomimetic oxidations of tricin with monolignols using peroxidase/hydrogen peroxide and silver (I) oxide as oxidants (Lan et al., 2015). Tricin was found to cross-couple to monolignols exclusively via the 4'–O–β-coupling mode (Figure 7B; del Río et al., 2012; Lan et al., 2015), probably because the radical from the 4'-hydroxyl group of tricin is more stabilized than the other possible radicals as supported by a density functional theory study (Elder et al., 2020). Thus, in plant cell walls, it is expected that tricin is first oxidized by phenol oxidases, presumably laccases (LAC) and/or peroxidases (PRX; Figure 7A; Tobimatsu and Schuetz, 2019), and then coupled with monolignol radicals or acylated monolignol radicals to form tricin-(4'–O–β)-linked phenylpropane units in the lignin polymers (Figure 7B). As tricin is unable to undergo dehydrodimerization, and it does not cross-couple directly with growing lignin polymers, tricin predominantly incorporates into the starting ends of the final lignin polymer chains (Lan et al., 2015). Thus, tricin is expected to serve as a nucleation site for lignification (Lan et al., 2015; Berstis et al., 2021).

Lignin-integrated tricin content in grasses was estimated to be around 0.5–7mg/g whole cell wall or 2–33mg/g lignin by thioacidolysis (Lan et al., 2016b). These contents are several folds higher than extractable tricin content (Lan et al., 2016b), suggesting that the majority of tricin synthesized in grasses is incorporated into lignin polymers in cell walls.




Current Understanding on Tricin Biosynthesis in Dicots


Overview

In contrast to their prevalence in grasses and other monocot lineages, tricin-derived metabolites are only sporadically distributed in dicots. Metabolomics studies have reported their occurrences in several dicot lineages, spanning from basal dicots, like individual Ranunculus spp. (Li et al., 2005; Aslam et al., 2012), to two core dicot lineages: rosids [e.g., Agelaea pentagyna (family: Connaraceae), Medicago legumes and Trigonella foenum-graecum (family: Fabaceae); Kuwabara et al., 2003], and asterids [e.g., Artemisia vulgaris (family: Asteraceae), Leucas cephalotes (family: Lamiaceae), and Lonicera japonica (family: Caprifoliaceae)] (Miyaichi et al., 2006). Meanwhile, tricin-lignin is only detected in leaves of alfalfa, albeit at much lower quantity than those in grasses (Lan et al., 2016b). Intriguingly, although tricin is restricted to certain dicot lineages, its flavone precursors, including apigenin, luteolin, and/or chrysoeriol, are widely distributed in non-tricin-accumulating dicots (Harborne, 1974). Hence, the occurrences of tricin derivatives are probably resulting from independent and convergent recruitment of novel enzyme activities in those isolated tricin-accumulating dicot lineages.



Flavone Nucleus Formation

Three possible types of dicot enzymes, FNSIs, FNSIIs, and F2Hs, have been described for flavone nucleus formation (Martens et al., 2001; Martens and Mithöfer, 2005; Zhang et al., 2007; Ferreyra et al., 2015; Li et al., 2020a), but their contribution to tricin biosynthesis remains elusive in tricin-producing dicots. Both FNSIs (Britsch, 1990; Martens et al., 2001; Miyahisa et al., 2006; Yun et al., 2008) and FNSIIs (Kitada et al., 2001; Fliegmann et al., 2010; Wu et al., 2016; Zhao et al., 2016; Jiang et al., 2019) catalyze direct desaturation of flavanones into flavones, whereas F2Hs converts flavanones to 2-hydroxyflavanones which were proposed to be intermediates for generating the flavone skeleton (Akashi et al., 1998; Zhang et al., 2007).

Initially identified in parsley (Petroselinum crispum), FNSIs were long presumed to be confined to Apiaceae (Britsch, 1990; Martens et al., 2001; Yun et al., 2008). However, they were subsequently isolated from other dicots, including Arabidopsis (Ferreyra et al., 2015) and Morus notabilis (Li et al., 2020). Interestingly, angiosperm FNSIs outside Apiaceae are apparently phylogenetically unrelated to FNSIs in Apiaceae and non-vascular plants; thus, FNSIs were probably evolved convergently in distant plant lineages (Li et al., 2020). Meanwhile, all the known dicot FNSIIs and F2Hs are CYP enzymes belonging to the CYP93B subfamily (Kitada et al., 2001; Martens and Mithöfer, 2005; Zhang et al., 2007; Fliegmann et al., 2010; Wu et al., 2016; Zhao et al., 2016; Jiang et al., 2019). FNSIIs are present in most flavone-accumulating dicots, such as Gerbera hybrids (Martens and Forkmann, 1999), Lonicera japonica, L. macranthoides (Wu et al., 2016), Glycine max (Fliegmann et al., 2010; Jiang et al., 2010), Glycyrrhiza echinate (Akashi et al., 1999), Salvia miltiorrhiza (Deng et al., 2018), and Scutellaria baicalensis (Zhao et al., 2016). On the other hand, F2Hs were only reported in a few dicot species, including G. echinata (Akashi et al., 1998), Chrysanthemum indicum (Jiang et al., 2019), and M. truncatula (Zhang et al., 2007). It remains to be investigated whether FNSI, FNSII, and/or F2H are required for tricin biosynthesis which is restricted to isolated dicot lineages, such as the Medicago legumes.



B-Ring Hydroxylations

Considerable knowledge about the 3'- and 5'-hydroxylation reactions required for tricin biosynthesis in Medicago legumes has come to light recently (Lui et al., 2020). Canonical CYP75A F3'5'Hs are not involved in the B-ring modifications, but instead, a group of Medicago-unique CYP75B proteins, including M. truncatula MtFBH-4 as well as alfalfa (M. sativa) MsFBH-4 and MsFBH-10, are utilized. In in vitro enzyme assays, these CYP proteins catalyze 3'-hydroxylation of different flavonoid classes (flavanone, flavone, and flavonol) and 5'-hydroxylation of their 3'-methoxylated derivatives which include chrysoeriol. Furthermore, apigenin is converted to 3'- and 5'-substituted flavones (i.e., luteolin, chrysoeriol, selgin, and tricin) when these CYP75B proteins are transiently expressed in Nicotiana benthamiana leaves. Consistent with these findings, M. truncatula MtFBH-4 knockout mutants are completely depleted in tricin O-glycosides, hence establishing an indispensable role of MtFBH-4 in tricin biosynthesis. Basically, the same reaction steps that occur in grasses (Figure 5) have been acquired independently by the Medicago legumes to produce tricin.

The Medicago-unique CYP75B enzymes required for tricin biosynthesis are distinct from the grass A3'H/C5'Hs with regard to their catalytic properties and phylogenetic origins (Lam et al., 2015; Lui et al., 2020). For example, the 5'-hydroxylase activity is restricted to chrysoeriol for the grass enzymes but is extended to other 3'-methoxylated flavonoids for the Medicago enzymes. Interestingly, the Thr-to-Gly substitution in the substrate recognition site 6 domain is critical for these Medicago enzymes to catalyze the 5'-hydroxylation reactions (Lui et al., 2020). On the other hand, the equivalent position is replaced by a Leu residue in the grass A3'H/C5'Hs (Lui et al., 2020), but it is unknown whether this could account for their more specific substrate preference for 5'-hydroxylation. Meanwhile, the Medicago-unique CYP enzymes have likely acquired the novel 5'-hydroxylase activities through neofunctionalization of redundant CYP75B F3'Hs following the divergence of the Medicago genus from other lineages in the legume family (Lui et al., 2020). Convergent evolution of CYP75B F3'5'H had also occurred independently in several Asteraceae lineages for the generation of delphinidin-derived blue/violet pigments (Seitz et al., 2006, 2015). By sharp contrast, A3'H/C5'Hs are highly conserved amongst grasses, consistent with prevalence of tricin in the grass family (Lam et al., 2019a). It would be intriguing to decipher the enzymology and evolution of B-ring hydroxylations for tricin biosynthesis in other isolated dicot lineages.



B-Ring O-Methylations

The enzymes responsible for the 3'- and 5'-O-methylation reactions remain elusive for tricin biosynthesis in dicots. It is possible that they are also COMT/CAldOMT enzymes, as in the case for the grass bifunctional OMTs. In fact, Arabidopsis knockout mutant analyses demonstrated the dual roles of COMT/CAldOMT in the production of monolignols and flavonoids (Do et al., 2007; Tohge et al., 2007; Nakatsubo et al., 2008). However, there is no tricin accumulation in Arabidopsis, presumably due to the absence of F3'5'H enzymes. Meanwhile, the expression of an endogenous COMT gene is upregulated in transgenic alfalfa over-expressing the gene encoding N-acetylserotonin O-methyltransferase (MsASMT1), which catalyzes the final step in melatonin biosynthesis (Cen et al., 2020). In addition to increased melatonin formation, the transgenic alfalfa plants produced elevated amounts of various soluble chrysoeriol- and tricin-derived metabolites (Cen et al., 2020), which might be resulting from increased COMT activities. However, FgCOMT1 isolated from the tricin-accumulating legume fenugreek (Trigonella foenum-graecum; Kuwabara et al., 2003) could O-methylate 5-hydroxyferulic acid but not quercetin (a 3'-hydroxylated flavonol) or tricetin in vitro (Qin et al., 2012). Over-expression of FgCOMT1 in Arabidopsis atomt1 knockout mutant only partially restored the accumulation of sinapoyl aldehyde and sinapic acid (intermediates of the monolignol biosynthetic pathway) but not isorhamnetin (a 3'-methoxylated flavonol; Qin et al., 2012).





FUTURE PERSPECTIVE: BIOENGINEERING ON MANIPULATING TRICIN BIOSYNTHETIC PATHWAY


Bioengineering for Functional Food

Cereals contribute to more than half of the world population’s daily caloric intake, but the commonly consumed polished grains, which are mainly consisting of endosperms, are poor in phytochemicals and minerals (Awika, 2011). Their consumption as staple food in developing countries is associated with micronutrient malnutrition due to the lack of dietary diversity (Bhullar and Gruissem, 2013). To overcome this problem, biofortification through metabolic engineering has been pursued to introduce different phytochemicals and minerals in endosperms of cereal grains (Bhullar and Gruissem, 2013; Saltzman et al., 2013). As a prime example, golden rice engineered with the β-carotene biosynthetic pathway in endosperm was developed to combat vitamin A deficiency (Ye et al., 2000; Paine et al., 2005; Owens, 2018). Following the success of golden rice, cereal crops that accumulate high contents of iron, zinc, and various carotenoids in the edible endosperm have been developed using genetic engineering (Wirth et al., 2009; Johnson et al., 2011; Saltzman et al., 2013; Blancquaert et al., 2015; Singh et al., 2017; Zhu et al., 2018). Recently, transgenic rice with endosperms fortified with flavonoids, anthocyanins, or stilbenoids was also successfully engineered (Baek et al., 2013; Ogo et al., 2013; Zhu et al., 2017), representing potential functional staple food containing different health-beneficial phenolics.

Although tricin and its derivatives have been characterized with many different health-promoting properties (Cai et al., 2004; Duarte-Almeida et al., 2007; Yazawa et al., 2011; Murayama et al., 2012; Jung et al., 2014, 2015; Lee et al., 2015; Shalini et al., 2016), they are rarely present in human diets. Tricin is abundant in vegetative tissues of grasses but is not present in cereal endosperm due to the absence of expression of genes required for tricin biosynthesis (Ogo et al., 2013). Primary dietary sources of tricin include whole cereal grains such as rice, wheat, oat, and barley, in which small amounts of tricin are preserved in the bran (pericarp, testa, aleurone, and embryo; Poulev et al., 2018, 2019), as well as some grass-derived food products, such as sugarcane juice (Duarte-Almeida et al., 2007) and barley leaf powders (Zeng et al., 2018).

Functional food crops that are fortified with tricin could be generated by engineering the entire biosynthetic pathway in edible tissues. Previously, transgenic rice seeds that accumulate tricin were generated by expression of genes from multiple species encoding rice PAL, rice CHS, parsley FNSI, soybean FNSII, blue viola F3'5'H, and rice COMT/CAldOMT (Ogo et al., 2013). Recent establishment of the endogenous biosynthetic pathways in grasses (Lam et al., 2014, 2015, 2019a) and Medicago legumes (Lui et al., 2020) as well as further elucidation of the regulatory mechanism should facilitate more effective metabolic engineering in plants or edible tissues that do not naturally produce tricin-type metabolites.



Bioengineering for Biorefinery

Grasses show great potential as a source of lignocellulosic biomass. A large amount of lignocellulose is produced annually as agricultural residues from worldwide cultivation of grass grain crops, including maize, wheat, rice, barley, and sorghum, as well as grass sugar crops, such as sugarcane and sweet sorghum. In addition, grass energy crops, such as Miscanthus, Erianthus, switchgrass, and bamboo, which show notably high biomass productivity, are attractive lignocellulose feedstocks for various biorefinery applications (Tye et al., 2016; Bhatia et al., 2017; Umezawa, 2018; Umezawa et al., 2020). Because of the prominent impacts of lignin on the usability of lignocellulose in both polysaccharide- and lignin-oriented biorefinery applications, bioengineering approaches to control lignin content and structure in grass cell walls have been actively investigated (Umezawa, 2018, 2020; Halpin, 2019; Coomey et al., 2020). However, due to our limited knowledge regarding the biological functions and physicochemical properties of tricin-lignin, it is still uncertain how tricin-lignin influences the usability of grass biomass. Thus far, not much has been examined on the effects of manipulating tricin biosynthesis on the utilization properties of grass biomass for different biorefinery applications.

As tricin could serve as a nucleation site for lignification, reducing the content of tricin used for lignification may result in reduction of lignin content and biomass recalcitrance, which may in turn improve the production of fermentable sugars from biomass in the polysaccharide-oriented biorefinery processes (Halpin, 2019). Indeed, tricin-depleted rice mutants deficient in FNSII (Lam et al., 2017) or A3'H/C5'H (Lam et al., 2017, 2019a) displayed reduced lignin content and improved cell wall digestibility. In contrast, however, tricin-depleted maize mutant deficient in CHS showed increased lignin level and reduced cell wall digestibility in leaves albeit no alteration in either lignin content or cell wall digestibility in stems (Eloy et al., 2017). The altered lignin content in the CHS-deficient maize leaf cell walls was attributed at least partially to the consequence of the increased carbon flux toward the branching monolignol biosynthesis pathway upon the blockage of the entry of the flavonoid pathway where CHS plays the major role (Eloy et al., 2017). These studies on tricin-depleted grass mutants implicated that disrupting tricin biosynthetic genes not only impedes the formation of tricin-lignin but also affects the formation of the core lignin polymer units derived from monolignols, although the mechanisms underlying this phenomenon remain unclear. Further manipulations of different tricin biosynthetic genes in different grass species are imperative to determine the precise relationships between tricin, lignin content and composition, and cell wall digestibility in tricin-depleted grasses.

On the other hand, increasing the levels of tricin serving as initiation sites for lignin polymerization would theoretically reduce the molecular weight of the lignin polymers, which may potentially improve the efficiency of lignin deconstruction in the polysaccharide-oriented biorefinery processes (Berstis et al., 2021). A recent computational study determined that the bond strengths of the 4'–O–β linkages between the tricin- and monolignol-derived lignin polymer units are comparable to the major β–O–4 linkages connecting the internal monolignol-derived lignin polymer units, suggesting that introduction of more tricin units in lignin polymers is unlikely to increase the energy for lignin depolymerization (Berstis et al., 2021). Nonetheless, whether such tricin bioengineering strategy to attenuate lignin molecular weight and depolymerization efficiency requires further exploration.

Meanwhile, grass crops bioengineered toward high tricin-lignin content could bring benefits in the lignin-oriented biorefinery approaches by amplifying the supply of tricin or tricin-derived aromatic chemicals. It has been estimated that large quantity of tricin could be released from grass lignins (Ralph, 2020; del Río et al., 2020). However, challenges ahead include developing technologies for efficient extraction and isolation of tricin from grass lignins to meet the stringent purity specifications as well as industrializing the production with maximized cost effectiveness and minimized environmental impacts. As the most abundant aromatic polymers on Earth, lignin has a great potential to serve as starting materials for sustainable production of bulk or functionalized aromatic chemicals (Ragauskas et al., 2014; Rinaldi et al., 2016; Umezawa et al., 2020). Accordingly, chemical and biochemical approaches to depolymerize lignin into useful low molecular weight aromatic compounds have been extensively pursued (Schutyser et al., 2018; Sun et al., 2018; Renders et al., 2019; Abu-Omar et al., 2021). As these studies have mostly focused on the conversions of the major monolignol-derived phenylpropane units in lignin, the consequences of lignin-integrated tricin units in various catalytic and bio-catalytic lignin depolymerization strategies remain an intriguing subject for further investigations.
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The phenylpropanoid pathway converts the aromatic amino acid phenylalanine into a wide range of secondary metabolites. Most of the carbon entering the pathway incorporates into the building blocks of lignin, an aromatic polymer providing mechanical strength to plants. Several intermediates in the phenylpropanoid pathway serve as precursors for distinct classes of metabolites that branch out from the core pathway. Untangling this metabolic network in Arabidopsis was largely done using phenylpropanoid pathway mutants, all with different degrees of lignin depletion and associated growth defects. The phenotypic defects of some phenylpropanoid pathway mutants have been attributed to differentially accumulating phenylpropanoids or phenylpropanoid-derived compounds. In this perspectives article, we summarize and discuss the reports describing an altered accumulation of these bioactive molecules as the causal factor for the phenotypes of lignin mutants in Arabidopsis.
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INTRODUCTION

The general phenylpropanoid pathway (PPP) is a central metabolic pathway in plants involved in the synthesis of a broad range of secondary metabolites that consist of aromatic ring structures with particular sidechain modifications (Vogt, 2010; Figure 1). The first enzyme of the pathway, PHENYLALANINE AMMONIA LYASE (PAL) deaminates the aromatic amino acid phenylalanine. This results in the formation of trans-cinnamic acid (t-CA), which is subsequently converted to p-coumaric acid by CINNAMATE-4-HYDROXYLASE (C4H). Next, 4-HYDROXYCINNAMATE-CoA LIGASE (4CL) converts p-coumaric acid to p-coumaroyl-CoA, which is subsequently converted to p-coumaroyl-shikimate by HYDROXYCINNAMOYL-CoA:SHIKIMATE HYDROXYCINNAMOYL TRANSFERASE (HCT). p-COUMAROYL SHIKIMATE/QUINATE 3′-HYDROXYLASE (C3′H) hydroxylates the shikimate conjugate and the product of this reaction, caffeoyl shikimate, is subsequently converted to caffeoyl-CoA by HCT. Caffeoyl-CoA is further converted to feruloyl-CoA by CAFFEOYL-CoA O-METHYLTRANSFERASE (CCoAOMT). p-Coumarate can also be shuttled directly to caffeate by either p-COUMARATE 3-HYDROXYLASE (C3H or APX1; Barros et al., 2019) or a C3′H/C4H enzyme complex (Chen et al., 2011). Additionally, the second conversion by HCT can be bypassed by CAFFEOYL SHIKIMATE ESTERASE (CSE), converting caffeoyl shikimate to caffeate and 4CL, converting caffeate to caffeoyl-CoA.
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FIGURE 1. The phenylpropanoid pathway in Arabidopsis thaliana. Metabolic pathway showing the biosynthesis of different classes of phenylpropanoids and phenylpropanoid-derived compounds. For flavonoids and DCGs a molecular structure is shown representative for their respective class of compounds. Metabolites and metabolite classes shown in red are discussed in this work for their (putative) role in the phenotypes of lignin mutants. Blue arrows indicate enzymatic steps upon which perturbation leads to the accumulation of bioactive molecules that have been proposed to be implicated in dwarfing of lignin mutants; solid arrows represent enzymatic steps validated by experimental evidence; dashed arrows represent suggested enzymatic steps/pathways; two or more successive smaller solid arrows represent multiple enzymatic steps. PAL, PHENYLALANINE AMMONIA-LYASE; C4H, CINNAMATE 4-HYDROXYLASE; 4CL, 4-COUMARATE:CoA LIGASE; HCT, p-HYDROXYCINNAMOYL-CoA:QUINATE/SHIKIMATE p-HYDROXYCINNAMOYLTRANSFERASE; C3′H, p-COUMAROYL SHIKIMATE/QUINATE 3′-HYDROXYLASE; C3H, p-COUMARATE 3-HYDROXYLASE; CSE, CAFFEOYL SHIKIMATE ESTERASE; CCoAOMT, CAFFEOYL-CoA O-METHYLTRANSFERASE; CCR, CINNAMOYL-CoA REDUCTASE; F5H, FERULATE 5-HYDROXYLASE; COMT, CAFFEATE O-METHYLTRANSFERASE; CAD, CINNAMYL ALCOHOL DEHYDROGENASE; ICS1, ISOCHORISMATE SYNTHASE 1; CHS, CHALCONE SYNTHASE; DCGs, dehydrodiconiferyl alcohol glucosides; G, glucose.


Most carbon skeletons entering the PPP find their way to the monolignol biosynthesis pathway, hereby leading to the building blocks of lignin (Boerjan et al., 2003), a highly recalcitrant polymer mainly deposited in the secondary-thickened plant cell wall, where it provides mechanical strength and hydrophobicity. p-Coumaryl alcohol and coniferyl alcohol are produced via the concerted actions of CINNAMOYL-CoA REDUCTASE (CCR) and CINNAMYL ALCOHOL DEHYDROGENASE (CAD), whereas sinapyl alcohol requires an additional FERULATE 5-HYDROXYLASE (F5H) and CAFFEATE O-METHYLTRANSFERASE (COMT) step. In addition to serving for monolignol biosynthesis, several intermediates of the PPP serve as branch points toward other pathways leading to the production of a wide range of secondary metabolites such as flavonoids, coumarins, and benzoic acids (Vogt, 2010).

The central role of the PPP in plant secondary metabolism implies its involvement in a plethora of processes. Genetic or chemical perturbations therefore often come with a variety of phenotypic defects (Ha et al., 2021) of which the severity is frequently linked to the degree of perturbation and the level of genetic redundancy. The different phenotypes range from overall dwarfism to more distinct phenotypes such as increased or decreased lateral rooting, increased shoot branching, male sterility, and a decreased seed set. Several hypotheses have been proposed that explain these PPP mutant phenotypes in Arabidopsis and for a more elaborate description and graphical depiction of these hypotheses we refer to the review by Muro-Villanueva et al. (2019). In summary, two models suggest a depletion in lignin to lie at the basis of the observed dwarfism, also known as lignin modification-induced dwarfism (LMID; Muro-Villanueva et al., 2019). One proposes a lowered lignin content to cause a loss of mechanical strength or hydrophobicity in the xylem. The other model suggests a shift in cell wall integrity to trigger a stress response, resulting in growth defects. Besides these two models, a third proposes the differential accumulation of soluble pathway intermediates or derivatives thereof as the causal factor of the growth phenotypes. We will define this here as soluble phenylpropanoid-induced dwarfism (SPID). Despite the evidence for this third model, there is significant discussion on this topic, as in several cases initial findings could not be confirmed or were refuted. Here, we critically review and provide our perspectives on SPID in Arabidopsis.



ACCUMULATING BIOACTIVE MOLECULES CAUSING GROWTH DEFECTS IN ARABIDOPSIS LIGNIN MUTANTS

The extensive conjugation and detoxification of accumulating phenylpropanoids and phenylpropanoid-derived compounds in Arabidopsis (Vanholme R. et al., 2019) suggest that several of these compounds are bioactive. Correspondingly, the literature is scattered with studies claiming evidence for bioactivity of nearly every intermediate or derivative of the PPP on plant growth and development (Vanholme B. et al., 2019). Many of these studies should, however, be interpreted with care as they were never subjected to rigorous independent scrutiny and only a handful of these studies remains significant when taking physiological relevance in mind. In this context, a bioactive molecule is defined as a compound of natural origin that triggers a measurable biological effect at a concentration reflecting the endogenous concentration while taking stability, uptake, transport, and metabolization into consideration (Vanholme B. et al., 2019). Under this definition, several phenylpropanoids and phenylpropanoid-derived compounds have well-described bioactive properties in plants. For several of these compounds their differential accumulation has also been reported to cause PPP mutant phenotypes in Arabidopsis. These reports will be discussed below.


Salicylic Acid

Salicylic acid (SA) is closely linked to the PPP and known to be an important signaling compound in plant defense responses against both biotic and abiotic stresses (Fragnière et al., 2011). This combination makes SA a likely candidate to explain some of the growth defects observed in lignin mutants. Production of SA is facilitated via two different routes (Lefevere et al., 2020) of which one branches directly from the PPP, more specifically from the intermediate t-CA (Richmond and Bleecker, 1999; Figure 1). A second route, which produces most of the SA in Arabidopsis, goes via the production of isochorismate through the shikimate pathway (Wildermuth et al., 2001; Torrens-Spence et al., 2019) and is positioned upstream of the PPP (Figure 1). Possibly as a consequence of the position of these pathways, either upstream or at the entry point of the PPP, SA typically accumulates when the PPP is blocked downstream of PAL (Schoch et al., 2002). For example, an increase in SA was observed in a dwarfed HCT-RNAi line (Gallego-Giraldo et al., 2011a). Blocking SA accumulation in these mutants by crossing them with either an isochorismate synthase 1 mutant (sid2; Figure 1) deficient in SA biosynthesis or the SA-conjugating NahG line partially restored plant growth, indicating an involvement of SA in the induced dwarfism of lignin mutants. Evidence was provided that a mediation of gibberellic acid signaling might be involved in the SA-induced dwarfism (Gallego-Giraldo et al., 2011a), although the exact mechanism is still unclear.

In concordance with the HCT-RNAi line, SA levels were increased in a c3′h mutant (ref8-1) (Kim et al., 2014) and restoration of the pathway by reintroducing C3′H expression restored growth and brought SA content back to WT levels. However, in contrast to the HCT-RNAi line, preventing SA accumulation in the ref8-1 mutant by crossing it with the NahG line did not result in growth restoration. A parallel study wherein the ref8-1 mutant was crossed with a sid2 mutant also showed SA accumulation not to be at the basis of the growth phenotypes (Bonawitz et al., 2014). A ref8-1 mediator (med)5a/5b double mutant, however, showed a full growth restoration while still having increased levels of SA. It is striking that SA would cause growth reduction of HCT-downregulated plants but not that of c3′h mutants, given their proximal position in the PPP and their comparable mutant phenotypes. Therefore, whereas SA accumulation seems to be at the basis of dwarfism of HCT-downregulated plants, the results obtained for the c3′h mutant question the role of SA accumulation as a general mechanism underlying growth reduction in PPP mutants.



Cinnamic Acid

Cinnamic acid (CA) is produced upon deamination of phenylalanine by PAL (Figure 1). Although the enzymatic reaction results in the formation of t-CA, which is further metabolized by the PPP, also its bioactive cis-isomer (c-CA) is present in plants (Yin et al., 2003; Wong et al., 2005; El Houari et al., 2021). Both isomers are readily interconvertible under the influence of UV-light, and this mechanism has long been considered as a source for c-CA production (Yin et al., 2003; Wong et al., 2005). Recently, evidence was also provided for a UV-independent and possibly dedicated enzymatic biosynthesis of c-CA in plants (El Houari et al., 2021). The possibility of accumulating CA-esters or their derivatives having a role in the observed growth perturbation of PPP mutants was already coined by Franke et al. (2002) and CA has indeed been implicated in the growth defects found in several c4h mutants (Schilmiller et al., 2009; Kurepa et al., 2018; Kurepa and Smalle, 2019; El Houari et al., 2021). Genetic studies toward C4H were mainly performed on weak c4h mutants (ref3-1; ref3-2; ref3-3; Schilmiller et al., 2009) nonetheless showing large changes in lignin content and composition. The depletion in lignin went paired with dwarfism, sterility, and increased branching (Schilmiller et al., 2009). However, it was later suggested that the increased branching of the ref3-1 mutant, as well as a then-observed increase in lateral rooting, were the result of a altered auxin sensitivity caused by the accumulation of a PPP intermediate upstream of C4H (Kurepa et al., 2018). Subsequent investigation indicated the responsible bioactive compound to be downstream of PAL. Specifically, t-CA or a t-CA derivative was put forward as responsible for the increased branching and lateral rooting. Another allelic mutant, ref3-3, showed an increase in rosette size and biomass (Kurepa and Smalle, 2019). This growth increase was again suggested to be caused by an upstream accumulation of t-CA, as exogenous application of t-CA to wild-type plants facilitated a similar growth-promotion (Kurepa and Smalle, 2019).

Schilmiller et al. (2009) reported local swellings in the branch junctions of the stems of the ref3-1 mutant and coined accumulating c-CA as being responsible. In agreement with these findings, a later study showed c-CA rather than t-CA to be the bioactive isoform of CA (Steenackers et al., 2017). Supplementing plants with c-CA inhibits auxin transport in the root tip of the plant, causing a local build-up in auxin concentrations, which results in strong proliferation of lateral rooting. In addition, a follow-up study showed c-CA and not t-CA to facilitate growth-promotion upon exogenous application (Steenackers et al., 2019). By preventing isomerization using light conditions devoid of UV or using conformationally constrained phenylcyclopropanoid analogs of both CA isomers, c-CA was shown to be the growth-promoting isomer. Finally, increased levels of c-CA were recently indicated to block auxin transport in the hypocotyl of Arabidopsis seedlings upon inhibition of C4H. This lead to a local proliferation of adventitious roots in the upper part of the hypocotyl (El Houari et al., 2021). These observations on the bioactive properties of c-CA are in line with the observed increased lateral rooting and branching of the ref3-1 mutant and the increased rosette size of the ref3-3 mutant. This thus suggests that the accumulation of c-CA and not t-CA lies at the basis of these phenotypes.



Flavonoids

The flavonoid biosynthetic pathway branches from p-coumaroyl-CoA and further steps result in the production of a wide range of metabolites, including flavones, flavonols, anthocyanins, chalcones, and flavan-3-ols (Lepiniec et al., 2006). These all share a common backbone consisting of two phenyl rings and one heterocyclic ring (Figure 1) and are involved in a range of processes in the plant, including plant defense (Treutter, 2005), oxidative stress responses (Nakabayashi et al., 2014), nodulation (Kobayashi et al., 2004), and pigmentation (De Jong et al., 2004; Eichhorn and Winterhalter, 2005). Flavonoids have also been coined to steer plant development via two mechanisms. Firstly, flavonoids have antioxidative properties (Agati et al., 2012) and impaired biosynthesis of flavonoids results in higher reactive oxygen species (ROS) levels in the plant (Watkins et al., 2014; Gayomba and Muday, 2020). For example, the flavonoid kaempferol was described as a negative regulator of lateral root growth, most likely by regulating ROS levels in the lateral root primordia (Chapman and Muday, 2021). Secondly, the flavonoids naringenin, quercetin, and kaempferol have also been described to be auxin transport inhibitors (Jacobs and Rubery, 1988; Brunn et al., 1992; Faulkner and Rubery, 1992) and endogenous over- or underproduction of flavonoids was shown to influence auxin transport using mutants in the flavonoid biosynthetic pathway (Murphy et al., 2000; Brown et al., 2001; Peer et al., 2004; Buer et al., 2013). An hct mutant with severe growth reduction and reduced leaf size showed an apparent increase in flavonoid levels, as the leaves of this mutant showed a purple coloration (Hoffmann et al., 2004). Such an accumulation of flavonoids, anthocyanins, and other flavonoid derivatives upon blocking HCT was later confirmed in HCT-RNAi plants (HCT–) (Besseau et al., 2007) and reducing flavonoid levels by growing the HCT– plants under low-light conditions was correlated to a restoration in growth. Additionally, reducing flavonoid content in HCT– plants by crossing them with flavonoid-deficient CHS-RNAi plants (CHS–; Figure 1) also correlated with a growth restoration. Both the increased flavonoid content and growth inhibition coincided with an inhibition in auxin transport in these plants. A later study, however, indicated that silencing of HCT in a chs knockout (tt4) background deficient for flavonoids did inhibit plant growth (Li et al., 2010). In fact, the degree of growth inhibition upon silencing HCT in the tt4 background was similar to that upon silencing HCT in WT plants. This indicated that the observed growth inhibition of the HCT– plants was most likely not due to the accumulation of flavonoids. Notably, the growth restoration in the double silenced HCT–/CHS– plants did go paired with a slight restoration in lignification. This is most likely due to promoter silencing of the HCT-RNAi construct, as both HCT and CHS RNAi constructs were driven by a 35S promoter (Li et al., 2010). The partial growth restoration of the HCT–/CHS– plants could thus find its origin in the slight restoration in lignification of these plants rather than the reduction in flavonoid content. Moreover, repetition of flavonoid quantification indicated that the total amount of flavonoids per rosette is the same for WT and HCT– plants. Similarly, a CRISPR-generated hct mutant (hctD7; Kriegshauser et al., 2021) showed an 80-fold increase in levels of p-coumaroyl-glucose but not in kaempferol 3-O-rhamnoside 7-O-rhamnoside, indicating that also here flavonoid levels are not significantly altered when blocking HCT. In summary, flavonoid accumulation does not seem to be responsible for the dwarfism of HCT– plants. Therefore, whereas altered flavonoid content does modulate auxin transport in flavonoid biosynthesis mutants and possibly also in the HCT– plants, there is no conclusive evidence that their differential accumulation in lignin mutants causes dwarfism.



Ferulic Acid

Ferulic acid is an intermediate of the PPP, being produced from caffeic acid by COMT (Figure 1). Like other phenylpropanoids it has known antioxidant properties and ROS scavenging potential (Graf, 1992; Kanski et al., 2002). Whereas many studies have investigated the bioactive properties of ferulic acid (Lippincott and Lippincott, 1971; Li et al., 1993; Locher et al., 1994), convincing evidence for a bioactive role in plants is scarce. In ccr1 mutants, ferulate conjugate levels accumulate and higher levels of ferulic acid are incorporated in the lignin (Derikvand et al., 2008; Vanholme et al., 2012; De Meester et al., 2018). The accumulation of ferulic acid was found to be correlated to growth phenotypes in ccr1-4 plants (Xue et al., 2015), and its antioxidant potential was proposed to bring about a reduced leaf size, as the ccr1-4 cells remained longer in a mitotic state. This delay in cell proliferation exit resulted in plants with a higher cell count but smaller cell size, causing a reduction in overall leaf size. ROS are known to be required for the shift of cells toward cell proliferation exit (Boonstra and Post, 2004; Tsukagoshi et al., 2010). The accumulation of ferulic acid was therefore proposed to bring about the scavenging of ROS through its antioxidant action, hereby being at the basis of the delay in cell proliferation exit. A later study, however, found dwarfism in a ccr1-6 mutant to be fully restored upon restoration of lignin specifically in the xylem vessels, despite increased levels of ferulic acid coupling products in the leaves (De Meester et al., 2018). In addition, the reduced cell proliferation exit in the vessel-complemented ccr1-6 plants was mitigated, indicating (1) that ferulic acid is not at the basis of the dwarfism, and (2) that ferulic acid is not at the basis of the observed delay in cell proliferation exit.



Dehydrodiconiferyl Alcohol Glucosides

Dehydrodiconiferyl alcohol glucosides or DCGs form a specific class of glucosylated phenylpropanoid coupling products with proposed hormone-like activity. The DCG aglycon is a coniferyl alcohol dimer, coupled via a coumaran linkage (Figure 1). Coupling of the two coniferyl alcohol radicals leads to two chiral centers in the molecule, resulting in different stereoisomers. Interestingly, the bioactivity of DCGs is restricted to particular diastereoisomers that were initially isolated from tumor cells of Vinca rosea (Lynn et al., 1987) and several follow up studies described the accumulation of DCGs in rapidly dividing tissues or cell cultures (Binns et al., 1987; Attoumbré et al., 2006; Hano et al., 2006). In tobacco tissue culture, DCGs were also able to replace cytokinin in cell division assays (Binns et al., 1987) and cytokinin treatment effectively stimulated DCG accumulation (Teutonico et al., 1991), suggesting that DCG biosynthesis in the plant is controlled by cytokinin. Based on these observations, these molecules have been described as having cell division-promoting activities (Binns et al., 1987; Lynn et al., 1987; Teutonico et al., 1991). As they are formed from coniferyl alcohol, positioned at the final step of the PPP (Figure 1), DCG concentrations are often lowered in PPP mutants (Vanholme et al., 2012; Dima et al., 2015). Together with their possible role in the stimulation of plant cell division, this depletion is frequently used to explain the dwarfism of Arabidopsis PPP mutants (Franke et al., 2002; Abdulrazzak et al., 2006; Do et al., 2007; Li et al., 2010). However, a causal role for DCG depletion in PPP mutant dwarfism has not yet been shown. Moreover, feeding the probable DCG precursor coniferyl alcohol to Nicotiana benthamiana seedlings did severely impair instead of stimulate growth, although this could also likely be the result of an induced lignification (Väisänen et al., 2015). In addition, to our knowledge no further physiological support for the cell division promoting activity by DCGs has been provided since the initial reports over 30 years ago (Binns et al., 1987; Lynn et al., 1987; Teutonico et al., 1991). Together, the involvement of DCGs in PPP mutant dwarfism thus remains purely speculative.



THE ROLE OF BIOACTIVE PHENYLPROPANOIDS IN PPP MUTANT PHENOTYPES IS UNDEREXPLORED

A large number of studies report on either the phenotype of PPP mutants or on the bioactive properties of phenylpropanoids or phenylpropanoid-derived compounds. In comparison, however, the available evidence for SPID is minor. In addition, the evidence that should support SPID has often been contested. This seems to suggest that the accumulation of bioactive phenylpropanoids rarely results in observable phenotypes in PPP mutants and that lignin depletion is the predominant and in most cases only factor causing growth defects. Whereas it is reasonable to assume that LMID is a main cause of dwarfism in PPP mutants considering the vast number of such reports, it seems precarious to assume that SPID is negligible, and that differential accumulation of phenylpropanoids and phenylpropanoid-derived compounds would not induce any phenotypic alterations or defects in the plant.

The investigation on SPID comes with some difficulties that could explain the low number of these studies. The depletion in lignin is a trait commonly observed in PPP mutants, as lignin monomers are end products of the pathway. Mutation and inhibition of each step of the pathway will therefore often result in a lowered lignin content. Each PPP mutant will, however, accumulate a different set of intermediates depending on the position of the inhibited step in the PPP. This is exemplified by, e.g., hct and c4h mutants. Both have lower lignin levels, but the former also accumulates anthocyanins, resulting in a purple coloration (Hoffmann et al., 2004). Similar coloration is not observed in the c4h mutants, as flavonoid production (including anthocyanins) lies downstream of C4H. In addition, each class of phenylpropanoids may harbor a set of different bioactive properties that may or may not yet be fully elucidated. The unique alterations in metabolic flux upon mutations in each step of the pathway coupled with the distinct bioactive properties that each class of phenylpropanoids may harbor encumbers inquiries toward their involvement in possible phenotypes.

Because lignin depletion in the cell wall by itself is often responsible for a large portion of the phenotype, more subtle phenotypes induced by accumulating bioactive compounds might go unnoticed. In addition, SPID can be overlooked due to the implemented experimental conditions. For example, flavonoids are known UV protectants, and their production in the plant increases upon exposure to a higher light intensity (Jaakola et al., 2004; Tattini et al., 2004). In accordance, low light conditions attenuated the flavonoid accumulation in HCT-silenced plants (Besseau et al., 2007). Also, phenotypic defects caused by c-CA were effectively mitigated by growing plants under UV-free light (El Houari et al., 2021). As flux through the phenylpropanoid pathway is regulated by a plethora of environmental conditions such as light intensity, temperature, and abiotic stresses (Christie et al., 1994; Hemm et al., 2004; Sharma et al., 2019), it is likely that certain phenotypes go unnoticed under certain experimental conditions.



PERSPECTIVES AND OUTLOOK

Considering the pathway’s complexity and the vast changes in metabolic flux upon its inhibition it seems unlikely that lignin depletion is the only causative agent of PPP mutant phenotypes (Vanholme et al., 2012). Indeed, restoration of lignification upon perturbation of the PPP does not always come paired with a total restoration in plant growth (Kim et al., 2014; El Houari et al., 2021), indicating that there are still other factors at play in the observed growth defects. Moreover, it is likely that of the different proposed models explaining dwarfism in PPP mutants (Muro-Villanueva et al., 2019) several are true for the same mutant, as recently evidenced upon blocking C4H (El Houari et al., 2021). Chemical inhibition of C4H study resulted in the accumulation of adventitious roots apically in the hypocotyl. This phenotype was caused jointly by an upstream increase in c-CA and a downstream depletion in lignin, thus showing that both an accumulation of bioactive intermediates and downstream depletion in lignin can result in phenotypes within the same mutant.

Arabidopsis may not be sufficient as the only model system to investigate the role of SPID in PPP mutant phenotypes. The general role of lignin is similar in all vascular plant species, as it confers rigidity and hydrophobicity to the secondary cell wall. In contrast, the bioactivity of PPP intermediates can differ in both nature and strength between different species. For example, flavonoid levels are increased in hct mutants in both alfalfa (Medicago sativa) and Arabidopsis (Besseau et al., 2007; Gallego-Giraldo et al., 2011b). However, only in Arabidopsis did the increase in flavonoids go paired with a reduction in auxin transport. This indicates that phenotypic defects caused by accumulating bioactive phenylpropanoids can be species-specific and dependent on the genetic makeup of the plant. In addition, the inhibitory strength of c-CA on root growth was markedly different between monocots and dicots (Steenackers et al., 2017). This could be due to differences in uptake, detoxification and metabolization of c-CA. An alternative explanation for this difference may also be found in the target-specificity of the compound. c-CA targets auxin transporters or other members of the auxin transport machinery (Steenackers et al., 2017), cis-Cinnamic acid is a novel, natural auxin efflux inhibitor that promotes lateral root formation. Both the number and protein sequences of auxin transporters strongly differ between species (Carraro et al., 2012; Yang et al., 2019), thus providing a possible explanation to the difference in inhibitory strength. In addition, the differences in endogenous concentrations of bioactive compounds between species could also play a role. For example, the basal levels in SA are markedly higher in rice as compared to Arabidopsis (Yang et al., 2004). An increase in absolute levels of SA in rice would therefore make less of an impact on plant growth as compared to Arabidopsis. These hypotheses could thus provide an explanation for some of the differences in phenotype when knocking out the same gene of the PPP in different species. For example, knocking out CSE causes a much stronger growth perturbation in Medicago truncatula as compared to Arabidopsis (Vanholme et al., 2013; Ha et al., 2016). It is possible that accumulation the substrate of CSE, caffeoyl shikimate, or any of the other upstream accumulating molecules has stronger growth inhibitory effects in Medicago than in Arabidopsis. However, it also needs to be said that the measured lignin content was significantly lower in Medicago than in Arabidopsis (over 80% as compared to 36%, respectively; Vanholme et al., 2013; Ha et al., 2016), which could thus also explain for the difference in phenotype.

Investigation on SPID thus comes with certain difficulties. It is, however, essential to understand the molecular mechanisms underpinning SPID to allow for the engineering of plants with improved biomass quality while mitigating a yield penalty. Toward this end, elucidating the mode of action of bioactive phenylpropanoids is crucial, as this allows a pinpointed investigation toward their involvement in the observed phenotypes.
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The synthesis of small organic molecules, known as specialized or secondary metabolites, is one mechanism by which plants resist and tolerate biotic and abiotic stress. Many specialized metabolites are derived from the aromatic amino acids phenylalanine (Phe) and tyrosine (Tyr). In addition, the improved characterization of compounds derived from these amino acids could inform strategies for developing crops with greater resilience and improved traits for the biorefinery. Sorghum and other grasses possess phenylalanine ammonia-lyase (PAL) enzymes that generate cinnamic acid from Phe and bifunctional phenylalanine/tyrosine ammonia-lyase (PTAL) enzymes that generate cinnamic acid and p-coumaric acid from Phe and Tyr, respectively. Cinnamic acid can, in turn, be converted into p-coumaric acid by cinnamate 4-hydroxylase. Thus, Phe and Tyr are both precursors of common downstream products. Not all derivatives of Phe and Tyr are shared, however, and each can act as a precursor for unique metabolites. In this study, 13C isotopic-labeled precursors and the recently developed Precursor of Origin Determination in Untargeted Metabolomics (PODIUM) mass spectrometry (MS) analytical pipeline were used to identify over 600 MS features derived from Phe and Tyr in sorghum. These features comprised 20% of the MS signal collected by reverse-phase chromatography and detected through negative-ionization. Ninety percent of the labeled mass features were derived from both Phe and Tyr, although the proportional contribution of each precursor varied. In addition, the relative incorporation of Phe and Tyr varied between metabolites and tissues, suggesting the existence of multiple pools of p-coumaric acid that are fed by the two amino acids. Furthermore, Phe incorporation was greater for many known hydroxycinnamate esters and flavonoid glycosides. In contrast, mass features derived exclusively from Tyr were the most abundant in every tissue. The Phe- and Tyr-derived metabolite library was also utilized to retrospectively annotate soluble MS features in two brown midrib mutants (bmr6 and bmr12) identifying several MS features that change significantly in each mutant.

Keywords: sorghum, phenylpropanoids and phenolics, tyrosine and derivatives, metabol/nomics, specialized (secondary) metabolite


INTRODUCTION

Sorghum bicolor (L.) is a C4 cereal crop known for its adaptation to, and exceptional productivity in, hot and water-limited environments. In addition to being a food and forage crop, especially in arid climates, there is interest in improving the properties of sorghum for the biorefinery (Brenton et al., 2016). Sorghum is genetically diverse and has a high potential for genetic improvement through breeding (Brenton et al., 2016). One potential path for improvement is the formulation of new or modified profiles of metabolites to enhance the resilience of the plant to biotic and abiotic stress.

Untargeted mass spectrometry (MS) can detect and quantify many of the metabolites contained in plant tissues. The output of these analyses is a list of mass features, each associated with a mass to charge ratio (m/z), column retention time, and ion count. The term mass feature rather than compound is appropriate because features can include the parental ions of true metabolites and in-source-generated molecular fragments or adducts. Untargeted MS datasets are rich in information concerning the metabolic repertoires of plants but are insufficient to predict compound structures. Although some metabolites can be identified through comparison to authentic standards and interpretation of fragment ions generated by higher-order MS, in untargeted MS, there are still hundreds to thousands of “unknown” metabolite features that have no structural information associated with them.

To increase the informational value of untargeted MS datasets we developed an R-based program called “Precursor of Origin Determination in Untargeted Metabolomics” (PODIUM) (Simpson et al., 2021). In this procedure, a heavy mass isotope representing a precursor to a class of metabolites (e.g., ring labeled 13C6 phenylalanine (Phe) to identify phenylpropanoids) is fed to plants, and MS features that incorporate the isotope are identified from mass spectrometry data that was processed by XCMS (Smith et al., 2006). The labeled and unlabeled features are then annotated as co-eluting isotopologues and the natural abundance isotopolog (i.e., light or 12C6) is identified. PODIUM was first applied to identify Phe-derived MS features produced in stems of wild-type Arabidopsis and 10 genotypes with defects in phenylpropanoid metabolism (Simpson et al., 2021). Over 2,000 MS features, which account for almost 30% of the negative-ion signals collected, were Phe-derived across the different genotypes. This library of metabolites produced from Phe was then used to annotate Phe-derived mass features within an untargeted metabolome of 440 Arabidopsis ecotypes. Genome-wide association mapping of those Phe-derived metabolites uncovered multiple loci contributing to natural variation in phenylpropanoid metabolism.

The objective of this study was to catalog specialized metabolites in sorghum derived from the aromatic amino acids Phe and Tyr. Phe and Tyr provide the core structure to a variety of ubiquitous, lineage-, and species-specific specialized metabolites in plants, including soluble phenylpropanoids, lignin, and cyanogenic glycosides, which are compounds that are particularly relevant to this study (Widhalm and Dudareva, 2015; Tohge and Fernie, 2017; Schenck and Maeda, 2018). All plants synthesize phenylpropanoids from Phe via Phe ammonia lyase (PAL), but grasses can also produce phenylpropanoids from Tyr through the Tyr ammonia-lyase (TAL) activity of some PAL enzymes. Thus, this bifunctional enzyme, called Phe/Tyr ammonia-lyase (PTAL), can deaminate Phe and Tyr into cinnamic acid and p-coumaric acid, respectively (Barros and Dixon, 2020). In the Phe-derived pathway, cinnamic acid can be hydroxylated by cinnamate 4-hydroxylase (C4H) to generate p-coumaric acid, which could combine into a pool of p-coumaric acid that is derived from the TAL activity of PTAL (Figure 1). However, in the model grass Brachypodium, Barros et al. (2016) identified differences in the proportions of lignin and other phenylpropanoids derived from Phe or Tyr and through PAL or PTAL, suggesting that the pools of Phe- and Tyr-derived p-coumaric acid are not entirely shared or equivalent and that each pool contributes to different end products.


[image: Figure 1]
FIGURE 1. Model describing some of the metabolic fates of Phe and Tyr in phenylalanine/tyrosine ammonia-lyase (PTAL)-containing grasses. The primary fate of Phe is conversion to cinnamic acid by phenylalanine ammonia-lyase (PAL) or PTAL. Cinnamic acid can then be hydroxylated into p-coumarate by cinnamate 4-hydroylase (C4H) or converted to metabolites that are not p-hydroxylated (e.g., benzoic acid). Phe may also enter other pathways devoted to the production of phenylacetic acid via phenylacetaldoxime or phenylethanol. In sorghum, the primary fates of Tyr are the conversion into p-coumaric acid by PTAL or metabolism to the cyanogenic glycoside dhurrin. The different colored arrows leading to and from p-coumaric acid structures are meant to illustrate the multiple p-coumaric acid pools that can be derived from Phe via PAL, Phe via PTAL (orange), Phe and Tyr via PTAL (purple), and Tyr via PTAL (gray). Each of these pools may be utilized in different ways to produce downstream soluble phenylpropanoids.


In this study, PODIUM was applied to identify Phe- and Tyr-derived metabolomes (FDM and YDM, respectively), in three tissues of the sorghum genotype BTx623. Ring-labeled 13C6-Phe and 13C6-Tyr were fed independently to sorghum seedlings, and metabolite features derived from these amino acids were then identified in the untargeted liquid chromatography-MS (LC-MS) dataset. These data allowed us to estimate the relative incorporation of labeled Phe and Tyr into features labeled with both precursors. Finally, the FDM and YDM were also annotated in two brown midrib mutants (bmr6 and bmr12) that have defects in the phenylpropanoid pathway enzymes cinnamyl alcohol dehydrogenase (CAD) and caffeic acid/5-hydroxyferulic acid O-methyltransferase (COMT), respectively.



METHODS


Plant Material and Growth Conditions

S. bicolor (L.) (BTx623 genotype) plants used for Phe and Tyr feeding were grown in Redi-Earth Plug and Seedling Mixture (Sun Gro Horticulture, Quincy MI) augmented with Scotts Osmocote Plus controlled-release fertilizer (Hummert International, Earth City, MO). Plants were grown to their three leaf stage (~10 days post emergence) in a greenhouse under long-day conditions [25°C/23°C (day/night) 16 h light/8 h dark photoperiod] with natural light supplemented with high-pressure sodium lamps (Philips, MASTER GreenPower T400W, Belgium). The bmr6 and bmr12 mutants and their wild-type (BTx623) controls were grown under the same conditions.



Phenylalanine and Tyrosine Feeding

Phe and Tyr feeding was performed similarly to the methods of Wang P. et al. (2018) and Simpson et al. (2021). Plants were removed from the soil, washed with water, and placed into a 120 ml beaker containing the labeling medium along with two other replicate plants. The labeling medium consisted of 30 ml of a Murashige and Skoog medium supplemented with either 1 mM L-phenylalanine (Sigma) or L-tyrosine, or 1 mM ring-[13C6]-labeled L-phenylalanine or ring-[13C6]-labeled L-tyrosine [Cambridge Isotope Laboratories, Tewskbury, MA. Cat No. CLM-1055 (Phe) or CLM-1542 (Tyr)]. Plants were fed for 24 h in the greenhouse under the conditions described above, after which, each plant was rinsed with water and patted dry. The roots, basal 2 cm of the plant (representing the stem and 2 cm of leaf sheath and developing leaves), and 5 cm of the non-fully expanded leaves were dissected from the plant, flash-frozen in liquid nitrogen, and stored at -70°C until metabolite extraction.



Metabolite Extraction and LC-MS Analysis of Soluble Metabolites

Soluble metabolites were extracted from frozen tissue in 50% aqueous methanol (v/v) at a concentration of 100 mg fresh mass ml−1 at 65°C for 2 h, with vortexing every 30 min. Samples were then centrifuged for 5 min at 13,000 × g, and the soluble fraction was transferred to a new tube. Samples were concentrated in a speed vacuum at 30°C and the dried extract was then re-dissolved in 50% aqueous methanol (v/v) at 20% of the original volume. All extracts were stored at −20°C prior to LC-MS analysis.

Chromatographic separations were performed using an Agilent 1100 HPLC system (Agilent Technologies, Palo Alto, CA, USA) with a Shimadzu Shim-pack XR-ODS (3 × 75 mm × 2.2 μm, Shimadzu Corp., Japan) separation column and a 5 μl injection volume. The LC and MS running conditions are described in Simpson et al. (2021). Following data collection, Agilent MassHunter raw data (.d directories) were converted to mzXML using the msconvert tool in ProteoWizard. The mzXML files were grouped into different folders based on tissue and treatment and processed with PODIUM (available at https://github.com/chapple-lab/podium) or XCMS (Smith et al., 2006) for the unfed bmr6, bmr12, and wild-type samples. Peak picking was performed using centWave using the following parameters: ppm = 15, peakwidth = c (3, 27), snthresh = 15, and prefilter = c (2, 15). Peaks were aligned using “obiwarp,” grouped with bw = 2, mzwid = 0.02, and minsamp = 3, and fillChromPeaks was used to integrate peaks across all samples that were not detected during the initial peak picking.




RESULTS


Phenylalanine and Tyrosine Are Used to Produce Unique and Common MS Features

The FDM and YDM libraries were established on three leaf stage greenhouse-grown sorghum. Plants from the inbred line BTx623 were fed 13C6 ring-labeled Phe and Tyr by removing whole seedlings from their pots and placing them in beakers for 24 h with enough 12C or 13C6-Phe or 13C6-Tyr feeding solution to cover the roots. Following feeding, plants were harvested into three portions: (1) roots, (2) the 2 cm section above the roots encompassing the stem and portions of developing leaves and leaf bases (called “base” here), and (3) a 5 cm section above the base containing developing and unexpanded leaf blades and leaf sheaths (called “leaf” here). Semi-polar metabolites were extracted from each sample and analyzed by LC-MS using reverse-phase chromatography and negative-mode ionization. The resulting MS data were run through the XCMS-based PODIUM pipeline (Smith et al., 2006; Simpson et al., 2021) to identify the FDM and YDM. Only MS features that eluted between 100 and 1,100 s in the LC-MS gradient were included in this FDM and YDM analysis, and labeled and unlabeled Phe and Tyr were removed from downstream analyses.

In total, the PODIUM pipeline identified 668 metabolite features containing one to three phenyl rings derived from Phe or Tyr. The 13C6-containing metabolite features derived from Phe or Tyr represented 5–13% of the total ion counts in 13C-fed samples (Figure 2A). In some cases, the signal derived from a mass feature with a +6, +12, or +18 mass in the samples that were fed with the 12C isotope represented either co-chromatographing features and/or a signal value derived from the “peak-filling” step employed by XCMS integration. As expected for bona fide metabolite features, but not for such artifacts, the majority of features identified by PODIUM were more abundant in the heavy-isotope label fed samples. Of the three samples, the base- and root-derived extracts incorporated the most 13C-Phe and -Tyr, which may reflect better uptake of the label due to the closer proximity to the feeding solution.
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FIGURE 2. Labeling of predicted Tyr- and Phe-derived metabolite features according to feeding regime and tissue. (A) Percent of the total ion count in metabolite features predicted to be derived from Tyr or Phe. (B) Percent of the total ion count in 13C labeled features predicted to be derived from 13C Tyr or 13C Phe. Error bars in panels A and B indicate +/– SD of three biological replicates. (C) Comparison of log2 ion counts in predicted Phe- and Tyr-derived metabolite features (12C containing in 12C Phe-fed and 12C Tyr-fed tissue) across tissues. The broken line in each graph represents the best fit from linear regression and the correlation coefficient (R2) is reported.


Identification of these Phe- and Tyr-derived features in the 12C-fed samples allowed us to calculate the contribution of these two precursors. Taken together, the FDM and YDM were between 20 and 45% of the total ion count across the three tissues (Figure 2B). Aggregated ion counts for predicted Phe- and Tyr-derived metabolite features in the base and leaf portions were similar, while the ion signal from root samples was approximately 50% lower. There was no linear relationship between the abundance of specific Phe- and Tyr-derived 12C metabolite features between tissues, indicating that each tissue produces distinct metabolite profiles (Figure 2C).

Replicated samples from the 12C-fed plants grouped with each other along the principal components, whereas replicated samples from the different tissues were separated (Figure 3A). Some effects of precursor supplementation were also visible in these plots. Notably, within the root and base tissues, Phe- and Tyr-fed samples were separated in the score plot (Figure 3A), indicating that the administration of Phe, Tyr, or both altered the synthesis of some 12C features in their respective FDM's and YDM's. However, comparing the accumulation of individual 12C-containing features between the Phe-fed and Tyr-fed samples by linear regression revealed a very strong linear relationship between most metabolite features (Figure 3C). This demonstrates that the administration of the 12C amino acids had only a minor effect on the abundance of 12C metabolites in the FDM and YDM.
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FIGURE 3. Identifying global differences in Phe- and Tyr-derived metabolite features between labeling regimes. (A,B) Principal component analysis (PCA) score plots showing the effect of genotype on the accumulation of metabolite features derived from 12C Phe and 12C Tyr (A) or 13C Phe and 13C Tyr (B) (red, Phe-labeled; black, Tyr-labeled) (n = 3). (C,D) Log2 ion counts for Phe- and Tyr-derived metabolite features compared between labeling treatments. (C) Log2 ion counts in 12C-containing metabolite features in samples fed with 12C Phe (x-axis) and samples fed with 12C Tyr (y-axis). (D) Log2 ion counts in 13C containing metabolite features in samples fed with 13C Phe (x-axis) and 13C Tyr (y-axis). The broken line in each graph represents the best fit from linear regression and the correlation coefficient is reported in each graph.


Unlike the analysis of the 12C features, principal component analysis (PCA) and linear regression using the abundances of the 13C6,12,18-containing features is a direct measure of the de novo production of metabolites during the 24 h feeding. Thus, this analysis can detect metabolites produced from Phe and Tyr via PTAL activity and identify the features that are differentially or uniquely derived from either amino acid. Principal components calculated from these data showed clear separation of the root, base, and leaf samples (Figure 3B). Heavy isotope-labeled Phe or Tyr feeding also resulted in clear separation for all three tissues (Figure 3B). Taken together, this suggested that Tyr and Phe feeding had different effects on compound de novo biosynthesis (Figure 3B). Linear regression comparing the abundances of the 13C metabolite features between feedings also demonstrated the presence of some metabolites derived primarily from either Phe or Tyr, although the majority were of mixed origin (Figure 3D). Most metabolite features were labeled from both Phe and Tyr, indicating that sorghum employs both precursors to synthesize many of its soluble phenyl-ring-containing metabolites. The existence of metabolite features that fall closer to each axis (Figure 3D) indicates that some PAL or PTAL-dependent metabolites and were preferentially derived from one amino acid.



Phe- and Tyr-Derived Metabolites Have Distinct Patterns of 13C Incorporation, Chromatographic Properties, and Abundances

Tyr and Phe can be metabolized into phenyl ring-containing nitrogenous metabolites or compounds resulting from amino group removal by transamination, oxidative deamination, or, most prominently, deamination through the ammonia-lyase activity of PAL or PTAL (Widhalm and Dudareva, 2015; Schenck and Maeda, 2018). Some of these metabolite pathways that utilize Phe and Tyr are uniquely fed by one amino acid (i.e., Tyr-derived cyanogenic glycosides, Phe-derived cinnamoyl, or phenylacetaldoxime derivatives). In grasses, both amino acids can act as precursors for phenylpropanoids produced downstream of p-coumaric acid. In this study, the incorporation of labeled Phe and Tyr into the FDM and YDM were compared to estimate the relative contribution of Phe and Tyr into metabolites derived through PAL and/or PTAL.

Label incorporation into metabolites was determined by dividing the 13C6 ion signal (and ion signal from 13C12 and 13C18 features, when present) for each labeled metabolite feature by the ion signal from the entire pool of the metabolite feature [i.e., 13C6,12,18 ion signals/(13C6,12,18 + 12C ion signals) for a labeled metabolite feature]. The resulting values were also then converted into a mol% to directly compare the capacity of Phe and Tyr to label each metabolite feature. For example, at the end of the labeling period, 25% of a chlorogenic acid (i.e., caffeoylquinate) pool was isotopically labeled in the 13C-Phe-fed leaves, and 4.2% was labeled in 13C-Tyr-fed leaves. Then, calculating the relative de novo contributions (i.e., mol%) indicated that 86 mol% of leaf chlorogenic acid was derived from 13C-Phe, and 13 mol% was derived from 13C-Tyr.

Metabolite features were sorted into five bins based on mol% enrichment from Phe and Tyr in each tissue and a t-test that compared 13C incorporation into metabolite features between Phe-fed and Tyr-fed samples (Figure 4, Table 1). Bin 1 contained metabolite features that were labeled at 50 +/– 10 mol% from each of the precursor amino acids (i.e., considered derived equally from both amino acids). Metabolite features in this bin represented the majority of labeled features in each tissue. Bins 2 and 3 contained metabolite features with a mol% enrichment >60% and <80% from Phe (Bin 2) and Tyr (Bin 3), respectively (p < 0.05). Metabolite features with a Phe bias were more numerous in all three tissues. Bins 4 and 5 contained metabolite features with an average enrichment of 80 mol% or higher from Phe (Bin 4) and Tyr (Bin 5), respectively (p < 0.05), and thus were considered derived exclusively from a single amino acid. The Tyr-derived features were more numerous than the Phe-derived features, but Bins 4 and 5 contained the fewest features.
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FIGURE 4. Quantified incorporation of Phe and Tyr into metabolite features. (A) Incorporation of 13C Phe and 13C Tyr, expressed as a mol%. The percent 13C incorporation was determined for every peak-pair in 13C-fed tissues by dividing the ion counts in the 13C-containing features by the sum of the ion counts in its combined 12C- and 13C-containing features. Each feature was then assigned a mol% based on 13C6 incorporation from Phe or Tyr. A metabolite feature with 90 mol% labelings from Phe will have a Tyr-derived mol% labeling value of 10, and both of those values are plotted on the graph. For (A), the t-test filter that was used to generate Table 1 and (B,C) was omitted. Thus, (A) includes several MS features that did not meet the t-test criteria but had a mol% enrichment value assigning them to one of the five bins (Supplementary Table 2). (B,C) Aggregated ion counts from 13C Phe (B) or 13C6 Tyr (C) into metabolite features in each labeling bin that is described in Table 1. For (B,C), the y-axis refers to the ion count in Phe and Tyr-derived features as a percentage of the ion count in all detected metabolite features comprising the FDM and YDM, respectively.



Table 1. Categorizing labeled MS features derived from Phe and Tyr.
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The 13C-Tyr and 13C-Phe flux into metabolites were estimated by summing the 13C ion signal for the respective bins (Figures 4B,C). The total ion count from Tyr-derived metabolites (Bin 5) was several-fold higher than for metabolites derived exclusively from Phe (Bin 4), but only in above-ground tissues. Thus, more of the fed 13C-Tyr went into metabolites produced exclusively from that amino acid, despite there being more total PTAL-derived metabolite features produced. Along the same lines, in above-ground tissues, there was a relatively even distribution of the 13C signal from metabolites derived exclusively from Phe (Bin 4) and PTAL-derived metabolites with a Phe-bias (Bin 2) as compared to metabolites of approximately equal Phe and Tyr labeling.

Differences in the abundance, retention time, and m/z for the labeled metabolite features were also compared to their preferred amino acid of origin (Figure 5). Many of the most abundant features in all tissues were predominantly or exclusively derived from either Phe or Tyr (Bins 4 and 5), whereas features derived more evenly from either amino acid were less abundant. Most of the principally Tyr-derived features eluted between 250 and 350 s and approximately 1,100 s, indicating that they are relatively polar or non-polar molecules, respectively. In contrast, most of the features that were more strongly Phe-derived or had a mixed Phe and Tyr origin eluted between 400 and 700 s and are thus intermediate in hydrophobicity. Consistent with this result, it was verified by tandem MS (MS/MS) that the Tyr-derived metabolite dhurrin eluted at 310 s and known flavonoids and hydroxycinnamate esters (HCEs) eluted between 500 and 900 s. The comparison of m/z showed no clear difference based on Tyr or Phe origins.
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FIGURE 5. Comparison of properties of metabolite features based on their incorporation of 13C Phe or 13C Tyr. The y-axis on each graph reports mol% labeling from Phe or Tyr if the bias toward an amino acid was above 50%. Features that fall above the middle axis were more heavily derived from Phe, and features that fall below were more heavily derived from Tyr. For example, an MS feature with a 90 mol% labeling from Phe and 10 mol% labelings from Tyr will be represented on the y-axis by a single point at 90 in the Phe-bias portion of the graph. On the contrary, an MS feature with a 10 mol% labeling from Phe and a 90 mol% labeling from Tyr will be represented by 90 mol% in the Tyr-bias portion of the graph. (A) Comparison of labeling bias to the ion counts in each metabolite feature (12C-fed samples). (B) Comparison of labeling bias to the retention time of metabolite features. (C) Comparison of labeling bias to m/z value for metabolite features.




A Large Proportion of the YDM Is Derived Independently of PTAL

Metabolite features derived exclusively from a single amino acid represented only 1–10% of the labeled features in each library (Bins 4 and 5 in Table 1), but constituted a large sink for the 13C-Phe and 13C-Tyr that was fed to the tissue (Figures 4B,C). Over 80% of 13C-Tyr flowed into metabolites that were not produced from Phe, consistent with the fact that sorghum produces large quantities of the cyanogenic glycoside dhurrin (Gleadow and Møller, 2014). In this study, dhurrin was identified in the untargeted MS data as feature M310T325 (which denotes a feature with an m/z M-H value of 310 and retention time of 325 s) and post-hoc MS/MS verified this identification and its exclusive Tyr origin (Table 2). 12C Dhurrin was detected in all tissues and feeding regimes, but there was a small increase in 12C dhurrin in 13C Tyr-fed samples and not Phe-fed samples (Figure 6A, top), indicating that the synthesis or catabolism of 12C dhurrin was affected by the application of the 13C Tyr isotope. De novo synthesized 13C dhurrin represented between 10 and 40% of the total dhurrin pool (i.e., the proportion of 13C dhurrin relative to the sum of 12C and 13C dhurrin) in the base and leaf portions, but not in the roots (Figure 6A, bottom). The apparent lack of dhurrin biosynthesis in roots has been reported previously (Halkier and Møller, 1989), but some studies have identified dhurrin and its catabolic products, including hydrogen cyanide, in roots (Starr et al., 1984, Adewusi, 1990). There were 39 additional Tyr-derived metabolite features, representing 15 likely parental metabolites, that fell into the exclusive Tyr-derived group (Bin 5), most of which were found only in above-ground tissues. The identities for 11 of these metabolites were also assessed by MS/MS performed subsequent to the initial untargeted analysis. In addition to dhurrin, putative products of dhurrin catabolism were identified, including p-hydroxybenzaldehyde (M121T468) and p-hydroxyphenylacetic acid glycoside (M313T258) and several other unidentified glycosylated metabolites (Table 2, Figure 6) (Gleadow and Møller, 2014). Although 13C dhurrin was not detected in the roots, the presence of labeled catabolic products suggests that they, or 13C dhurrin, were transported to the roots from the site of synthesis but, apparently, at a rate too slow to lead to a significant pool of 13C dhurrin. Alternatively, the labeled p-hydroxybenzaldehyde could originate from transported p-hydroxymandelonitrile, which is both a dhurrin biosynthetic intermediate and a breakdown product (Halkier and Møller, 1989).


Table 2. Tyr-derived metabolites and their MS/MS fragmentation ratios.
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FIGURE 6. Relative quantification and heavy isotope incorporation into exclusive Tyr- and Phe-derived metabolites from the different tissues and feeding regimes. (A) Ion counts into the Tyr-derived features dhurrin, p-hydroxybenzaldehyde, and p-hydroxyphenylacetic glucoside in tissues fed with each 13C isotope (top) and the percent of the dhurrin, p-hydroxybenzaldehyde, and p-hydroxyphenylacetic glucoside pools that are represented by their respective de novo synthesized 13C-containing features (bottom). (B) Accumulation and labeling into two exclusive Phe-derived features. M371T520 and M385T559 have MS/MS spectra consistent with being esters of benzoic acid and phenylacetic acid, respectively.


A similar analysis identified 16 exclusively Phe-derived metabolite features, representing 10 likely parental metabolites common to all three libraries with an additional metabolite found only in above-ground tissues (Table 3). This list included acetylated phenylalanine and metabolites M371T520 and M385T559 that were tentatively identified as conjugates of benzoic acid and phenylacetic acid, which are molecules that cannot be made from Tyr (Table 3, Figure 6B). Phenylacetic acid has recently been shown to be produced from Phe through a PAL/PTAL-independent pathway involving phenylacetaldoxime (Perez et al., 2021).


Table 3. Phe-Derived metabolites and their MS/MS fragmentation ratios.
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Phe and Tyr Are Differentially Incorporated Into Common Hydroxycinnamates and Flavonoids

The relative proportions of 13C incorporation into putative PTAL-dependent metabolites differed between amino acid treatment and between tissues (Figure 4A). Because the metabolism of Phe and Tyr both produce p-coumaric acid, these differences in the incorporation into downstream metabolites suggested more than one p-coumaric acid pool exists, with the contributions of Phe and Tyr to these pools not being equivalent. This possibility was examined for individual metabolites by determining label incorporation into p-coumaric acid and 25 other abundant HCEs and flavonoids whose structures were predicted by post-hoc MS/MS (Figure 7). For p-coumaric acid, there was a <10% difference in 13C labeling from Tyr and Phe. This measurement represents a tissue-wide average and does not shed light on potentially distinct cellular or subcellular pools. However, downstream of p-coumaric acid, the flavonoids kaempferol glucoside, apigenin, apigenin glycoside, and an isomer of an apigenin C-glycoside were enriched in label from 13C-Phe. Label from 13C-Tyr was enriched in tricin, apigenin glucoside rhamnoside, and an isomer of apigenin C-glycoside. For HCEs, as was seen with p-coumaric acid, there was no significant difference in Tyr and Phe incorporation into p-coumaroylshikimate and one isomer of p-coumaroylquinate in leaves (Figure 7A), although p-coumaroylshikimate in the base and root portions were slightly more enriched from Tyr (Figures 7B,C). In contrast, two of the three detected isomers of p-coumaroylquinate and most caffeoyl and feruloyl esters were labeled more from Phe than Tyr in the leaf and base portions. In roots, only one isomer of feruloylquinate was more enriched in label from Phe, while the other HCEs were labeled evenly from both amino acids. Taken together, the lack of a consistent labeled Phe-to-Tyr incorporation ratio between metabolites derived through PAL and/or PTAL implies that there is more than one p-coumaric acid pool within each tissue and that they are differentially derived from Phe and Tyr.
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FIGURE 7. Labeling from 13C-Phe or 13C-Tyr (expressed as a mol%) into selected phenylpropanoids in (A) leaf, (B) base, and (C) root segments. The identities of metabolites were corroborated by MS/MS (Supplementary Table 1). Monolignol alcohols and other soluble lignin precursors were not detected in these tissues. The metabolite named “coumaroyl ester” has an m/z of 355.06 and contains a Phe-derived p-coumarate (m/z 163) portion with an unknown non-Phe derived portion of m/z 209.03. Positional isomers are distinguished by the letter following the name of the metabolite and are ordered in the graph from most polar to least polar. Labeling from Phe is denoted by the upper red bar, whereas labeling from Tyr is denoted by the lower black bars. The stars on bars report whether 13C incorporation into the metabolite was significantly different between Phe and Tyr feedings (n = 3; p < 0.05).




The FDM and YDM Include Soluble Phenylpropanoids Affected in Brown midrib (bmr6 and bmr12) Mutants of Sorghum

The library of Tyr and Phe-derived metabolite features was used to characterize the FDM and YDM of two genetically characterized bmr mutants, bmr6 and bmr12, which carry loss of function mutations in CAD and COMT, respectively (Palmer et al., 2008). Based on the positions of bmr6 and bmr12 in the phenylpropanoid pathway, loss of CAD could negatively affect the production of monolignols and soluble derivatives, such as lignans and neolignans; whereas, loss of COMT activity in bmr12 could affect the methylation of 5-hydroxyferulic acid, 5-hydroxyconiferaldehyde, and 5-hydroxyconiferyl alcohol into sinapate, sinapaldehyde, and sinapyl alcohol, respectively, and the methylation of flavonoids (Eudes et al., 2017). In total 469 Phe- and Tyr-derived metabolite features were annotated in bmr and wild-type leaves, representing 21–28% of the ion counts in those samples (Figure 8A). A PCA using ion abundances of the predicted Phe- and Tyr-derived features separated each genotype along with both components, indicating that the bmr mutants have different metabolic phenotypes from each other and those from the wild type (Figure 8B). The total aggregated ion counts for Phe- and Tyr- derived metabolite features in the mutants were not different from those in the wild-type plants.
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FIGURE 8. Annotation of Phe- and Tyr-derived metabolite features in expanded leaves of two-week old bmr mutants. (A) Percentage of MS features bmr mutants and the wild-type (BTx623) samples that were retrospectively annotated as Phe- or Tyr-derived. (B) PCA analysis of Phe- and Tyr-derived features in wild-type and bmr mutants. (C) log2 fold change in abundance for MS features is significantly altered in bmr6 and bmr12 relative to wild type (p < 0.05). The y-axis reports the difference in the incorporation of Tyr and Phe (expressed as a mol%) for the significantly altered metabolite features. This data was extrapolated from the leaf-feeding experiments described in this manuscript. Points above the centerline represent MS features that were more labeled from Phe, and points below the centerline represent MS features that were more labeled from Tyr. (D) Log2 fold change relative to wild type of selected metabolites in bmr6 and bmr12 that were tentatively identified by MS/MS. Stars above points denote statistical significance (n = 3; p < 0.05).


In total, 163 labeled features were significantly altered in abundance (p < 0.05) in one or both mutants, compared to those from the wild type. Of these, most features significantly decreased in one or both mutants relative to those from the wild type (47 in bmr6 only, 49 in bmr12 only, and 39 in bmr6 and bmr12). Those that increased relative to these wild-type plants included 24 metabolite features in bmr6, 5 mass features in bmr12, and 2 features in both mutants. Zero mass features were significantly affected in both mutants in opposing directions. Most bmr-affected features were preferentially derived from Phe in wild type, a result consistent with many other known phenylpropanoids detected through heavy isotope labeling in this study (Figure 8C). Of the MS/MS corroborated metabolites, feruloylquinate hyperaccumulated in bmr6, but p-coumaric acid, an ester of p-coumaroylquinate, kaempferol, and p-coumaroylglycerate were reduced in the same mutant (Figure 8D). In bmr12, there was also a significant reduction in p-coumarate, p-coumaroylquinate, p-coumaroylglycerate, and the flavonoid tricin (Figure 8D). The reduction in tricin is consistent with a previous report suggesting that the COMT disrupted in bmr12 also methylates some flavonoids (Eudes et al., 2017). Furthermore, neolignans and lignans are phenylpropanoid dimers produced from monolignols, thus, their biosynthesis is CAD-dependent (Dima et al., 2015). These neolignans and lignans can be distinguished in isotopic labeling data if the metabolite features incorporated more than one labeled phenyl ring and, indeed, the dual-labeled features that negatively affected in bmr6, but not in bmr12, were metabolites that were tentatively identified as lariciresinol hexose (G (8-8) G) (M521T562), a formate adduct of G (8–O−4) caffeoyl hexose (M565T604) (Vanholme et al., 2012), and G(8-5)H-hexoside (M535T598 and M535T623) (Sundin et al., 2014) (Figure 8D).




DISCUSSION

Although specialized metabolites can be detected and measured by tools such as LC-MS and GC-MS, the identities of most of the mass features collected are not known (Perez De Souza et al., 2017). The PODIUM isotopic labeling protocol and computational pipeline helps solve this by providing precursor-of-origin annotations to metabolites and their features collected by untargeted MS (Simpson et al., 2021). In our previous study, the ability to sort metabolite features into precursor-of-origin groups helped in metabolite identification and the merging of metabolomic data with genomic data to identify genes influencing specific aspects of phenylpropanoid metabolism. Notably, the PODIUM-derived metabolite annotations identified the metabolic consequences of mutating various phenylpropanoid pathway enzymes and uncovered potentially biologically relevant gene-to-metabolite associations through genome-wide association.

Here, PODIUM was applied to identify the soluble FDM and YDM of the reference sorghum genotype BTx623. Despite the emerging importance of sorghum to the bioeconomy, there is considerably less information about its metabolic space, especially compared to Arabidopsis and even other monocots, such as rice and maize. The determination of these two sorghum metabolomes in this study sets the stage to identify metabolite-to-gene associations in re-sequenced mutant populations and diversity panels through genome-wide association. In addition, the determination of both the FDM and YDM is particularly relevant in grasses because they possess dual PAL and PTAL activity; thus, this data allows us to compare the relative capacity of sorghum to incorporate each aromatic amino acid into common soluble phenylpropanoids.

The primary focus of this work was to annotate Phe- and Tyr-derived soluble metabolomes of young sorghum plants. Many of the so-called specialized metabolites that confer resistance to biotic and abiotic stresses are contained within this subset of the metabolome. In sorghum, this includes the cyanogenic glycoside dhurrin that is derived from Tyr, and various hydroxycinnamic esters and flavonoid glycosides that are produced by the phenylpropanoid pathway following the deamination of Phe or Tyr. Although our labeling approach captured many specialized metabolites derived from the amino acids, including p-coumaric and ferulic acids, the monolignol alcohols that are polymerized into lignin were not detected. Previously, the feeding of 13C6-Phe to Arabidopsis stems resulted in the label incorporation into lignin and the detection of monolignols and free hydroxycinnamic acids (Wang P. et al., 2018). In contrast, the young sorghum plants used in this study were likely not synthesizing secondary cell walls at comparable rates, so the pools of soluble lignin precursors may have been too low to be detected.

The total ion count from Phe-derived metabolites in sorghum was between 25 and 45% of the total ion count, which is a value comparable to what was observed in the Phe-derived soluble metabolome of Arabidopsis stems, a plant that does not have PTAL activity (Simpson et al., 2021). Phe-derived metabolite features detected in both species include free hydroxycinnamic acids p-coumarate and ferulate, some kaempferol-derived flavonoids, and coniferyl alcohol coupling products. However, for the most part, the two FDMs are very different. The most abundant metabolite features in Arabidopsis stems were hydroxycinnamic acids, notably sinapic acid, esterified to glucose and malate, which were not detected in sorghum. In contrast, coumarate, caffeate, and ferulate esters to quinate, and apigenin-containing flavonoids that are produced in sorghum were largely absent from Arabidopsis stems.


Phe and Tyr Contribute Differently to Phenylpropanoid Biosynthesis in Sorghum

Phenylalanine/tyrosine ammonia-lyase activity in plants has been known since the initial elucidation of the phenylpropanoid pathway by radioisotope labeling (Brown and Neish, 1956; Neish, 1961; Jangaard, 1974). Dual PAL and TAL activity in plants appears to only exist in grasses, where PTAL activity and the corresponding genes have been functionally characterized in maize (Rösler et al., 1997), Brachypodium (Cass et al., 2015; Barros et al., 2016), and sorghum (Jun et al., 2018), among others (Barros and Dixon, 2020). Sequence analysis and mutagenesis indicated that PTALs can use Tyr as a substrate because of a Phe-to-His substitution in the active site of the enzyme (Watts et al., 2006), although additional substitutions may contribute to substrate promiscuity (Jun et al., 2018). Sorghum contains eight PAL isoenzymes, and sequence analysis and in vitro characterization identified two of them as PTALs: Sb04g026510 (SbPAL1) and Sb06g022740 (Jun et al., 2018). In this study, precursor labeling identified 668 metabolite features derived from Phe and/or Tyr across three tissues, representing over 20% of the ion signal acquired in each tissue by reverse-phase chromatography and negative-mode ionization. Most labeled metabolite features were labeled from both Phe and Tyr, providing in planta evidence that sorghum can use both amino acids to synthesize soluble p-coumaric acid-derived phenylpropanoids.

The analysis of the flow of 13C into metabolites identified clear differences in the relative incorporation of Phe and Tyr into p-coumaric acid-derived phenylpropanoids. The incorporation of labeled substrates is influenced by the size of preexisting precursor pools, the capacity of the substrate to access metabolically active pools, and differences in substrate uptake. The incorporation of Phe and Tyr into metabolites presented here provided an estimation of the capacity of the plant to channel exogenous Phe and Tyr into downstream metabolites. Most labeled metabolite features did not exhibit any precursor-of-origin bias; however, half of the structurally characterized HCEs and flavonoids were more strongly labeled from Phe. This bias was strongest in the two above-ground tissues. These observations are consistent with multiple independent p-coumaric acid pools that are differentially utilized to synthesize some PAL and/or PTAL-derived metabolites. Distinct p-coumaric acid pools and the idea that PAL and PTAL are responsible for different products were previously suggested after silencing the single PTAL gene of Brachypodium (Barros et al., 2016). In the mentioned study, labeled Phe and Tyr were incorporated relatively equally into lignin in wild type Brachypodium. However, in the PTAL RNAi line, syringyl monomers and cell-wall-bound p-coumarate were more affected than other lignin or cell wall components. Because PTAL affinity and activity toward Tyr were greater than for Phe, the authors proposed that the TAL functionality of PTAL is preferentially utilized for making those cell wall and lignin components. They also showed that the downregulation of PTAL causes a significant reduction in soluble p-coumarate and some flavonoids, whereas ferulic acid and chlorogenic acid increased over 2-fold in that mutant. This data indicated that Brachypodium PTAL should be used along with PAL to also synthesize soluble products of the phenylpropanoid pathway, and, similar to the data in sorghum, suggested that PAL and PTAL may have different roles for soluble phenylpropanoid biosynthesis. How Phe and Tyr are metabolized into different p-coumaric pools to produce different products could be influenced by several factors including PTAL vs. PAL expression, the kinetic properties of PALs and PTALs, and the compartmentalization of enzymes and substrates within plant cells and tissues. Localized expression differences may contribute significantly to the differences in Phe and Tyr incorporation into phenylpropanoids and/or lignin in Brachypodium, where PTAL and PAL genes are co-expressed with different suites of genes (Barros and Dixon, 2020, Barros et al., 2016). Publicly available expression data from sorghum of equivalent age and tissue to the study (accessed from gramene.org) (Davidson et al., 2012; Shakoor et al., 2014; Wang et al., 2018) showed that the PALs with characterized PTAL functionalities (Jun et al., 2018) were more highly expressed than the six other annotated sorghum PAL isozymes. In vitro kinetic analysis of Brachypodium PTAL revealed a preference for Tyr, although sorghum and maize PTALs had similar activities toward both amino acids (Barros et al., 2016; Jun et al., 2018). Distinct p-coumaric acid pools that are utilized differentially could also come about through metabolic channeling between PAL and the ER-bound P450s, such as C4H, that modify phenylpropanoid pathway intermediates (Achnine et al., 2004; Barros and Dixon, 2020). Barros et al. (2016) showed that the lignin from 13C-Tyr (and thus requiring its PTAL enzyme) was more sensitive to isotope dilution from exogenously fed p-coumaric acid compared with the lignin produced from 13C-Phe. This result demonstrates that the endogenous 13C-Phe-derived p-coumaric acid pool is unable to mix with exogenous p-coumaric acid and, thus, points to the physical separation of PAL and PTALs and/or the p-coumarate pools to which they contribute (Barros et al., 2016). Therefore, in this model, Tyr would be excluded from PAL-C4H metabolons because it is not a PAL substrate. Alternatively, if Tyr enters a PTAL-C4H metabolon, then the p-coumarate generated may be eliminated from the channel because it cannot be acted upon by C4H (Barros et al., 2016; Dixon and Barros, 2019). How these different strategies of p-coumarate production would then impact activation by 4-coumarate coenzyme A ligase (4CL) is unclear. Tyr-derived p-coumarate acid could also bypass this metabolon via the recently discovered cytosolic bifunctional coumarate 3-hydroxyase/ascorbate peroxidase (C3H/APX) that can hydroxylate p-coumarate acid directly to caffeic acid (Barros et al., 2019). It was proposed that this pathway may be favored to produce grass-type lignin (i.e., S-type) and the lignin made during stress because of the association of C3H/APX with detoxifying reactive oxygen species (Barros et al., 2019; Barros and Dixon, 2020).

Besides producing p-coumaric acid, Phe and Tyr can enter several alternate pathways leading to unique metabolites (Widhalm and Dudareva, 2015; Schenck and Maeda, 2018). Sorghum produces large amounts of the cyanogenic glycoside dhurrin derived only from Tyr (Halkier and Møller, 1989; Gleadow and Møller, 2014) and, accordingly, substantial 13C-Tyr incorporation into dhurrin, mass features consistent with dhurrin breakdown products, and other metabolites derived only from Tyr were observed. Metabolites derived exclusively from Phe were present, but 13C incorporation into them was considerably less compared to Tyr-only metabolites. Because dhurrin biosynthesis places a high demand on Tyr pools, the observed Phe-labeling bias for many PTAL-derived phenylpropanoids may be due to the reduced availability of Tyr for PTAL. If so, dhurrin accumulating grasses may exhibit a shared pattern of the proportioning of Phe and Tyr into phenylpropanoids.



Identification of Soluble Phenylpropanoids Affected in Brown midrib Mutants

Brown midrib mutants (bmr) are distinguished by an altered lignin composition and the accumulation of red or brown pigmentation in their leaf and stem vasculature (Sattler et al., 2014). Three bmr loci in sorghum encode the known phenylpropanoid pathway enzymes 4CL (bmr2) (Saballos et al., 2012), CAD (bmr6), and OMT (bmr12) (Palmer et al., 2008). The altered and/or reduced lignin phenotypes in bmr mutants have been characterized extensively because of their utility in saccharification and forage applications (Sattler et al., 2010). There are contradictory reports on the susceptibility of bmr maize and sorghum to diseases, with some studies reporting an increased susceptibility due to impaired cell wall function and others reporting increased resistance, possibly due to the increased levels of phenylpropanoid specialized metabolites (Sattler et al., 2010). Previous work examining soluble hydroxycinnamic acids from mature stems of two different sorghum lines containing bmr6 or bmr12 mutations showed increased levels of free ferulic acid, but opposing effects on p-coumaric acid where it was decreased in bmr6 and increased in bmr12 (Palmer et al., 2008; Tetreault et al., 2020). In this study, a similar effect on p-coumarate, and p-coumarate and ferulate esters in bmr6 were noted, but reduced levels of p-coumarate esters in bmr12 were observed as well.

The synthesis of phenylpropanoid dimers, such as neolignans and lignans, requires the production of cinnamyl alcohols by CAD. Accordingly, some of the most negatively affected metabolites in bmr6, and not bmr12, were dual-labeled metabolites. This result also indicates that the CAD locus affected in bmr6 is required for lignan synthesis, in addition to its role in lignin deposition. The bmr6 and bmr12 mutants of sorghum are defective at the same respective loci as the cadc, cadd, and omt1 mutants of Arabidopsis (Fraser and Chapple, 2011). In Arabidopsis, the FDMs of cadc, cadd, and omt1 were distinct from each other and those from the wild type, and a similar result was found in sorghum. However, distinct alterations in phenylpropanoid compounds were found in each species. Notably, the loss of omt1 Arabidopsis resulted in the accumulation of the glycosylated substrate of the enzyme (5-hydroxyferuloyl hexose), but this metabolite was not detected in sorghum. Both the loss of CADC CADD in Arabidopsis and the loss of an equivalent CAD in sorghum caused a reduction in known coniferyl alcohol-derived dimers; however, the loss of these enzymes in Arabidopsis was also accounted with a general increase in upstream hydroxycinnamic esters, namely, sinapoyl and feruloyl malate, which was a trend not observed in sorghum.
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Phenylpropanoids comprise a large class of specialized plant metabolites with many important applications, including pharmaceuticals, food nutrients, colorants, fragrances, and biofuels. Therefore, much effort has been devoted to manipulating their biosynthesis to produce high yields in a more controlled manner in microbial and plant systems. However, current strategies are prone to significant adverse effects due to pathway complexity, metabolic burden, and metabolite bioactivity, which still hinder the development of tailor-made phenylpropanoid biofactories. This gap could be addressed by the use of biosensors, which are molecular devices capable of sensing specific metabolites and triggering a desired response, as a way to sense the pathway’s metabolic status and dynamically regulate its flux based on specific signals. Here, we provide a brief overview of current research on synthetic biology and metabolic engineering approaches to control phenylpropanoid synthesis and phenylpropanoid-related biosensors, advocating for the use of biosensors and genetic circuits as a step forward in plant synthetic biology to develop autonomously-controlled phenylpropanoid-producing plant biofactories.
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INTRODUCTION

Phenylpropanoid metabolism is a major anabolic pathway in plants, with several branches involved in the synthesis of a variety of specialized metabolites (Figure 1), such as lignin, phenolic acids, curcuminoids, coumarins, stilbenes, and the large group of flavonoids (anthocyanins, flavonols, flavones, among others). As its diversity suggests, this pathway is tightly and dynamically regulated to allow the plant to direct carbon flux into each branch as needed (Xiao et al., 2018; Ma and Constabel, 2019; Nabavi et al., 2020). The initial steps of the phenylpropanoid pathway convert the amino acid phenylalanine into p-coumaroyl-CoA by the sequential action of phenylalanine ammonia lyase (PAL), cinnamate 4-hydroxylase (C4H), and 4-coumarate-CoA ligase (4CL) enzymes (Figure 1). From that point, carbon flux is diverted to almost all other branches and the resulting metabolites have a plethora of physiological roles, such as regulators of growth and development, stress tolerance, and microbial symbiosis (Bieza and Lois, 2001; Dixon et al., 2002; Mandal et al., 2010). This wide range of functions can be channeled for industrial purposes, like pharmaceuticals, colorants, fragrances, and food nutrients (Chen et al., 2020), which has prompted synthetic biologists to investigate strategies to produce these metabolites in a more efficient and controlled manner.

[image: Figure 1]

FIGURE 1. Simplified phenylpropanoid pathway. Figure shows the conversion of phenylalanine into p-coumaroyl-CoA, from where most phenylpropanoid branches derive. Some reactions are not depicted for simplification and several phenylpropanoid derivates can have different branching points in addition to the ones shown here. Some of the sensor proteins discussed in the text are shown in red, right next to its respective ligand. Note that QS binds to quinic acid free form (quinate), not to p-coumaroyl-quinate. PAL, phenylalanine ammonia lyase; C4H, cinnamate 4-hydroxylase; 4CL, 4-coumarate-CoA ligase; HCT, p-hydroxycinnamoyl-CoA:shikimate p-hydroxycinnamoyl transferase; HQT, hydroxycinnamoyl-CoA:quinate hydroxycinnamoyl transferase; CCR, cinnamoyl-CoA reductase; C2’H, p-coumaroyl CoA 2'-hydroxylase; ACC1, acetyl-CoA carboxylase; AAE13, malonyl-CoA synthetase; STS, stilbene synthase; DCS, diketide-CoA synthase; CHS, chalcone synthase; and CHI, chalcone isomerase.


Efforts to manipulate phenylpropanoid metabolism have consisted mostly of heterologous reconstitution of pathway branches in bacteria or yeast hosts (Pyne et al., 2019; Chen et al., 2020; Marsafari et al., 2020). Initial approaches introduced plant enzymes into microbial chassis to overproduce a phenylpropanoid-derived metabolite. However, significant adverse effects pose limitations to this strategy, such as growth impairment due to carbon flux diverted to the heterologous pathway instead of the host’s primary metabolism, or accumulation of toxic products (Gong et al., 2017; Li et al., 2018). These issues have led to the development of more complex synthetic genetic circuits that are capable of dynamically controlling target metabolite biosynthesis, as well as efforts to evolve strains with higher tolerance (Gong et al., 2017; Chen et al., 2020). In this context, biosensors have emerged as a valuable tool, as they can be designed to sense key pathway compounds and trigger a desired response. Accordingly, recent studies have used biosensors to improve phenylpropanoid production in bacteria and yeast (Pyne et al., 2019; Marsafari et al., 2020).



PLANT BIOFACTORIES

Despite the advantages of microbial systems, such as being more amenable to genetic manipulation and controlled growth conditions, some particularities of plants advocate in their favor to be used as chassis for designing biofactories (Maeda, 2019; Molina-Hidalgo et al., 2020). Plants can accumulate larger amounts of biomass, which can be directly correlated to the desired product yield. In the case of phenylpropanoids, plants can accumulate large quantities of these metabolites (e.g., in vacuoles), whereas this may be a limiting factor in bacteria, as many phenylpropanoids have antimicrobial activity. Moreover, the enormous natural diversity of plant genes and pathways that lead to unique specialized metabolites, which can be species- or environment-specific, can be better harnessed by using plant chassis. Plants are natural producers of phenylpropanoids; therefore, there is no need to reconstitute the whole pathway heterologously. It would be quite challenging, if not impossible, to design a microbial host comprising all enzymes required to mimic the phenylpropanoid diversity found in plants. In addition, plant enzymes may not function as efficiently in microbial hosts as in plants, especially in prokaryotes lacking post-translational modifications and organelles for enzyme compartmentalization. Finally, plants can be readily edible or require minimal processing, and some products (e.g., pharmaceuticals) can take advantage of this delivery method, greatly reducing costs associated with the production chain. For example, oral delivery of Artemisia annua dried leaves is an effective alternative to treat malaria, bypassing the expensive purification step of the active compound, artemisinin (Daddy et al., 2017). Similarly, heterologous expression of immunogenic virus-like particles in plants have been studied as edible vaccines for diseases like dengue, tuberculosis, and rabies (He et al., 2021). Nevertheless, manipulation of plant metabolism using synthetic biology approaches still faces major challenges, such as low yields, pleiotropic effects, and therefore, better strategies for precise control of pathways must be developed. In this case, biosensors stand out as a promising device to allow implementation of autonomous and dynamic control of phenylpropanoid biosynthesis in plants.



PLANT PHENYLPROPANOID ENGINEERING

Most efforts to engineer phenylpropanoid synthesis in plants have targeted the constitutive up or downregulation of key genes (transcriptional regulators or enzymes) within the pathway, or in competing or precursor-producing pathways, to change the content of a desired metabolite. Significant progress has been made by targeting transcription factors (TFs) that regulate enzymes involved in phenylpropanoid biosynthesis. For example, fruit-specific expression of the Arabidopsis AtMYB12 TF in tomato increased carbon flux through the shikimate and aromatic amino acid biosynthesis pathways, which in turn fueled the phenylpropanoid pathway, leading to higher chlorogenic acid and flavonol contents in these fruits (Zhang et al., 2015). Moreover, constitutive overexpression of AtMYB12 (Misra et al., 2010) in tobacco increased insect resistance due to higher flavonol accumulation. Similarly, enzymes have also been successfully targeted; for instance, CRISPR-mediated mutations in soybean flavanone 3'-hydroxylase genes promoted accumulation of isoflavones in leaves, which led to resistance against the soybean mosaic virus (Zhang et al., 2020); CRISPR-mediated knock-out of the same gene in petunia plants produced a pale purplish pink flower color phenotype, instead of the wild type purple violet (Yu et al., 2020).

The use of plant biomass as feedstock for the production of biofuels and biomaterials has been a major research topic in the past two decades, pushed forward mainly by environmental concerns related to non-renewable materials. However, plant cell walls have evolved to be resistant to degradation, imposing a major bottleneck for their use as an energy source, and lignin is one of the main factors responsible for this recalcitrance (Himmel et al., 2007). Thus, numerous studies have focused on reducing lignin content, altering its structure, or its composition, to reduce biomass recalcitrance. Downregulation or knock-out of key genes involved in the biosynthesis of lignin monomers (monolignols) have been the preferred approaches (Chanoca et al., 2019; Halpin, 2019; Mahon and Mansfield, 2019). Nonetheless, more precise strategies have also been tested successfully, such as use of vessel-specific promoters to restrict lignification to where it is essential (Yang et al., 2013; De Meester et al., 2018), and altering lignin structure or monolignol composition (Mottiar et al., 2016; Mahon and Mansfield, 2019; Ralph et al., 2019).

Phenylpropanoid pathway perturbations, especially the vast majority that use constitutive promoters, are prone to result in epistatic effects, significantly altering the plant’s metabolome, transcriptome, and hence, its physiology (Vanholme et al., 2012, 2019; Halpin, 2019). For example, flavonol-enriched, AtMYB12-expressing tomato plants showed decreased total sugar content (as carbon flux was diverted from primary metabolism), which may affect tomato taste (Zhang et al., 2015). Reduced lignin content tends to affect plant growth and biomass (Ha et al., 2021) and, even with the use of remedial strategies to address the dwarf phenotype, effects on metabolome and plant responses to pathogens have still been reported (Halpin, 2019; Muro-Villanueva et al., 2019; Ha et al., 2021). Moreover, some phenylpropanoid intermediates can have bioactive properties and affect plant physiology, such as ferulic acid, which might affect cell proliferation (Xue et al., 2015), and cis-cinnamic acid, a light-isomerization product of trans-cinnamic acid that inhibits auxin efflux (El Houari et al., 2021). Thus, alterations in phenolic profile caused by constitutive expression or permanent mutations can lead to unforeseen effects. The use of autoregulatory synthetic genetic circuits controlled by biosensors can address these issues by turning transgene expression on and off as needed to reduce the metabolic burden, i.e., the energy demand for transgene expression and for keeping cells’ homeostasis given the metabolic perturbations caused by the transgene(s). These biosensors may help the organism sense its metabolic status and trigger a response accordingly, greatly improving control of the output, thereby potentially minimizing adverse effects.



BIOSENSORS AS METABOLITE-RESPONSIVE ON–OFF SWITCHES

Biosensors are molecular devices that can be a protein or an RNA molecule, which bind to a specific metabolite (also called ligand or inducer) and convert the changes in intracellular metabolite concentration into an output. Transcription factor sensor proteins are widely found in bacteria, and belong to different protein families, such as MarR, TetR, and LysR (Fernandez-López et al., 2015; Deochand and Grove, 2017); these proteins possess a sequence specific DNA-binding domain (DBD) and a ligand-binding domain (LBD). They naturally regulate the expression of operons responsible for metabolizing the sensed molecule, e.g., antibiotics and carbon sources (Fernandez-López et al., 2015). Generally, these proteins act as transcriptional repressors by binding to an operator sequence (also known as response element) in the promoter of target genes, preventing their expression in the absence of the ligand; interaction with the ligand causes conformational changes in the DBD that lead to dissociation of the repressor from the DNA, allowing RNA polymerase to initiate transcription. Some biosensors can function as inducers by binding to the operator sequence only after interacting with the ligand, which will ultimately aid in recruiting the transcriptional machinery to induce gene expression (Hossain et al., 2020). In a few known cases, the same biosensor can act as both repressor and activator (Xu et al., 2014; De Paepe et al., 2019). Small cis-regulatory RNA elements called riboswitches are another class of biosensors, in which ligand binding to a riboswitch LBD (aptamer) stabilizes RNA secondary structures that can affect transcription or translation (Hossain et al., 2020). A third class of biosensors is based on enzymatic activities, such as membrane receptor-kinase pairs that initiate phosphorylation cascades that result in transcription of output genes (Antunes et al., 2011), and a protease-based biosensor whose input triggers target protein degradation without affecting gene expression (Agrawal et al., 2020).

Natural sensor proteins can be used to design genetic devices that respond to ligand concentration in heterologous systems. These synthetic biosensors are generally composed of a detector module, containing the sensor protein, and an effector module, which produces an output whose expression is regulated by the sensor protein. An example of a basic biosensor device (Figures 2A,B) consists of a fluorescent protein (effector module) whose expression is transcriptionally controlled by a constitutively expressed sensor protein (detector module). As the ligand starts to accumulate in the cell, the sensor protein de-represses (or activate) the effector module and fluorescence (output) can be detected as an indirect measure of the ligand concentration. These biosensors have been used for four main purposes in microbial synthetic biology: real-time monitoring, high-throughput screening, adaptive laboratory evolution (ALE), and dynamic pathway control. For example, a flavonoid biosensor with a fluorescent output can be used to monitor the flavonoid production in real time or in a high-throughput screening to select the highest producing strains by fluorescence-activated cell sorting (Siedler et al., 2014). Coupling this screening with rounds of selection, or linking the output to provide an adaptive advantage under selective conditions can be used for ALE, improving the yield of a desired product (Mahr et al., 2015; Siedler et al., 2017). Lastly, dynamic pathway control can be used to adjust activity of a pathway by using other TFs or key enzymes in the pathway as output of the effector module (Xu et al., 2014). For instance, dynamic control of a pathway can be achieved by upregulating limiting steps only when key metabolites or specific environmental cues are detected by the biosensor and, conversely, returning to the repressed state when these signals are no longer present. Thus, dynamic control can reduce adverse effects, such as accumulation of toxic intermediates or increased metabolic burden, and maximize yield without penalties in fitness or growth.
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FIGURE 2. Metabolite-induced transcriptional de-repression in a biosensor system and genetic circuit application to control metabolism. (A) In the absence of the ligand (metabolite), the constitutively expressed repressor sensor protein binds to its response element on the target promoter (effector module), repressing expression of the output. (B) Conformational changes in the repressor sensor protein caused by its binding to the ligand precludes its association to the response element on the target promoter; therefore, repression is relieved and transcription of the output can occur. (C) A putative metabolic pathway converts substrate S1 into product P1, with a branching point to produce an alternative product P2. As the intermediate metabolite (ligand) L1 reaches a threshold concentration, it is sensed by biosensor B1 (dashed arrow), triggering repression of P1 production, thus diverting carbon flux toward P2 production and increasing P2 yield (represented by larger circle). (D) The same pathway can be engineered into multipart operations, for example, to produce a new product, P3, by a transgene enzyme (blue arrow). Biosensor B2 can sense the flux into P2 by the intermediate metabolite L2 (dashed arrow). As L2 reaches a threshold concentration, B2 represses production of P2, while activating the transgene expression (blue arrow), yielding the new product P3. These biosensors can act directly or indirectly, depending on their mode of action (repressor or activator) and the complexity of the genetic circuit. Different inputs can be combined and layered to build more complex operations and genetic circuits. As L1 and L2 concentrations return to levels below the biosensor threshold, the circuits are deactivated, restoring pathway fluxes.


On the other hand, intrinsic characteristics of sensor proteins or RNAs and their heterologous hosts can impose some bottlenecks to their use as a biosensor system, requiring additional steps to fine-tune their functionality. For example, the range of detectable ligand concentration (operational range) for a biosensor in the new host (e.g., plant cell) may differ from its natural microbial cell; ligand compartmentalization (e.g., in plastids) or metabolite channeling in the host may preclude ligand-biosensor interaction. Moreover, natural sensor proteins often show affinity to several structurally related molecules, which can hamper a strong ligand-dependent specific output signal, a requirement for digital-like (on–off) responses. Similarly, the correlation between ligand concentration and signal output (dynamic range) can vary significantly based on target promoter strength, type of output signal (i.e., fluorescence vs. transcription factor) and leaky expression (expression in the absence of the ligand). Low dynamic range and leaky expression could lead to lower output responses than required for an effective sensing system, or absence of a complete “off-state” respectively. Still, different approaches can be applied to address these issues, such as computer-aided protein design, statistical modeling, random or directed mutagenesis, and the assembly of chimeric biosensors and/or promoters.



PHENYLPROPANOID BIOSENSORS

Phenylpropanoid biosensors research, to our best knowledge, has been limited to microbial systems (Alvarez-Gonzalez and Dixon, 2019; Chen et al., 2020; Marsafari et al., 2020) with several phenylpropanoid-related TF sensor proteins characterized in prokaryotes (Table 1). A few of these have been engineered to be used in high-throughput screening and ALE to develop bacterial or yeast biofactory strains (Alvarez-Gonzalez and Dixon, 2019; Chen et al., 2020; Marsafari et al., 2020), especially for flavonoids. The naringenin-responsive transcription activator FdeR (Herbaspirillum seropedicae) and the quercetin- and kaempferol-responsive transcription repressor QdoR (Bacillus subtilis) were engineered to yield fluorescent output (GFP and CFP) to screen flavonoid production in Escherichia coli cells expressing flavonol synthase from Arabidopsis thaliana (Siedler et al., 2014). A 7-fold activation in fluorescent signal was detected between off- (no flavonoid) and on- (with flavonoid) states; however, saturation of the fluorescence signal was achieved with a lower ligand concentration (0.3mM) than previously reported for naringenin producing strains (~1.7mM; Xu et al., 2011), which may limit its use for screening highly productive strains. In contrast, such a saturation limit may not be an issue for their use as regulators of dynamic control in plant systems, as long as the threshold for triggering on–off switch falls inside the operational range. A FdeR-based biosensor was also built to screen naringenin-producing Saccharomyces cerevisiae strains (Wang et al., 2019) and its dynamic range and sensitivity were improved by adding a nuclear localization signal, demonstrating its transferability to eukaryotic cells. As most other sensor proteins, FdeR can bind to structurally similar molecules, in this case, luteolin and apigenin. To overcome this limitation, De Paepe et al. (2019) engineered chimeric versions of FdeR with another flavonoid sensor protein, NodD (Sinorhizobium meliloti), resulting in shifted specificity toward luteolin, and indicating that specificity can be customized to some extent. Furthermore, another naringenin biosensor, ttgR (Pseudomonas putida), has been optimized in E. coli by a combination of random and rational mutations and directed evolution to improve dynamic range and sensitivity (Meyer et al., 2019).



TABLE 1. Phenylpropanoid-related bacterial sensor proteins.
[image: Table1]

Biosensors are restricted to detecting intracellular ligand concentration, which may be a limitation when screening cells that secrete the desired product. To overcome this, Siedler et al. (2017) engineered a p-coumaric acid biosensor (PadR, B. subtilis) into E. coli cells, which are permeable to this metabolite, and thus, intra and extracellular concentrations should be comparable. Next, these authors encapsulated the E. coli biosensor cells with p-coumaric acid producing yeast strains in picoliter droplets within a microfluidic device. After a few rounds of ALE with fluorescence sorting of cells, they generated a larger library of p-coumaric acid-producing yeast strains with increased yield.

Phenylpropanoid biosensors have also been used in screening efforts toward valorization of the cell wall polymer lignin in plant biomass. Specific enzymatic activities related to lignin degradation are of interest, as degradation products can be used as substrate to produce value-added chemicals, such as vanillin and syringaldehyde. A biosensor based on FerC (Sphingobium sp. SYK-6), a feruloyl-CoA sensor protein, was developed to assess lignin degradation rate from different biomass and enzyme sources, with GFP expression triggered by the biosensor with increasing concentration of the lignin degradation product feruloyl-CoA (Machado and Dixon, 2016). Similarly, a vanillin and syringaldehyde sensor protein, EmrR (E. coli) was used to screen a library of metagenomic fosmids to asses natural diversity of lignin degrading genes, and 147 clones were found to be able to degrade lignin into vanillin and syringaldehyde (Ho et al., 2018). Although successful, these approaches are still limited by the detection of structurally related metabolites, and they might miss other relevant enzymatic activities that lead to degradation products undetected by these biosensors.

Perhaps the only phenylpropanoid-related biosensor tested in plants, the Q-system derived from the fungus Neurospora crassa was adapted in Nicotiana benthamiana and soybean (Reis et al., 2018; Persad et al., 2020). The Q-system consists of a transcriptional activator (QF) and its repressor (QS); the ligand, quinic acid, binds to QS to relieve the repression. Quinic acid can be conjugated with trans-cinnamic acids to yield chlorogenic acids (Figure 1), a phenylpropanoid-derived molecule involved in plant defense against pathogens and UV radiation, whose antioxidant activity is of great interest to the food industry (Volpi e Silva et al., 2019). Although, QF-driven gene expression and its repression by QS have been demonstrated in plants, quinic acid-driven de-repression was not tested. Yet, this has been demonstrated in other heterologous systems, such as drosophila (Riabinina et al., 2015) and Caenorhabditis elegans (Wei et al., 2012), and thus quinic acid-dependent de-repression might be possible in plants as well. As quinic acid is an essential metabolite for redirecting phenylpropanoids toward chlorogenic acids, Q-system can be a key biosensor to regulate pathway branching points.

Malonyl-CoA is a precursor for fatty acid (FA) biosynthesis (Figure 1), and the transcriptional regulator FapR (B. subtilis) has been successfully used as a biosensor for dynamic control of FA biosynthesis in bacteria, reducing impaired cell growth caused by FA accumulation (Xu et al., 2014; Lo et al., 2016). FapR was also adapted to asses real time malonyl-CoA concentration in yeast (Dabirian et al., 2019) and mammalian cells (Ellis and Wolfgang, 2012), demonstrating the utility of these prokaryotic transcriptional regulators to function as metabolite sensors in eukaryotes. Additionally, when fused to nano-luciferase and targeted to subcellular compartments, FapR was shown to detect malonyl-CoA levels in mammalian cell organelles (Du et al., 2019). Malonyl-CoA is also a substrate for the first committed step in flavonoid biosynthesis, where chalcone synthase condenses three malonyl-CoA with p-coumaroyl-CoA to form naringenin chalcone. Even though, FapR has not been used in this context, dynamic regulation of malonyl-CoA concentration has been addressed to develop a naringenin producing E. coli strain (Zhou et al., 2021). With a multi-layered biosensor approach, these authors engineered a strain containing the genes for producing naringenin from tyrosine (layer I), combined with an FdeR-based module (layer II) that represses fatty acid biosynthesis in response to increased naringenin concentration. This repression allowed efficient redirection of malonyl-CoA to naringenin, while still maintaining fatty acid biosynthesis necessary for cell growth. Finally, a PadR-based module (layer III), responsive to p-coumaric acid (an intermediate of layer I), was included to enhance malonyl-CoA production via inhibition of acetyl-CoA consumption and overexpression of acetyl-CoA carboxylase. This strategy achieved dynamic control of malonyl-CoA consumption and allowed a balance between cell growth and naringenin production. Hence, although never used as a flavonoid-related biosensor, the importance of malonyl-CoA for flavonoid biosynthesis and the successful application of FapR in other eukaryotic cells suggest that FapR can be used as a key transcriptional regulator to obtain dynamic control of carbon flux into the flavonoid branch in plants.



GENETIC CIRCUIT INPUT FROM BIOSENSORS

Biosensors that respond to endogenous plant metabolites can also be used to provide inputs for synthetic genetic circuits that perform more complex operations in the cell. Genetic circuits are assemblies of biological components that perform logical functions or operations in the cell based on interactions among the various circuit components. Their operation is modulated by the presence of one or more specific inputs, followed by information processing according to pre-defined instructions, resulting in production of an output, most commonly a transcriptional response. Binding of ligands to sensor proteins and initiation of transcriptional responses can serve as inputs for these genetic circuits. Plant metabolite biosensors might function as the interface between the introduced genetic circuit and the plant’s natural metabolism, supplying real-time information on the concentration of key metabolites in the cell (Figures 2C,D). Complex biological computations triggered by changes in the levels of multiple endogenous plant metabolites (i.e., metabolic status) could then allow the development of more efficient strategies for control of metabolism in plants.

A hallmark of genetic circuits is the functional interaction among components, for example, in the form of feedback or feed-forward controls, and logic operations. Protein–protein and protein-DNA interactions are most common in these genetic circuits, with these interactions typically exerting transcriptional control over one or multiple downstream genes (Slusarczyk et al., 2012; Xia et al., 2019). RNA-based genetic circuits have also been explored (Kushwaha et al., 2016; Chappell et al., 2017; Nshogozabahizi et al., 2019), potentially allowing faster and more tunable circuit responses. Because of the various interactions, quantitative characterization of the behavior of each circuit component is essential for the development of accurate mathematical models, which aid both in the selection of optimal components and in the ability to predict circuit function (Brophy and Voigt, 2014). Biosensors are characterized by their dose–response curves, or transfer functions, which provide quantitative measurements of biosensor output relative to the amount of input. For plants, previous work has demonstrated that this characterization process may be achieved by transient expression of components in protoplasts (Schaumberg et al., 2016) or by leaf agro-infiltration (Bernabé-Orts et al., 2020), with significant time savings compared to stable transformation of plants.

Designing synthetic genetic circuits based on phenylpropanoid biosensors that trigger changes in gene expression to alter carbon flux through pathway branches is an exciting opportunity toward achieving dynamic control of specialized metabolites and designing plant biofactories.



FUTURE PERSPECTIVES

Plant phenylpropanoid metabolism has considerable importance to humans. The various products synthesized via its many branches have been exploited mainly for their health-related properties (Neelam et al., 2020). Therefore, efforts to engineer this pathway for improved efficiency and yield have received much attention, both in plants and with heterologous expression of enzymes in other hosts. Over-expression of transgenes may result in an unnecessary metabolic burden to the organism, especially if it involves many enzymes of a pathway, due to the energetic demand of continuous transcriptional and translational processes, as well as by the constitutive deviation from pathway “wild-type flux.” Hence, implementation of appropriate genetic controls to restrict transgene expression to meet demand only in limited tissues, developmental stages, energetic status, or stress conditions, will allow more efficient and less intrusive metabolic engineering approaches to be developed.

Synthetic biology offers the prospect of more advanced methods to design these “on-demand” genetic circuits, which must be able to sense the organism’s metabolic status to produce adequate activation of a specific pathway. In this context, expansion of the repertoire of sensing proteins – adapted from natural proteins or developed anew – will play a fundamental role. Adaptation of naturally occurring proteins to recognize new metabolites (ligands) may be achieved via structure-based rational modifications (Kuhlman and Bradley, 2019) or directed evolution (Chowdhury and Maranas, 2020) of their ligand-binding regions. Alternatively, new sensor proteins to metabolic ligands of interest may soon be designed entirely de novo using newer protein engineering algorithms (Lucas and Kortemme, 2020; Quijano-Rubio et al., 2021). Biosensors will thus be key to engineering dynamic control of not only phenylpropanoid metabolism, but also other primary and secondary metabolic plant pathways.
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Blueberries (Vaccinium corymbosum) contain large amounts of flavonoids, which play important roles in the plant’s ability to resist stress and can also have beneficial effects on human health when the fruits are eaten. However, the molecular mechanisms that regulate flavonoid synthesis in blueberries are still unclear. In this study, we combined two different transcriptome sequencing platforms, single-molecule real-time (SMRT) and Illumina sequencing, to elucidate the flavonoid synthetic pathways in blueberries. We analyzed transcript quantity, length, and the number of annotated genes. We mined genes associated with flavonoid synthesis (such as anthocyanins, flavonols, and proanthocyanidins) and employed fluorescence quantitative PCR to analyze the expression of these genes and their correlation with flavonoid synthesis. We discovered one R2R3 MYB transcription factor from the sequencing library, VcMYB1, that can positively regulate anthocyanin synthesis in blueberries. VcMYB1 is mainly expressed in colored (mature) fruits. Experiments showed that overexpression and transient expression of VcMYB1 promoted anthocyanin synthesis in Arabidopsis, tobacco (Nicotiana benthamiana) plants and green blueberry fruits. Yeast one-hybrid (Y1H) assay, electrophoretic mobility shift assay, and transient expression experiments showed that VcMYB1 binds to the MYB binding site on the promoter of the structural gene for anthocyanin synthesis, VcMYB1 to positively regulate the transcription of VcDFR, thereby promoting anthocyanin synthesis. We also performed an in-depth investigation of transcriptional regulation of anthocyanin synthesis. This study provides background information and data for studying the synthetic pathways of flavonoids and other secondary metabolites in blueberries.
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INTRODUCTION

Blueberries (Vaccinium corymbosum, Ericaceae) are one of the most popular fruits globally. In North America, blueberries are grown along the Atlantic coast of the United States and in southeastern Canada. In China, blueberries are cultivated in more than 27 provinces, including Shandong, Liaoning, and Guizhou. By the end of 2020, China’s blueberry cultivation area had reached 66,400 hm2, and total production was 347,200 tons (Li et al., 2021). Thus, blueberries are becoming one of the most important fruit crops in China.

Blueberries contain large amounts of anthocyanins, proanthocyanidins, and flavonols, which are the three most common flavonoids. These flavonoids play important roles in fruit coloring, they span from functions in regulating plant development, pigmentation, to an array of roles in defense and signaling between plants and microorganisms, and flavonoid-rich mixed berries maintain and improve cognitive function over a 6 h period in young healthy adults (Ulrike, 2018; Adrian et al., 2019). Anthocyanin is the most common flavonoid and is responsible for the blue and red colors of the fruit. Therefore, elucidating the molecular mechanisms of anthocyanin synthesis would be valuable as a way to develop tools for modifying fruit quality and specifically enriching the formation of fruit color.

Usually MBW protein complexes, consisting of R2R3 MYB, basic helix-loop-helix (bHLH), and WD-repeat proteins regulate the synthesis of plant flavonoids and this has been verified in many plants. The R2R3 MYB transcription factor plays an important role in this protein complex. The plant R2R3 MYB gene family is extremely huge and their functions in other plants were also extensively studied. In apples, MdMYB1 and MdMYB10 can regulate the synthesis of anthocyanins (An et al., 2017a, An et al., 2020b). PyMYB114 and PybHLH3 can regulate anthocyanin synthesis in peaches (Yao et al., 2017). In bilberry (Vaccinium myrtillus L.), Wu C. et al. (2021) describe the complex MYBA locus and identify the key regulating MYB genes that determine anthocyanin production. In American cranberry (Vaccinium macrocarpon Ait.), the subgroup-6 (SG-6 or sg6) R2R3 MYB transcription factors likely act as anthocyanin biosynthesis regulators (Diaz et al., 2021). In blueberries, VcMYBPA can regulate proanthocyanidin synthesis (Zifkin et al., 2012). However, there are currently no studies on the R2R3 MYB gene that regulates anthocyanin synthesis in blueberries.

Most studies on flavonoid synthesis have been in model plants such as apples and peaches, whereas fewer studies have used blueberries (Zhou et al., 2015; An et al., 2017a; An et al., 2020b). One reason that little is known about the genetic mechanisms regulating flavonoid production in blueberries is that these plants are polyploid and have high heterozygosity; thus, genome information and analyses of gene function in blueberry has lagged behind other species (Costich et al., 1993; Rowland et al., 2012). In recent years, with the development of high-throughput sequencing technologies, transcriptome sequencing has become an important method for studying the regulation of gene expression. Transcriptome sequencing can be used to rapidly obtain almost all transcript information of a specific tissue or organ under certain conditions. The use of RNA sequencing (RNA-seq) combined with bioinformatics has provided new research ideas and routes for transcriptomics research. This combined technique is particularly suited for species for which genomic data are not yet available and has been used widely to perform studies on the formation of quality fruits and the mechanisms of stress resistance in many species, such as peaches (Choi et al., 2021), grapes (Xu et al., 2021), sweet oranges (Yao et al., 2020), bananas (Kaushal et al., 2021), and rice (Bakade et al., 2021).

Some studies have employed transcriptome sequencing (Illumina sequencing) technologies and expressed sequence tag (EST) library methods to analyze the metabolic mechanisms (Liang et al., 2020; Wu P. et al., 2021). Jaakola et al. (2002) and Zifkin et al. (2012) analyzed the correlation between expression of genes related to flavonoid synthesis at different developmental stages and flavonoid content in highbush blueberries (V. corymbosum “Rubel”) and wild blueberries (Vaccinium myrtillus), respectively. Li Y. Y. et al. (2012) and Sun et al. (2015) both employed de novo transcriptome sequencing to analyze the differential expression of genes related to flavonoid synthesis in red and white fruits of cranberries (V. macrocarpon “Bergman”) and in mature blueberry skins and pulp (V. corymbosum “Northland”), respectively. Li et al. (2016) also employed de novo transcriptome sequencing to analyze the expression of structural genes related to anthocyanin biosynthesis during different color stages of blueberries (V. corymbosum “Sierra”). Still, there is less genomic, transcriptomic, and proteomic molecular data on blueberries compared with other species. In addition, Although Illumina sequencing technology has high accuracy, due to the limitation of reading length, the assembled transcripts are incomplete and the accuracy is low (Xu et al., 2015; Li et al., 2017). As an alternative, PacBio single-molecule real-time sequencing (SMRT) technology can be used to construct libraries with different inserts and has an advantage of ultra-long read lengths (5–8 kb). SMRT technology has been widely applied to multiple species (Minoche et al., 2015; Du et al., 2021). SMRT has also been applied in combination with Illumina sequencing in many studies (Xu et al., 2015; Li et al., 2017; Qian et al., 2020). Here, we aimed to combine SMRT and Illumina sequencing technologies to study transcriptome data in different developmental stages of blueberry (V. corymbosum “Duke”) to identify the genes that regulate flavonoid synthesis. “Duke” was selected because it is one of the main cultivated blueberry varieties in Shandong and Liaoning provinces in China. In addition, this cultivar has relatively higher flavonoid content and antioxidant activity (Prior et al., 1998).

This work will provide a platform for future research on improving fruit coloring and understanding the regulatory mechanisms for flavonoid synthesis in blueberries.



MATERIALS AND METHODS


Plant Materials

The experiments were carried out at the College of Horticulture Sciences, Shandong Agricultural University (Tai’an, Shandong, China) and Ministry of Agriculture Key Laboratory for utilization of horticultural crop germplasm resources, Fruit Tree Research Institute, Chinese Academy of Agricultural Sciences (Xingcheng, Liaoning, China) from April 2018 to January 2021. The experimental material were 9-year-old blueberry (V. corymbosum “Duke”) seedlings that were collected from the small berry garden in the Fruit Tree Research Institute, Chinese Academy of Agricultural Sciences. Fruits were collected 40 days (green fruits), 65 days (pink fruits), or 80 days (blue fruits) after flowering. To ensure consistency across the materials, fruits were collected from the tips of inflorescences (first to mature), snap-frozen in liquid nitrogen, and stored at –80°C until analysis.



Library Preparation and Single-Molecule Real-Time Sequencing

Plant total RNA extraction kits (TaKaRa, Beijing, China, No. 9769S) were used for extraction of total RNA from fruits of each of the three stages. Agarose gel electrophoresis (Agilent 2100 bioanalyzer, Agilent),1 and spectrophotometry (NanoDrop spectrophotometer, Thermo Fisher Scientific)2 were used to examine the integrity, purity, and quality of total RNA. Oligo (dT) magnetic beads were used for mRNA enrichment and the SMART PCR cDNA Synthesis Kit was used to synthesize full-length cDNA from mRNA. BluePippin (Sage Science)3 was used to screen full-length cDNA fragments and three types of insert libraries were constructed (1–2, 2–3, and 3–6 kb). PCR amplification was carried out on full-length, screened cDNA. End-terminal repair was carried out on full-length cDNA and the cDNAs were ligated to SMRT bell adapters before digestion using exonucleases. Secondary screening of the libraries was carried out using BluePippin to obtain the sequencing libraries. After library construction, Qubit 2.0 (Thermo Fisher Scientific) was used for quantitative analysis. The Agilent 2100 bioanalyzer (Agilent 2100 bioanalyzer) was used for examination of the insert fragments in the libraries. After the libraries passed the quality check, the PacBio RS II platform was used for full-length transcriptome sequencing. Two SMRT cells were used for sequencing the 1–2 and 3–6 kb fragment libraries, and three SMRT cells were used for sequencing the 2–3 kb fragment libraries. The LoRDEC software was used to correct the sequencing errors in the consensus transcripts using Illumina reads as the reference (Salmela and Rivals, 2014).



Library Preparation and Illumina Sequencing

The methods for total RNA extraction from fruits and examination of total RNA integrity, purity, and quality were carried out as described above. After DNAse I digestion of total RNA from fruit samples, oligo (dT) magnetic beads were used for mRNA enrichment. After mRNAs were made into short fragments, first-strand cDNA and second-strand cDNA were synthesized, purified and recovered, and the sticky ends were repaired. An “A” adapter was added to the 3′ ends of the cDNA before selection of fragment sizes. Finally, PCR amplification was used to construct the libraries. Qubit 2.0 (Thermo Fisher Scientific; see text footnote 2) and Agilent 2100 bioanalyzers were used for examination of library concentration and the fragment sizes of the inserts in the constructed libraries. We used Quantitative PCR to verify quantitation of the effective concentrations of the libraries. After the libraries passed the quality check, the Illumina HiSeq 2500 sequencer was used for sequencing and the sequencing read length was 125 bp paired-ends. RNA samples from green, pink, and blue fruits were sequenced in duplicates.



Sequence Data Analysis

The IsoSeqTM protocol (Pacific Biosciences, United States) was used to process the sequenced reads using circular consensus sequencing RNA BIOLOGY 5. Effective subreads were obtained using the P_Fetch and P_Filter function (parameters: miniLength = 50, read Score = 0.75, artifact = –1,000) in the SMRT Analysis software suite.4 CCS was obtained from the P_CCS module using the parameter Min Complete Passes = 2 and Min Predicted Accuracy = 0. After examining for poly (A) signal and 5′ and 3′ adaptors, only the CCS with all three signals was considered as a FLNC read (Du et al., 2021). Unmerged subreads were also examined for the three signals, and those with three signals were incorporated into the final FLNC read set.



Molecular Cloning of VcMYB1

Blueberry transcriptome data from Illumina and SMRT sequencing were used for alignment with COG, GO, and NR databases to obtain VcMYB genes. Phylogenetic analysis of all the excavated VcMYB protein sequences and Arabidopsis MYB protein sequences showed that only one VcMYB sequence has extremely high homology with the Arabidopsis sg6 R2R3 MYB protein, and it was named VcMYB1.



qRT-PCR Analysis

Three RNA samples were isolated from fruits of each of the three fruit development stages of blueberries. RNA samples were isolated from leaves of Arabidopsis. Single-stranded cDNA was obtained using a reverse transcription kit (TaKaRa, Shiga, Japan). All qRT-PCR analyses were performed with three biological repeats and three techincal repeats. Arabidopsis polyubiquitin 10 (AtUBQ10) was used as housekeeping gene. Supplementary Table 4 shows the primers used.



High Performance Liquid Chromatography Analysis of Flavonoid Content

The extraction methods for anthocyanins, flavonols, and proanthocyanidins were referenced from Prior et al. (2001); Lätti et al. (2010), and Pertuzatti et al. (2016), respectively. High performance liquid chromatography (HPLC) separation, identification and quantitation of anthocyanins, proanthocyanidins, and flavonols were performed on an Agilent 1100 Series system (Agilent, Germany), equipped with DAD (G1315B) and a LC/MSD Trap VL (G2445C VL) electrospray ionization mass spectrometry (ESIMSn) system that was coupled to an Agilent ChemStation (version B.01.03) data-processing station. The mass spectra data were processed with the Agilent LC/MS Trap software (Version 5.3).

ESI-MSn was used to identify the anthocyanins, proanthocyanidins, and flavonols profile and the following parameters were employed: positive ionization mode; dry gas, N2, 11 mL/min; drying temperature, 350°C; nebulizer, 65 psi; capillary, –2500 V; capillary exit offset, 70 V; skimmer1, 20 V; skimmer 2, 6 V; compound stability, 100%; scan range, 50–1,200 m/z. For the purposes of quantitation, For quantification, DAD chromatograms were extracted at 520 nm for anthocyanins, proanthocyanidins at 280 nm, and flavonols at 360 nm.



Amino-Acid Sequence Analysis and Phylogenetic Tree Construction

The Protein BLAST program5 was used to obtain homologs of Arabidopsis, Vitis vinifera and Malus domestica MYB. The amino-acid secondary structure of VcMYB was predicted using the Simple Modular Architecture Research Tool (SMART) software program.6



Ectopic Expression of VcMYB1 in Arabidopsis

The ORF (Open Reading Frame) was cloned and inserted into the pRI101-AN vector, and used to transform Agrobacterium tumefaciens GV3101. Arabidopsis plants were transformed with Agrobacterium by the floral dipping method. T1 VcMYB1 transgenic plants were selected on Murashige and Skoog (MS) media containing 50 mg L–1 kanamycin. Kanamycin-resistant T1 seedlings were transferred to soil and grown at 22°C in a growth chamber with a 16 h day length. T2 seedlings were selected on MS media containing 50 mg L–1 kanamycin.



Induction of Anthocyanins by Transient Transformation of Tobacco

The Agrobacterium GV3101 strains containing the pRI101-VcMYB1 were infiltrated into the abaxial leaf surface of tobacco according to Espley et al. (2007). Each infiltration was performed using three leaves from the same plants. Photographs were taken 4–7 days after infiltration. To control for leaf-to-leaf variability, at least two plants were used for infiltration, and each leaf included negative controls (Agrobacterium with pRI101 empty vector).



Blueberry Injection Assays

Fruit injection assays were carried out according to Li X. Y. et al. (2012), Li Y. Y. et al. (2012), and An et al. (2017b). The VcMYB1-pGreenII62-SK vector was generated by cloning the ORF of VcMYB1 into the pGreenII62-SK vector. The mixed vectors and the A. tumefaciens solutions were injected into the fruit peels.



Genome Walking Assays and Promoter Cloning

Chromosome walking techniques were used to isolate the promoter sequence for VcDFR and the method was referenced from the Genome Walking Kit (TaKaRa).7 Specific primers (SP1, SP2, and SP3) were designed according to the open reading frame of VcDFR. Specific primers and four degenerate primers in the reagent kit were used for three rounds of thermal asymmetric PCR. Finally, a 834 bp fragment was obtained through three rounds of PCR.



Yeast One-Hybrid Assays

Y1H assays were performed with the yeast strain Y1HGold (Clontech).8 The full-length cDNA of VcMYB1 was cloned and inserted into the pGADT7 vector. The promoter fragments of VcDFR were cloned into the pAbAi vector to generated the construct pAbAi-VcDFRpro, and then transformed into Y1HGold using a PEG/LiAc method. Yeast cells were cultured on the medium lacking Ura (SD/-Ura). Yeast colony PCR for confirming that positive plasmid has integrated into the Y1HGold genome, and then transformed pGADT7-VcMYB1 into Y1HGold-pAbAi-VcDFRpro. Yeast cells were cultured on media lacking Leu (SD/-Leu) with Aureobasidin A to identify possible interactions.



Electrophoretic Mobility Shift Assay

The EMSA was performed using the LightShift Chemiluminescent EMSA Kit (Thermo Fisher Scientific, Waltham, MA, United States). Briefly, biotin-labeled probes were incubated in a 1 × binding buffer containing 5 mM MgCl2, 50 mM KCl and 2.5% glycerol with or without VcMYB1-His fusion proteins at room temperature for 20 min. An unlabeled probe was added to the reactions for unlabeled probe competition.



Firefly Luciferase Complementation Assay

Transient expression assay in tobacco leaves were performed according to Shang et al. (2010). The VcDFR promoter was amplified and cloned into pGreenII0800-LUC vector, which generated the reporter constructs VcDFRpro:Luc. The effector (35Spro:VcMYB1) was constructed by cloning the ORF of VcMYB1 into the pGreenII62-SK vector. Transformed leaves were sprayed with 100 mM luciferin, after which they were placed in darkness for 5 min before examining for luminescence. A charge-coupled device-imaging apparatus (NightOWL LB983 in conjunction with Indigo software) was used to collect the LUC images.



Analysis of β-Glucuronidase Activity

The Agrobacterium GV3101 strains containing the pRI101-VcMYB1 generated effector constructs. Reporter constructs were generated using the promoter sequences of VcDFR cloned upstream of the β-glucuronidase (GUS) reporter gene in the pCAMBIA1301 vector, and used to transform Agrobacterium GV3101. For the transient expression assay, Agrobacterium GV3101 strains containing the pRI101-VcMYB1 were co-infiltrated into the abaxial leaf surface of tobacco. Each infection was performed in three biological replicates. After grow in a growth chamber for 3–4 days, the infected leaves were used to analyze GUS activity. Proteins were extracted from infected leaves and fluorescence was measured using a fluorometer (VersaFluor Fluorometer, Bio-Rad)9 as performed according to Jefferson et al. (1987). The values of GUS activity were calculated from three biological replicates.




RESULTS


Sequencing Data Analysis

The Illumina and SMRT sequencing platforms were used to analyze transcriptome data of blueberries. First, the Hiseq 2500 platform was used for sequencing of three samples from blueberry fruits of each of three developmental stage, green (diameter 8–10 mm), pink (12–14 mm), and blue (12–14 mm) (Figure 1A). Samples were sequenced in duplicates. After removal of sequencing adapters and primer sequences the high-quality reads (clean data) totaled 112,625,479 (Table 1) and the total number of bases was 28,376,811,360. After Trinity assembly, a total of 104,068 Unigenes were obtained (Supplementary Table 1).
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FIGURE 1. Blueberry (Vaccinium corymbosum “Duke”) fruits of different developmental stages were used in molecular and chemical analyses and Statistical analysis of sequencing data. (A) Green (40 days since flowering), pink (65 days), and blue (80 days) fruits were used in the analyses. Scale bar = 7 mm. Venn diagrams of (B) the number of common and unique sequences and (C) the number of common and unique annotated genes obtained in Illumina and SMRT sequencing.



TABLE 1. Illumina and SMRT sequencing data.

[image: Table 1]
Next, SMRT sequencing was carried out on the same samples. Equal amounts of six types of mRNAs from the three fruit stages were mixed to construct a sample pool. Three insert libraries were constructed and seven SMRT cell (two cells for 1–2 kb fragments, three cells for 2–3 kb fragments, and two cells for 3–6 kb fragments) sequencing microarrays were used. After removal of adapters and low-quality reads, 572,495 subreads (1.9 billion) were obtained. These subreads were screened to obtain 458,964 reads of insert (RoIs), of which there were 209,715 full-length non-chimeric reads (FLNCs) with 5′ and 3′ primer sequences and poly (A) sequences (Table 1). The average length of RoIs and FLNC reads were 2,938 and 2,785 bp, respectively. The iterative isoform-clustering (ICE) algorithm and Quiver software were used for sequence calibration and sequences with accuracy greater than 0.99 were retained to obtain 117,784 consensus reads. Then, CD-HIT EST software was used to remove redundant sequences from the above high-quality transcripts. We obtained 42,740 non-redundant sequences with an average length of 2,452 bases (Supplementary Table 1).

Although Illumina sequencing has extremely high coverage, the transcripts assembled by Trinity cannot represent full-length cDNA. In this study, the Illumina sequencing results of blueberry messenger RNA (mRNA) samples showed that approximately 37.81% of Unigenes were shorter than 300 bases. The number of Unigenes that were greater than 1, 2, and 3 kb were 18,849, 7,042, and 2,476, respectively, with an average length of 677 bases. In the SMRT sequencing data, the percentage of RoIs that were smaller than 300 bases was only 5.6%. The number of FLNCs that were greater than 1, 2, and 3 kb were 42,646, 24,312, and 9,896, respectively. The average length of FLNC reads in the three insert libraries (1–2, 2–3, and 3–6 kb) were 1,757, 2,823, and 3,775 bases. Overall, sequences obtained through SMRT sequencing were longer and the transcripts were more intact.

Blast alignment analysis of the corresponding relationship between 104,068 Unigene sequences obtained from Illumina sequencing and 42,740 non-redundant sequences from SMRT sequencing showed that the sequences do not show one-to-one correspondence as a single SMRT transcript corresponds to a single or multiple Illumina transcripts. There were 15,596 transcripts present in both Illumina and SMRT sequencing; 27,144 transcripts were only found in SMRT sequencing, and 80,624 transcripts were only found in Illumina sequencing (Figure 1B). The Unigene sequences obtained from Illumina sequencing and the non-redundant sequences obtained from SMRT sequencing were used for data alignment in Clusters of Orthologous Groups (COG), Gene Ontology (GO), and non-redundant (NR) databases. The number of annotated genes obtained through Illumina sequencing was lower than that obtained through SMRT sequencing. There were 32,916 annotated genes that were obtained through Illumina sequencing, which accounted for 31.6% of Unigenes and there were 40,828 annotated genes that were obtained through SMRT sequencing, which accounted for 95.5% of non-redundant sequences. Of the obtained annotated genes, 14,576 genes were common to both Illumina and SMRT sequencing; 18,340 genes were only found in Illumina sequencing, and 26,252, genes were only found in SMRT sequencing (Figure 1C).

We used three methods [coding-non-coding index (CNCI), coding potential calculator (CPC), and Pfamscan (PFAM)] to predict long non-coding RNAs (lncRNAs) longer than 200 bases. We obtained 6,251, 3,322, and 7,610 potential lncRNA sequences, respectively, using these three methods. Among these sequences, 2,171 potential lncRNA sequences simultaneously appeared in all three methods and these sequences were regarded as candidate lncRNAs in the target dataset (Supplementary Figure 1).



Analysis of the Expression of Genes Associated With Flavonoid Synthesis and Accumulated Flavonoids

Plants employ the phenylalanine metabolic pathway to synthesize flavonoids such as anthocyanins, proanthocyanidins, and flavonols. Here, blueberry transcriptome data from Illumina and SMRT sequencing were used for alignment with COG, GO, and NR databases to obtain genes that regulate flavonoid synthesis.

To study the correlation between expression patterns of flavonoid synthesis genes and accumulated flavonoids in fruits, this study employed HPLC-DAD-ESI-MS to quantitate anthocyanin, flavonol, and proanthocyanidin content in fruits from three developmental stages. Total anthocyanin content showed an increasing trend by development stage, while the total flavonol and proanthocyanidin content decreased (Figure 2A).
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FIGURE 2. Analysis of the expression of genes associated with flavonoid synthesis and accumulated flavonoids. (A) Liquid chromatography was used for quantitation of flavonoids content. Liquid chromatography-mass spectrometry was used for qualitative testing of flavonoids. Proanthocyanidin content at different developmental stages in blueberries. fwt, fresh weight. Asterisks denote t-test significance: ∗∗P < 0.01. The mean ± SE of biological triplicates were taken for every value. (B–D) All values were calculated based on the geometric mean of the housekeeping genes, VcGADPH and VcSAND, at each stage. Asterisks denote t-test significance: ∗∗P < 0.01. Different English letters represents that the one-way ANOVA difference was significant (P < 0.05). The mean ± SE of biological triplicates were taken for every value.


The anthocyanin synthesis pathway is an important branch of the flavonoid synthesis pathway, which is relatively conserved in higher plants, and its process involves multiple complex enzymatic reactions (Supplementary Figure 2). Most studies on flavonoid synthesis have been in model plants such as apples and peaches, whereas fewer studies have used blueberries (Zhou et al., 2015; An et al., 2017a, An et al., 2020b). To validate the bioinformatics analysis results of annotated genes in the sequencing libraries and study the expression of genes in the phenylalanine metabolic pathways in blueberries, we used homology alignment and phylogenetic analysis to analyze structural genes of 15 main enzymes involved in anthocyanin synthesis pathway: PAL, C4H, 4CL, CHS, CHI (chalcone isomerase), F3H (flavanone 3′-hydroxylase), F3′H (flavonoid 3′ -hydroxylase), F3′5′H (flavonoid 3′, 5′-hydroxylase), DFR, ANS/LDOX (leucoanthocyanidin dioxygenase), UFGT (UDP-glucose: flavonoid 3-O-glucosyltransferase), CCoAOMT (caffeoyl-CoA O-methyltransferase), FLS (flavonol synthase), ANR (anthocyanidin reductase) and LAR (leucoanthocyanidin reductase). These genes have the largest FPKM (Fragments Per Kilobase of transcript per Million mapped reads).

Fluorescence quantitative PCR was used to quantitate the expression status of the structural genes and regulatory genes in flavonoid synthesis during the three developmental stages of blueberries. In this study, we referenced the results from the literature (Zhou et al., 2015) and selected VcGADPH and VcSAND as internal reference genes. The geometric means of the Ct values of these two genes were used as calibration values to analyze the relative expression of other genes. Supplementary Table 2 shows the annotated functions and FPKM (fragments per kb per million) values obtained from transcriptome sequencing of these genes. Supplementary Table 3 shows the primer sequences for qPCR.

Fluorescence qPCR results showed that the genes for flavonoid synthesis exhibited varied trends in expression during the three developmental stages of fruits. We first analyzed the expression of VcC4H, VcPAL, Vc4CL, VcCHS, VcCHI, and VcF3H (Figure 2B). These genes are located upstream of the phenylalanine metabolic pathway and the enzymes encoded by them can catalyze the synthesis of anthocyanins, proanthocyanidins, and flavonols. The results of qPCR showed that with the exception of VcPAL and Vc4CL, the expression of the remaining four genes was highest in the most mature fruits (blue fruits). VcPAL had the highest expression in the least mature (green) fruits and extremely low expression in pink and blue fruits. The expression of Vc4CL was the highest in green fruits, and lowest in pink fruits (Figure 2B).

Next, we analyzed six genes that encode for anthocyanin biosynthesis (VcF3′H, VcF3′5′H, VcDFR, VcANS, VcUFGT, and VcCCoAOMT). In the middle of the anthocyanin synthetic pathway, VcF3′5′H and VcF3′H are branch points as VcF3′5′H can regulate the biosynthesis of delphinidin, petunidin, and malvidin in blueberries whereas VcF3′H can regulate the synthesis of cyanidin and peonidin. In all three fruit developmental stages, VcF3′5′H and VcANS had persistently elevated levels whereas VcF3′H, VcDFR, VcUFGT, and VcCCoAOMT varied; levels were low in immature (green) fruit and high in mature (blue) fruit, then even higher in intermediate (pink) fruits (Figure 2C). Interestingly, in pink and blue fruits, the expression of VcF3′5′H was 31- and 40-fold that of VcF3′H (Figure 2C). This was also verified in quantitation of anthocyanin contents. In blue fruits, the total content of delphinidin, petunidin, and malvidin was 8.1 times that of the total content of cyanidin and peonidin (Table 2). These results suggest that anthocyanin biosynthesis mainly occurs during the fruit maturation phase in “Duke” blueberries, particularly the synthesis of delphinidin, petunidin, and malvidin, and also express the VcF3′5′H gene was upregulated in colored fruits, which changed the ratio of different anthocyanins.


TABLE 2. Types and contents of anthocyanins in fruits at different developmental stages in blueberries.

[image: Table 2]
Then, we analyzed the VcFLS gene that regulates flavonol synthesis. VcFLS had the highest expression in green fruits and extremely low expression in pink and blue fruits (Figure 2D). This result was consistent with quantitation of flavonol content, which showed that flavonol contents in green fruits were approximately 1.69 times greater than in pink or blue fruits (Figure 2A). Subsequently, we analyzed two genes that regulate proanthocyanidin biosynthesis, VcANR and VcLAR, which were mainly expressed in green fruits and the expression of VcLAR was approximately 60 times that of VcANR (Figure 2D). The quantitation results of proanthocyanidins in fruits showed that catechin content was 2.19 times that of epicatechin content in green fruits (Figure 2A). The results suggest that the differential expression of VcLAR and VcANR may be responsible for differences in catechin and epicatechin contents. These results suggest that the biosynthetic characteristics of flavonols and proanthocyanidins are relatively similar as they are mainly carried out in immature fruits and there is almost little or no biosynthesis in mature fruits. Of these enzymes, VcLAR may play a dominant role in proanthocyanidin synthesis in green fruits compared with VcANR.

In the blueberry transcriptome data, we obtained a total of 45 blueberry MYB gene sequences named VcMYB1-45, respectively. A heat map analysis of these gene sequences revealed that 14 MYB genes were up-regulated in the stages of green fruit to pink fruit or from green fruit to blue fruit, and 31 MYB genes were down-regulated at the above stage (Figure 3A). The amino acid sequences of R2R3 MYB transcription factors in other plants that regulate anthocyanin synthesis, such as grapes (VvMYBA1), apples (MdMYB10), and Arabidopsis (PAP1) were used as probes for alignment and screening of the MYB amino acid sequence of up-regulated gene expression in blueberries. It was found that only VcMYB1 contained the sg6-motif among the genes up-regulated in blueberries (Figure 3B). Studies have shown that the sg6 motif can promote the synthesis of plant anthocyanins (Stracke et al., 2001; Muñoz et al., 2021). For further verification, Phylogenetic analysis of all the excavated VcMYB protein sequences and homologous sequences of other 138 species of plants showed that only the VcMYB1 gene has extremely high homology with the Arabidopsis SG-6 R2R3 MYB protein (Figure 3C).
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FIGURE 3. Sequence alignment and phylogenetic analysis of VcMYB. (A) Heat map depicting the various MYBs, qRT-PCR analysis was also carried out for the genes in red. (B) Protein alignment of Vc MYB and its homologs in Arabidopsis, Vitis vinifera and Malus domestica, The sg6-motif in boxed. (C) Phylogenetic analysis of VcMYB and 138 other plants MYB protein sequences obtained from the NCBI database.VcMYB1 is denoted by the black spot. MYB of Arabidopsis (AtMYB0: At3g27920; AtMYB1: At3g09230; AtMYB10: At3g12820; AtMYB100: At2g25230; AtMYB101: At2g32460; AtMYB102: At4g21440; AtMYB103: At1g63910; AtMYB104: At2g26950; AtMYB105: At1g69560; AtMYB106: At3g01140; AtMYB107: At3g02940; AtMYB108: At3g06490; AtMYB109: At3g55730; AtMYB11: At3g62610;AtMYB110: At3g29020 AtMYB111: At5g49330; AtMYB112: At1g48000; AtMYB113: At1g66370; AtMYB114: At1g66380; AtMYB115: At5g40360; AtMYB116: At1g25340; AtMYB117: At1g26780; AtMYB118: At3g27780; AtMYB119: At5g58850; AtMYB12: At2g47460; AtMYB120: At5g55020; AtMYB121: At3g30210; AtMYB122: At1g74080; AtMYB123: At5g35550; AtMYB124: At1g14350; AtMYB125: At3g60460; AtMYB13: At1g06180; AtMYB14: At2g31180; AtMYB15: At3g23250; AtMYB16: At5g15310; AtMYB17:At3g61250; AtMYB18: At4g25560; AtMYB19: At5g52260; AtMYB2: At2g47190; AtMYB20: At1g66230; AtMYB21: At3g27810; AtMYB22: At5g40430; AtMYB23: At5g40330; AtMYB24: At5g40350; AtMYB25: At2g39880; AtMYB26: At3g13890; AtMYB27: At3g53200; AtMYB28: At5g61420; AtMYB29: At5g07690; AtMYB3: At1g22640; AtMYB30: At3g28910; AtMYB31: At1g74650; AtMYB32: At4g34990; AtMYB33: At5g06100; AtMYB34: At5g60890; AtMYB35: At3g28470; AtMYB36: At5g57620; AtMYB37: At5g23000; AtMYB38: At2g36890; AtMYB39: At4g17780; AtMYB4: At4g38620; AtMYB40: At5g14340; AtMYB41: At4g28110; AtMYB42: At4g12350; AtMYB43: At5g16600; AtMYB44: At5g67300; AtMYB45: At3g48920; AtMYB46: At5g12870; AtMYB47: At1g18710; AtMYB48: At3g46130; AtMYB49: At5g54230; AtMYB5: At3g13540; AtMYB50: At1g57560; AtMYB51: At1g18570; AtMYB52: At1g17950; AtMYB53: At5g65230; AtMYB54: At1g73410; AtMYB55: At4g01680; AtMYB56: At5g17800; AtMYB57: At3g01530; AtMYB58: At1g16490; AtMYB59: At5g59780; AtMYB6: At4g09460; AtMYB60: At1g08810; AtMYB61: At1g09540; AtMYB62: At1g68320; AtMYB63: At1g79180; AtMYB64: At5g11050; AtMYB65: At3g11440; AtMYB66: At5g14750; AtMYB67: At3g12720; AtMYB68: At5g65790; AtMYB69: At4g33450; AtMYB7: At2g16720; AtMYB70: At2g23290; AtMYB71: At3g24310; AtMYB72: At1g56160; AtMYB73: At4g37260; AtMYB74: At4g05100; AtMYB75: At1g56650; AtMYB76: At5g07700; AtMYB77: At3g50060; AtMYB78: At5g49620; AtMYB79: At4g13480; AtMYB8: At1g35515; AtMYB80: At5g56110; AtMYB81: At2g26960; AtMYB82: At5g52600; AtMYB83: At3g08500; AtMYB84: At3g49690; AtMYB85: At4g22680; AtMYB86: At5g26660; AtMYB87: At4g37780; AtMYB88: At2g02820; AtMYB89: At5g39700; AtMYB9: At5g16770; AtMYB90: At1g66390; AtMYB91: At2g37630; AtMYB92: At5g10280; AtMYB93: At1g34670; AtMYB94: At3g47600; AtMYB95: At1g74430;AtMYB96: At5g62470; AtMYB97: At4g26930; AtMYB98: At4g18770; AtMYB99: At5g62320; MdMYB10: M. domestica, ABB84753; LjTT2a: Lotus japonicas, BAG12893; PtMYB134: P. tremuloides, FJ573151; VvMYBPA2: Vitis vinifera, EU919682; BnTT2-1: Brassica napus, DQ778643; MdMYB1: Malus domestica, DQ886414.


To further verify the reliability of the blueberry transcriptome data. Fluorescence qPCR results using 9 blueberry VcMYB transcription factors with larger FPKM showed that the expression trends of VcMYB1 were similar to the expression trends of the six genes that regulate anthocyanin synthesis, such as VcDFR and VcF3′5′ H, which are mainly expressed in colored fruits. VcMYB23, VcMYB26, and VcMYB28 are almost only expressed in green fruits. VcMYB25, VcMYB27, and VcMYB29 exhibited a continuously declining trend. VcMYB24 levels varied; in green fruit VcMYB24 was high; in mature fruits it was lower. VcMYB22 expression varied; it was highest in immature (green) fruits, lower in pink fruits, and higher in the mature (blue) fruits (Supplementary Figure 3). The results suggest that the upregulated expression of VcMYB1 in pink and blue fruits may promote the synthesis of anthocyanins.



Functional Validation of VcMYB1

Given that the expression patterns of VcMYB1 and anthocyanin-synthesis genes are similar, i.e., relatively high expression in colored fruits and VcMYB1 has relatively high homology and similarity to MYB transcription factors in other plants that regulate anthocyanin synthesis (Figures 3B,C), we hypothesized that VcMYB1 may positively regulate anthocyanin synthesis. To investigate whether VcMYB1 can promote anthocyanin synthesis, we used a heterologous expression system and validated the function of VcMYB1 in Arabidopsis (ecotype Columbia) under the control of CaMV-35S. Results showed that under the same conditions, red pigmentation was present in Arabidopsis seeds (8–10 days after flowering), cotyledons, and hypocotyls overexpressed 35Spro:VcMYB1 whereas red pigmentation was absent in wild-type (WT) Arabidopsis in these three tissues (Figures 4A,C). Anthocyanin contents in transgenic plants and control plants were 311.61 mg/kg fresh weight and 2.82 mg/kg fresh weight, respectively. Thus, anthocyanin contents in plants overexpressing VcMYB1 was approximately 110 times the expression levels in control plants (Figure 4B). To further understand the molecular mechanisms by which VcMYB1 regulates anthocyanin synthesis in Arabidopsis, we extracted RNA from 35Spro:VcMYB1 Arabidopsis and WT Arabidopsis. Fluorescence qPCR was used to measure the expression of structural genes for anthocyanin synthesis in Arabidopsis such as AtPAL, AtCHS and AtDFR, and VcMYB1. Except for At4CL, expression of all other genes in the transgenic plants was significantly higher than in WT plants (Figure 4D). This suggests that VcMYB1 affects anthocyanin synthesis in Arabidopsis by regulating structural genes that are related to anthocyanin synthesis.
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FIGURE 4. Functional analysis of VcMYB1 in a heterologous system. (A) Arabidopsis thaliana (ecotype Columbia) plants overexpressing (i) 35S:VcMYB1 and (ii) wild-type (WT) A. thaliana. (B) Anthocyanin content of A. thaliana plants overexpressing 35S:VcMYB1 and wild-type A. thaliana. Asterisks denote t-test significance: ∗∗P < 0.01. The mean ± SE of biological triplicates were taken for every value. (C) Seeds of A. thaliana plants overexpressing (i) 35S:VcMYB1 and (ii) WT A. thaliana. (D) Relative expression of VcMYB1, AtPAL, AtCHS, At4CL, AtCHI, AtANS, AtF3′H, and AtDFR in A. thaliana plants overexpressing 35S:VcMYB1 and wild-type A. thaliana. All values were calculated based on the housekeeping gene AtUBQ. Asterisks denote t-test significance: ∗∗P < 0.01. n.s means no significant differences. The mean ± SE of biological triplicates were taken for every value. (A,C) Are one of the four T2 transgenic stains and all strains exhibit the phenotype shown by (A,C). (E) Tobacco (Nicotiana benthamiana) leaves on day 7 after injection. (i) 35S:VcMYB1, (ii) Wild-type. (F) Anthocyanin content in tobacco leaves on Day 7 after injection. The mean ± SE of biological triplicates were taken for every value. Asterisks denote t-test significance: ∗∗P < 0.01.



To confirm the function of VcMYB1, we conducted transient expression experiments and validated the function of VcMYB1 in tobacco (Nicotiana benthamiana). 35Spro:VcMYB1 was transformed into Agrobacterium before injecting into tobacco leaves. Agrobacterium that were transformed with empty vectors were used as controls. Results showed that 4 days after injection, tobacco leaves overexpressing VcMYB1 were colored whereas no color changes were observed in the control (Figure 4E). Anthocyanin content measurement results showed that the total anthocyanin content in tobacco leaves overexpressing VcMYB1 was 6.8-fold higher than in the control leaves (Figure 4F). The above data shows that VcMYB1 can positively regulate anthocyanin synthesis.

Moreover, vector-mediated overexpression was conducted using 45 days blueberries. VcMYB1-pGreenII62-SK vectors (VcMYB1) were generated, and pGreenII62-SK were used as a control. Compared with the empty vector control (pGreenII62-SK), overexpression of VcMYB1 promoted anthocyanin accumulation in the blueberry shin around the injection sites (Figures 5A,B), The total content of delphinidin, petunidin, and malvidin was higher than the total content of cyanidin and peonidin, consistent with Supplementary Table 2. The expression levels of VcMYB1, VcDFR3, VcANS1 and VcUFGT1 were elevated in the VcMYB1-pGreenII62-SK vectors injection areas compared with the controls (Figure 5C). Therefore, these results demonstrated that VcMYB1 played a positive role in anthocyanin synthesis and fruit coloration.
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FIGURE 5. Functional analysis of VcMYB1 in blueberry. (A) blueberry overexpressing (i) pGreenII62-SK fruit and (ii) VcMYB1-pGreenII62-SK (VcMYB1) fruit. (B) Anthocyanin content of fruits overexpressing VcMYB1-pGreenII62-SK (VcMYB1) and pGreenII62-SK fruit. The mean ± SE of biological triplicates were taken for every value. Different English letters represents that the t-test difference was significant. P < 0.05. (C) Relative expression of VcMYB1, VcDFR3, VcANS1, and VcUFGT1 in fruits overexpressing VcMYB1-pGreenII62-SK (VcMYB1) and pGreenII62-SK fruit. The mean ± SE of biological triplicates were taken for every value. Different English letters represents that the t-test difference was significant P < 0.05.




VcMYB1 Activates VcDFR Promoters

Because VcMYB1 can promote anthocyanin synthesis, we predicted that VcMYB1 may directly regulate the expression of structural genes in anthocyanin synthesis to regulate anthocyanin synthesis. Previous studies have reported that MYB function by binding to the promoters of their target genes to modulate their expressions (Takos et al., 2006; Ban et al., 2007; Espley et al., 2007; An et al., 2020a). We employed chromosome walking techniques to clone the promoter sequence of VcDFR, VcF3′5′ H and VcUFGT, which was found to have a length of 834, 1,828, and 2,362 bp respectively. Unfortunately, the promoter sequence of VcANS is not available. This promoter was inserted into a pAbAi vector before transformation into a Y1HGoldstrain. The open reading frame of VcMYB1 was inserted into a pGADT7 vector. The Y1H assay was used to analyze whether VcMYB1 can interact with these promoters. Results showed that VcMYB1 can bind the MYB binding site (MBS) motifs in the VcDFR promoter (Figure 6A). For further research, we used the promoter prediction website10 to predict and analyze the VcDFR, VcF3′5′H and VcUFGT promoter sequences. It was found that only the VcDFR promoter sequence contained the MBS motif. In the anthocyanin synthesis pathway, the action site of VcDRF is adjacent to the action sites of the other three structural genes. Therefore, it is speculated that the expression of VcDRF will promote their expression. We also used a prokaryotic expression system to induce and purify the VcMYB1 protein and used electrophoretic mobility shift assay (EMSA) to validate the results of the Y1H assay. Results showed that VcMYB1 can bind to the biotinylated MBS motif on the VcDFR promoter (Figure 6B).
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FIGURE 6. VcMYB1 can directly bind to and activate the VcDFR promoter. (A) Y1H analysis showed that VcMYB1 can bind to VcDFR promoter fragments that contain the MBS motif. The VcDFR promoter was divided into four segments (P1–P4). AbA (Aureobasidin A) is a growth inhibitor of yeast cells and was used as a screening marker. The screening concentration for AbA was 100 ng/mL. The empty vector and the full-length VcDFR promoter were used as a negative control. (B) EMSA analysis showed that VcMYB1 can bind to the MBS motif on the VcDFR promoter. The hot probe contains a VcDFR promoter with a biotinylated MBS motif and the unbiotinylated cold probe was used as a competitive probe (concentration of 50- and 100-fold to the hot probe). The mutant cold probe is an unbiotinylated hot probe in which three nucleotides were mutated. (C) Firefly luciferase complementation assay analysis showed that VcMYB1 can activate VcDFR promoter activity in tobacco (N. benthamiana) leaves. (i) VcDFRpro:Luc + 35Spro:empty, (ii) VcDFRpro:Luc + 35Spro:VcMYB1. (D) Quantitative analysis of luminescence intensity in C. The value for a VcDFRpro:Luc was set to 1. The mean ± SE of biological triplicates were taken for every value. Different English letters represents that the t-test difference was significant. P < 0.01 (E) GUS activity analysis showed that VcMYB1 can activate VcDFR promoter activity in tobacco (N. benthamiana) leaves. VcMYB1 effector vector and a reporter vector containing the VcDFR promoter were co-injected into wild-type tobacco leaves to analysis their effects on GUS activity. Asterisks denote t-test significance: ∗∗P < 0.01. The mean ± SE of biological triplicates were taken for every value.


To investigate whether VcMYB1 can activate the VcDFR promoter, we carried out firefly luciferase (Luc) complementation experiments for validation. We inserted the VcDFR promoter upstream of the Luc gene to generate VcDFRpro:Luc. VcMYB1 was inserted downstream of the 35S promoter to generate 35Spro:VcMYB1. Both vectors were transformed into Agrobacterium before co-injection into tobacco leaves. Results showed that luminescence signals could be detected in tobacco plants that were co-injected with VcDFRpro:Luc and 35Spro:VcMYB1 whereas no luminescence signals were detected in the control (VcDFRpro:Luc + 35Spro:empty) (Figures 6C,D). Following that, we validated the regulation of the VcDFR promoter by VcMYB1 in tobacco leaves by analyzing the activity of the β-glucuronidase (GUS) reporter gene. The results showed that co-transforming VcDFRpro:Luc and 35Spro:VcMYB1 into tobacco leaves elevated VcDFR promoter activity (Figure 6E). Therefore, we believe that VcMYB1 directly binds to the promoter of VcDFR to activate the expression of this gene, thereby promoting anthocyanin synthesis.




DISCUSSION

Blueberries contain large amounts of diverse flavonoids, which reduce reactive oxygen species generation and they enhance the ability of plants to resist biological and non-biological stressors (Cascaes Márcia et al., 2021; Mu et al., 2021). But there were very few studies on the molecular mechanisms of their synthesis or their metabolism. This study is the first to employ SMRT combined with Illumina sequencing technology to carry out transcriptome sequencing of three fruit developmental stages in blueberries to improve the abundance of transcripts as much as possible in order to understand the mechanisms for flavonoid synthesis in fruits.

This study is the first to employ SMRT combined with Illumina sequencing technology to carry out transcriptome sequencing of three fruit developmental stages in blueberries. Results showed that compared with the assembled data obtained from Illumina sequencing, better data quality and longer transcripts were obtained from SMRT sequencing. This was also found to be the case in studies by Xu et al. (2015) and Li et al. (2017), i.e., The amount of data acquired by Illumina sequencing was approximately 2.4 times that acquired by SMRT sequencing. This was not consistent with the results by Li et al. (2017) who found a greater number of annotated genes by Illumina sequencing compared with SMRT sequencing. This inconsistency may be due to species specificity. Therefore, combining these two types of sequencing techniques can be used to obtain abundant and more intact transcriptome information of blueberries during fruit development. Our study obtained a large number of structural genes that participate in flavonoid synthesis through combination of Illumina and SMRT sequencing methods. The number of genes involved in flavonoid synthesis that were obtained by Sun et al. (2015); Li Y. Y. et al. (2012), and Li et al. (2016) using Illumina sequencing technologies were lower than that obtained in this study (Supplementary Table 4). The results showed that compared with single assembly using the established Illumina sequencing method, SMRT sequencing greatly improved the assembly results of Illumina fragmentation. Compared with using only one sequencing technology (Illumina or SMRT), the integrated use of these two sequencing technologies can significantly enrich transcriptome information and increase the integrity of transcriptome data. The combination of these two sequencing technologies can thus enable more effective and greater acquisition of target transcriptome information. Specifically, we obtained full-length sequences of genes that are involved in flavonoid synthesis, showing this technique can aid the discovery and analysis of functional genes.

The results of the study showed that anthocyanin contents continuously increased, across the three fruit development stages (Figure 2A). In addition, this study also screened out a MYB transcription factor that regulates anthocyanin synthesis, VcMYB1. From this, we can see that “Duke” blueberries mainly synthesize anthocyanins in colored fruits (pink and blue fruits). The anthocyanin synthesis genes (VcF3′H, VcF3′5′H, VcDFR, VcANS, VcUFGT and VcCCoAOMT) were all mainly expressed in colored fruits (Figure 2C). This result was consistent with the results of other studies, i.e., the upregulated expression of these six genes can promote plant coloring and increase anthocyanin content (Bogs et al., 2006; Yao et al., 2017; Ma et al., 2021). The differential expression of F3′5′H and F3′H genes can affect the type of anthocyanins synthesized in plants and different colors are presented (Holton et al., 1993a; Han et al., 2010). Our study found that VcF3′5′H and VcF3′H are mainly expressed in colored fruits in “Duke” blueberries, but expression is vastly different (Figure 2C). This explains why the total content of delphinidin, petunidin, and malvidin in pink and blue fruits was significantly higher than the total content of cyanidin and peonidin (Table 2). This result is supported by previous studies of flavonoid content in blueberries (Lätti et al., 2010; Zifkin et al., 2012).

The WBM (WD40, BHLH, and MYB) complex regulates flavonoid synthesis through interactions between its components as well as binding to the promoters of structural genes for anthocyanin, flavonol, and proanthocyanidin synthesis, such as DFR and UFGT (Grotewold et al., 2000; Mehrtens et al., 2005; Stracke et al., 2007; Xie et al., 2012; Zifkin et al., 2012). Among the R2R3 MYB transcription factors, AtMYBs (AtMYB75, AtMYB90, AtMYB113, and AtMYB144), MdMYB1 and MdMYB10 can promote the expression of genes encoding key anthocyanin biosynthetic enzymes, such as DFR and ANS (Dooner et al., 1991; Takos et al., 2006; Ban et al., 2007; Espley et al., 2007; Antonio et al., 2008; Li et al., 2014; An et al., 2018; An et al., 2020a). Our study screened out one R2R3 MYB transcription factor, VcMYB1 from the transcriptome library. VcMYB1 and these MYB transcription factors have a high degree of homology (Figure 3A). Fluorescence quantitative PCR analysis results showed that the expression pattern of VcMYB1 is similar to the expression patterns of multiple genes that regulate anthocyanin synthesis, which are mainly highly expressed in colored fruits. Functional validation experiments also proved that VcMYB1 can promote anthocyanin synthesis in Arabidopsis, tobacco plants and green blueberry fruits (Figures 4, 5). In addition, Y1H assay, EMSA, luciferase complementation, and GUS activity experiments showed that VcMYB1 can bind to the promoter of VcDFR, which activates the promoter. This is similar to the results from many studies (Ban et al., 2007; James et al., 2017). VcMYB1 can promote the synthesis of anthocyanins by binding to the 5′-TGACCG-3′ sequence of the MBS motif of the DFR promoter. In Arabidopsis, the general MYB/bHLH protein complex binds to the DFR promoter sequence to promote anthocyanin synthesis (Ilona et al., 2004). In rice, MYB can bind to the promoter sequence of DFR, the sequences are CC(T/A)ACC (CCAACC) or AC(C/A)C(T/A)A(C/A)C (ACCTACC) (Kim et al., 2017). In apples, MdMYB1 can also bind to the MBS motif of the DFR promoter, and its binding sequence is 5′-GCCAGG-3′ which is different from VcMYB1 (An et al., 2018, 2020a). We speculate that this is related to the specificity of the species. Blueberries are non-climacteric plants, apples are climacteric plants, and rice and Arabidopsis do not have high-quality fleshy fruits. Therefore, we believe that in “Duke” blueberries, VcMYB1 can bind and activate the promoters of structural genes involved in anthocyanin synthesis, thereby positively regulating the biosynthesis of anthocyanins.

This study also carried out studies on genes involved in flavonol biosynthesis in blueberries. We found that VcFLS can regulate the biosynthesis of quercetin, myricetin and other flavonols. In this study, VcFLS is mainly expressed in green fruits and the expression of VcFLS in colored fruits is extremely low (Figure 2D). This causes flavonols to be mainly synthesized in green fruits (Figure 2A). This result was similar to the results by Holton et al. (1993b); Stracke et al. (2009), and Zifkin et al. (2012). VcLAR and VcANR can regulate proanthocyanidin synthesis (Tanner et al., 2003; Pang et al., 2013). In this study, the VcLAR and VcANR genes that regulate proanthocyanidin synthesis were only expressed in green fruits, with the expression of VcLAR being 60 times that of VcANR (Figure 2D). In addition, the contents of catechin were significantly higher than epicatechin. This shows that the high expression of VcLAR in green fruits resulted in accumulated of higher contents of proanthocyanidins. This result was similar to the results by Wang et al. (2017).

In summary, our study shows that flavonoid biosynthetic pathways are regulated in developing blueberry fruits, and that this regulation occurs at the level of gene expression. Our combinatorial approach to transcriptome analysis enabled us to generate full-length transcripts as well as providing evidence for flavonoid biosynthesis. Our work provides a new method for investigating the full-length transcriptome and secondary metabolism in other plants.
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The metabolism of polyphenolic polymers is essential to the development and response to environmental changes of organisms from all kingdoms of life, but shows particular diversity in plants. In contrast to other biopolymers, whose polymerisation is catalysed by homologous gene families, polyphenolic metabolism depends on phenoloxidases, a group of heterogeneous oxidases that share little beyond the eponymous common substrate. In this review, we provide an overview of the differences and similarities between phenoloxidases in their protein structure, reaction mechanism, substrate specificity, and functional roles. Using the example of laccases (LACs), we also performed a meta-analysis of enzyme kinetics, a comprehensive phylogenetic analysis and machine-learning based protein structure modelling to link functions, evolution, and structures in this group of phenoloxidases. With these approaches, we generated a framework to explain the reported functional differences between paralogs, while also hinting at the likely diversity of yet undescribed LAC functions. Altogether, this review provides a basis to better understand the functional overlaps and specificities between and within the three major families of phenoloxidases, their evolutionary trajectories, and their importance for plant primary and secondary metabolism.

Keywords: lignin, polyphenolic polymers, laccase, polyphenol oxidase, peroxidase, bayesian phylogeny, protein modelling


INTRODUCTION

Phenolic compounds form a large and heterogeneous group of primary and secondary metabolites that contain at least one hydroxylated aromatic ring. Phenolics provide solutions to many of the difficulties posed by terrestrial habitats, and their chemical diversification is closely associated with the transition to life on land (Stafford, 2000). Phenolic pigments, like melanins and flavonoids, are antioxidants that protect all major prokaryotic and eukaryotic taxa against UV radiation and reactive oxygen species and function as visual signals to pollinators or seed dispersers in plants (Cheynier et al., 2013; Carletti et al., 2014). Lignin and other structural phenolic polymers accumulate in cuticle, seed coat, and vascular system to enable plant vertical growth, resistance to desiccation and herbivores, as well as long distance water transport (Barros et al., 2015). Smaller phenolics such as salicylic acid, tannins, (neo)lignans or phytoalexins act as chemical or olfactory signals to coordinate responses to environmental factors and biotic interactions (Treutter, 2006).

The majority of known phenolic metabolites derive from the shikimate pathway present in plants, prokaryotes, fungi and some protists. It produces simple phenolic and aromatic amino acids. In plants, phenylalanine and tyrosine establish the starting point of the C6C3 phenylpropanoid pathway. This pathway forms a metabolic crossroad with multiple branching points leading to the formation of different complex phenolics (Barros et al., 2015; Tohge et al., 2017). Once synthesised and transported to specific cellular compartments, many C6C3 phenylpropanoid monomers undergo oxidative cross-coupling to form oligo- or polymers (Figure 1). These polymerisation reactions are catalysed by peroxidases (PRXs), polyphenol oxidases (PPOs), and laccases (LACs), a heterogeneous group of enzymes often called phenoloxidases. Phenolic polymerisation occurs constitutively during development and homeostasis but can also be triggered by wounding or defence pathways (Pourcel et al., 2007; Chong et al., 2009; Barros et al., 2015). The most abundant phenolic polymer in the biosphere is lignin, present in vascular plants (Barros et al., 2015) and red algae (Martone et al., 2009). Lignin derives from the oxidative polymerisation of phenylpropanoids secreted to the cell wall, and forms complex structures specific to distinct cell types and cell wall layers (Terashima and Fukushima, 1988). Other polyphenolics have more defined and repetitive structures than lignin. This includes cross-linked phloroglucinol monomers forming phlorotannins in brown algae (Berglin et al., 2004; Meslet-Cladiere et al., 2013) and oxidised tyrosine forming melanins in the cuticle of insects and mammalian melanosomes (Mason, 1947). Beside developmental processes, some polyphenolics are formed specifically as a wound response. In these cases, the phenolic monomers are spatially separated from the phenoloxidase(s) in different subcellular sites, enabling contact only if the tissue is ruptured. A readily observable example of this mechanism is the O2 dependent browning of cut fruits, which results from the polymerisation of flavonoids and aromatic amino acids into melanins (Figure 1). Stilbenoids are also known to undergo oxidative coupling in response to biotic and abiotic stresses, forming phenolic oligomers called viniferins (Figure 1; Pezet et al., 2003). The oxidising capacity of phenoloxidases derives from the reduction of either molecular oxygen or peroxides. These enzymes thereby fulfil two functions that were crucial for plant adaptation to life on land: they remove excess oxygen species to detoxify their high atmospheric concentrations (Decker and Terwilliger, 2000), and catalyse the formation of various polyphenolic compounds enabling plants to adapt and thrive to changing environmental conditions. Phenoloxidases are therefore essential not only to better understand fundamental physiological processes, but also regarding their potential uses to modify plant biomass and/or adjust abiotic and biotic responses. Such engineered plants, like non-browning apples with a silenced PPO, are readily commercialised. In the present article, we will review the three families of unrelated enzymes that compose the functional group of phenoloxidases: PRXs (Welinder, 1992), PPOs (Sánchez-Ferrer et al., 1995), and LACs (McCaig et al., 2005). To further elucidate the diversity within each type of phenoloxidases, we performed deeper analyses using the example of LACs which have been functionally demonstrated to oxidise different phenolic compounds. We generated a comprehensive phylogeny of plant LACs to estimate their evolutionary emergence and subsequent diversification. We also used machine learning based predictive three-dimensional (3D) protein modelling of LAC paralogs to start bridging the gap between sequence information and putative biological functions.
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FIGURE 1. Main groups of phenolic compounds in monomeric state and after oxidative coupling catalysed by phenoloxidases. Note that peroxidases (PRX) and laccases (LAC) can oxidise most types of phenolics in contrast to polyphenol oxidases (PPO). Note also the historical substrate (α-guaiaconic acid) used for the discovery of phenoloxidases, which turns blue after enzymatic oxidation by forming quinones.



Historical Perspective

The term phenoloxidase is used today to encompass three main families of unrelated oxidising enzymes: PRXs, PPOs, and LACs. However, the definition of phenoloxidase has evolved with time, technologies, and model organisms. In plant and fungal organisms, phenoloxidases refer to LACs, sometimes including PPOs and even PRXs (Ander and Eriksson, 1976; Liu et al., 1994; Ranocha et al., 1999; Barros et al., 2015; Kües, 2015). In animals, phenoloxidases usually refer to PPOs, sometimes including LACs but not PRXs (Hattori et al., 2005; Terwilliger and Ryan, 2006; Luna-Acosta et al., 2011; Rao et al., 2014). These differences derive from the original definition of the term, based a specific enzymatic activity before the advent of DNA sequencing and protein phylogenetics. Two centuries ago, first Planche (1820) and then Schönbein (1856) became intrigued with boletes, whose fruiting bodies rapidly turn blue when damaged and exposed to air. They moreover observed that many plant and fungal tissues were able to turn guaiacum (α-guaiaconic acid, a C6C3 phenolic lignan extracted from the resin of Guaiacum sp.; Figure 1) from colourless to blue, and that this capacity was abolished after boiling. Schönbein (1856) also observed that the alcoholic extracts of fungi were only able to produce the blue colour in the presence of either “activated oxygen” from pressed mushroom juice, or peroxides, thereby describing PRX activity for the first time. Later on, an enzyme from Rhus vernicifera was shown to harden the tree’s sap into lacquer (Yoshida, 1883) and named laccase. Shortly after, LAC activity was shown to turn guaiacum blue (Bertrand, 1894), using molecular oxygen as a co-substrate (Kastle and Loevenhart, 1901). The discovery of PPOs was made from observing that certain fungal species turned not blue but red, and then black after cutting. These fungi could oxidise tyrosine in the presence of O2, marking the first description of the tyrosinase activity of PPOs (Bourquelot and Bertrand, 1896). Already then, it was observed that LACs were far more thermostable than PPOs, a criterion then used to distinguish between the two phenoloxidases (Bourquelot and Bertrand, 1896). The term oxydase was introduced by Bertrand (1896) as a general term for these water-soluble oxidising enzymes using O2, replacing the previous term of oxidising ferments coined by Traube (1877). As these oxidases were all phenoloxidases, the two terms were used synonymously at the time (Kastle, 1910; Onslow, 1920; Szent-Györgyi, 1930). In 1903, the “activated oxygen” initially described by Schönbein was identified as hydrogen peroxide (Bach and Chodat, 1903). This result led the same authors to postulate that all phenoloxidases were two-component systems comprising an H2O2 generating oxygenase and a phenol oxidising PRX (Chodat and Bach, 1903; Onslow, 1920). However, Szent-Györgyi (1925) rebutted this two-component model and showed that the blueing of guaiacum by a potato oxydase was independent from peroxide and PRX activity. Szent-Györgyi (1925) moreover demonstrated that the blueing reaction was indirect and depended on the oxidation of an intermediate catechol, which then oxidised the guaiacum itself. This represented the first description of indirect phenoloxidase activity via redox shuttles that are now known as mediators. Three decades later, the phenoldehydrogenase enzyme that Freudenberg et al. (1952) had associated to lignification was shown to be a LAC (Higuchi, 1958), leading to the synonymous use of LAC and phenoloxidase by plant scientists. Altogether, the term phenoloxidase evolved through time depending on both individual author and scientific field. Nowadays, phenoloxidases describe structurally heterogeneous and phylogenetically unrelated enzymes including LACs, PPOs, and PRXs, grouped together only by their common capacity to oxidise directly and/or indirectly substrates presenting a phenolic ring.



PEROXIDASES


Distribution of Peroxidases Among Kingdoms and Species

Every organism in the biosphere contains PRXs (EC 1.11.1.X) which oxidise their substrate using the reduction of H2O2 or organic peroxides (Shigeto and Tsutsumi, 2016). The substrates, co-substrates, active centres, protein structures, and reaction mechanisms of the different PRX families and superfamilies are so diverse and different that the relevance of the classification of all PRXs into one EC 1.11.1 has been previously questioned (Hofrichter et al., 2010). Even when focusing on PRXs that primarily oxidise phenolic substrates, there are fundamental differences between plant class III PRXs, fungal class II PRXs such as lignin PRXs (LiPs), manganese PRXs (MnPs), and versatile PRXs (VPs), as well as bacterial dye decolourising PRXs (DyPs). Within these groups, however, PRXs are more conserved. Class III PRXs have a minimum of 25% protein sequence identity between plant species (Table 1 and Figure 2). Compared to LACs and PPOs, class III PRXs show the steepest rise in number of paralogs with increasing genome size, suggesting that repeated gene duplication events occurred throughout evolution (Figure 3A). In extant angiosperms, Arabidopsis thaliana has 73 paralogs, and Eucalyptus grandis has almost 200. Despite some computational predictions of alternative splicing of class III PRX genes, there is no experimental evidence defining either their existence or importance. Class III PRXs are exclusive to streptophytes (Nishiyama et al., 2018; Mbadinga Mbadinga et al., 2020), suggesting that phenol oxidising PRXs appeared after the transition of plants to terrestrial habitat but prior to the appearance of vascular tissues.


TABLE 1. Overview of the three groups of phenoloxidases in plants.
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FIGURE 2. Structural features and sequence conservation in mature protein chains of phenoloxidases. Conserved domains (plastocyanin, tyrosinase, and calcium-binding for LAC3, PPO1, and PRX9, respectively) are shown as solid rectangles. Secondary structures, positions of ion coordinating residues, N-glycosylation sites and disulfide bonds are indicated according to the respective published crystal structures. The bar coded sequence conservation is calculated across all paralogs from Populus trichocarpa, Brachypodium distachyon, Physcomitrium patens, and Selaginella moellendorffii. We have adopted the recent revision of the nomenclature of Physcomitrella patens to Physcomitrium patens (see Rensing et al., 2020).
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FIGURE 3. Differences in evolutionary duplication and sub-cellular localisation of the different type of plant phenoloxidases. (A) Evolution of plant phenoloxidase multigenic families. Number of genes encoding for PPOs, LACs, and class III PRXs are plotted against the genome size of the respective species. Circle size indicates evolutionary divergence from A. thaliana in million years ago. Fitted lines represent the trends of multigenic family sizes against total genome size. (B) Predicted and experimentally confirmed subcellular localisations of PPO, LAC, and class III PRX paralogs in plants. Large dots represent experimentally verified localisations, small dots are predictions. PCW, primary cell wall; PM, plasma membrane; SCW, secondary cell wall. All paralogs predicted to the apoplast are placed at SCW.




Expression and Localisation of Peroxidases

Class III PRXs are expressed in all plant organs and tissues, during various developmental stages and stress responses, mirroring the many functions fulfilled by these enzymes (Welinder et al., 2002; Cosio and Dunand, 2009; Wang et al., 2015b). Most PRXs have an N-terminal peptide signal targeting them via the secretory pathway toward membrane structures, vacuole, cell wall, and/or apoplast (Figure 3B). Some PRXs even exhibit specific cell wall layer localisations. Zinnia violacea ZPO-C is exclusively localised in the secondary cell walls of tracheary elements (Sato et al., 2006). Arabidopsis AtPRX64 is present only in the middle lamella and cell corners of interfascicular fibers (Chou et al., 2018) but restricted to the casparian strip in endodermal cells (Lee et al., 2013). Other PRX paralogs have been predicted to be targeted to the mitochondria or bound to membranes (Lüthje and Martinez-Cortes, 2018). These membrane-bound forms have been confirmed biochemically although it remains unclear on which side of the membrane these PRXs are located (Mika and Lüthje, 2003; Mika et al., 2010). Overall, class III PRXs appeared to be mostly associated with cell wall, membrane-bound and vacuolar phenolic metabolism.



Peroxidase Protein Structure

Plant class III PRXs are heme-dependent PRXs whose activity relies on two calcium ions and a heme centred on an iron atom (Fe) coordinated within a protoporphyrin IX (Figure 2). In contrast to fungal class II PRXs, the heme in class III PRXs is non-covalently linked between histidine residues (Moural et al., 2017). Class III PRXs are formed by two domains, called proximal and distal, each binding one calcium ion (Figure 2), which are hypothesised to originate from an ancestral internal gene duplication event (Passardi et al., 2007). Class III PRXs do not appear to require proteolytic activation. Both class II and III PRXs contain highly conserved disulphide bridges that are required for heme coordination and enzyme activity (Ogawa et al., 1979; Howes et al., 2001). Class III and II PRXs are generally monomeric (Janusz et al., 2013; Bernardes et al., 2015) whereas bacterial DyPs form dimers and oligomers (Colpa et al., 2014). Class III PRXs are heavily glycosylated, which is important for their stability and activity (Lige et al., 2001; Hofrichter et al., 2010; Palm et al., 2014) although the glycosylation sites are not conserved (Figure 2).



Reaction Mechanism

Class III PRXs possess two distinct reaction mechanisms: a peroxidative cycle that uses H2O2 or other peroxides to oxidise their substrate (Figure 4), and a hydroxylic cycle that converts H2O2 into other types of reactive oxygen species (Liszkay et al., 2003). In its peroxidative cycle, PRXs are the most potent oxidants of all phenoloxidases with redox potentials (E°) sometimes exceeding 1 V. This enables PRXs to oxidise substrates unusable by other phenoloxidases (Welinder et al., 2002; Hofrichter et al., 2010). The optimal pH of phenol-oxidising PRXs usually ranges from neutral to basic, with the exception of DyPs which function best in acidic conditions (Colpa et al., 2014). Mechanistically, PRX activity depends on their H2O2 mediated two-electron oxidation into an intermediate state, named compound I, in which the heme Fe(III) is oxidised into Fe(IV) and a radical free electron is present on the key residues of the active site. Compound I can then oxidise one substrate molecule with the radical electron, and subsequently a second substrate molecule via the reduction of Fe(IV) back to Fe(III).
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FIGURE 4. Classical reactions catalysed by PPOs (CO, catechol oxidase; TYR, tyrosinase), LACs, and class III PRXs. Enzymatic and non-enzymatic reactions are indicated with solid and dashed arrows respectively on the example of simple mono- and diphenolic molecules. Monophenol hydroxylation (I → II) is generally considered to be exclusive to TYRs. The one electron oxidation of diphenols (II) by LACs or PRXs leads to a semiquinone radical (III). This can then couple with another semiquinone to form a dimer or polymer (VI), transfer its radical to another compound (III + I → II + V), or disproportionate with another semiquinone to form a quinone (2 III → IV + II). Quinones (IV) can isomerise to quinone methides (VII), which undergo non-enzymatic coupling reactions to form dimers (VI). Lastly, LACs and PRXs can also oxidise monophenols (I) into phenoxy radicals (V).


To oxidise substrates that do not fit into their substrate binding pocket, PRXs exploit two alternative mechanisms of substrate oxidation: indirect oxidation via mediators, and long-range electron transfer from the enzyme core to its periphery. Mediators are small molecules that act as transiently oxidised intermediates, freely diffusing and transferring their radical charge onto other molecules that are either too large or inaccessible to PRXs. LiPs (Harvey et al., 1986), MnPs (Wariishi et al., 1991), and VPs (Gómez-Toribio et al., 2001) use mediators during the oxidative depolymerisation of lignin. The intervention of mediators has also been suggested during the oxidative polymerisation of lignin in plants (Önnerud et al., 2002; Ralph et al., 2004). Long-range electron transfer functions by relocating the site of substrate oxidation from the heme group in the core of the protein to exposed amino acids at the surface of PRXs, enabling the oxidation of large substrates such as lignin polymers. Such long-range electron transfer is used by VPs (Ruiz-Dueñas et al., 2008), LiPs (Miki et al., 2011), and DyPs (Strittmatter et al., 2013) during the oxidative degradation of lignin. Similarly, this mechanism has also been suggested to occur during the oxidative extension of lignin polymers by plant class III PRXs (Shigeto et al., 2014). Despite this flexibility in oxidative mechanism, paralogs of class III PRXs in plants exhibit different in vitro affinities toward artificial substrates (Shigeto et al., 2014) and monomeric model compounds similar to precursors of syringyl (S) and guaiacyl (G) residues of lignin (Shigeto and Tsutsumi, 2016; Shigeto et al., 2017). Altogether, the exact biological substrate(s), the site(s), and mechanism(s) of oxidation remain uncertain for most PRX paralogs.



Functional Roles of Peroxidases

Class III plant PRXs have been associated to multiple processes during development and stress responses (Cosio and Dunand, 2009). One of the main proposed roles of PRXs is during lignin formation to oxidise secreted lignin phenolic monomers in specific cell wall layers of distinct cell types (Herrero et al., 2013; Shigeto et al., 2013). PRXs are the main phenoloxidase responsible of the lignification of the casparian strip in endodermal cells of A. thaliana (Lee et al., 2013; Rojas-Murcia et al., 2020). Ectopic lignin formation in the cell walls of flax bast fibres (Chantreau et al., 2014) and in the extracellular medium of Norway spruce cell cultures (Laitinen et al., 2017) also depend on PRXs. Loss-of-function mutations of class III PRXs as well as their ectopic over-expression have varying effects on lignin amount and residue composition (Table 2) mirroring their diverse in vitro affinities (Shigeto and Tsutsumi, 2016). Beside lignification, class III PRXs are also associated with the cross-linking of extensins in cell walls (Jacobowitz et al., 2019), the vacuolar degradation of anthocyanin in Brunfelsia (Zipor et al., 2015), auxin homeostasis (Cosio et al., 2009), as well as the partial cell wall degradation of seed coats (Kunieda et al., 2013). Using their hydroxylic cycle, class III PRXs are moreover involved in oxidative burst responses (Choi et al., 2007; Daudi et al., 2012) and cell wall extension during cell elongation and lateral root formation (Mei et al., 2009; Müller et al., 2009). In contrast to plant PRXs, fungal MnPs and LiPs as well as bacterial DyPs are exclusively implicated in the breakdown of lignin and other polyphenolic compounds (Hammel and Cullen, 2008). Altogether, we are beginning to outline the overall diversity of class III PRXs but the specific biological functions and redundancies between its many paralogs remain unclear.


TABLE 2. Reported impact of phenoloxidase knock-out (KO), knock-down (KD), and over-expression (OE) on lignin amount and composition.
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POLYPHENOL OXIDASES


Distribution of Polyphenol Oxidases Among Kingdoms and Species

Polyphenol oxidases (EC 1.10.3.1, 1.14.18.1) are copper containing enzymes that are almost universally present in plants, fungi and animals (Sánchez-Ferrer et al., 1995), common in bacteria (Claus and Decker, 2006), and have more recently been found in some archaea (Kim et al., 2016). They usually form small gene families that rarely exceed 10 paralogs (Figure 3A; Esposito et al., 2012; Tran et al., 2012; Martínez-García et al., 2016). A systematic genome analysis found no PPO orthologs in green algea (Tran et al., 2012). However, isolated reports of PPO activity in chlorophytes (Tocher et al., 1966) and charophytes (Holst and Yopp, 1976) together with putative PPO sequences in the genome of Chara braunii (Nishiyama et al., 2018) suggest an evolutionary origin before the emergence of terrestrial plants (Table 1). During the course of plant evolution, PPOs are unique among phenoloxidases in showing no significant increases in paralog numbers with increasing genome size (Figure 3A) and have even been lost completely in the genus Arabidopsis.



Expression and Localisation of Polyphenol Oxidases

Plant PPO genes are generally up-regulated in response to biotic and abiotic stresses. In tomato, different stresses and stress-associated compounds affect PPOs expression in different tissues: jasmonate up-regulated PPO expression in young leaves, ethylene in older leaves and salicylic acid in whole shoots (Thipyapong and Steffens, 1997). In pineapple, two PPO genes are expressed constitutively in whole plants, and are drastically up-regulated in fruits submitted to cold stress (Stewart et al., 2001). The promoter of one PPO associated to the biosynthesis of the anthocyanin betalain in red swiss chard is developmentally controlled in roots and petioles even when introduced heterelogously in A. thaliana (Yu et al., 2015). In plants, ∼75% of PPOs possess a plastid transit peptide and are predicted to accumulate in the thylakoid lumen using the twin arginine-dependent translocation pathway. Only a few PPOs have signal peptides and are predicted to the secretory pathway (Tran et al., 2012; Figure 3B). These non-plastidial localisation of PPO in plants were confirmed for the aureusidine synthase in Antirrhinum majus (Ono et al., 2006) and PPO13 in Populus trichocarpa (Tran and Constabel, 2011) in the vacuolar lumen. Additionally, another PPO was shown to localise in the golgi-network in Annona cherimola (Olmedo et al., 2018; Figure 3B). Across kingdoms, PPO localisation is more diverse: animal and fungal PPOs are located in the cytosol and associated to clotting after wounding in insects (Schmid et al., 2019) or secreted to the apoplast to form fungal cell walls or insect cuticles (Barrett, 1986; Mayer, 2006). In contrast, mammalian PPOs are bound to membranes of specialised melanosomes (Wang and Hebert, 2006). Based on these differences in localisation between kingdoms and species, PPOs are likely involved in specialised phenolic metabolism.



Structure of Polyphenol Oxidases

Polyphenol oxidases generally form homodimers or -oligomers in plants (Dirks-Hofmeister et al., 2012; Molitor et al., 2016), and homo- and hetero-oligomers in mammals (Wang and Hebert, 2006), arthropods (Li et al., 2009), molluscs (Jaenicke and Decker, 2003), and bacteria (Kong et al., 2000). Although N-glycosylation is common in animal PPOs (Wang and Hebert, 2006), they are rarely glycosylated in plants (Table 1). Aureusidine synthase is the only reported glycosylated PPO (Nakayama et al., 2000) although putative glycosylation sites have been predicted for the A. cherimola PPO (Olmedo et al., 2018). A common feature of most PPOs is the need for catalytic activation. In plants, PPOs are translated as latent pro-PPOs composed of the N-terminal plastidial transit peptide, the catalytic domain housing two copper atoms, followed by a disordered linker and a C-terminal shielding domain (Marusek et al., 2006). Fungal PPOs have a similar structure but lack the transit peptide (Marusek et al., 2006). In arthropods, the shielding domain is instead N-terminal (Li et al., 2009) although some paralogs in Drosophila lack this shielding domain (Chen et al., 2012). Mammalian PPOs contain a C-terminal transmembrane domain, but no shielding domain (Wang and Hebert, 2006), and bacterial PPOs exist in a wide variety of structures (Faccio et al., 2012). The shielding domain, when present, contains a placeholder residue that makes the site of substrate oxidation inaccessible in pro-PPOs. Highly specific serine proteases activate arthropod PPOs by cleaving off the N-terminal shielding domain (Li et al., 2009). In plants or fungi, no PPO activating protease has been identified, but a similar specific proteolytic activation is hypothesised for the aurone synthase of Coreopsis grandiflora (Molitor et al., 2016). Alternatively, both plant and insect pro-PPOs have been shown to be activated by low pH (∼3.5) or detergents instead of proteolytic cleavage (Bidla et al., 2007; Leufken et al., 2015). In plants, these treatments lead to a conformational change of the shielding domain due to the disordered nature of its linker (Leufken et al., 2015). Some bacterial PPOs alternatively recruit the placeholder residue from an associated caddie protein (Decker et al., 2007). PPOs containing a shielding domain are relatively conserved in size between species and range between 40 and 70 kDa (Mayer, 2006; Li et al., 2009), whereas PPOs without a shielding domain range from only 15 kDa in bacteria (Faccio et al., 2012) to above 70 kDa in mammals (Wang and Hebert, 2006). Within kingdoms, PPO protein sequence identity ranges from 30 to 50%, but decreases to 5% between kingdoms as only the copper and oxygen binding motifs are conserved (Figure 2). Although PPOs are very heterogeneous in structure between kingdoms, their conserved activation mechanism suggests that this post-translational regulation plays a pivotal role in their physiological functions.



Reaction Mechanism

The enzymatic activity of PPOs depends on a dinuclear type 3 copper pair which is coordinated by 6 histidine residues (Figure 2; Bijelic et al., 2015). The E° of this copper pair is estimated at ∼260 mV (Ghosh and Mukherjee, 1998), making PPOs the least potent oxidisers among phenoloxidases. PPOs best function between pH 5 and 6.5 at temperatures of 20–40°C (Queiroz et al., 2008). PPOs can catalyse two distinct reactions using O2: (i) the ortho-hydroxylation of monophenols, like tyrosine and tyramine, into ortho-diphenols (monophenolase activity) and (ii) the oxidation of ortho-diphenols or catechols into ortho-quinones (diphenolase or catecholase activity) (Figure 4; Solomon et al., 1996). These different activities establish the distinctive criterion separating PPOs into tyrosinases (TYR, EC 1.14.18.1, monophenol/o-diphenol:O2 oxido-reductases) capable of catalysing both reactions, and catechol oxidases (CO, EC 1.10.3.1, o-diphenol:O2 oxido-reductases) only possessing the diphenolase activity (Figure 4; Solomon et al., 1996). The structural reason behind this biochemical distinction is still unclear as no fundamental differences were identified in either the protein structure, localisation, or expression between TYRs and COs (Bijelic et al., 2015; Solem et al., 2016). An asparagine-glutamate couple stabilising one water molecule in the active site appears to be key for the electron abstraction of monophenolic substrates. Site-directed mutagenesis to introduce an asparagine residue into Vitis vinifera CO enabled a novel monophenolase activity toward tyrosine (Solem et al., 2016). However, several known TYRs lack this asparagine residue, suggesting other explanations for the CO to TYR specificity (Pretzler and Rompel, 2017). Alternatively, the monophenolase activity has been proposed to depend on whether the substrate can be stabilised at the active site (Bijelic et al., 2015; Molitor et al., 2016). Indeed, a leucine residue gating the entry to the active site was shown to stabilise classic TYR substrates in enzymes classified as TYRs (Goldfeder et al., 2014; Bijelic et al., 2015). In COs, this leucine is replaced by an arginine (Goldfeder et al., 2014; Bijelic et al., 2015). Again, however, the universality of this rule is questioned by some TYRs containing a supposedly destabilising arginine at this position (Pretzler and Rompel, 2017). Beside the absence of a clear structural determinant, the biochemical distinction between TYRs and COs based on their ability to oxidise classical TYR substrates like tyrosine and tyramine has also been questioned (Molitor et al., 2016). The C. grandiflora aurone synthase lacks activity toward these substrates and is accordingly classified as a CO (Molitor et al., 2015). The enzyme does however exhibit monophenolase activity toward its physiological substrate the chalcone isoliquiritigenin (Figure 1; Molitor et al., 2016). The oxidation of tyrosine or tyramine therefore does not seem to enable a relevant mechanistic distinction between PPOs but rather detects differences in substrate specificities. Consequently, many enzymes categorised as COs may biologically function as TYRs (monophenolase activity) on their physiological substrates.



Biological Function(s) of Polyphenol Oxidases in Plants

Despite their structural heterogeneity, most PPOs in animal and fungal species exclusively initiate the reaction cascade leading to complex phenolic polymers such as melanin (Figure 1). In plants, PPOs primary respond to wounding, which ruptures the compartmentalisation separating PPOs in plastids from their substrates stored in vacuoles. The expression of PPOs is up-regulated by major defence pathways (Constabel and Ryan, 1998) and their functional loss increases disease susceptibility (Thipyapong et al., 2004). For the post-harvest conservation of fresh plant produces, silencing of PPOs in potato (Chi et al., 2014; González et al., 2020), rice (Yu et al., 2008), and apple (Waltz, 2015) almost completely abolishes the browning of tubers, seeds, and fruits. PPOs have also been associated in the wounding independent biosynthesis of anthocyanin (Gao et al., 2009; Nakatsuka et al., 2013), aurones (Nakayama et al., 2000; Kaintz et al., 2014), and lignans (Cho et al., 2003). While these examples demonstrate the versatility of PPOs, the exact substrates of most of these enzymes and whether they act as TYRs or COs are unclear (Sullivan, 2015; Boeckx et al., 2017). However, the fact that PPOs were not duplicated and even lost in Arabidopsis suggests that they are implicated in non-essential pathways, or that their loss has been compensated by other phenoloxidases with greater E°.



LACCASES


Distribution of Laccases Among Kingdoms and Species

Laccases (EC 1.10.3.2, p-diphenol oxygen oxidoreductases) are members of the multi-copper-oxidase family, together with ascorbate oxidases and ferroxidases, which all share a copper-mediated reaction but oxidise distinct substrates (Kües and Ruhl, 2011; Reiss et al., 2013). LACs are present in all plants (Weng and Chapple, 2010), widely distributed in fungi (Baldrian, 2006), and have also been found in bacteria (Santhanam et al., 2011), archaea (Uthandi et al., 2010), arthropods (Barrett, 1986; Hattori et al., 2005), and molluscs (Luna-Acosta et al., 2011) but not in mammals. In plants, the number of LAC paralog genes ranges from 1 in Marchantia polymorpha to more than 50 in P. trichocarpa and E. grandis (Figures 3A, 5). LACs in other kingdoms are however present as single genes or form small multigenic families. LACs share around 40% protein sequence identity within kingdoms (Figure 2) but conservation between kingdoms is limited to residues around the active site (∼10–30% total sequence identity). The conservation of LAC genes in plants as well as the increases of paralog numbers with increasing genome size (Table 1 and Figure 3A) suggest both critical roles in the plant life cycle and repeated events of sub- and/or neo-functionalisation during plant speciation. There are conflicting reports on exact appearance of LACs in plants. Green unicellular algae, such as Volvox carteri and Chlamydomonas reinhardtii, were suggested to have genes encoding for LACs (Weng and Chapple, 2010; Zhao et al., 2013) although no LAC enzymatic activities had been detected in these species (Otto et al., 2015). To address this open question, we generated a comprehensive phylogeny of all LACs from 10 taxonomically diverse species with published reference genomes (Figure 5). In contrast to previous phylogenies (McCaig et al., 2005; Turlapati et al., 2011; Zhao et al., 2013; Wang X. et al., 2020; Yonekura-Sakakibara et al., 2020), we used only full-length sequences (to avoid partial homology due to incomplete sequences) and included ascorbate oxidases as an outgroup to distinguish between the two families of multicopper oxidases. We moreover chose a bayesian approach to provide probabilities (i.e., statistical support) for each computed branch (Supplementary Figure 2). This new phylogenetic analysis first enabled us to determine that the LAC-like sequences present in the genome of unicellular green algae are more likely ascorbate oxidases than bona fide LACs (Figure 5). We determined that the most basal bona fide LACs are from M. polymorpha and Physcomitrium patens, which together with sequences from Azolla filiculoides form the paraphyletic group of basal plant LACs (Figure 5). Our analysis therefore suggests that ancestral bona fide LACs originated in multicellular green algae or early land plants. The remaining LACs formed eight well supported (posterior probabilities >0.9 except for clade II at 0.62; Supplementary Figure 2) monophyletic clades named in order of divergence from I to VIII. After the appearance of basal LACs, multiple waves of gene duplication events occurred with the sequential emergence of vascular plants, spermatophytes and angiosperms, leading to repeated opportunities for sub- and/or neo-functionalisations (Figure 5). These duplication events predominantly affected clades IV–VIII, which contained the majority of LACs from gymnosperms and angiosperms but no lycophyte, fern, or moss sequences. This imbalance suggests that the emergent functional diversity of LAC paralogs is specifically associated with the evolution of spermatophytes.
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FIGURE 5. Phylogenetic analysis of LAC homologs. Bayesian phylogeny of high-confidence LAC homologs from 10 species and ascorbate oxidases as the outgroup. The A. thaliana paralogs can be grouped into eight clades which broadly correspond to previous results (Turlapati et al., 2011; Zhao et al., 2013), except for composition and position of clades I and II, and the occurrence of clade III, which have not been described before. Note that the only C. reinhardtii sequence is closer related to ascorbate oxidases than LACs, while no sequence from V. carteri or C. braunii passed the motif-based sequence filtering.




Localisation and Expression of Laccases

At the whole plant level, LACs are mainly expressed in the different lignified tissues. In A. thaliana, AtLAC4, 5, 10, 12, and 17 are expressed in vascular bundles (Turlapati et al., 2011) and co-regulated with secondary cell wall formation in tracheary elements (Derbyshire et al., 2015) whereas AtLAC1, 3, 5, and 13 are expressed in endodermal cells (Rojas-Murcia et al., 2020). AtLAC5 (Yonekura-Sakakibara et al., 2020) and AtLAC15 (Turlapati et al., 2011) which catalyse the formation of neolignans and proanthocyanidins respectively are strongly expressed in seed coats. Pollen grains, which are sterile in loss-of-function mutants affecting phenylpropanoid biosynthesis (Rohde et al., 2004; Schilmiller et al., 2009; Weng et al., 2010), exclusively express AtLAC8 (Turlapati et al., 2011). The unlignified phloem and cortex express AtLAC8 and AtLAC9, respectively (Turlapati et al., 2011) which both undergo alternative splicing (Zhang et al., 2010). Overall, different LAC paralogs are specifically expressed in different lignified and unlignified cell types, thereby suggesting neo-functionalisation in which LAC paralogs do not all function redundantly.

The majority of LACs present an N-terminal signal peptide targeting them to the secretory pathway (Figure 3B). LACs generally accumulate in the cell walls of plants (McCaig et al., 2005; Chou et al., 2018), in the extracellular space of fungi and archaea (Baldrian, 2006; Uthandi et al., 2010), or in the saliva, digestive apparatus, and/or exoskeletal cuticle for insects (Dittmer et al., 2004; Arakane et al., 2005; Hattori et al., 2005). In contrast, LACs in bacteria are often intracellular or periplasmic (Rosconi et al., 2005; Santhanam et al., 2011). Secreted LACs in plants are not free in the apoplast but ionically or covalently bound to the cell wall (Bao et al., 1993; Liu et al., 1994; Ranocha et al., 1999). Moreover, different plant LACs localise in specific cell wall layers. In A. thaliana, AtLAC4 fluorescent fusions are immobilised to the secondary cell wall of interfascicular fibers (Chou et al., 2018) whereas immunolocalisation of AtLAC4 and AtLAC17 show more accumulation in the S3 layer of these secondary walls (Berthet et al., 2011). Other LAC paralogs such as AtLAC1, 3, 5, and 13 also specifically accumulate in the casparian strip of endodermal cells (Rojas-Murcia et al., 2020). In Chamaecyparis obtusa, CoLAC1 and CoLAC3 were respectively localised in the inner and outer S2 layers of tracheid compression wood (Hiraide et al., 2021). Beside cell wall localisation, LACs can be targeted to vacuoles in litchi (Fang et al., 2015), to the cytoplasm in hairy roots of Brassica juncea (Telke et al., 2011), but are also predicted to mitochondria in Pinus taeda, Oryza sativa, and Gossypium spp. (Figure 3) and peroxisome in Lolium perenne (Gavnholt and Larsen, 2002). Overall, however, the majority of LACs in plants are targeted to the cell walls (Figure 3B).



Structure of Laccases

Laccases are active as monomers but also as homomeric and heteromeric oligomers in plants (Jaiswal et al., 2014, 2015), algae (Otto and Schlosser, 2014), fungi (Perry et al., 1993; Ng and Wang, 2004; Junghanns et al., 2009), and bacteria (Diamantidis et al., 2000; Rosconi et al., 2005). Although glycosylation is universally predicted for eukaryotic LACs, glycosylation sites are not conserved (Figure 2). Partial or complete deglycosylation of fungal LACs does not significantly alter their enzymatic activity, but increases their susceptibility to proteolysis (Yoshitake et al., 1993; Vite-Vallejo et al., 2009). However, heterologous expression in Pichia pastoris of fungal LAC mutated in single glycosylation sites resulted in LACs with more than 50% reduced activity (Maestre-Reyna et al., 2015). This observation suggested potential roles of glycosylation sites for specific LAC paralogs. Each LAC monomer contains three distinct cupredoxin-like domains (Figure 2), housing the catalytic copper atoms. These domains are characterised by several tightly packed anti-parallel β-sheets known as a greek-key motif, which forms the hydrophobic core of the enzyme (Figure 2; Hakulinen and Rouvinen, 2015). An intriguing exception to the three-domain structure are bacterial two-domain or small LACs, which only contain two cupredoxin-like domains and are obligate homotrimers to be active, with the third copper binding site formed at the interface between the interacting monomers (Endo et al., 2002; Skálová et al., 2009). Beside bacterial small LACs, the size of LAC monomers is conserved across kingdoms at 55–70 kDa without the glycan moieties. Some LACs from ascomycetes (Hakulinen et al., 2002) and basidiomycetes (Bleve et al., 2013) are encoded as pro-proteins with a C-terminal blocker tail which needs to be proteolytically removed to activate LACs (Bulter et al., 2003; Kiiskinen and Saloheimo, 2004; Bleve et al., 2013). In contrast to PPOs, this tail is only 10–15 amino acids long and specifically blocks the O2 reduction site. Among the plant LACs analysed in Figure 5, we found potentially analogous C-terminal blocker tails in AtLAC8, 9, three predicted P. patens LACs and in several Brachypodium distachyon LACs (Supplementary Figure 1). Altogether, our understanding of LAC activity in plants and their regulation via proteolysis, complex formation, and/or allosteric interactions still remains incomplete.



Laccase Reaction Mechanism

Laccase activity relies on four copper atoms for substrate oxidation and for O2 reduction. Two of these copper atoms form a binuclear T3 copper centre which is similar but not identical to the one found in PPOs (Jones and Solomon, 2015). LACs possess in addition a type 1 copper atom (T1) and a type 2 copper atom (T2) (Table 1 and Figure 2). Because the S–Cu bond between T1 copper and a coordinating cysteine residue leads to strong absorption at ∼600 nm (Rodgers et al., 2010), LACs are also called blue-copper oxidases or enzymes (Hoegger et al., 2006). LACs possess one site for the one-electron substrate oxidation at the T1 copper (Solomon et al., 1996) and another for O2 reduction close to the trinuclear copper cluster (1 Cu in T2 + 2 Cu in T3) resulting in an overall E° for LACs of 0.4–0.8 V (Xu, 1997; Xu et al., 1998, 1999; Durão et al., 2006). The E° of T1, controlling the speed of electron abstraction from the substrate, represents the main limiting factor for both reaction speed and substrate specificity (Xu et al., 1996; Tadesse et al., 2008). The most influential residue on LAC E° is the axial residue at the T1 copper, which can either be coordinating (Met) or non-coordinating (Leu, Ile, and Phe) (Xu et al., 1999; Durão et al., 2006). The axial residue is responsible for roughly half (∼200 mV) of the observed natural variation in LAC E°, which is complemented by several second coordination sphere effects (Hadt et al., 2012). When the axial residue is methionine, it reduces the E° by coordinating the T1 together with the two histidines and one cysteine that are universally conserved, stabilising the oxidised intermediate form of the LAC (Ghosh et al., 2009). These low E° LACs are found primarily in bryophytes, insects, and bacteria. Previous reports using primary structure sequence alignment concluded that plant LACs also presented an axial methionine (Jones and Solomon, 2015; Mate and Alcalde, 2015). This is not however a general feature, and our systematic analysis of plant LACs revealed that 143 out of 194 LACs presented a non-coordinating leucine in the axial position of the T1 centre. Overall, paralogs with an axial leucine are likely to have high E° and are potentially involved in phenylpropanoid metabolism such as lignification. In contrast, LACs with an axial methionine and accordingly lower E°, such as ADE/LAC and AtLAC15, have been implicated in the oxidation of other phenolic substrates such as flavonoids.



Laccase Substrate Specificity

Laccases can oxidise various o- and p-mono- and diphenols, but also accept a broad range of other small phenolic and non-phenolic substrates such as phenolic heterocycles (phenothiazine), amines (aniline, diaminofluorene) and amides (syringamide) (Jeon and Chang, 2013; Reiss et al., 2013). Unlike other phenoloxidases, LACs are highly stable in time and temperature (Bourquelot and Bertrand, 1896; Hildén et al., 2009) and generally exhibit high optimal reaction temperatures (Figure 6A). The optimal pH of LACs is substrate specific, due to pH-dependent changes of substrate E°, easing the oxidation of phenolic substrates at higher pH compared to non-phenolic substrates which are pH independent (Rodgers et al., 2010). Because increasing pH concomitantly increases inhibition of the T2/T3 centre by OH–, the LAC activity profiles toward phenolic substrates are generally biphasic (Xu, 1997, 2001). Fungal LACs have however been reported to be more sensitive to these pH changes than the plant LAC from R. vernicifera (Nakamura, 1958). At lower pH, fungal LACs use a conserved aspartate residue around position 206 (Asp206) to deprotonate phenolic substrates (Madzak et al., 2006; Tadesse et al., 2008). Replacement of the Asp206 with an Asn leads to an increase of the optimal pH for phenolic substrates by almost two units but also significantly decreases its oxidation efficiency (Madzak et al., 2006; Mate et al., 2013). Primary sequence alignments show that this Asp is replaced with an Asn in most plant and bacterial LACs (Madzak et al., 2006). Both the presence of Asn and higher theoretical isoelectric points (Figure 6B) suggested that bacterial (Rosado et al., 2012; Martins et al., 2015) and plant LACs (Dwivedi et al., 2011) best operate in neutral to basic pH, in contrast to the acidic pH optimum for fungal LACs (Baldrian, 2006). To evaluate this assumption, we performed a meta-analysis of published enzymatic activity on both phenolic (SGZ and DMP) and non-phenolic synthetic substrates (ABTS). The comparison of enzymatic parameters between kingdoms is complicated as only a handful of plant LACs have been isolated and characterised (Bao et al., 1993; Ranocha et al., 1999; Telke et al., 2011; Jaiswal et al., 2014, 2015; Fang et al., 2015; Koutaniemi et al., 2015). Moreover, heterologous expression of plant LACs in bacteria or P. pastoris is possible (Wang X. et al., 2020) but often problematic. Heterologous expression has resulted in inactive enzymes (Sato et al., 2001) or enzymes displaying unexpected in vitro substrate preferences differing from whole plant functional studies (He et al., 2019). Overall, LAC activity for these different substrates was similar between kingdoms and showed a large variability within kingdoms (Figure 6C). Only bacterial LACs with phenolic substrates (SGZ and DMP) followed the assumption of higher pH optima (Figure 6D). In contrast, plant LACs presented an optimal pH similar to fungal LACs and the overall LAC activity independently of the kingdom depended more on the structure of the substrate used than the pH (Figures 6D,E). This observation implies that LACs can oxidise different substrates at different pH depending on their chemical structure. In addition, LAC activity can also be indirect, using small redox-shuttle mediators, to oxidise substrates that either have prohibitively high E° or do not fit their binding pockets. Altogether, the high E° and the capacity for indirect oxidation potentially enables LACs to oxidise a wide range of substrates.
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FIGURE 6. Bibliometric analysis of LAC enzymatic parameters. (A) Temperature optimum of LACs activity from fungi, prokaryota and plants. (B) Isoelectric points of LACs from the three kingdoms. Note that most of the isoelectric point data represent calculated values rather than experimental ones. (C) Km values of LACs from the three kingdoms for the classical non-phenolic substrate 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) and two common phenolic substrates (DMP, 2,6-dimethoxyphenol; SGZ, syringaldazine). (D) Optimal pH for the oxidation of ABTS, DMP and SGZ. (E) Schematic representation of LAC mediated oxidation of ABTS, DMP and SGZ.




Roles of Laccases

Laccases from all kingdoms are primarily involved in the metabolism of phenolic polymers. In plants, LACs oxidise lignin monomers to form lignin (Freudenberg et al., 1952). In wood-rotting fungi and bacteria, LACs have the opposite function of breaking down lignin (Ander and Eriksson, 1976; Bourbonnais and Paice, 1990; Majumdar et al., 2014). Other fungal, bacterial, and insect LACs are involved in the formation of polyphenolic pigments such as melanin, thus acting directly downstream of PPOs (Clutterbuck, 1972; Martins et al., 2002; Arakane et al., 2005). LACs produced by phloem sucking insects have been suggested to polymerise and inactivate defence-associated plant phenolics (Hattori et al., 2005). In plants, the functional importance of LACs in lignin biosynthesis was shown by genetic modulation studies in Arabidopsis (Berthet et al., 2011; Zhao et al., 2013, 2015; Schuetz et al., 2014; Wang et al., 2014), Brachypodium (Wang et al., 2015a), and Populus (Ranocha et al., 2002; Lu et al., 2013) (Table 2). Synergistic action of several LAC paralogs is necessary to control lignin amount and composition. In contrast to the Arabidopsis lac11 single mutant with no visible defects and the lac4/17 double mutant with only minor growth alterations in continuous light conditions (Berthet et al., 2011), the lac4/17/11 triple mutant is dwarfed, completely sterile and forms no lignin in its vascular tissues (Zhao et al., 2013). Beside lignification, specific LAC paralogs oxidise other phenylpropanoids to form stereo-specific (neo)lignans together with dirigent proteins in the Arabidopsis seed coat (Yonekura-Sakakibara et al., 2020). AtLAC15 and litchi ADE/LAC oxidise flavonoids, showing potential overlap in function with PPOs (Pourcel et al., 2005; Fang et al., 2015). Similar to lignin metabolism in which different LACs either polymerise or break down the polymer, specific LAC paralogs are associated to either the anabolic or catabolic oxidation of flavonoids: AtLAC15 polymerises flavonoids into proanthocyanidin (Pourcel et al., 2005), whereas litchi ADE/LAC degrades anthocyanins (Fang et al., 2015). Altogether, their importance for vascular cell wall lignification makes LACs essential for plant growth, while other paralogs play additional roles in diverse aspects of other phenolic metabolism. However, the molecular mechanisms underlying their synergistic functions, distinct substrate specificity and anabolic/catabolic activities is still unclear.



Modelling the Structural Differences Between Laccase Paralogs

To evaluate how the overall protein structure and its substrate binding pocket topology related to the different roles/activity of specific LAC paralogs in plants, we built 3D protein homology models. Using the recently published AlphaFold 2 algorithm (Jumper et al., 2021), we computed 3D models for all 17 A. thaliana LAC paralogs as well as five paralogs from other plant species previously functionally characterised (Figure 7). The AlphaFold 2 models were consistently of considerably better quality (as estimated by discrete optimised protein energy, or DOPE; Shen and Sali, 2006) than those computed using traditional single template modelling based on the crystal structure of the only crystallised plant laccase ZmLAC3 (Xie et al., 2020; Supplementary Figure 3). The high quality of these models allowed us to precisely measure the substrate binding pocket volume, compactness or pocket shape (the pocket volume relative to the protein surface forming the pocket), mouth area (the steric limitation of the entrance to reach the binding pocket), and depth (distance to the protein surface of the two histidines—451 and 519 in ZmLAC3—coordinating the T1 copper) for each paralog.


[image: image]

FIGURE 7. Structural analysis of modelled LAC binding pockets. (A–D) AlphaFold2 structural predictions of AtLAC15, AtLAC12, ADE/LAC, and ChLAC8. The binding pocket volume detected with CASTp is shown in yellow, the copper atoms in brown and the histidines coordinating the T1 copper in blue. (E) Hierarchical clustering of LACs based on the topology of their substrate binding pockets. Pockets were characterised using binding pocket volume, mouth area (the surface area of the yellow pocket volume that is not obscured behind the semi-transparent protein surface) and compactness (pocket volume relative to pocket forming protein surface area), as well as the distance from the protein surface of the two T1 coordinating histidines at the bottom of the pocket (451 and 519 in ZmLAC3). The results for the binding pocket from the crystal structure of ZmLAC3 are indicated by a dashed line. The quality of each individual model is colour coded, where values below –1.2 indicate native-like models. Trametes versicolor LacIIIb (PDB identifier 1KYA) was included for validation, showing expected increases in binding pocket size and mouth area in the targeted mutagenesis LacIIIb versions F265A, F332A, F162A, and F162A/F332A but not in F337A. PDB, crystal structure from the protein database; AF2, AlphaFold 2 model.


To validate the reliability of our modelling approach for such precise measurements, we generated 3D models for the wild-type and multiple point-mutants of the fungal LAC IIIb from Trametes versicolor. The structure of the wild-type enzyme had been solved by X-ray crystallography (Bertrand et al., 2002; PDB: 1KYA) and revealed that the binding pocket is gated by multiple phenylalanines. Galli et al. (2011) generated multiple Phe to Ala point-mutants in these residues and showed that this enabled bulkier substrates to be oxidised more efficiently. This observation suggested that the Phe to Ala replacements increased the size of the binding pocket and/or of the binding pocket mouth (Galli et al., 2011). Indeed, our modelling analysis showed that replacements F162A, F265A, F332A, and F162A/F332A increased entrance area, confirming the structural consequences of these mutations (Figure 7E). In contrast, the replacement of F337, which is involved in electron transport but not pocket formation (Galli et al., 2011), had no effect on binding pocket topology (Figure 7E). Having validated our modelling approach, we used it to characterise the binding pockets of the multiple plant LAC paralogs. The plant LAC binding pockets were delimited by regions that were highly variable in both sequence and structure, exhibiting no conserved gating residues (Figure 7). However, in paralogs with larger binding pockets, bulky residues such as Phe, Tyr, and Pro (Pro265 and Phe352 in ChLAC8, Pro276 and Phe362 in AtLAC12; Figures 7B,D and Supplementary Video 1) fulfilled a structural role similar to the ones of the Phe gating the entrance of the T. versicolor LAC (Figure 7E). These residues delineated a binding pocket mouth relatively far away from the T1 copper-coordinating histidine (roughly 11Å in ChLAC8 and AtLAC12), likely restricting the access to specific substrates that can fully enter the binding pocket to reach the active site. In contrast, in paralogs with smaller binding pockets, these bulky residues are replaced with smaller ones and/or oriented away from the binding pocket (Glu161 and Asn438 in ADE/LAC, Ala159 and Ile268 in AtLAC15, Figures 7A,C and Supplementary Video 1). This placed the entrance of the pocket closer to the active site (∼6Å in AtLAC15, ∼7Å in ADE/LAC), facilitating access to the active site. Altogether the different combinations of binding pocket size, mouth area, and pocket shape suggest that the different modelled LAC paralogs are likely adapted to specifically oxidise different substrates. LACs with smaller and more exposed pockets could oxidise single groups/tails/sidechains of bulkier substrates, whereas LACs with larger binding pockets would require smaller or more specific substrates to enter the pocket.

When considering the substrate stabilisation and its deprotonation, previous assumptions based on 2D sequence alignments predicted higher optimal reaction pH for plant LACs. The analyses of the 3D models of plant LACs showed that, similar to the structure of ZmLAC3 (Xie et al., 2020), the residue analogous to the fungal Asp206 in plants is in position 449 (Glu449) and filled by a Glu in 157 paralogs or by an Asp in 21 paralogs of the 194 plant LACs analysed (Supplementary Movie 1). Both Glu and Asp residues in this position facilitate phenolic deprotonation similarly to the Asp206 of fungal LACs (Madzak et al., 2006). Among the 3D-modelled paralogs, the prediction for a higher pH optimum only holds for ADE/LAC (with a glutamine), AtLAC14 (with an asparagine) and AtLAC15 (with a glycine). In contrast to previous prediction, our analysis suggested that both the oxidative capacity and pH optimum of plant LACs are generally similar to their fungal homologs except for a few paralogs with higher pH optimum. Our analysis further corroborated the empirical measurements (Figure 6) showing similar pH optima between purified plant and fungal LACs. These results highlight the universal importance of key conserved residues for deprotonating phenolic substrates.

Hierarchical clustering of all the different LAC paralogs based on binding pocket topology resulted in five clusters which showed considerable overlap with previously published functional similarities (Figure 7E). The cluster with LAC paralogs known to oxidise flavonoids had the smallest binding pockets with moderate (AtLAC15) to minimal (ADE/LAC) compactness and pocket mouth areas (Figure 7E). Another cluster grouped paralogs pivotal for vascular lignification (AtLAC4 and AtLAC11) as well as CoLAC1 shown to preferentially oxidise lignin hydroxyphenyl (H) residue precursors of lignin (Hiraide et al., 2021). This group presented intermediate sized binding pockets of generally low compactness gated by mostly small mouth area (Figure 7E). In contrast, LAC paralogs shown to alter lignin G residue accumulation in loss/gain-of-function experiments (AtLAC17, MsLAC1, and CoLAC3; Table 2) were grouped by intermediate sized binding pockets of intermediate compactness gated by variable sized mouth area (Figure 7E). AtLAC5, 8, and 12 formed a cluster with the larger pockets of intermediate compactness and gating, whereas AtLAC9 and ChLAC8 constituted the group with the largest pocket and moderate to high compactness and mouth areas (Figure 7E). In line with the observations previously made on the crystal structure of ZmLAC3 (Xie et al., 2020), all analysed plant LAC protein structures exhibited much deeper binding pockets of lower compactness than fungal LACs (Figure 7E). This observation suggested that plant LACs might be less efficient in the oxidation of bulky substrates such as large lignin polymers. Lastly, our results showed that little correlation linked LAC function/activity to their phylogenetic relationship. The clustering according to binding pocket topology differed drastically from that based on sequence homology (Supplementary Figure 4) but better reflected LAC function/activity. This approach might thus be the more reliable approach to predict functional similarities in LACs.



COMMON FEATURES OF PHENOLOXIDASES


Critical Comparison of Phenoloxidases

The biological requirement for so many different and diverse phenoloxidases in plants remains unclear. However, their increasing paralog numbers suggest pivotal roles in plant development and/or stress response, especially for PRXs and LACs. The extreme diversity of phenoloxidases and their functional roles can partly be explained by differences in localisation and activation. Their regulation can be separated into constitutive or inducible phenoloxidases which will act at specific subcellular sites in distinct cell types during development and/or stress response. The distinction between constitutive and inducible phenoloxidases, generally defined at the transcriptional level, provides long-term and short-term responses respectively. When considering lignin formation for example, the function(s) of phenoloxidases will either be constitutive during growth (formation of vascular tissues—Zhao et al., 2013), inducible for growth under constraints (altered by gravity in reaction wood—Hiraide et al., 2021) or induced during biotic stress response (bacterial infection in leaves—Lee et al., 2019). We can subcategorise constitutive phenoloxidases into “in action” or “in waiting,” as phenoloxidases can be regulated by proteolytic activation and/or substrate availability. An example of phenoloxidases “in waiting” are PPOs in apple fruits, which only become active when the tissue is ruptured. Phenoloxidases that are constitutively “in action” include cell wall resident LACs in the vasculature, which continuously lignify the cell wall long after the cell itself has died (Pesquet et al., 2013, 2019; Ménard et al., 2021). Another aspect behind the diversity of phenoloxidases is their capacity to synergistically act in the same reaction cascade by sequential action or complex formation (Barros et al., 2015). Sequential action of different groups of phenoloxidases occurs in melanin formation, where initial oxidation of amino acids by PPOs is followed by the polymerisation of the intermediates by LACs. On the other hand, the functional roles of potential heteromeric protein complexes, especially in LACs, are still completely unclear. Altogether, the various complementary modes of action of phenoloxidases call for future extensive functional studies to investigate the genetic and physical interactions of phenoloxidases at the cellular and subcellular levels.



Direct and Indirect Oxidation Mechanisms

The identity of the biological substrates oxidised by plant phenoloxidases and the factors determining the direction of the oxidative reaction (polymerising or depolymerising) in the metabolism of phenolic polymers remain open questions. Most if not all phenoloxidases can use indirect reaction via radical redox shuttle mediators. In lignolytic fungal PRXs, MnPs activity is mediated by the oxidation of Mn2+ to Mn3+ to cleave lignin (Wariishi et al., 1991), whereas LiPs use a veratryl alcohol mediator (Harvey et al., 1986; Akamatsu et al., 1990). VPs are called versatile for their capacity to oxidise substrates both directly and through Mn2+ mediators (Gómez-Toribio et al., 2001). The presence and identity of mediators has also been suggested to determine the direction of the oxidative reaction (Jeon and Chang, 2013; Hilgers et al., 2018). Some fungal LAC paralogs that polymerise phenolic moieties into lignin-like structures in the absence of mediators will instead break-down polymers in the presence of mediators (Bourbonnais et al., 1995; Shleev et al., 2006; Maijala et al., 2012; Munk et al., 2015). The mediators involved in lignin depolymerisation in vivo are still unknown and candidates include (i) small lignin-related monomeric phenolics such as vanillin, ferulic acid or syringylic compounds (Lahtinen et al., 2009; Cañas and Camarero, 2010), (ii) Mn2+ (Schlosser and Höffer, 2002), and/or (iii) secreted hydroquinones (Wei et al., 2010). The presence of these mediators however cannot be the only factor determining the direction of the oxidative reaction because many predicted mediators are present during plant cell wall lignification and even incorporated into lignin (Barros et al., 2015). In fact, easily oxidised compounds such as coniferyl alcohol, p-coumarate (Takahama et al., 1996; Ralph et al., 2004) or Mn2+/Mn3+ (Önnerud et al., 2002) can be used as intermediate to transfer the radical charge to growing lignin polymers, oligomers and/or bulky monomers. Altogether, it appears that both substrate specificity and the direction of oxidising reaction are defined by a combination of protein structure, binding pocket anatomy, mediator availability, and other not yet determined reaction conditions or interactions.



Limitation of Phenoloxidase Activity by Co-substrate Availability

Every phenoloxidase requires a specific co-substrate to oxidise phenolic compounds, H2O2 for PRX and O2 for PPOs and LACs. Local control of O2 and H2O2 concentrations therefore represents an essential aspect regulating the in situ activity of phenoloxidases. Although present in high concentrations in the atmosphere, O2 concentration in plant tissues generally decreases with increasing distance from the epidermis (Spicer and Holbrook, 2005) and lignified tissues such as wood mostly remain in a state of hypoxia (Sorz and Hietz, 2006; Gansert and Blossfeld, 2008). To increase aeration, O2 not only diffuses inward from the air through the bark (Sorz and Hietz, 2006), but is also transported throughout the plant by the xylem sap (Gansert, 2003). However, even in aqueous solutions in equilibrium with the atmosphere, the dissolved O2 concentration is only roughly equivalent to the fungal LAC Km toward O2 (Xu, 2001; Zumarraga et al., 2008). This suggests that in conditions of phenolic substrate excess, LAC activity in planta is limited by O2 just like LAC activity in vitro in aqueous solutions (Ortner et al., 2015). To fuel PRX activity, H2O2 production directly depends on the activity of plasma membrane localised NAPDH oxidases, also called respiratory burst oxidase homolog (RBOH), which release superoxide O2⋅– that is then dismutated by superoxide dismutase (SOD) to form H2O2 (Podgórska et al., 2017). Both the dismutation reaction by SOD to form H2O2 and its breaking down by catalase release O2, and both SOD and catalase activity have been detected in the cell wall (Podgórska et al., 2017). Interestingly, H2O2 production in plants is enhanced in condition of hypoxia (Vergara et al., 2012). Generation and transport of reactive oxygen species, and the associated O2 produced by their dismutation and breakdown, might therefore be an underestimated regulator of not only PRX, but also LAC activity.



Impact of pH on Phenoloxidase Activity and Phenolic Compound Oxidation

Our metadata analysis revealed differences between optimal pH and substrate type for phenoloxidases (Figure 6D), suggesting that local pH represents an essential factor which controls the activity of phenoloxidases. Local pH also directly affects the E° of phenolic substrates and facilitates their oxidation at higher pH. Some phenolic compounds, such as L-DOPA or pyrogallol, even auto-oxidise and polymerise non-enzymatically at neutral and higher pH (Gao et al., 1998; Eslami et al., 2012). This potential regulation of phenoloxidase activity and phenol oxidation by pH is of particular interest when considering that tracheary elements, the water conducting cells of vascular plants, accumulate their lignin post-mortem (Pesquet et al., 2013, 2019; Barros et al., 2015; Ménard et al., 2021) once their cell wall is exposed to xylem sap. Available data shows that the pH of the xylem sap is consistently 1 to 2 units higher than that of the cell wall in living cells (Table 3). Additionally, xylem sap pH is highly regulated with developmental state in each organ, time of the day and season (Alves et al., 2004; Aubrey et al., 2011) as well as in response to environmental stress conditions such as water availability (Wilkinson and Davies, 1997; Gloser et al., 2016; Pagliarani et al., 2019). The tight regulation of pH at the level of every cell, if not in every cell wall layer, undergoing phenolic oxidation might represent an additional mechanism to control phenoloxidase activity in development and stress response.


TABLE 3. Xylem sap and cell wall pH in different plant species.
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CONCLUSION

Phenoloxidases include multiple unrelated and very diverse enzymes responsible of oxidising phenolics. From a mechanistic perspective, phenoloxidases could show relatively little substrate specificity due to indirect oxidation mechanisms using mediators and long-range electron transfer. LACs and class III PRXs have been suggested to act redundantly in the oxidative polymerisation of the earth’s most abundant phenolic polymer, lignin (Boerjan et al., 2003; Ralph et al., 2004). This assumption, based on the low substrate specificity of these different phenoloxidases when oxidising small phenolics in vitro, is effectively supported by the multitude of “non-canonical” constituents incorporated in lignin such as flavonoids (Lan et al., 2015) and hydroxystilbenes (del Río et al., 2017). However, these observations rarely differentiate between the cell walls of different cell types, as well as between their different cell wall layers, which exhibit drastically distinct monomeric composition, amount and structure of lignin (Terashima and Fukushima, 1988; Terashima et al., 2012; Blaschek et al., 2020a,b; Mottiar et al., 2020; Yamamoto et al., 2020). As cell wall lignification is a cell-cell cooperative process (Pesquet et al., 2013; Smith et al., 2013) mediated by the release of mobile lignin monomers in the apoplast, lignin formation in the specific cell wall layers of each cell type will require a directing force to control their distinct amount and composition, such as using different combinations of phenoloxidases. Whether the potential non-redundant roles of phenoloxidases are due to intrinsic differences in monomer specificity, sequential action, or distinct requirements in the catalytic environment still remains unclear. In addition, the phenoloxidases glycosylation state, nature of mediators, cell wall micro-environments, and protein interactions have all been shown to affect activity, specificity, and even reaction direction (anabolic vs. catabolic). Altogether, we are only beginning to understand the diverse roles played by phenoloxidases. Further research, focusing on comprehensive in situ functional characterisation of these phenoloxidases, will be necessary to clarify their precise roles and regulation.



METHODS


Evolution of Phenoloxidase Gene Families

The numbers of paralogs (Table 1 and Figure 3) are taken from the bibliography or, in the case of PRXs, from PeroxiBase (Savelli et al., 2019). The time since divergence from A. thaliana for each species was taken from the timetree project (Kumar et al., 2017).



Structure and Sequence Conservation in Phenoloxidases

One plant phenoloxidase with resolved crystal structure was chosen per group to visualise secondary structure and coordinating residues (Figure 2). Sequence conservation was estimated based on a multiple sequence alignment of all full-length paralogs from P. patens (formerly named Physcomitrella patens), Selaginella moellendorffii, B. distachyon, and P. trichocarpa.



Laccase Phylogeny

Laccase sequences were identified by protein blast against all 17 A. thaliana LACs in P. trichocarpa, Zostera marina, B. distachyon, Amborella trichocarpa, S. moellendorffii, P. patens, M. polymorpha, C. braunii, V. carteri, C. reinhardtii (NCBI), Picea abies1 (Sundell et al., 2015), and A. filiculoides2 (Li et al., 2018). Sequences that were duplicates, incomplete, or missing core copper binding motifs (McCaig et al., 2005) were removed, and Signal peptides and extensive gaps were trimmed. The non-LAC sequences that remained after this filtering (exclusively ascorbate oxidases) were included as an outgroup. An appropriate amino acid replacement model (WAG with empirical frequencies and a proportion of invariant sites) was selected with ModelTest-NG v0.1.5 (Darriba et al., 2020). MrBayes v3.2.2 (Ronquist et al., 2012) was run on CIPRES3 (disabled BEAGLE) for one million generations to compute the phylogenetic tree (for the log-likelihood plot of chain convergence; see Supplementary Figure 2). The tree was visualised in R v4.0.4 using the “treeio” v1.14.3 (Wang L.-G. et al., 2020) and “ggtree” v2.4.1 (Yu et al., 2017) packages.



Laccase Homology Modelling

Laccase homology models were built using AlphaFold 2 with amber relaxation (Jumper et al., 2021) based on MMseqs2 multiple sequence alignments (Mirdita et al., 2019). Signal peptides of the modelled sequences were removed using SignalP v4.1 (Petersen et al., 2011). The single template models in Supplementary Figure 4 were built using Modeller v10.1 (Webb and Sali, 2016), based on the crystal structure of the maize laccase ZmLAC3 (PDB: 6klg; Xie et al., 2020), including the 4 copper ions as rigid bodies. A total of 30 single-template models were built per paralog (5 individual models with 5 loop-refinement iterations each). Model quality was assessed using modeller’s normalised DOPE score (Shen and Sali, 2006). For each model, the distances of the T1 copper coordinating histidines from the protein surface were estimated using DEPTH v2.0.0 (Tan et al., 2013). Binding pockets were characterised using CASTp (Tian et al., 2018) with a probe radius of 1.4 Å. The correct binding pocket for each paralog was identified as the pocket formed by the highest number of residues aligning to the pocket-forming residues of ZmLAC3. Pocket compactness was calculated as [image: image], where V is the volume of the binding pocket and A is the protein surface area forming the pocket. Modelled protein structures were visualised in UCSF ChimeraX v1.2.5 (Pettersen et al., 2021). The models were clustered based on the medians for each parameter using average linkage clustering in R v4.0.4. The correlations between the parameters used for clustering were moderate at most (Supplementary Figure 5). To compare the structure-based clustering with sequence homology, a bayesian phylogenetic tree was generated from the modelled sequences using the same approach as described in the previous paragraph. The two dendrograms were then compared using the “dendextend” package v1.14.0 (Galili, 2015) in R v4.0.4.
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Co-enzyme A (CoA) ligation of hydroxycinnamic acids by 4-coumaric acid:CoA ligase (4CL) is a critical step in the biosynthesis of monolignols. Perturbation of 4CL activity significantly impacts the lignin content of diverse plant species. In Populus trichocarpa, two well-studied xylem-specific Ptr4CLs (Ptr4CL3 and Ptr4CL5) catalyze the CoA ligation of 4-coumaric acid to 4-coumaroyl-CoA and caffeic acid to caffeoyl-CoA. Subsequently, two 4-hydroxycinnamoyl-CoA:shikimic acid hydroxycinnamoyl transferases (PtrHCT1 and PtrHCT6) mediate the conversion of 4-coumaroyl-CoA to caffeoyl-CoA. Here, we show that the CoA ligation of 4-coumaric and caffeic acids is modulated by Ptr4CL/PtrHCT protein complexes. Downregulation of PtrHCTs reduced Ptr4CL activities in the stem-differentiating xylem (SDX) of transgenic P. trichocarpa. The Ptr4CL/PtrHCT interactions were then validated in vivo using biomolecular fluorescence complementation (BiFC) and protein pull-down assays in P. trichocarpa SDX extracts. Enzyme activity assays using recombinant proteins of Ptr4CL and PtrHCT showed elevated CoA ligation activity for Ptr4CL when supplemented with PtrHCT. Numerical analyses based on an evolutionary computation of the CoA ligation activity estimated the stoichiometry of the protein complex to consist of one Ptr4CL and two PtrHCTs, which was experimentally confirmed by chemical cross-linking using SDX plant protein extracts and recombinant proteins. Based on these results, we propose that Ptr4CL/PtrHCT complexes modulate the metabolic flux of CoA ligation for monolignol biosynthesis during wood formation in P. trichocarpa.

Keywords: protein interaction, monolignol biosynthesis, wood formation, Populus trichocarpa, BiFC, metabolic flux


INTRODUCTION

Lignin was first described in 1839 as an “incrusting material of wood” by Payen (1839). Since then, there have been many diverse efforts to resolve the function, structure, formation, and biodegradation of this intriguing constituent of the plant secondary cell wall (SCW) (Sarkanen and Ludwig, 1971; Gross, 1979; Higuchi, 1985, 1990; Boerjan et al., 2003; Weng and Chapple, 2010; Ralph et al., 2019). Lignin is one of three major components in the SCW of vascular plants, along with cellulose and hemicelluloses (Sarkar et al., 2009; Albersheim et al., 2010). In the SCW, lignin interweaves with cellulose and hemicelluloses to form lignin–carbohydrate complexes (LCCs) through covalent linkages, such as (phenyl) glycosidic, acetal, ester, and ether bonds (Jung, 1989; Jin et al., 2006; Du et al., 2013, 2014; Tarasov et al., 2018). Depending on the plant species and biomass origin, lignin content can vary from 18–35% in woody plants and 7–30% in herbaceous plants (Sun and Cheng, 2002; Rowell et al., 2005; Pauly and Keegstra, 2008; Gupta et al., 2014).

Lignin is a heterogeneous phenolic polymer and the second most abundant biopolymer on earth, accounting for ∼30% of the organic carbon in the terrestrial biosphere (Boerjan et al., 2003). Lignin is synthesized through oxidative radical coupling (Ralph et al., 2004) and polymerized from three canonical monolignol precursors, 4-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol, which form the three major subunits of lignin, referred to as 4-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) subunits, respectively (Higuchi, 1997). The composition of lignin is highly malleable (Sederoff et al., 1999; Ralph, 2010; Vanholme et al., 2012; Mottiar et al., 2016) and can vary greatly in the proportion of traditional subunits, in the types of linkages, and in the incorporation of non-canonical monomers into the lignin polymer. The incorporation of dihydroconiferyl alcohol (Ralph et al., 1997), caffeyl alcohol (Chen et al., 2012), ferulate (Wilkerson et al., 2014), tricin (Lan et al., 2015), hydroxystilbene (Carlos del Río et al., 2017), benzoate (Kim et al., 2020), and hydroxycinnamic amides (del Río et al., 2020) in lignin have been documented.

The deposition of lignin is crucial to support the plant body by providing mechanical rigidity, facilitating water transport due to its hydrophobicity, and preventing natural biomass degradation by its highly irregular chemical structure and its resistance to biotic and abiotic stresses (Hu et al., 1999; Tzin and Galili, 2010; Miedes et al., 2014; Bomble et al., 2017). Lignin also confers recalcitrance to lignocellulosic feedstocks for bioenergy and industrial applications, adversely impacting biomass utilization for biofuel and pulp/paper production (Himmel, 2009). Lignin content, composition, and biomass density are significant contributors to biomass recalcitrance (Campbell and Sederoff, 1996; Novaes et al., 2010).

In angiosperms, the lignin is predominantly polymerized from S and G monolignols, while in most gymnosperms, lignin is mainly formed from G monolignols. The relative abundance of H monolignols is usually below 1% in the angiosperms, but it can be higher in monocot grasses (∼5%) (Barrière et al., 2007; Vanholme et al., 2010) or more elevated in compression wood of gymnosperms (Yeh et al., 2006; Nanayakkara et al., 2009). Moreover, within the same plant species, the deposition of different types of monolignols can also vary. For example, in woody dicots, G subunits are enriched in vessels, and S subunits are enriched in fibers (Wang et al., 2018). The spatiotemporal deposition of monolignols within individual cell types could be modulated in an enzyme-specific or cell type-specific manner during monolignol biosynthesis, which remains to be investigated further (Guo et al., 2010; Zhao et al., 2010; Barros and Dixon, 2020).

Monolignol biosynthesis, originates from the shikimate pathway (Brown and Neish, 1955; Vogt, 2010), is often depicted as a biosynthetic grid rather than a linear pathway (Figure 1). The monolignol biosynthetic pathway begins with the conversion of phenylalanine through sequential enzymatic reactions, starting with deamination, followed by hydroxylation, coenzyme A (CoA)-ligation, transesterification, methylation, reduction, and oxidation (Whetten and Sederoff, 1995; Higuchi, 2003; Raes et al., 2003; Hamberger et al., 2007; Liu, 2012; Lu et al., 2013; Shen et al., 2013; Lin et al., 2016; Deng and Lu, 2017). In Populus trichocarpa, 23 xylem-specific enzymes within 11 protein families were proposed to be involved in monolignol biosynthesis, which includes ammonia lyase [e.g., phenylalanine ammonia-lyase (PAL)], ligase [e.g., 4-coumaric acid:CoA ligase (4CL)], acyltransferase [e.g., 4-hydroxycinnamoylCoA:shikimic acid hydroxycinnamoyl transferase (HCT)], hydrolase [e.g., caffeoyl shikimate esterase (CSE)], reductase [e.g., cinnamoyl CoA reductase (CCR)], alcohol dehydrogenase [e.g., cinnamyl alcohol dehydrogenase (CAD)], methyltransferase [e.g., caffeoyl-CoA O-methyltransferase (CCoAOMT), 5-hydroxyconiferaldehyde O-methyltransferase (COMT)], and cytochrome P450 monooxygenases [e.g., cinnamate 4-hydroxylase (C4H), p-coumaroyl shikimate 3′-hydroxylase (C3′H), and coniferaldehyde 5-hydroxylase (CAld5H)] (Shi et al., 2010; Saleme et al., 2017; Wang et al., 2018). Recently, in Brachypodium distachyon and Arabidopsis thaliana, a non-membrane bound cytosolic ascorbate peroxidase that catalyzes the direct 3-hydroxylation of 4-coumarate to caffeate in lignin biosynthesis was identified as a coumarate 3-hydroxylase (C3H), which should be distinguished from the activity of C3′H (Barros et al., 2019). Highly coordinated mechanisms among the monolignol biosynthetic enzymes have been revealed in several model plants and described quantitatively using mathematical modeling (Lee and Voit, 2010; Lee et al., 2012; Wang et al., 2014; Faraji et al., 2015, 2018). Many strategies have been successfully deployed to reduce the recalcitrance of the cell walls to improve biomass utilization by identifying natural variants (MacKay et al., 1997; Studer et al., 2011; Chanoca et al., 2019) or by genetic manipulation of the relative abundance of the monolignol biosynthetic enzymes (Eckardt, 2002; Baucher et al., 2003; Vanholme et al., 2008; Weng et al., 2008; Poovaiah et al., 2014; Peña-Castro et al., 2017; Wang et al., 2018). Conversion of lignin to valued-added bioproducts has also been proposed by lignin valorization (Ragauskas et al., 2014; Upton and Kasko, 2016; Gillet et al., 2017) and lignin manipulation (Welker et al., 2015; Lin and Eudes, 2020).
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FIGURE 1. A section of the proposed monolignol biosynthetic pathway in Populus spp. The H, C, G, and S refer to the type of subunits in lignin, 4-hydroxyphenyl, catechyl, guaiacyl, and syringyl, respectively. Reaction A indicates 4CL activity for the formation of 4-coumaroyl-CoA from 4-coumaric acid, and reaction B indicates 4CL activity for the formation of caffeoyl-CoA from caffeic acid. C4H, cinnamate 4-hydroxylase; C3H, p-coumarate 3-hydroxylase; C3′H, p-coumaroyl shikimate 3′-hydroxylase; 4CL, 4-coumarate CoA ligase; HCT, 4-hydroxycinnamoyl-CoA:shikimic acid hydroxycinnamoyl transferase; CSE, caffeoyl shikimate esterase. Enzymes in parenthesis indicate the distinguished reactions for the specific hydroxylation of monolignols.


Although metabolic grids describe pathways as two-dimensional processes, most intracellular enzymes operate as aggregates with tight or loose association within biosynthetic sequences (Nester et al., 1967; Ginsburg and Stadtman, 1970; Winkel, 2009; Sweetlove and Fernie, 2013; Schmitt and An, 2017). These protein aggregates can be multienzyme complexes, which are sometimes conceived to be a set of functionally related and physically associated proteins with a highly organized structure (Ginsburg and Stadtman, 1970). Different protein–protein interactions among the biosynthetic enzymes within the multienzyme complexes can possess physiologically significant regulatory roles, such as compartmentation, metabolite channeling, or catalytic facilitation (Gaertner et al., 1970; Masters, 1977; Stafford, 1981; Luckner, 1984; Hrazdina and Wagner, 1985a; Hrazdina and Jensen, 1992; Winkel, 2004; Williams et al., 2011). Several multienzyme complexes have been described for the biosyntheses of tryptophan (Miles, 2001), shikimate (Giles et al., 1967), polyamines (Panicot et al., 2002), camalexin (Mucha et al., 2019), and cyanogenic glucosides (Laursen et al., 2016). The “supramolecular complexes of sequential metabolic enzymes and cellular structural elements” have been defined as metabolons, which may be anchored on the endoplasmic reticulum (ER) by membrane-bound P450 monooxygenases (P450s) (Srere, 1985; Ovádi and Sreret, 1999; Weid et al., 2004; Jorgensen et al., 2005; Laursen et al., 2015; Obata, 2019).

Since 1974, multienzyme complexes were proposed for aromatic metabolism, including C6-C3 phenolic compounds, flavonoids, and monolignol biosynthesis (Stafford, 1974a, b; Winkel-Shirley, 1999, 2001). The metabolism of flavonoids and monolignols, involving PAL, C4H, and chalcone synthase (CHS), was proposed to be colocalized on the cytoplasmic face of the ER from Hippeastrum (Wagner and Hrazdina, 1984), and the involvement of P450s in phenylpropanoid metabolism had been suggested as membrane anchors (Ralston and Yu, 2006). A loose membrane-associated enzyme complex, including PAL, CHS, uridine diphosphate glucose (UDPG):flavonoid glucosyl transferase (UFGT), was revealed in buckwheat (Fagopyrum esculentum) to facilitate flavonoid biosynthesis through putative interactions with membrane anchors, such as C4H or flavonoid 3′-hydroxylase (F3′H) (Hrazdina and Wagner, 1985b; Hrazdina et al., 1987; Hrazdina, 1992). Evidence supports a flavonoid metabolon in A. thaliana (Burbulis and Winkel-Shirley, 1999), in which CHS and chalcone isomerase (CHI) interact with flavanone 3-hydroxylase (F3H) or dihydroflavonol 4-reductase (DFR) were confirmed by yeast two-hybrid (Y2H) interactions, affinity chromatography (AC) or co-immunoprecipitation (IP) assays (Burbulis and Winkel-Shirley, 1999). The participation of F3′H in the flavonoid metabolon had also been shown in Arabidopsis and rice. Using an Arabidopsis tt7 mutant that lacks the F3′H, the colocalization of CHS and CHI was disrupted (Winkel-Shirley, 2001; Winkel, 2004), while the association of F3′H with CHS1 has been demonstrated in rice using Y2H (Shih et al., 2008). Differential physical interactions among flavonoid enzymes with flavone synthase II (FNSII) for metabolon formation in flavone/anthocyanin biosynthesis had been elucidated in the plant Order Lamiales (mints, which includes snapdragons and torenia) using split-ubiquitin Y2H and biomolecular fluorescence complementation (BiFC) (Fujino et al., 2018). An isoflavonoid metabolon was also confirmed in soybean with the involvement of soluble enzymes [CHS, CHI, chalcone reductase (CHR)], and twin membrane-bound anchors [C4H and isoflavones synthase (IFS)] (Dastmalchi et al., 2016; Waki et al., 2016; Mameda et al., 2018). A bottleneck for isoflavone production was previously identified by the competition for flavanone between IFS and flavonoid biosynthesis (Liu et al., 2002).

In contrast to the more extensive understanding of multienzyme complexes involved in flavonoid biosynthesis, the identification of protein-protein interaction among monolignol biosynthetic enzymes has been long-postulated but not unambiguously established (Wagner and Hrazdina, 1984; Hrazdina and Wagner, 1985b; Winkel-Shirley, 1999; Biała and Jasiński, 2018). A membrane-bound enzyme complex was first reported at the entry point of the phenylpropanoid pathway using microsomal membrane fractions from potato tubers (Czichi and Kindl, 1975). The PAL-C4H association can use cinnamic acid formed by the PAL reaction as a more effective substrate than cinnamic acid added exogenously (Czichi and Kindl, 1977), while the disruption of the PAL-C4H interaction during the preparation of microsomes led to increased conversion of exogenous cinnamic acid using buckwheat seedlings (Hrazdina and Wagner, 1985b). Direct interactions for PAL-C4H were demonstrated in Nicotiana tabacum, by in vivo isotopic labeling and fluorescence energy resonance transfer (FRET) microscopy, to strengthen the evidence for metabolic channeling for the entry point of monolignol biosynthesis (Rasmussen and Dixon, 1999; Achnine et al., 2004).

Besides the PAL-C4H interaction, protein-protein interactions among the monolignol biosynthetic enzymes have been discovered around the early steps of the phenylpropanoid pathway through the advancements in plant biotechnology. In Arabidopsis, CYP73A5 (AtC4H) and CYP98A3 (AtC3′H) are colocalized on the ER membrane where they form homo- and heteromers, which is confirmed by fluorescence microscopy and tandem affinity purification (TAP) (Bassard et al., 2012). Two membrane steroid-binding proteins (AtMSBP1 and AtMSBP2) were recently identified to function as a scaffold to interact with all of the three monolignol P450 enzymes (AtC3′H, AtC4H, and AtF5H) by Y2H, BiFC, LC-MS, and IP assays (Gou et al., 2018). In Populus trichocarpa, a multienzyme membrane-bound protein complex among monolignol biosynthetic enzymes of PtrC3′H3/PtrC4H1/PtrC4H2 has been identified to catalyze both 4- and 3-hydroxylation of cinnamic acid derivatives in monolignol biosynthesis, which drastically increased enzyme metabolic efficiency (Chen et al., 2011). A heterotetrameric protein complex of Ptr4CL3-Ptr4CL5 was identified with novel enzymatic specificity, and the metabolic regulation of CoA ligation by the complex has been quantitatively described by predictive mathematical modeling (Chen et al., 2014).

Following the proposed metabolic sequence for the early steps of monolignol biosynthesis, HCT is expected to be the downstream partner of 4CL (Figure 1). Based on advanced fluorescence microscopy, a closer association of the ER membrane with At4CL1 and AtHCT was proposed for Arabidopsis (Bassard et al., 2012). However, the physiological function of the protein-protein interaction between 4CL and HCT has not been further characterized. To extend the understanding of the proposed lignin metabolon, we investigated the protein-protein interaction between Ptr4CL and PtrHCT in P. trichocarpa with a focus on the CoA-ligation function of Ptr4CL, which is crucial for the regulation of phenylpropanoid metabolic flux. First, we generated PtrHCT downregulated transgenic P. trichocarpa using RNA interference (RNAi). When PtrHCT1 or PtrHCT6 was downregulated in the PtrHCT RNAi transgenic plants, we observed a PtrHCT-dependent reduction in the CoA-ligation activities of Ptr4CLs, indicating a Ptr4CL-PtrHCT interaction. Second, we confirmed the Ptr4CL-PtrHCT protein-protein interaction using BiFC and pull-down assays. The Ptr4CL-PtrHCT enzyme complex was confirmed in vitro using purified recombinant enzymes. Using enzyme assays of mixed recombinant proteins, a numerical model was constructed to describe the behavior of Ptr4CLs in the Ptr4CL-PtrHCT complex and to predict the stoichiometry of the protein complex based on evolutionary computation (Chen et al., 2014). The mathematical model estimated the stoichiometry of the Ptr4CL-PtrHCT complex to be one subunit of Ptr4CL and two subunits of PtrHCT. Finally, the Ptr4CL-PtrHCT enzyme complex was validated by chemical cross-linking in wood forming tissues of P. trichocarpa, supporting the stoichiometry and molecular weight of the predicted Ptr4CL-PtrHCT complex.



RESULTS


Co-enzyme A Ligation Activity of Ptr4CL Is Reduced When PtrHCT Is Downregulated

The CoA ligation of hydroxycinnamic acids by 4CL creates an activated state of the acids in phenylpropanoid metabolism for monolignol biosynthesis. To investigate whether HCT interacts with 4CL and the biological significance of an interaction, we measured the 4CL activity when the expression of HCT was downregulated by RNA interference (RNAi). Previously, in P. trichocarpa, PtrHCT1 and PtrHCT6 were identified as two xylem-specific and xylem-abundant members of the PtrHCT family involved in monolignol biosynthesis (Shi et al., 2010). Three independent transgenic lines with specific downregulation of PtrHCT1 or PtrHCT6 by RNAi transgenesis were obtained (Supplementary Figure 1), which were used to evaluate how perturbations of PtrHCT may affect the activity, transcript level, and protein abundance of Ptr4CL.

First, crude protein extracts of stem-differentiating xylem (SDX) were used to measure the CoA ligation activities of 4CL toward 4-coumaric acid (Reaction A) and caffeic acid (Reaction B). Compared to wildtype (WT), 4CL activity was reduced by 30–47% in reaction A and by 29–43% in reaction B when PtrHCT1 was downregulated; while in the case of PtrHCT6 downregulation, the 4CL activity was also reduced by 31-65% in reaction A and by 23-70% in reaction B (Figure 2A). We then confirmed that the reduction in 4CL activity was not a result of reduced 4CL expression. Full transcriptome RNA-seq showed no significant difference in the transcript abundance of Ptr4CL3 or Ptr4CL5 between the HCT transgenics and WT P. trichocarpa (Figure 2B) and the absolute protein abundances of Ptr4CL3 and Ptr4CL5 were also consistent in the SDX of HCT transgenics and WT using protein cleavage isotope dilution mass spectrometry (PC-IDMS) (Supplementary Figure 2A). The specific downregulation of either PtrHCT1 or PtrHCT6 in the corresponding transgenic lines (Supplementary Figure 2B) suggests that the catalytic facilitation of Ptr4CL reactions by PtrHCT is specific, therefore PtrHCT may play a regulatory role in the CoA-ligation activities.
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FIGURE 2. Transcript abundance of SDX-specific Ptr4CLs and their activities in PtrHCT1 or PtrHCT6 RNAi-downregulated transgenic lines. (A) The CoA ligation activities toward 4-coumaric acid (Reaction A) and caffeic acid (Reaction B) using SDX extracts of WT, PtrHCT1, and PtrHCT6 RNAi-downregulated transgenic lines. The activities of Ptr4CL were measured using SDX extracts at 37°C for 30 min with 50 μM substrate (final concentration) in the assay solution [50 mM Tris–HCl buffer (pH 7.5), 2 mM MgCl2, 2 mM ATP, and 0.2 mM CoA]. (B) Transcript abundance of Ptr4CL3 (in gray) and Ptr4CL5 (in black) in WT, PtrHCT1, and PtrHCT6 RNAi-downregulated transgenic lines. RPM, reads per million. Error bars represent the mean ± standard error (SE) from three biological replicates (n = 3). Statistical testing was performed using Student’s t-test (∗p < 0.05; ∗∗p < 0.01).




Protein–Protein Interactions Between Ptr4CL and PtrHCT Revealed by BiFC

The presence of protein–protein interactions between Ptr4CLs and PtrHCTs was investigated using reciprocal BiFC. By fusing the Ptr4CLs or PtrHCTs to the N-terminal fragment of YFP (YFPN) or the C-terminal fragment of YFP (YFPC), we constructed eight BiFC vectors (Ptr4CL3-YFPN, Ptr4CL3-YFPC, Ptr4CL5-YFPN, Ptr4CL5-YFPC, PtrHCT1-YFPN, PtrHCT1-YFPC, PtrHCT6-YFPN, and PtrHCT6-YFPC) to evaluate their interactions systematically. Pair-wise combinations of BiFC vectors were co-transfected into P. trichocarpa SDX protoplasts. Positive YFP fluorescence was recorded as indication of Ptr4CL and PtrHCT interactions.

Bright YFP fluorescence signals were detected in P. trichocarpa SDX protoplasts when Ptr4CL3-YFPN was co-transfected with either PtrHCT1-YFPC or PtrHCT6-YFPC (Figures 3A,C) and, as well as, when Ptr4CL5-YFPN was co-transfected with either PtrHCT1-YFPC or PtrHCT6-YFPC (Figures 3E,G). Furthermore, the fluorescence signals of YFP were observed for reciprocal pair-wise combinations (Figures 3B,D,F,H). A negative control was included to validate the results of the BiFC assays by co-transfecting a β-glucuronidase (Gus)-fused YFP fragment individually with the eight BiFC vectors. No fluorescence signal was detected when Gus-YFPC was co-transfected with Ptr4CL3-YFPN, Ptr4CL5-YFPN, PtrHCT1-YFPN, and PtrHCT6-YFPN (Figures 3I–L), confirming the specificity of the interactions. The BiFC results revealed that Ptr4CLs (Ptr4CL3 and Ptr4CL5) might directly or indirectly interact with PtrHCTs (PtrHCT1 and PtrHCT6) in P. trichocarpa.
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FIGURE 3. Protein-protein interactions between Ptr4CLs and PtrHCTs were detected by reciprocal bimolecular fluorescence complementation (BiFC). (A) Ptr4CL3-YFPN was cotransformed with PtrHCT1-YFPC. (C) Ptr4CL3-YFPN was cotransformed with PtrHCT6-YFPC. (E) Ptr4CL5-YFPN was cotransformed with PtrHCT1-YFPC. (G) Ptr4CL5-YFPN was cotransformed with PtrHCT6-YFPC. (B,D,F,H) Reciprocal BiFC assays of (A,C,E,G). (I–L) Negative controls of BiFC assays. The Gus-YFPC were cotransformed with PtrHCT1-YFPN, PtrHCT6-YFPN (E), or Ptr4CL3-YFPN, Ptr4CL5-YFPN (F), as the negative controls.




Protein Pull-Down Assays Support the Formation of Ptr4CL-PtrHCT Complexes

We performed pull-down assays in SDX protein extracts of P. trichocarpa to verify the interactions between Ptr4CLs and PtrHCTs (Figure 4). Polyclonal antibodies for Ptr4CLs and PtrHCTs were produced and validated for their protein specificity in SDX extracts and purified recombinant proteins using western blotting. All four antibodies (anti-Ptr4CL3, anti-Ptr4CL5, anti-PtrHCT1, and anti-PtrHCT6) could specifically bind to their target proteins with minimal non-specific binding to other members of their protein families, confirming the suitability of these antibodies for use in pull-down assays (Supplementary Figure 3).
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FIGURE 4. Protein–protein interactions between Ptr4CLs and PtrHCTs were detected on western blots after pull-downs using SDX total protein extracts. SDX total protein extracts were independently incubated with recombinant proteins of Ptr4CL3, Ptr4CL5, PtrHCT1, and PtrHCT6 with a C-terminal 6 × His tag. The protein mixtures were affinity purified and analyzed by western blotting using anti-Ptr4CL3 (A) and anti-Ptr4CL5 (B) antibodies to identify interacting proteins. Recombinant proteins of Ptr4CL3, Ptr4CL5, PtrHCT1, PtrHCT6, and Gus were detected using His antibody (C). WB, western blot. Refer to Supplementary Figure 6 for the uncropped western blots.


If stable interactions exist between PtrHCTs and Ptr4CLs, the protein complexes could be separated from SDX crude extracts by affinity purification of one of the interacting proteins. The other interacting proteins could then be identified by western blotting using the protein-specific antibodies. Recombinant proteins of Ptr4CL3, Ptr4CL5, PtrHCT1, and PtrHCT6 fused with C- terminal six-histidine-tags (6 × His) were individually mixed with SDX crude extracts and then purified by immobilized nickel-affinity chromatography to isolate their interacting proteins. Gus-6 × His mixed with SDX crude extracts was included as a negative control. When Ptr4CL3-6 × His, Ptr4CL5-6 × His, PtrHCT1-6 × His, and PtrHCT6-6 × His were affinity purified from SDX, Ptr4CL3 was detected in all the pull-down samples using protein-specific antibodies (Figure 4A). Consistently, Ptr4CL5 was also detected as an interacting protein in all the pull-down samples (Figure 4B). None of the target proteins were detected when Gus-6 × His was pulled down from SDX crude extracts, confirming the specificity of the assays for identifying interacting proteins (Figures 4A,B). As positive controls, all the His-tag-fused recombinant proteins were able to be detected using His-tag antibody (Figure 4C). The results of the pull-down assays provided further evidence that PtrHCT interacts with Ptr4CL to form protein complexes in vivo.



Catalytic Activation of CoA-Ligation Activity in Ptr4CLs When Supplemented With PtrHCTs in vitro

To investigate the role of PtrHCTs and their effects on CoA-ligation in a Ptr4CL-PtrHCT complex, we used recombinant proteins to study changes in the Ptr4CL activity when PtrHCT is supplemented in the reaction mixture. CoA ligation activity with 4-coumaric acid (Reaction A) and caffeic acid (Reaction B) as substrates were measured for mixed enzyme assays of Ptr4CL (10 nM) and PtrHCT (40 nM). As a control, Ptr4CL reactions were supplemented with 40 nM of bovine serum albumin (BSA).

Ptr4CL3 activity was measured when supplemented with PtrHCT1 or PtrHCT6. Compared to Ptr4CL3 alone, the Ptr4CL3 activity toward 4-coumaric acid (Reaction A) increased by 43.4% when PtrHCT1 was added and by 40.9% when PtrHCT6 was added (Figure 5A). For caffeic acid (Reaction B), Ptr4CL3 activity increased by 39.7% and 36.6% when PtrHCT1 and PtrHCT6 were supplemented, respectively (Figure 5B). For Reaction A and Reaction B, the Ptr4CL3 activities did not significantly change when BSA was added (Figures 5A,B). Similar to Ptr4CL3, the activity of Ptr4CL5 also increased when PtrHCT1 or PtrHCT6 was present. For Reaction A, the activity of Ptr4CL5 increased by 164.7% when PtrHCT1 was present and by 140.5% when PtrHCT6 was present (Figure 5C). For Reaction B, Ptr4CL5 activity increased by 124.2% when PtrHCT1 was present and by 113.8% when PtrHCT6 was present (Figure 5D). The addition of BSA to the Ptr4CL5 activity assays also did not alter the CoA ligation rate (Figures 5A–D).
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FIGURE 5. CoA ligation activity with 4-coumaric acid (Reaction A) and caffeic acid (Reaction B) of recombinant Ptr4CL3 and Ptr4CL5 are affected by the presence of PtrHCT1 or PtrHCT6. (A) Reaction A of Ptr4CL3 with PtrHCTs. (B) Reaction B of Ptr4CL3 with PtrHCTs. (C) Reaction A of Ptr4CL5 with PtrHCTs. (D) Reaction B of Ptr4CL5 with PtrHCTs. Ptr4CLs were fixed at 10 nM, and PtrHCT concentration was fixed at 40 nM. Substrate concentration was fixed at 50 μM. Error bars represent one SE of three technical replicates. Statistical testing was performed using the Student’s t-test (**p < 0.01).


The catalytic activations of Ptr4CLs by PtrHCTs in the in vitro enzyme assays are consistent with the findings that Ptr4CL activity is reduced when the expression of PtrHCTs was suppressed in the PtrHCT RNAi transgenic lines in vivo. These results indicate a regulatory role of the PtrHCT for Ptr4CL activities in the Ptr4CL-PtrHCT protein complex. However, the enhancement of Ptr4CL activities by PtrHCTs might be underestimated due to the extent of Ptr4CL-PtrHCT complex formation in the in vitro enzyme assays.



Non-additive Co-enzyme A-Ligation Activity Due to PtrHCT Indicates a Specific Interaction Between Ptr4CL and PtrHCT

Changes in enzyme activities mediated by the interactions between Ptr4CL and PtrHCT can be used to infer the stoichiometry of the protein complex. We investigated how Ptr4CL activities would affected the conversion of 4-coumaric acid (Reaction A) or caffeic acid (Reaction B) when the molar concentration of PtrHCT was varied (from 0 to 40 nM), while the molar concentration of Ptr4CL was fixed at 10 nM.

The CoA ligation activity when only Ptr4CL3 or Ptr4CL5 is present was taken as the baseline rate (dashed lines in Figure 6). The activities of Ptr4CL3 and Ptr4CL5 toward 4-coumaric acid (Reaction A) are shown in Figures 6A–D. The activities of both enzymes increased when the molar concentration of PtrHCTs became higher. The increasing activity plateaued when the Ptr4CL-PtrHCT ratio is 1:2, except for Ptr4CL5-PtrHCT1, yielding the highest activity with a ratio of 1:4 (Figure 6C). The activities of Ptr4CL3 and Ptr4CL5 toward caffeic acid (Reaction B) were also examined and shown in Figures 6E–H. Similar to the case of Reaction A, both the activities of Ptr4CL3 and Ptr4CL5 for Reaction B were increased when the molar concentration of PtrHCTs became higher. An elevated CoA ligation activity was observed when the ratio of Ptr4CL and PtrHCT was around 1:2, except for Ptr4CL5 with PtrHCT6 that showed the elevated CoA ligation activity at 1:1 ratio (Figure 6H). However, the plateau effect for caffeic acid is less evident than in the 4-coumaric acid reaction for both Ptr4CL3 and Ptr4CL5. Taken together, non-linear deviations from the Ptr4CL activity baseline when reactions were supplemented with PtrHCT were consistently observed (Figure 6). The non-additive increase in the CoA-ligation activities when Ptr4CL interacts with PtrHCT indicated a specific formation of the complex. These quantitative data were then used for mechanistic modeling and numerical analysis to investigate the stoichiometry of the Ptr4CL-PtrHCT complex.
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FIGURE 6. Impact of Ptr4CL-PtrHCT complex formation on the CoA ligation of 4-coumaric acid (Reaction A) or caffeic acid (Reaction B). (A) Reaction A of Ptr4CL3 with increasing PtrHCT1 concentration. (B) Reaction A of Ptr4CL3 with increasing PtrHCT1 concentration. (C) Reaction A of Ptr4CL5 with increasing PtrHCT1 concentration. (D) Reaction A of Ptr4CL5 with increasing PtrHCT6 concentration. (E) Reaction B of Ptr4CL3 with increasing PtrHCT1 concentration. (F) Reaction B of Ptr4CL3 with increasing PtrHCT1 concentration. (G) Reaction B of Ptr4CL5 with increasing PtrHCT1 concentration. (H) Reaction B of Ptr4CL5 with increasing PtrHCT6 concentration. The concentration of Ptr4CL3 or Ptr4CL5 was fixed as 10 nM. Dashed lines indicate the baseline of activity of each Ptr4CL. Error bars represent SE of three replicates.




Mechanistic Modeling and Stoichiometry of Ptr4CL-PtrHCT Protein Complexes

To explore the stoichiometry of the Ptr4CL-PtrHCT complex, a quantitative model was developed to describe how the Ptr4CL-PtrHCT complex affects the overall reaction rate of Ptr4CL. The model was developed by a rule-based algorithm and an evolutionary computational optimization approach based on experimental estimates of enzyme activity (Supplementary Figure 4). Rule-based modeling can represent complex biochemical networks by building an interaction topology model between enzymes and substrates. The evolutionary computation method suggests the most suitable model through automatically mixing and matching potential interaction forms. This model contains both mechanistic modeling and numerical analysis, which has been successfully applied to reveal the functional redundancy of PtrCAld5Hs and the heterotetrameric interactions of the Ptr4CL complex (Wang et al., 2012; Chen et al., 2014; Song, 2014).

The model is based on experimental data and the mixed enzyme activity of Ptr4CLs in the Ptr4CL-PtrHCT complex (Figures 5, 6). The CoA ligation activities were given a fixed concentration of Ptr4CLs with different ratios of PtrHCTs toward 4-coumaric acid or caffeic acid were evaluated by numerical analysis according to the parameters for enzyme activity and enzyme ratios (Figure 6). The numerical analyses were used to measure the overall accuracy for stoichiometry predictions of the Ptr4CL-PtrHCT complex, evaluating the goodness-of-fit of models to the experimental data (Supplementary Figure 5). The model incorporated the enzyme activity under different ratios of Ptr4CL and PtrHCT and can indicate the stoichiometry of the complex based on the root mean square error (RMSE) and the Bayesian information criterium (BIC) (Schwarz, 1978). The parameters for optimizing the mechanistic modeling and the prediction of the stoichiometry of the Ptr4CL-PtrHCT complex were listed in Supplementary Table 2 toward 4-coumaric acid (Reaction A) and Supplementary Table 3 toward caffeic acid (Reaction B).

In most cases, both RMSE and BIC had the lowest values when the Ptr4CL to PtrHCT ratio is 1 to 2 (Figures 7A,B,D,E,F), except Ptr4CL5 showed a 1 to 3 ratio preference with PtrHCT1 for Reaction A and Reaction B (Figures 7C,G) and a 1 to 1 ratio preference with PtrHCT6 for Reaction B (Figure 7H). Although the numerical analysis indicates that the most likely protein complex is a heterotrimer of Ptr4CL-PtrHCT with one subunit of Ptr4CL and two subunits of PtrHCTs, other possible combinations predicted for the Ptr4CL5-PtrHCTs enzyme complex indicate there may be different specific interactions between Ptr4CLs and PtrHCTs when different isoforms become the predominant partners during monolingnol biosynthesis.
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FIGURE 7. Numerical analysis of CoA ligation activity for 4-coumaric acid (Reaction A) or caffeic acid (Reaction B) in model optimization process. (A) Ptr4CL3 to PtrHCT1 ratio for Reaction A. (B) Ptr4CL3 to PtrHCT6 ratio for Reaction A. (C) Ptr4CL5 to PtrHCT1 ratio for Reaction A. (D) Ptr4CL5 to PtrHCT6 ratio for Reaction A. (E) Ptr4CL3 to PtrHCT1 ratio for Reaction B. (F) Ptr4CL3 to PtrHCT6 ratio for Reaction B. (G) Ptr4CL5 to PtrHCT1 ratio for Reaction B. (H) Ptr4CL5 to PtrHCT6 ratio for Reaction B. RMSE, root mean squared error; BIC, Bayesian information criterion.




The Ptr4CL-PtrHCT Complex Formation in vivo in SDX

To obtain physical evidence for the stoichiometry of the Ptr4CL-PtrHCT complex, we mixed recombinant proteins of Ptr4CL and PtrHCT with a chemical cross-linker, dithiobis [succinimidyl propionate] (DSP) (Lomant and Fairbanks, 1976). The cross-linking of PtrHCT and Ptr4CL recombinant proteins was carried out with equal concentration (200 nM) of the interacting proteins. The cross-linked proteins were then resolved by SDS-PAGE, and detected using protein-specific antibodies. Using an anti-Ptr4CL3 antibody, Ptr4CL3 without cross-linking showed a protein band of ∼60 kDa, consistent with the molecular weight of a monomeric unit of Ptr4CL3 (Figure 8A, Lines 1 and 3). Cross-linking of Ptr4CL3 with PtrHCT1 or PtrHCT6 (Figure 8A, Lines 2 and 4) revealed a much larger protein band (∼160 kDa) in addition to the monomer, suggesting the presence of a protein complex. Similarly, using PtrHCT1 specific antibody for western blot detection, a protein band (∼160 kDa) was detected after cross-linking PtrHCT1 with Ptr4CL3 or Ptr4CL5 (Figure 8B, Lines 2 and 4). The protein band (∼160 kDa) approximates the molecular weight of the Ptr4CL-PtrHCT complex at a 1:2 ratio predicted by the numerical analysis.
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FIGURE 8. Detection of Ptr4CL-PtrHCT complexes in SDX extracts and recombinant proteins using chemical cross-linking by DSP. (A) Cross-linking of recombinant protein Ptr4CLs and PtrHCTs and detection by Ptr4CL3 specific antibody. Lane 1: Non-cross-linked recombinant Ptr4CL3 and PtrHCT1. Lane 2: Cross-linked recombinant Ptr4CL3 and PtrHCT1. Lane 3: Non-cross-linked recombinant Ptr4CL3 and PtrHCT6. Lane 4: Cross-linked recombinant Ptr4CL3 and PtrHCT6. (B) Cross-linking of recombinant protein Ptr4CLs and PtrHCTs and detection by PtrHCT1 antibody. Lane 1: Non-cross-linked recombinant Ptr4CL3 and PtrHCT1. Lane 2: Cross-linked recombinant Ptr4CL3 and PtrHCT1. Lane 3: Non-cross-linked recombinant Ptr4CL5 and PtrHCT1. Lane 4: Cross-linked recombinant Ptr4CL5 and PtrHCT1. (C) Detection of Ptr4CL-PtrHCT complexes in DSP cross-linked SDX extracts using PtrHCT1 specific antibody. (D) Detection of Ptr4CL-PtrHCT complex in DSP cross-linked SDX extract using PtrHCT6 specific antibody. WB, western blot. Refer to Supplementary Figure 6 for the uncropped western blots.


Furthermore, to obtain physiological evidence for the Ptr4CL-PtrHCT complex in vivo, we investigated the existence of the Ptr4CL-PtrHCT complex in crude SDX extracts of P. trichocarpa. The SDX extracts were cross-linked using DSP, resolved by SDS-PAGE, and detected using anti-PtrHCT antibodies. Compared to SDX extracts without chemical cross-linking, a protein band of ∼160 kDa was detected using PtrHCT1 specific antibody (Figure 8C), as well as PtrHCT6 specific antibody (Figure 8D). The estimated size of the bands is consistent with the expected size of the heterotrimeric Ptr4CL-PtrHCT complex for one unit of Ptr4CL and two units of PtrHCT. These results confirmed the presence of a Ptr4CL-PtrHCT complex when both proteins are present in the recombinant protein mixtures in vitro and in the SDX in vivo. The stoichiometry of the Ptr4CL-PtrHCT complex is likely to be a 1 to 2 ratio.




DISCUSSION

In this study, we provide several lines of evidence for a Ptr4CL-PtrHCT complex in P. trichocarpa, including (1) PtrHCT RNAi downregulated transgenic trees (Figure 2), (2) pair-wise combinations of BiFC (Figure 3), (3) protein pull-down from SDX extracts (Figure 4) and (4) enzyme activity using recombinant proteins (Figures 5, 6). By conducting the rule-based modeling and evolutionary computation, the most likely composition of the Ptr4CL and PtrHCT complex is predicted to have one subunit of Ptr4CL and two subunits of PtrHCTs (Figure 7). Finally, from chemical cross-linking of recombinant proteins and SDX crude extracts a protein band of ∼160 kDa was detected, which confirmed the predicted stoichiometry of a Ptr4CL-PtrHCT complex (Figure 8). In addition to the identification of protein-protein interactions between Ptr4CL and PtrHCT, the presence of PtrHCTs can facilitate the CoA ligation activity of Ptr4CLs for both 4-coumaric acid and caffeic acid (Figures 5, 6). This complex could play an important role in regulating the metabolic flux for CoA ligation in monolignol biosynthesis.


Evidence of a 4CL-HCT Complex and Its Physiological Function

In Arabidopsis, the three isoforms of 4CL possess different substrate preferences and expression patterns. At4CL1 was proposed to be the best candidate for lignin formation (Ehlting et al., 1999). At the early branch point of monolignol biosynthesis in Arabidopsis, AtHCT was found partially associated with the ER and connected to the membrane-bound CYP73A5 (AtC4H) and CYP98A3 (AtC3′H) (Bassard et al., 2012). Moreover, AtC3′H was proposed to be the most effective in driving protein association with At4CL1 and AtHCT to the ER, while wound repair from mechanical injury could enhance the re-localization of these enzymes (Bassard et al., 2012). Neither TAP tagging nor blue native gel mobility could detect the association of At4CL1 and AtHCT in their native forms (Zhang and Liu, 2015); therefore, the physiological role of the 4CL-HCT association in Arabidopsis has not yet been established.

It has been suggested that a phenylpropanoid metabolon could alter the enzyme activity of different isoforms of monolignol biosynthetic enzymes (Jorgensen et al., 2005). In stem-differentiating xylem (SDX) of P. trichocarpa, two Ptr4CL isoforms (Ptr4CL3 and Ptr4CL5) and two PtrHCT isoforms (PtrHCT1 and PtrHCT6) were identified as xylem-specific and xylem-abundant enzymes that participate in monolignol biosynthesis (Shi et al., 2010). First, the reciprocal BiFC assays supported the protein-protein interaction between the Ptr4CLs and PtrHCTs (Figure 3). Then, we detected the direct protein–protein interactions between the isoforms of Ptr4CL and PtrHCT using pull-down assays (Figure 4). Consistently, the interaction between the isoforms of Ptr4CL and PtrHCT was shown to facilitate the enzyme activity of 4CL to promote CoA-ligation (Figures 5, 6).

Numerical analyses of the CoA ligation activity predicted a 1–2 Ptr4CL to PtrHCT protein ratio in the complexes (Figure 7). Besides the predominately predicted 1:2 ratio of Pt4CL-PtrHCT complex, there are other possible combinations predicted for the Ptr4CL5-PtrHCTs enzyme complex, such as a 1–3 ratio for Ptr4CL5-PtrHCT1 complex (Figures 7C,G) and a 1–1 ratio for Ptr4CL5-PtrHCT6 complex (Figure 7H), indicating that some specific interactions between Ptr4CL5 and PtrHCTs were able to be captured by our numerical analyses when different isoforms dominate in a well-controlled environment. However, a 1:2 ratio of Pt4CL-PtrHCT complex is experimentally confirmed by chemical cross-linking using SDX plant protein extracts (Figure 8).

An alternative role for the interaction between Ptr4CL and PtrHCT may be to protect 4-coumaroyl-CoA without it being released into the cytosolic pool, considering that the CoA thioesters, such as 4-coumaroyl-CoA, are relatively unstable metabolites and can be easily hydrolyzed in protein extracts (Loscher and Heide, 1994; Liang et al., 2010). The formation of a Ptr4CL-PtrHCT complex may facilitate the synthesis of CoA thioesters while further directing metabolic flux toward downstream monolignol biosynthesis without competing with other pathways. Moreover, in sorghum (Sorghum bicolor), a structural analysis of the SbHCT shows a significant affinity of SbHCT for 4-coumaroyl-CoA (1.6 μM) and a negligible affinity for shikimic acid, which suggests that 4-coumaroyl-CoA preconditions the binding of shikimic acid to SbHCT (Walker et al., 2013). Therefore, the Ptr4CL-PtrHCT complex could ensure the efficient binding of CoA thioesters to PtrHCT.



Protein–Protein Interactions in Phenylpropanoid Metabolism

There are well-described mechanisms in the secondary metabolism of plants to effectively produce specific metabolites while avoiding metabolic interference, such as compartmentation, metabolic channeling, and metabolon formation (i.e., multienzyme complexes) (Ovádi, 1991; Jorgensen et al., 2005; Zhang and Fernie, 2020). These mechanisms can possess physiologically significant regulatory roles, such as relief of kinetic constraints, regulation of catalytic efficiency, sequestration of labile/toxic intermediates, and coordination of metabolic crosstalk to control the flux of metabolic sequences (Winkel-Shirley, 2001; Nakayama et al., 2019). These regulatory controls can facilitate the effective utilization of intermediates and modulate the carbon/energy flux among the branched pathways that often function concurrently in the same cell (Luckner, 1984; Weid et al., 2004; Winkel, 2004; Jorgensen et al., 2005; Ralston and Yu, 2006; Laursen et al., 2015; Bassard and Halkier, 2018). Metabolons are typically described as protein-protein interactions between ‘soluble’ enzymes that might be anchored to biological membranes or cytoskeletal elements, either by structural proteins or membrane-bound “anchor” proteins such as P450s. Early studies on protein-protein interactions suggested metabolite compartmentation or metabolic channeling in flavonoid biosynthesis (Fritsch and Grisebach, 1975; Jacques et al., 1977; Hrazdina et al., 1978; Stafford, 1981), isoflavonoids (Dixon et al., 1998; He and Dixon, 2000; Liu and Dixon, 2001; Waki et al., 2016), and monolignols (Czichi and Kindl, 1975, 1977; Hrazdina and Wagner, 1985b). For flavonoid biosynthesis, several members within specific metabolons were identified in different plant species, indicating the existence of the functional flavonoid metabolons (Dastmalchi et al., 2016; Fujino et al., 2018; Mameda et al., 2018; Nakayama et al., 2019).

In 1985, an ER-associated multienzyme complex for monolignol biosynthesis was proposed (Stafford, 1974b). Later, metabolic complexes for G and S monolignol biosynthesis were suggested, while COMT and CCoAOMT/CCR were thought to have independent metabolic routes (Dixon et al., 2001). Physical evidence for separate monolignol complexes is lacking, and the identification of lignin metabolons remains ongoing. Several protein complexes had been identified in monolignol biosynthesis, including a PAL-C4H complex (Rasmussen and Dixon, 1999; Achnine et al., 2004), a MSBP/P450 complex (Gou et al., 2018), a C3′H/C4H complex (Chen et al., 2011), a 4CL complex (Chen et al., 2014), and a CAD/CCR complex (Yan et al., 2019). In contrast to flavonoid biosyntheses, the regulatory effects of protein complexes in monolignol biosynthesis may support mechanisms other than metabolic channeling (Pettersson, 1991), such as feedback inhibition of PAL by cinnamate (Blount et al., 2000), the biochemical coupling of PAL-C4H (Ro and Douglas, 2004), and the absence of substrate channeling through a MSBP/P450 complex (Zhang and Fernie, 2020). In P. trichocarpa, the evidence of metabolic channeling remains debatable because exogenous metabolites can be used by the C3′H/C4H complex, and all 24 endogenous monolignol precursors can be detected in the crude SCW protein extract (Chen et al., 2011).



Identification of a Lignin Metabolon

In flavonoid biosynthesis, the interactions among proposed metabolon enzymes vary between plant species, implying species-dependent metabolon formations for the diverse phenylpropanoids in planta, especially flavonoids (Nakayama et al., 2019). The flavonoid metabolon identified in snapdragon involved all FNSII, CHS, CHI, and DFR enzymes, while, in torenia, CHS was not found to interact with the proposed enzymes within the metabolon (Fujino et al., 2018). In hops, an active membrane-anchored metabolon for xanthohumol (prenylated flavonoid) biosynthesis has recently been identified. CHIL2, a non-catalytic CHI-like protein (CHIL), interacts with CHS_H1 (a hop specific CHS) and a membrane-bound prenyltransferase (PT1L) (Ban et al., 2018). Using Förster resonance energy transfer detected by fluorescence lifetime imaging microscopy (FLIM-FRET) in Arabidopsis protoplasts, CHS was identified to interact with flavonol synthase 1 (FLS1) or DFR to organize the flavonoid metabolon in a competitive manner to further modulate the metabolic flux into branching pathways (Crosby et al., 2011). Similarly, the identified enzyme complex of Ptr4CL-PtrHCT can be formed in a collaborative manner with the previously identified Ptr4CL3-Ptr4CL5 complex (Chen et al., 2014) or in a competitive mechanism in the lignin metabolon to modulate the CoA ligation flux for monolignol biosynthesis. The evidence of Ptr4CL-PtrHCT complex formation could be useful to investigate the possible role of these complexes or could be further integrated into a metabolic flux analysis for the identification of a lignin metabolon.

Moreover, crosstalk between metabolic enzymes among different metabolons should also be considered. In the CHI Arabidopsis flavonoid mutant (tt5), deficient for the major extractable leaf flavonols, the simultaneous downregulation of the sinapate ester biosynthesis was also observed even with the full capacity of the monolignol pathway (Li et al., 1993). For the production of isoflavonoids in soybean roots, GmCHR5, one of the 11 GmCHR paralogs, is the key enzyme for the physiological accumulation of 5-deoxyisoflavonoids by spatial-specific incorporation into the flavonoid metabolon (Mameda et al., 2018). Two other paralogs of GmCHR, GmCHR1, and GmCHR6, are proposed to involve the production of isoflavonoids for defense against microbial pathogens (Nakayama et al., 2019). Of the 17 Ptr4CL genes identified in the genome of P. trichocarpa, Ptr4CL1 and Ptr4CL17 also showed some specificity for differentiating xylem (Shi et al., 2010), despite their low transcript levels. These low abundance Ptr4CL paralogs could also participate in the lignin metabolon, which should be explored along with the Ptr4CL3 and Ptr4CL5. Moreover, the crosstalk between flavonoid and lignin metabolons is also possible by sharing a similar intermediate metabolite, 4-coumaroyl-CoA. Ptr4CL4 in P. trichocarpa (Shi et al., 2010) and 4CL2 in P. tremuloides (Hu et al., 1998) have both been associated with the biosynthesis of flavonoids and other soluble phenolics, which could be candidates for future investigation of protein–protein interactions.

The isolation of intact metabolons can be challenging if the protein-protein interactions in metabolons are weak or transient (Jorgensen et al., 2005; Nakayama et al., 2019). PAL-C4H is mediated by weak interactions that easily disassociate depending on the integrity of membranes during the purification (Hrazdina, 1992), treatment with ethylene (Czichi and Kindl, 1975), or under different physiological states (Luckner, 1984). In Arabidopsis, a loose association of P450s with HCT and 4-CL1 was observed (Bassard et al., 2012). Using an Y2H assay, At4CL1 had a physical interaction with AtC4H and AtC3′H, while AtCCR1 interacted with AtC4H (Gou et al., 2018). In P. trichocarpa, four monolignol protein complexes were identified, including PtrC3′H-PtrC4H, Ptr4CL3-Ptr4CL5, Ptr4CL-PtrHCT, and PtrCAD-PtrCCR. However, the complex formations for other monolignol biosynthetic enzymes, such as COMT, CCoAOMT, have not yet been linked to a lignin metabolon, and the relationships between the enzyme complex during the early steps of monolignol biosynthesis and the later steps such as F5H for downstream G- and S- monolignol biosynthesis remain unknown.

In the past, traditional techniques were conducted to illustrate the possible membrane-bound ER-resident protein complexes of phenylpropanoid metabolism, such as feeding labeled intermediates, cellular fractionation, co-immunolocalization, and gene co-expression analysis (Winkel-Shirley, 1999). Several successful techniques for studying protein-protein interactions could also be useful for future endeavors to investigate the lignin metabolon (Bassard and Halkier, 2018), such as two-hybrid assay (Ehlert et al., 2006), luciferase complementation imaging assay (LuCIA) (Ban et al., 2018), cross-linking/mass spectrometry (XL-MS) (Tang and Bruce, 2010), enzyme reconstitution (Mork-Jansson and Eichacker, 2019), microencapsulation (Anderson, 1974), and cryo-electron microscopy (cryo-EM) (Du et al., 2018). To reveal whether the existence of a cell-type-specific or a G/S-specific lignin metabolon is an intriguing topic for understanding the specific lignin deposition among different plant species. Metabolons can also vary greatly in physical stability, and the difference between an enzyme that presents in a defined stoichiometric ratio and a metabolon is neither precise nor absolute (Jorgensen et al., 2005). There are still many unanswered questions that need to be explored, including the possibility of an interactome among all the monolignol biosynthetic enzymes, regulatory effects on metabolic flux between phenylpropanoid metabolisms, dynamic compositions of the lignin metabolon for differential monolignol deposition, and utilization of the isoforms of monolignol biosynthetic enzymes in response to biotic and abiotic stresses.




CONCLUSION

In the phenylpropanoid pathway, both flavonoid and monolignol biosyntheses are based on enzymes catalyzing sequential reactions. It is reasonable to investigate the spatial separation, competition, crosstalk, and affinities between the monolignol biosynthetic enzymes together with the intracellular distribution/transportation of the metabolites. These factors should play essential roles in modulating the functions of the monolignol enzyme complexes, leading to distinct regulatory and physiological roles in a lignin metabolon (Biała and Jasiński, 2018; Nakayama et al., 2019). Besides the previously identified monolignol complexes in planta, in this study, we provide direct evidence of a Ptr4CL-PtrHCT complex, which we propose to exist in P. trichocarpa for further modulating the CoA-ligation toward monolignol biosynthesis. The current knowledge is still far from sufficient to reconstruct a lignin metabolon. Efforts to unravel the supramolecular structure and function of this intriguing metabolon can shed some light on the enduring mystery of monolignol biosynthesis in different tissue types, differential lignin compositions, and the metabolic switches for specific metabolites in planta. A basic understanding of a monolignol metabolon could provide new strategies to manipulate the phenylpropanoid pathway to generate high-quality biomass for biofuel and other bioproducts.



MATERIALS AND METHODS


Plant Materials

Clonal propagules of Populus trichocarpa (Nisqually-1) wildtype and the PtrHCT RNAi transgenic lines by Wang et al. (2018) were grown in a greenhouse in soil containing a 1:1 ratio of peat moss to potting-mix, using a 16 h light and 8 h dark photoperiod for 6 months before harvesting. The stem differentiating xylem (SDX) tissues were collected by scraping debarked stems using single-edge razor blades and instantly frozen in liquid nitrogen before storage at –80°C.



Quantification of Transcripts and Proteins of Ptr4CLs and PtrHCTs in Stem-Differentiating Xylem of PtrHCT-RNAi Transgenic Lines and Wildtype

The quantitative data (transcript and protein abundances) of Ptr4CLs (Ptr4CL3 and Ptr4CL5) and PtrHCTs (PtrHCT1 and PtrHCT6) from the PtrHCT RNAi transgenic lines and the corresponding WT controls were retrieved from SDX transcriptomes (Wang et al., 2018) and absolute protein quantification from SDX crude protein extracts using protein cleavage isotope dilution mass spectrometry (PC-IDMS) analysis (Shuford et al., 2012). For WT or each line of transgenic plant, a biological replicate represents a pool of three to five clonally propagated trees.



Enzyme Activity Assays of Ptr4CL in Stem-Differentiating Xylem Extracts

Stem-differentiating xylem crude protein extractions of WT and PtrHCT RNAi transgenic lines were conducted following our established protocols (Shi et al., 2010; Lin et al., 2015; Wang et al., 2018). Three grams of SDX was ground, extracted by ice-cold buffer (50 mM Tris-HCl, pH 7.5, 20 mM sodium ascorbate, 0.4 M sucrose, 100 mM NaCl, 5 mM DTT, 10% PVPP, 1 mM PMSF, 1 mg/mL pepstatin A and 1 mg/mL leupeptin), homogenized for 2 min on ice, and cleared twice by centrifugation at 4,000 × g for 15 min at 4°C. The supernatant was filtered, quantified the protein concentration of SDX extracts by the Bradford method, and stored at –80°C before enzyme assays.

Conditions for enzyme assays of Ptr4CL activities using SDX crude protein extracts also followed our established protocol (Liu et al., 2012). In brief, the activity assays of Ptr4CL reactions were examined using 20 μg SDX protein extracts at 37°C for 30 min with 50 μM substrate (final concentration) in the assay solution [50 mM Tris–HCl buffer (pH 7.5), 2.5 mM MgCl2, 5 mM ATP, 0.2 mM CoA] to a final volume of 100 μL. The reaction was terminated by the addition of 5 μL of 3 M trichloroacetic acid (TCA). Each reaction was repeated three times. After the mixture was centrifuged at 20,000 × g for 20 min, 90 μL of supernatant reaction mixture was transferred to an HPLC sample vial and 75 μL of supernatant was injected directly for HPLC analysis following (Liu et al., 2012).



Purification of Recombinant Proteins and in vitro Enzyme Assays of Ptr4CLs

The procedures for expressing and purifying individual recombinant proteins (Ptr4CL3, Ptr4CL3, PtrHCT1, or PtrHCT6) and in vitro enzyme assays of Ptr4CLs were performed as previously described (Wang et al., 2014; Lin et al., 2015). In brief, a 100 μL reaction containing final concentration of 50 μM substrate (4-coumaric acid or caffeic acid), 0.2 mM CoA, 5 mM ATP and 2.5 mM MgCl2 in 50 mM Tris-HCl buffer (pH 8.0 for Ptr4CL3 and pH 7.0 for Ptr4CL5) starts with a final enzyme concentration of 10 nM of purified recombinant Ptr4CLs for a reaction time of 10 min at 40°C. The concentrations of recombinant PtrHCT in the enzyme assays were indicated in the corresponding figure legends.



Bimolecular Fluorescence Complementation Assay

The coding sequences of PtrHCT6, PtrHCT1, Ptr4CL3, Ptr4CL5 without the stop codons were obtained by PCR using specific primer sets (Supplementary Table 1) and cloned using the pENTRTM /D-TOPOTM Cloning Kit (K240020, Invitrogen Carlsbad, CA, United States), and then recombined into the BiFC destination vector. All plasmids for bimolecular fluorescence complementation (BiFC) were prepared by CsCl gradient ultracentrifugation (Meselson et al., 1957; Radloff et al., 1967; Sambrook et al., 1982; Tartof, 1987; Sambrook and Russell, 2006). Each pair of the enzyme genes (Ptr4CL3-YFPN + PtrHCT1-YFPC, Ptr4CL3-YFPN + PtrHCT6-YFPC, Ptr4CL3-YFPN + Ptr4CL3-YFPC, Ptr4CL3-YFPN + Ptr4CL5-YFPC, Ptr4CL5-YFPN + PtrHCT1-YFPC, Ptr4CL5-YFPN + PtrHCT6-YFPC, Ptr4CL5-YFPN + Ptr4CL3-YFPC, Ptr4CL5-YFPN + Ptr4CL5-YFPC, PtrHCT1-YFPN + PtrHCT1-YFPC, PtrHCT1-YFPN + PtrHCT6-YFPC, PtrHCT1-YFPN + Ptr4CL3-YFPC, PtrHCT1-YFPN + Ptr4CL5-YFPC, PtrHCT6-YFPN + PtrHCT1-YFPC, PtrHCT6-YFPN + PtrHCT6-YFPC, PtrHCT6-YFPN + Ptr4CL3-YFPC, PtrHCT6-YFPN + Ptr4CL5-YFPC) were co-transfected into the SDX protoplasts. As negative controls (Ptr4CL3-YFPN + Gus-YFPC, Ptr4CL5-YFPN + Gus-YFPC, PtrHCT1-YFPN + Gus-YFPC, PtrHCT6-YFPN + Gus-YFPC) were co-transfected into the SDX protoplasts.

The transient expression of BiFC in SDX protoplasts followed our previously established protocol (Lin et al., 2014). After incubation for 12 ∼ 16 h, SDX protoplasts were collected and examined under a ZEISS LSM 700 fluorescence microscope. The excitation wavelength and the emission wavelength were 515 and 525 nm, respectively.



Pull-Down Assays

Coding sequences of Ptr4CL3, Ptr4CL5, PtrHCT1, and PtrHCT6 without stop-codons were transferred from the pENTR gateway vector into pET101-DEST (C-terminal 6 × His tag) expression vector (K10101, Invitrogen) to generate the pET101::Gene-6 × His plasmids for recombinant protein expression in Escherichia coli. The procedures for the expression and purification of recombinant proteins were previously described (Wang et al., 2014; Lin et al., 2015). A pET101:Gus-6 × His control was included with each pull-down to detect non-specific binding proteins (Liu et al., 2012; Wang et al., 2012; Chen et al., 2013). Recombinant 6 × His fused monolignol enzymes (60 μg) were individually incubated as bait protein in 50 mL of crude SDX protein extracts (0.4 mg/mL) at 4°C for 2 h. The protein mixtures were then affinity purified using immobilized nickel affinity chromatography to isolate interacting proteins bound to the recombinant monolignol bait protein. The affinity-purified proteins were analyzed by western blotting using polyclonal anti-Ptr4CL3, anti-Ptr4CL5, anti-PtrHCT1, and anti-PtrHCT6 antibodies as previously described (Chen et al., 2014).



Mechanistic Modeling and Numerical Analysis

Mechanistic modeling was carried out by a previously developed rule-based algorithm and evolutionary computation algorithm for monolignol enzymes (Chen et al., 2014; Song, 2014). The algorithmic evolutionary processes automatically search and optimize the best solution for complex non-linear problems (Supplementary Figure 4). The method identifies possible components and interactions in multi-enzymatic reactions and suggests model structures and mathematical equations representing the mechanism of multi-enzymatic reactions.

The model is based on the experimental results of Ptr4CL CoA ligation reactions in mixtures of Ptr4CL and PtrHCT and evaluated by the numerical analysis of evolutionary computation. Two different numerical methods were used, the root mean squared error (RMSE) and Bayesian information criterion (BIC). The lower values of RMSE and BIC indicate the better models. The differences between the predicted values and experimental values are measured by RMSE. The lower values of RMSE and BIC indicate the better models. Adding on the goodness-of-fit of the model, BIC also reflects the model complexity using a penalty term for the number of parameters (Schwarz, 1978).



Chemical Cross-Linking of Stem-Differentiating Xylem Proteins and Recombinant Proteins

Dithiobis (succinimidyl propionate) (DSP) (22585, Thermo Scientific, Waltham, MA, United States) was used as the cross-linker for the detection of protein-protein interactions. A 50 mM solution of DSP cross-linker was prepared by dissolving 10 mg of DSP in 495 μL of DMSO.

For cross-linking of SDX proteins, the SDX proteins were extracted using 25 mM sodium phosphate buffer (pH 7.4) instead of the 50 mM Tris-HCl buffer. The detailed cross-linking process of SDX proteins was previously described (Chen et al., 2011). For cross-linking of recombinant proteins, Ptr4CL3 or Ptr4CL5 was diluted in phosphate buffered saline (PBS) to a final concentration of 200 nM and mixed with individual aliquots of recombinant proteins of PtrHCT1 or PtrHCT6 (200 nM). DSP was then added to the protein mixtures at a 20-fold molar excess (20:1 DSP:protein). The protein cross-linking was carried out at room temperature for 5 min and quenched by the addition of 50 mM Tris-HCl (pH 7.5). The DSP-treated and the untreated protein samples were then incubated with sample loading buffer [2% SDS, 200 mM Tris-HCl (pH 6.8), 40% glycerol, and 0.08% bromophenol blue] and heated to 95°C for 5 min, separated by SDS-PAGE, and analyzed by western blotting using Ptr4CL3 and PtrHCT1 antibodies.
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In the present work, lignin-like fractions were isolated from several ancestral plants –including moss (Hypnum cupressiforme and Polytrichum commune), lycophyte (Selaginella kraussiana), horsetail (Equisetum palustre), fern (Nephrolepis cordifolia and Pteridium aquilinum), cycad (Cycas revoluta), and gnetophyte (Ephedra fragilis) species– and structurally characterized by pyrolysis-gas chromatography-mass spectrometry (Py-GC/MS) and two-dimensional nuclear magnetic resonance (2D-NMR) spectroscopy. Py-GC/MS yielded marker compounds characteristic of lignin units, except in the H. cupressiforme, P. commune and E. palustre “lignins,” where they were practically absent. Additional structural information on the other five samples was obtained from 2D-NMR experiments displaying intense correlations signals of guaiacyl (G) units in the fern and cycad lignins, along with smaller amounts of p-hydroxyphenyl (H) units. Interestingly, the lignins from the lycophyte S. kraussiana and the gnetophyte E. fragilis were not only composed of G- and H-lignin units but they also incorporated significant amounts of the syringyl (S) units characteristic of angiosperms, which appeared much later in plant evolution, most probably due to convergent evolution. The latter finding is also supported by the abundance of syringol derivatives after the Py-GC/MS analyses of these two samples. Regarding lignin structure, β−O−4′ alkyl-aryl ethers were the most abundant substructures, followed by condensed β−5′ phenylcoumarans and β−β′ resinols (and dibenzodioxocins in the fern and cycad lignins). The highest percentages of alkyl-aryl ether structures correlated with the higher S/G ratio in the S. Kraussiana and E. fragilis lignin-like fractions. More interestingly, apart from the typical monolignol-derived lignin units (H, G and S), other structures, assigned to flavonoid compounds never reported before in natural lignins (such as amentoflavone, apigenin, hypnogenol B, kaempferol, and naringenin), could also be identified in the HSQC spectra of all the lignin-like fractions analyzed. With this purpose, in vitro synthesized coniferyl-naringenin and coniferyl-apigenin dehydrogenation polymers were used as standards. These flavonoids were abundant in H. cupressiforme appearing as the only constituents of the moss lignin-like fraction (including 84% of dimeric hypnogenol B) and their abundance decreased in those of S. Kraussiana (with amentoflavone and naringenin representing 14% of the total aromatic units), and the two ancient gymnosperms (0.4–1.2%) and ferns (0–0.7%).

Keywords: lignin, flavonoids, apigenin, amentoflavone, naringenin, kaempferol, analytical pyrolysis, 2D NMR


INTRODUCTION

The first land plants to colonize Earth, which evolved from freshwater green algae (Charophyceae), appeared around 450 Mya as confirmed by the fossil record (Kenrick and Crane, 1997). Because of the switch from an aqueous to a gaseous medium, early land plants faced key challenges related to increased environmental stresses (such as temperature fluctuations, desiccation, UV radiation, scarce nutrients, etc.). Therefore, land plants required significant metabolic adaptations to produce UV shields, antioxidants, and precursors for structural biopolymers to resist desiccation, improve light interception, and successfully adapt to terrestrial environments. In more advanced terrestrial plants, the aromatic lignin polymer (Weng and Chapple, 2010; Ralph et al., 2019) assumed some of the aforementioned functions (Raven, 1984; Qian et al., 2015; Xie et al., 2018). However, before land plants developed the ability to synthesize lignin, it is believed that flavonoid compounds were responsible for protecting them from UV radiation (Clayton et al., 2018; Davies et al., 2020).

Flavonoids are a large family of secondary metabolites ubiquitously found in land plants (Grotewold, 2006). These phenolic compounds, with a C6-C3-C6 carbon framework, are synthesized from phenylalanine and malonyl-CoA through the phenylpropanoid pathway. Flavonoids are usually found in either free and glycosylated forms. However, and especially thanks to the great advances in two-dimensional nuclear magnetic resonance (2D-NMR) spectroscopy during the last two decades, the presence of flavonoids incorporated into the lignin polymer has been discovered, acting as natural lignin monomers together with other phenolic precursors biosynthesized outside the monolignol pathway (del Río et al., 2020, 2021). In fact, all flavonoids with a free 4′-OH in the B-ring are potentially susceptible of being enzymatically oxidized, forming radicals compatible with lignification in cross-coupling reactions with monolignols.

The flavone tricin was the first discovered lignin-incorporated flavonoid, identified in wheat straw (del Río et al., 2012). Later, tricin was also found in many others monocots, especially from the Poaceae family (Rencoret et al., 2013, 2015; Lan et al., 2016b). The way tricin is incorporated into the lignin and its compatibility in cross-coupling reactions with monolignols have been studied extensively during the last years (Lan et al., 2015, 2016a). Furthermore, studies with genetically modified plants have demonstrated that some flavonoid intermediates in the tricin biosynthetic pathway, such as apigenin and naringenin, can also be incorporated into the lignin polymers of mutant plants (Lam et al., 2017, 2019), providing further evidence on the ability of flavonoids to act as true lignin monomers participating in cross-coupling reaction with traditional monolignols (del Río et al., 2020, 2021). Whereas in primitive plants, both free and lignin-incorporated flavonoids could contribute to plant protection against UV radiation, flavonoids in the lignin of more evolved angiosperms, such as grasses, would have a structural function as initiation points of the lignin chains, and their removal results in transgenic plants with lower lignin content as shown by blocking the biosynthesis of tricin (Lam et al., 2017).

The present work aims to study how lignin has evolved among different ancestral plants – from one of the most ancestral groups of terrestrial plants (mosses) to more evolved primitive gymnosperms − and to determine if flavonoids are present in their lignin-like fractions. For this purpose, lignin-like fractions were isolated by the dioxane method (Rencoret et al., 2015) from eight ancestral plants whose phylogenetic relationships are shown in Figure 1—including mosses Hypnum cupressiforme Hedw. and Polytrichum commune Hedw., lycophyte Selaginella kraussiana (Kunze) A. Braun, horsetail Equisetum palustre L., ferns Nephrolepis cordifolia (L.) C. Presl and Pteridium aquilinum (L.) Kuhn, cycad Cycas revoluta Thunb., and gnetophyte Ephedra fragilis Desf.– and their composition and structure were thoroughly characterized by a combination of analytical pyrolysis and 2D NMR.
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FIGURE 1. Phylogenetic tree of the eight ancestral plants whose lignin-like fractions are analyzed, with the green alga Ulva fasciata Delile as an outsider to root the tree. Generated by phyloT v2 (https://phylot.biobyte.de/about.cgi).




MATERIALS AND METHODS


Ancestral Plant Materials

The plant material used in this study was collected from different locations: (i) P. commune and E. palustre from Rascafría (Madrid, Spain); (ii) H. cupressiforme and P. aquilinum from Burguete (Navarre, Spain); and (iii) C. revoluta, S. kraussiana, N. cordifolia and E. fragilis from the Juan Carlos I Royal Botanic Gardens (University of Alcalá, Madrid). The samples were air-dried and milled using a knife mill (Janke and Kunkel, Analysemühle). Non-structural lipophilic and hydrophilic compounds were removed by successive extractions with acetone, 80% ethanol, and water prior the isolation of lignin-like material. The extraction was carried out with acetone in a Soxhlet apparatus for 8 h, and then with 80% ethanol (3 × 30 min) and water (3 × 30 min) in an ultrasonic bath.



Isolation of Lignin-Like Fractions From Ancestral Plants

Lignin-like fractions were isolated by the dioxane method with minor modifications (Evtuguin et al., 2001; Rencoret et al., 2015). Briefly, 8 g of the pre-extracted plant samples were refluxed under N2 (3 × 40 min, using fresh solution each time) with 80 mL of 0.2 M HCl in dioxane-water (9:1, v/v). A final extraction was performed without addition of HCl in the dioxane-water mixture. The liquid phases were filtered and concentrated separately in a rotary evaporator at 40°C (up to approximately 20 mL) to prevent lignin precipitation. Then, the concentrates were combined and precipitated in cold-water (1,500 mL) under stirring, centrifuged, and freeze dried. Finally, they were extracted with 200 mL of diethyl ether to remove low molecular weight contaminants. The dioxane lignin-like fractions yield represented 1–5% of the plant material.



Gel Permeation Chromatography

Gel permeation chromatography (GPC) analysis of isolated lignin-like fractions was carried out on a Prominence-i LC-2030 3D GPC system (Shimadzu, Kyoto, Japan) equipped with a photodiode array detector and a PLgel MIXED-D column (Agilent Technologies, Stockport, United Kingdom), using the experimental conditions previously described (Rencoret et al., 2020).



Pyrolysis Coupled to Gas Chromatography and Mass Spectrometry

Analytical pyrolyses of the lignin preparations (∼1 mg) were performed at 500°C (1 min) in an EGA/PY-3030D microfurnance pyrolyzer (Frontier Laboratories Ltd., Fukushima, Japan) connected to a GC equipment 7820A (Agilent Technologies, Inc., Santa Clara, CA, United States) equipped with a DB-1701 fused-silica capillary column (30 m × 0.25 mm i.d., 0.25 μm film thickness) and an Agilent 5975 MS selective detector (EI at 70 EV). The oven temperature was programmed from 50 to 100°C at 20°C min–1 and then ramped to 280°C at a heating rate of 6°C min–1, and held for 5 min. The released compounds were identified by comparison of their mass spectra with those in the literature (Ralph and Hatfield, 1991). Molar peak areas were calculated for the released lignin-derived products (specific markers) and the data for two replicates were averaged and expressed as percentages.



2D-NMR Spectroscopy

For NMR analyses, ∼30 mg of the lignin-like fractions were transferred into an NMR tube and dissolved in 0.6 mL of deuterated dimethylsulfoxide (DMSO-d6). Heteronuclear single quantum coherence (HSQC) spectra were acquired at 300 K on a Bruker AVANCE III 500 MHz spectrometer equipped with a 5 mm TCI cryogenic probe. The HSQC experiment was performed using a standard adiabatic pulse sequence (hsqcetgpsisp.2) and parameters already described (Rencoret et al., 2020). HSQC cross-peaks from flavonoid units were assigned by literature comparison (Lam et al., 2017, 2019), as well as by using flavonoid standards commercially available (for naringenin, kaempferol, apigenin and amentoflavone) and flavonoid-containing synthetic lignin (see below).

A semiquantitative analysis, based on HSQC signals integration, was performed using Bruker’s TopSpin software. In the aromatic/unsaturated region, the S2,6, G2, Ap8, K8 and N6,8 correlation signals were used to determine the relative abundances of the phenylpropane S and G, and flavonoid apigenin (Ap), kaempferol (K) and naringenin (N) units, respectively. Since the S2,6 and N6,8 signals involve two proton-carbon pairs, their integration values were divided in half. In the case of the biflavonoid structures, their relative abundances were determined by integrating the Am6′′ (amentoflavone) and Hy2 (hypnogenol B) signals. The C8/H8 and C2/H2 correlation signals of cinnamaldehyde end-units (J) and ferulates (FA) were used to estimate their relative abundances. For quantification of inter-unit linkages resulting in different lignin substructures, the side-chain Cα/Hα cross-signals of β–O–4′ alkyl aryl ethers (Aα), β–5′ phenylcoumarans (Bα), β–β′ resinols (Cα) and 5–5′ dibenzodioxocins (Dα) were used.



Standard Flavonoids and Synthetic Lignin Polymers

Amentoflavone was purchased from Selleck (Houston, TX, United States), whereas naringenin [(2S)-4′,5,7-trihydroxyflavan-4-one], kaempferol (3,4′,5,7-tetrahydroxyflavone), and apigenin (4′,5,7-trihydroxyflavone) were acquired from Sigma-Aldrich (Lyon, France). Synthetic lignins (dehydrogenation polymers, DHPs) from coniferyl alcohol/naringenin (GN-DHP) and coniferyl alcohol/apigenin (GA-DHP) were synthesized by the peroxidase-catalyzed dehydrogenative copolymerization of coniferyl alcohol (0.425 mmol) with naringenin (0.075 mmol) or apigenin (0.075 mmol), respectively, using the so-called bulk polymerization method (Tobimatsu et al., 2008) as previously described (Lam et al., 2017, 2019).



RESULTS AND DISCUSSION


Molecular Weight Distributions of Lignin-Like Fractions From Ancestral Plants

The weight-average (Mw) and number-average (Mn) molecular weights (g mol–1), and polydispersity index (Mw/Mn) of the lignin-like fractions isolated from ancestral plants were determined by GPC analyses and are shown in Table 1. The data revealed that these fractions contain polymeric structures, as can be deduced from their Mw values that ranged from 4,840 to 13,150 g mol–1. Most of the lignin-like fractions analyzed presented a Mw comparable to other isolated lignins (Rencoret et al., 2020), with the exception of the lignin-fractions from mosses, whose Mw were relatively higher (13,150 and 10,120 g mol–1 for H. cupressiforme and P. commune, respectively). Also, the polydispersity (Mw/Mn) values of the lignin-like fractions were slightly higher in comparison to those observed for other isolated lignins (Rencoret et al., 2020).


TABLE 1. Weight-average (Mw) and number-average (Mn) molecular weights (g mol–1), and polydispersity (Mw/Mn) of the lignin-like fractions isolated from ancestral plants.
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Lignin Composition of Ancestral Plants as Shown by Analytical Pyrolysis

The ancestral lignin-like fractions of the plants studied were firstly analyzed by pyrolysis coupled to gas chromatography and mass spectrometry (Py-GC/MS), a highly sensitive method that can provide information on their relative composition in terms of syringyl (S), guaiacyl (G) and p-hydroxyphenyl (H) units (as H:G:S ratio). By Py-GC/MS (Figure 2) all the lignin-like fractions, with the exception of those from the mosses (H. cupressiforme, P. commune) and the horsetail (E. palustre), released characteristic lignin markers. Despite small amounts of phenol and 4-methylphenol were found among the pyrolysis products of these three lignins, the absence of H-type markers with longer side-chains (such as 4-ethylphenol, eugenol or 4-propenylphenol) indicates that they do not actually come from lignin but more likely from other compounds, such as proteins or flavonoids that also yield these H-type compounds upon pyrolysis. It is therefore possible to conclude the absence of recognizable lignin building blocks in the mosses and horsetail studied here.


[image: image]

FIGURE 2. Pyrograms of the lignin-like fractions isolated from the eight ancestral plants studied. Phenolic markers of H, G, and S lignin units are labeled in blue, green and red, respectively. Peaks identities: phenol (1), guaiacol (2), 4-methylphenol (3), 4-methylguaiacol (4), 4-ethylphenol (5), 4-ethylguaicol (6), 4-vinylguaicol (7), 4-vinylphenol (8), eugenol (9), 4-propylguaiacol (10), syringol (11), trans-isoeugenol (12), 4-methylsyringol (13), vanillin (14), 4-ethylsyringol (15), acetovanillone (16), 4-vinylsyringol (17), guaiacylacetone (18), 4-allylsyringol (19), propiovanillone (20), guaiacyl vinyl ketone (21), 4-hydroxyacetophenone (22), cis-4-propenylsyringol (23), trans-4-propenylsyringol (24), syringaldehyde (25), acetosyringone (26), and syringylacetone (27). *Solvent stabilizer 4-methyl-2,6-ditertbutylphenol (rt ∼13.8 min).


S-lignin markers were the most abundant in the pyrograms of the gnetophyte (E. fragilis) and the lycophyte (S. kraussiana) lignin-like fractions, while G-lignin markers predominated in the rest of samples, as in the cycad (C. revoluta), and the ferns (P. aquilinum and N. cordifolia) lignins. The pyrogram of the S. kraussiana fraction showed an unusually high peak of 4-hydroxyacetophenone (peak 22), which was absent in other H-rich lignins (Rencoret et al., 2016). Therefore, it would be logical to think that it is not derived from H-lignin but comes from other lignin-related compounds containing p-hydroxyphenyl moieties in their structures, as will be shown below.



In-Depth Structural Analysis of Ancestral Lignins by 2D-NMR

After the initial Py-GC/MS study of lignin composition, 2D-NMR analyses of the isolated lignin-like fractions provided additional valuable information about their composition in flavonoid and conventional lignin (H, G, and S) units, as well as on their inter-unit linkages resulting in different substructures. The main correlation signals identified in the HSQC spectra discussed in the following subsections (Figures 3–6) are listed in Table 2, and a semiquantitative summary of the different spectra is provided in Table 3. Significant differences were found in the composition and structure of the lignin-like preparations from the different ancestral plants, as detailed below.
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FIGURE 3. Aliphatic-oxygenated (δC/δH 50–90/2.8–5.8) and aromatic (δC/δH 92–134/5.6–8.2) regions of the HSQC spectrum of the lignin-like preparation isolated from the moss H. cupressiforme. The main signals correspond to the flavonoids apigenin (Ap) and hypnogenol B (Hy), whose structures are shown on the right.



[image: image]

FIGURE 4. Aliphatic-oxygenated (δC/δH 50–90/2.8–5.8) and aromatic (δC/δH 92–134/5.5–8.2) regions of the HSQC spectrum of the S. kraussiana lignin-like preparation. The HSQC spectrum of authentic amentoflavone is also shown for comparison. The main structures identified – corresponding to β–O–4′ ether (A), β–5′ phenylcoumaran (B) and β–β′ resinols (C) side chains, p-hydroxyphenyl (H), guaiacyl (G) and syringyl (S) units, and ferulic acid (FA), amentoflavone (Am) and naringenin (N) moieties – are depicted.
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FIGURE 5. Aliphatic-oxygenated (δC/δH 50–90/2.8–5.8) and aromatic (δC/δH 92–134/5.5–8.0) regions of the HSQC spectra of lignin-like preparations isolated from the ferns N. cordifolia and P. aquilinum. The main structures identified – corresponding to β–O–4′ ether (A), β–5′ phenylcoumaran (B), β–β′ resinols (C) and 5–5′ dibenzodioxocins (D) side chains, p-hydroxyphenyl (H) and guaiacyl (G) units, coniferaldehyde end-groups (J), and kaempferol moieties (K) – are shown on the right.
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FIGURE 6. Aliphatic-oxygenated (δC/δH 50–90/2.8–5.8) and aromatic (δC/δH 92–134/5.5–8.2) regions of the HSQC spectra of the C. revoluta and E. fragilis lignin-like preparations. The main structures identified – corresponding to β–O–4′ ether (A), β–5′ (B), β–β′ (C) and 5–5′ (D) side chains, p-coumaryl (H), guaiacyl (G) and syringyl (S and S′) units, coniferaldehyde end-groups (J), and naringenin (N), kaempferol (K) and amentoflavone (Am) moieties – are depicted on the right. The dash-line boxes in the C. revoluta spectrum are scaled-up (×8 intensity).



TABLE 2. Assignments of the 1H/13C signals identified in the HSQC spectra (Figures 3–6) of the lignin-like fractions isolated from the ancestral plants studied.
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TABLE 3. Semiquantitative analysis of lignin aromatic units (flavonoid units included) and different substructures, from integration of HSQC spectra (see Figures 3–6 also showing structural formulae) of the lignin-like fractions from ancestral plants.
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Mosses

Several studies indicate that liverworts and mosses were the earliest colonizers of the land (Kenrick and Crane, 1997). The presence of significant amounts of the classical lignin structures (typically formed by H, G and/or S units) in the mosses H. cupressiforme (class Bryopsida) and P. commune (class Polytrichopsida) could be discarded by the Py-GC/MS analyses as discussed above. However, the presence of flavonoid-type polyphenols was suggested by the HSQC analyses, as discussed below.

The HSQC spectrum of the lignin-like fraction from H. cupressiforme (Figure 3) displayed correlation signals of flavonoids and proteins. The chemical shifts of the strongest flavonoid signals were consistent with hypnogenol B, a biflavonoid composed of aromadendrin [(2R,3R)-3,4′,5,7-tetrahydroxyflavan-4-one] and naringenin linked by a 3-3′ bond, which has been found in the extracts of H. cupressiforme (Sievers et al., 1992). The characteristic signals of the naringenin C-ring were clearly observed at 78.3/5.46 (Hy2″) and 41.8/2.69 and 41.8/3.3 (Hy3″) ppm, whereas the equivalent signals of the aromadendrin C-ring seem to be those detected at 82.7/5.07 (Hy2) and 71.2/4.62 ppm (Hy3) (these assignments could not be fully confirmed since hypnogenol B is not commercially available). In addition to hypnogenol B, distinctive HSQC signals of the A- and C-rings of the flavone apigenin were also detected. These and other signals were assigned using as reference the HSQC spectra of authentic flavonoid standards as well as DHPs prepared by copolymerization of apigenin or naringenin with coniferyl alcohol (Supplementary Figure 1). Ap8, Ap6, and Ap3 signals matched well with those of the apigenin authentic standard. In contrast, the signals of apigenin B-ring did not exactly match those of free apigenin (this is only appreciable for the Ap2′,6′ since Ap3′,5′ would overlap with the hypnogenol B Hy5′,5′′′ signal), indicating that apigenin in the H. cupressiforme sample could be linked through its B-ring.

On the contrary, the HSQC spectrum of the P. commune lignin-like fraction preparation was saturated by protein signals (Supplementary Figure 2). Although trace amounts of G- and H-lignin units had been reported in P. commune after cupric oxide alkaline degradation of whole material (Logan and Thomas, 1985), we could only detect H-type signals upon pyrolysis, which could arise from protein moieties. The HSQC spectrum of P. commune confirmed the occurrence of proteins (Kim et al., 2017) and the absence of H-lignin units in the lignin-like preparation isolated from this moss. The presence of lignin in mosses is controversial since lignin was always thought to be a unique component of vascular plants (Erickson and Miksche, 1974). Moreover, as in the case of the H. cupressiforme lignin-like preparation, some flavonoid signals (tentatively assigned to naringenin and kaempferol) could be also present in the P. commune “lignin,” albeit with low intensities and overlapped with the protein signals.

Interestingly, the flavonoids tentatively identified in the moss “lignin-like” preparation (as well as in all the other lignin-like fractions) present a B-ring structurally similar to the H-lignin units. Perhaps, this is the reason why a previous study that intended to clarify the presence/absence of lignin in Sphagnum magellanicum Brid. by 13C NMR reported the presence of H-lignin in this moss (Nimz and Tutschek, 1977). However, the characteristic signals of lignin linkages were lacking and the most probable conclusion is that the signals detected by the authors corresponded to flavonoids with an H-type B-ring and not to real H-lignin units.



Lycophytes

Lycophytes (class Lycopodiopsida) appeared about 400 Mya and are among the earliest terrestrial vascular plants, with the Selaginellaceae family including more than 700 species (Jermy, 1990). Their characteristic giant species, represented by extinct arborescent plants with secondary thickening in their trunks and rhizomorphs (such as Lepidodendron and Sigillaria in the order Lepidodendrales, and Pleuromeia in the order Isoetales), dominated the Earth flora during the Carboniferous period. Selaginellaceae together with two other lycophyte families (Lycopodiaceae and Isoetaceae) constitute the oldest lineage of vascular plants surviving on Earth (Banks, 2009). Interestingly, reduction of vegetative structures was a recurrent phenomenon along lycophyte evolution (Bateman, 1996). Thus, extant Selaginella and Isoetes are herbaceous and rhizomatous species maintaining reminiscences of giant arborescent lineages with secondary thickening. Among the Selaginella species, S. kraussiana was selected for this study since its lignin has not been studied before.

The HSQC analysis of the lignin-like preparation obtained from S. kraussiana (Figure 4) reveals that this primitive vascular plant has a lignin composed of not only G- and H-units, but also of significant amounts of S-units. The latter are characteristic of angiosperms that appeared much later in time, which indicates convergent evolution of S-lignin in lycophytes and angiosperms. The presence of S units in the lignin of other Selaginella species has been previously shown by different techniques, including CuO alkaline degradation (Logan and Thomas, 1985), acidolysis, nitrobenzene oxidation, FTIR, ozonation, 1H-NMR (Jin et al., 2005, 2007a), derivatization followed by reductive cleavage (Weng et al., 2008), and 2D-NMR (Weng et al., 2011). The aliphatic oxygenated region of the HSQC spectrum shows the methoxyl signal together with those of typical lignin substructures (Figure 4). β−O−4′ alkyl-aryl ethers (A) are the most abundant linkages (89% of the total) observed in the HSQC spectrum of the S. kraussiana lignin-like fraction, followed by lower amounts (around 5%) of β−5′ phenylcoumarans (B) and β−β′ resinols (C) (Table 3).

Together with the aforementioned lignin signals, the aromatic region of the HSQC spectrum of the S. kraussiana lignin-like fraction also showed signals of flavonoids (Figure 4). At a first glance, several of them seemed to match well with those of the flavone apigenin (Supplementary Figure 1) but a more extensive analysis revealed that they actually corresponded to the biflavonoid amentoflavone (bis-apigenin coupled at 8 and 3′ positions) and the flavanone naringenin, the latter being less abundant. The identities of these signals were confirmed by spectral comparison with authentic flavonoid standards and synthetic DHPs (Supplementary Figure 1).

Among over 130 natural products reported from Selaginella species (Weng and Noel, 2013), amentoflavone is the most common (bi)flavonoid (Setyawan, 2019), being also present in Euphorbiaceae, Calophyllaceae and other plants, and exhibiting a variety of pharmacological properties (Yu et al., 2017). Free amentoflavone can be easily isolated from Selaginella plants by ethanol extraction (Swamy et al., 2006). So, considering that the S. kraussiana material analyzed was successively and exhaustively extracted with several solvents (acetone, ethanol, and water), and the dioxane-lignin preparation was purified as well (with diethyl ether), it is logical to think that the amentoflavone present in this fraction is somehow bound to the lignin polymer. Another fact supporting this hypothesis is the relatively lower intensities of the Am5′ and Am2′ signals (compared to Am6, Am8, Am6′′ and Am2′′′,6′′′), which suggests that amentoflavone would be connected to the lignin through its B-ring. It is believed that biflavonoids are biosynthesized through dimerization of monomeric flavonoids via radical coupling reactions catalyzed by peroxidases (and/or laccases) (Yamaguchi and Kato, 2012) in the same way in which lignin polymerizes from monolignols (Ralph et al., 2004).

A “milled-wood lignin” (MWL) preparation was also isolated from S. kraussiana by the classical procedure (Björkman, 1956), which is expected to be representative of the native lignin (Fujimoto et al., 2005). The HSQC spectrum of the S. kraussiana MWL was very similar to that of the dioxane-lignin (Supplementary Figure 3) and also displayed amentoflavone signals with almost identical relative abundances, reinforcing the idea that this biflavonoid might be incorporated into the lignin structure. More research is currently in progress to confirm whether the amentoflavone is covalently linked to the lignin in this Selaginella species.

Interestingly, in a previous work, signals for amentoflavone can also be clearly observed in the HSQC spectrum of the lignin isolated from Selaginella moellendorffii Hieron., although they were not assigned there (Weng et al., 2011). It is important to note that in that work the lignin was acetylated and, therefore, the chemical shifts of the amentoflavone signals were slightly different (this point was confirmed by acetylating S. kraussiana and recording HSQC under the same experimental conditions). Therefore, the present work reports for the first time the presence of amentoflavone in the lignin fraction of a Selaginella species. The occurrence of amentoflavone explains the appearance of 4-hydroxyacetophenone (peak 22) in the pyrograms of the S. kraussiana lignin (Figure 2) since 4-hydroxyacetophenone was the main compound released by pyrolysis of an amentoflavone standard (data not shown).



Horsetails

Despite being a vascular plant, the lignin-like preparation from the horsetail E. palustre (class Polypodiopsida, order Equiseales) did not yield significant amounts of pyrolysis lignin markers and only traces of phenol and 4-methylphenol, which could arise from proteins and not from real H-lignin units, could be detected (Figure 2 peaks 1 and 4, respectively). This could be related to the limited development of its vascular system with no secondary thickening (Logan and Thomas, 1985) and its wetland-adapted lifestyle. The HSQC spectrum showed significant amounts of proteins, which would explain the release of phenol and 4-methylphenol upon Py-GC/MS and confirm the absence of H-lignin units (Supplementary Figure 2). Lignin-derived compounds have been previously reported, although in very low amounts, in other horsetails by chemical degradation of whole cell-wall material (Logan and Thomas, 1985; Espiñeira et al., 2011).



Ferns

The aromatic regions of the HSQC spectra (Figure 5) of the lignin-like preparations isolated from the ferns P. aquilinum and N. cordifolia (class Polypodiopsida, order Polypodiales) showed almost exclusively signals for G-lignin (G2, G5, and G6), together with small signals for H-lignin units in the spectrum of P. aquilinum. Correlation signals of coniferaldehyde end-groups (J2, J6, and J8) and flavonoids were also detected.

In the case of P. aquilinum, the flavonoid signals were unambiguously assigned to kaempferol (by comparison with an authentic standard, Supplementary Figure 1), whereas in the case of N. cordifolia, it was not possible to conclusively assign them (unknown signals labeled with question marks) (Figure 5). The occurrence of kaempferol in P. aquilinum is not limited to the lignin fraction but its presence, mainly as kaempferol glycosides, has also been reported in the ethanol extracts (Nakabayashi, 1955; Imperato, 1996).

Analysis of signals in the aliphatic-oxygenated region of the spectra showed that P. aquilinum and N. cordifolia present a rather similar linkages distribution (Table 3). Apart from the signal of methoxyl groups (in G-units), typical signals of different inter-unit linkages were clearly detected, including β−O−4′ alkyl-aryl ethers (A), β−5′ phenylcoumarans (B), β−β′ resinols (C) and 5−5′ dibenzodioxocins (D).



Ancient Gymnosperms (Cycads and Gnetophytes)

To have a broader view on lignin in early plants, the lignin-like fractions of two ancestral gymnosperms (division Spermatophyta) with secondary thickening, C. revoluta (class Cycadopsida) and E. fragilis (class Gnetopsida), were also studied in some detail by HSQC NMR (Figure 6).

The aromatic region of the HSQC spectrum of the C. revoluta lignin-like fraction was clearly dominated by correlations signals corresponding to G-lignin units. Cross-signals of H-lignin units, coniferaldehyde end-groups (J) and flavonoids were also detected, albeit in considerably lower amounts. The flavonoid signals were assigned to amentoflavone (Am) and naringenin (N) moieties with the aid of authentic standards (Supplementary Figure 1). The presence of amentoflavone in the lignin fraction is not surprising as several amentoflavone-derived compounds have been reported among the C. revoluta extractives (Moawad et al., 2010, 2014). In the aliphatic-oxygenated region of the spectrum, typical signals of different lignin substructures, including β−O−4′ alkyl-aryl ether (A), β−5′ phenylcoumaran (B), β−β′ resinol (C) and 5−5′ dibenzodioxocin (D) linkages were also detected. The relative abundances of the above substructures are provided in Table 3.

In contrast, the HSQC spectrum of the E. fragilis lignin revealed an H-G-S type polymer enriched in S-lignin units (S/G ratio of 2.6). Similar lignin composition in Gnetopsida species have been observed in the related Ephedra viridis Coville by thioacidolysis (Ros et al., 2007), Ephedra sinica Stapf by CuO alkaline degradation (Jin et al., 2007b) and Gnetum gnemon L. by ozonation and NMR (Nawawi et al., 2016). Therefore, the appearance of S-lignin in E. fragilis is another case of parallel and convergent evolution of S-lignin between primitive vascular plants and angiosperms. The HSQC analysis of the E. fragilis lignin also revealed structural details (linkages and substructures). In this way, we found that the S-enriched lignin of E. fragilis is mainly composed of β−O−4′ substructures (81%), followed by lower amounts of β−β′ resinols (11%) and β−5′ phenylcoumaran (7%) and the absence of dibenzodioxocins (Table 3). The lower contents of dibenzodioxocin and phenylcoumarans in the E. fragilis lignin-like fraction, compared with C. revoluta, seems to be related to its higher S/G ratio. Phenylcoumaran structures are composed of at least one G-lignin unit (and the second can be either G- or S-), while two G-lignin units are involved in the dibenzodioxocin structures (S-units cannot form dibenzodioxocin structures). In addition, signals from flavonoids were also detected in the aromatic region of the spectrum (Figure 6), some of which were assigned to the flavonol kaempferol by comparison with an authentic standard (Supplementary Figure 1). As found in the abovementioned Selaginella, investigated as a reference system for metabolic evolution (Weng and Noel, 2013), lignin in E. fragilis and some other Gnetales species have also been found to incorporate S-units (Logan and Thomas, 1985) through convergent evolution.



CONCLUSION

Lignins from precursors synthesized through the classical monolignol biosynthetic route (yielding p-coumaryl, coniferyl and sinapyl alcohols) were not significantly detected in the two moss species, as the more ancestral plants analyzed. In agreement with their contribution to land colonization by vascular plants, G lignins were found from lycophytes to ferns and ancient gymnosperms (cycads and gnetophytes). However, they were hardly detected in the gnetophyte E. palustre characterized by its limited vascular development. Then, these G-type primitive lignins, which would also include flavonoids and minor H-type units, incorporated S-type units in several parallel and convergent evolutionary events. In this way, we found S-rich lignins in the lycophyte S. kraussiana (S/G ratio of 2.1) and the gnetophyte E. fragilis (S/G ratio of 2.6), before their final acquisition by modern angiosperms. In this way, the presence of S lignin paralleled trunk secondary thickening in different groups of plants characterized by their extant and/or ancestral arborescent development. In fact, it has been suggested that S-lignin units would have appeared up to five times during plant evolution (Novo-Uzal et al., 2012).

Plant flavonoids and lignin-like polymers have existed concomitantly since the first land plants appeared. They are believed to play a key role as UV screens due to their aromatic and partially phenolic nature (Clayton et al., 2018; Davies et al., 2020), although it is likely that the amount of flavonoids in the lignin-like fractions has been reduced as terrestrial plants have evolved. To a greater or lesser extent, flavonoids were detected within the lignin-like fractions of all the primitive plants studied here (from mosses to ancient gymnosperms). The B-ring flavonoids derives from the general phenylpropanoid biosynthetic pathway. Interestingly, all the flavonoids identified in the lignin-like preparations present a B-ring similar to the H-lignin units (as found in apigenin, naringenin and kaempferol). Flavonoids with a B-ring similar to G- and S-lignin units, and even in the form of catechol or pyrogallol, have been reported in extracts of most of these primitive plants (Nakabayashi, 1955; Geiger et al., 1997; Weng and Noel, 2013; Negm et al., 2016) but, due to unknown reasons, they do not incorporate into their lignin-like fractions.

Flavonoid incorporation into the lignin polymer is not a new topic. It was described that tricin [5,7-dihydroxy-2-(4-hydroxy-3,5-dimethoxyphenyl)-4H-chromen-4-one] is incorporated into the lignin of wheat straw and other monocots (del Río et al., 2012; Rencoret et al., 2013; Lan et al., 2015, 2016b). However, this is in contrast to ancestral species that do not incorporate G/S-type B-ring containing flavonoids, as mentioned above. Other flavonoids, such as apigenin and naringenin, are also compatible with lignification, as shown in genetically-modified plants (Lam et al., 2017, 2019). In the present work, we report for the first time the presence of naringenin, apigenin, kaempferol, and amentoflavone in the lignin-like fraction isolated from several wild ancestral plants, as confirmed by the corresponding HSQC signals in flavonoid-containing in vitro synthesized DHPs. Research is currently underway to confirm whether these flavonoids are covalently bound to the lignin polymer.
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Anthocyanins represent the major red, purple, and blue pigments in many flowers, fruits, vegetables, and cereals. They are also recognized as important health-promoting components in the human diet with protective effects against many chronic diseases, including cardiovascular diseases, obesity, and cancer. Anthocyanin biosynthesis has been studied extensively, and both biosynthetic and key regulatory genes have been isolated in many plant species. Here, we will provide an overview of recent progress in understanding the anthocyanin biosynthetic pathway in plants, focusing on the transcription factors controlling activation or repression of anthocyanin accumulation in cereals and fruits of different plant species, with special emphasis on the differences in molecular mechanisms between monocot and dicot plants. Recently, new insight into the transcriptional regulation of the anthocyanin biosynthesis, including positive and negative feedback control as well as epigenetic and post-translational regulation of MYB-bHLH-WD40 complexes, has been gained. We will consider how knowledge of regulatory mechanisms has helped to produce anthocyanin-enriched foods through conventional breeding and metabolic engineering. Additionally, we will briefly discuss the biological activities of anthocyanins as components of the human diet and recent findings demonstrating the important health benefits of anthocyanin-rich foods against chronic diseases.
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INTRODUCTION

Anthocyanin synthesis is one of the most studied biosynthetic pathways in plants. Besides providing the major red, purple, violet, and blue pigmentation in flowers and fruits for attracting pollinators and seed dispersers, anthocyanins act as antioxidants in plants and are involved in both abiotic and biotic stresses, such as UV radiation, cold temperatures, drought, and in defense against pathogens and herbivores (Sarma and Sharma, 1999; Lorenc-Kukuła et al., 2005; Gould and Lister, 2006). Anthocyanins are health-protecting components of our daily diet found to activate endogenous antioxidant defenses and suppress inflammatory mediators (Speciale et al., 2013; Lee et al., 2014; Ullah et al., 2019; Kozłowska and Dzierżanowski, 2021). A number of studies suggest that they have protective effects against cardiovascular diseases, obesity, cancer, and neurodegenerative diseases (Tsuda, 2012; Li et al., 2017b; Salehi et al., 2020). For this reason, there has been growing interest in the identification of regulatory genes controlling anthocyanin biosynthesis in major crops as targets for both metabolic engineering and breeding programs.

Anthocyanins are the final products of a specific branch of flavonoid biosynthesis, also producing flavonols, phlobaphenes, and proanthocyanidins (Figure 1). Flavonols, proanthocyanidins, and anthocyanins are water-soluble and almost ubiquitous, whereas phlobaphenes are alcohol-soluble and water-insoluble phenolics mostly produced in maize, wheat, and sorghum (Casas et al., 2014; Ibraheem et al., 2015; Lachman et al., 2017). The first biosynthetic genes of the anthocyanin pathway (i.e., CHS, chalcone synthase; CHI, chalcone isomerase; F3H, flavanone 3-hydroxylase; F3′H, flavanone 3′-hydroxylase; F3′5′H, flavanone 3′5′-hydroxylase), which have been termed early biosynthetic genes (EBGs), are involved in the synthesis of dihydroflavonols (i.e., dihydrokaempferol, dihydroquercetin, and dihydromyricetin). Dihydroflavonols are then converted into anthocyanidins (i.e., pelargonidin, cyanidin, and delphinidin) by the late biosynthetic genes (LBGs), encoding dihydroflavonol reductase (DFR), flavonol synthase (FLS), and anthocyanidin synthase/leucoanthocyanidin dioxygenase (ANS/LDOX), and to the anthocyanidin derivatives peonidin, malvidin, and petunidin by methyltransferases (MT; Figure 1). Anthocyanidins are glycosylated by UDP-glucose flavonoid 3-O-glucosyltransferase (UFGT), acylated by anthocyanin acyltransferase (AAT), and then transferred to the vacuole by glutathione S-transferase (GST). The stability of different anthocyanins is highly influenced by glycosylation and acylation, both aromatic and aliphatic, and influence their color and degradation in plant tissues (Glover and Martin, 2012). Anthocyanin 3-monosaccharides (e.g., 3-glucoside) are the most common, anthocyanin 3-disaccharides (e.g., 3-rutinoside) are generally more stable than 3-monosaccharides, whereas anthocyanin 3,5 disaccharides are also common, but less stable (Zhang et al., 2014a). The sugar residues of anthocyanins are often acylated with aromatic (e.g., p-coumaric, caffeic, and ferulic) or aliphatic acids (e.g., malonic and acetic acid). Anthocyanin acylation increases the stability, allowing intra- and inter-molecular co-pigmentation, and causes a shift toward the blue color (Zhang et al., 2014a).
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FIGURE 1. Simplified scheme of the flavonoid pathway, comprising the general phenylpropanoid pathway, the anthocyanin branch, and other subgroups of flavonoid end-products. Enzyme names are abbreviated as follows: PAL, phenylalanine ammonia lyase; C4H, cinnamic acid 4-hydroxylase; 4CL, 4 coumarate CoA ligase; CHS, chalcone synthase; CHI, chalcone isomerase; F3H, flavanone 3-hydroxylase; F3′H, flavanone 3′-hydroxylase; F3′5′H, flavanone 3′5′-hydroxylase; DFR, dihydroflavonol reductase; FLS, flavonol synthase; ANS/LDOX, anthocyanidin synthase/leucoanthocyanidin dioxygenase; UFGT, UDP-flavonoid glucosyl transferase; ANR, anthocyanidin reductase; LAR, anthocyanidin reductase; MT, methyltransferase; AAT, anthocyanin acyltransferase; GST, glutathione S-transferase; P-ATPase, P-type ATPase proton pump; MATE, MATE-type transporter. Boxes indicate the early and late biosynthetic genes (EBGs and LBGs) of the flavonoid pathway in dicots.


Anthocyanin biosynthesis has been studied extensively, and key regulatory genes have been identified in many plant species (Petroni and Tonelli, 2011; Patra et al., 2013c; Chaves-Silva et al., 2018; Liu et al., 2018). Here, we focus on recent progress in understanding the positive and negative regulatory mechanisms of anthocyanin biosynthesis. Activators and repressors of anthocyanins in maize and Arabidopsis will be firstly described as examples of the regulatory systems in monocots and dicots, respectively, with particular emphasis on the important post-transcriptional mechanisms of regulation involving miRNAs identified in Arabidopsis and thereafter in other dicots. Finally, recent findings demonstrating the important health benefits of anthocyanin-rich food against chronic diseases will be discussed.



ACTIVATORS OF ANTHOCYANIN BIOSYNTHESIS IN MAIZE AND ARABIDOPSIS

In most species, anthocyanin biosynthesis is activated by the interaction of R2R3-MYB regulatory proteins in combination with bHLH and WD40-type regulatory proteins to form a ternary MBW complex (Figure 2; Allan et al., 2008; Petroni and Tonelli, 2011; Chaves-Silva et al., 2018).

[image: Figure 2]

FIGURE 2. MBW complexes in different plant species. Alternative R1/C1 complexes activating anthocyanin biosynthesis genes in maize. (A) Schematic representation of the R1 functional domains. MIR, MYB interacting region; ACIDIC, acidic region; bHLH, basic helix-loop-helix domain; LZ, leucine zipper; ACT, ACT-like domain. (B) In the first R1/C1 complex, R1 homodimerizes via the ACT-like domain, the bHLH region of R1 interacts with R-interacting factor 1 (RIF1), and the N-terminal acidic region interacts with C1, which binds the P1-binding sites (PBS) found in promoters of some anthocyanin biosynthesis genes, such as a1. (C) In the second R1/C1 complex, R1 homodimerizes via the bHLH-LZ domain, which binds E-box elements, such as those present in the bz1 promoter, and interacts with the C1 protein, providing a strong transcriptional activation domain. (Schemes modified from Kong et al., 2012). (D) MYB-bHLH-WD40 (MBW) complexes involved in anthocyanin biosynthesis in different plant species. MYBs are indicated in red, bHLHs in green, and WD40s in yellow. The Arabidopsis MBWW complex (PAP1-TT8-TTG1-TTG2) controlling a subset of proanthocyanidin LBGs is indicated by a dotted line connecting TTG2 and TTG1. The MBWW complex (AcMYBC1-AcbHLH-AcWD40-AcWRKY44) controlling F3′H and F3′5′H in kiwifruit (Actinidia chinensis) is indicated by a dotted line connecting AcWD40-AcWRKY44.


In the monocot maize, the regulatory genes of anthocyanin biosynthesis are divided in two families (C1/Pl1 and R1/B1), encoding MYB and bHLH transcription factors, respectively. The R1/B1 genes (R1, Red1; B1, Booster1; Sn1, Scutellar node1; Lc1, Leaf color1; Hopi1), whose expression is tissue-specific, determine the distribution of pigment production in different tissues, whereas Colorless1 (C1) in the seed or Purple plant1 (Pl1) in plant tissues regulates anthocyanin accumulation during development and in response to light. In maize seed, the dominant R1 C1 genes activate anthocyanin pigmentation of the aleurone layer in blue corn, whereas the dominant B1 Pl1 genes induce anthocyanin synthesis in the pericarp of purple corn (Petroni et al., 2014). MYB and bHLH transcription factors form a heterodimer activating all anthocyanin biosynthetic genes in a coordinate manner (Hernandez et al., 2004). By contrast, the phlobaphene branch only requires the maize MYB PERICARP COLOR1 (P1) to activate a subset of biosynthetic genes (i.e., CHS, CHI, DFR, and FLS; Ferreyra et al., 2010). In addition, the PALE ALEURONE COLOR1 (PAC1) WD40 protein cooperates with B1 or R1 proteins for full activation of anthocyanin biosynthetic genes in the seed, probably via a ternary MBW complex similar to that identified in other species (Figure 2D; Carey et al., 2004).

Despite being activated coordinately, anthocyanin biosynthetic genes lack conserved cis-regulatory elements. Therefore, their coordinate activation is proposed to be achieved by two different R1/C1 complexes, each able to bind specific cis-elements and thus to activate a subset of anthocyanin biosynthetic genes (Tuerck and Fromm, 1994). These alternative R1/C1 complexes depend on two different dimerization domains found in bHLH proteins (Figure 2A). In the proposed model, when R1 homodimerizes via the ACT-like domain (Figure 2B), the bHLH region of R1 interacts with R-interacting factor 1 (RIF1), an EMSY-like maize nuclear factor, necessary to the R1/C1 complex for transcriptional activation of anthocyanin biosynthetic genes through increased histone acetylation of the promoter region (Hernandez et al., 2007), whereas the N-terminal acidic region interacts with the MYB C1, necessary to bind the P1-binding sites (PBS) in the a1 promoter (Sainz et al., 1997). When R1 homodimerizes via the bHLH-LZ domain (Figure 2C), it directly binds E-box elements in the bronze1 (bz1) promoter, and interacts with the C1 protein, necessary to provide a strong transcriptional activation domain (Kong et al., 2012).

In the dicot Arabidopsis, EBGs leading to the production of flavonols (Figure 1) are activated by functionally redundant R2R3-MYB regulatory genes (MYB11/12/111), whereas the activation of LBGs, leading to the production of proanthocyanidins in seeds and anthocyanins in vegetative tissues (Figure 1), requires the MYB-bHLH-WD40 complex (Figure 2D; Baudry et al., 2004; Stracke et al., 2007; Gonzalez et al., 2008). The MBW complex activating anthocyanin synthesis in vegetative tissues includes the WD40 factor TRANSPARENT TESTA GLABRA1 (TTG1) and different bHLH and MYB transcription factors (Figure 2D). The bHLH TRANSPARENT TESTA8 (TT8), GLABRA3 (GL3), and ENHANCER OF GLABRA3 (EGL3) genes have partially redundant roles in the regulation of anthocyanins in seedlings (Zhang et al., 2003; Gonzalez et al., 2008). Among R2R3-MYB factors, MYB75/PRODUCTION OF ANTHOCYANIN PIGMENT1 (PAP1), MYB90/PRODUCTION OF ANTHOCYANIN PIGMENT2 (PAP2), MYB113, and MYB114 can form multiple MBW complexes with EGL3, GL3, and TT8 (Gonzalez et al., 2008). On the other hand, seed-specific activation of proanthocyanidin synthesis requires the activity of an MBW complex comprising the R2R3-MYB protein MYB123/TRANSPARENT TESTA2 (TT2), TT8, and TTG1 (Ramsay and Glover, 2005). A newly identified complex requires the additional interaction between TTG1 and TTG2 WRKY transcription factors, thus forming an MBWW complex necessary to activate a subset of LBGs (i.e., TRANSPARENT TESTA12, TT12 and Autoinhibited H(+)-ATPase Isoform 10, AHA10) encoding a MATE type transporter and a P-type ATPase proton pump, functioning as vacuolar proanthocyanidin transporters (Figure 2D; Gonzalez et al., 2016; Lloyd et al., 2017). When overexpressed, PAP1 and PAP2 also weakly activate EBGs (Tohge et al., 2005), but in pap1 knock-out plants or when all four MYBs (PAP1, PAP2, MYB113, and MYB114) were silenced through RNAi, only LBGs were found to be significantly reduced (Gonzalez et al., 2008).

Interestingly, a two-step activation of anthocyanin biosynthesis has been proposed in Arabidopsis (Albert et al., 2014). TT8 is regulated at the transcriptional level and can regulate its own expression through a positive feedback mechanism. In etiolated seedlings, an initial PAP1/EGL3/TTG1 complex may activate TT8, which can then form MBW complexes that autoactivates TT8 through a positive feedback mechanism and confers a strong induction of LBGs and anthocyanin accumulation (Baudry et al., 2006). In seedlings, TT8 expression is therefore controlled by three different MBW complexes, including PAP1, TTG1, and one of three bHLHs (TT8/EGL3/GL3), whereas three other MBW complexes consisting of TTG1, TT2/MYB5, and TT8/EGL3 control proanthocyanidin accumulation in seeds (Xu et al., 2015). Overall, it appears that despite the variable function of transcription factors in the MBW complex, the complex is conserved in monocots and dicots, but the mechanisms of regulation of the regulatory genes have diverged. In the monocot maize, each regulatory gene is independently regulated, whereas in dicots a regulatory loop exists, in which one regulatory gene controls the expression of another in a tissue- and developmental-specific manner (Carey et al., 2004; Xu et al., 2015). Consistent with this divergence, based on phylogenetic analyses, the R2R3-MYBs from Arabidopsis (i.e., MYB75/PAP1, MYB90/PAP2, MYB113, and MYB114) and many other angiosperms belong to subgroup 6, whereas the R2R3-MYBs C1 and Pl1 from maize are more similar to R2R3-MYBs from subgroup 5 (i.e., TT2), which usually activate proanthocyanidins (Dubos et al., 2010).

Considerable research on the upstream activators of MBW complexes that mediate the response to environmental signals has been reported in many reviews (Jaakola, 2013; Zoratti et al., 2014; Xu et al., 2015; Chaves-Silva et al., 2018; Liu et al., 2018), but only ELONGATED HYPOCOTYL 5 (HY5) has been demonstrated as a direct activator of PAP1 in response to light through direct binding to the G-box and ACE element in the PAP1 promoter (Shin et al., 2013). Therefore, HY5 appears to regulate anthocyanin biosynthesis in two ways: via direct binding to the promoter regions of the biosynthetic genes, and by positive regulation of PAP1 transcription (Shin et al., 2013). Other candidates in the light-regulated activation of PAP1 are LIGHT-REGULATED ZINC FINGER PROTEIN 1 (LZF1), which is under control of HY5 (Chang et al., 2008), the NAC domain transcription factor, ANAC078, that also activates TT2, TT8, GL3, and EGL3 in addition to PAP1 (Morishita et al., 2009), and MYB112 which activates the expression of PAP1 upon perception of high light and salt stress, but acts negatively toward MYB12 and MYB111, which both control flavonol biosynthesis (Lotkowska et al., 2015).

Interestingly, the MBW complexes are then stabilized by the transcription factor TCP3, which interacts with R2R3-MYBs and reinforces their transcriptional activation capacity when bound to TT8, thus promoting the expression of LBGs (Figure 3A). TCP3 also interacts with R2R3-MYBs controlling EBGs (MYB11/MYB12/MYB111), thereby enhancing both flavonol and anthocyanin production (Li and Zachgo, 2013). In yeast 2-hybrid, TCP3 was also found to form a heterodimer with the negative regulator R3-MYB protein MYB-LIKE2 (MYBL2; see below), suggesting that TCP3 may stabilize the MBW complex by sequestering MYBL2 and preventing its binding to the bHLH proteins (Figure 3A; Li and Zachgo, 2013). Therefore, TCP3 can be considered an anthocyanin activator with a positive activation mode, based on the interaction with the MBW complex to enhance its transcriptional activity, and a passive activation mode, based on the sequestration of the MYBL2 repressor, known to fine-tune anthocyanin accumulation (Figure 3A).
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FIGURE 3. Schematic model of positive and negative regulation of MBW complexes in Arabidopsis. The MYB-bHLH-WD40 (MBW) complex activates the expression of LBGs. (A) TCP3 stabilizes the MBW complex and reinforces its transcriptional capacity by associating with MYBs and by interacting with the MYBL2 repressor, thus preventing its binding to the bHLH proteins; (B) MYBL2 disrupts the MBW complex by interacting with bHLHs or participates in the MBW complex and down-regulates LBGs through its repression domain; (C) JAZ proteins disrupt the MBW complex by interacting with bHLHs or R2R3-MYBs; (D) SPL9 disrupts the MBW complex by interacting with MYBs; (E) simplified model for negative regulation of MYB11/12/111genes and the MBW complex through MYBL2, JAZ, SPL9, and miRNAs. MYBs are indicated in red, bHLHs in green, and WD40s in yellow. TCP3 activator is indicated in violet, whereas MYBL2 and SPL9 repressors are indicated in light blue. Arrows, positive regulation; blunt ends, negative regulation; dashed arrow, translation.




REPRESSION OF ANTHOCYANIN BIOSYNTHESIS IN MAIZE AND ARABIDOPSIS

Significant progress in understanding the negative regulators controlling flavonoid biosynthesis has been made (Li, 2014; Xu et al., 2015; Chen et al., 2019; LaFountain and Yuan, 2021). Most anthocyanin repressors act by disrupting the MBW complexes, but there is increasing evidence of direct repression of biosynthetic genes, post-transcriptional regulation through miRNAs (see also Section “Post-transcriptional Regulation of Anthocyanin Biosynthesis in Arabidopsis and Other Dicots”) and post-translational modifications that fine-tune the activity of MBW complexes.

In maize, the INTENSIFIER1 (IN1) gene encodes a bHLH protein, which is most closely related to the clade bHLH-2 within subgroup IIIf of the bHLH family (Feller et al., 2011). The bHLH-1 proteins regulate anthocyanin biosynthesis, whereas in many plants the bHLH-2 proteins, besides being essential for anthocyanin biosynthesis (Albert et al., 2021), are also involved in regulating proanthocyanidin biosynthesis and vacuolar acidification (Spelt et al., 2002; Butelli et al., 2019; Strazzer et al., 2019). In maize, the IN1 gene inhibits the anthocyanin pathway, possibly by interfering with R1 binding in the MBW complex, since IN1 does not appear to control the transcript level of the B1 and C1 genes (Carey et al., 2004; Feller et al., 2011).

In dicots, the first negative R2R3-MYB regulators identified, AmMYB308 and AmMYB330 from Antirrhinum majus, reduced anthocyanin biosynthesis when overexpressed in tobacco flowers (Tamagnone et al., 1998), whereas in Arabidopsis AtMYB4 was the first R2R3-MYB shown to act as a repressor of phenylpropanoid metabolism (Jin et al., 2000). Both contain an ETHYLENE RESPONSE FACTOR (ERF)-associated amphiphilic repression (EAR) motif in the C-terminal domain and belong to subgroup 4, where many other plant R2R3-MYB repressors are included (Dubos et al., 2010; Chen et al., 2019).

In addition to R2R3-MYB repressors, in Arabidopsis two types of R3-MYB repressors, MYBL2 and CAPRICE (CPC), have been identified. MYBL2 is an R3-MYB repressor derived from subgroup 4 R2R3-MYBs after a partial loss of the R2 domain and characterized by an R3 domain including the bHLH interacting motif and a C-terminal domain containing an EAR motif and a TLLLFR repression motif (Dubos et al., 2008; Matsui et al., 2008). Conversely, CPC consists of a short protein, containing the highly conserved bHLH-interacting motif, but no repressor domains, and belongs to a distinct clade that emerged before the divergence between monocots and dicots (Albert et al., 2014). Specifically, CPC is known to regulate root hair differentiation, trichome initiation, and stomatal formation (Wada et al., 1997), but it has also been shown to be involved in the regulation of anthocyanin biosynthesis in Arabidopsis (Zhu et al., 2009). These two types of R3-MYB repressors are characterized by two different mechanisms of action: CPC only exerts passive repression by titrating the bHLH partners from the MBW complex (Zhu et al., 2009), whereas MYBL2 exerts both a passive repression by preventing the formation of an MBW complex through interaction with the bHLH proteins and an active repression by participating in the MBW complex and actively repressing transcription of LBGs via an EAR repression domain (Figure 3B; Dubos et al., 2008; Matsui et al., 2008). In addition, MYBL2 represses the expression level of MYB and bHLH regulatory genes in seedlings (e.g., TT8, PAP1, and PAP2; Dubos et al., 2008; Matsui et al., 2008) and in turn is activated by TT8, thus reducing the positive feedback loop of TT8 (Matsui et al., 2008).

MYBL2 also appears to mediate the response to environmental stresses and hormones. It is down-regulated by high light and up-regulated by low light, resulting in increased or reduced anthocyanin synthesis, respectively, through its regulation of TT8, PAP1/PAP2 (Dubos et al., 2008; Rowan et al., 2009). MYBL2 response to light depends on HY5 and occurs via three different mechanisms (Figure 3E). First, MYB-like Domain transcription factor (MYBD), which is induced in response to light and is a target gene of HY5, is a direct transcriptional repressor of MYBL2, able to reduce the acetylation of lysine 9 of histone 3 (H3K9) in MYBL2 promoter (Nguyen et al., 2015). Second, HY5 is also able to directly bind the MYBL2 promoter and to repress its expression through an epigenetic mechanism, consisting of increased levels of H3K9 acetylation and H3K4 trimethylation at HY5 binding sites (Wang et al., 2016). Third, HY5 directly activates miR858a, which then inhibits MYBL2 by translational repression (Wang et al., 2016). Overall, MYBL2 is negatively regulated by transcriptional repression by HY5 as well as by miR858a via translational repression (see also Section “Post-transcriptional Regulation of Anthocyanin Biosynthesis in Arabidopsis and Other Dicots”) and affects the expression of biosynthetic genes and anthocyanin accumulation through the interaction with MBW complexes. An additional level of epigenetic regulation involves the enrichment of the histone 2 variant H2A.Z in the promoter of anthocyanin biosynthetic genes in normal conditions as well as in high light and drought, in order to reduce an excessive anthocyanin accumulation. H2A.Z inhibits the expression of biosynthetic genes by reducing the accessibility and the H3K4 trimethylation around the transcription start site of genes (Cai et al., 2019).

Besides MYBL2, other transcription factors acting as repressors of anthocyanin biosynthesis in response to hormonal stimuli have been identified, including the JASMONATE ZIM-DOMAIN (JAZ) proteins (Qi et al., 2011) and the SQUAMOSA PROMOTER BINDING PROTEIN-LIKE 9 (SPL9; Gou et al., 2011). Despite their interactions with different proteins of the MBW complex, they share similar repressor mechanisms through ubiquitination and degradation by the 26S proteasome. JAZ proteins, which are the master regulators of jasmonic acid (JA) signaling, negatively regulate anthocyanin accumulation by interacting with bHLHs and R2R3-MYBs and disrupting the MBW complex (Figure 3C). Upon JA signaling, JAZ proteins are degraded through ubiquitination and degradation by the 26S proteasome and the reconstituted MBW complex activate anthocyanin biosynthesis (Qi et al., 2011). MYBL2 and JAZ proteins were also found to mediate gibberellic acid (GA)-inhibited anthocyanin biosynthesis in Arabidopsis (Xie et al., 2012, 2016). In the absence of GA, DELLA proteins, which are known repressors of GA signaling, are degraded (Jiang et al., 2007), but in the presence of GA they directly sequester MYBL2 and JAZ repressors, leading to the release of bHLH/MYB subunits and subsequently to the formation of an active MBW complex, which then activates the anthocyanin pathway. Possibly, a similar mechanism involves DELLA, MYBL2, and JAZs in response to abiotic stress-induced anthocyanin biosynthesis (Xie et al., 2012). Phosphate starvation and sucrose were also shown to reduce the concentration of GA or to specifically inhibit the GA-dependent degradation of DELLA proteins respectively, thus inducing anthocyanin accumulation in Arabidopsis (Hsieh et al., 2009). Similar to JAZ proteins, SPL9 acts as negative regulator of anthocyanin biosynthesis by interacting with R2R3-MYBs (PAP1 and MYB113) and disrupting the formation of the MBW complex with TT8 (Figure 3D; Gou et al., 2011; Cui et al., 2014).

Curiously, brassinosteroids (BR) negatively regulate the JA-induced anthocyanin accumulation by reducing the expression of PAP1, PAP2, and GL3 (Peng et al., 2011). Whether this suppression is mediated by JAZ proteins or by MYBL2, which has been found to participate in the down-regulation of BR-repressed genes, is presently unknown (Ye et al., 2012). Furthermore, ethylene inhibits anthocyanin accumulation induced by sucrose and light by suppressing the expression of transcription factors that positively regulate anthocyanin biosynthesis, including GL3, TT8, and PAP1, while activating the negative regulator MYBL2 (Jeong et al., 2010).

A NAC-type transcription factor ANAC032 has been proposed as an indirect negative regulator of the expression of LBGs (i.e., DFR, ANS/LDOX) and TT8 regulatory gene under stress conditions (i.e., sucrose treatment, high light, and oxidative stress) through activation of the negative regulators of anthocyanin biosynthesis, MYBL2 and SPL9 (Mahmood et al., 2016). Furthermore, three members of the LATERAL ORGAN BOUNDARY DOMAIN (LBD) protein family (LBD37, 38, and 39) are strongly induced by nitrogen and function as transcriptional repressor of PAP1 and PAP2, thereby suppressing anthocyanin biosynthesis in response to nitrogen (Zhou et al., 2012). Very recently, it has been highlighted the signaling pathway of strigolactones, which are carotenoid-derived hormones known to increase anthocyanin biosynthesis (Wang et al., 2020). More specifically, strigolactones trigger ubiquitination and degradation of SMAX-like 6 from Arabidopsis (AtSMXL6), a repressor interacting with PAP1, which is then released and allowed to activate anthocyanin biosynthesis (Wang et al., 2020).

Overall, the negative regulators mediating hormonal and environmental response (i.e., MYBL2, JAZ, and SPL9) act through a passive repression which disrupts the MBW complex by interacting with bHLHs (i.e., MYBL2, Figure 3B), with MYBs (i.e., SPL9, Figure 3D) or both (i.e., JAZ, Figure 3C). MYBL2 represents an exception, since it also actively represses transcription as part of the MBW complex (Figure 3B). Anthocyanin activation in response to hormones and abiotic stresses then occurs through a common mechanism, which involves the release of one or more of these negative regulators from the interaction with MYBs and/or bHLHs (Figures 3B–D), thus restoring a functional MBW complex that activates LBGs (Figure 3E).

Finally, some post-translational modifications of MBW proteins have been identified that negatively modulate the activity of MBW complexes. PAP1/PAP2, TT8/GL3/EGL3, and TTG1 are all short-lived and degraded by ubiquitin/26S proteasome (UPS)-dependent proteolysis (Maier et al., 2013; Patra et al., 2013a,b). For GL3/EGL3, the UPS targeting for degradation is part of a negative regulatory feedback loop likely functioning to reduce their hyperactivation (Patra et al., 2013b). For PAP1/PAP2, such degradation occurs in the dark and is mediated by the CONSTITUTIVE PHOTOMORPHOGENIC1 (COP1)/SPA E3 ligase, indicating that the light-regulated activation of PAP1/PAP2 is in part due to protein stabilization (Maier et al., 2013). A recent study has revealed that MAP-Kinase 4 (MAPK4) phosphorylation of PAP1 also increases its stability and is essential for light-induced anthocyanin accumulation (Li et al., 2016).



ACTIVATORS AND REPRESSORS OF ANTHOCYANIN BIOSYNTHESIS IN FRUITS, VEGETABLES, AND OTHER CEREALS

Transcription factors orthologous to the MBW complex of maize and Arabidopsis have been isolated in cereals and many fruits and vegetables, including grape, apple, kiwi, pear, peach and strawberry, with grape, apple, and tomato being the best studied in terms of mechanism of regulation of anthocyanin synthesis (Petroni and Tonelli, 2011; Jaakola, 2013; Chaves-Silva et al., 2018; Liu et al., 2018; Chen et al., 2019). Despite the fact that the MBW is highly conserved in fruits (Figure 2D), some R2R3-MYBs, such as VvMYBF1 in grapevine and SlMYB12 in tomato, are known that control the flavonol synthesis without a bHLH partner and are activators of EBGs (Czemmel et al., 2009; Ballester et al., 2010).

In rice, the Purple leaf (Pl) complex locus, including the bHLH OsB1 and OsB2 genes, was proposed to control the anthocyanin biosynthesis in rice leaves (Sakamoto et al., 2001). However, recent studies determined that the predominant MBW complex activating anthocyanin biosynthesis in purple-leaf rice includes the R2R3-MYB OsC1, the bHLH OsRb, and the WD40 OsPAC1, which contributes to the full activation of anthocyanin biosynthesis, similar to the maize PAC1 gene (Figure 2D). Consistent with this, OsRb was found to be much higher expressed in leaves compared to OsB1 and OsB2, whose expression level was extremely low (Zheng et al., 2019). Instead, OsB2 and OsC1 (also named Kala4 and Kala3, respectively) have a predominant role in anthocyanin pigmentation of rice pericarp in black-grained rice (Maeda et al., 2014; Oikawa et al., 2015; Sun et al., 2018; Zheng et al., 2019) and are found to be negatively regulated by ethylene in the absence of light (Kumar et al., 2019), whereas the bHLH gene, OsRc, controls proanthocyanidin synthesis in pericarp of red rice varieties (Sweeney et al., 2006). Another R2R3-MYB gene, OsP1, closely related to the maize P1 and the Arabidopsis MYB11, MYB12, and MYB112, was recently identified in rice. Similar to maize, OsP1 specifically activates a subset of anthocyanin biosynthetic genes (i.e., CHS, CHI, and F3H), with partial functional overlap with the rice MBW (Zheng et al., 2019). In other cereals, such as wheat, only the Pp (Purple pericarp) gene controlling anthocyanin pigmentation in seeds has been identified so far (McIntosh et al., 2003).

In grapevine, a complex locus with two MYB genes (VvMYBA1 and VvMYBA2), homologs of Arabidopsis PAP1, PAP2, MYB113, and MYB114 is specifically expressed in ripening berries, where it promotes the synthesis of tri-hydroxylated anthocyanins (i.e., delphinidin, malvidin, and petunidin), whereas the closely related VvMYBA5, VvMYBA6, and VvMYBA7 are predominantly expressed in vegetative tissues and almost exclusively promote the synthesis of di-hydroxylated anthocyanins (i.e., cyanidin and peonidin; Azuma et al., 2008; Matus et al., 2017). Consistently, these regulators share the activation of late biosynthetic and modification/transport-related genes, but only VvMYBA1 and VvMYBA2 activate F3′5′H leading to tri-hydroxylated anthocyanins. In addition, VvMYBA1 in fruits and VvMYBA6-A7 in both plantlets and fruits were found to be responsive to UV-B in an HY5-dependent manner, similar to PAP1 in Arabidopsis (Matus et al., 2017). The existence of an MBW complex is suggested by the identification of VvWDR1 as an activator of anthocyanin synthesis when overexpressed in Arabidopsis (Matus et al., 2010) and by the interaction of VvMYC1 with all grape MYBs inducing anthocyanins (i.e., VvMYBA1/A2/A6/A7), proanthocyanidins (i.e., VvMYBPA1/PA2; Matus et al., 2017), or both (i.e., VvMYB5a/5b; Figure 2D; Hichri et al., 2010). Similar to TT8 in Arabidopsis, VvMYC1 is involved in a positive feedback regulation of its own expression (Hichri et al., 2010). A retrotransposon insertion in the promoter of VvMYBA1 (Kobayashi et al., 2004) and point mutations in VvMYBA2 coding regions (Walker et al., 2007) are present in some white cultivars.

In apple, allelic homologs of R2R3-MYBs are responsible for the light-dependent anthocyanin pigmentation of red-skin apple cultivars (i.e., MdMYB1 and MdMYBA; Takos et al., 2006; Ban et al., 2007) or determine red pigmentation in apple fruit and leaves (i.e., MdMYB10; Espley et al., 2007). MdMYB1 protein is degraded in the dark by the UPS, suggesting that the light-mediated anthocyanin accumulation in apple skin is due, at least in part, to the stabilization of these factors in light, similar to the Arabidopsis PAP1/PAP2 (Li et al., 2012c). On the other hand, the MdMYB10 expression results from an autoregulatory loop mediated by five tandem repeats of an MdMYB10 binding motif in its promoter (Espley et al., 2009). Other R2R3-MYBs activating anthocyanins are MdMYB3 (Vimolmangkang et al., 2013), MdMYB9, and MdMYB11, also controlling proanthocyanidins (An et al., 2015), and MdMYB110a, a paralog of MdMYB10 resulting from a whole-genome duplication event (Chagné et al., 2013). In apple, the MBW complex includes two bHLHs, MdbHLH3 and MdbHLH33, interacting with MdMYB1, MdMYB9, MdMYB10, and MdMYB11 (Espley et al., 2007; Xie et al., 2012; An et al., 2015) and an apple WD40 protein, MdTTG1, able to interact with bHLH proteins, but not MYBs (Brueggemann et al., 2010; An et al., 2012).

Interestingly, the apple R2R3-MYBs appear to regulate anthocyanin biosynthesis in response to low temperature and plant hormones through transcriptional and post-translational mechanisms similar to those highlighted in Arabidopsis. Upon exposure to low temperature, MdbHLH3 is transcriptionally activated and, once translated, the MdbHLH3 protein is phosphorylated to further enhance its transcription activation of MdMYB1, and form with it the MBW complex able to activate the genes of the anthocyanin biosynthetic pathway (Xie et al., 2012). On the other hand, MdbHLH3 protein was found to be sequestered by JAZ proteins, which are then degraded following JA exposure, allowing MdbHLH3 to act as direct activator of MdMYB9 and MdMYB11 and to form with them an MBW complex for activation of anthocyanin biosynthesis (An et al., 2015). Similarly, MdMYB10 is sequestered by the auxin-responsive factor MdARF13, which destabilizes the MBW complex and indirectly inhibits the anthocyanin biosynthesis, but it is also able to directly repress anthocyanin biosynthetic genes. Specifically, under low auxin concentration, the MdIAA121 repressor interacts with MdARF13 and prevents its binding to promoters of anthocyanin biosynthetic genes or to MdMYB10, whereas under high auxin concentration MdIAA121 is degraded by the 26S proteasome, thus allowing MdARF13 to repress anthocyanin biosynthesis (Wang et al., 2018). Finally, MdMYB1 was found to interact with the promoter of ETHYLENE RESPONSE FACTOR3 (ERF3), a key regulator of ethylene biosynthesis, thus providing a positive feedback on ethylene biosynthesis and as a consequence an increase in anthocyanin accumulation (An et al., 2018).

Homologs of apple MdMYB10 have been isolated in many other Rosaceae, including PpMYB10, FaMYB10, PyMYB10, and PavMYB10.1 from peach, strawberry, pear, and cherry, respectively (Feng et al., 2010; Lin-Wang et al., 2010; Jin et al., 2016). In most of these fruits, an MBW complex has been identified. In peach (Prunus persica), PpMYB10, PpbHLH3, and PpWD40 are involved in the regulation of anthocyanin biosynthesis by forming a MBW complex (Figure 2D; Liu et al., 2015). In red-fleshed peaches, PpMYB10 is activated by the NAC transcription factors BLOOD (BL) and PpNAC1, which are under control of the PpSPL1 repressor (Zhou et al., 2015). In addition, low temperature-dependent DNA demethylation has been recently observed in the promoter of anthocyanin biosynthetic genes, except for PpGST (Zhu et al., 2020). Instead, the expression and activity of PpGST, directly activated by PpMYB10 and PpbHLH3, were found to be a key step for anthocyanin regulation in a red-fleshed peach cultivar, resulting in a reduction of both anthocyanin accumulation and expression of biosynthetic and regulatory genes upon PpGST silencing (Zhao et al., 2020). In strawberry, FaMYB9/FaMYB11, FabHLH3, and FaTTG1 from the octoploid Fragaria ananassa form an MBW complex specifically activating proanthocyanidins (Schaart et al., 2013), whereas in a transient assay FvMYB10 and FvbHLH33 from the diploid Fragaria vesca were found to activate the anthocyanin-specific DFR and UFGT promoters (Lin-Wang et al., 2014). Recently, a RAV (related to ABI3/viviparous 1) transcription factor, FaRAV1, has been demonstrated to stimulate anthocyanin accumulation both by up-regulating FaMYB10 and by directly binding to promoters of anthocyanin biosynthetic genes (Zhang et al., 2020a). In pear, an MBW complex has not been identified, but PyMYB114 and PybHLH3 were found to interact with PyERF3 in red pear fruit. In addition, PyMYB10 and PyMYB114 showed an additive effect in activating anthocyanins when co-expressed in tobacco and strawberry (Yao et al., 2017).

In kiwifruit, AcMYB10 and AcMYB110 from Actinidia chinensis activate the CHS, DFR, flavonoid-3-galattosyltransferase (F3GT) and LDOX genes (Li et al., 2017a; Herath et al., 2020), but the regulation of the branch points F3′H and F3′5′H, which determine the production of cyanidin- or delphinidin-based anthocyanins, respectively, has been attributed to MYBC1 and WRKY44, which are also activators of the biosynthetic genes leading to proanthocyanidins (i.e., FLS, LAR, and ANR; Peng et al., 2020). In the proposed model, the MBW complex including MYB110 activates CHS, DFR, and F3GT, but when MYBC1 interacts with bHLH, WD40, and WRKY44, an MBWW complex (Figure 2D) activates the F3′H and F3′5′H genes, allowing both the anthocyanin and proanthocyanidin synthesis (Peng et al., 2020). Recently, AcMYB123 and AcbHLH42 have been also identified as activators of ANS, F3GT and anthocyanin biosynthesis in the inner pericarp of A. chinensis (Wang et al., 2019).

In tomato, two tightly linked R2R3-MYB genes, SlANT1 and SlAN2, were considered as the main positive regulators controlling anthocyanin levels in the skin of fruits (Mes et al., 2008; Sapir et al., 2008). Both activated anthocyanin biosynthesis when overexpressed in tomato fruits, leaves, and flowers (Mathews et al., 2003; Schreiber et al., 2012; Meng et al., 2015), but only SlAN2 was shown to act as a positive regulator of anthocyanin synthesis in vegetative tissues under high light or low temperature conditions through the control of the expression of the bHLHs SlAN1 and SlJAF13 (Kiferle et al., 2015). Expression of the WDR gene SlAN11 seems to be constitutive and does not require SlAN2, whereas the expression of SlANT1 is not detectable in wild-type tomato (Kiferle et al., 2015). This is consistent with studies in other species showing that MYB proteins regulate the transcription of their bHLH partners and subsequently form with the bHLH protein and the ubiquitously expressed WDR one an MBW complex that activates the anthocyanin genes. Recent studies have highlighted that the dominant ANTHOCYANIN FRUIT (Aft) gene, which was introgressed in cultivated tomatoes from the wild species Solanum chilense, co-segregates not only with SlAN2 and SlANT1 (Mes et al., 2008; Sapir et al., 2008), but also with two other R2R3-MYB genes, named SlAN2like and SlANT1like (Sun et al., 2019; Colanero et al., 2020; Yan et al., 2020). These studies proved that (i) only SlAN2like is necessary for anthocyanin synthesis (Sun et al., 2019); (ii) in cultivated wild-type tomatoes splicing mutations in SlAN2like lead to aberrant mRNAs producing shorter proteins lacking the most R2R3-MYB domain and the C-terminal domain, which are unable to interact with bHLH proteins in the MBW complex (Colanero et al., 2020), and (iii) the recently characterized CPC-like R3-MYB repressor ATROVIOLACEA (ATV) competes with SlAN2like in binding the bHLH SlAN1, thus contributing to a negative feedback loop that fine-tunes excessive anthocyanin synthesis (Colanero et al., 2018; Sun et al., 2019).

In other Solanum species, such as eggplant, pepper, and potato, no differences were observed in the expression level of WD40 genes (i.e., SmWD40, CaTTG1, and StAN11, respectively) in pigmented compared to non-pigmented tissues, whereas the expression of MYB and bHLH genes was correlated to anthocyanin accumulation (Stommel and Dumm, 2015; Liu et al., 2016; Tang et al., 2020). Despite different R2R3-MYB putative activators have been reported in eggplant (Solanum melongena), only SmMYB1 and SmMYB75 have been demonstrated to activate anthocyanin biosynthesis in the fruit and to interact with SmTT8 in activating SmCHS (Zhang et al., 2016; Shi et al., 2021). In potato (Solanum tuberosum), the R2R3-MYB transcription factor StAN1 and the bHLHs StbHLH1 or StJAF13 are necessary for anthocyanin biosynthesis in tuber skin and flesh (Payyavula et al., 2013; Liu et al., 2016). In addition to StAN1, StMYBA1 and StMYB113 were also found to activate anthocyanin biosynthesis in tobacco by transient assays (Liu et al., 2016). Very recently, a genome-wide association study has identified two closely related R2R3-MYB genes, StMYB88 and StMYB89, representing potential regulators of anthocyanin biosynthesis in tuber flesh (Li et al., 2021b). In pepper, the upregulation of CaMYBA and CabHLH has been correlated with the expression of anthocyanin biosynthetic genes in anthocyanin-pigmented fruits (Ohno et al., 2020). Recently, the R2R3-MYB CaANT1, CaANT2, and CaAN1 genes have been proposed to interact with CaTTG1 in an MMBW complex able to regulate the expression of LBGs in purple pepper (Tang et al., 2020).

In carrot (Daucus carota), the R2R3-MYB transcription factor DcMYB7 has been demonstrated the main positive regulator of anthocyanin biosynthesis in purple roots by activating DcbHLH3 and the biosynthetic genes (Iorizzo et al., 2019; Xu et al., 2019). Despite the overexpression of DcMYB6 resulted in anthocyanin accumulation in Arabidopsis (Xu et al., 2017a), its overexpression in carrot did not determine anthocyanin accumulation in roots and high transcript levels were found in both pigmented and non-pigmented roots (Xu et al., 2019). Recently, DcMYB113 was found to activate DcbHLH3 and anthocyanin biosynthetic genes, including those responsible for anthocyanin glycosylation and acylation (Xu et al., 2020). Other MYB, bHLH, and WD40 genes have been associated with anthocyanin accumulation in carrot roots, but their functional validation is presently lacking (Kodama et al., 2018).

Similar to Arabidopsis, many subgroup 4 R2R3-MYB repressors have been identified in fruit species (Chen et al., 2019; LaFountain and Yuan, 2021). Based on phylogenetic analyses, these R2R3-MYBs are divided into AtMYB4-like repressors, which control the phenylpropanoid metabolism by directly inhibiting biosynthetic genes, and FaMYB1-like repressors, which regulate anthocyanin biosynthesis by disrupting the MBW complex (Chen et al., 2019; LaFountain and Yuan, 2021). FaMYB1 from strawberry is the first identified R2R3-MYB containing an EAR motif in the C-terminal domain in fruit species. Since then, other FaMYB1-like proteins acting upon MBW complexes have been identified. The FaMYB1 gene is expressed at high levels only at ripe fruit stages, consistent with its role of anthocyanin repressor in the latter stages of strawberry fruit maturation (Aharoni et al., 2001; Lin-Wang et al., 2010). PhMYB27, and PhMYBx from petunia were found to act upon MBW complexes to repress anthocyanin synthesis (Koes et al., 2005; Albert et al., 2014), and similar mechanisms have been shown for FaMYB1, PpMYB18, SmMYB86, VvMYBC2, and VvMYB114 (Paolocci et al., 2011; Cavallini et al., 2015; Tirumalai et al., 2019; Zhou et al., 2019; Li et al., 2021a). A newly identified anthocyanin R2R3-MYB repressor, StMYB44, containing an EAR-repression domain, represses the anthocyanin biosynthesis in tuber flesh in response to high temperature without interacting with a bHLH factor. In fact, StMYB44 down-regulates the expression of StAN1, StbHLH1, and anthocyanin biosynthetic genes, thus resulting in a redirection of metabolic flux into chlorogenic acid or lignin biosynthesis (Liu et al., 2019). Interestingly, the R2R3-MYB27 repressor from kiwifruit is transcriptionally inhibited by high sugar concentrations (i.e., trehalose 6-phosphate), whereas it is consistently up-regulated upon carbon starvation, and has been proposed to mediate the reduced anthocyanin accumulation in red-fleshed fruits in response to sugar depletion (Nardozza et al., 2020).

A VvMYB4-like transcription factor from grape, highly expressed in the skin of berries, resulted in down-regulation of LBGs when overexpressed in tobacco flowers (Pérez-Díaz et al., 2016). As an exception, the AtMYB4-like MdMYB16 acts as homodimer to directly inhibit the anthocyanin biosynthetic genes via its EAR repressor domain (Xu et al., 2017b), but may also be able to weaken the interaction of MdMYB10-MdbHLH3/MdbHLH33 complex acting on anthocyanin genes (Lin-Wang et al., 2010).



POST-TRANSCRIPTIONAL REGULATION OF ANTHOCYANIN BIOSYNTHESIS IN ARABIDOPSIS AND OTHER DICOTS

In recent years, several studies have highlighted the important role of miRNAs involved in fine-tuning flavonoid biosynthesis in Arabidopsis. Based on initial studies and recent validations, MYB11, MYB12, and MYB111 have been confirmed as targeted by miR858 in Arabidopsis (Figure 3E), thereby regulating flavonol production (Sharma et al., 2016; Liu et al., 2021). On the other hand, the expression of TCP3, and therefore its activity as anthocyanin enhancer through the interaction with the MBW complex and the MYBL2 repressor (Figure 3A), is feedback inhibited by miR319 (Nag et al., 2009).

In Arabidopsis, SPL9, which negatively regulates anthocyanin biosynthesis through interfering with the formation of the MBW complex, is also under the negative control of miR156 and determines the acropetal accumulation of anthocyanins in Arabidopsis stem. Increased miR156 activity at the junction between rosette and stem promotes high levels of anthocyanins, whereas reduced miR156 activity in the upper part of stem results in SPL9 repression of anthocyanin synthesis and redirection of metabolic flux to high levels of flavonols (Gou et al., 2011). In addition, when miR156 is induced by salt and drought stress, SPL9 is repressed, resulting in the activation of the anthocyanin pathway through PAP1 activity (Figure 3E), whereas in non-stressed conditions, miR156 is suppressed and SPL9 repression of anthocyanins is restored (Cui et al., 2014). In grape, miR156 expression was found to be modulated by multiple hormonal signals (i.e., induced by JA and abscisic acid, ABA; repressed by GA and auxin) and to modulate anthocyanin synthesis through SPL9 (Su et al., 2021).

Several studies showed that miR828 is also involved in the negative regulation of anthocyanin biosynthesis in response to different signals (Hsieh et al., 2009; Luo et al., 2012; Yang et al., 2013). Sucrose, phosphate starvation, and ABA have been shown to directly induce Trans-acting siRNA gene 4 (TAS4) and miR828 and indirectly through activation of PAP1, PAP2, and MYB113 expression. TAS4 cleavage is then triggered by miR828 into TAS4-siR81(−), which in turn down-regulates PAP1, PAP2, MYB113, and MYB82 in a regulatory feedback loop that fine-tunes anthocyanin biosynthesis (Figure 3E). Interestingly, miR828 also directly targets MYB113, suggesting a close relationship between these MYBs, miR828, and TAS4 (Hsieh et al., 2009; Luo et al., 2012; Yang et al., 2013). Similarly, miR828 negatively controls anthocyanin biosynthesis by repressing the expression of BrPAP1, BrPAP2, and BrMYB82 through BrTAS4 in Brassica rapa (Zhou et al., 2020). In apple, Md-TAS4-siR81(−) is activated by MdMYB1 during the late fruit maturation stage and in response to high temperature and reduces anthocyanin biosynthesis by targeting MdbHLH3 (Zhang et al., 2020b).

In contrast, in Arabidopsis miR408 and miR858a positively regulate anthocyanin biosynthesis in seedlings. HY5 and SPL7 have been found to co-regulate several genes in response to light and copper, respectively, including anthocyanin biosynthetic genes through coordinate activation of miR408, which promotes anthocyanin accumulation through an undefined mechanism (Zhang et al., 2014b). As previously reported, miR858a has also been demonstrated to enhance anthocyanin biosynthesis in seedlings by inhibiting the expression of MYBL2 through translational repression (Wang et al., 2016). miR858 together with miR828 inhibits the anthocyanin repressor VvMYB114 in grape resulting in the activation of anthocyanin biosynthesis (Tirumalai et al., 2019). However, in kiwifruit and tomato, miR858 negatively regulates the anthocyanin pathway by repressing AaMYBC1 (Li et al., 2019) or by modulating SlMYB48-like and SlMYB7-like putative activators, respectively (Jia et al., 2015).

Although the mature sequence of miR858 is very similar, if not identical, in different species, these findings indicate that miR858 is associated with negative regulation in tomato and kiwifruit and positive regulation in Arabidopsis. Similarly, in grape miR828 and TAS4-siR81(−) activate anthocyanin biosynthesis by inhibiting a MYB repressor, whereas in Arabidopsis, B. rapa and apple they down-regulate anthocyanin accumulation by inhibiting MYB repressors or bHLH proteins. Overall, this suggests that the miR858/miR828-mediated mechanisms underlying anthocyanin biosynthesis may be distinctive in different species and depend on the downstream targets affected.

Interestingly, two long noncoding natural antisense RNAs (lncNATs), named asDcMYB6 and asDcMYB7, have been shown to be transcribed in opposite direction to DcMYB6 and DcMYB7, respectively, and to be highly expressed in purple carrots compared to orange ones, like their corresponding genes. These lncNATs may represent a novel player in post-transcriptional regulation of anthocyanin biosynthesis in carrot (Chialva et al., 2021).



ENHANCING ANTHOCYANIN CONTENT IN OUR PLANT FOOD

The health benefits of anthocyanins make them important targets for improving existing commercial varieties for anthocyanin-rich functional foods, which help consumers to achieve a greater content of anthocyanins in their diets. Enrichment of bioactives could be particularly useful to assess the nutritional properties of different bioactives by comparing near-isogenic plant-based foods that vary only in the type and quantity of the bioactives under analysis (Martin et al., 2011).

Most efforts have been focused on increasing anthocyanins by introducing or inducing the expression of MBW transcription factors to activate the endogenous anthocyanin biosynthetic genes either by conventional breeding or by metabolic engineering.

The introgression of dominant mutations (i.e., Aft and Aubergine, Abg) through interspecific crosses with wild species transferred the ability to produce anthocyanins in the peel of cultivated tomatoes (Jones et al., 2003; Mes et al., 2008). Furthermore, the recessive gene atroviolacea (atv) and the constitutive photoresponsive high-pigment-1 (hp-1) allele in combination with Aft or Abg have been shown to stimulate a higher production of anthocyanins in the peel (Povero et al., 2011; Catola et al., 2017). Similarly, taking advantage of geographic accessions of the MYB and bHLH regulatory gene families (C1/Pl1 and B1/R1, respectively) from Andean corn cultivars, maize hybrids carrying different levels of anthocyanins in kernels have been obtained (Petroni et al., 2014).

In order to increase the anthocyanin content in tomato fruits, anthocyanin regulatory genes from different plant species have been expressed in tomato most successfully when the bHLH Delila and MYB Rosea1 genes from snapdragon were overexpressed under the control of a tomato fruit-specific promoter, to give purple tomato fruits containing large amounts of anthocyanins (i.e., delphinidin) and flavonols (i.e., myricetin) both in the peel and flesh (Butelli et al., 2008). High expression of AtMYB12, controlling flavonol synthesis in Arabidopsis, together with Delila and Rosea1 further enhanced anthocyanin production in tomato by activating pathways of primary metabolism (glycolysis, the TCA cycle, the oxidative pentose phosphate pathway and the shikimate pathway) toward the production of substrates, ATP and reducing power for the phenylpropanoid pathway (Zhang et al., 2015). A similar strategy was used to obtain tomato fruits with high levels of resveratrol and genistein, reaching levels comparable to those present in soy-based products, like tofu (Zhang et al., 2015). Based on a similar concept, arogenate dehydratases (ADT) genes, controlling the level of phenylalanine, have been proposed as new targets for metabolic engineering to modulate anthocyanin content in plants (Chen et al., 2016). In general, metabolic engineering that combines multi-level transcriptional regulation and pathway rerouting offers an excellent strategy for biofortification of foods, for the production of plant-derived phytochemicals and ingredients, and for establishing materials for comparative nutrition studies. Such comparisons should lead to much clearer understanding of the health benefits of foods rich in specific polyphenolic phytonutrients in the diet, and shed light on their mechanisms of action (Zhang et al., 2015; Fu et al., 2018).

Novel regulatory targets for enhancing anthocyanin biosynthesis in plant food could include the COP1-mediated degradation of MYB transcription factors involved in anthocyanin production, such as MdMYB1 in apple (Li et al., 2012c), which could provide a very efficient and specific approach to increasing anthocyanin levels while maintaining otherwise normal light signaling. Alternatively, the control of expression of MYB transcription factors by small RNAs, like miR828/TAS4 and miR858 or other negative regulators, such PpSPL1 in peach (Zhou et al., 2015) and R2R3-MYB repressors found to reduce anthocyanin biosynthesis in fruits and vegetables, might be exploited to increase anthocyanin synthesis in our foods, perhaps using genome editing techniques. Beyond this, an understanding of the mechanisms that determine anthocyanin stability, such as anthocyanin decoration (i.e., glycosylation and acylation) or pH in vacuoles, as well as the fading processes operational in some flowers, has been suggested as additional tools for both biotechnological approaches and marker-assisted breeding (Zhang et al., 2015; Passeri et al., 2016).



ASSESSING HEALTH BENEFITS OF ANTHOCYANIN-RICH FUNCTIONAL FOODS

There are several reviews of epidemiological and preclinical intervention studies reporting the beneficial effects of anthocyanins on health (He and Giusti, 2010; Tsuda, 2012; Pojer et al., 2013; Wallace, 2013; Wallace and Giusti, 2015; Li et al., 2017b; Mattioli et al., 2020; Salehi et al., 2020; Kozłowska and Dzierżanowski, 2021). Despite this, in developed countries, there is an increasing trend in eating energy-dense foods, rich in sugar and saturated fatty acids. The consumption of fruits and vegetables has declined substantially over the past 30years, with a consequent increase in obesity, especially childhood obesity, defined as a body mass index (BMI) ≥30 (Martin et al., 2011). Increased consumption of anthocyanin-rich fruits and vegetables could have positive effects on health. This is even more important considering that purified anthocyanins consumed as dietary supplements do not have the same beneficial effects as anthocyanins in a natural food matrix (Prior et al., 2008; Titta et al., 2010; Martin et al., 2011). In this context, the development of near-isogenic genotypes of common foods, devoid or rich in anthocyanins is of importance for four reasons. First, the production of near-isogenic plant foods allows to reduce some of the complexity of food in the diet–health relationship and provide model foods that can be used for both animal feeding studies and human intervention trials for assessing the role of plant bioactives in the diet. Specifically, being near-isogenic, the anthocyanin-free genotypes represent a matched control for assessing the health-protective effects of anthocyanins, allowing the identification of their specific mechanisms of action compared to those of other polyphenols and phytonutrients present in the food matrix. Second, different anthocyanin-rich foods can be used to assess whether the consumption of comparable amounts of anthocyanins in different food matrices gives the same health benefits against different specific diseases. Third, anthocyanin-rich foods can be used in in animal models or directly in human intervention studies, if there are no safety concerns, to validate their health benefits. Fourth, once assessed, they can add back health-promoting anthocyanins to the diet. Anthocyanin-rich and anthocyanin-free comparator foods have been developed successfully either by conventional breeding (i.e., anthocyanin-rich corn and orange) or by metabolic engineering (i.e., anthocyanin-rich tomato and apple) and used to test the health benefits of anthocyanins in animal models and in some pilot intervention studies. Below we provide a summary of their beneficial effects (also reported in Table 1).



TABLE 1. Health effects of anthocyanin-containing foods against anthocyanin-free comparators.
[image: Table1]


Anthocyanin-Rich Maize

Anthocyanin-rich maize (i.e., blue and purple corn) originates from South America, where it is largely used also as colorant for food and beverages. It mainly contains cyanidin 3-glucoside and, to a small extent, pelargonidin 3-glucoside and peonidin 3-glucoside (Pedreschi and Cisneros-Zevallos, 2007; Petroni et al., 2017). The beneficial effects of purple corn have been recognized for a very long time. Aztecs used to prepare a beverage rich in purple corn extract, called Tlaolli, used to treat a number of illnesses.

There are indications that a daily intake of anthocyanins in quantities comparable to those consumed in a Mediterranean diet is protective against cardiac injuries and pathologies. The cardioprotective effects of an anthocyanin-rich diet were tested using an ex vivo model of isolated perfused rat heart (Toufektsian et al., 2008). The infarct size in rats fed with anthocyanin-rich R1 C1 blue corn diet for 8weeks was reduced compared with those of rats fed with the near-isogenic r1 c1 yellow corn diet, meaning that anthocyanins can induce a state of myocardial resistance. Moreover, the anthocyanin-rich diet was able to increase the total and reduced glutathione in preischemic heart, suggesting that the protection against ischemia-reperfusion injury might be related, at least in part, to an improvement in endogenous antioxidant defenses. Most importantly, dietary anthocyanins from blue corn were shown to modulate the metabolism of (n-3) polyunsaturated fatty acids (PUFA) and increase plasma concentrations of eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), two fatty acids known to have a very important role of protection against heart disease complications (Toufektsian et al., 2011). Hence, the comparison of these isogenic corn lines showed that anthocyanins might exert their beneficial effects in two ways: directly, e.g., increasing the endogenous antioxidant defenses, and/or indirectly, as signaling molecules modulating other metabolic pathways.

Dietary anthocyanins from purple corn have been shown to be protective against the cardiotoxic side effects of chemotherapeutic drugs, like Doxorubicin (DOXO). A recent study (Petroni et al., 2017) demonstrated that mice fed with a purple corn-rich diet (Red diet, RD) were more resistant to DOXO-induced cardiac alterations (i.e., disorganized myofibrils, mitochondrial fragmentation/degradation, and defects in sarcolemma junctions) than mice fed with an isogenic yellow corn diet (YD). Moreover, the mid-term DOXO-induced mortality was significantly attenuated in mice on the RD compared to mice fed with YD. In addition, a purple corn extract did not interfere with the chemotherapeutic activity of DOXO in tumor cell lines. The mechanisms by which purple corn protects against DOXO side effects are still under investigation.

Dietary anthocyanins from blue corn have also been shown to be protective from brain mitochondrial DNA (mtDNA) damage induced by ethanol. Oxidative stress due to ethanol metabolism is known to cause damage to mtDNA. Rats, divided into 4 experimental groups, were fed for 8weeks with anthocyanin-rich or anthocyanin-free diets while receiving 12% ethanol or water as beverages. Mice consuming the anthocyanin-free diet and ethanol showed increased reactive oxygen species (ROS) and mtDNA damage in their brains, whereas consumption of ethanol with the anthocyanin-rich diet did not show the accumulation of damaged mtDNA. Again, this may be due to the induction of antioxidant defense responses promoted by the blue corn diets (Demeilliers et al., 2017).

Other studies have demonstrated that anthocyanins from purple corn have preventive effects on the development of obesity and hyperglycemia induced by the consumption of a high-fat diet (HFD). When fed for 12weeks with a HFD, addition of purple corn extracts to the diet prevented weight gain and hypertrophy of adipocytes, which is an increase in cell size of adipocytes generally associated with increased cellular stress in the adipose tissue and with systemic diabetes (Tsuda et al., 2003). Moreover, in cell cultures of human adipocytes, cyanidin 3-glucoside (C3G) positively regulated obesity and type 2 diabetes markers increasing adiponectin and down-regulating PAI-1 (Plasminogen Activator Inhibitor-1) and IL-6 (Interleukin-6; Tsuda et al., 2006). Adiponectin is the most important adipocytokine, and its expression is inversely correlated to the amount of fat tissue in the body: In conditions of obesity and type 2 diabetes, it is downregulated, while it is up-regulated during starvation (Kadowaki et al., 2006; Lee and Shao, 2006). Elevated levels of PAI-1 and IL-6 are characteristics of obesity and type-2 diabetes (Jung and Choi, 2014). Another study on the adipose-tissue macrophages (ATM) confirmed the protective effect of purple corn against obesity-related inflammation. Macrophages of mice fed with HFD and purple corn extract (HFD+RED) for 12weeks showed an M2 anti-inflammatory phenotype associated with increasing production of anti-inflammatory markers and tissue repair (i.e., Arginase I, ArgI; Found in inflammatory zone 1, Fizz1; Transforming growth factor β, TGFβ), while mice receiving HFD and water had M1 macrophages that produce pro-inflammatory cytokines and encourage inflammation and tissue destruction (i.e., IL-6; Interleukin-1β, IL-1β; Tumor necrosis factor α, TNF-α; Cyclooxygenase-2, COX-2). Moreover, adipose tissue M2 macrophages obtained from HFD+RED mice and treated with lipopolysaccharide (LPS) ex vivo, maintained the anti-inflammatory phenotype, indicating a long-lasting effect of anthocyanins (Tomay et al., 2019).

The ability of anthocyanins to exert antioxidant and anti-inflammatory activity makes them eligible for the study of different pathologies characterized by both oxidative stress and inflammation. A study conducted on Sgca null dystrophic mice, with a severe degenerative myopathy similar to Duchenne, has demonstrated that anthocyanins from purple corn counteracted the progression of muscular dystrophy (early and late-stage) acting on both oxidative and inflammatory status without affecting regeneration. Purple diet, but not the near-isogenic yellow diet, ameliorated tissue morphology, fibrosis, and muscle performance, promoted a metabolic shift to an oxidative fiber metabolism, and increased the mitochondrial amount counteracting the progression of the disease. Finally, mice fed with purple corn diet presented less macrophage infiltration compared with the yellow diet counterpart (Saclier et al., 2020).

Anthocyanins from purple corn reduced the orofacial pain induced by the inflammation of the trigeminal nerve, by preventing the macrophage infiltration in the trigeminal ganglion and the activation of microglia (i.e., macrophages resident in the nervous central system) both in vivo and in vitro. In a rat model of trigeminal sensitization drinking near-isogenic yellow or purple corn extract, anthocyanins and acetyl salicylic acid (ASA) equally reduced allodynia and macrophage infiltration, but only purple corn extract inhibited microglial activation in vivo and reverted LPS-induced inflammation in vitro resulting in lower production of pro-inflammatory mediators (IL-6, TNF-α, IL-1β; Monocyte Chemoattractant Protein-1, MCP-1; inducible nitric oxide synthase, iNOS) and in an increase in the anti-inflammatory ones (Interleukin-10, IL-10; Interleukin 13, IL-13; Arg-1; Fizz1, YM-1; Magni et al., 2018).

The nutriepigenetic effect of anthocyanins was also recently investigated. Anthocyanins, as many other phytonutrients, can alter the phenotype through epigenetic modifications. One of these modification includes histone tail modifications that can alter structure of the chromatin and modify gene expression and function. Many histone modifications have been identified, and the most studied one is the trimethylation of lysine 4 of histone H3 (H3K4me3), which is associated with transcribed genes in mice and humans. Persico et al. (2021) analyzed the effect of five different diets (standard, caloric restriction, high fat, purple corn, and yellow corn) on H3K4me3 in mice liver, highlighting that anthocyanins from purple corn regulated H3K4me3 affecting different pathways like the integrin-like kinase signaling, involved in inflammation, and the metabolism of the pyruvate and amino acids (Persico et al., 2021).

Purple corn extract can also ameliorate diabetes-associated diseases, retarding diabetic nephropathy, ameliorating hyperglycemia, counteracting renal filtration dysfunctions in db/db mice and inhibiting high-glucose-induced fibrosis and inflammation in vitro (Li et al., 2012a,b). Moreover, purple corn extract reduced the clinical manifestations of diabetic nephropathy, since it lowered diabetes-associated glomerular mesangial expansion (i.e., the accumulation of extracellular matrix proteins in the mesangial interstitial space) and macrophage infiltration into diabetic glomeruli (Kang et al., 2012) and counteracted glomerular angiogenesis (Kang et al., 2013), thus representing a potential complementary therapy for diabetes-associated glomerulosclerosis, inflammation, and angiogenesis.

There is some evidence that purple corn has anticancer activity as well. Model rats treated with a heterocyclic amine carcinogen showed that purple corn extract had an anti-tumor activity exerted through the modulation of cell proliferation and apoptosis in the mammary neoplastic lesions, due to the reduction of RAS protein level, which is commonly higher in tumors since it promotes cell growth through the Phosphatidyl Inositol 3-Kinase/Akt (PI3K/Akt) and Extracellular signal-regulated kinase 1/2 (Erk1/2) pathways. The decrease in RAS and phosphorylated Akt correlated with the increase of the cleaved caspase 3 which induced apoptosis (Fukamachi et al., 2008). More recently, purple corn extract was reported to retard the progression of the tumor, reducing the percentage of adenocarcinoma in a dose-dependent manner in Transgenic Rats for Adenocarcinoma of Prostate (TRAP) model rats. The most effective anthocyanins appeared to be both cyanidin 3-glucoside and pelargonidin 3-glucoside (Long et al., 2013).



Anthocyanin-Rich Orange

Tarocco, Moro, and Sanguinello are the three major blood varieties that differ from the other varieties of the sweet orange group (Valencia Late, Washington navel, and Navelina) for the presence of anthocyanins, mainly represented by C3G. Sweet orange is an interspecific hybrid that has no sexual segregation, so that all varieties of this group can be considered near-isogenic (Butelli et al., 2017). Tarocco is from Italy, and it is medium-sized seedless and very flavorful. It is also called “half-blood” because the flesh is less red-pigmented than the other two varieties. The Moro oranges produce the highest levels of anthocyanins, and they are called “deep blood orange” and they originate from Italy. Sanguinello comes from Spain, but is also cultivated in Sicily; it is called “full-blood” orange and has similar characteristics to Moro (Grosso et al., 2013). All three blood varieties of sweet orange have a common ancestor, since they all carry the same Copia-like retrotransposon in the subgroup 6 R2R3-MYB Ruby gene, responsible for the cold-dependent fruit-specific activation of anthocyanin biosynthesis, and arose through selection of bud mutations (Butelli et al., 2012). Moro and the common sweet orange Navelina contain comparable concentrations of vitamin C, flavanones, and hydroxycinnamic acids, thus allowing their use in comparative nutritional studies with the aim of testing their obesity-preventing activities (Titta et al., 2010).

Dietary supplementation of Moro juice significantly reduced body weight gain and fat accumulation in mice. Mice fed for 12weeks with a standard diet (SD, 3.3kcal/g, mainly composed of carbohydrates) together with Moro juice, gained less weight than mice drinking water or Navelina juice. Moro juice was also effective in almost abolishing weight gain induced by a HFD (5.24kcal/g, with 60% fat supplement), reducing the abdominal and inguinal fat mass by approximately 50%, while showing a marked reduction in adipocyte cell size and lipid accumulation. Mice fed a HFD with drinking water or Navelina juice showed no such reduction (Titta et al., 2010). In addition, glucose, fatty acid, and triglyceride blood levels were not altered in mice drinking Moro juice on a HFD. Analysis of the transcriptomes of adipocytes of the mice on the different diets revealed that the Moro juice can counteract the effects of the HFD on adipocytes by altering gene expression. Indeed, the gene expression profiles of mice on the HFD regimen drinking Moro juice, but not of those drinking Navelina juice, were similar to those of mice fed with the SD, preventing the change in expression of 21% of the up-regulated and the 55% of the down-regulated genes in response to the HFD (Titta et al., 2010). In agreement with this study, mice fed with HFD and Moro juice showed a reduction in body weight gain compared to mice in the same condition but drinking water. Moreover, Moro juice could counteract liver steatogenesis in HFD fed mice (Salamone et al., 2012).

Analyses performed using Moro anthocyanin-rich extracts confirmed the beneficial effects in reducing fat accumulation in mice, but the Moro extract was less effective than crude Moro juice. The administration of purified C3G did not show any effect on weight gain (Titta et al., 2010). This suggested that other components of the Moro juice, in addition to anthocyanins, may contribute to the anti-obesity effects. For these reasons functional foods are extremely important and the consumption of fresh fruit has to be preferred to fruit extracts or fruit-derived supplementations.

A study in healthy human volunteers consuming either blood orange juice or blond juice, showed that consumption of either type of orange juice decreased the pro-coagulant activity of whole blood, an indicator of cardiovascular risk. This suggested a role of antioxidants independent of the anthocyanin content of blood orange juice (Napoleone et al., 2013). Another study on healthy humans showed potential protective effects of both blood and blond orange juice on the low-grade pro-inflammatory status induced by the consumption of a standardized fatty meal (Cerletti et al., 2015). Consumption of a fatty meal can induce an acute inflammatory status, defined by an increase in platelet and leukocyte counts and in myeloperoxidase (MPO) degranulation of granulocytes. Granulocytes release MPO, a peroxidase enzyme, into the extracellular space in the inflammatory locus, increasing inflammation. Frequent fatty meal consumption may lead to chronic low-grade inflammation and to a series of events that may develop into atherothrombosis (Cerletti et al., 2016). Consumption of both blood and blond orange juice prevented neutrophil MPO degranulation, used as a marker of cell activation induced by the fatty meal, but did not modify other leukocyte cellular markers. High anthocyanin, blood orange juice was effective in reducing total cholesterol in plasma, unaccompanied by high-density lipoprotein (HDL) changes. Both juices reduced blood glucose levels (Cerletti et al., 2015). Other preclinical studies have confirmed that consumption of blood oranges can have anti-inflammatory effects and limit body weight gain, enhance insulin sensitivity and decrease serum triglycerides and total cholesterol in mice (Grosso et al., 2013).



Purple Tomato

Tomato is among the most important vegetables consumed world-wide. It is rich in vitamins, flavonoids, and other health-promoting compounds, but usually it does not contain anthocyanins, except in some tomato wild species, such as S. chilense (Jones et al., 2003). The red color, in fact, is due to the presence of carotenoids, including lycopene and the orange-colored β-carotene. Since tomato is the second most consumed among vegetables in the human diet, the importance of this fruit as a vehicle for nutrients and bioactive compounds for improving human health, is clear. Biotechnological and conventional breeding approaches have been used to engineer anthocyanin production in tomatoes (Gonzali et al., 2009).

Tomatoes genetically engineered to produce high levels of delphinidin and petunidin were produced through the expression of Delila and Rosea1 regulatory genes from A. majus, specifically in fruit (Butelli et al., 2008). To investigate whether the anthocyanin levels reached were enough to promote health, diets supplemented with 10% red or purple tomato powder were fed to cancer-prone Trp53−/− mice. Mice lacking p53 are prone to develop soft tissue carcinoma at an early age. Mice fed with purple tomato powder supplemented diets showed a significant extension of life span compared to mice fed diets supplemented with red wild-type tomato powder or SD without supplementation. This demonstrated that dietary consumption of high levels of anthocyanins can extend the life span of Trp53−/− cancer-prone mice by as much as 30% (Butelli et al., 2008).

Recent studies indicate an association between purple tomato and a reduction in the severity of symptoms of inflammatory bowel disease (IBD), a chronic inflammation of the gut including Crohn’s disease and ulcerative colitis (Liso et al., 2018; Scarano et al., 2018; De Santis et al., 2021). Tomato lines with different combinations of polyphenols have been tested in a mouse model of IBD, demonstrating that tomato enriched in flavonols, anthocyanins, and stilbenoids (named Bronze) were able to reduce/delay the symptoms as well as the dysbiotic intestinal microbiota associated with dextran sodium sulfate (DSS)-induced colitis, and showed significantly diminished pro-inflammatory mediators IL-6 and TNF-α levels. Interestingly, the combination of different polyphenols was more effective than single flavonoid classes (Liso et al., 2018; Scarano et al., 2018), and determined a reduction of mother’s dysbiosis and prevented/reduced IBD development in puppies, when supplied during pregnancy and lactation (De Santis et al., 2021). Overall, these studies indicate that tomato extracts enriched in multiple classes of flavonoids, including anthocyanins, display not only a direct anti-inflammatory role, but also a change on the gut microbiota that prevents a chronic inflammation status of the gut.



Anthocyanin-Rich Apple

Apple and apple-related products are some of the most important dietary sources of polyphenols. Moreover, recent discoveries suggest that apple consumption reduces the risk of a number of chronic diseases (Boyer and Liu, 2004; Hyun and Jang, 2016). Anthocyanins accumulate preferentially in the peel, where they are responsible for the color of apples. In addition, some consumers are used to peel apples and other fruits before eating them, thus limiting the consumption of anthocyanins from these dietary sources. There are a number of wild red-fleshed apples, and intense breeding has created red-fleshed apple varieties, because of the increasing interest in developing commercial red-fleshed apple varieties. Extensive crossbreeding programs involving good flavored, white-fleshed apples, have managed to improve the poor taste of the wild red-fleshed apple, producing a number of good tasting red-fleshed apples (Bars-Cortina et al., 2017). Recently, the discovery that the red flesh color in apple is under the control of the MdMYB10 gene allowed the development of an alternative approach to produce a red-fleshed apple variety which could be compared to an isogenic, white-fleshed variety, by direct integration of the dominant MdMYB10 allele into the “Royal Gala” line (Espley et al., 2009, 2013). Sensory and volatile profile analysis of these apples revealed no differences in flavor and aroma between MdMYB10-modified apple and the near-isogenic Royal Gala apple (Espley et al., 2013). However, consumption of red-fleshed MdMYB10-modified apple affected inflammatory pathway and gut microbiota in mice. After 7days of diet supplemented with MdMYB10-modified apple, expression of a group of cytokine genes linked to inflammation (Interleukin-2 receptor B, Il2rb; CC motif chemokine receptor 2 and 10, Ccr2 and Ccr10; C-X-C motif chemokine ligand 10, Cxcl10) was decreased by twofold compared to mice fed with a diet supplemented with non-transformed Royal Gala apples. After 21days, mice fed with MdMYB10-modified apple showed a tenfold decrease in prostaglandin E2 (PGE2) and a non-significant decrease in leukotriene B4 (LTB4) plasma levels, compared with mice fed with Royal Gala apple. PGE2 and LTB4 are both inflammatory mediators derived from the arachidonic acid metabolism: the first, synthesized by cyclooxygenase 1 and 2 (COX-1, COX-2), is involved in the cardiovascular event associated with inflammation, while the second, a lipoxygenase product, is involved in the chemotaxis of leukocytes. Moreover, the gut bacterial flora changed in relation with the diet, and mice fed with MdMYB10-modified apple showed a significant decrease in Lactobacillus spp., whereas mice fed with Royal Gala apple experienced an increase in Bifidobacterium spp. (Espley et al., 2014). A similar study was conducted on 25 healthy adults in a randomized cross-over controlled trial using naturally bred red-fleshed apples or white-fleshed control apples. The analyses of fecal microbiota and of gene expression in peripheral blood mononuclear cells (PBMC, which consist of peripheral blood cells having a round nucleus, like lymphocytes and monocytes) have shown minimal differences between the two groups, but genes regulated by red-fleshed apples were immunoglobulin-related, suggesting a potential role in modulating the immune function (Barnett et al., 2021). Finally, both red- and white-fleshed apples seemed to have beneficial effects in hypercholesterolemic rats (Yuste et al., 2021) or in model rats with adenocarcinoma (Bars-Cortina et al., 2020). The benefits of apple and anthocyanin consumption are well established (Knekt et al., 2002; Boyer and Liu, 2004; Cassidy et al., 2015, 2016; Hyun and Jang, 2016), and apples with high anthocyanin contents could offer effective functional foods, to reduce the incidence of chronic diseases when part of a normal diet.




CONCLUDING REMARKS

A considerable body of research has been devoted to identify the MYB-bHLH-WD40 transcription factors involved in the MBW complex activating the anthocyanin biosynthesis in many crop species, with the final aim of improving the anthocyanin content of plant-derived foods by means of conventional breeding or by metabolic engineering. Additional regulators of the anthocyanin pathway have been identified recently, acting as repressors disrupting the MBW complex or activators stabilizing the MBW complex. In addition, new levels of regulation have been described, in which the activity of repressors and activators is controlled by post-translational regulation. Anthocyanin production is also under epigenetic and post-transcriptional regulation (histone acetylation and miRNAs, respectively).

Despite research on positive and negative regulators has been extensive in the past decade, there are some gaps that could be filled. In some species, MBW complexes activating anthocyanins and related negative regulators still need to be identified. Are the negative regulatory systems identified in Arabidopsis, apple, and peach (e.g., MYBL2, SPL, JAZ, LBD, ANAC032, and AtSMX6) conserved in other species? Is TCP3 and its role as enhancer of MBW function and passive repressor of MYBL2 also conserved? Can these systems be exploited to enhance anthocyanin content in edible organs? How are R2R3-/R3-MYB repressors regulated in edible organs of fruits and vegetables and how can we modulate their expression in order to enhance anthocyanins, while avoiding their excessive undesirable accumulation? Further studies are required to understand the role of DNA methylation and histone modifications in anthocyanin repression both in model and crop species and eventually verified as a new possible approach to enhance organ-specific anthocyanin biosynthesis. Can miRNAs (e.g., miR828, and miR858) be silenced in edible organs to enhance anthocyanin accumulation? Are the lncRNAs newly identified in carrot conserved in other species? Can they be employed to enhance anthocyanin accumulation?

Advancing our knowledge of anthocyanin biosynthesis will allow the development of new biotechnological tools for the generation of value-added plants with increased anthocyanin content, which help consumers to achieve the desired amount of anthocyanins in their daily diet. Enrichment of foods in anthocyanins will also be particularly useful for the comparison of the nutritional properties of these bioactives from different food sources. Furthermore, the precise identification of biosynthetic genes encoding decorating enzymes in a specific plant food and a better understanding of their regulation will help in designing plant foods enriched in specific types of glycosylated/acylated anthocyanins. This may contribute to define which is the bioavailability and contribution to health-promoting properties of the single anthocyanin species present in a plant food, of their combination and eventually of the specific decorating groups in a food context.
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Red clover leaves accumulate high levels (up to 1 to 2% of dry matter) of two caffeic acid derivatives: phaselic acid (2-O-caffeoyl-L-malate) and clovamide [N-caffeoyl-L-3,4-dihydroxyphenylalanine (L-DOPA)]. These likely play roles in protecting the plant from biotic and abiotic stresses but can also help preserve protein during harvest and storage of the forage via oxidation by an endogenous polyphenol oxidase. We previously identified and characterized, a hydroxycinnamoyl-coenzyme A (CoA):malate hydroxycinnamoyl transferase (HMT) from red clover. Here, we identified a hydroxycinnamoyl-CoA:L-DOPA hydroxycinnamoyl transferase (HDT) activity in unexpanded red clover leaves. Silencing of the previously cloned HMT gene reduced both HMT and HDT activities in red clover, even though the HMT enzyme lacks HDT activity. A combination of PCR with degenerate primers based on BAHD hydroxycinnamoyl-CoA transferase sequences and 5′ and 3′ rapid amplification of cDNA ends was used to clone two nearly identical cDNAs from red clover. When expressed in Escherichia coli, the encoded proteins were capable of transferring hydroxycinnamic acids (p-coumaric, caffeic, or ferulic) from the corresponding CoA thioesters to the aromatic amino acids L-Phe, L-Tyr, L-DOPA, or L-Trp. Kinetic parameters for these substrates were determined. Stable expression of HDT in transgenic alfalfa resulted in foliar accumulation of p-coumaroyl- and feruloyl-L-Tyr that are not normally present in alfalfa, but not derivatives containing caffeoyl or L-DOPA moieties. Transient expression of HDT in Nicotiana benthamiana resulted in the production of caffeoyl-L-Tyr, but not clovamide. Coexpression of HDT with a tyrosine hydroxylase resulted in clovamide accumulation, indicating the host species’ pool of available amino acid (and hydroxycinnamoyl-CoA) substrates likely plays a major role in determining HDT product accumulation in planta. Finally, that HDT and HMT proteins share a high degree of identity (72%), but differ substantially in substrate specificity, is promising for further investigation of structure-function relationships of this class of enzymes, which could allow the rational design of BAHD enzymes with specific and desirable activities.

Keywords: BAHD hydroxycinnamoyl-CoA hydroxycinnamoyl transferase, clovamide, CYP76AD6, hydroxycinnamoyl amide, phenylpropanoid, red clover, tyrosine hydroxylase


INTRODUCTION

Clovamide (CAS 53755-02-5), an amide of caffeic acid with 3,4-dihydroxy-L-phenylalanine (L-DOPA; Figure 1), was first identified from leaves and stems of red clover (Trifolium pratense L.; Yoshihara et al., 1974). Clovamide and related hydroxycinnamoyl amides have subsequently been identified in other plants, including Dalbergia melanoxylon Guill. & Perr (African blackwood; Van Heerden et al., 1980) and Theobroma cacao L. (cocoa tree; Sanbongi et al., 1998). There has been substantial interest in clovamide and related compounds for their potential to be antioxidants and their potential for other bioactive/pharmacological properties (see, for example, Zeng et al., 2011; Kolodziejczyk-Czepas et al., 2017). Despite the interest in clovamide as a bioactive compound, little work has been carried out to elucidate how it is made in planta.
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FIGURE 1. Formation of clovamide and related hydroxycinnamoyl amides by a hydroxycinnamoyl-CoA:L-DOPA hydroxycinnamoyl transferase, HDT. The enzyme transfers a hydroxycinnamoyl moiety from CoA to the amine group on a phenolic amino acid acceptor to form the corresponding hydroxycinnamoyl amide and free CoA (HSCoA). L-Trp and L-Leu can also serve as acceptors for amide formation (not shown).


In red clover, trans-clovamide can accumulate to relatively high levels: up to around 1% of dry matter in fully expanded mature leaves (Winters et al., 2008; Sullivan and Zeller, 2013). There are some indications that levels of clovamide are influenced by genotype (Sullivan and Zeller, 2013) and also by environment (Winters et al., 2008). In planta, high levels of phenolic compounds like clovamide might play a role in protecting plants from biotic (e.g., pathogenesis and herbivory) and abiotic stresses (e.g., UV radiation and ozone). Consistent with a role in protecting the plant from biotic stresses is the observation that clovamide accumulates in red clover roots in response to jasmonic acid treatment (Tebayashi et al., 2000). Also, in red clover, clovamide, along with 2-O-caffeoyl-L-malate (phaselic acid), is a substrate for an endogenous polyphenol oxidase (PPO). In the case of clovamide, presumably both the caffeoyl moiety and the L-DOPA moiety are subject to oxidation by PPO. Upon tissue breakdown and release of PPO from plastids, oxidation of o-diphenol moieties, such as caffeic acid or L-DOPA (with such phenolics presumably present in the cytosol or vacuole), to the corresponding reactive quinones and the subsequent secondary reaction of those quinones leads to the familiar post-harvest browning reaction seen with produce and other plant materials (e.g., red clover hay; Steffens et al., 1994; Kagan et al., 2016). There is evidence that PPO-mediated quinone formation helps protect plants from biotic stress (Thipyapong et al., 2004). Recently, in Theobroma cacao, clovamide (and presumably related hydroxycinnamoyl amides) has been shown to be a resistance factor against Phytophthora species, with the possibility of both PPO-dependent and -independent mechanisms involved (Knollenberg et al., 2020). Additionally, we and others have shown that PPO-mediated oxidation of caffeic acid derivatives and other o-diphenols by PPO protects forage protein from post-harvest degradation (Sullivan and Hatfield, 2006; Winters et al., 2008; Sullivan and Zeller, 2013). This natural system of protein protection is present in red clover and perennial peanut (Sullivan and Foster, 2013), but absent in many important forages, such as alfalfa, which fails both to express PPO and accumulate PPO substrates in its leaves. Because degraded protein is poorly utilized by ruminant animals, transferring this natural system of protein protection to forages, such as alfalfa or corn (as silage), could save US farmers $2 billion annually and prevent release of nitrogen into the environment (as a result of poor protein utilization).

For this reason, we have been trying to understand how red clover makes and accumulates high levels of PPO-oxidizable phaselic acid and clovamide. Although in the Brassicaceae, hydroxycinnamoyl-malate esters are synthesized via a hydroxycinnamoyl-glucose transferase (Lehfeldt et al., 2000), in red clover, we identified a BAHD family (D'Auria, 2006) hydroxycinnamoyl-coenzyme A (CoA):malate hydroxycinnamoyl transferase (originally called HCT2, now HMT) crucial for phaselic acid biosynthesis (Sullivan, 2009; Sullivan and Zarnowski, 2011). Similar BAHD family hydroxycinnamoyl-CoA transferases have been implicated in the biosynthesis of p-coumaroyl-shikimate (Hoffmann et al., 2003), chlorogenic acid (Niggeweg et al., 2004; Lepelley et al., 2007), rosmarinic acid (Berger et al., 2006), avenanthramides (Wise et al., 2009), and other hydroxycinnamic acid derivatives (Sullivan, 2017). Here, we describe the identification of a BAHD hydroxycinnamoyl-CoA:L-DOPA hydroxycinnamoyl transferase (HDT) capable of making clovamide and related hydroxycinnamoyl-aromatic amino acid amides via the reaction shown in Figure 1.



MATERIALS AND METHODS


Reagents

Purchased reagents were of molecular biology grade or higher. trans-Clovamide and trans-caffeoyl-L-tyrosine, for use as standards, were purchased from Santa Cruz Biotechnology (Dallas, TX, United States) and rosmarinic acid was purchased from Cayman Chemical (Ann Arbor, MI, United States). trans-p-Coumaroyl-, -caffeoyl-, and -feruloyl-CoA thioesters were prepared using recombinant Arabidopsis thaliana (L.) Hynth. 4CL1 protein (Lee et al., 1995) expressed in Escherichia coli using the pET30 expression vector (MilliporeSigma, St. Louis, MO, United States) and quantified as previously detailed (Sullivan, 2009).



Plant Material

For experiments with red clover (Trifolium pratense L.), a highly regenerable genotype (designated NRC7) derived from a population of NewRC germplasm (Smith and Quesenberry, 1995) was used. For transgenic alfalfa, a highly regenerable clone of Regen-SY (Bingham, 1991) was used. A collection of NRC7 red clover plants silenced for red clover hydroxycinnamoyl-CoA:malate hydroxycinnamoyl transferase (HMT) was generated as described by Sullivan and Zarnowski (2011) using the RNAi construct described therein which contains a hairpin RNA corresponding to the region between nucleotides 481 and 1,224 of GenBank sequence EU861219. Nicotiana benthamiana Domin plants, grown from seeds (4–5weeks old), were used for transient expression experiments.



Extraction of Phenolic Compounds From Plant Tissues

For all tissues except N. benthamiana, tissue samples were ground in liquid nitrogen in a mortar and pestle, or for small samples in a 2ml screw cap tube with two 4mm glass beads using a Mini-Beadbeater (Biospec Products, Bartlesville, OK, United States). The ground frozen tissue was extracted at room temperature with 10ml/g fresh weight (FW) 100mM HCl, 50mM ascorbic acid for 30min with periodic mixing. Extracts were filtered through Miracloth (MilliporeSigma) or glass wool and then centrifuged at 20,000×g at room temperature. 1ml of the resulting supernatant was applied to a 1ml ENVI-18 solid phase extraction column (MilliporeSigma) preequilibrated with 3×1ml methanol and 3×1ml 0.1% (v/v) acetic acid in water, pH adjusted to 2.5 with HCl. The column was washed with 3×1ml 0.1% acetic acid (v/v) in water (pH 2.5 with HCl) and eluted with 1ml methanol.

For N. benthamiana leaf tissue, two leaf disks (15mm diameter) from two leaves on the same plant were punched out with a cork borer and placed in a 2ml screw cap tube containing 1ml of 80/20/0.1 methanol/water/formic acid (v/v/v). Tubes were heated to 80°C for 30min. Supernatants were removed to a fresh tube, evaporated to dryness in a SpeedVac, and the resulting pellets were re-dissolved in an equal volume of 10/90/0.1 methanol/water/formic acid (v/v/v) with 2.5μg/ml rosmarinic acid as an internal standard. Samples were filtered through a 0.2μm nylon spin filter column (Norgen Biotek Corp., Thorold, Canada) prior to analysis.



HPLC and Mass Spectrometry

With the exception of those from N. benthamiana leaf tissue (see below), phenolic samples (from red clover or alfalfa leaves or from in vitro reactions) were analyzed by HPLC on a Shim-Pack XR-ODS II (C-18) 120Å column (Shimadzu Scientific Instruments North America, Columbia, MD, United States; 100×2.0mm×2.2 micron) using a two solvent system [Solvent A: deionized water with 0.1% (v/v) formic acid; Solvent B: acetonitrile] as previously described (Sullivan, 2014). Compound elution was monitored (250 to 500nm) with a UV/visible photodiode array detector (PDA). In most cases, elution was also monitored with a MS2020 mass spectrometer (MS; Shimadzu Scientific Instruments North America) using a dual-ion source (electrospray and atmospheric pressure chemical ionization) with data collection in both positive and negative ion modes. MS data were collected between 2.0 and 17.0min of the HPLC run, scanning for (m/z) between 50 and 500 at 7500 u/s, with detector voltage of 1.3kV, nebulizing gas flow of 1.5l/min, drying gas flow of 10l/min, and desolvation line and heat block temperatures of 250°C.

Compounds of interest were quantified from peak areas of PDA chromatograms (250–500nm) using HPLC Solutions software (Shimadzu Scientific Instruments North America) and a standard curve generated using 20, 10, and 5mg/ml of purchased clovamide (for quantitation of clovamide or other hydroxycinnamoyl amides) or free hydroxycinnamic acids for hydroxycinnamoyl esters with shikimate or malate as detailed previously (Sullivan, 2009).

Extracts from N. benthamiana leaf tissue were analyzed on an Agilent 1260 Infinity HPLC system (Agilent Technologies, Santa Clara, CA, United States) equipped with a fluorescence detector (FLD, Agilent 1260) and an Agilent Poroshell EC-C18 column (150×3mm, 2.7μm) with an aqueous methanol gradient as described by Knollenberg et al. (2020). Clovamide and caffeoyl-L-Tyr were monitored and quantitated using a FLD with excitation at 320nm and emission at 440nm and photomultiplier tube (PMT) gain set to 16. Purchased clovamide and caffeoyl-L-Tyr were measured at 16, 4, 1, and 0.2μg/ml to generate calibration curves (r2=0.9998 and 1, respectively).



Preparation of Plant Protein Extracts for Enzyme Activity

Tissue was powdered in liquid nitrogen using a mortar and pestle or Mini-Beadbeater as described above and extracts in 100mM sodium phosphate buffer were prepared and low molecular weight compounds removed by gel filtration spin columns essentially as described previously (Sullivan, 2014). Extracts were divided into 150 to 200μl aliquots, flash frozen in liquid nitrogen, and stored at −80°C until needed. In the case of pH adjustment by the spin column procedure, pH was confirmed by spotting a small amount of extract on pH indicator paper. Protein content of the extracts was determined using Bio-Rad Protein Assay (Bio-Rad Laboratories, Hercules, CA, United States) using bovine serum albumin as the standard.



Preparation of RNA and cDNA, Plasmid Preparation, and Sequence Analysis

Total RNA was prepared from plant tissues using the RNeasy Plant Mini Kit (Qiagen, Germantown, MD, United States). Oligo dT-primed cDNA was prepared using Superscript III reverse transcriptase according to the manufacturer’s protocol (Invitrogen, Carlsbad, CA, United States) from DNase I-treated total RNA. Plasmid DNA was prepared using the QIAprep Spin Miniprep Kit (Qiagen). DNA sequence was determined by Sanger cycle sequencing using Big Dye v3.1 (Applied Biosystems, Foster City, CA, United States) and run on ABI 3730xl DNA Analyzers by the University of Wisconsin Biotechnology Center (Madison, WI, United States). Sequence analyses were carried out using Lasergene Version 12 or higher (DNAStar, Madison, WI, United States) and BLAST programs using the National Center for Biotechnology Information (NCBI,1) web site. Phylogenetic analysis was carried out using http://www.phylogeny.fr/index.cgi (Dereeper et al., 2008), an online tool. The workflow included sequence alignment by MUSCLE without the optional curation by Gblocks, phylogeny by PhyML with branch confidence determined by the approach of Anisimova and Gascuel (2006) and tree rendering by TreeDyn. Besides red clover HDT1 and HDT2, analyzed protein sequences included representative Medicago truncatula sequences from Clade Vb of the eight clades defined by Tuominen et al. (2011), as well as several Clade Vb BAHD hydroxycinnamoyl-CoA transferases that have been biochemically characterized. GenBank identifiers for the analyzed protein sequences are provided in the figure.



Cloning of HDT by PCR

Degenerate oligonucleotide primers based on conserved regions of previously cloned red clover HMT and hydroxycinnamoyl-CoA:shikimate hydroxycinnamoyl transferase (HST; GenBank accessions EU861219 and EU861218, respectively) and two sequences from Phaseolus vulgaris L.; hydroxycinnamoyl-CoA:tetrahydroxyhexanedioic acid hydroxycinnamoyl transferase (HHHT; Sullivan, 2017) and a second uncharacterized, but likely hydroxycinnamoyl transferase (GenBank Accessions KX443573 and XM_007146336, respectively); were used in a nested PCR approach to obtain a DNA fragment corresponding to HDT (see also Supplementary Figure S1 which details primer annealing sites on the HDT sequence). First-round PCR reactions (50μl) contained 1×Phusion HF Buffer, 200μM dNTP, cDNA equivalent to 0.1μg total RNA from unexpanded red clover leaves (prepared as described above), 1 unit Phusion DNA polymerase (New England Biolabs, Ipswich, MA, United States), 1μM each primers ms809 and ms815 (Table 1). The PCR reaction was incubated for 30s at 98°C in the preheated block of a thermocycler. This was followed by 35cycles of 98°C for 10s (denaturation), 55°C for 20s (annealing), and 72°C for 30s (extension) followed by a final 5min extension at 72°C. 20μl of the PCR reaction was resolved via electrophoresis on a 1.0% agarose gel using standard techniques. An approximately 1,000bp DNA fragment was excised from the gel and purified using QiaEx Resin (Qiagen) according to the manufacturer’s procedure.



TABLE 1. Oligo nucleotide primers used in this study.
[image: Table1]

Second round (nested) PCR reactions (25μl) contained 1×Phusion HF Buffer, 200μM dNTP, gel purified first-round PCR product equivalent to 0.01μl of the first-round reaction, 0.5units Phusion DNA polymerase, 0.5μM each primers ms867 and ms870 (Table 1). The PCR reaction was incubated for 30s at 98°C in the preheated block of a thermocycler. This was followed by 35cycles of 98°C for 10s (denaturation), 49°C for 20s (annealing), and 72°C for 30s (extension) followed by a final 5min extension at 72°C. 20μl of the PCR reaction was resolved via electrophoresis on a 1.0% agarose gel using standard techniques. An approximately 700bp DNA fragment was excised from the gel and purified using QiaEx Resin according to the manufacturer’s procedure. The DNA fragment was ligated into pGEM T-Easy (Promega Corporation, Madison, WI, United States) according to the manufacturer’s protocol.

Sequence of the resulting DNA fragment was used to design primers for 5′ and 3′ rapid amplification of cDNA ends (RACE). 5′ and 3′ RACE were carried out using the SMARTer RACE cDNA Amplification Kit (Catalog # 634923, Clontech Laboratories, Mountain View, CA, United States) using total RNA from unexpanded red clover leaves and ms881 and ms882 (Table 1) as the gene specific primers for 5′ and 3′ RACE, respectively. The resulting 5′ and 3′ RACE products were gel purified and ligated into pGEM T-Easy as described above. DNA sequence of the resulting fragments was used to design primers ms884 and ms885 (Table 1) for end-to-end PCR. Three independent end-to-end PCR reactions (25μl each) contained 1×Phusion HF Buffer, 200μM dNTP, first strand 5′ RACE cDNA (equivalent to 0.017μg total RNA), 0.5units Phusion DNA polymerase, 0.5μM each primers ms884 and ms885. The PCR reactions were incubated for 30s at 98°C in the preheated block of a thermocycler. This was followed by 30cycles of 98°C for 10s (denaturation), 69°C for 20s (annealing), and 72°C for 1min (extension) followed by a final 5min extension at 72°C. The resulting DNA fragments were gel purified and ligated into pGEM T-Easy (Promega Corporation) as described above and four clones from each of the three independent PCR reactions were sequenced.



Evaluation of HDT mRNA Levels by Quantitative Real-Time PCR

To assess mRNA levels of HDT, HST, and HMT, cDNA was prepared from DNase I-treated total RNA isolated from unexpanded and mature red clover leaves as described above. Quantitative real-time PCR was carried out using PowerUp SYBR Green PCR Master Mix (Thermo Fisher Scientific, Waltham, MA, United States) in triplicate 10μl reactions. Each reaction contained cDNA equivalent to 12.5ng total RNA and primers at 300nM. Primer pairs (Table 1) were ms1010/ms1011 to detect HDT1/2, ms1008/ms1009 to detect HST (HCT1A/B, GenBank EU861218, FJ151489), ms701/ms702 to detect HMT (GenBank EU861219), and ms268/ms269 to detect actin (GenBank AY372368) as the reference gene. Real-time PCR was run in a QuantStudio 5 (Thermo Fisher Scientific) using the cycling conditions 50°C for 2min, 95°C for 2min, followed by 40cycles of 95°C for 15s, 58°C for 15s, and 72°C for 1min with SYBR as the reporter and ROX as the passive reference. Following cycling melt curves were generated using the default settings (65°C to 95°C over 400s). Threshold cycle (CT) was determined using the auto function of the QuantStudio analysis software.



Plasmids for Red Clover HDT Heterologous Expression Experiments

For all gene constructions, standard molecular biology techniques were used (Sambrook et al., 1989; Ausubel et al., 1998). When fragments for cloning were generated via PCR, the cloned insert was sequenced to ensure no mutations were introduced that would alter the sequence of the translated protein.

For initial studies of the enzymatic properties of the protein, plasmids containing full-length red clover HDT coding regions were used as templates in PCR reactions with primers (Table 1) designed to introduce an NcoI restriction site at the start codons (ms886) and an XhoI site immediately following the stop codon (ms887) of each open reading frame using Phusion polymerase with reaction and cycling conditions recommended by the manufacturer. The resulting PCR products were digested with NcoI and XhoI and inserted into pET28a (MilliporeSigma) digested with NcoI and XhoI. To produce protein for kinetic analyses, an HDT1 open reading frame (GenBank Accession MF536893), codon-optimized for expression in E. coli, was provided by Lytic Solutions (Madison, WI, United States) and ligated into expression vector pET28 (MilliporeSigma) such that a histidine tag sequence (MGSSHHHHHHSSGLVPRGSH) was fused to the N-terminus of the HDT protein as described elsewhere (Sullivan and Bonawitz, 2018).

For stable expression in transgenic alfalfa, PCR primer pairs (Table 1) were designed to introduce XbaI (ms888) and KpnI (ms889) restriction endonuclease sites flanking the 5′ and 3′ ends of the coding regions of the two red clover HDT genes. Additionally, the forward primer provided the proposed dicot consensus sequence AAACA (Joshi et al., 1997) immediately upstream of the initiating methionine codon. This primer pair was used in PCR reactions with plasmids containing the full-length red clover HDT coding regions as templates using Phusion polymerase with reaction and cycling conditions recommended by the manufacturer. The resulting PCR fragments were ligated as XbaI-KpnI fragments downstream of the CsVMV promoter (Verdaguer et al., 1996) in pMLS312 (Verdonk and Sullivan, 2013), a derivative of pBIB-HYG plant transformation vector (Becker, 1990).

For transient expression in N. benthamiana, the HDT1 coding sequence (GenBank MF115997.1) was amplified by PCR with Phusion polymerase using primers bk1 and bk2 (Table 1), which introduced AvrII and HpaI restriction enzyme sites at the 5′ and 3′ ends, respectively. The resulting fragment was ligated into pMiniT 2.0 (New England Biolabs). The coding sequence was subcloned from pMiniT 2.0 as an AvrII and HpaI fragment ligated into pGZ12.0501 (GenBank KF871320.1) digested with SpeI and HpaI, putting the coding sequence after the E12-Ω CaMV-35S constitutive promoter (Mitsuhara et al., 1996). pGZ12.0501 is derived from pGH00.0126 (GenBank KF018690.1; Maximova et al., 2003), which lacks this over-expression cassette. pGH00.0126 served as the empty vector control.

For transient expression in N. benthamiana of beet (Beta vulgaris L.) CYP76AD6, a tyrosine hydroxylase that converts L-Tyr into L-DOPA (Polturak et al., 2016), the construct “3alpha2-35S-CYP76AD6-tAct2” was kindly provided by Asaph Aharoni (Weizmann Institute of Science). This construct contains the coding sequence of B. vulgaris CYP76AD6 expressed from the CaMV35S promoter. The plasmid “pDGB3alpha2_35S:P19:Tnos” for over-expression of the p19 silencing suppressor in transient expression experiments was purchased from Addgene (Watertown, MA, United States; plasmid #GB1203; Sarrion-Perdigones et al., 2013).



In vitro Hydroxycinnamoyl-CoA Transferase Activity Assays

General in vitro reactions for hydroxycinnamoyl-CoA transferase activity contained 100mM sodium phosphate buffer (pH 7.5), 25 to 50mM ascorbate, 1 to 2mM p-coumaroyl-, caffeoyl-, or feruloyl-CoA donor substrate, 1 to 6mM acceptor substrate (L-amino acids, shikimic acid, or malic acid), and red clover leaf or E. coli extract. When red clover extract was the enzyme source, reaction head space was exchanged for nitrogen to prevent oxidation of caffeoyl and L-DOPA moieties by endogenous PPO. Reactions were incubated at 30°C for up to 1h prior to being stopped by the addition of one-fifth volume of 10% formic acid. Precipitated protein was removed by centrifugation (17,000×g for 5min at room temperature) and the supernatant analyzed for reaction products by HPLC as described above.



Determination of Kinetic Parameters of HDT

Kinetic parameters for HDT were determined by measuring initial reaction rates by release of free CoA in real time using DTNB [5,5′-dithio-bis-(2-nitrobenzoic acid)] and spectroscopy as detailed elsewhere (Sullivan and Bonawitz, 2018). Measurements were made in a temperature-controlled spectrophotometer at 25°C. Reactions were carried out in 100mM sodium phosphate, 1mM EDTA, pH 8.0. Acceptor substrates were prepared in 1N HCl as 66.7×stock solutions, so an equal amount of 1N NaOH was added to reactions to neutralize the HCl (15mM final). Substrate and enzyme amounts used are detailed in Table 2.



TABLE 2. Reaction conditions for determination of kinetic parameters.
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All kinetic data analyses were carried out using GraphPad Prism version 7 or higher for Mac OS (GraphPad Software, La Jolla, CA, United States). Each analysis (i.e., series of substrate concentrations) was carried out in duplicate on different days with freshly prepared substrate and enzyme dilutions. Data were analyzed by non-linear regression of the replicated data. For p-coumaroyl- or caffeoyl-CoA donors as the variable substrates with L-Tyr or L-DOPA acceptors as the constant substrates, data were fit with a substrate inhibition kinetics model [Equation 5.44, in Copeland (2000)], whereas all other donor/acceptor substrate combinations were fit with the Michaelis-Menten enzyme kinetics model. Kinetic parameters are reported±standard error (SE) as determined from the non-linear regression.



Alfalfa Transformation

Plant transformation vectors were introduced into Agrobacterium tumefaciens strain LBA4404 by standard methods (Wise et al., 2006). The resulting A. tumefaciens strains were used to transform a highly regenerable clone of Regen-SY (Bingham, 1991) as described by Samac and Austin-Phillips (2006).



Transient Expression of HDT in N. Benthamiana

All plasmids used in transient expression experiments were transformed into A. tumefaciens strain AGL1 by electroporation (Lazo et al., 1991). A. tumefaciens liquid cultures were grown as described by Fister et al. (2016), pelleted by centrifugation (10min at 5,000×g), and resuspended in sterile distilled water to OD600=0.40±0.01. One volume of cell suspension harboring the p19 silencing suppressor plasmid was mixed with four volumes of those harboring treatment plasmids. Treatments consisted of the empty vector control only (“EV”), HDT1 only (“HDT1”), tyrosine hydroxylase/CYP76AD6 only (“TH”), and HDT1 plus tyrosine hydroxylase (“HDT1+TH”). “TH” and “HDT1” treatments were mixed in equal parts with the empty vector-harboring cell suspension to maintain a consistent cell density of each construct as that used in the “HDT1+TH” co-infiltration.

Leaves were infiltrated with A. tumefaciens on the abaxial side using a needleless syringe. Four days after infiltration, successfully transformed leaf disks (indicated by GFP marker gene expression) were collected and extracted as described above.



Statistical Analyses

For analysis of the whole group of transgenic red clover plants, median and median absolute deviation (MAD) were used as descriptors of the population/subpopulations and statistical significance of differences among groups of plants was assessed by the Wilcoxon-Mann-Whitney rank sum test (Nap et al., 1993). For the experiment comparing transferase activities of the “severe” phenotype and control red clover and for the N. benthamiana transient expression experiment comparing empty vector control to treatments, mean and SE were used as descriptors of the data and student’s t-test (Samuels, 1989) was used to assess differences. Real-time PCR data were analyzed by the comparative CT method (Schmittgen and Livak, 2008) using the average CT of three technical replicates for each sample and primer combination. ∆CT was determined by subtracting actin CT from HDT, HST, or HMT CT for each sample. For each plant analyzed, ∆∆CT for each gene was determined by subtracting the mature leaf ∆CT from the unexpanded leave ∆CT and data expressed as mean±SE. Differences between expression levels for mature and unexpanded leaf were evaluated by paired t-test using Prism 8 (GraphPad Software).




RESULTS AND DISCUSSION


Silencing HMT in Red Clover Reduces Accumulation of Both Phaselic Acid and Clovamide

We previously identified and characterized a red clover gene encoding a HMT that is responsible for accumulation of large amounts of phaselic acid in this species (Sullivan, 2009; Sullivan and Zarnowski, 2011). Silencing HMT in red clover by RNAi resulted in reductions of phaselic acid and the related p-coumaroyl-malate, but also in an, at the time, unidentified compound (Sullivan and Zarnowski, 2011) in some of the silenced plants. We have subsequently identified this compound as clovamide based on it being indistinguishable from a purchased clovamide standard in terms of its elution behavior from reverse-phase HPLC, UV absorption spectrum, and mass based on MS [(m/z) of major ion of −358 and 360 in negative and positive ion mode, respectively; Figure 2].
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FIGURE 2. HPLC Separation with PDA detection (250–500nm, absorption in milli absorbance units) of phenolics from mature leaves from a wild type (black) or HMT-silenced (red) red clover plant (top panel) or a purchased clovamide standard (bottom panel). For leaf extracts, trans-phaselic acid (PA), -p-coumaroyl-malate (pC-M), and -clovamide (Cv) are indicated; major peaks at approximately 15 and 16.5min were not identified but have UV absorption spectra consistent with flavonoids (data not shown). The UV absorption spectrum of the clovamide peak is shown in the insets.


Among a more recently generated group of red clover plants transformed with an HMT RNAi silencing construct, nine independent transformants carrying the silencing transgene were identified by PCR. Mature leaves of these plants, along with those of three untransformed plants of the same genotype (wild type control), were analyzed for phaselic acid and clovamide accumulation (Table 3). With respect to phaselic acid reduction relative to wild-type plants, the transgenic plants fell into three different groups of three plants each: those whose phaselic acid accumulation was similar to wild type (none), those whose phaselic acid accumulation was approximately 10% of wild type (moderate), and those whose phaselic acid accumulation was approximately 1% or less of wild type (severe). The relatively small sample size makes establishing statistically significant differences here difficult. In fact, using the nonparametric Mann-Whitney test (Nap et al., 1993), no significant difference is seen between the transgenic plants as a whole and wild-type plants with respect to phaselic acid accumulation. However, we previously established a significant correlation between HMT mRNA levels and phaselic acid accumulation (Sullivan and Zarnowski, 2011). Further, it seems likely that among the plants with moderate and severe reductions in phaselic acid accumulation, these reductions are almost certainly due to the presence of the HMT silencing transgene since among a number of analyses of phaselic acid in red cover leaves, levels this low have never been reported except when HMT has been downregulated (Winters et al., 2008; Saviranta et al., 2010; Sullivan and Zeller, 2013). Similar to our previous observation, some of the transgenic plants also had reductions in clovamide accumulation. Interestingly, only plants with severe reductions in phaselic acid accumulation had substantial reductions (to about 10% wild-type levels) in clovamide. This reduction, compared to wild type, was significant by the Mann-Whitney test at p=0.10, the lowest p-value possible with this small sample size. Given that the HMT enzyme does not itself have hydroxycinnamoyl-CoA:L-DOPA hydroxycinnamoyl transferase activity (Sullivan, 2009), the reduction in clovamide levels resulting from HMT silencing suggested that a gene encoding a transferase responsible for clovamide biosynthesis shares sufficient nucleotide sequence identity with HMT to be downregulated by the HMT RNAi construct.



TABLE 3. trans-Phaselic acid and trans-clovamide contenta in mature leaves for groups of plants transformed with an HMT RNAi construct.
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Evaluation of Red Clover Leaves for and Preliminary Characterization of HDT Activity

Leaf extracts were prepared as previously described (Sullivan, 2009) and incubated with caffeoyl-CoA and L-DOPA to assess HDT activity in red clover leaves. In these experiments with crude extracts, we found HDT activity, leading to the formation of clovamide from caffeoyl-CoA and L-DOPA, was highest in 100mM sodium phosphate buffer at pH 7.5, the highest pH tested. HDT activity was readily detected in unexpanded young leaves (on the order of 10pkat/mg crude protein) but undetectable in fully expanded mature leaves. Subsequent experiments with purified protein, including kinetics experiments, showed higher HDT activity at pH 8.0 (Sullivan and Bonawitz, 2018 and as detailed below). pH conditions above 8.0 were not tested due to sensitivity of CoA thioester linkages to alkaline conditions.

We further assessed HMT, HDT, and HST activity from unexpanded leaves of the three plants transformed with the HMT RNAi construct that showed the most dramatic reductions in phaselic acid (and clovamide) content (“Severe” in Table 3) as well as four plants (each an independent event) transformed with the corresponding empty binary transformation vector (Table 4). As expected, in the plants transformed with the HMT RNAi construct that failed to accumulate phaselic acid, HMT activity was reduced to undetectable levels compared with the control (empty vector plants). For HDT, activity was significantly reduced about 20-fold relative to the vector control plants. Although hydroxycinnamoyl-shikimate esters do not accumulate to substantial levels in red clover leaves, relatively high levels of HST activity are present in red clover leaves (Sullivan, 2009), presumably to provide the p-coumaroyl-shikimate intermediate for biosynthesis of caffeic acid moieties (Schoch et al., 2006). For HST, activity was not reduced, and in fact significantly increased approximately 1.5-fold. Because the HST coding region shares only 54% identity with that of HMT (and no stretches of the approximately 20 nucleotides of identity typically needed for RNAi - mediated silencing), it is not surprising that transferase activity was not reduced in the HMT-silenced plants. It is unclear why there was a modest increase in transferase activity, but this increase could reflect upregulation in response to the decreased accumulation of phaselic acid and clovamide or changes in hydroxycinnamoyl-CoA pools due to the HMT silencing.



TABLE 4. Hydroxycinnamoyl-CoA transferase activitiesa in extracts of unexpanded leaves of control and HMT-silenced (“Severe” phenotype, Table 3) red clover plants.
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Cloning of a cDNA Encoding HDT

Given that the data described above suggested HDT was encoded by a BAHD hydroxycinnamoyl transferase with sequence similarity to red clover HMT, degenerate oligonucleotide PCR primers were designed based on several conserved regions of red clover HMT and HST, and two additional likely BAHD hydroxycinnamoyl transferases from Phaseolus vulgaris (see Materials and Methods). These primers were used in nested PCR reactions with cDNA prepared from unexpanded red clover leaves to generate an approximately 700bp DNA fragment. Sequence analysis of the fragment revealed that it was distinct (71–81% identity) from the red clover HMT cDNA sequence as well as those of two other previously identified red clover genes likely encoding BAHD hydroxycinnamoyl-CoA hydroxycinnamoyl transferases (GenBank MW605157, MW605158). Like HMT, these had been ruled out as being involved in clovamide biosynthesis based on lack of detectable enzyme activity for protein expressed in E. coli. Based on the fragment sequence, we were able to design primers for 5′ and 3′ RACE. The resulting RACE products were sequenced and used to design primers for end-to-end PCR to generate full-length clones corresponding to the putative HDT cDNA. For end-to-end PCR, a high fidelity proofreading thermostable DNA polymerase was used and clones were isolated and sequenced from three independent PCR reactions allowing authentic alleles of the putative HDT gene to be distinguished from PCR errors (true alleles would be expected to be represented in all three independent PCR reactions, whereas this would be unlikely for PCR-induced base changes).

Using this approach, two distinct 1,451bp cDNAs were identified. These were designated HDT1 and HDT2 (deposited in GenBank as MF115997 and MF115998, respectively; nucleotide and corresponding amino acid sequence of HDT1 is shown in Supplemental Figure S1). Nucleotide sequences of the cDNAs are >99% identical and are predicted to encode 452 amino acid proteins that differ by 5 amino acid residues (>98% identical; Figure 3A). Nucleotide sequences of the HDT open reading frames are 80% identical to that of red clover HMT and include multiple stretches ≥21 nucleotides of perfect identity or containing only a single mismatched base as might be required for off-target silencing by the HMT RNAi construct.
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FIGURE 3. (A) Amino acid sequence comparison of red clover HDT1 and HMT. Gaps are shown with a “-” and conservative substitutions are shown with a “+.” Amino acids that differ between HDT1 and HDT2 are marked in black (K140N, V255I, K285E, V346I, and L436F). Motifs conserved among all BAHD acyltransferases are highlighted in red while motifs specific to the hydroxycinnamoyl transferase-containing Clade Vb are highlighted in yellow (D'Auria, 2006; Tuominen et al., 2011). (B) Phylogenetic relationship of red clover HDT to several other Clade Vb BAHD acyltransferases, which contains hydroxycinnamoyl-CoA hydroxycinnamoyl transferases. Dendrogram was generated with BAHD hydroxycinnamoyl-CoA hydroxycinnamoyl transferase amino acid sequences as described in Materials and Methods. For each protein sequence, the GenBank identifier is provided and species from which the sequences are derived are designated as follows: Ar, Actaea racemosa; Mt., Medicago truncatula; Ot, Ocimum tenuiflorum; Pv, Phaseolus vulgaris; Sl, Solanum lycopersicum; Tp, Trifolium pratense; and Ts, Trifolium subterraneum. HDT1 and 2 are highlighted in red. Transferases that have been biochemically characterized are in bold text. Enzyme activities (in parentheses) are hydroxycinnamoyl-CoA hydroxycinnamoyl transferases with the following acceptor substrates: HDT, L-DOPA/L-Tyr; HMT, malate; HHHT, tetrahydroxyhexanedioic acid; HPT, piscidic acid; RAS (rosmarinic acid synthase), hydroxyphenyllactate; HST, shikimic acid; and HQT, quinic acid. Branch support values (%) are shown in blue.


Compared to red clover BAHD hydroxycinnamoyl-CoA transferases, the predicted encoded HDT proteins are 72% identical to HMT (Figures 3A,B), 71% identical to QTX15937 (encoded by GenBank MW605157), and 67% identical QTX15938 (encoded by GenBank MW605158), but only 35% identical to that of red clover HST. The most similar proteins from species other than red clover are from legumes and include GAU20541 (82% identical) and GAU20539 (80% identical) from Trifolium subterraneum and XP_003599037 (75% identical) from Medicago truncatula, none of which have been biochemically characterized. Amino acid motifs characteristic of BAHD acyltransferases in general (D'Auria, 2006) and BAHD hydroxycinnamoyl transferases specifically (Tuominen et al., 2011) are apparent in the red clover HDT proteins (Figure 3A) and phylogenetic analysis places them in Clade Vb [as defined by Tuominen et al. (2011)] with other enzymatically characterized or proposed BAHD hydroxycinnamoyl-CoA transferases (Figure 3B).



HDT mRNA Accumulation Corresponds to HDT Activity in Red Clover

We used quantitative real-time PCR to evaluate HDT mRNA accumulation in red clover leaves. cDNA was prepared from young unexpanded or mature leaves from five different wild-type red clover plants and subjected to real-time PCR using primers specific to HDT. Expression of HST and HMT was also evaluated. In all cases, expression was normalized to that of actin. As shown in Table 5, HDT expression was approximately 60-fold higher in unexpanded leaves relative to mature leaves. The low mRNA expression for HDT in mature leaves relative to unexpanded leaves is consistent with our failure to detect HDT activity in mature leaves. Expression levels for HST were indistinguishable between unexpanded and mature leaves, and HMT expression levels seemed slightly higher (approximately 2-fold) in mature leaves relative to unexpanded leaves, although the difference was not significant at p<0.05. These findings are consistent with our previous analysis of HST and HDT expression in these tissues (Sullivan, 2009). Unfortunately, red clover plants silenced for HMT (or RNA from their unexpanded leaves) were no longer available for analysis to confirm that HDT mRNA levels were reduced in those plants relative to wild type.



TABLE 5. Real-time PCR analysis of expression of HDT, HST, and HMT in unexpanded and mature red clover leaves.
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Expression of HDT in E. Coli and Characterization of the Encoded Protein

To determine whether the cloned red clover cDNAs encode enzymes with hydroxycinnamoyl-CoA:L-DOPA hydroxycinnamoyl transferase activity, the open reading frames were placed behind the IPTG-inducible promoter of the pET28 expression vector and expressed in E. coli (Sullivan and Bonawitz, 2018). Crude E. coli extracts containing the recombinant proteins were incubated with hydroxycinnamoyl-CoAs and acceptors, and the reactions were analyzed by HPLC with PDA and MS detection. The protein products of the cloned HDT cDNAs were capable of transferring a hydroxycinnamoyl moiety from p-coumaroyl-, caffeoyl-, and feruloyl-CoA to L-DOPA, L-Tyr, or L-Phe based on accumulation of products with the expected m/z as determined by MS (shown for HDT1 in Figure 4). In the case of caffeoyl-L-Tyr and caffeoyl-L-DOPA, where authentic compound was available for purchase, the in vitro-formed products were indistinguishable from the purchased standards in terms of retention time, UV absorption spectrum, and (m/z). For caffeoyl-L-Tyr, we also produced sufficient compound via an HDT1-mediated reaction to carry out 1H and 13C NMR to further confirm product identity (Supplementary Figure S2). Chemical shifts were consistent with those previously published for this compound (Stark and Hofmann, 2005). In all cases, product formation required the presence of the recombinant protein, as control extracts of E. coli transformed with pET28 lacking an HDT insert failed to form these amide products when incubated with hydroxycinnamoyl-CoA donor and acceptor substrates. In addition to the above aromatic amino acids, L-Trp and L-Leu were also tested as acceptors as it had been demonstrated that HDT1 substrate specificity might extend to these amino acids as well based on HDT1 expression in a novel yeast system (Bouchez et al., 2019). Although not all amino acids were tested as acceptors, no product was detected when arginine was used as an acceptor. Further, Bouchez et al. (2019) were unable to find evidence of other amino acid acceptors for HDT1 (beyond L-DOPA, L-Tyr, L-Phe, L-Trp, and L-Leu), suggesting specificity for aromatic, and perhaps some hydrophobic (e.g., L-Leu), amino acids. We only tested L-amino acids with HDT1, since this is what is present in clovamide and what is most abundantly present in nature. Interestingly, Sander and Petersen (2011) showed rosmarinic acid synthase from Coleus blumei is capable of forming hydroxycinnamoyl amides with D-Phe, D-Tyr, and D-DOPA. In this case, ability of the D-amino acid substrates to serve as acceptor substrates could be due to their structural (including stereochemistry) similarity to the D-phenyllactic acid acceptor also used by this enzyme. For HDT1, no reaction products were seen when tyramine was used as an acceptor, suggesting that the carboxyl moiety of the amino acid acceptors is important for recognition as a substrate. No reaction products were seen when malic acid, the acceptor for red clover HMT, was used as an acceptor in the reactions.
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FIGURE 4. Reaction products from HDT expressed in Escherichia coli correspond to phenolic compounds in red clover leaves. Peak assignments are detailed in Table 6. (A) HPLC separation and selective ion MS detection of in vitro HDT reaction products of the indicated donor and acceptor substrates. The (m/z) value monitored in each chromatogram is indicated. (B) HPLC separation of phenolics extracted from unexpanded red clover leaves with PDA (250–500nm) detection.


Besides clovamide (peak h), the separation behavior of the in vitro-produced compounds by reverse-phase HPLC allowed the identification of three additional N-hydroxycinnamoyl amides in unexpanded red clover leaves including p-coumaroyl amides with both L-Tyr (peak b) and L-DOPA (peak c), and caffeoyl-L-Tyr (peak g; Figure 4B and Table 6). A very minor peak at approximately 12.0min (peak m) was consistent with feruloyl-L-DOPA based on retention time, λmax, and MS signal. Other amides with ferulic acid were not readily detected in unexpanded red clover leaves by either PDA or MS. Although there was no obvious peak detected by PDA, we detected what might be very small amounts of caffeoyl-L-Phe (based on coelution of MS signal with product prepared in vitro) in unexpanded red clover leaves (none detected in mature leaves), with a signal several 100-fold lower than that detected for clovamide. No other hydroxycinnamoyl-L-Phe amides (based on expected elution time and MS signal) were detected in either unexpanded or mature red clover leaves nor were L-Trp or L-Leu amides detected in vivo, despite ability of HDT to synthesize these in vitro. Additionally, HPLC traces from Figures 2, 4 are typical and reveal differences in relative abundances of phaselic acid and clovamide, at least in this genotype. We have consistently observed that clovamide is more abundant than phaselic acid in unexpanded leaves [22.6±0.7 versus 4.4±0.2μmol/g FW (median±MAD), respectively], whereas phaselic acid is more abundant than clovamide in mature leaves (Table 3). This observation is consistent with the substantial decline of HDT expression in mature leaves compared to unexpanded leaves, while HMT expression has a modest increase in mature leaves compared to unexpanded leaves. That substantial amounts of clovamide persist in mature leaves despite a lack of HDT activity suggests the compound is fairly stable in vivo. It is unclear whether this shift in caffeic acid derivatives from young leaves to matures leaves has any biological role. However, clovamide accumulation has been observed to vary among different genotypes (Sullivan and Zeller, 2013) and throughout the growing season under field conditions (Winters et al., 2008), and to increase in response to jasmonic acid treatment (Tebayashi et al., 2000) suggesting perhaps some unique biological functions for it.



TABLE 6. Peak characteristics and identities from Figure 4.
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Determination of HDT Kinetic Parameters

For a more detailed analysis of the enzymatic properties of HDT, a histidine-tagged, codon-optimized version of HDT1 was expressed in E. coli and purified by metal affinity chromatography (Sullivan and Bonawitz, 2018) and the resulting protein was used in kinetic analyses of trans-p-coumaroyl-, -caffeoyl-, and -feruloyl-CoA donor and L-Tyr, L-DOPA, and L-Trp acceptor substrates. More limited analyses (explained below) were carried out with L-Phe and L-Leu acceptor substrates. The results of this analysis are shown in Table 7 and Supplementary Figure S3.



TABLE 7. Kinetic parameters for red clover HDT1.
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Considering first reactions involving the structurally similar acceptors L-Tyr and L-DOPA, KM values for a given donor substrate were similar and had the same rank order among the other donors regardless of whether L-Tyr or L-DOPA was the acceptor substrate. For the donor substrates, turnover number (kcat) varied directly with KM so that catalytic efficiencies (as kcat/KM) were roughly similar for all the donor and acceptor substrate combinations tested. Both p-coumaroyl- and caffeoyl-CoA donor substrates exhibited substrate inhibition, with Ki values of around 70 and 300μM, respectively. Substrate inhibition was not apparent with feruloyl-CoA under the conditions tested, suggesting either that this substrate does not inhibit the reaction or the Ki for this substrate is so high as to have little impact on the reaction at the concentrations tested.

Because of the substrate inhibition seen with the p-coumaroyl- and caffeoyl-CoA donors, for determination of acceptor substrate kinetic parameters, p-coumaroyl- and caffeoyl-CoA were used at 20 and 50μM, respectively, the concentrations which gave maximal reaction velocities. Feruloyl-CoA was used at 20μM, a concentration greater than 20-fold higher than the measured KM for either the L-Tyr or L-DOPA acceptor. For a given donor, L-Tyr had KM values that were 5- to 10-fold lower than those of L-DOPA. KM values for the acceptor substrates did depend on donor substrate, being lowest when feruloyl-CoA was the donor and highest when caffeoyl-CoA was the donor. No substrate inhibition was observed for the acceptor substrates at the concentrations tested. Turnover numbers were similar to those measured with varying donor substrate. The net effect was that catalytic efficiency is about 10-fold higher for L-Tyr as an acceptor compared to L-DOPA.

Considering reactions involving L-Trp as an acceptor substrate, no donor substrate inhibition was apparent and KM values for a given donor substrate were substantially lower and had a different rank order than those measured for L-Tyr or L-DOPA. kcat values were also substantially lower than those seen when L-Tyr or L-DOPA was used as acceptors, with the net effect of overall catalytic efficiencies being in a similar range as seen for L-Tyr and L-DOPA acceptors, although varying over a wider range. For determination of acceptor substrate kinetic parameters, p-coumaroyl-, caffeoyl-, and feruloyl-CoA were used at 20, 50, and 20μM, respectively, the same concentrations used for the measurements with L-Tyr and L-DOPA and >30-fold over any of the measured KM for any of these donors. For a given donor, L-Trp had KM values that were 3- to 20-fold higher than those of L-Tyr, but in a similar range as those seen for L-DOPA (within about 2-fold). KM values for this acceptor substrate did depend on donor substrate, being lowest when feruloyl-CoA was the donor (as for L-Tyr and L-DOPA) and highest when p-coumaroyl-CoA was the donor (unlike what was seen for L-Tyr and L-DOPA). Turnover numbers were similar to those measured with varying donor substrate. The net effect was that catalytic efficiencies are 20- to 40-fold and 2- to 4-fold lower than those seen for L-Tyr and L-DOPA, respectively.

Some preliminary measurements were carried out to assess kinetic parameters with L-Phe and L-Leu as acceptors. It was apparent from these preliminary rate measurements that the KM values for L-Phe and L-Leu, at least with caffeoyl-CoA as donor, are >10,000μM. Given the practical difficulties of using such high substrate concentrations for kinetic measurements, the uncertain physiological relevance of such high KM values, and the lack of substantial accumulation of hydroxycinnamoyl-L-Phe or -L-Leu products in vivo, no further kinetic measurements were made using these as acceptors.

Kinetic analyses showed that for donor substrates, catalytic efficiency is similar for the tested hydroxycinnamoyl-CoAs since KM and turnover numbers, for the most part, varied directly. Thus, in vivo, accumulation of specific hydroxycinnamoyl products may reflect donor substrate availability. In the case of red clover HMT, caffeoyl-CoA appears to not be the favored donor substrate, yet the caffeoyl-malate product (phaselic acid) predominates (Sullivan and Zarnowski, 2011; Sullivan and Zeller, 2013). Although caffeoyl products could be the result of 3′ hydroxylation of p-coumaroyl-malate, we have been unable to identify a hydroxylase with this activity in red clover (Sullivan and Zarnowski, 2010). The possible reasons for caffeoyl products predominating in red clover may be similar for HDT.

For acceptor substrates, the KM value for a given acceptor varied widely (up to >20-fold) depending on the donor substrate with which it was being tested, although catalytic efficiency for a given acceptor varied by less than 3-fold because, as for donor substrates, KM and kcat for the most part varied directly. Interestingly, catalytic efficiency was around 10-fold higher for L-Tyr than for L-DOPA, suggesting the possibility that in vivo, clovamide is made via hydroxylation of the L-Tyr moiety of caffeoyl-L-Tyr. Recent work in plants indicates at least two pathways whereby L-DOPA moieties are made, one involving PPO (Araji et al., 2014) and another involving cytochrome P450 enzymes (Sunnadeniya et al., 2016). It is not known how L-DOPA moieties are made in red clover, but silencing of the major PPO genes in red clover does not appear to reduce levels of clovamide ((Webb et al., 2014) and additional unpublished data), suggesting another pathway, perhaps involving a cytochrome P450, acting on either free L-Tyr or the L-Tyr moiety of a hydroxycinnamoyl-L-Tyr amide. Given that HDT appears to favor use of L-Tyr over L-DOPA, if L-DOPA moieties are formed from L-Tyr and used for clovamide biosynthesis, substrate channeling might be required to favor L-DOPA utilization. The analysis of L-Trp as acceptor showed poor catalytic efficiency compared to L-Tyr (>25-fold lower for all CoA donors tested). A limited analysis using L-Phe and L-Leu as acceptors suggests they also are poor acceptors for HDT with an extremely high KM, and, especially given the lack of in vivo products containing L-Trp, L-Phe, or L-Leu moieties in either red clover or transgenic alfalfa expressing HDT (described below), these likely are not physiologically relevant substrates.

p-Coumaroyl- and caffeoyl donors both exhibited substrate inhibition when used with L-Tyr or L-DOPA as acceptors. Feruloyl-CoA did not appear to inhibit the reaction, or, if it does, only weakly such that inhibition was not apparent at the substrate concentrations tested. Inhibition by the CoA donor substrate has been reported for other BAHD family acyltransferases (see, for example, Schmidt et al., 2014). In the case of HDT, donor substrate inhibition could be due to the structural similarity of these donors to the L-Tyr and L-DOPA acceptor substrates (i.e., both donor and acceptor contain a phenolic ring). Thus, it may be that the p-coumaroyl- and caffeoyl-CoA substrates are able to effectively compete for the acceptor substrate binding site on the enzyme, while perhaps the bulky methoxy group on feruloyl-CoA prevents this competition. This could also explain why acceptor KM is substantially lower with feruloyl-CoA as the donor: Less acceptor would be required to saturate its binding site in the absence of an effective competitor. Interestingly, neither L-Tyr nor L-DOPA induce similar substrate inhibition, or, if they do, the Ki of such inhibition is much higher than the acceptor substrate concentrations tested here.

To examine some of these ideas about the relationship of enzyme structure to function (e.g., whether hydroxycinnamoyl-CoA donors might be competing with acceptors at the acceptor binding site), we did attempt protein structure homology modeling using SWISS-MODEL (Biasini et al., 2014) with both the Sorghum bicolor HST (Walker et al., 2013) and the Coffea hydroxycinnamoyl-CoA:quinate hydroxycinnamoyl transferase (Lallemand et al., 2012) as templates. Unfortunately, the resulting models were predicted to be of very low quality with QMEN scores below −4, presumably because of the relatively low amino acid sequence identity (35%) shared by HDT and these hydroxycinnamoyl transferases for which structures have been determined.



Stable Transgenic Expression of HDT in Alfalfa

To further assess the function of HDT, both HDT cDNAs were placed under the control of the strong constitutive CsVMV protomer (Samac et al., 2004) and transformed into alfalfa, which does not accumulate significant amounts of hydroxycinnamoyl esters or amides in its leaves (Sullivan, 2017). Eight independent transformants harboring the HDT1 transgene and one transformant harboring the HDT2 transgene were recovered based on PCR screening of genomic DNA. Leaf extracts of all the transgenic plants were analyzed by HPLC with PDA and MS detection. Extracts from five of the eight independent HDT1 transformants and the HDT2 transformant had new peaks compared to wild-type control plants. A typical chromatogram is shown in Figure 5 for one of the HDT1 plants. The HDT2 plant was indistinguishable from the HDT1 plants in terms of new peaks present. Analysis by MS showed the most prominent new peaks associated with expression of HDT had (m/z) of −326 and−356. The peak of (m/z) of −326 eluting at 11.9min is almost certainly trans-p-coumaroyl-L-Tyr as it has the same elution behavior, (m/z), and absorption spectrum as a compound synthesized in vitro by HDT expressed in E. coli incubated with trans-p-coumaroyl-CoA and L-Tyr. The peak of (m/z) of −326 eluting at approximately 11.2min is presumably cis-p-coumaroyl-L-Tyr. Unfortunately, unlike some other hydroxycinnamoyl compounds (Sullivan, 2014, 2017), we have been unable to reliably interconvert the trans- and cis-versions of clovamide and related hydroxycinnamoyl-aromatic amino acid amides by UV treatment in vitro. However, that this earlier eluting compound is the cis-version is supported by the observation that in planta, both trans and cis-versions of accumulating hydroxycinnamoyl compounds tend to be present (Sullivan, 2014, 2017). Further, over time, stock solutions of purchased pure trans-clovamide or trans-caffeoyl-L-Tyr accumulate an earlier eluting compound of the same molecular weight based on MS. In the case of clovamide, the earlier eluting compound derived from the purchased pure compound has identical elution, UV absorption spectrum, and molecular weight as a compound found in red clover leaves (peaks h and h’ in Figure 4 and Table 6). These findings suggest that for clovamide and related compounds (i.e., N-hydroxycinnamoyl amides with phenolic amino acids), the cis-version elutes earlier than the trans version under our chromatography conditions. Similarly, the peak with (m/z) of −356 eluting at approximately 12.5 and the small peak at 11.8min are most likely trans- and cis-feruloyl-L-Tyr, respectively, as the 12.5min peak exhibits elution and spectral behaviors indistinguishable from the compound formed by incubating purified HDT with trans-feruloyl-CoA and L-Tyr.
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FIGURE 5. HPLC separation of phenolics from alfalfa transformed with HDT. (A) PDA detection (250–500nm) of phenolics from wild type (black) or HDT-expressing (red) alfalfa. Asterisks denote peaks present in the transgenic alfalfa with MS signals expected for p-coumaroyl- and feruloyl-L-Tyr, * and **, respectively. (B) Ion selective chromatograms of the transgenic plant phenolic separation shown in Panel A. Signal corresponding to (m/z) of −326 (magenta) and −356 (green) is shown. These signals were not present in alfalfa transformed with vector only. Amides composed of caffeoyl and L-DOPA moieties were not detected based on MS signals. Retention times are slightly shorter compared to Figures 2, 4 due to differences in HPLC configuration between the experiments.


Notably, no MS signals were detected for (m/z) of −342 (expected for p-coumaroyl-L-DOPA or caffeoyl-L-Tyr) or −358 (clovamide). MS signals for (m/z) of −372 (expected value for feruloyl-L-DOPA) were detected, but these were minor and coeluted with the (m/z) of −326 peaks and likely represent adducts with formic acid present in the HPLC solvent. Although a peak at approximately 12.05min was enhanced in the transgenic alfalfa, it does not appear to differ from that present in wild-type plants with respect to UV absorption spectrum or MS signals. Peaks present in some of the transgenic plants at approximately 9.8 and 10.3min could not be identified based on UV absorption spectra nor MS signals. Thus, it seems that in alfalfa, p-coumaroyl and feruloyl amides with L-Tyr are the predominant accumulating products in plants expressing the red clover HDT gene. We have observed a similar lack of accumulation of caffeoyl derivatives when red clover HMT (Sullivan et al., 2021) or bean HHHT (Sullivan, 2017) are expressed in alfalfa. Although the KM value of HDT1 for feruloyl-CoA is lower than that of p-coumaroyl- or caffoyl-CoA for transfer to L-Tyr or L-DOPA, overall catalytic efficiencies are similar. Thus, it may be the case that the pool of caffeoyl-CoA is limiting in alfalfa leaves. Similarly, L-DOPA acceptor may be lacking in alfalfa while present in red clover. Alternatively, it could be that in red clover, the L-DOPA moiety in hydroxycinnamoyl-L-DOPA amides is formed by 3-hydroxylation of the corresponding hydroxycinnamoyl-L-Tyr amide by an as yet unidentified enzyme not present in alfalfa. Given that L-Tyr appears to be a better acceptor substrate than L-DOPA (with both a lower KM and a higher catalytic efficiency), hydroxylation of L-Tyr following amide formation is an attractive model. Additional work is needed to determine how L-DOPA moieties are synthesized in red clover.

Although we had no purified standards available for quantifying the p-coumaroyl- and feruloyl-L-Tyr, using clovamide as a standard, we were able to estimate that transgenic alfalfa plants accumulating these compounds in their leaves had 250–500nmol/g FW [380±100nmol/g FW (median±MAD)] of the trans-p-coumaroyl compound and 40–90nmol/g FW [70±20nmol/g FW (median±MAD)] of the trans-feruloyl-compound. Thus, total hydroxycinnamoyl amide content seen in transgenic alfalfa with the highest accumulation is about an order of magnitude lower than that seen in typical mature red clover leaves.



Transient Expression of HDT in N. benthamiana

To assess the effect of amino acid availability on hydroxycinnamoyl amide products formed by HDT1 in planta, HDT1 was transiently expressed in leaves of N. benthamiana either alone or with a tyrosine hydroxylase (“TH,” CYP76AD6) from beet capable of converting L-Tyr to L-DOPA (Polturak et al., 2016). Transient expression of HDT1 alone did not result in the formation of detectable levels of clovamide but did result in accumulation of caffeoyl-L-Tyr (Figures 6A,B). This result suggests that N. benthamiana leaves, like alfalfa leaves, lack sufficient endogenous L-DOPA to serve as an acyl acceptor for clovamide formation by HDT1, at least during the four-day time frame of this experiment and/or N. benthamiana leaves lack an endogenous hydroxylase activity toward the tyrosine moiety of caffeoyl-L-Tyr. Finally, in contrast to alfalfa, a caffeoyl derivative accumulated in the N. benthamiana leaves expressing HDT1, suggesting either a sufficient pool of caffeoyl-CoA for product formation by HDT1, or an endogenous hydroxylase capable of converting HDT1-produced p-coumaroyl N-amides to caffeoyl N-amides. When HDT1 was coexpressed with tyrosine hydroxylase from beet, clovamide did accumulate to detectable levels, indicating that the L-DOPA limitation can be overcome.

[image: Figure 6]

FIGURE 6. Formation of clovamide in Nicotiana benthamiana leaf by A. tumefaciens-mediated transient coexpression of HDT1 with beet tyrosine hydroxylase (TH, CYP76AD6). (A) HPLC-FLD chromatograms of N. benthamiana extracts and standards (IS, internal standard). (B) Clovamide and caffeoyl-L-tyrosine (CA-L-Tyr) quantification in N. benthamiana extracts resulting from transient expression of the empty vector control (EV), tyrosine hydroxylase (TH), HDT1, or coexpression of HDT1 and tyrosine hydroxylase (HDT1+TH). Mean±SE, n=4 except for HDT1+TH (n=3), ND=not detected. p<0.11 (*) and p<0.01 (**) using student’s t-test, in comparison with the empty vector control (EV).


These results show that the hydroxycinnamoyl amide products formed by HDT in planta will largely depend on the available pool of both hydroxycinnamoyl-CoA donor and amino acid acceptor substrates in conjunction with the efficiency with which HDT can use the various substrates (i.e., its kinetic parameters). Furthermore, if heterologous clovamide biosynthesis is to be successfully engineered in plant species that lack sufficient hydroxylase activity toward either L-Tyr or caffeoyl-L-Tyr, coexpression of a tyrosine hydroxylase will likely be required. Such pathway engineering could be particularly useful to take advantage of clovamide’s protease inhibiting (Sullivan and Zeller, 2013), antimicrobial (Knollenberg et al., 2020), or potential health-promoting (Fallarini et al., 2009; Park et al., 2017; Tsunoda et al., 2018) properties.




CONCLUSION

We identified two cDNAs from red clover (HDT1 and HDT2) that are likely responsible for accumulation of clovamide in red clover. The expression pattern of the genes in red clover corresponds with the presence of the enzyme activity, and heterologous expression in E. coli, alfalfa, or N. benthamiana produces active enzyme capable of making clovamide and related hydroxycinnamoyl amides. Although expression of the genes in alfalfa does not lead to clovamide accumulation in vivo, accumulation of p-coumaroyl- and feruloyl-L-Tyr suggests that which products accumulate in vivo in a particular plant species may depend in part on availability of substrates, and perhaps other modifying enzymes. The importance of substrate availability on HDT-formed products in planta is further underscored by the finding that clovamide accumulated in N. benthamiana leaf tissue coexpressing HDT1 and a tyrosine hydroxylase, but not in tissue expressing HDT1 only. The exact pathway(s) whereby clovamide is produced in red clover remains unclear. Given the relatively high catalytic efficiency with which L-Tyr is used, hydroxylation of p-coumaroyl- or caffeoyl-L-Tyr to the corresponding hydroxycinnamoyl-L-DOPA compound is an attractive model, although we have not identified such an enzyme activity. Similarly, it is conceivable that hydroxylation of p-coumaroyl moieties takes place at the level of the amide, although at least for HMT, it seems likely that phaselic acid is formed from caffeoyl-CoA rather than by hydroxylation of p-coumaroyl-malate (Sullivan and Zarnowski, 2010).

Given the relatively high degree of diversity at the primary sequence level often seen among BAHD hydroxycinnamoyl-CoA transferases, additional structural determination of members of this family of enzymes, characterized with respect to substrate specificity/kinetic parameters, would provide useful insights into the structure-function relationships of these enzymes and could allow prediction of function based on primary, 3-D, and/or modeled structures. Comparison of the structures of red clover HMT and HDT may provide especially useful information, as these two enzymes have relatively high primary sequence identity (72%) but markedly differ in substrate specificity, especially acceptor substrate. Increased understanding of the structure and function of these enzymes, and critical residues involved in substrate utilization, might also allow the creation of enzymes with new properties or improved functions.
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In sorghum (Sorghum bicolor) and other C4 grasses, brown midrib (bmr) mutants have long been associated with plants impaired in their ability to synthesize lignin. The brown midrib 30 (Bmr30) gene, identified using a bulk segregant analysis and next-generation sequencing, was determined to encode a chalcone isomerase (CHI). Two independent mutations within this gene confirmed that loss of its function was responsible for the brown leaf midrib phenotype and reduced lignin concentration. Loss of the Bmr30 gene function, as shown by histochemical staining of leaf midrib and stalk sections, resulted in altered cell wall composition. In the bmr30 mutants, CHI activity was drastically reduced, and the accumulation of total flavonoids and total anthocyanins was impaired, which is consistent with its function in flavonoid biosynthesis. The level of the flavone lignin monomer tricin was reduced 20-fold in the stem relative to wild type, and to undetectable levels in the leaf tissue of the mutants. The bmr30 mutant, therefore, harbors a mutation in a phenylpropanoid biosynthetic gene that is key to the interconnection between flavonoids and monolignols, both of which are utilized for lignin synthesis in the grasses.
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INTRODUCTION

Sorghum bicolor is an economically important C4 grass, the fifth most important cereal crop in the world, which is grown as a grain, forage, sugar, and lignocellulosic bioenergy crop. Although sorghum can grow in a wide range of environments, its production is usually associated with hot and dry regions because of its high water-use efficiency and drought tolerance. Sorghum is, therefore, being developed as a potential bioenergy crop due to its ability to grow under sub-optimal conditions and climate resiliency (van der Weijde et al., 2013). Utilizing plant cell wall biomass as a renewable resource for the production of energy and fuels has become a major research focus (Vermerris et al., 2007). Plant cell walls predominantly consist of the polysaccharides cellulose and hemicelluloses along with the phenolic polymer lignin. Lignin is polymerized through radical coupling processes in which hydroxycinnamyl alcohols, mainly p-coumaryl, coniferyl, and sinapyl alcohols derived from monolignol biosynthesis, form radicals catalyzed by cell wall laccases and peroxidases. These radicals undergo coupling reactions during the process of lignification to form p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) lignin units, respectively. In addition to monolignol biosynthesis, the flavone tricin [5,7-dihydroxy-2-(4-hydroxy-3,5-dimethoxyphenyl)-4H-chromen-4-one] was recently established as a lignin monomer in grass cell walls in which it potentially functions as a nucleation site for lignin polymerization (del Río et al., 2012; Lan et al., 2015, 2016a). Thus, this discovery linked together two branches of phenylpropanoid metabolism, monolignol and flavonoid biosynthesis, in grass lignification.

Lignocellulosic biomass from brown midrib mutants has consistently contained less lignin than their wild-type (WT) counterparts, resulting in forage with increased digestibility for livestock (Porter et al., 1978; Cherney et al., 1991; Vogel and Jung, 2001; Sattler et al., 2010). The brown midrib mutants, derived spontaneously or through chemical mutagenesis, have played an important role in identifying a non-redundant set of genes whose products are required in cell wall lignification. In maize and sorghum collectively, five Brown midrib (Bm in maize; Bmr in sorghum) loci have been cloned and characterized, which encode enzymes in either monolignol biosynthesis or S-adenosyl methionine (SAM) metabolism. Bm1 and Bmr6 encode a cinnamyl alcohol dehydrogenase (CAD) that catalyzes the reduction of cinnamaldehydes to alcohols in the last step of monolignol biosynthesis (Halpin et al., 1998; Saballos et al., 2009; Sattler et al., 2009; Chen W. et al., 2012). Bm3 and Bmr12 encode a caffeic acid O-methyltransferase (COMT) that catalyzes the methylation of 5-hydroxyguaiacyl groups to form syringyl groups in monolignol biosynthesis (Vignols et al., 1995; Humphreys et al., 1999; Osakabe et al., 1999; Bout and Vermerris, 2003). Bm5 and Bmr2 encode a 4-coumarate: coenzyme A ligase that catalyzes the formation of p-coumaroyl-CoA, an intermediate in both monolignol and flavonoid biosynthesis (Saballos et al., 2012; Xiong et al., 2019). Bm2 encodes methylenetetrahydrofolate reductase (MTHFR), and Bm4 and Bmr19 encode folylpolyglutamate synthase (FPGS); both enzymes catalyze reactions in SAM synthesis (Tang et al., 2014; Li et al., 2015; Adeyanju et al., 2021). The cofactor SAM is a methyl donor for the two methyltransferases, caffeoyl-CoA O-methyltransferase (CCoAOMT) and COMT in monolignol biosynthesis. The genes encoded at four brown midrib loci in maize and sorghum, bm6, bmr29, bmr30, and bmr31 remain to be identified (Ali et al., 2010; Chen Y. et al., 2012; Sattler et al., 2014).

Classical map-based cloning approaches for delineating the genes underlying a given phenotype are potentially informative, but these approaches are low-throughput and time-consuming. Bulked segregant analysis (BSA) provides a simple approach for rapidly identifying molecular markers tightly linked to the causal gene (Michelmore et al., 1991). This approach requires the creation of a segregating population from the progenies; two bulked DNA samples are generated with contrasting phenotypes and further genotyped with molecular markers. The BSA technique has been used to map many important genes in various crop species (Quarrie et al., 1999; Asad et al., 2012; Wang et al., 2012). The development of next-generation sequencing (NGS) technology, with its ease and cost efficiency, has dramatically accelerated the process of identifying causal genes (Hartwig et al., 2012; James et al., 2013; Krothapalli et al., 2013; Nordström et al., 2013). This approach has been successfully used to identify candidate genes for important traits or phenotypes in rice (Tang et al., 2016; Zheng et al., 2016; Wambugu et al., 2018), sorghum (Krothapalli et al., 2013; Jiao et al., 2018), maize (Liu et al., 2012; Haase et al., 2015), and soybean (Kawashima et al., 2016; Song et al., 2017).

In the current study, the gene encoded at the sorghum Brown midrib 30 (Bmr30) locus was identified and characterized using a BSA–NGS approach with the bmr30 mutant previously isolated by Sattler et al. (2014). Bmr30 encodes a chalcone isomerase (CHI) and, unlike other brown midrib mutants of maize and sorghum, bmr30 mutants appear to not directly impair monolignol synthesis. Rather, the loss of CHI activity affects the synthesis of the flavonoid tricin, which ultimately results in reduced lignin deposition.



MATERIALS AND METHODS


Germplasm and Genetic Stocks

The bmr30-1 mutant was isolated and characterized from an ethyl methane sulfonate (EMS)-mutagenized TILLING population of, BTx623, sorghum (S. bicolor) (Xin et al., 2008; Sattler et al., 2014). The mutant referred to as bmr30-2 (PI 678335) was identified using Sorghum Genomics, Gene Discovery Platform at Purdue University1 from a sequenced EMS-mutagenized TILLING population of BTx623, and the seed was obtained through GRIN-Global2. Near-isogenic lines of bmr30-1 in two genetic backgrounds (Wheatland and RTx430; Brown et al., 1936; Miller, 1984) were developed through three cycles of backcrossing bmr30-1 in BTx623 with these two parental lines as recurrent parent and the leaf midrib phenotype as the genetic marker.



Plants Growth and Care

Seeds were planted in a soil mixture with a 1:2:1:1 ratio of soil, peat moss, vermiculite, and sand and arranged in a randomized complete block design at the University of Nebraska–Lincoln greenhouse facility. Plants were grown under a 12:12 h light:dark cycle and supplemented with high-pressure sodium lighting; greenhouse temperatures were maintained at 29–30°C during the day and 26–27°C at night, respectively. Watering was conducted daily or as needed and Dyna Green All Purpose 12-12-12 fertilizer was applied weekly. Plants were harvested 5–6 weeks after planting for microscopy, RT-qPCR, and protein analyses. Plants grown for stover analyses were grown to maturity.



Generation of the Mapping Population

The bmr30-1 mutant was backcrossed to BTx623 for three generations creating a BC3F2 mapping population. BC3F2 bmr30 plants were scored for the midrib phenotype when plants were approximately 0.5 m in height. Digital images were collected to document the leaf midrib phenotype that was continuously monitored throughout the growth of the plants. Individuals whose leaf midribs were not clearly brown (bmr) or green (WT) were not included in the study.

Fully expanded leaves from 25 individuals from each phenotypic class were collected for genomic DNA (gDNA) extraction and whole-genome sequencing (WGS). gDNA was extracted from each individual leaf using a cetyl-trimethyl-ammonium bromide-based (CTAB) DNA extraction buffer (Rogers and Bendich, 1985). A total of 300 ng gDNA per individual was pooled to create each bmr and WT pool for sequencing. The individual and pooled DNA samples were analyzed by 0.8% agarose gel-electrophoresis to visualize the integrity of the DNA. DNA pools were sonicated on the Covaris LE200 (Covaris, MA, United States) using a protocol designed to achieve a target size of 350 bp. One microgram of total gDNA per pooled sample was used for Nextera Mate Pair library preparation (Illumina, San Diego, CA, United States) and WGS on an Illumina HiSeq X platform (Illumina, San Diego, CA, United States), generating 150-bp paired-end reads. The barcoded libraries were multiplexed and sequenced at Hudson-Alpha Institute for Biotechnology (Huntsville, AL, United States)3. Approximately 59.5 and 74.2 Gb of high-quality 150-bp paired-end sequence data was obtained for the bmr and WT pools, respectively. The gDNA datasets analyzed for this study are available at NCBI’s Sequence Read Archive under PRJNA736969.



Variant Calling

Paired-end Illumina reads from each WT and bmr pooled sample were aligned to the BTx623 S. bicolor reference genome (version 3.14) using Bowtie 2 (v2.3.4.1) mem algorithm with default parameters (Langmead and Salzberg, 2012). Alignment files were converted from sam to bam files and subsequently sorted using SAMtools (v1.8) view and sort commands, respectively. SAMtools mpileup (v1.8) (Li, 2011) was used to output variants using the following parameters: “-B -Q 20 -P Illumina -C50 -uf,” results were piped to BCFtools (v1.7) and variants were called with the view command (Li, 2011). Single nucleotide polymorphisms (SNPs) were filtered by the following criteria: (1) coverage ≥5 and ≤100, (2) EMS generated mutations result in G:C to A:T transition mutations, therefore only G to A and C to T single nucleotide changes were retained, and (3) SNPs homozygous and heterozygous for the mutant and WT pools, respectively. The effect of each SNP was annotated using SnpEff (v4.3) based on gene models from the S. bicolor reference genome (version 3.15). SNPs with large effects on genes (missense, nonsense, splice site acceptor, and splice site donor) were predicted using SnpEff (Cingolani et al., 2012) and retained as candidate causal mutations.



Confirmation of Mutation in Mapping Population

Derived cleaved amplified polymorphic sequence (dCAPS) markers were designed to interrogate the causal mutations for both the bmr30-1 and bmr30-2, a G to A transition at position 1252 bp in bmr30-1 and an insertion of ATGA at position 1029 bp in bmr30-2 of Sobic.001G035600 based on the genomic sequence from BTx623 S. bicolor reference genome v3.1 in Phytozome. PCR primers 5′-GCTGGAGTCCATCATCAGGGAGCACG-3′ (forward) and 5′-CGTGCTCCCTGATGATGGACTCCAGC-3′ (reverse) were used to amplify the bmr30-1 region and introduce an AvaI restriction site in the 209 bp product. PCR primers 5′-GAGAATTGCGTGGCGTTCTG-3′ (forward) and 5′-ACA GGCAGGTAGGGTATAGTACCCA-3′ (reverse) were used to amplify the bmr30-2 region and introduce an NcoI restriction site in the 176 bp product. The bmr30-1 and bmr30-2 amplified products were restriction enzyme digested with AvaI and NcoI, respectively (New England Biolabs) for 2 h at 37°C following the manufacturer’s conditions. The digested samples were analyzed using 4.0% agarose gel-electrophoresis. The AvaI restriction enzyme cleaves only the WT PCR product resulting in the 183-bp product, whereas the 209-bp product containing the mutation remained uncleaved. The NcoI restriction enzyme cleaves only the WT PCR product resulting in the 149-bp product, whereas the 176-bp product containing the mutation remained uncleaved. Controls included a negative control without DNA template and a heterozygous mix (equal parts homozygous mutant and WT gDNA).



Allelism Test

Cross-pollinations were made between bmr30-2 as female parent and bmr30-1 pollen parent. F1 seeds from the complementation test, their parents (bmr30-1 and bmr30-2) and WT (BTx623) were planted in the greenhouse in summer 2021. The plants were visually classified as being brown midrib (bmr) or WT when the plants were 6-weeks old. Digital images were collected to document the leaf midrib phenotype from the complementation test. DNA analyses were performed to verify the progeny were the result of cross-pollination.



RT-qPCR

At 6–7 weeks after germination, the fifth leaf from the base and 10 cm of stalk tissue were harvested, immediately flash-frozen in liquid nitrogen, ground using a freezer mill (SPEX SamplePrep) and stored at −80°C. Total RNA was extracted from tissue from four individual plants per genotypic class. Approximately 100 mg of homogenized plant material was added to 1 mL of TriPure Isolation Reagent (Sigma-Aldrich) followed by RNA extraction and purification using the RNA Clean and Concentrator Kit (Zymo Research). RNA was treated with an on-column DNase treatment (Zymo Research). RNA integrity was confirmed using a 1.8% denaturing agarose gel stained with ethidium bromide (EtBr). RNA quantity was determined using a Synergy Microplate (BioTek Instruments). Total RNA (900 ng) was used for cDNA synthesis with the Transcriptor First Strand cDNA Synthesis Kit (Roche Life Science) and RT-qPCR was conducted using SsoAdvanced SYBR Green Supermix (Bio-Rad) using the Bio-Rad CFX Connect Real Time System (Bio-Rad, Inc.). Primers used for CHI (Sobic.001G035600) were 5′-TCAGATCGTTAGTTGGGCGG-3′ (forward) and 5′-CAAACACGACGCACAGACAG-3′ (reverse). The Bio-Rad data were analyzed using the housekeeping gene α-tubulin (Sobic.001G1070200.1) for normalization and ΔCt values, which were subsequently used for statistical evaluation as described below. No-template and no-reverse transcription controls were included to verify the absence of DNA contamination. Four biological replicates were analyzed for each genotypic class in duplicate.



Western Blot and Immunodetection

Proteins from bmr30 and WT plants were isolated from ground leaf and stalk tissue collected from the first set of greenhouse-grown plants. Proteins were extracted using an extraction buffer containing protease inhibitor (Sigma-Aldrich Co., P9599) (Sattler et al., 2009). Protein concentrations were measured using the Pierce 660 nm Protein Assay (Thermo Fisher Scientific). Western blot analysis was conducted as previously described in Sattler et al. (2009). Briefly, the membrane was probed with primary antibody raised against the tomato CHI (polyclonal rabbit) at a 1:5,000 dilution (Kang et al., 2014). Actin content was used as a loading control, and determined using a mouse anti-Actin monoclonal antibody (Sigma-Aldrich Co., A0480) at a 1:20,000 dilution. The secondary antibodies goat anti-rabbit (Sigma-Aldrich Co., A0545) and goat anti-mouse (Actin) IgG + horseradish peroxidase (Sigma-Aldrich Co., A4416) were used at dilutions of 1:8,000 and 1:20,000, respectively. The secondary antibody was detected using chemiluminescence with Amersham ECL western blotting reagent (GE Healthcare). Imaging of chemiluminescence was performed on a Bio-RAD ChemiDoc XRS+ instrument (Bio-RAD).



Chalcone Isomerase Activity

The Bmr30 coding region (Sobic.001G035600) was synthesized (GenScript) in expression vector pET-30a (EMD Biosciences) into KpnI and XhoI restriction sites. The plasmid was introduced into Escherichia coli Rosetta R2 cells for protein expression. Cultures inoculated from a single colony were grown to log phase at 37°C, transferred to 18°C, and induced to produce protein for approximately 18 h following addition of 0.1 mM isopropyl β-D-1-thiogalactopyranoside. Soluble protein was extracted by sonication. The expressed protein contained an N-terminal 6×-his tag and was captured on a nickel resin column and eluted using imidazole. Induction of the expressed protein and protein purification were monitored by SDS-PAGE. The mutant version (Gly191Arg; bmr30-1) was introduced through site-directed mutagenesis and purified as described above.

The bottom 10 cm of stalk tissue from 6-week-old greenhouse-grown plants were ground to a fine powder under liquid nitrogen. Cold extraction buffer containing 50 mM potassium phosphate pH 8.0, 1.4 mM 2-mercaptoethanol was added to the ground tissue, and pulse-sonicated (Branson Digital Sonifier) on ice (Robbins and Dixon, 1984). The samples were centrifuged at 18,620× g for 15 min and the supernatant was collected for the activity assay.

Chalcone isomerase activity was measured using both purified recombinant protein and plant extracts at 22°C in a 0.2 mL reaction volume containing 50 mM HEPES (pH 7.5) and 50 μM naringenin-chalcone dissolved in ethanol (Jez et al., 2000). The assays with plant extracts included 40 mM sodium cyanide to inhibit chalcone peroxidase activity (Bednar and Hadcock, 1988). Disappearance of the substrate naringenin-chalcone was monitored at 390 nm with a (BioTek Synergy H1) spectrophotometer. The protein content in reactions was determined using the Pierce 660 nm protein assay with bovine serum albumin as a protein standard. Velocity was calculated as a pmol s–1 mg–1 of protein.



Anthocyanins and Total Flavonoids

Anthocyanins and total flavonoids were extracted from nutrient-deprived seedlings using methods described in Li et al. (2006) with minor modifications. In brief, seedlings were ground in liquid nitrogen and anthocyanins were extracted with HCl/methanol (1:99 v/v) at three times volume to sample weight for 24 h at 4°C. Samples were centrifuged at 19,000× g and supernatants measured at 530 nm. Total flavonoids were determined from ground tissue by extracting in 80% methanol for 24 h at 4°C at the same sample to liquid ratio as above. After centrifugation, 10% AlCl3 was added to the supernatant to a final concentration of 1% and total flavonoids measured at 420 nm.



Histochemical Staining

When plants were 7 weeks old, midribs from the fifth leaf and stalk from the top internode under the peduncle were collected and fixed in 25:75 acetic acid:ethanol overnight and stored in 25:75 dH2O:ethanol then embedded in 7% agarose. Leica VT1200s vibratome (Leica Microsystems) was used to make 100 μm transverse sections. Sections were stained for 1–2 m in phloroglucinol-20% HCl. For vanillin-HCl staining, sections were treated for 1–2 min in ethanolic vanillin [10% (w/v)], followed with 1 volume of concentrated HCl. Sections were imaged using an Olympus BX-51 light microscope (Olympus Co.).



Chemical Analyses of Stover

Harvested stover (stalk and leaf tissue) was dried in forced-air ovens at 50°C and subsequently ground in a Wiley mill fitted with a 2-mm mesh screen (Arthur H. Thomas Co.), followed by grinding on a cyclone mill fitted with a 1-mm mesh screen (UDY Co.). Fiber analysis was performed on ground stover to determine cell wall components using a detergent digestion protocol as described by Vogel et al. (1999). Neutral detergent fiber (NDF), acid detergent fiber (ADF), and acid detergent lignin (ADL) concentrations were determined using the ANKOM 200 fiber analyzer (ANKOM Tech Co.). Relative percentage of cell wall components were calculated using component concentrations extracted on a dry weight basis (Sarath et al., 2007). Stover from four biological replicates was analyzed in duplicate.

Stover from bmr30-1, bmr30-2, and WT plants was treated for thioacidolysis followed by gas chromatography-mass spectrometry (GC–MS) to determine relative lignin subunit composition [p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) lignin units]. Samples were prepared and analyzed as described in Palmer et al. (2008). Analysis was performed in duplicate on four biological replicates per line.



Bomb Calorimetry

The energy concentration of ground stover samples (see above) were determined using a Parr 6400 bomb calorimeter (Parr Instrument Co.). Approximately 200 mg of dried, ground stover combined with 600 mg of mineral oil was combusted to estimate calories per gram of dry weight. Energy values were calculated by subtracting the energy released from combustion of the mineral oil alone from the combined mineral oil and stover, which was standardized to the sample weight.



Nutrient Deprivation of Seedlings

Seeds from WT, bmr30-1, and bmr30-2 were germinated on filter paper moistened with autoclaved purified water (NanoPure Technology) at 26°C for 5 days in the dark. After germination, the seeds were transplanted into trays containing sand moistened with reverse-osmosis (RO)-purified water. The seedlings were grown at 26°C with a 12-h day/night cycle in a growth chamber and watered with RO water as needed. After 3 weeks, the seedlings at three-leaf stage were photographed to document the accumulation of red pigments.



Nuclear Magnetic Resonance Sample Preparation and Enzyme Lignin Isolation

Samples were prepared for nuclear magnetic resonance (NMR) analysis by essentially following methods previously published (Kim et al., 2008, 2017; Kim and Ralph, 2010; Mansfield et al., 2012; Lu et al., 2013; Landucci et al., 2020).


Coarse-Milling and Removal of Extractives

Four biological replicates were obtained for each line, the stems and leaves of WT, bmr30-1, and bmr30-2, a total of 24 samples. Each vacuum-dried leaf or stem sample was ground using a shaker mill (Retch MM400, 50 mL hardened steel jar, 1 mm × 15 mm hardened steel grinding ball, 30 Hz for 2 min). The fine powder was solvent-extracted with RO water (4 × 40 mL), 80% ethanol (4 × 40 mL), and acetone (3 × 40 mL), cycling through the solvent extractions by suspending the solids in the solvent, sonicating the suspension for 20 min, centrifuging to pellet the solids (4500× g, 20 min, 4°C), and decanting the solvent. Following solvent extraction, each sample was dried under high-vacuum (Freezemobile 35EL SP Scientific, 15 mT, 48 h) to provide an extract-free cell-wall powder.



Ball-Milling

Each sample (500–600 mg) was then planetary ball-milled (Fritsch Pulverisette 7, 20 mL agate jars, 10 × 10 mL agate grinding balls, 22 grinding cycles at 600 rpm for 10 min, with 10 min rest time between cycles, and reversing direction each cycle). An aliquot (40–50 mg) of this material was put aside for whole-cell-wall NMR analysis (not reported here).



Enzyme Lignin Preparation

The remainder of the ball-milled powder was transferred to a 50 mL falcon tube, suspended in 40 mL of sodium acetate buffer (25.5 mM, pH 5.0), and treated with 40 mg of crude cellulases (Cellulysin®, CALBIOCHEM®). Each sample was incubated at 35°C on a shaker at 250 rpm for 48 h. After incubation, the solids were pelleted by centrifugation (4500× g, 20 min, 4°C) and the buffer was decanted. The acetate buffer (40 mL) was replenished, the sample vortexed to resuspend the solids, fresh cellulase (40 mg) was then added, and the solids were incubated on a shaker for 48 h. The sample was again pelleted, spent buffer decanted, and then the pelleted solids were washed with RO water (3 × 40 mL) by suspending the solids, pelleting the solids, and decanting the water. The washed solids were frozen (–20°C) and then freeze-dried (Freezemobile 35EL SP Scientific, 15 mT, 24 h) to yield the enzyme lignin (EL) that comprises essentially all of the (polymeric) lignin in the sample, without fractionation, but also containing some polysaccharide and some protein.




Nuclear Magnetic Resonance Analysis

Nuclear magnetic resonance experiments were performed on both whole-cell-wall gel and EL samples as previously described (Kim et al., 2008, 2017; Kim and Ralph, 2010; Mansfield et al., 2012; Lu et al., 2013; Landucci et al., 2020). The whole-cell-wall gel samples were prepared by suspending 40–50 mg of sample in 0.6 mL DMSO-d6:pyridine-d5 (4:1, v/v) and sonicating the samples, with occasional mixing by vortexing, until a uniform gel was formed. The EL samples were prepared by dissolving 10–20 mg of sample in 0.6 mL DMSO-d6:pyridine-d5 and sonicating them, with occasional vortexing, until the solids dissolved. NMR experiments were performed on a Bruker Biospin (Billerica, MA, United States) AVANCE NEO 700 MHz spectrometer equipped with a 5-mm QCI 1H/31P/13C/15N cryoprobe with inverse geometry (proton coils closest to the sample). The central DMSO solvent peak was used as the internal reference (δC 39.5, δH 2.49 ppm). The 1H–13C correlation experiment was an adiabatic HSQC experiment (Bruker standard pulse sequence “hsqcetgpsisp2.2”; phase-sensitive gradient-edited-2D HSQC using adiabatic pulses for inversion and refocusing) (Kupce and Freeman, 2007). HSQC experiments for the EL and whole-cell-wall samples were carried out using the following parameters: acquired from 11.66 to −0.66 ppm in F2 (1H) with 3448 data points (acquisition time, 200 ms) and 215 to −5 ppm in F1 (13C) with 618 increments (F1 acquisition time, 8 ms) of 24 scans with a 1 s interscan delay; the d24 delay was set to 0.89 ms (1/8J, J = 140 Hz). The total acquisition time for a sample was 5 h. After zero-filling to 2k × 1k datapoints, processing used typical matched Gaussian apodization (GB = 0.001, LB = −0.5) in F2 and squared cosine-bell in F1 (without using linear prediction). Volume integration of contours in HSQC plots used TopSpin 4.1.1 Mac software, and no correction factors were used; that is, the data represent volume-integrals only. The aromatic signals composition on a ½ S2/6 + G2 = 100% basis. The sidechains are reported on an Aα + Bα = 100% basis, in which A = β-ether, B = phenylcoumaran; C = resinol/tetrahydrofuran peaks were too small to integrate and are not reported.



Statistical Analysis

Data were analyzed using JMP 12.2.0 (SAS Institute Inc.). Data were tested for normality using the Wilkes–Shapiro test and were log-transformed if the data failed to meet normality. Pairwise comparisons among lines were performed using Tukey’s Honest Significant Differences test at α ≤ 0.05.




RESULTS


Bmr30 Encodes a Chalcone Isomerase

A BC3F2 population segregating for bmr30-1 was used for a bulked segregate analysis (BSA) and NGS (Figures 1A,B). Pooled gDNA was generated by bulking 25 mutant or 25 WT individuals and was subsequently subjected to high-throughput whole genome resequencing (Illumina HiSeq X platform), which yielded 74 and 59 Gb of 150-bp paired-end data for the mutant and WT pools, respectively. Over 86.8 and 86.0% of the total reads were properly and uniquely mapped to the S. bicolor v3.1 reference genome (see text footnote 5), corresponding to an average genome coverage of 80-fold for the mutant and WT pools. Based on alignment to the sorghum reference genome 117,561 SNPs were identified in the mutant and WT pools (Figure 1B). After background mutations were filtered using our data analysis pipeline, 11 homozygous mutations remained for the bulked F2 of the bmr30-1 mutant (Supplementary Table 1). Investigation of the short list with potential candidates contained Sobic.001G035600, which was annotated as a CHI. In bmr30-1, a G-to-A transition mutation at position 2,676,019 on chromosome 1 introduced a missense mutation at position 1252 bp in the CHI gene, resulting in a substitution of arginine for glycine at amino acid 191 (G191R). To confirm the genetic linkage between the leaf midrib phenotype of bmr30 and this mutation, a dCAPS marker designed to detect this mutation was used to analyze the individual DNA samples, which were pooled for high-throughput whole-genome resequencing. All the bmr30-1 individuals were confirmed to be homozygous for the G-to-A mutation (Supplementary Figure 1A). The individuals with the WT midrib phenotype were expected to segregate in a 2:1 ratio (heterozygous:homozygous WT), and 18 heterozygous and 7 homozygous WT for the polymorphism out of 25 individuals (Chi-squared 0.184; P > 0.50) were obtained. The bmr30-1 mutation was introduced into two other sorghum backgrounds, Wheatland and Tx430, through phenotype-based backcross breeding, and DNA marker anlysis confirmed the genetic linkage between this mutation and the leaf brown-midrib phenotype in different lineages (Supplementary Figure 1B).


[image: image]

FIGURE 1. (A) The leaf midrib phenotype of the wild-type BTx623 (WT), bmr30-1, and bmr30-2. (B) Overview for gene identification of the mapping population, flowchart of the workflow and number of SNPs from the WT and bmr30-1 pooled and sequenced gDNA. (C) Location of the bmr30-1 and bmr30-2 mutations in the chalcone isomerase gene, Sobic.001G035600. Boxes and gray shading denote exons and coding sequences, respectively.


To corroborate these findings, a second independent mutation was identified in Sobic.001G035600 through an electronic search of the Purdue sorghum TILLING population. A G-to-A mutation at position 1029 bp of Sobic.001G035600, which is the splice donor site (GU) of the third intron (Figure 1C). Seeds from this TILLING line were planted in the greenhouse, and plants with the brown midrib phenotype were observed (Figure 1A), which confirms that loss of the Sobic.001G035600 function results in the brown midrib leaf phenotype. To determine the impact of the loss of the splice donor site, cDNA was synthesized, and a portion of the cDNA containing the junction between the third and fourth exons was amplified and sequenced from bmr30-2 plants, which showed loss of the endogenous splice donor site and resulted in an insertion of 4 bp (ATGA) at this junction. This insertion altered the reading frame of the entire fourth exon and changed amino acids 160–231. To confirm the genetic linkage between the leaf midrib phenotype of bmr30-2 and this mutation, a dCAPS marker designed to detect this mutation was used to analyze an F2 population. All the bmr30-2 individuals were confirmed to be homozygous for the G-to-A mutation at 1091 (Supplementary Figure 2A). To confirm allelism, bmr30-1 and bmr30-2 were cross-pollinated, and the leaf midrib phenotype of the F1 progeny (bmr30-2 × bmr30-1) were visually assessed when the plants were 6-weeks old. All six plants were determined to have the brown midrib phenotype (Supplementary Figure 3).

In the sorghum genome, five genes were previously identified as encoding CHI based on predicted amino acid sequence similarity to the characterized enzyme that converts naringenin chalcone to naringenin in the flavonoid pathway (Nielsen et al., 2016). Phylogenetic analysis of these genes with homologous genes from other flowering plants indicated that Bmr30 (Sobic.001G035600) resides in a clade with CHIs from other grasses, and the other four sorghum genes were in separate clades (Nielsen et al., 2016). Likewise, the pigments associated with the flavonoid pathway were not completely absent in the bmr30 mutant tissues, but visible decreases in purple pigmentation were observed in glumes surrounding the seeds (Supplementary Figure 4). To induce flavonoid biosynthesis, the seeds were germinated under nutrient deprivation, which resulted in seedling with red pigmented hypocotyls in WT seedling, but this coloration was visibly reduced in bmr30-1 and bmr30-2 seedling (Supplementary Figure 5). Further analysis showed that total flavonoids and total anthocyanin were significantly reduced both by approximately two-fold in bmr30-2 seedlings relative to WT ones, and a similar trend was observed in bmr30-1-seedlings (Supplementary Figures 5A,B). In addition, bmr30-2 plants had a lesion mimic phenotype, which only became apparent in late vegetative stages (Supplementary Figures 4A,B).

The expression levels of Bmr30 in WT, bmr30-1, and bmr30-2 plants were analyzed by quantitative RT-PCR (Figure 2) from leaf and stalk tissue. Bmr30 was expressed at low basal levels in WT leaf tissue relative to the control gene α-tubulin, and its expression was not significantly different in bmr30-1 (Figure 2A). Bmr30 expression in leaf was decreased by 60% in bmr30-2 compared to WT (Figure 2A). Bmr30 expression in stalk tissue was not significantly different between WT and bmr30-1, whereas expression in bmr30-2 stalk was significantly decreased, by 83%, compared to WT (Figure 2B). Primers used for RT-PCR were located at the fourth exon just beyond the splice site mutation in bmr30-2. Thus, the splice site mutation in bmr30-2, which is predicted to cause a loss in function for the gene, appeared to reduce expression of this transcript. The JGI Plant Gene Atlas Project available on Phytozome v136 establishes that expression of CHI (Sobic.001G035600) exists across various tissue types and developmental stages of S. bicolor (Supplementary Figure 6). CHI levels in leaves and stalk protein extracts were detected using a polyclonal antibody against a tomato CHI. The levels of CHI were barely detectable and differences among WT and the two bmr30 alleles were not observed (Supplementary Figure 7), which is consistent with the low expression levels observed by RT-qPCR.


[image: image]

FIGURE 2. Relative expression levels of CHI in (A) leaf and (B) stalk tissue of wild-type, bmr30-1, and bmr30-2 plants determined using RT-qPCR. Relative expression was determined using the ΔCt method with the α-tubulin transcript (Sobic.001G1070200.1) for normalization. Error bars represent standard error. Samples with different letters are statistically different at α ≤ 0.05 using Tukey’s HSD test.


The Bmr30 coding region was cloned, heterologously expressed in E. coli, and the protein assayed for CHI activity. In addition, a version containing a G191R amino acid change to replicate the bmr30-1 allele was also expressed and purified from E. coli for a CHI activity assay. Bmr30 catalyzed the conversion of the substrate naringenin chalcone to naringenin. The CHI activity of the G191R version was reduced relative to the WT version of Bmr30 by five-fold (Figure 3A; p > 0.0017). Thus, the product of bmr30-1 may retain some residual CHI activity. Activity was assayed from crude protein extract from both stalks and leaves. CHI activity were detected in stalk extracts from WT, bmr30-1, and bmr30-2 (Figure 3B), but no activity was detectable in leaf extracts. CHI activity in bmr30 stalk extracts was reduced approximately 100-fold relative to WT levels (p < 0.0001). The undetectable levels of enzyme activity in leaf tissue were consistent with the basal level of gene expression observed with RT-PCR for Bmr30.
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FIGURE 3. Chalcone isomerase activity from (A) purified wild-type recombinant protein and a version containing the bmr30-1 mutation, and (B) plant stalk extracts of wild type, bmr30-1, and bmr30-2. CHI activity levels were assayed using naringenin chalcone substrate. The enzyme velocity was normalized to the amount of protein (mg) added to the reaction. Error bars represent standard error. Samples with different letters are statistically different at α ≤ 0.05 using Tukey’s HSD test.




Microscopy and Cell Wall Composition

Microscopy following histochemical staining was used to examine how the loss of Bmr30 activity affected the cell walls of leaf midribs and stalks. The cell morphology of both bmr30 mutants, including fiber cells and xylem of the vascular bundles, closely resembled those cells in WT plants (Figure 4). Secondary cell walls of vascular bundles in both leaf midrib and stalk sections of WT were stained with phloroglucinol-HCl, which reacts primarily with p-hydroxycinnamaldehyde end-groups of lignin polymers (Pomar et al., 2002; Figures 4A,D). However, the staining intensity in the vascular bundles of both bmr30 mutants was reduced compared to WT vascular bundles, which indicated a potential decreased lignin deposition or an alteration in its composition (Figures 4B,C,E,F). Transverse sections were also stained with vanillin-HCl, a staining reagent that reacts with flavonoids (Gardner, 1975). The cell walls of WT leaf midrib and stalk stained yellow in color, which indicated the presence of flavonoids, presumably tricin, within them (Figures 4G,J). In contrast, the cell walls of midribs and stalks from bmr30 mutants displayed vanillin staining that was considerably different in color and intensity from that in WT, and there were also distinct differences in color and intensity in the staining between the two bmr30 alleles.
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FIGURE 4. Visualization of lignification using phloroglucinol (A–F) and vanillin-HCl (G–L) staining of leaf midrib (A–C,G–I) and stalk (D–F,J–L) tissues from wild-type (BTx623), bmr30-1, and bmr30-2 plants. Scale bar = 500 μm for both leaf midrib and stalk tissue. Leaf midrib tissue was observed at 40× magnification, stalk tissue was observed at 80× magnification using an Olympus BX-51 light microscope (Olympus Co.).


To evaluate how the loss of Bmr30 activity affects biomass composition, fiber analysis was performed on mature stover from WT, bmr30-1 and bmr30-2 plants to measure the levels of NDF, ADF, and ADL. Overall NDF, ADF and ADL were all significantly decreased in the bmr mutants compared to WT. Specifically, NDF levels were lower in both bmr30 mutants than in the WT (p = 0.0363; Figure 5A). Decreases of 6 and 10% relative to WT were observed in bmr30-1 and bmr30-2, respectively. Similarly, ADF levels were also decreased in bmr30-1 and bmr30-2 compared to WT, by 10 and 13%, respectively (p = 0.0264; Figure 5B). ADL levels were 11 and 15% lower than WT in bmr30-1 and bmr30-2, respectively (p = 0.0024; Figure 5C). The energy density of the biomass was measured using bomb calorimetry. Energy concentrations of stover were not statistically different for either mutant compared to WT (p = 0.7909; Figure 5D). The observed reduction in lignin concentration in these bmr30 mutants is consistent with the previously described effects of bmr30 on cell wall lignification (Sattler et al., 2014).
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FIGURE 5. Stover from mature wild-type (BTx623), bmr30-1, and bmr30-2 plants was subjected to fiber analysis to determine percent of (A) neutral detergent fiber (NDF), (B) acid detergent fiber (ADF), and (C) acid detergent lignin (ADL). The NDF, ADF, and ADL were determined using ANKOM fiber analyzer. Stover was also subjected to (D) bomb calorimetry to determine total energy using a Parr 6400 bomb calorimeter. Values presented are least squares means (±1 SE). Samples with different letters are statistically different from one another at α ≤ 0.05 using Tukey’s HSD test.


Thioacidolysis was performed to determine the composition of β-O-4-linked p-hydroxyphenyl (H), syringyl (S), and guaiacyl (G) subunits within the lignin polymer (Figure 6). The levels of H-lignin were significantly decreased in the bmr30-1 and bmr30-2 compared to WT (p < 0.0001; Figure 6A), with a 31 and 54% decrease, respectively. Levels of G-lignin were significantly different (p = 0.0011), with a 25 and 30% decrease in bmr30-1 and bmr30-2 compared to WT, respectively (Figure 6B). Similarly, S-lignin was significantly different (p = 0.0343), with 18 and 26% decrease in bmr30-1 and bmr30-2 relative to WT plants, respectively (Figure 6C). Overall, these two mutations in this CHI gene caused a significant decrease in lignin observed through fiber analysis, which was also detected as decreased levels in the three major β-O-4-linked lignin subunits (Figure 5C).
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FIGURE 6. Mutations in CHI induced changes in lignin subunit composition. The abundance of (A) p-hydroxyphenyl (H), (B) syringyl (S), and (C) guaiacyl (G) lignin subunits from stover of mature wild-type (BTx623), bmr30-1, and bmr30-2 plants was measured using thioacidolysis and gas chromatography–mass spectrometry (GC–MS). Values presented are least square means (±1 SE). Samples with different letters are statistically different from one another at α ≤ 0.05 using Tukey’s HSD test.


To further determine how bmr30 affects monolignol biosynthesis, soluble and cell-wall-bound phenolic compounds were extracted from stover collected from mature plants. Relative abundances of several phenolic compounds derived from the monolignol pathway were measured by GC–MS (Figures 7, 8). Several soluble phenolic compounds were different among WT and the bmr30 mutants. For example, bmr30-2 had significantly higher amounts of p-hydroxybenzaldehyde (11-fold greater), p-hydroxybenzoic acid (4.5-fold greater), vanillic acid (1.2-fold greater), p-coumaric acid (19-fold greater), and sinapic acid (1.7-fold greater) when compared to WT (Figure 8), whereas isovanillin (2.7-fold less) and syringaldehyde (4.9-fold less) were significantly reduced in bmr30-2 compared to WT (Figure 7). The only soluble phenolic compound that differed between WT and bmr30-1 was p-hydroxybenzoic acid, for which there was 3.3-fold greater amount in bmr30-1 than in WT. Cell-wall-bound phenolics were also significantly different between WT and bmr30 mutants (Figure 8). Specifically, p-hydroxybenzaldehyde (8.5-fold greater), p-hydroxybenzoic (3.6-fold greater), caffeic (3-fold greater), ferulic (2-fold greater), and sinapic (3.3-fold greater) acids were increased in bmr30-2 compared to WT. Isovanillin (1.3- to 1.5-fold less), syringaldehyde (1.5-fold less), and syringic acid (1.8- to 2.2-fold less) were lower in bmr30 mutants compared to WT. Taken together, loss of Bmr30 activity affected accumulation of the compounds derived from monolignol biosynthesis.
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FIGURE 7. Relative abundance of soluble phenolic compounds in stover from wild-type, bmr30-1, and bmr30-2 plants. Phenolic compounds were analyzed via GC–MS. Values presented are least square means; error bars represent standard error. Samples with different letters for soluble fractions are statistically different from one another at α ≤ 0.05 using Tukey’s HSD test.
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FIGURE 8. Relative abundance of wall-bound phenolic compounds in stover from wild-type, bmr30-1, and bmr30-2 plants. Phenolic compounds were analyzed via GC–MS. Values presented are least square means; error bars represent standard error. Samples with different letters for wall-bound fractions are statistically different from one another at α ≤ 0.05 using Tukey’s HSD test.




Lignin Polymer Analysis

Changes to the lignin polymeric composition and structure were discerned from NMR profiling (Ralph and Landucci, 2010; Tobimatsu et al., 2019). Extractions for ELs, representing essentially the entire lignin component, were performed by digesting away the majority of the polysaccharides using polysaccharidases (crude cellulase) (Chang et al., 1975). NMR spectra from such lignins are cleaner and sharper than those spectra obtained from whole-cell-wall samples, and were useful here to glean diagnostic details. As shown in Figure 9, the 2D HSQC spectra disperse and resolve various aromatic components in the polymer, including the H, G, and S units in the core lignin, the p-coumarates (pCA) acylating the lignin sidechain in grasses, the ferulates (FA) that may be on residual arabinoxylans or analogously acylating lignin sidechains, and the flavone tricin (T) that has been found on all Poaceae lignins studied prior to the publication date (Lan et al., 2016b). In the leaf tissue EL of the bmr30-2 mutant, the intermediary flavanone naringenin (N) was also identified.
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FIGURE 9. Partial 2D HSQC NMR spectra (in 4:1 DMSO-d6/pyridine-d5) of the enzyme lignin (EL) preparations isolated from the wild-type and bmr30 lines. (A–C) Spectra of ELs from the stems of wild type (WT), and the bmr30-1, and bmr30-2 mutants. (D–F) Analogous spectra from the leaf ELs. Each plotted spectrum is a representative from a set of 4 biological replicates for each; the integral data in the top-left yellow-backgrounded panel of each presents the average and standard deviation from the analysis of all 4 replicates of each line, for a total of 24 samples. The main structural features are, where resolved, colored to match the structures below; no attempt is made to individually color the more minor components in overlapping peaks. The T denotes the tricin peaks, and N the naringenin peaks. Volume integration was used to determine the relative abundances of the G and S lignin units (and the S/G ratio); the other aromatic units including the H, p-coumarate (pCA), ferulate (FA), tricin (T), and naringenin (N) are reported on an S + G = 100% basis. The H-levels are not reliable because of the overlap with significant phenylalanine (Phe) peaks from proteins, particularly in the leaves, but are corrected by subtracting the volume of the Phe2/6 from the volume of the H + Phe3/5 peak. Only two of the lignin sidechain structures, characterized by their inter-unit linkages (A, B), were readily determined here, and are expressed as fractions of the sum A + B = 100%. The β-ether content in these samples are not considered to be over 90% of all total units. Resinols C (see structures below) were found at low contour levels (not shown), and the correlation peak labeled? is where the major tetrahydrofuran [image: image] peak occurs. However, the β and γ correlations were not evident (even from TOCSY-HSQC spectra, not shown), so the large peak here is overlapped by another unknown peak; therefore, measurement was not attempted. As previously noted (Mansfield et al., 2012; Abu-Omar et al., 2021), endgroup units such as T and pCA, are over-represented in these spectra, but the relative levels remain useful for comparisons.


HSQC NMR data is not strictly quantitative and the following should be noted: (1) Despite being strictly non-quantitative, the S:G data are considered to be reliable because of the similar environments of the G2 and S2/6 proton/carbon pairs (Mansfield et al., 2012). (2) The H-level data are distinctly unreliable because of overlap with a significant phenylalanine component (Kim et al., 2017). (3) End-units such as pCA and tricin, and perhaps FA, are significantly overestimated due to the longer relaxation of more mobile units than the backbone units in the polymer, but the integrals are useful for comparative analysis (Ralph and Landucci, 2010; Mansfield et al., 2012).

Bearing the above in mind, the following observations are particularly relevant results on the composition and structure of the different lignins. First, the S/G ratio was significantly lower in both the stems and the leaves of the bmr30 mutants than in the WT, and was essentially equivalent in both mutants. Second, pCA levels were similarly lower, which reflected the lower S contents of the mutants and pCA units were predominantly (∼90%) on S-units in these samples. Third, ferulate (FA) levels appeared to be higher in the mutants. Fourth, consistent with the loss of CHI activity, the tricin (T) contents were strikingly lower in the mutants, and particularly so in bmr30-2 (0.1%), than in the WT (18.5%). Naringenin (N) units were detected in the leaf EL from bmr30-2 (Figure 9E), and perhaps were also detectable in the bmr30-2 stem EL. This finding is unexpected and appears to be inconsistent with loss of CHI (Sobic.001G035600) function in bmr30-2, because naringenin is the product of the CHI enzyme. The incorporation of naringenin, a flavonoid pathway intermediate has been previously documented in a rice flavone synthase (FNSII) mutant (Lam et al., 2017) and most recently in a poplar CHS transgenic (Mahon et al., 2021) and in papyrus (Rencoret et al., 2021).




DISCUSSION

This study demonstrated that the sorghum Bmr30 locus encodes a CHI, with loss of function affecting monolignol and flavonoid biosynthesis and lignin deposition. Many genes encoding CHI from angiosperm plant species have been isolated and characterized. The brown midrib phenotype, which led to the isolation of the bmr30-1 mutant (Sattler et al., 2014), has long been linked to C4 grasses impaired in cell wall lignification (Jorgenson, 1931; Kuc and Nelson, 1964; Gee et al., 1968; Kuc et al., 1968). Previously identified bmr/bm loci of monolignol biosynthesis have all encoded enzymes of the monolignol pathway or enzymes involved in the synthesis/recycling of S-adenosylmethionine (SAM), a required cofactor for the two methyltransferases of this pathway. However, Bmr30, a CHI, breaks this precedent and links two branches of phenylpropanoid metabolism, monolignol and flavonoid biosynthetic pathways, as being required for lignin deposition.

Chalcone synthase (CHS) catalyzes the first committed step in flavonoid biosynthesis that combines p-coumaroyl-CoA derived from monolignol biosynthesis and malonyl-CoA from the acetate/malonate-derived polyketide pathway into naringenin-chalcone, which is then isomerized by CHI (CHI) within the cytosol. Bmr30 has CHI activity as demonstrated in this study using versions of the recombinant protein expressed in E. coli, and the version G191R to recapitulate the missense mutation bmr30-1 also retained residual activity, albeit with a 49-fold reduction from WT levels in vitro (Figure 3A). The amino acid glycine at position 191 of CHI is highly conserved among Phaseolus vulgaris, Medicago sativa, Pisum sativum, Zea maize, Vitis vinifera, Ipomoea purpurea, Petunia hybrida, and Arabidopsis thaliana and is two amino acids downstream from residues of the (2S)-naringenin binding cleft (Jez et al., 2000). The substitution of arginine, a charged amino acid with a large side chain for glycine without a sidechain proximal to the substrate binding cleft would most likely impair substrate binding in bmr30-1. Likewise, bmr30-2 contains a 4-bp insertion resulting in a frameshift, which eliminates several secondary structural motifs found in the last 72 amino acids and that includes strands e and f of the third β-sheet and α-helices 6 and 7. α-Helix 6 is highly conserved across all CHIs, and it is part of the active site cleft. Amino acids 188 and 189 of this helix are proposed to confer substrate specificity (Jez et al., 2000). Thus, this allele encodes a protein which is most likely misfolded and rapidly degraded; hence bmr30-2 is most likely a null (amorphic) allele. The Bmr30 gene (Sobic.001G035600; previously designated Sb01g003330) transgenically complemented the CHI mutant transparent testa 5 (tt5) restoring anthocyanin pigmentation in Arabidopsis (Liu et al., 2010). Together these results demonstrate that the bmr30 mutant contains a defective CHI. However, the expression of the gene is relatively low in leaves not experiencing stress, which is consistent with our CHI assays, the RT-qPCR analysis and previously published RT-qPCR analysis (Liu et al., 2010). There is some genetic redundancy that is responsible for the residual flavonoids and anthocyanins present especially bmr30-2 under stress (Supplementary Figures 4, 5), and one or more of four other CHI-like sequences in the sorghum genome may be responsible. These results suggest that the function of Bmr30 requires its presence at relatively low levels in plant tissue not under stress conditions, which is consistent with the sorghum gene expression atlas for this gene (Supplementary Figure 6). Alternatively, Bmr30 may only be present in a limited subset of cell types within plants, which could also explain the results observed. Our data indicate that a loss or reduction of Bmr30 activity results in reduced lignin deposition and flavonoid biosynthesis. However, accumulation of pigment in bmr30-1 (designated line 100) in response to peduncle inoculation of the fungal pathogen Fusarium thapsinum was not different from WT (Funnell-Harris et al., 2014). The awns surrounding the kernels were one tissue where the intensity of pigmentation was visibly reduced for both bmr30 mutants compared to WT (Supplementary Figure 4). Similarly, nutrient-deficiency also showed synthesis of total flavonoids and total anthocyanins were decreased in bmr30 seedlings compared to WT seedlings (Supplementary Figure 5).

Loss of Bmr30 reduced lignin deposition in both mutants and across four lines of experimental evidence. Cytologically, the phloroglucinol staining showed reduced amounts of lignin in bmr30 cell walls relative to WT. Likewise, chemical analyses showed reduced ADL and decreased levels of major lignin monomers released by thioacidolysis in bmr30 relative to WT, which together corroborate this reduction. Recent studies of monocotyledonous plant cell walls using NMR have identified the flavone tricin as an endogenous subunit of the lignin polymer in wheat (del Río et al., 2012), maize (Lan et al., 2015), and sorghum (Eudes et al., 2017), and is predicted to be in all species in the Poaceae (Lan et al., 2016b). Tricin links flavonoid metabolism to lignin deposition, and has been shown to be an authentic monomer of lignin, which acts as an initiation site for the lignin chain (del Río et al., 2012; Lan et al., 2015, 2016a). In addition, tricin may have potential health benefits as an antioxidant, anti-aging, anticancer, and cardioprotective compound (Oyama et al., 2009; Zhou and Ibrahim, 2010; Chambers and Valentova, 2015). In the maize CHS Colorless2 (C2-Idf) mutant, tricin levels were significantly reduced in the lignin polymer (Eloy et al., 2017). Indeed, in the current study, NMR profiling also showed alteration to the composition and structure of the different lignins in both bmr30 mutants relative to WT. The S contents were lower in the mutants, which led to reduced levels of p-coumarate and increased levels of ferulate. The tricin (T) contents were strikingly lower in the mutants as anticipated (Figure 9).

Vanillin-HCl stains flavonoid compounds yellow (Gardner, 1975), as was observed in WT leaf midrib and stalk sections. In contrast to WT, staining was greatly reduced in bmr30-1 tissue sections, which is consistent with the substantial reduction of tricin in lignins determined by NMR profiling. However, the more intense orange-brown vanillin-HCl staining in bmr30-2 cell walls may suggest increased accumulation of other flavonoids or phenylpropanoids in this mutant. Likewise, there were substantial increases in several soluble and wall-bound phenylpropanoids in bmr30-2 stover, particularly in mature tissues. Paradoxically, the presence of naringenin, the product of CHI, in lignin from bmr30-2 mature leaves (Figure 9E) is not consistent with results from the bmr30-1 mutant and requires further examination. The most plausible explanation is that an additional, unidentified mutation, present in the bmr30-2 line causes the accumulation in phenylpropanoids described above. The gene discovery platform did not identify any mutations in other flavonoid-related genes for this EMS-generated line, which included the FNSII gene (see text footnote 1). Potentially, the lesion-mimic phenotype observed in the bmr30-2 may be associated with the accumulation of phenylpropanoid compounds as a response to lesion development. The lesion-mimic phenotype is most likely due to a mutation in a gene other than CHI (Sobic.001G035600) because the bmr30-1 mutant does not exhibit this phenotype and neither do CHI mutants from other plants (Shirley et al., 1995; Hong et al., 2012; Gurdon et al., 2019). A backcrossing strategy has been initiated to attempt to separate the brown midrib phenotype from the lesion-mimic phenotype, which should resolve whether loss of CHI function results in the accumulation of naringenin and hydroxycinnamates in bmr30-2 leaves and stover.

In summary, the identification of Bmr30 provides new avenues for the investigation of phenylpropanoid metabolism in sorghum and other C4 grasses. The bmr30 mutants represent a new class of tools to alter lignin deposition to improve forage for livestock, biofuels, and green chemistry utilization. A future goal will be to combine bmr30 with other characterized bmr mutants that directly impact monolignol biosynthesis to explore the effect on lignin and cell walls on sorghum biomass.
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Supplementary Figure 1 | The derived cleaved amplified polymorphic sequence (dCAPS) marker for the bmr30-1 allele was used to verify genetic linkage between brown midrib phenotype and the bmr30-1 mutation from F2 individuals that were pooled for next generation DNA sequencing. (A) Genomic DNA from 25 individuals with the brown midrib phenotype and 25 individuals with the wild-type (green; wt) midribs were screened with dCAPS marker for bmr30-1, which was designed to create an AvaI restriction site in only the wild-type allele that resulted in a 183 bp product upon restriction digestion. The bmr30-1 allele lacked this restriction site due to the transition and the 209 bp product was not cleaved by AvaI. All individuals with the brown midrib phenotype were homozygous for the bmr30-1 allele, whereas seven individuals were homozygous for the wild-type allele and 18 individuals heterozygous. The latter two groups had normal midribs. (B) bmr30-1 was backcrossed into three different parental lines (Tx623, Wheatland, Tx430) and progeny were phenotyped based on the leaf midrib. These individuals were further tested and confirmed using the dCAPS marker and compared to the original mutant line (bmr30-1). PCR amplification controls were performed with DNA from bmr30-1 (bmr), wild-type (wt), 1:1 mixture of wild-type and bmr30-1 DNA to simulate a heterozygous plant (het) and no DNA template (-).

Supplementary Figure 2 | The derived cleaved amplified polymorphic sequence (dCAPS) marker for the bmr30-2 allele was used to verify genetic linkage between brown midrib phenotype and the bmr30-2 mutation from F2 individuals. Genomic DNA from (A) 25 individuals with the brown midrib phenotype and (B) 25 individuals with the wild-type (green; wt) midribs were screened with dCAPS marker for bmr30-2, which was designed to create an NcoI restriction site in only the wild-type allele that resulted in a 149 bp product upon restriction digestion. The bmr30-2 allele lacked this restriction site due to the insertion and the 176 bp product was not cleaved by NcoI. All individuals with the brown midrib phenotype were homozygous for the bmr30-2 allele, whereas eight individuals were homozygous for the wild-type allele and 15 individuals heterozygous. The latter two groups had normal midribs. PCR amplification controls were performed with DNA from bmr30-2, 1:1 mixture of wild-type and bmr30-2 DNA to simulate a heterozygous plant (het), wild-type (wt), and no DNA template (-).

Supplementary Figure 3 | The leaf midrib phenotype of the wild-type (BTx623), bmr30-1, bmr30-2, and F1 plants form the complementation test bmr30-2 × bmr30-1. The F1 progeny were confirmed to result from cross-pollination using DNA marker analysis. The eighth leaf was photographed from 6-week-old plants.

Supplementary Figure 4 | (A) Ten week old plants grown in the greenhouse, (B) seventh leaf from the bottom of 10 week old bmr30-2 plant, displaying the disease lesion mimic phenotype, and (C) seeds and glumes from wild-type (WT), bmr30-1, and bmr30-2. The top row is the abaxial side and bottom row is the adaxial side. The grain was harvested from the bottom of the panicles at approximately 40 days after anthesis.

Supplementary Figure 5 | Sorghum seedlings were germinated and grown under nutrient-depleted conditions to induce flavonoid accumulation. The absorbance of (A) total flavonoids and (B) anthocyanins were measured from the (C) seedlings. The seedlings from left to right are WT, bmr30-1, and bmr30-2, photographed 21 days after germination.

Supplementary Figure 6 | Expression abundance of chalcone isomerase (CHI; Sobic.001G035600), across diverse tissues from Sorghum bicolor. Gene expression data was obtained from The JGI Plant Gene Atlas Project available on Phytozome v13 (https://phytozome-next.jgi.doe.gov/phytomine/aspect.do? name=Expression).

Supplementary Figure 7 | Immunoblot detection of CHI from leaves (top) and stalks (bottom). Protein extracts from wild-type (WT), bmr30-1, and bmr30-2 were separated by SDS-PAGE, transferred to membrane, and probed with polyclonal antibodies raised against the recombinant tomato CHI protein. The recombinant SbCHI protein (SbCHI) was included as a positive control. Polyclonal antibodies raised against actin protein were used as a loading control.


FOOTNOTES

1https://www.purdue.edu/sorghumgenomics/

2https://npgsweb.ars-grin.gov/gringlobal/search

3https://gsl.hudsonalpha.org/index

4https://phytozome.jgi.doe.gov/pz/portal.html

5https://phytozome-next.jgi.doe.gov/

6https://phytozome-next.jgi.doe.gov/phytomine
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Lignin in Populus species is acylated with p-hydroxybenzoate. Monolignol p-hydroxybenzoyltransferase 1 (PHBMT1) mediates p-hydroxybenzoylation of sinapyl alcohol, eventually leading to the modification of syringyl lignin subunits. Angiosperm trees upon gravistimulation undergo the re-orientation of their growth along with the production of specialized secondary xylem, i.e., tension wood (TW), that generates tensile force to pull the inclined stem or leaning branch upward. Sporadic evidence suggests that angiosperm TW contains relatively a high percentage of syringyl lignin and lignin-bound p-hydroxybenzoate. However, whether such lignin modification plays a role in gravitropic response remains unclear. By imposing mechanical bending and/or gravitropic stimuli to the hybrid aspens in the wild type (WT), lignin p-hydroxybenzoate deficient, and p-hydroxybenzoate overproduction plants, we examined the responses of plants to gravitropic/mechanical stress and their cell wall composition changes. We revealed that mechanical bending or gravitropic stimulation not only induced the overproduction of crystalline cellulose fibers and increased the relative abundance of syringyl lignin, but also significantly induced the expression of PHBMT1 and the increased accumulation of p-hydroxybenzoates in TW. Furthermore, we found that although disturbing lignin-bound p-hydroxybenzoate accumulation in the PHBMT1 knockout and overexpression (OE) poplars did not affect the major chemical composition shifts of the cell walls in their TW as occurred in the WT plants, depletion of p-hydroxybenzoates intensified the gravitropic curving of the plantlets in response to gravistimulation, evident with the enhanced stem secant bending angle. By contrast, hyperaccumulation of p-hydroxybenzoates mitigated gravitropic response. These data suggest that PHBMT1-mediated lignin modification is involved in the regulation of poplar gravitropic response and, likely by compromising gravitropism and/or enhancing autotropism, negatively coordinates the action of TW cellulose fibers to control the poplar wood deformation and plant growth.

Keywords: lignin, p-hydroxybenzoate, monolignol p-hydroxybenzoyltransferase, tension wood, gravistimulation, hybrid aspen


SIGNIFICANCE

Lignin in many plant species is decorated with p-hydroxybenzoate. Despite the long history of recognition of its existence in plant cell walls, our understanding of the biological significance of such lignin modification remains largely elusive. In the present study, we explore the potential roles of lignin-bound p-hydroxybenzoates in the regulation of gravitropic response with respect to gravistimulation. We revealed that mechanical bending or gravistimulation significantly induced the expression of p-hydroxybenzoyl CoA: monolignol p-hydroxybenzoyltransferase 1 gene and the consequent accumulation of p-hydroxybenzoates in tension wood (TW). Paradoxically, hyperaccumulation of p-hydroxybenzoates considerably mitigated gravitropic response of poplar plantlets; conversely, depletion of lignin p-hydroxybenzoates enhanced poplar gravitropic response. Our study reveals an adaptive mechanism of poplars in response to the mechanical stress/gravistimulation, in which the induced production of crystalline cellulose fibers and the enhanced accumulation of lignin p-hydroxybenzoates might coordinately regulate the gravitropic response process thus controlling the poplar wood deformation and tree architecture. This finding contributes to our understanding of the biological functions of prevalent lignin acylation.



INTRODUCTION

As a sessile organism, the terrestrial plants evolve remarkable abilities in modulating their normal growth to cope with different environmental stresses. In response to gravity or mechanical stress enforced by environmental factors, such as wind or snow, plants slowly re-orient their growth to ensure that most shoots grow up and most roots grow down. This process is termed as gravitropism (Stankovic et al., 1998a,b; Moulia and Fournier, 2009; Bastien et al., 2013). Re-orientation of organ results in a net gravitropic curvature. After the organ curves up, a phase of autotropic straightening or decurving starts at the tip and propagates downward, so that the curvature finally becomes concentrated at the base of the growth zone and steady (Stankovic et al., 1998b; Coutand et al., 2007; Bastien et al., 2013). This decurving process, i.e., the tendency of plants to recover straightness in the absence of any external stimulus is described as autotropism. The gravistimulation-triggered general curving, followed by basipetal straightening to prevent overshoot compose the biphasic process of plant gravitropic response (Stankovic et al., 1998b; Coutand et al., 2007; Bastien et al., 2013). The final set-point angle of an organ is achieved by a composite response of two tropisms, i.e., gravitropism and autotropism.

The molecular basis for the gravitropic movement of angiosperm trees is the formation of specialized secondary xylem, i.e., tension wood (TW) in their branches and/or displaced stems of porous wood with respect to gravity. In the inclined tree, TW is formed on the upper part of the stem, whereas wood formed on the lower side is termed as opposite wood (OW). TW induces tensile force for generating tensile growth stress to pull the inclined stem or lean branches upward, thereby preventing the stem/branch from bending and cracking (Yamamoto, 1998; Yoshida et al., 2002).

A major anatomical characteristic of TW in most angiosperms is the fibers with an additional gelatinous layer (G-layer) at the inner face of the secondary wall (Ghislain and Clair, 2017). The G-layer is composed mostly of highly crystalline cellulose microfibrils that are oriented parallel or nearly parallel to the fiber axis (Timell, 1969; Groover, 2016). The formation of G-layer in TW fibers results in a corresponding decrease in lignin, xylan, and glucomannan (Timell, 1969). In addition, TW lignin is known to have an increased syringyl/guaiacyl (S/G) ratio (Yoshida et al., 2002; Pilate et al., 2004; Ghislain and Clair, 2017). The previous studies revealed that increasing tensile growth stress is correlated with the decrease of cellulose microfibril angle and lignin content, and the increase of α-cellulose content and cellulose crystallinity (Okuyama et al., 1990, 1994). TW fiber walls are diverse in their organization of cell wall layers and lignification. In general, they are classified into three anatomical groups: with lignified G-layer, with non-lignified G-layer, and without G-layer (Ghislain and Clair, 2017). Interestingly, a recent study revealed that lignin in the G-layer does not effectively affect the mechanical action of TW, since the maturation strain of TW is similar between the species with lignified and non-lignified G-layers (Ghislain et al., 2019).

Lignin is a heterogenous aromatic polymer, derived primarily from the oxidative radical coupling of three phenylpropanoid units, p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol (i.e., monolignols). Three monolignols, after depositing into cell walls, oxidatively couple to each other or to the growing lignin polymer, yielding p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) lignin subunits (Vanholme et al., 2010). Compelling chemical and genetic evidence have revealed that cell wall lignification exhibits considerable plasticity, allowing plants not only to dramatically alter the levels of traditionally abundant subunits but also incorporate “non-traditional” subunits in lignin polymer (Vanholme et al., 2012; Mottiar et al., 2016). Consequently, the lignin structure and composition vary greatly depending on the taxonomic groups, plant species, plant organs, tissues, cell-types, cell wall layers, the stages of plant development, and environmental conditions (Boerjan et al., 2003; Ralph, 2007).

Beyond conventional monolignols, various monolignol conjugates are known to participate in lignification (Ralph, 2010; Vanholme et al., 2012; Mottiar et al., 2016; del Rio et al., 2020). In particular, the naturally occured acylated lignin that has been encountered in various plant species of a wide range of taxa contains the ester-bond linked different carboxylic acid groups. For instance, lignin in kenaf bast fiber and various other plants, such as the monocot palms, abaca (Musa textilis), and sisal (Agave sisalana) are extensively acetylated (Lu and Ralph, 2002; del Rio et al., 2004, Del Rio et al., 2007; del Rio et al., 2008). Commelinid grass lignin commonly contains p-coumarate (pCA) pendants that exclusively occur on the γ-hydroxyl of the sidechain of syringyl units (Lu and Ralph, 1999; del Rio et al., 2008, 2012; Karlen et al., 2018).

Analogous to the frequently reported pCA ester, p-hydroxybenzoate (pBA) is found to attach to the lignin via ester bond in hardwoods of the Salicaceae family, such as willows (Salix spp.), poplars and aspens (Populus spp.) (Smith, 1955; Landucci et al., 1992; Lu et al., 2004; Morreel et al., 2004a), and the family of Araliaceae Aralia cordata (Hibino et al., 1994), as well as in the monocot palms of the large Arecaceae family (Lu et al., 2015; Karlen et al., 2018). Moreover, pBA also acylates lignin at the γ-hydroxyl of the sidechain of syringyl unit as pendant group and the modification arises through the incorporation of acylated monolignol conjugates (Nakamura and Higuchi, 1978; Lu et al., 2004, 2015; Morreel et al., 2004b). Interestingly, a recent study revealed that the p-hydroxybenzoylated lignin was also detected in seagrass Posidonia oceanica; and the acylation occurred on both the G- and S-lignin subunits, which is contrary to what is observed in poplar, willow, and palm, where pBAs overwhelmingly appear on the S-subunits (Rencoret et al., 2020).

Despite the recognition of the prevalent existence of pBAs in the lignin of many plant species, our understanding of the biological significance of lignin-bound pBAs remains fragmentary. Quantifying pBA levels in hybrid poplar TW reveals that pBAs are increased compared with those in OW or normal wood (NW) (Hedenstrom et al., 2009; Foston et al., 2011; Goacher et al., 2021), implicating the potential involvement of the lignin-bound pBAs in mechanical stress response or TW formation. Through the functional genomics study, we recently have determined a BAHD family acyltransferase, namely, p-hydroxybenzoyl CoA: monolignol p-hydroxybenzoyltransferase 1 (PtrPHBMT1), from P. trichocarpa (Zhao et al., 2021). The characterized enzyme exhibits preferential catalytic activity in conjugating p-hydroxybenzoate from its CoA thioester to monolignol sinapyl alcohol. Disruption of PHBMT1 via CRISPR-Cas9 gene editing in hybrid poplar nearly completely depleted pBA accumulation in the stem lignin; conversely, overexpression (OE) of the gene increased lignin pBA accumulation. Furthermore, in vitro analysis revealed that elimination of the lignin-bound pBAs significantly enhanced the solvent dissolution rate of lignin polymer, suggesting that p-hydroxybenzoylated lignin somehow alters its physicochemical properties. As a follow-up, in the present study, we explore the biological functions of PHBMT1-mediated monolignol p-hydroxybenzoylation (ultimately the accumulation of lignin pBAs) in gravitropic stress response of poplar. We discover that gravistimulation and mechanical bending strongly induce the expression of PHBMT1 and the accumulation of lignin-bound pBAs in TW of poplar; whereas, paradoxically and interestingly, eliminating PHBMT1 and depleting lignin-bound pBAs appear to substantially enhance the stem curving of the plantlets upon gravistimulation; while the OE of PHBMT1 and hyperaccumulation of pBAs mitigate gravitropic response, evident with small stem secant bending angle. We discuss the potential role of PHBMT1-mediated p-hydroxybenzoylation in the regulation of gravitropism and autotropism of poplar.



MATERIALS AND METHODS


Plant Materials

Hybrid aspen clone Populus tremula x P. alba INRA 717-IB4 was used in the study. Two representative CRISPR-Cas9 lines (g1-8 and g1-9), two representative OE lines (OE1 and OE2) that harbor PtrPHBMT1, driven by PvPAL2 promoter, were from our previous study (Zhao et al., 2021). The previously characterized transgenic lines and their corresponding wild type (WT) controls that were maintained in the magenta boxes with tissue culture propagation medium without antibiotic selection (2.15 g L–1 MS basal salts, 0.25 g L–1 MES, 0.1 g L–1 myo-inositol, 0.2 g L–1 L-glutamine, 0.001 g L–1 nicotinic acid, 0.001 g L–1 pyridoxine HCl, 0.001 g L–1 calcium pantothenate, 0.001 g L–1 thiamine HCl, 0.001 g L–1 L-cysteine, 0.01 g L–1 biotin, 0.0005 g L–1 IBA, 20 g L–1 sucrose and 7 g L–1 agar, pH 5.8) were propagated in the same medium by using apical shoot explants to obtain enough biological replicates. After propagation, the poplar plantlets were transferred to soil (PRO-MiX BX, Premier Tech Horticulture, Canada) in pots of 5.5 cm diameter and covered with transparent plastic cups for 1 week to keep the moisture. Then, the plants were uncovered and grown without bundling with supporting poles at 28°C during daytime and 23°C during the night with a long-day regime (14 h light/10 h dark). During the growth period of the plantlets in the experiment, no fertilizers were applied.



Mechanical Stress, Gravitropic Stimulation, and Tension Wood Induction

One-year-old hybrid aspens in the greenhouse were enforced with mechanical bending for TW induction. The trees were bent with a rope for 10 days. The trees without bending that grew side by side with the treated trees served as the control. After treatment, the trees were harvested and their bark was removed from the curved region, and the differentiating xylem was harvested by light scraping with a razor blade at the upper (TW) and lower (OW) sides of the stem. For trees as the control, the differentiating xylem was harvested in the same internodes as the bent trees. A portion of collected differentiating xylem materials was used for total RNA isolation and real-time quantitative PCR (qRT-PCR) analysis. The rest were used for cell wall preparation and wall-bound phenolic analysis.

For trees subjected to gravistimulation, 2-month-old hybrid aspen plantlets with similar initial growth were selected and laid on the tray (inclined ca. 80 degrees) for 3 weeks in the greenhouse (Figure 1A), which is sufficient to develop TW according to Gerttula et al. (2015). Each tray contains a whole set of PHBMT1 knockout mutant, OE and WT control lines. After treatment, the trees were photo-recorded for stem bending angle calculation. Then, their bark was removed from the top (TW) and bottom (OW) quarter of the curved stem, and the differentiating xylem was harvested as described above, which was used for RNA preparation. The remaining TW and OW fractions were collected and used for cell wall preparation and cell wall composition analysis. The trees without gravistimulation serve as the control for NW, in which the quarter of stem (NW) at the same internodes as the bent trees were harvested.
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FIGURE 1. Tension wood induction by gravistimulation. Two-month-old poplar plantlets grown in the greenhouse were laid on the trays for 3 weeks, approximately 80 degrees relative to the vertical position. (A) Poplar plantlets of the WT, phbmt1 mutants, and PHBMT1-overexpression (OE) lines at the initial point of gravistimulation trial. (B) Poplar plantlets of the WT, phbmt1 mutants, and PHBMT1-OE lines at the end point of 3-week gravistimulation. From far to near are the WT, phbmt1 mutants g1-8 and g1-9, and overexpression lines OE1 and OE2, respectively. (C) Illustration of definition of the top stem, bottom stem, stem lift height and the stem secant binding angle of poplar plantlet with gravitropic stimulation.




Measurement of Poplar Stem Morphology With Gravistimulation

The method described by Gerttula et al. (2015) was adopted for the measurements of the stem secant angle, lift angle, stem length, and lift height after gravitropic stimulation. After gravistimulation, the plantlets with curved stems were photo-recorded and their stem secant angle was measured using Image J as illustrated in Figure 1C. To minimize the experimental variations caused by potential additional environmental factors, the calculated secant bending angle of the transgenic plant was normalized to that of the corresponding WT control in each tray. The data were presented as the relative secant bending angle, i.e., relative secant bending angle = secant bending angle of transgenic line/secant bending angle of WT in the same tray. The stem length and lift height were also measured using Image J as illustrated in Figure 1C. We defined the point at the stem with the sharpest angle as the turning point for vertical growth; then the top portion of the stem from the tip to the turning point was defined as the top stem and the stem below the turning point was defined as bottom stem (Figure 1C). The ratio of top stem length/bottom stem length was calculated and used to describe the position of set-point-angle caused by the composite response to autotropism and gravitropism. The lift angle was measured using Image J as illustrated in Supplementary Figure 1A. The statistical analysis was performed using a Student’s t-test with two-tailed distribution and two-sample unequal variance.



RNA Extraction and Real-Time Quantitative PCR Analysis for Gene Expression

Total RNAs were extracted from the collected poplar developing xylem using Spectrum Plant Total RNA Kit (Sigma-Aldrich, St. Louis, MO, United States) with on-column DNase digestion following the instructions of the manufacturer. Then, 1 μg total RNAs were reverse-transcribed to cDNA using Applied Biosystems High-Capacity cDNA Reverse Transcription kit (Thermo Fisher Scientific, Waltham, MA, United States) following the instructions of the manufacturer. The obtained cDNA was used for qRT-PCR reactions with the primers listed in Supplementary Table 1. The constitutively expressed actin gene was used as the reference gene with primer listed in Supplementary Table 1. qRT-PCR was performed on a C1000 Touch Thermal cycler (BioRad, Hercules, CA, United States) in a 10-μl volume containing 10 ng of cDNA, 4 pM of each primer, and 5 μl of SsoAdvanced Universal SYBR Green Master Mixture (BioRad, Hercules, CA, United States), according to the protocol of the manufacturer. The qRT-PCR program consisted of 3 min of initial denaturation at 94°C, followed by 40 cycles of 10 s at 94°C, 20 s at 58°C, 20 s at 72°C, and a final melting curve analysis. Three biological repeats were used for each tissue or genotype. Relative expression levels of the selected genes were presented using the 2–Δ Δ Ct method (Livak and Schmittgen, 2001).



Preparation of Extractive-Free Cell Wall Residues and Wall-Bound Phenolics Analysis

The harvested poplar woody materials were dried at 40°C to the constant weight and ground with a Wiley mill. The milled woody powders after passing through a 60-mm mesh sieve were extracted with 70% ethanol at 65°C for 3 h. This extraction process was repeated three times. The residues were further extracted with chloroform/methanol (1:1, v/v) three times and treated with acetone at room temperature overnight. The residues were dried at 40°C and then extracted by 90% dimethyl sulfoxide (DMSO) overnight to de-starch the cell walls. The DMSO extraction was repeated two times, and the residues were further washed with 70% ethanol and acetone. The extractive-free residues were dried at room temperature and were referred to as de-starched extractive-free cell wall residues (CWRs).

The wall-bound phenolics were released from ca. 5 mg CWRs with 0.5 ml 2N NaOH in the dark at 37°C for 16 h. After acidification of the reaction with 0.3 ml 4N HCl, 10 μl 1 mM chrysin was added as internal standard. The hydrolysates were then partitioned with 400 μl water-saturated ethyl acetate three times. The extracts were pooled and dried under vacuum then, dissolved in 100 μl 80% methanol. Then, 3 μl samples were injected for ultraperformance liquid chromatography-mass spectrometry (UPLC-MS) analysis with a Dionex Ultimate 3000 UHPLC system hyphenated with a Thermo Scientific Q-Exactive Plus mass spectrometer. The extract was resolved chromatographically through a UHPLC C18 column (Luna, 150 mm × 2.1 mm, 1.6 μm, Phenomenex, CA, United States) with a mobile phase of water containing 0.1% acetic acid (solvent A) and 100% acetonitrile containing 0.1% acetic acid (solvent B) at room temperature with a flow rate of 0.1 ml min–1. The elution process was set with a gradient of mobile phase B in A as: 0–1 min, 5–30% B; 1–19 min, 30–80% B; 19–20 min, 80–99% B; 20–22 min, 99% B; 22–23 min, and 99–5% B. Full mass scan was set in the range of m/z 100–1,500. The mass spectrometer parameters were as follows: sheath gas flow rate 40 units (negative mode); aux gas unit flow rate 10; the capillary temperature at 350°C; aux gas heater temperature at 250°C, spray voltage 3.5 kV; S lens RF level at 60. Peaks were identified by comparing with the authentic standards based on their retention times, UV spectra and mass spectra. The amount of the wall-bound metabolites was quantified based on their peak area of UV absorbance at 280 nm, with standard curves of authentic standards.



Lignin Composition Analysis

The Thioacidolysis method (Lapierre et al., 1986) was used to determine and quantify lignin composition with minor modification. The sum of thioacidolytic monomers G and S was used as a proxy for lignin content in this study. Briefly, for each sample, 10 mg of CWRs were mixed with 1 ml of the freshly prepared reaction mixture [2.5% boron trifluoride etherate and 10% ethanethiol in distilled dioxane (v/v)] in a 7 ml glass vial and flushed with N2 gas. Then, the vial was tightly sealed and heated at 100°C for 4 h with periodic agitation. The reaction was stopped by placing on ice for 15 min and then its pH value was brought to 3–4 by using 0.4 M sodium bicarbonate. Furthermore, 2 ml water was then added to the reaction. Meanwhile, 1 mg tetracosane (dissolved in 1 ml methylene chloride) was added to each vial as an internal standard. The vial was recapped, vortexed, and allowed to settle for more than half-hour until phase separation of the solution occurred. An aliquot (1.5 ml) of the organic phase was taken and passed through a Pasteur pipette packed with an inch of anhydrous sodium sulfate. The filtrate was then evaporated to dryness and resuspended in 0.5 ml of methylene chloride. The samples (50 ml) were then dried and derivatized with pyridine and N-methyl-N-(trimethylsilyl) trifluoroacetamide (Sigma) at room temperature for 5 h. Quantifying the corresponding monomers was accomplished via a gas chromatography-flame ionization detector (FID) on a GC instrument (Agilent 7890A, CA, United States) implemented on a HP-5 ms fused silica capillary column (30 m × 0.25 mm, 0.25-μm film thickness, Agilent) with following settings: helium as carrier gas at 1.5 ml min–1, an inlet pressure of 21.391 psi, heater temperature 250°C, total flow 12 ml min–1, septum purge flow 3 ml min–1, split ratio 5:1, and oven temperature programmed from 130°C ramped at 10°C min–1 to 180°C, then ramped at 3°C min–1 to 255°C, held 5 min. FID was accomplished with heater 300°C, H2 flow 35 ml min–1, air flow 400 ml min–1, and makeup flow (He) 5 ml min–1. The quantification for syringyl and guaiacyl lignin monomers was based on the relative peak area to the tetracosane internal standard with a response factor of 1.5 according to the described (Lapierre et al., 1986).



Crystalline Cellulose Quantification

Crystalline cellulose content was determined via the colorimetric Updegraff method as previously described (Foster et al., 2010). Briefly, ∼1 mg CWRs were mixed with 250 μl of 2 M trifluoroacetic acid (TFA) and heated at 121°C for 90 min. The TFA was evaporated under a stream of air at 40°C and the pellet was washed with 300 μl of 2-propanol and dried under a stream of air, three times. Then, the pellet was suspended in 500 μl of water with a vortex application. After centrifugation, the supernatant was discarded, and the pellet was vacuum dried at 50°C. The dried pellet was treated with 1 ml of Updegraff reagent [acetic acid: Nitric acid: Water, 8:1:2 (v/v)] at 100°C for 30 min. The samples were allowed to cool at room temperature and spun down at 21,000 g for 10 min, resulting in a pellet consisting primarily of crystalline cellulose. The supernatant was removed, and the pellet was washed once with 1 ml of water and four times with 1.5 ml of acetone and pelleted at 21,000 g for 10 min each time. After drying at room temperature, the crystalline cellulose was then hydrolyzed with 175 μl of 72% (w/w) sulfuric acid for 1 h at room temperature under 250 rpm agitation. After hydrolysis, 825 μl of water was added, and the samples were spun down at 21,000 g for 5 min. The remaining solution was used for glucose determination using the anthrone assay with a glucose standard curve. The absorbance was measured at room temperature at 625 nm.




RESULTS


Mechanical Stress and Gravistimulation Induce PHBMT1 Expression

Our recent study revealed that PHBMT1 broadly expresses in the root, stem, leaf, and apical bud of P. trichocarpa with higher expression levels in root and stem xylem under normal growth conditions (Zhao et al., 2021). To further explore PHBMT1 expression under environmental stresses, we examined its transcript abundance in the trees under mechanical stress and/or gravistimulation. Mechanically bending the stems or displacing the trees with respect to gravity can induce poplar TW formation (Andersson-Gunneras et al., 2006; Foston et al., 2011; Gerttula et al., 2015). We adopted both approaches in the study of PHBMT1 expression. Since extremely high transcript abundance of fasciclin-like arabinogalactan (FLA) gene is a known characteristic of TW, FLAs are routinely used as the molecular markers of TW development (Lafarguette et al., 2004; Andersson-Gunneras et al., 2006; Gerttula et al., 2015). Therefore, FLA9 was included in our analysis. When 1-year-old hybrid aspen stems were bent for 10 days, qRT-PCR analysis with RNAs from the scrapped developing xylem revealed that the FLA9 transcripts were elevated approximately 800-fold in the developing xylem of the upper side of the bent stem, compared with that in the lower side of the bent stem, indicating the formation of TW at the upper side of the treated stem (Figure 2A). When the expression level of PHBMT1 was examined, similar to FLA9, its transcript abundance showed about 20 times increase in the upper side of the bent stem (i.e., TW), relative to that in the lower side of the bent stem (OW) and the trees without bending (NW) (Figure 2B). Subsequently, the alcohol extractive-free CWRs were prepared from the collected developing xylem of the upper and lower sides of bent stems and the stems without bending, followed by mild alkaline hydrolysis to release the wall-bound pBAs, i.e., the lignin-bound pBAs, since only lignin fraction in the poplar cell walls is acylated with pBAs (Lu et al., 2004; Zhao et al., 2021). We found that the pBAs released from the developing xylem of TW were increased by 43.5%, compared with normal or OW (Figure 2C). These data indicate that PHBMT1 expression and the accumulation of lignin-bound pBAs are induced by mechanical stress and are accompanied by the formation of TW in poplar.
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FIGURE 2. Induction of PHBMT1 gene expression and accumulation of wall-bound p-hydroxybenzoates in poplar tension wood upon mechanical bending. One-year-old hybrid poplar tree was subjected to mechanical bending for 10 days. (A) Relative expression levels of tension wood marker gene FLA9 in normal wood (NW), opposite wood (OW), and tension wood (TW) detected via real-time quantitative PCR (qRT-PCR). The expression level in NW is set as 1 and the actin gene as the reference. (B) Relative expression levels of PHBMT1 in NW, OW, and TW. The expression level in NW is set as 1 and the actin gene as the reference. (C) Content of the alkaline-released wall-bound p-hydroxybenzoates (pBAs) in the developing xylem of NW, OW, and TW. CWR, cell wall residue. Data in (A–C) represent the mean ± SD of three biological repeats. Asterisk indicates significant difference compared to the corresponding NW, **P < 0.01 (Student’s t-test).


To further examine and verify the involvement of poplar PHBMT1 and lignin pBAs accumulation in response to mechanical stress, we adopted the gravistimulation method as described by Gerttula et al. (2015) to treat poplar plantlets. In the treatment, we had included the PHBMT1 knock-out and OE lines besides the WT plants, aiming to compare their potential different response behaviors to gravitropic stimulation (as shown in section “Results”). About 2-month-old hybrid aspen plantlets were subjected to 80 degrees of gravistimulation (i.e., laid down near on the ground) for 3 weeks (Figure 1A). By the end of treatment, the poplar plantlets displayed an obvious gravitropic response with their stems pulled upward from the original nearly horizontal position with an obvious curvature (Figure 1B). The RNAs were then prepared from the developing xylems of both the upper and lower sides of stem fractions at the curved region. The qRT-PCR analyses were performed for a whole set of previously defined poplar xylem-expressing monolignol biosynthesis genes, the secondary cell wall cellulose synthase (CESA) genes, CESA4, 7, and 8, and the genes involved in hemicellulose biosynthesis, IRX9-1 and IRX9-2 (Shi et al., 2017). FLA9 was included as a TW marker. As delineated in Figure 3A, the expression of several monolignol biosynthetic homologous genes, such as PAL3, C4H2, CSE2, and CcoAOMT2, was significantly downregulated in the gravistimulation-induced TW, compared with that either in NW or OW. Interestingly, among the defined secondary cell wall CESAs, only CESA8B showed dramatic induction. Its transcript level raised more than 12-fold in TW compared with that in NW, implicating that CESA8B might play a primary role for gelatinous cellulose fiber synthesis in TW (Figure 3B). Consistent with the previous report that hemicelluloses were decreased in poplar TW (Hedenstrom et al., 2009; Groover, 2016), the genes encoding xylosyltransferase for the formation of xylan backbone, IRX9-1 and 9-2, were downregulated in TW after gravitropic stimulation. Similar to the observation in poplars with bending treatment (Figure 3) and aligned well with the induction of FLA9 gene expression, the expression level of PHBMT1 in plantlets upon gravitropic stimulation also displayed significant elevation in TW, compared with that in OW and NW (Figure 3C), demonstrating a strong response of PHBMT1 to gravistimulation in poplar plantlets along with TW formation. Interestingly, the expression of both CESA8B and PHBMT1 was also found to be slightly induced in the OW (Figures 3B,C).
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FIGURE 3. The expression of secondary cell wall synthesis related genes in poplar stem under gravitropic stimulation. (A) Relative expression levels of monolignol biosynthetic genes in NW, OW, and TW of hybrid aspen plantlets. (B) Relative expression levels of secondary cell wall related cellulose synthase (CesA) genes and xylosyltransferase genes IRX9-1 and IRX9-2 in NW, OW, and TW of hybrid aspen plantlets. (C) Relative expression levels of PHBMT1 and FLA9, a marker gene for TW. Gene expression in NW was set as 1. Data in (A–C) represent the mean ± SD of three biological repeats. Asterisk indicates significant difference compared with the corresponding normal wood, *P < 0.05, **P < 0.01 (Student’s t-test).




Altering PHBMT1 Expression Affects Poplar Gravitropic Response Behaviors

With the recognition of significant induction of PHBMT1 expression in poplar with gravistimulation, we intended to further decode the physiological significance of PHBMT1 and the PHBMT1-mediatd monolignol (eventually lignin) p-hydroxybenzoylation on plant growth in response to gravistimulation. As depicted in Figure 1, 2-month-old WT, PHBMT1 knockout, and OE hybrid aspens were subjected to gravistimulation for 3 weeks, and the posture/morphology of the plantlets was monitored. Previously, we demonstrated that knocking out PHBMT1 nearly completely depleted the accumulation of pBAs in the lignin of the poplar stem; whereas the PHBMT1 OE lines showed up to a 48% increase of the alkaline-releasable pBAs relative to the WT (Zhao et al., 2021). When the plantlets received gravistimulation for 3 weeks, the WT and transgenic plantlets displayed discernible phenotypic differences (Figure 4A). The PHBMT1 knockout plants appeared to have a more enhanced upward growth in response to the gravity stimulation. Their originally inclined stems were pulled upward more sharply and obviously; the verticality of the originally inclined stem apparently occurred at the lower/more basal internodes, which yielded a relatively larger portion of vertical trunk and shorter inclined trunk, compared with the WT (Figure 4A). By contrast, the stem curving of the PHBMT1 OE lines took place more at the higher/apical internodes, which gave rise to a larger portion of inclined basal stem without curving, in comparison with the WT and the knockout mutant lines (Figure 4A). Measuring the position where the inclined/curved stem transits to the (near) vertical stem, which was represented with the ratio of the top (near) vertical stem length over the bottom inclined/curved stem length (Figure 1C), it quantitatively confirmed the clear differences among the WT, PHBMT1 knockout, and OE lines (Figure 4B). Determining stem secant bending angle as depicted in Figure 2, revealed 23∼40% increases of the stem binding angle in the PHBMT1 knockout plants g1-8 and g1-9, in comparison with that in the WT (Figure 4C). By contrast, the calculated secant bending angle of the PHBMT1 OE plants was decreased about 12%, compared with the WT (Figure 4C). Considering that trunk length/height could influence the calculation of stem secant bending angle, we further measured the trunk length and stem lift height (depicted in Figure 1C). The data showed no significant difference among the WT, PHBMT1 knockout, and OE plants (Figures 4D,E), confirming that disturbing PHBMT1 expression does not affect the plant height as we previously reported (Zhao et al., 2021). Furthermore, to avoid any potential influence of the stem height variations on the calculation of secant binding angle, as an alternative, we determined the basal stem lift angle as depicted in Supplementary Figure 1A. Consistent with the calculated secant bending angle, the basal stem lift angle of the PHBMT1 knockout plants was larger than that of the WT, while it was smaller for the PHBMT1 OE plants (Supplementary Figure 1B). These morphological observations and quantitation indicate that alteration of PHBMT1 expression exerts substantial influence on the poplar gravitropic response behaviors.
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FIGURE 4. Response of PHBMT1 knockout mutant and OE lines to gravitropic stimulation. (A) Morphology of hybrid aspen plantlets at the end point of 3-week gravitropic stimulation to the wild type (WT), phbmt1 knockout (g1-8, g1-9), and OE lines (OE1 and OE2). Bar = 5 cm. (B) The ratio of the top (near) vertical stem length/bottom inclined curving stem length of the WT, phbmt1 mutant (g1-8 and g1-9), and OE plantlets (OE1 and OE2) under gravitropic stimulation. (C) The calculated relative stem secant binding angle of the WT, phbmt1 (g1-8 and g1-9), and OE plantlets (OE1 and OE2) under gravistimulation. The stem secant binding angle of each corresponding WT was set as 1. (D,E) The total stem length (D) and the lift height (E) of the WT, phbmt1 knockout (g1-8 and g1-9), and OE plantlets (OE1 and OE2) at the end point of 3-week gravitropic stimulation. Data represent means ± SD of four or five biological repeats. Asterisk indicates significant difference compared with the corresponding WT, *P < 0.05, **P < 0.01 (Student’s t-test).




Accumulation of Wall-Bound pBAs Negatively Correlates With Poplar Gravitropic Response

To gain further insight into the potential cell wall compositional alterations of poplars under gravistimulation, we quantified the content or composition of cell wall cellulose, lignin, and pBAs in normal, tension, and opposite wood of the WT, PHBMT1 knockout mutant, and OE lines, respectively. As expected, upon gravistimulation, cellulose synthesis in the WT was significantly enhanced in TW. The crystalline cellulose content was increased 14% compared with that in NW, and 17% relative to that in OW (Figure 5A), exhibiting a typic characteristic of TW formation. However, the levels of both G- and S-lignin monomers released via diagnostic thioacidolysis that specifically cleaves β-O-4 aryl ether linkages of lignin polymer, showed a significant reduction in the cell walls of TW. Moreover, the G-lignin monomers were reduced more severely than the S-lignin monomers, with a 28% decrease in G but a 16% decrease in S compared with their corresponding levels in NW (Figures 5B,C). As such, an increased S/G ratio occurred in the WT TW lignin (Figure 5E), indictive of a relatively higher abundance of S-lignin in the gravistimulation-induced reaction wood, even though the sum of G + S monomers, representing total lignin content, was substantially reduced in that wood (Figure 5D). Similar to the poplar trees imposed with mechanical bending, gravistimulation induced the accumulation of lignin-bound pBAs in TW; meanwhile, decreased its level in OW compared with the WT NW. The content of alkaline-released pBAs in TW of the WT was about 6% higher than that in NW and approximately 32% higher compared with that in OW (Figure 5F), which leads to an asymmetric distribution of pBA esters in the wood under gravistimulation.
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FIGURE 5. Accumulation of crystalline cellulose, lignin, and wall-bound p-hydroxybenzoates in the WT, phbmt1 mutant, and OE lines of hybrid aspen. Content of crystalline cellulose (A), thioacidolysis-cleaved G (B) and S (C) monomers, the total G + S monomers (D), the S/G ratio (E), and the alkaline-released wall-bound p-hydroxybenzoates (F) in NW, OW, and TW of the WT, phbmt1 knockout lines (g1-8 and g1-9), and OE lines (OE1 and OE2). CWR, cell wall residue. Data in (A–F) represent the mean ± SD of four biological repeats. Asterisk indicates significant difference compared with the corresponding normal wood, *P < 0.05, **P < 0.01 (Student’s t-test).


Knocking out PHBMT1 in hybrid aspen not only nearly completely abolished pBAs in NW, as we reported recently (Zhao et al., 2021), but also diminished pBAs accumulation in TW and OW (Figure 5F), suggesting that PHBMT1 is not only the prime enzyme responsible for the accumulation of poplar stem lignin pBAs in normal growth condition but also the one under gravitropic stress. Conversely, the OE of PHBMT1 resulted in the overproduction of pBAs in the cell walls of both TW and OW of the transgenic lines; the accumulation levels of pBAs were essentially the same in TW, OW, and NW of the OE transgenic lines, which were about 85% higher than that in NW of the WT (Figure 5F).

Consistent with our previous report on the total lignin content determined by the acetyl bromide method (Zhao et al., 2021), disturbing PHBMT1 expression (knockout or OE) resulted in a little or no significant alteration of lignin content (represented with the amount of G + S) in NW of both the PHBMT1 knockout and OE transgenic lines, compared with that in the WT NW (Figure 5D). Previously, our NMR study on the cellulolytic enzyme lignins from both PHBMT1 knockout and OE plants also suggested that neither knockout nor OE of PHBMT1 severely affected the distribution of the major intermonomeric linkage types, such as β-aryl ether, phenylcoumaran, resinol, and spirodienone units, in the lignin polymer (Zhao et al., 2021). Similar to that occurred in the WT, gravistimulation caused the reduction of both G- and S-lignin monomers in TW of PHBMT1 knockout lines (g1-8 and g1-9) (although the reduction appeared no statistical significance due to the large variation of the data), and of the PHBMT1 OE lines, in comparison with their corresponding NW (Figures 5B,C). Similarly, the S/G ratio was increased in TW of both the PHBMT1 knockout and OE lines, indictive of the increase in the relative abundance of S-lignin subunits as that observed in the WT TW (Figure 5E).

PHBMT1 knockout or OE, in general, did not affect the cellulose fiber deposition in their NW cell walls, compared with the WT, except for one OE line (OE2) that showed a slightly higher content of cellulose fibers in its NW (Figure 5A). Similar to the WT plants, under gravistimulation, the cellulose deposition in TW of both PHBMT1 knockout and OE lines was significantly increased, compared with their corresponding NW. The final amounts of crystalline cellulose fibers in TW of the knockout and OE lines were at a similar level as that in TW of the WT, suggesting that altering PHBMT1 expression and changing in lignin-bound pBA accumulation does not affect the inducible accumulation of crystalline celluloses pertaining to the development of TW. Overall, the cell wall chemical changes, such as crystalline cellulose fibers, total cleavable lignin monomers (S + G), and its S/G ratio in the TW of PHBMT1 knockout and OE lines were similar to those occurred in the WT TW.




DISCUSSION

In response to gravity, angiosperm trees approach a gravitropic response accompanied by the production of TW. The biphasic process of gravitropic response programs with the first phase of re-orientation of displaced organs (i.e., gravitropism), followed by autotropic straightening phase (autotropism) (Stankovic et al., 1998a,b; Bastien et al., 2013). The latter was conceived of as a counter-reaction to gravitropic reorientation, thus also called the decurving process (Stankovic et al., 1998b). A composite response of gravitropism and autotropism results in the final set-point angle of an organ.

Gravitropic movements have been observed in a large range of herbaceous species and woody plants. It relies on the asymmetric production of reaction wood (TW in angiosperms). Differential maturation between the two sides of the organ in zones where elongation is completed but radial growth still active results in the occurrence of stem curvature. Therefore, TW production in angiosperm is part of a corrective growth mechanism that generates tensile stress on the upper part of the tilted stem/branch, allowing the tree to continuously adjust its position to the multiple disturbances (Ghislain and Clair, 2017). Production of highly crystalline cellulose fibers in TW is known critical for generating tensile growth stress to sustain organ re-orientation (Okuyama et al., 1994; Yamamoto, 1998; Yoshida et al., 2002; Groover, 2016). In contrast to the relatively well understanding of the importance of cellulose microfiber in gravitropic movement and the knowledge on lignin accumulation in gymnosperm compression wood (the wood produced on the lower part of the tilted stem in gymnosperms, which generates compressive stress), so far there is limited information regarding the physiological or mechanical roles of lignin and lignin modification in angiosperm TW in regulating the gravitropic movement. Particularly, it is not clear whether discrete lignin deposition and/or modification can affect the function of TW fibers. The previous studies indicate that there is a decrease in lignin content in TW accompanied by an increase of the S/G ratio in the secondary cell wall (Pilate et al., 2004). This type of chemical shift is well verified in several previous NMR spectroscopy-based chemical studies on poplar TW (Hedenstrom et al., 2009; Foston et al., 2011; Al-Haddad et al., 2013).

Consistent with the previous studies, our chemical analysis confirms that when poplars are imposed to gravistimulation, the crystalline cellulose content in the upper side of the tilted stem was increased more than 14% compared with its NW or OW, whereas the lignin content, represented with the summed G + S monomers in this study, was decreased up to 20%, meanwhile the S/G ratio showed a significant increase in TW fraction (Figure 5). Consistently, the expression of the TW marker gene FLA9 and secondary cell wall related CESA genes was markedly induced, while a set of monolignol biosynthetic genes were downregulated (Figure 3). These data suggest that the poplar plantlets in our experimental system have been triggered for a typic gravitropic response and TW formation. While both G and S lignin subunits are decreased in TW, upon gravistimulation or mechanical bending, the lignin-bound pBAs are significantly increased (Figures 2, 5), which results in an asymmetric distribution of the p-hydroxybenzoylated lignin in the tilted stem. This observation is consistent with the previous chemical analysis that a higher amount of pBAs occurred in poplar TW (Hedenstrom et al., 2009; Foston et al., 2011; Goacher et al., 2021).

Accompanied with the elevation of lignin-bound pBAs is the significant induction of the expression of the PHBMT1 gene in TW (Figures 2, 3), the gene encodes a BAHD family of acyltransferase that preferentially conjugates p-hydroxybenzoate to S-lignin monomer sinapyl alcohol. When the conjugates incorporate into lignin polymer, it yields the p-hydroxybenzoylated lignin (Zhao et al., 2021). Interestingly, disruption of the gene by CRISPR/Cas9-mediated gene editing depleted the pBA accumulation not only in the cell walls of NW of the WT poplar but also prevented the inducible accumulation of pBAs in the TW of the trees under gravistimulation (Figure 5), which strongly suggests that PHBMT1 is not only the prime enzyme responsible for the accumulation of lignin-bound pBAs in the wood formed under normal growth condition but also the sole enzyme for the inducible pBA accumulation in cell wall under gravistimulation or mechanical stress, although PHBMT1 has several close homologous genes in Populus genome (Zhao et al., 2021).

The significant induction of PHBMT1 expression and the enhanced accumulation of pBAs in TW of the plants upon mechanical bending and gravistimulation suggest that the lignin modification with pBAs might be involved in the mechanical stress/gravitropic response. This notion is further evident with the differential response behaviors and growth phenotypes of the PHBMT1 knockout and OE trees under gravistimulation. The larger secant bending angle (and the stem lift angle) and more obvious upward curving at the basal internodes were observed in the PHBMT1 knockout plants, where the lignin-bound pBAs are eliminated (Figure 4 and Supplementary Figure 1); by contrast, when pBAs were hyper-accumulated in the stem cell walls of the PHBMT1 OE plants, smaller secant bending angle was determined and the stem upward curving occurred at the apical internodes (Figure 4). It is important to note that except for the alteration in pBA quantity in the PHBMT1 knockout and OE poplars, disturbing PHBMT1 expression, in general, did not cause significant alterations in other major cell wall components, such as accumulation of cellulose, and lignin content, composition, and intramolecular cross-linkages, which were revealed in our previous (Zhao et al., 2021) and present studies (Figure 5). Furthermore, under gravistimulation, the stress-induced cell wall compositional shifts, such as the increase in crystalline cellulose fibers, a decrease of lignin content, and increase of lignin S/G ratio, in TW of the PHBMT1 knockout and OE plants are in large extent the same has occurred in the WT (Figure 5). Taken together of those data, it demonstrates that the alteration of lignin-bound pBAs (due to the disturbance of PHBMT1 expression) is the major cause for the differential gravitropic responses of the transgenic poplars. Therefore, the PHBMT1-mediated monolignol p-hydroxybenzoylation and the subsequent accumulation of lignin-bound pBAs play observable roles in the regulation of poplar gravitropic response to sustain poplar growth and the posture of trees.

The exact molecular mechanism on how lignin-bound pBAs affect the gravitropic response is currently not certain. One possibility is that the enhanced pBA accumulation in TW somehow compromises the gravitropism, i.e., the upward curving activity of the displaced trees. This could be caused presumably by the change in lignin physicochemical property along with the alteration of p-hydroxybenzoylation. Alternatively, and more likely, it might affect the autotropic straightening, i.e., decurving process, one of the biphasic processes in gravitropic response that imposes negative regulation to the organs undergoing gravitropic reorientation. This assumption reflects the observation of the clear difference of the position of the set-point angle that leads to the return of the inclined stem to the upward growth in the WT, the PHBMT1 knockout, and OE plants (Figure 4, represented with the ratio of top stem over bottom stem). The shoot verticality of the inclined PHBMT1 knockout plants started at more basal internodes, showing a stronger tendency in recovering the stems to the vertical posture from their original horizontal displacement. This contrasts to the phenotypic alteration in the PHBMT1 OE plants that hyper-accumulate lignin-bound pBAs, where gravitropic curving/vertical growth took place largely at the apical internodes that leads to a larger portion of the inclined basal stem (Figure 4), likely suggesting an enhanced autotropic strengthening.

Our assumption of lignin-bound pBAs involved in the regulation of gravitropism or autotropism process is further supported with the observation of the unique growth phenotype of the PHBMT1 knockout poplars grown in a semi-controlled greenhouse condition. As it was briefly described in our recent publication (Zhao et al., 2021) and as depicted specifically in Supplementary Figure 2 in the present study, about a quarter of the PHBMT1 knockout poplar trees grown in the greenhouse had developed discernible S-shape/twisted trunks (Supplementary Figure 2), distinct from the straight upright growth of the WT controls. In those 6∼7-month-old trees, the lignin content, composition and structure, and stem biomass yield are at the same level as those in the WT control (Zhao et al., 2021). Therefore, it is most likely that the defect in PHBMT1 and lignin-bound pBA accumulation in those trees impairs the well-balanced and controlled intrinsic gravitropism and autotropism regulatory mechanism, which leads to an over-reaction to gravity or unexpected mechanical stresses enforced by the environmental factors. The reason that only a portion of the knockout poplar population displayed the described phenotype is probably due to the unexpected, non-uniform environmental stimulation, e.g., wind from exhaust fans on the walls of a semi-controlled greenhouse condition.

The wall-bound pBAs have been demonstrated to primarily distribute in the fibers of the poplar xylem (Goacher et al., 2021), seemingly implicating their potential role in imparting fiber wall mechanical strength. It remains to determine whether the inducible accumulation of pBAs under gravistimulation is also restricted to the xylem fiber cells and, more specifically, if they occur within the G-layer of TW fiber wall and alter the TW contractile and mechanical properties. Although lignification of G-layer of TW has been detected in many species (Ghislain and Clair, 2017), whether the G-layer of poplar TW fiber is lignified is a matter of debate, and the evidence on the existence of lignified G- layer is ambiguous. The earlier study via transmission electron microscopy (TEM)-immunogold imaging with antibodies for guaiacyl and syringyl lignin epitopes suggested a low or trace amount of lignin detected in the G-layer of TW of poplar species and a shift in lignin composition with an increase in the relative abundance of S-lignin units into the G-layer with respect to the S2 wall layer (Joseleau et al., 2004; Pilate et al., 2004). Whereas, the later label-free chemical imaging via UV microscopy, TEM, confocal Raman microscopy, or TEM, confocal Raman microscopy, or time-of-flight secondary ion mass spectrometry (ToF-SIMS) revealed almost no lignin in the G-layer of poplar TW (Gierlinger and Schwanninger, 2006; Jung et al., 2012; Yoshinaga et al., 2012). The distribution of pBAs in the TW remains to be further explored. In addition, lignin acylation is encountered in different plant species with different types of carboxylic groups. In particular, the lignin-bound pCAs as pendants are prevalent in Commelinid grass walls. It is interesting to explore whether those lignin modifications also play a similar role in gravitropic response as observed for lignin pBAs in poplar species.

Taken together, our study reveals a unique adaptive mechanism of poplar species in response to the mechanical stress/gravistimulation, in which the enhanced PHBMT1 expression and S-lignin pBA accumulation appear to participate in the regulation of poplar gravitropic response, presumably by affecting gravitropic re-orientation and autotropic straightening to coordinate with the production of crystalline cellulose fibers in TW to control the deformation of poplar wood and to sustain poplar posture.
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Condensed Tannins in White Clover (Trifolium repens) Foliar Tissues Expressing the Transcription Factor TaMYB14-1 Bind to Forage Protein and Reduce Ammonia and Methane Emissions in vitro
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Grazing ruminants contribute to global climate change through enteric methane and nitrous oxide emissions. However, animal consumption of the plant polyphenolics, proanthocyanidins, or condensed tannins (CTs) can decrease both methane emissions and urine nitrogen levels, leading to reduced nitrous oxide emissions, and concomitantly increase animal health and production. CTs are largely absent in the foliage of important temperate pasture legumes, such as white clover (Trifolium repens), but found in flowers and seed coats. Attempts at enhancing levels of CT expression in white clover leaves by mutagenesis and breeding have not been successful. However, the transformation of white clover with the TaMYB14-1 transcription factor from Trifolium arvense has resulted in the production of CTs in leaves up to 1.2% of dry matter (DM). In this study, two generations of breeding elevated foliar CTs to >2% of DM. The CTs consisted predominantly of prodelphinidins (PD, 75–93%) and procyanidins (PC, 17–25%) and had a mean degree of polymerization (mDP) of approximately 10 flavan-3-ol subunits. In vitro studies showed that foliar CTs were bound to bovine serum albumin and white clover proteins at pH 6.5 and were released at pH 2.-2.5. Using rumen in vitro assays, white clover leaves containing soluble CTs of 1.6–2.4% of DM significantly reduced methane production by 19% (p ≤0.01) and ammonia production by 60% (p ≤ 0.01) relative to non-transformed wild type (WT) controls after 6 h of incubation. These results provide valuable information for further studies using CT expressing white clover leaves for bloat prevention and reduced greenhouse gas emissions in vivo.

Keywords: proanthocyanidin, prodelphinidin, Trifolium repens, protein protection, climate change, ammonia, plant breeding, pasture bloat


INTRODUCTION

Anthropogenic greenhouse gas emissions pose a serious environmental challenge due to their effects on climate change, with methane 30 times more effective than carbon dioxide in trapping heat in the atmosphere (Stocker et al., 2013), and nitrous oxide (N2O) emissions being a key player in ozone depletion (Revell et al., 2015). The livestock supply chain produces approximately 14.5% of global gas emissions, 44% of which is methane, with the beef and dairy cattle sectors being the major contributors (Gerber et al., 2013). Much of the N2O emissions from livestock production systems originate from urine patches and animal excreta (López-Aizpún et al., 2020). Ruminant livestock fed on lush pastures rich in soluble proteins can also suffer from bloat. This potentially fatal digestive disorder (Wang et al., 2012) is caused by gasses released during forage fermentation that can become trapped in a stable foam in the rumen, preventing eructation and affecting lung and heart function.

Condensed tannins (CTs, proanthocyanidins) are polyphenolic compounds (Dixon and Sarnala, 2020) that occur abundantly in many vascular plants and have proven efficacy in reducing ruminant methane emissions (Tan et al., 2011; Huyen et al., 2016; Ku-Vera et al., 2020) and preventing pasture bloat (McMahon et al., 2000; Mueller-Harvey et al., 2019; Kelln et al., 2021). CTs are formed through the covalent linkage of flavan-3-ol subunits in their trans (afzelechin, catechin, and gallocatechin) or cis (epiafzelechin, epicatechin, and epigallocatechin) configurations (Figure 1A). Afzelechin and epiafzelechin are referred to as propelargonidin subunits, catechin and epicatechin as procyanidin (PC) subunits, and gallocatechin and epigallocatechin as prodelphinidin (PD) subunits. Representative structures of these subunits are shown in Figure 1A. The flavan-3-ol subunits of CTs can assemble via different bonds. The most common connectivity reported is the 4,8-B-type linkage (Figure 1B, left panel), involving a single covalent linkage between C-4 and C-8 of adjacent flavan-3-ol subunits (Zeller, 2019). The second class of interflavan-3-ol subunit linkage in CTs comprises two covalent linkages between adjacent flavan-3-ol subunits and is referred to as the A-type linkage. In this interflavan-3-ol bond arrangement, covalent bonds are formed between C8 and the oxygen atom connected to C7 of the A-ring of one flavan-3-ol subunit to the C4 and C2 atoms of the C-ring, respectively, of the adjacent flavan-3-ol subunit (Figure 1B, right panel).
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FIGURE 1. (A) Common flavan-3-ol subunits contained in condensed tannins occurring in forage plants and (B) examples of connectivity of common flavan-3-ol subunits observed in purified condensed tannins (CTs) from white clover primary (T0) transgenic plants.


Protein protection and release are key biological activities of CTs in ruminants (Min et al., 2003) where both CT polymer size and pH are primary factors that affect CT-protein complexation and release (Saminathan et al., 2014). Protein complexation by CTs is affected by both the CT subunit composition and their mean degree of polymerization (mDP) (Ropiak et al., 2017). Generally, in plants containing PCs, PDs and their mixtures, protein precipitation is stronger with higher PD content and with higher mDP (Leppä et al., 2020). However, there are also species-specific, and thus CT-specific, differences in protein precipitation, as plants produce highly variable mixtures of oligomeric and polymeric CTs with thousands of individual structures (Leppä et al., 2018, 2020).

The binding of condensed tannins to proteins in the rumen prevents their metabolism to ammonia and fatty acids. Reduced proteolysis in the rumen also decreases urinary nitrogen loss (Waghorn, 2008; Dschaak et al., 2011) and prevents the foam formation that causes bloat (McMahon et al., 2000). The pH reduction that occurs as a digesta move from the rumen (pH 6-7) to the abomasum (pH 2-3) causes dissociation of the CT-protein complex (Dentinho and Bessa, 2016), and the proteins are converted to peptides and amino acids available for absorption in the lower gastrointestinal tract (Naumann et al., 2017), resulting in greater feed utilization and increased animal productivity (meat, milk, and wool) (Waghorn and McNabb, 2003). These collective benefits highlight the importance of developing forages that contain appropriate amounts and types of CTs in their leaves.

Studies on livestock benefits from feeding CT-containing forages have focused on temperate legumes, such as Lotus pedunculatus, Hedysarum coronarium, and Onobrychis viciifolia (Waghorn and Shelton, 1995; Waghorn et al., 1998; Molan et al., 2001) that produce CTs, constituting up to 8% of DM. Despite this advantage, the agronomic utility of these species is marred by poor persistence under year-round grazing and low dry matter yield (Waghorn et al., 1998; Widdup et al., 2004). By contrast, species which perform well in grazing systems, such as perennial ryegrass (Lolium perenne) and white clover (Trifolium repens), produce little or no CTs in leaves (Roldan et al., 2020; Kagan, 2021). Nevertheless, white clover does produce CTs in the trichomes on the abaxial epidermis of leaves, and relatively high prodelphinidin concentrations in mature inflorescences (>3% of DM), indicating the potential to exploit this valuable trait. Plant breeding to increase flowering can increase CTs, but concentrations were too low to improve animal performance (Woodfield et al., 1998; Burggraaf et al., 2006). However, a breakthrough in the understanding of the regulation of CT expression in Trifolium arvense, which produces CTs in its leaves, revealed that an R2R3 MYB transcription factor (TF; Ta-MYB14-1) was essential for regulating CT leaf expression in that species. Three white clover homologs (Tr-MYB14-1, 2, and 3) with >95% amino acid identity with Ta-MYB14 were not expressed in cDNA libraries of wild type white clover leaves (CT negative) or petals (CT positive), indicating no correlation with CT synthesis (Hancock et al., 2012). However, expression of Ta-MYB14-1 in white clover and alfalfa (Medicago sativa) was sufficient to induce CT accumulation in foliar tissues to up to 1.8% of dry matter (DM) (Hancock et al., 2012), offering a unique opportunity to develop persistent forage legumes that could reduce methane emissions and prevent bloat in ruminants.

Test crosses by Roldan et al. (2020), using plants developed by Hancock et al. (2012) have shown that significant gains (3.6-fold on average) in CT accumulation were possible when parental lines were crossed with plants containing the endogenous white clover R2R3 MYB TF, Tr-RED LEAF (Roldan et al., 2020). This R2R3 MYB (at the so-called “R” locus) is known to regulate the expression of white clover leaf markings, such as “red leaf,” “red midrib,” and “red fleck” caused by an epidermal accumulation of the polyphenol anthocyanin, which is also derived from the phenolpropanoid pathway (Dixon et al., 2013; Albert et al., 2015).

The expression of TaMYB14-1 in white clover germplasm containing the Tr-RED LEAF “R” locus should enable the accumulation of CTs in leaves at the required concentration (>1.5% of DM) for demonstrable effects on protein binding and methane emissions in rumen fluid in vitro. The transformation of TaMYB14-1 into a modern large-leafed commercial white clover variety (cv. Mainstay), containing the Tr-RED LEAF “R” locus, is described, followed by the crossing of individual primary transformants into genetically diverse elite cv. Mainstay genotypes toward the development of a robust white clover variety with efficacious levels of CT in leaves. The aim here is to quantify CT concentration and composition in white clover leaves, and the impacts of breeding and allele frequency on CT levels in different generations of plants. Finally, we tested the hypotheses that white clover leaf CTs are able to bind and release protein at the physiological pH of the rumen and intestine of ruminants, respectively, and are capable of reducing methane in rumen fluid in an in vitro gas production method.



MATERIALS AND METHODS


Transformation of White Clover, Plant Crossing, and Segregation Analysis

All plant transformation and subsequent crossing experiments used the seed of the commercial white clover cultivar “Grasslands Mainstay” (accession No. C27068), obtained from the Margot Forde Germplasm Centre, AgResearch Ltd, Palmerston North, New Zealand. This large-leaved cultivar contains the “red fleck” anthocyanin mark on the adaxial epidermal leaf surface (Supplementary Figure 1B). The primary transgenic events were produced by Agrobacterium-mediated transformation using the binary vector pART27-TaMYB14-1. TaMYB14-1 was PCR amplified from genomic DNA of T. arvense and is an allelic variant of NCBI accession JN049641.1 as previously described (Roldan et al., 2020). TaMYB14-1 was fused 5′ to the Cauliflower Mosaic Virus (CaMV) 35S promoter and 3′ to the octopine synthase terminator in the T-DNA of plant binary vector pART27 (Supplementary Figure 1A). It was co-selected with the neomycin phosphotransferase gene (NptII) bordered 5′ by the nopaline synthase (NOS) promoter and 3′ by the NOS terminator. Over 25,000 white clover cotyledonary explants were inoculated with A. tumefaciens GV3101 as described in Supplementary Methods section “White Clover Transformation.” Transgenic plants were initially screened for TaMYB14-1 by PCR, and CT-expressing plants were identified by staining leaflets using the chromogenic reagent dimethylaminocinnamaldehyde (Li et al., 1996) (DMACA; Supplementary Methods section “White Clover Transformation”). TaMYB14-1 copy number in primary transformants was determined by Southern blot hybridization and droplet digital PCR (Supplementary Methods section “Determination of TaMYB14-1 Copy Number”). TaMYB14-1 zygosity was also determined by ddPCR. Transgenic plants were transferred to pots containing soil and maintained under glasshouse conditions as described in Supplementary Methods section “Plant Maintenance.” Protocols for seed production and segregation of TaMYB14-1 in progeny seed are given in Supplementary Methods section “Breeding Strategy and Segregation Analysis.”



Quantification of Soluble and Insoluble Condensed Tannins in White Clover Leaves

Trifoliate leaf samples (petioles excluded) were taken from plants growing in potted soil under glasshouse conditions. The temperature ranged between 15 and 22oC, and relative humidity was between 75 and 85%. Samples were taken from mature primary transgenic plants and from progeny plants 8 and 12 weeks after sowing, and then freeze-dried and milled to a fine powder using a bead mill homogenizer (OMNI Bead Ruptor, VWR OMNI International Inc., CA). Two technical replicates were assayed for each sample. Methods to extract and quantify soluble CTs were as previously described (Roldan et al., 2020) with modifications as detailed in Supplementary Methods section “Quantification of Soluble and Insoluble CTs in White Clover Leaves.”



Analysis of Condensed Tannins by HSQC NMR Spectroscopy

The preparation of leaf samples for chemical composition analysis, and the extraction and purification of CTs from CTB-T0, CTF-T0, and CTG-T0 are described in Supplementary Methods section “Preparation of Leaf Samples for CT Composition Analysis” and section “Extraction and Purification of CTs From T0 Transgenic Plants and Their Progeny,” respectively. Samples from five independent clones per T0 event were repeatedly harvested and freeze dried to obtain approximately 20 g of bulked material from each T0 event. CT composition of the T0 events was analyzed using 1H, 13C, and 1H-13C HSQC NMR spectroscopy (Zeller et al., 2015a). The 1H, 13C, and 1H-13C HSQC NMR spectra for the CT fractions used in the precipitation studies were recorded at 27°C on a Bruker BioSpin DMX-500 (1H 500.13 MHz, 13C 125.76 MHz) instrument equipped with TopSpin 3.5 software and a cryogenically cooled 5-mm TXI 1H/13C/15N gradient probe in inverse geometry. Spectra were recorded in DMSO-d6 and were referenced to the residual signals of DMSO-d6 (2.49 ppm for 1H and 39.5 ppm for 13C spectra). Spectra were obtained using the standard Bruker pulse program “hsqcegtpsi” using the acquisition and processing parameters previously described (Zeller et al., 2015a).



Analysis of Condensed Tannin Composition Using Waters Xevo UPLC-DAD-MS/MS System

The CT composition was also analyzed using the Waters Xevo UPLC-DAD-MS/MS system (Salminen, 2018). The T0 samples were from clones of plants described for HSQC NMR spectroscopy above, while samples from the BC1, BC2, and T2 progenies were from plants described for quantification of CTs. Here, the composition of CTs in samples was measured with group-specific PC and PD analytics, specifically developed for Waters Xevo UPLC-DAD-MS/MS system (Engström et al., 2014; Salminen, 2018). This method separately quantifies PC and PD units present in complex mixtures of PC/PD oligomers and polymers. It detects both terminal and extension units of PCs and PDs separately as well, thus enabling the calculation of the mean degree of polymerization for the CTs present in the analyzed sample. Extracts were analyzed as described in Malisch et al. (2015) and James et al. (2017).



Binding and Dissociation of Proteins by White Clover Leaf Condensed Tannins

Bovine serum albumin (BSA) and white clover proteins were used in the in vitro CT-protein binding and a dissociation assay with CTs, extracted and purified as described in Supplementary Methods section “Preparation of Leaf Samples for CT Composition Analysis,” from each primary transgenic event (CTB-T0, CTF-T0, and CTG-T0). The BSA protein stock was prepared by dissolving the BSA in 50 mM 2-(N-morpholino) ethanesulfonic acid (MES), pH 6.5, to a concentration of 10 mg/ml. Similarly, the stock solution (10 mg/ml) of purified CT (described in Supplementary Methods section “Extraction and Purification of CTs From T0 Transgenic Plants and Their Progeny”) was prepared by dissolving lyophilized CTs in a 50-mM MES buffer, pH 6.5. For the assay, 20 μl of BSA stock was mixed with 20 μl of purified CT stock and added with a 50-mM MES buffer, pH 6.5, to a final volume of 200 μl. Crude protein from non-transgenic white clover leaves (Mainstay, genotype HS227/3 R2) was obtained following published procedures (Zeller et al., 2015b) and described in Supplementary Methods section “Extraction and Quantification of White Clover Protein.” The volume used in the assay was adjusted based on the concentration of the protein extract to ensure that, after mixing 20 μl of the CT stock, the final concentration of protein and CT in a 200-μl assay was 1 mg/ml in 50 mM MES, pH 6.5. For the protein-binding assay with crude CT extract, 40 μl of 10-mg/ml crude CT stock [described in Supplementary Methods section “Extraction and Quantification of Soluble and Insoluble CTs in White Clover Leaves”] was used to produce a final concentration of 2 mg/ml CTs and 1 mg/ml protein.

The protein/CT mixtures were incubated on ice for 20 min, and, after centrifugation at 15,000 x g for 10 min, the supernatant was transferred to a fresh tube. The surface of the pellet and the walls of the incubation tubes were rinsed gently with a 50-mM MES buffer, pH 6.5, without disturbing the pellet to remove any residual protein still in solution. The precipitate was resuspended in a 200-μl MES buffer (pH 2. or 2.5), mixed by a gentle vortex, and incubated as above. After centrifugation, the supernatant was transferred to a fresh tube, and the precipitate was again resuspended in a 50-mM MES buffer, pH 2.0 or 2.5. The protein concentration in the different fractions was quantified using a Qubit® Fluorometer. A 25-μl aliquot from the supernatant and the pellet was then prepared for sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) by adding an equal volume of 2x SDS loading dye (Bio-Rad) and heating at 95oC for 5 min. After the separation in a 1x Tris/Glycine SDS buffer (Bio-Rad) at 150 V for 1 h with a dual color Precision Plus Protein Standard (Bio-Rad), the protein gel was stained with Bio-Safe™ G-50 Stain (Bio-Rad) according to the manufacturer’s instructions for protein visualization. The experiment was conducted two times for each biological replicate.



In vitro Fermentation in Rumen Fluid and End Product Analysis

The substrates tested included WT white clover leaves, WT white clover inflorescences, and leaves harvested from the vegetative clones of two independent genotypes from second-generation progeny (T2), homozygous for the transgene (CTG-T2, 3755, and 3764). Green leaves of all ages were harvested periodically until a sufficient amount required for the experiments was obtained. Tissue samples were freeze-dried immediately after each harvest, milled, and stored at -20oC until required. Milled powders from clones of the same genotypes were pooled and CTs quantified as described above. To control for potential effects from a lack of uniformity in the nutritional composition of the substrates, such as acid detergent fiber (ADF), ash, crude protein (CP), lipid, ME neutral detergent fiber (NDF), organic matter digestibility (OMD), and soluble sugars and starch (SSS), materials used in the in vitro fermentation assay were analyzed using near-infrared reflectance spectroscopy (NIRS) (Analytical Research Laboratories, Napier, New Zealand).

The milled samples (500 mg) were incubated in rumen fluid (diluted as described below) with and without 50 mg of polyethylene glycol (PEG) 6000 in an automated rumen batch culture system as described (Muetzel et al., 2014). PEG 6000 binds CTs and was used to control for matrix effects. Rumen fluid from two fistulated pasture-fed cows was collected into a pre-warmed insulated flask on the morning of the incubation and prior to the morning feed allocation to increase the uniformity between rumen samples. The rumen fluid was transported to the laboratory within 15 min of collection. The rumen fluid from each donor animal was filtered through a layer of cheese cloth, mixed in equal proportions, and diluted to 25% (v/v) in reduced and a pre-warmed (39°C) bicarbonate buffer (Mould et al., 2005). The medium was then dispensed in 50-ml aliquots into the pre-warmed serum bottles under a constant stream of CO2 (Muetzel et al., 2014). The bottles were randomly assigned to the array and placed on a horizontal shaker in a 39°C incubator and connected to the gas analysis system. Total gas and methane production was measured automatically using a pressure sensor and a valve which diverted the produced gasses into a gas chromatograph for quantitation, and to depressurize the bottle. Each fermentation experiment contained 16 bottles (4 substrates, 2 replicates each, 2 bottles/rep (one +PEG and one −PEG) and was repeated three times with rumen fluid from two different donor animals each time (six cows in total).

Independent in vitro fermentation assays were conducted to analyze protein degradation products, including ammonia, isovalerate, isobutyrate, acetate, priopionate, and butyrate. The substrates, experimental replication, and incubation conditions were identical to those described for the gas analysis above. At 6 h and 24 h, 1.8 ml of rumen fluid was withdrawn from the bottles with a 16-G needle for ammonia and short chain fatty acid analyses. Samples were centrifuged (21,000 x g, 10 min, 4°C) and 900 μl of the supernatant was taken into 100 μl of internal standard solution [19-mM ethyl butyrate in 20% (v/v) phosphoric acid]. Samples were kept at −20°C overnight, thawed, and centrifuged as above. An 800 μl aliquot of the supernatant was transferred into a 2-ml crimp cap gas chromatography vial for analysis of SCFA (Richardson et al., 1989; Attwood et al., 1998). A further 100 μl of the supernatant was transferred into a 96 well plate for the determination of ammonia concentration using the phenol hypochlorite method (Weatherburn, 1967). The experiments were conducted under the conditions stipulated by the AgResearch Grasslands Animal Ethics Committee Approval No. 13398.



Statistical Analysis

Minitab Statistical Software was used to analyze data including normality of distribution and chi-square goodness of fit test. To test whether the progeny segregated as expected, a chi-square test was used at a 95% confidence level. The effects of CT (expressed as percent reduction in fermentation products) were first determined relative to treatment with PEG 6000 and were tested using one-way ANOVA to determine significant differences among means. Mean comparisons were completed using Tukey’s Multiple Comparison Test (MCT) at p ≤ 0.01.




RESULTS


TaMYB14-1 White Clover and Condensed Tannin Expression in Leaves

The TaMYB14-1 gene, expressed from the cauliflower mosaic virus 35S promoter, was stably integrated into the genome of the large-leaved white clover cultivar “Grasslands Mainstay” using Agrobacterium-mediated transformation (Supplementary Figures 1A–D). From the 25,000 cotyledons inoculated, 162 plants (0.65% of cotyledons) survived kanamycin selection, and 57 (0.23% of cotyledons) were identified as T-DNA positive by PCR (Supplementary Table 1A). The primary transgenic (T0) lines (referred to as transformation events hereafter) were next scored for CT synthesis in a leaflet from a young trifoliate leaf using the chromogenic reagent dimethylaminocinnamaldehyde (DMACA). CT staining was ranked according to an arbitrary score of 1–7 (Supplementary Figure 2), and the 22 strongest (DMACA score ≥ 4) CT-expressing lines (CTA to CTV) were selected for quantitation of soluble CTs in the leaves. Soluble CTs in leaves ranged from 0.22 to 1.53% of DM epigallocatechin equivalents (Supplementary Figure 1E). Southern blot hybridization and droplet digital PCR analyses indicated that 15 of the 22 plants had a single TaMYB14-1 gene insertion, while the other events had between two and four copies (Supplementary Figure 1E, bottom panel; Supplementary Figure 3B).



Introgression of Condensed Tannin-Expressing Transformation Events Into Elite Germplasm

White clover is predominantly an outcrossing species, and highly diverse genetically. Repeated crossing between individually transformed events (single genotypes) and genetically diverse, high performing untransformed parents are required to build genetic diversity into the variety, both to prevent inbreeding depression and to select for the progeny with desirable CT levels and composition. The eight highest CT-expressing events were backcrossed to elite non-transformed “Grasslands Mainstay” genotypes to determine if the T-DNA insertion segregated in the BC1 progeny in the expected 1:1 (T-DNA +ve: T-DNA −ve) ratio (Supplementary Table 1B). The “Mainstay” parents used in these crosses had been identified as having the highest general combining ability based on 3 years of progeny testing. Seeds were germinated in Petri dishes before planting individually into pots, and CT synthesis in the middle leaflet of the first trifoliate leaf to emerge (4 weeks after planting) was estimated after staining with DMACA. Stain intensity/distribution was scored from 0 to 7 (lowest to highest, Supplementary Figure 2) and a DMACA score of ≥ 1 was used as a proxy for the inheritance of TaMYB14-1 as previously described (Roldan et al., 2020). Genotypes with imperfect T-DNA segregation ratios, or which produced few flowers were discarded, and the remaining 3 events (CTB-T0, CTF-T0, and CTG-T0; Supplementary Table 1B) were selected for further breeding. The genomic DNA of these events was checked by PCR for the presence of contaminating vector sequences using 12 primer pairs (Supplementary Table 2) that spanned the entire Ti-plasmid used in the transformations (Supplementary Figure 4A). PCR products were only detected from primers targeting the region within the T-DNA borders, suggesting that contaminating vector sequences were not present (Supplementary Figure 4B).

Full-sibling BC1 families from reciprocal backcrosses of CTB-T0, CTF-T0, and CTG-T0 to at least 10 non-transformed cv. “Grasslands Mainstay” genotypes were then generated (Figure 2). Seeds (12 per family from each reciprocal cross) were planted, and a leaflet from each seedling was stained with DMACA and scored for CT synthesis as described above. DMACA scores of ≥ 1 were obtained in 52.1, 54.5, and 47.9% of BC1 progeny from CTB-T0, CTF-T0, and CTG-T0, respectively (Figure 3A). A chi-square goodness-of-fit test indicated no significant differences between the observed and expected frequencies in BC1 (p ≥ 0.16; Figure 3A). A total of 6–7 TaMYB14-1-positive BC1 genotypes from each of the 3 transformation events, selected for both high CT levels and growth performance, were backcrossed to at least 16 additional elite wild-type cv. “Grasslands Mainstay” genotypes to generate a minimum of 33 backcross (BC2) full sibling families per event. The objective of the second backcross, which used different “Grasslands Mainstay” genotypes, was to increase genetic diversity in the progeny and produce an agronomically superior population with high CT expression (≥1%) for future plant breeding. DMACA analysis confirmed that the CTB-BC2 and CTF-BC2 families segregated 1:1 (CT positive vs. negative), with an average of 47.2 and 51.1% of CT-positive seedlings, respectively (p ≥ 0.54; Figure 3A). However, the CTG-BC2 families deviated from the expected frequency with an average of 61.5% CT positive seedlings (p < 0.001, Figure 3A).
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FIGURE 2. A crossing scheme to generate the first and second generations of progeny. CTx refers to the 3 transgenic events (CTB, CTF, and CTG) used in crossing, T0 is a primary transgenic event, BC1 is a progeny of a backcross (BC) between primary transgenic and a wild-type (non-transformed) Mainstay white clover, BC2 is the progeny of a backcross between BC1 and wild-type clover, and T2 is the progeny of a cross between two BC1 individuals. pCTx refers to the progeny of a specified cross.
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FIGURE 3. (A) Segregation of the condensed tannin leaf trait in the first (BC1) and second (BC2 and T2) generations of CTB, CTF, and CTG progenies, and (B–D) quantitation of soluble condensed tannins in the leaves of (B) backcross 1 (BC1), (C) backcross 2 (BC2), and (D) T2 (BC1 x BC1) progenies. In panel (A), the mean of each group is written below each bar. The number of families and individuals analyzed, as well as chi-square statistics for each group of progenies and corresponding P-values, is also provided at the bottom of panel (A). In panels (B–D), each data point shows the mean soluble CTs in the leaves of an individual plant at 8 and 12 weeks after planting, expressed in percent dry matter (% DM, epigallocatechin equivalents). The white diamonds in panels (B–D) show the group mean CTs as a percent of DM; different letters on top of bars indicate significant mean differences in each group by Tukey’s Multiple Comparison Test (MCT) P ≤ 0.01. The total number (N) of individuals analyzed per group is provided below each bar. In panel (D), the null, hemi (hemizygotes), and the hom (homozygotes) are individuals that contain 0, 1, and 2 copies of the TaMYB14-1 gene, respectively.


A single BC1 x BC1 pairwise cross (Figure 2) was performed within each event to produce T2 progeny and to confirm whether the resulting T2 progeny segregated 3:1 for CT positive vs. negative seedlings (i.e., were theoretically 25% homozygous, 50% hemizygous, and 25% null). The BC1 genotypes in this cross were selected based on soluble leaf CTs > 1.5% and plant vigor. The leaf CT trait in the CTB-T2 and CTF-T2 families again segregated according to expected (3:1) frequencies [79.2% (P = 0.51) and 78.7% (P = 0.21), respectively], while, in the CTG-T2 family, 98.1% of the progeny were CT positive, a deviation from the expected frequency (p < 0.001, Figure 3A).



Quantification of Condensed Tannins in Different Generations and the Influence of TaMYB14-1 Gene Dosage on Condensed Tannin Accumulation in Leaves

Soluble CTs in leaves from the BC1, BC2, and T2 generations described above were quantified to determine the impact of backcrossing and TaMYB14-1 zygosity on CT accumulation. Only leaves from seedlings with a DMACA score of ≥ 4 were assayed for CTs and included 186, 125, and 186 individuals from the CTB-BC1, CTF-BC1, and CTG-BC1 families, respectively (Figure 3B). Ten null segregant controls per event were also assayed for CT accumulation. Soluble CTs, expressed as % of DM in epigallocatechin equivalents, averaged 0.6% of DM in progeny from CTB-BC1, which was significantly lower (p < 0.05) than CTs in CTF-BC1 and CTG-BC1 progeny, which both averaged 0.8% of DM (Figure 3B). Outliers that produced markedly higher CTs than the average were detected in each event [e.g., 2.0% DM (CTG-BC1), 1.8% DM (CTB-BC1), and 1.6% DM (CTF-BC1)] (Figure 3B). In the BC2 generation, out of 1,957 seedlings tested, 108, 163, and 243 plants from CTB-BC2, CTF-BC2, and CTG-BC2, respectively, had DMACA scores ≥4 and were assayed for soluble CTs. CTs in CTB-BC2 and CTG-BC2 averaged 0.6% and were significantly lower (p ≤ 0.05) than CTF-BC2, which had a mean of 0.8% DM. Outliers were again noted in CTG-BC2 and CTF-BC2 with soluble CTs of 2 and 1.6%, respectively (Figure 3C). In the T2 generation, the mean soluble CTs in CTB-T2 and CTG-T2 were affected by zygosity. The individuals with 2 copies of the TaMYB14-1 gene (homozygotes) had significantly higher mean CTs (1.6 and 1.9% DM for CTB-T2 and CTG-T2, respectively) compared to those with only a single copy (hemizygotes) of the TaMYB14-1 gene (0.9 and 1% DM for CTB-T2 and CTG-T2, respectively). This was not observed in CTF-T2 where the mean CTs for the hemizygotes and homozygotes were not significantly different (both 0.9% DW, Figure 3D).



Structure and Composition of Soluble Condensed Tannins in Transgenic White Clover Leaves

The composition, configuration, and mean degree of polymerization (mDP) of CTs affect their capacity to bind and release proteins, and, therefore, their potential to protect and release the protein in the rumen and intestines, respectively. Therefore, the structure of CTs in the leaves of CTB-T0, CTF-T0, and CTG-T0 was determined independently using 1H-13C HSQC (Heteronuclear Single Quantum Coherence) nuclear magnetic resonance (NMR) spectroscopy as described (Zeller et al., 2015a; Naumann et al., 2018). The 1H-13C HSQC NMR spectrum of purified CTs from CTB-T0 is given in Figure 4A, along with carbon-hydrogen bond cross-peak assignments (Figure 4B). The CTs in the three transformation events have a amDP of 6 to 10 flavan-3-ol subunits (Figure 4C) and are composed predominantly of prodelphinidin (PD) with 15.7–27.9% procyanidin (PC) subunits (Figure 4D). Purified CTs from all the plants tested contained a small amount (0.78–1.2%) of A-type linkages (Figure 4E). The proportion of A-type linkages present was determined through comparative integration of H/C-4 A-type and H/C-4 B-type cross-peaks (see the inserted box in Figure 4A) in the 1H-13C HSQC NMR spectrum. The soluble CTs in these transformation events ranged from 0.6% to 1.2% (Figure 4F).
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FIGURE 4. Composition of purified CTs from the leaves of three primary transgenic events. (A) A representative 1H-13C HSQC NMR spectrum of soluble condensed tannins (CTs) from a primary transgenic event (CTB-T0) with (B) assigned cross-peaks; (C) a mean degree of polymerization (mDP); (D) the proportion of procyanidin to prodelphinidin (PC:PD) in leaf CTs; (E) percent A-type linkage in CTs from three primary events, and (F) soluble CTs in the 3 primary events expressed as percent dry matter (DM) of epigallocatechin (EGC) equivalents. The inserted box in panel (A) shows an expanded and higher intensity view of the H/C-4 A-type and H/C-4 B-type cross-peaks present in the CTs from CTB-T0. The comparative integration of these cross-peaks allows for the proportion of A-type linkages present to be determined. Similarly, the additional composition of the purified CTs was determined through the integration of respective cross-peak volumes (Zeller et al., 2015b; Naumann et al., 2018). The ± values at the base of each bar in panels (C–E) are standard deviations from three separate measurements of the same spectrum. Error bars in panel (F) represent the standard error of the mean of soluble CTs from three independent harvests at 4, 8, and 12 weeks after planting.


To determine whether leaf CT composition was consistent between generations, representative plants from T0, BC1, BC2, and T2 were analyzed by UPLC-DAD, coupled with a Xevo triple quadrupole MS instrument where each genotype was treated as a biological replicate for each generation except for the 3 primary T0 plants. Samples from wild-type white clover inflorescences (cv. “Grasslands Mainstay”) were also included as a comparator. In this analysis, leaf CTs in the T0 generation had mDPs of between 6 and 8 units, comparable to CTs in L. corniculatus (7 units), but shorter than CTs from white clover inflorescences (mDP = 14, Figure 5A). The mDP in CTs from intergenerational plants remained stable. Leaf CTs had 73–93% PD and 7–27 % PC, with mean values of 15% PC and 85% PD, giving a PC:PD ratio of 15:85. By contrast, the L. corniculatus control had a PC:PD ratio of 72:28 (Figure 5B). The fingerprints of monomeric flavan-3-ol building blocks of PCs (catechin and epicatechin) and PDs (gallocatechin and epigallocatechin) in the CTB, CTF, and CTG remained consistent across generations (Figures 6A,B).
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FIGURE 5. (A) A mean degree of polymerization (mDP) and (B) percent procyanidin (PC) and prodelphinidin (PD) in white clover CTs from three primary transgenic events (T0) plus progenies (at least three independent genotypes per group) from the BC1, BC2, and T2 generations. The PC, PD, and mDP were determined by Waters Xevo UPLC-DAD-MS/MS. Mean comparison was done across BC1, BC2, and T2 data. The T0 events were excluded in the mean comparison as there were no biological replicates (only one transformant per event). The Lotus corniculatus leaves and white clover inflorescences were provided as a native condensed tannin comparison. In both panels, different letters on top of the bar indicate significant differences among BC1, BC2, and T2 means by Fisher’s Tukey’s Multiple Comparison Test (MCT) P ≤ 0.01.
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FIGURE 6. Chromatograms showing (A) the presence of catechin and epicatechin (the monomeric PC building blocks), and (B) gallocatechin and epigallocatechin (the monomeric PD building blocks) from representative progeny from each generation of the 3 white clover transformation events CTB, CTF, and CTG. Analysis was conducted using the Waters triple quadrupole UPLC-DAD-MS/MS system. For wild-type (WT) samples, the levels were negligible.




Protein Binding and Dissociation by White Clover Condensed Tannins

To determine whether white clover leaf CTs can bind and release protein, residual protein concentrations were measured in the supernatant and pellet after the addition of CTs at pH 6.5 and 2.5 or 2.0 (dependent on the protein source). CTs were purified by Sephadex LH-20 chromatography from the leaves of the three T0 events (CTB-T0, CTF-T0, and CTG-T0) and were treated as biological replicates. CT concentration was optimized to precipitate 1 mg/ml of protein by testing the effects of 0.3, 0.6, and 1 mg/ml of white clover CTs on bovine serum albumin (BSA) and white clover leaf proteins. The concentrations used were based on a previous study, which showed that 0.8 mg/ml of alfalfa CTs were sufficient to precipitate nearly 100% of leaf protein from solution (Zeller et al., 2015b). Protein precipitation at pH 6.5 was proportional to the concentration of CTs in solution (R2≥ 0.83 and ≥0.96 for the supernatant and pellet, respectively; Supplementary Figures 5A,B). In the negative controls (no CTs), an average of 85.8% of BSA and 88.2% of white clover protein was detected in the supernatant, and no protein was detected in the pellet. When 1 mg/ml of CTs was added, 77.5 and 74.9% of the BSA and white clover protein, respectively, were detected in the pellet (Supplementary Figures 5A,B).

The effect of pH on binding (at pH 6.5) and dissociation at pH 2.5 (for BSA) and pH 2.0 (for white clover protein) with 1 mg/ml CT was then determined. A different dissociation pH for the two proteins used in pilot studies showed that white clover protein did not dissociate at pH 2.5. In control solutions (no CTs) of pH 6.5, > 96% of both proteins was found in the supernatant after incubation. After the incubation with 1 mg/ml CTs, 90.4 and 80.5% of BSA and white clover protein, respectively, were recovered in the pellet with 9.5–19.5% detected in the supernatant (Figures 7A,B). To determine whether the CT-protein complex dissociated in the acidic pH of the abomasum, the protein-CT pellets were resuspended in a solution of pH 2.5 (for BSA) or pH 2.0 (for white clover protein), incubated, and recentrifuged to recover any residual protein-CT complexes. Protein assays indicated that 82.3% of the BSA and 69.2% of the white clover protein had disassociated from the CTs and were detected in the supernatant (Figures 7A,B). Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) provided visual confirmation of protein partitioning between the supernatant and pellet and confirmed that they had remained intact, ∼66 kDa and ∼50 kDa for BSA and white clover, respectively (Figures 7C,D).
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FIGURE 7. Protein binding and dissociation by white clover leaf CTs and their effects on protein degradation in rumen fluid in vitro. CTs used in protein binding and dissociation studies were either purified by column chromatography (A–D) or used as crude CT extracts from white clover leaves (E,F). Protein binding was determined by quantifying CT-bound protein in the pellet and residual protein in the supernatant using a Qubit fluorometer (Invitrogen). (A,B) Protein binding by CTs (1 mg/ml) at pH 6.5 (rumen pH) and dissociation at pH 2.5 (for BSA) or pH 2.0 (for white clover protein; abomasum pH). (C,D) Representative SDS-PAGE gel showing protein partitioning between the supernatant or pellet after 20 min of incubation with 1 mg/ml of column-purified white clover leaf CTs from CTG-T0. The protein marker was the Precision Plus Protein Standard™ (Bio-Rad). (E,F) Protein binding by crude CT extracts (2 mg/ml) at pH 6.5 and dissociation at pH 2.5 or pH 2.0. In panels (A–D), purified CTs from CTB-T0, CTF-T0, and CTG-T0 were used as biological replicates. In panels (E,F), four independent CT extractions (two T2 plants, each with 2 clones) served as biological replicates. Each data point in panels (A,B,E,F) represents a biological replicate.


To determine whether crude CT extracts from white clover leaves were also effective in binding protein, soluble CTs from two homozygous CTG-T2 plants (3755 and 3764, two clones of each) were extracted as described in Supplementary Methods “Extraction and Quantification of Soluble and Insoluble CTs in White Clover Leaves,” quantified, freeze-dried, and resuspended in 50 mM of a 2-[N-morpholino]ethanesulfonic acid (MES) buffer at pH 6.5 and tested in the protein precipitation assay as described above. Here, 2 mg/ml of crude CTs was required to precipitate 78.1% of BSA and 77.7% of white clover proteins (1 mg/ml). As above, upon resuspension and incubation of the pellet in pH 2.5 or 2., 60.6% of the BSA and 69.5% of white clover proteins, respectively, were recovered in the supernatant after centrifugation (Figures 7E,F).



Effects of White Clover Leaf Condensed Tannins on Ammonia and Volatile Fatty Acid Production in vitro

The impact of white clover CTs on protein degradation in rumen fluid was tested in vitro in a custom-designed array of sealed anaerobic incubation flasks. The test substrates were freeze-dried leaf powder from two independent homozygous CTG-T2 genotypes (3755 and 3764), plus non-transformed (WT) white clover inflorescences and leaves as positive and negative CT controls, respectively. Soluble leaf CTs ranged from 1.6 to 2.4% of DM and were composed of 85.1–84.2% PD and 14.9–15.8% PC, with an mDP of 10–11 units. The white clover inflorescence sample contained soluble CT concentrations of 1.9% DM and was composed of 98.2% PD and 1.8% PC with an mDP of 15 units (Supplementary Table 3). The nutrient composition is presented in Supplementary Table 4. To account for potential substrate composition effects, protein degradation products in rumen fluid were compared in duplicate fermentations for each sample, one with and one without polyethylene glycol (PEG) 6000. PEG binds with high affinity to CTs (Wang et al., 1996; Besharati and Taghizadeh, 2011), which effectively removes all expected CT influences on protein fermentation. The difference in ammonia and volatile fatty acid concentration in flasks with and without PEG 6000 was used to estimate the specific contribution of CTs to protein protection (Table 1). The experiment was repeated three times using rumen fluid from two cows each time (six cows in total). After 6 h of incubation in leaf powders from genotype 3755 and 3764 without PEG, ammonia production decreased by 60 and 45%, isovalerate by 5 and 38%, and isobutyrate by 30 and 24% (p ≤ 0.01) relative to the leaves of WT negative control, respectively (Table 1). In fermentations containing white clover inflorescences (positive control), ammonia and isovaleric acid concentrations were lowered by 24 and 74%, respectively. Control WT white clover leaves had no detectable reduction in ammonia or isovaleric acid concentration at either time. After 24 h of incubation, ammonia, isovalerate, and isobutyrate production in CT-containing substrates were still significantly reduced (p ≤ 0.05) relative to the WT white clover leaves (Table 1).


TABLE 1. Production of ammonia, isovalerate, and isobutyrate after 6 and 24 h of incubation in rumen fluid with and without polyethylene glycol 6000 (PEG) in vitro§.
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The concentration of propionate and butyrate in leaf powder from CT-containing genotypes was also reduced by an average of 19.3 and 16.9% (p ≤ 0.01), respectively, after 6 h of incubation, but the production of acetate was not affected (Table 2). Furthermore, the CT-containing substrates promoted a higher acetate to a propionate ratio relative to the WT control.


TABLE 2. Production of predominant short chain fatty acids (SCFA) after 6 h and 24 h of incubation in rumen fluid with and without polyethylene glycol 6000 (PEG) in vitro§.
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White Clover Leaf Condensed Tannins Reduce Methane Emissions Using in vitro Rumen Fluid

The potential for white clover leaf CTs to reduce methane emissions was determined in an automated batch culture system (Muetzel et al., 2014). The substrates were identical to those described in the preceding section. Control WT white clover leaves had negligible impacts on total gas and methane production (-2.6 and 1.7%, respectively), while the leaf CTs reduced total gasses by an average of 14.8 and 8.2% and methane by 17.1 and 19.4% for genotypes 3755 and 3764, respectively, after 6 h (Table 3). White clover inflorescence similarly reduced total gasses and methane by 17.1 and 20.2%, respectively. After 24 h, when reaction conditions were being constrained by substrate limitation, mean reductions in total gasses were 6.1 and 5.2%, and, for methane, were 9.8 and 9% for genotype 3755 and 3764 leaves, respectively (Table 3). The overall effects of CT-containing leaves were a reduction in total gas of 11.5 and 5.6 at 6 and 24 h, and methane emissions of 18.2 and 9.3% at 6 and 24 h, respectively (Figure 7B), both reductions were significantly greater than control WT white clover leaves (p ≤ 0.01).


TABLE 3. Methane and total gas production after 6 h and 24 h of incubation in rumen fluid with and without polyethylene glycol 6000 (PEG) in vitro§.
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DISCUSSION

A high-performing white clover cultivar “Grasslands Mainstay” has been transformed with the MYB transcription factor TaMYB14-1, resulting in stable CT accumulation in leaves across three generations (T0, BC1, and BC2/T2). Accumulation of CTs was influenced by gene dosage and significantly elevated in homozygous T2 progeny. The levels of CTs in these plants were effective in binding protein at the ruminal pH (pH 6.5) and were able to dissociate at the pH of the abomasum (pH 2.5 for BSA and pH 2.0 for white clover protein). CT-containing white clover leaves also reduced ammonia and methane production when tested in the rumen in vitro assays, indicating that these plants have the potential to reduce N excretion and methane emissions from ruminants.


White Clover Transformation and Enhancement of Condensed Tannins in Leaves Through Gene Dosage

Stable inheritance is improved by having a single gene insert (Tang et al., 2007). Hence, to generate plants with a stable CT trait, three different transformation events were selected, containing a single insertion of the TaMYB14-1 gene that produced moderate leaf CT concentrations (0.77–1.28% DM; Supplementary Figures 1E, 3B,C). Furthermore, since redundant vector backbone sequences beyond the T-DNA borders are undesirable for biotechnology applications (Ye et al., 2008; Wang et al., 2016), these sequences were confirmed as being absent (Supplementary Figure 4) in plants before using them in plant breeding.

White clover is an obligate outcrossing species with a multi-allelic self-incompatibility system (Casey et al., 2010). The CT trait in the BC1, BC2, and T2 progeny followed the expected patterns of segregation in the progeny (1:1 and 3:1 positive and null segregants in the BC and T2 generation, respectively (Figure 3A), except for the CTG transformant where the observed CT positive individuals in BC2 and T2 progeny were higher than expected (Figure 3A). Retrospective zygosity testing confirmed that this was due to a probable selfing event, which produced a homozygous BC1 plant that was used in later pairwise and backcrosses. Self-fertilization is not a common occurrence in white clover but can be induced by high temperatures (Douglas and Connolly, 1989).

Condensed tannin accumulation in leaves of plants in the two successive BC generations remained stable for the three transformation events, indicating that selection and breeding did not enhance or decrease CTs but maintained their levels in each generation. However, the pairwise crosses showed that gene dosage elevated CTs in leaves approximately twofold in homozygous versus hemizygous progeny of the CTB-T2 and CTG-T2 generation (Figure 3D). TaMYB14-1 homozygosity may, therefore, be an essential strategy for maintaining CTs levels in white clover leaves during breeding. Gene dosage effects have been reported to be positively correlated with gene expression and recombinant protein application in maize (Hood et al., 2012) and in some genes in Brassica polyploids and their hybrids (Tan et al., 2016). Since MYB transcription factors are key players in engineering CT synthesis in plants (Dixon et al., 2013) and that MYB14 may form complexes with other transcription factors, it is plausible that the two copies of the TaMYB14-1 gene form a ternary complex with other transcription factors, resulting in significantly higher levels of CTs in white clover leaves. Surprisingly, in CTF-T2, the accumulation of CTs was comparable in hemizygous and homozygous progeny (Figure 3D). Factors, such as chromosomal effects on the integration site, or changes in the methylation status of regulatory elements of the transgene, have been reported to affect gene expression (Feng et al., 2001; Chanda et al., 2017) and could result in unexpected transcription and associated processes.



Composition of Condensed Tannins in Transgenic Clover Leaves

The use of 1H-13C HSQC NMR spectroscopy is a relatively new technique for the determination of CT structure and composition. Comparison of the integrated volumes of respective NMR cross-peaks signals in Figure 4A allowed for estimation of the procyanidin to prodelphinidin (PC/PD) ratio (volume of signal 11/one-half the volume of signal 9) and the mean degree of polymerization [volumes of signals 1 × 0.694 (correction factor), 2, and 3/volume of signal 1 × 0.694]. Values obtained using these methods have been shown to strongly correlate with values obtained from thiolytic degradation studies. The PC/PD ratios and mDP are consistent across all three (T0) transgenic events.



Protein Binding by White Clover Condensed Tannins

Protein precipitation (a proxy for protein binding) at pH 6.5 was highly positively correlated with white clover leaf CT concentration, with an R2 ≥ 0.94 and ≥ 0.96 for BSA and white clover proteins, respectively (Supplementary Figures 5A,B). This observation conforms with previous findings that CT concentration in solution correlates with protein precipitation (Naumann et al., 2014). Furthermore, white clover leaf CTs are rich in PD (73–93%) compared to PC (7–27%, Figure 5B). The additional hydroxyl group on the β-ring of PD flavan-3-ol subunits increases the probability of hydrogen bond formation, resulting in stronger interactions with proteins (Haslam, 1996; Leppä et al., 2020), and this may also contribute to effective CT-protein complexation and precipitation.

The CT-protein complex must be able to dissociate from the CTs in the acidic abomasum (pH 2–3) (Dentinho and Bessa, 2016) to allow for protein digestion and amino acid absorption (McMahon et al., 2000; Naumann et al., 2017). Resuspending the CT-bound protein pellet in an acidic solution (pH 2.5 or 2.0 for BSA or white clover protein, respectively), resulted in the CT-protein complex dissociation, with the released protein again detected in the supernatant (Figures 7A,B). A lower pH of 2.0 was required to release the white clover protein from the CT-protein complex relative to that of the BSA protein. It is highly probable that this was due to differences in protein structure, which may affect the pH required for dissociation. Different proteins vary in pH optima and, depending on the protein, may have a narrow or wide pH range for binding with CTs. A narrow pH range for CT binding is likely to result in the rapid release of most CTs within a small pH change. For BSA, the CT-binding pH range may be narrow, hence liberating CTs easier than other types of proteins, such as white clover proteins. Differences in protein behavior have been reported by Dentinho and Bessa (2016), who demonstrated that rock rose and grape seed CTs precipitate soybean meal protein at pH 6–8, with the CT-protein complex dissociating at pH 2.0. The observed CT-protein binding at ruminal pH supports the proposition that white clover leaf CTs may be able to reduce the degradation of dietary protein in the rumen by microbes. CT dissociation from proteins at pH 2.5 or 2.0 suggests that the proteins could be released in the abomasum, which could lead to improved animal performance (Waghorn et al., 1990; McNabb et al., 1993; Koenig and Beauchemin, 2018). SDS-PAGE assays in the current study showed that the proteins were recovered intact at their expected sizes [∼66 kDa for BSA and ∼50 kDa for white clover protein, which was mainly comprised of the RUBISCO large subunit (Figures 7C,D), respectively]. These observations confirmed that the proteins did not degrade after incubation at pH 6.5, pH 2.5, or pH 2.0 and that the CT-protein complex had disassociated in the low pH buffers as the proteins were the same size as the unbound controls.

Since protein protection assays in rumen fluid are typically confounded by microbial protein, CT-containing white clover leaves were investigated for their ability to protect protein by measuring end products of proteolysis and deamination by ruminal bacteria, including ammonia and isovaleric acids and other VFA (Eschenlauer et al., 2002; Hassanat and Benchaar, 2013; Grosse Brinkhaus et al., 2017). In rumen studies, polyethlene glycol (PEG) MW6000 is used to bind tannins and create a negative control for each tannin treatment that is not affected by nutrient composition (Silanikove et al., 1996). CT-containing white clover inflorescences and leaves markedly reduced ammonia, isovalerate, isobutyrate, propionate, and butyrate production relative to WT white clover leaves (Tables 1, 2). The plant with the highest leaf CTs, genotype 3755 (2.4% DM soluble CTs), was more effective than white clover inflorescences (1.9% DM soluble CTs) in reducing ammonia production in rumen fluid after 6 h (60.6 and 24%, respectively; Table 1). After 24 h of incubation, the substrate in the incubation is essentially depleted, and the ammonia results were increasingly affected by microbial lysis (Vaga and Huhtanen, 2018). Nevertheless, ammonia, isovaleric acid, and other SCFA were still significantly reduced (p ≤ 0.01) in all samples containing CTs relative to the control (Tables 1, 2), further confirming the protective role of CTs in rumen fluid in vivo. These results are consistent with previous findings that CT-containing sainfoin significantly reduced ammonia, acetate, propionate, and butyrate production when used in in vitro fermentation (Theodoridou et al., 2011; Bueno et al., 2020). The reduction in protein degradation in the rumen is due to the formation of CT-protein complexes (Mueller-Harvey, 2006), which are resistant to microbial degradation (McSweeney et al., 2001; Bueno et al., 2020). The lower SCFA production and higher acetate to the propionate ratio further suggest inhibitory effects of CTs on organic matter degradability in the rumen, which improves ruminant nutrition (Hervas et al., 2000; Patra and Saxena, 2011). This could be an additional benefit, considering that the crude protein (CP) in white clover leaves used as substrates ranged from 26.5 to 29.6% (w/w) of DM (Supplementary Table 4), which exceed the required dietary CP concentrations for animals, grazing temperate forages. CP concentrations exceeding 20% of DM are surplus to requirements and can have negative impacts both on animal welfare and the environment (Pacheco and Waghorn, 2008).

Approximately, 70–80% of dietary protein is estimated to be degraded and deaminated by rumen microbes, and 25–35% of the N lost is in the form of ammonia (Barry and McNabb, 1999; Koenig and Beauchemin, 2018), a major nutritional inefficiency in ruminants (Eschenlauer et al., 2002) and a cause of N leaching into waterways (Dymond et al., 2013). Collectively, these data suggest that white clover CT expression in leaves has the potential to confer the proposed benefits to animal nutrition (McNabb et al., 1993; Naumann et al., 2017; Kelln et al., 2021) and supports previous claims concerning the benefit of CTs from sainfoin (Onobrychis spp.) (Theodoridou et al., 2012), Lotus (Tavendale et al., 2005; Mueller-Harvey et al., 2019), and other CT-containing legumes (Patra and Saxena, 2010; Hassanat and Benchaar, 2013).



Effects of Condensed Tannins on Methane Production in Rumen Fluid in vitro

Leaves of two transgenic white clover genotypes (3755 and 3764) were compared with a non-transgenic (HS132/9 R1) control, as well as CT-producing WT white clover inflorescences, to determine the effects of CTs on total gas and methane emissions in rumen fluid in vitro. Total CTs in the leaves of genotypes 3755 and 3764 and WT white clover flowers ranged from 4.9 to 5.6% of DM and soluble CT concentrations ranged from 1.6 to 2.4% of DM (Supplementary Table 3). The greatest impact of leaf CTs occurred at 6 h of incubation, where reductions in total gas and methane emissions averaged 11.5 and 18.2% (p ≤ 0.01), respectively, for transgenic plants 3755 and 3764. This indicates that, although CTs have a slightly negative effect on total fermentation, the effect on methane production is pronounced. Conversely, no effects on methane production were detected when WT control leaves were used. The effect of CTs in the current study is relatively greater than previous in vitro fermentation studies where the inclusion of 50 g kg–1acacia tannin extracts reduced methane production by 12% (p ≤ 0.01), but lower than the effects of 100 g kg–1or 200 g kg–1quebracho tannin extracts, which reduced methane by 23 and 40% (p ≤ 0.01), respectively, relative to control (Hassanat and Benchaar, 2013). Reduction in methane by up to 27% relative to control (p ≤ 0.01) was also achieved in an in vitro fermentation using sainfoin leaves (Theodoridou et al., 2011), suggesting the possibility that a greater reduction in methane is potentially achievable with white clover leaves, containing a higher level of CT.

Methanogenesis is affected by several factors, such as differences in DM digestibility and fiber content (Waghorn et al., 2002; Danielsson et al., 2017), as well as CT quantity and composition (Mueller-Harvey et al., 2019; Min et al., 2020). Since the leaf substrates used were grown and harvested at similar growth stages, had similar nutritional composition (Supplementary Table 4), and matrix effects were controlled using PEG 6000, the amount and the composition of the CTs are the most likely explanation for the observed reduction in methane production. This confirms previous reports that CTs in ruminant feed reduce methane emissions (Waghorn et al., 2002; Woodward et al., 2004; Tavendale et al., 2005). Additionally, the effects of CTs on methanogenesis also depend on the length of the CT polymers (Waghorn and McNabb, 2003; Mueller-Harvey, 2006). In the in vitro rumen fermentation studies, the CTs in leaves of genotypes 3755 and 3764 had an mDP of 10–11 units with a PD:PC of 85:15, while CTs in WT white clover inflorescences had an mDP of 15 units with a PD:PC ratio of 98:2 (Supplementary Table 3). The white clover leaf CT composition is relatively similar to the composition of CTs in sainfoin (Onobrychisviciifolia) leaves with mDPs of 11.8 units and prodelphinidin of 76.4%. This chemistry resembles other studies where oligomeric CTs have been shown to have a higher H-bonding strength and were effective against methanogens (Tavendale et al., 2005). Similarly, Baert et al. (2016) reported that both oligomeric and polymeric ellagitannins decreased methane production on ruminal fermentation in vitro in a size-dependent manner.




SUMMARY

This study has demonstrated that the CT trait in the leaves of transformed elite white clover cultivar is stable over at least two generations. CT expression is elevated by gene dosage (homozygosity) to a level (>2% DM) predicted to reduce protein fermentation and methane emissions in animals. White clover leaf CTs were able to reduce methane emissions in rumen fluid in vitro by up to 19.4%. A reduction in total gasses is an indication of reduced protein fermentation, which implies that CTs in the feed may also reduce animal productivity through reduced dietary fermentation (Pellikaan et al., 2011). However, this needs to be examined in more detail as changes in fermentation pathways also lead to differences in total gas production. Nevertheless, this potential deficit is outweighed by the net benefits of increased protein uptake in the hindgut, improved environmental (reduced methane and N2O emissions), and animal health (reductions in bloat) benefits of white clover containing CTs in leaves. This has implications for using CT expressing white clover for reduced greenhouse gas emissions. Controlled animal trials will be essential for confirming these assumptions.
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In this study, a series of complex phenylpropanoid derivatives were obtained by chemoenzymatic biotransformation of ferulic acid, caffeic acid, and a mixture of both acids using the enzymatic secretome of Botrytis cinerea. These substrates were incubated with fungal enzymes, and the reactions were monitored using state-of-the-art analytical methods. Under such conditions, a series of dimers, trimers, and tetramers were generated. The reactions were optimized and scaled up. The resulting mixtures were purified by high-resolution semi-preparative HPLC combined with dry load introduction. This approach generated a series of 23 phenylpropanoid derivatives, 11 of which are described here for the first time. These compounds are divided into 12 dimers, 9 trimers (including a completely new structural scaffold), and 2 tetramers. Elucidation of their structures was performed with classical spectroscopic methods such as NMR and HRESIMS analyses. The resulting compound series were analyzed for anti-Wnt activity in TNBC cells, with several derivatives demonstrating specific inhibition.
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INTRODUCTION

Throughout history, natural products (NPs) have been a source of inspiration for the development of a large number of therapeutics (Newman and Cragg, 2020). New chemical entities based on NP “scaffolds” continue to be used as the basis for the development of a large number of approved drugs and drug candidates to treat many diseases (Newman and Cragg, 2020). The reason for this success in drug discovery can probably be explained by the great chemical diversity of NPs and the fact that these compounds are the result of natural selection where living organisms produce them to interact with biological targets (Harvey et al., 2015). A series of studies revealed that NPs have a greater number of chiral centers and increased steric complexity than synthetic drugs (Rodrigues et al., 2016). Because of their broad chemical diversity, NP collections are known to better represent the “chemical space” of drug-like molecules than synthetic compounds (Larsson et al., 2007).

The classical way of obtaining bioactive NPs is based on the bioassay-guided fractionation of an active extract from plant or microbial origin (Bucar et al., 2013). This strategy is based on the separation of constituents using different chromatographic steps combined with biological assays, aiming at the isolation and identification of the compound(s) responsible for a given biological activity (Bucar et al., 2013). While being very successful for the discovery of important drugs, this approach is challenging because of low yields of isolated compounds, limited supply of natural sources that produce them, and difficulty of total synthesis or targeted structural modification due to structural complexity (Li and Vederas, 2009). The constitution of pure NP chemical libraries for biological screening using this approach is a time-consuming and expensive process. In this regard, efforts have been made to screen natural fraction libraries more compatible with high-content screening platforms (Harvey et al., 2015; Thornburg et al., 2018).

In this context, chemoenzymatic methods using common NPs as substrates could be an interesting option to generate chemically diverse and well-characterized NP derivative libraries. Biotransformation reactions represent an interesting tool for chemo-diversification of NPs covering a large chemical space from sustainable sources (Li and Lou, 2018). Rather than using an intact microorganism or a pure enzyme to perform biotransformation, we have developed an original concept to biotransform NPs using the secretome of given fungi (mixture of their enzymes) to obtain chemically diverse NP derivatives using enzymatic reactions. The use of secretome takes advantage of the catalytic promiscuity of different enzymes (Copley, 2003). This approach was successfully used for the generation of specific libraries of complex stilbene dimers with chiral carbons (Gindro et al., 2017; Righi et al., 2020). Some of these compounds presented remarkable antifungal and antibacterial properties (Gindro et al., 2017; Righi et al., 2020). After having successfully applied this biotransformation process on stilbenes, we decided to use this methodology to another family of molecules, and phenylpropanoids were selected.

Phenylpropanoids are indeed ubiquitous secondary metabolites in the plant kingdom. The core structure of these compounds consists of a phenyl group attached to a small chain of three carbons. This carbon skeleton is obtained from the amino acid phenylalanine by enzymatic deamination (Vanholme et al., 2019). Phenylpropanoids are the main component of lignin, the second most abundant polymer in vascular plants (Boerjan et al., 2003). Lignin is synthesized from the combinatorial oxidative coupling of p-hydroxycinnamyl alcohol monomers and related compounds (Boerjan et al., 2003). Phenylpropanoids also play an important role in plant responses toward biotic and abiotic stimuli (Vogt, 2010; Arbona et al., 2013). They are also relevant for human health because of their antioxidant (Sharma et al., 2016), antiviral (Liu et al., 2015), and anticancer properties (Gindro et al., 2012; Hasan et al., 2017; Hematpoor et al., 2018). Phenylpropanoid derivatives such as caffeic and ferulic acids represent important substrates considered as relevant building blocks in drug discovery (Touaibia et al., 2011; Kumar and Pruthi, 2014; Davison and Brimble, 2019). Previous studies have demonstrated the successful use of these compounds as the starting material for the generation of more complex compounds through a biotransformation process using a purified enzyme (Wan et al., 2008; Saliu et al., 2011; Constantin et al., 2012). The resulting novel compounds could have therapeutic potential for major diseases.

Breast cancer (BC) is responsible for 627,000 deaths worldwide in 2018, being the most widespread cancer type in women. In triple-negative breast cancer (TNBC), expression of the estrogen and progesterone receptors, as well as human epidermal growth factor receptor 2 (HER2) is missing, making it unsusceptible to the targeted treatment and thus resulting in a drastically poor prognosis and a strong risk of relapse in the first 5 years following surgery (Lee et al., 2019).

The Wnt signaling pathway is reported in many sources to be a target for TNBC (Shaw et al., 2019b). The signaling cascade is initiated by Wnt ligands through the Frizzled receptor, which culminates in the deactivation of a destruction complex consisting of proteins axin, APC, and GSK3β, which together phosphorylate and thus reduce cytoplasmic β-catenin by promoting its proteasomal degradation. In the absence of a destruction complex activity, β-catenin rapidly accumulates and translocates in the nucleus where it exerts its activity as a transcriptional co-factor for a variety of pro-proliferative genes. This so-called “canonical” branch of Wnt signaling was the first discovered and plays the most significant role in TNBC and many other cancers. Despite its long story, the pathway remains undrugged to the present day and the solution to the quest of finding specific and selective inhibitors for the pathway activity promises to save millions of patients’ lives worldwide.

In this study, the aim was to perform biotransformations of these representative phenylpropanoid units using the B. cinerea secretome to obtain a series of more complex structures for evaluation of their Wnt inhibition properties.



RESULTS AND DISCUSSION


Generation of Phenylpropanoid Derivatives Using the Enzymatic Secretome of Botrytis cinerea

First, a series of biotransformation reactions were performed on an analytical scale, using caffeic acid (1 mg), ferulic acid (1 mg), and a mixture of both (0.5 mg of each) acids as substrates. The compounds were first solubilized in acetone, then diluted in water, and the B. cinerea secretome was added last. The amount of substrate, acetone, and water remained constant, but that of the secretome varied at 1, 5, and 10% (Figure 1). The substrates were incubated for 24 h, and samples were collected after 20 min, 5 h, and 24 h. The reaction mixtures were submitted to metabolite profiling by UHPLC-PDA-ELSD-MS. The electrospray ionization mass spectrometry (ESI-MS) detection showed a series of molecular ions, suggesting the presence of dimer (m/z 300–400), trimer (m/z 450–600), and tetramer (>m/z 680) derivatives (Figure 2). UV trace profiling of these reactions showed under certain conditions (higher times or higher secretome amounts) the presence of a broad unresolved peak resulting in baseline deformation (“unsolved hump”), suggesting the presence of polymers (Figure 1) (Queiroz et al., 2014). Generation of polymers during the incubation of phenylpropanoids with laccases had already been previously reported (Adelakun et al., 2012). The almost complete absence of MS signals at 5 h and 24 h using 5% enzymatic secretome also supports this fact, with the upper detection limit of the instrument being m/z 1,250. These reactions also presented an insoluble brown precipitate attributed to the presence of polymers. Based on this information, the reaction conditions (time and amount of secretome) were, therefore, carefully adjusted to optimize the consumption of starting materials while avoiding polymer generation (Figure 2).
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FIGURE 1. (A) Biotransformation reactions of caffeic acid with different amounts of the enzymatic secretome of Botrytis cinerea (1, 2, and 5%). (B) UHPLC-PDA-MS profile of the different reactions on the analytical scale at different times (20 min, and 5 and 24 h). A strong decrease in signal intensity is observed with 5% secretome (at 5 and 24 h) due to the strong polymerization process leading to the generation of insoluble compounds (polymers). The chromatograms obtained at 10% corresponded to the ones obtained at 5% and are, therefore, not shown.
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FIGURE 2. (A) Biotransformation reactions on caffeic acid, ferulic acid, and mixture of both acids with the enzymatic secretome of B. cinerea. (B) UHPLC-MS profiling of the different reactions on the analytical scale with the top-scan m/z for the main peaks. (C) List of the observed ions and subsequent hypotheses about their chemical identity.


The metabolite profiles obtained under optimal conditions revealed the presence of a large number of generated compounds (Figure 2). The reactions were, therefore, scaled up to isolate and identify them. The three biotransformation reactions with caffeic acid, ferulic acid, and a mixture of both were performed on a large scale with 100 mg of total substrate amount and using the optimized conditions mentioned above (see “Experimental” section).

After monitoring the crude reaction mixtures, the separation conditions were optimized on the UHPLC scale. The optimized chromatographic conditions were transferred to the analytical (as a control) and semi-preparative HPLC scale by geometric gradient transfer (Guillarme et al., 2008). The stationary-phase chemistry of the columns used on each instrument was the same to maintain the same chromatographic selectivity (Figure 3). The shift in retention time between the UHPLC and HPLC scale can be explained by the difference in temperature of these analyses; UHPLC was performed at 40°C to decrease solvent viscosity and pressure, while HPLC analysis was performed at room temperature (25°C). Semi-preparative injections were performed using a dry load method, allowing to preserve a better resolution compared to a classical loop injection, according to a protocol recently developed in our laboratory (Queiroz et al., 2019). The geometrical transfer of the chromatographic conditions allowed for the preservation of good separation of the compound and thus isolation of the majority of the compounds in a single step. Purification of these reaction mixtures yielded a total of 24 compounds; compounds 1–6 from the reaction with caffeic acid, 7–15 from the reaction with ferulic acid, and 16–24 from the mixed reaction (Figure 3 and Supplementary Figures 1, 2).
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FIGURE 3. (A) Scaled up biotransformation reaction of caffeic acid with the enzymatic secretome of B. cinerea and 10% of acetone. (B) UHPLC-PDA analysis with optimized chromatographic conditions. (C) HPLC-PDA analysis using the transferred optimized chromatographic conditions. (D) Semi-preparative HPLC-UV analysis using the transferred optimized chromatographic conditions, and isolation of the generated compounds.




Structure Elucidation of the Generated Compounds

From the 3 biotransformation reactions, 24 compounds were isolated and fully characterized by HRMS and NMR including 12 dimer, 9 trimer, and 2 tetramer derivatives (Figure 4). In addition, a degraded aromatic compound was identified as 3,4-dihydroxybenzaldehyde (2) (Kang et al., 2004). Each class of compounds is described in the next paragraphs.
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FIGURE 4. Compounds generated by the three biotransformation reactions with caffeic acid, ferulic acid, and mixture of both acids with the enzymatic secretome of B. cinerea.


Among the 12 dimers produced, 9 were already known and 3 are new derivatives. Compound 6 resulted from an 8-O-4′ oxidative coupling between two caffeic acid units (Supplementary Figure 3). This compound was already described by Wan et al. (2008) as rel-(2E)-3-[(2S)-2-[(R)-(3,4-dihydroxyphenyl)hydroxymethyl]-1,3-benzodioxol-5-yl]-2-pro penoic acid from the biotransformation of caffeic acid with H2O2 and a Momordica charantia peroxidase.

Three 8-5′-benzofuran dimers formed by 8-5′ oxidative coupling followed by 4′-O-7 cyclization (Figure 5) were identified. The first one, 8-5′-benzofuran-dicaffeic acid (4), has been described from the peroxidase-catalyzed polymerization of caffeic acid (Arrieta-Baez and Stark, 2006). The second one, 8-5′-benzofuran-diferulic acid (10), was identified from lignin peroxidase polymerization of ferulic acid (Ward et al., 2001). The third one, an 8-5′-benzofuran dimer formed between caffeic acid and ferulic acid (18), was also described by Arrieta-Baez and Stark (2006). Under our conditions, these three 8-5′-benzofuran dimers are decarboxylated but in different ways. The di-caffeic acid dimer (4) decarboxylated so slowly that the corresponding decarboxylated compound (4b) could not be identified. The decarboxylation of a di-ferulic acid dimer (10) was not total even after 24 days and gave off poacic acid (24) (Figure 6), an antifungal compound (Yue et al., 2017) described as a constituent of cell walls of various Gramineae (Ralph et al., 1994). In the NMR tube in DMSO-d6, compound 18 fully decarboxylated rapidly (less than 24 h) to give off a new derivative (19) (Figure 6).
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FIGURE 5. Proposed chemoenzymatic pathway for the formation of compounds 4, 10, 12-16, 18, 19, 22, and 24 by 8-5′ phenoxy radical coupling.
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FIGURE 6. Monitoring of the degradation of the compounds undergoing decarboxylation (A) UHPLC-PDA-ELSD-MS and (B) NMR analysis showing the degradation of compound 10 in 24, (C) UHPLC-PDA-ELSD-MS and (D) NMR analysis showing the degradation of compound 18 in 19.


The ESI(-)-HRMS analysis of compound 19 showed a molecular ion at m/z 327.0872 [M – H]– corresponding to a molecular formula of C18H15O6 (calcd. for C18H15O6, 327.0869, Δ = 1.1 ppm), confirming the dimerization of caffeic and ferulic acids. The position of the methoxy group was deduced from the HMBC correlation of this methoxyl at δH 3.83 (3H, s, 3OCH3) to C-3 at δC 147.8 and from H-5 at δH 6.77 (1H, d, J = 8.2 Hz) to C-1 (δC 129.2) and C-3. Compound 19 was thus identified as (E)-3-(3,4-dihydroxy-5-((E)-4-hydroxy-3-methoxystyryl)phenyl)acrylic acid.

The biotransformation reactions also generated dilactone dimers. For example, the dehydrodicaffeic acid dilactone (5) and dehydrodiferulic acid dilactone (9) resulted from an 8-8′ coupling (Figure 7), 5 was known to be produced by cultured mushroom, Inonotus sp. (Kumada et al., 1976), and 9 was known to be present in cell walls of wheat and barley (Turner et al., 1993). A new dilactone (20) formed by an 8-8′ coupling between caffeic acid and ferulic acid was identified. In contrast to compounds 5 and 9 in which only monomer signals (three aromatic and two methine signals) are observed in NMR, the signals of compound 20 corresponding to the caffeic moiety were observed at δH 6.81 (1H, d, J = 2.2 Hz, H-2), 6.77 (1H, d, J = 8.1 Hz, H-5), 6.71 (1H, dd, J = 8.1, 2.2 Hz, H-6), 5.67 (1H, d, J = 2.9 Hz, H-7), and 4.15 (1H, dd, J = 9.8, 2.9 Hz, H-8), whereas those of ferulic acid were observed at δH 6.99 (1H, d, J = 2.2 Hz, H-2′), 6.86 (1H, dd, J = 8.2, 2.1 Hz, H-6′), 6.79 (1H, d, J = 8.2 Hz, H-5′), 5.72 (1H, d, J = 3.0 Hz, H-7′), 4.08 (1H, dd, J = 9.8, 3 Hz, H-8′), and 3.8 (3H, s, 3′OCH3) because of loss of symmetry. This compound was named dehydrocaffeicferulic acid dilactone (20).
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FIGURE 7. Proposed chemoenzymatic pathway for the formation of compounds 1, 3, 6, 7, 9, 17, 20, and 23 by 8-8′ phenoxy radical coupling.


Surprisingly, in each reaction, dilactones were accompanied by a more polar and less intense peak: 5′ for the caffeic acid reaction (Figure 2), 9′ for the ferulic acid reaction (Supplementary Figure 1), and 20′ for the caffeic acid and ferulic acid reaction (Supplementary Figure 2). After isolation and analysis by UHPLC-MS and NMR, these compounds were found to be the same as the dilactones 5, 9, and 20, respectively (Figure 4). The caffeic acid biotransformation reaction was repeated to isolate compounds 5 and 5′, which were carefully dried without heating under nitrogen flow. Both compounds were analyzed directly after drying, and it was found that 5′ had already been re-transformed into 5. Because of this rapid transformation, the initial identity of compounds 5′, 9′, and 20′ could not be defined.

Furthermore, a degradation process also occurred under our conditions for these dilactones. For example, we observed that one of the lactone rings can open to give off almost quantitatively phellinsin A (23) in the case of dehydrodicaffeic acid dilactone (5) (Figure 4 and Supplementary Figure 4). The same behavior seems to occur with the dehydrodiferulic acid dilactone (9) since we were able to isolate the 8-8-γ-lactone-diferulic acid (7). The mixed dilactone 20 also appeared to undergo the same ring opening, but the compound formed was not obtained pure enough to be characterized. Indeed, unlike the decarboxylation products 19 and 24, the compounds generated by the ring opening underwent further degradation and gave off complex mixtures (Figure 4). These observations are confirmed by stability studies conducted on phellinsin A by Nemadziva et al. (2018) who showed that this type of compound is unstable when the temperature increases or at a pH higher than 7.5, and that it is sensitive to light.

The 7,8-cis isomer of compound 7 was also isolated as 8 and had never been described. On the ROESY spectrum, both 7 and 8 showed correlations between H-8 and H-2′/H-6′, indicating an E configuration of the double bond. For 7 the coupling constant between H-7 and H-8 was 2.9 Hz and an ROE correlation was observed between H-8 and H-2, confirming the trans configuration of H-7 and H-8 protons, whereas 8 cis configuration was indicated by the ROE correlation between H-7 and H-8 and a 3JH7–H8 value of 7.6 Hz.

Concerning the 9 trimers formed, 3 were already described. Compounds 11 and 15 were isolated by Ward et al. (2001) from ferulic acid polymerization by lignin peroxidase. The first one is (2E,2′E)-3,3′-[[2-hydroxy-2-(4-hydroxy-3-methoxyphen yl)ethylidene]bis[oxy(3-methoxy-4,1-phenylene)]]bis-2-propen oic acid (11) formed through two successive 8-O-4′ couplings and H2O addition (Supplementary Figure 3). The second one is rel-(2E)-3-[4-[[(2R,3S)-5-[(1Z)-2-Carboxyethenyl]-2,3-dihyd ro-2-(4-hydroxy-3-methoxyphenyl)-7-methoxy-3-benzofuranyl] oxy]-3-methoxyphenyl]-2-propenoic acid (15) that resulted from 8-5′ coupling followed by 8-O-4′′ coupling from compound 24 (Figure 5). The third one was rel-(2E) -3-[(1R,3aR,4R,9bS)-1,3a,4,9b-Tetrahydro-1,4-bis(4-hydroxy-3 -methoxyphenyl)-6-methoxy-3-oxo-3H-furo[3,4-c][1]benzopyr an-8-yl]-2-propenoic acid (12) already identified by Liu et al. (2005) from the biotransformation of ferulic acid by Momordica charantia peroxidase. It was formed by an 8-5′ coupling of two ferulic acids followed by 8-8′′ coupling with a third ferulic acid (Figure 5). Our reaction between caffeic acid and ferulic acid produced the same type of trimer, but with a caffeic acid group replacing one of the ferulic acid groups. This new derivative (22) showed a molecular ion in ESI(-)-HRMS at m/z 519.1291 [M – H]– in agreement with a trimer structure. The NMR data of 22 showed closed similarities to those of 12 except that two methoxy groups were observed for 22 while three were observed for 12. The ROESY correlations from the aromatic H-2′ to the ethylenic H-8′ and the methoxyl 3′-OCH3, from the aromatic H-2′′ to the oxymethine H-7′′, the methine H-8′′ and the methoxyl 3′′-OCH3 in addition to the HMBC correlation of H-7′′ and H-2′ to C-4′ allowed to positioned the two methoxy groups. Compound 22 was thus defined as rel-(E)-3-((1S,3aS,4S,9bR)-1-(3,4-dihydroxyphenyl)-4-(4-hydroxy-3-methoxyphenyl)-6-methoxy-3-oxo-1,3a,4,9b-tet rahydro-3H-furo[3,4-c]chromen-8-yl)acrylic acid.

Compound 16 is a trimer, as indicated by its ESI(-)-HRMS ion at m/z 537.1401 [M – H]–, (calcd. for C28H25O11, 537.1397, Δ = 0.7 ppm). The 1H and COSY NMR data indicated the presence of two 1,3,4-trisubstituted aromatic cycles at δH 6.35 (1H, dd, J = 8, 2 Hz, H-6), 6.47 (1H, d, J = 2 Hz, H-2), and 6.57 (1H, d, J = 8 Hz, H-5) for the first one and δH 6.64 (1H, d, J = 8 Hz, H-5′′), 6.73 (1H, dd, J = 8, 1.9 Hz, H-6′′), and 6.82 (1H, d, J = 1.9 Hz, H-2′′) for the second one. The presence of two methoxy groups at δH 3.71 (3H, s, 3OCH3) and 3.73 (3H, s, 3′′OCH3) indicated that the trimer resulted from the coupling of two ferulic acids and one caffeic acid. The ROE correlations between 3OCH3 and H-2 and between 3′′OCH3 and H-2′′ positioned these methoxy groups on the two 1,3,4-trisubstituted aromatic cycles. The HMBC correlations from H-2′′ and H-6′′ to the oxymethine H-7′′ at δH 5.14 (1H, d, J = 5.4 Hz), from H-2 and H-6 to the oxymethine H-7 at δH 5.01 (1H, d, J = 9.5 Hz) and the COSY correlations from H-7 to H-8, H-8 to H-8′′, and H-8′′ to H-7′′ allowed to link these two ferulic entities. The HMBC correlation from the aromatic singlet H-5′ at δH 6.97 to H-8 and the second aromatic singlet H-2′ at δH 6.79 to the ethylenic proton H-7′ at δH 7.19 (1H, d, J = 15.5 Hz) positioned the caffeic acid group. Finally, a 7-O-9′′ cyclization made it possible to match the structure to the HRMS data. The NMR spectra recorded in DMSO-d6 showed a broad singlet at δH 5.41, which gives ROE correlation with H-7′ confirming the position of the hydroxy group. The trans–trans relative configuration of γ-butyrolactone was given by the ROE correlation from H-2 and H-6 to H-7 and H-8, from H-5′ to H-8, H-7 and H-8′′, and from H-7′′ to H-8 and H-8′′. The relative configuration in C-7′ was defined thanks to the following ROE correlations from H-7′′ to H-8′′ and H-8 and from H2′′/H-6′′ to H-8 and H-7′ (Supplementary Figure 5). This compound was formed by 8-5′ coupling between ferulic acid and caffeic acid, which give off 19, followed by an 8-8′′ coupling with a second ferulic acid, cyclization between the acid group, and C-7 and H2O addition in C-7′′ (Figure 5). Compound 16 was thus identified as rel-(E)-3-(4,5-dihydroxy-2-((2S,3R,4R)-4-((R)-hydroxy(4-hydroxy-3-methoxyphenyl)methyl)-2-(4-hydroxy-3-methoxyphenyl)-5-oxotetrahydrofuran-3-yl)phenyl)acrylic acid.

The ESI(-)-HRMS of compound 21 displayed a [M – H]– ion at m/z 519.1294 corresponding to a molecular formula of C28H23O10 (calcd. for C28H23O10, 519.1291, Δ = 0.6 ppm) and thus to a trimer. The 1H and edited HSQC confirmed the presence of two trans olefinic protons at δH 6.15 (1H, d, J = 15.4 Hz, H-8′) and 7.62 (1H, d, J = 15.4 Hz, H-7′), as well as three aromatic groups with the same substitution as that of 16, i.e., two 3-methoxy-4-hydroxyphenyl and one caffeic acid substituted in C-6. In addition, the following signals were observed: an oxymethine at δH 5.61 (1H, d, J = 2.6 Hz, H-8) with HMBC correlations to C-5′ and C-6′, a methine at δH 4.38 (1H, t, J = 2.6, 2.1 Hz, H-7) with HMBC correlations to C-1 and C-2, and a downfield olefinic proton at δH 7.65 (1H, d, J = 2.1 Hz, H-7′′) with HMBC correlations to C-2′′ and C-6′′. A 3-methylenedihydrofuranone was identified thanks to the HMBC correlations from H-7, H-8, and H-7′′ to the carbonyl C-9′′ at δC 172.3. The ROE correlations from H-6′′ to H-7 defined the double bond as (E) and those from H-7 to H-5′ and from H-8 to H-2 a trans configuration of H-7 and H-8 protons. This compound should be formed by an 8-6′ coupling between ferulic acid and caffeic acid followed by decarboxylation. Then a 7-8′′ coupling with another ferulic acid followed by cyclization between the acid and C-8 should occur (Supplementary Figure 6). Compound 21 was thus identified as rel-(E)-3-(4,5-dihydroxy-2-((2S,3S)-4-((E)-4-hydroxy-3-meth oxybenzylidene)-3-(4-hydroxy-3-methoxyphenyl)-5-oxotetrahy drofuran-2-yl)phenyl)acrylic acid.

The 1H NMR data of 1, 3, and 17 showed that they share the same aromatic profile: four singlet protons, three protons belonging to a 3,4-dihydroxyphenyl group, and two trans olefinic protons. Compound 1 displayed an ESI(-)-HRMS ion at m/z 507.0943 [M - H]–, (calcd. for C26H19O11, 507.0927, Δ = 3.2 ppm) indicating a trimer. The 1H and edited-HSQC indicated that in addition to the aromatic signals, the following signals were observed: an oxymethine proton at δH 4.89 (1H, t, J = 9.9, 7.9 Hz, H-7) with its OH proton at δH 5.69 (1H, d, J = 7.9 Hz, 7-OH), an oxymethine at δH 4.88 (1H, d, J = 10.2 Hz, H-7′), and two methine protons at δH 3.12 (1H, dd, J = 14.2, 9.9 Hz, H-8), and 2.96 (1H, dd, J = 14.2, 10.2 Hz, H-8′). These protons were linked together scalar coupling from 7-OH to H-7, H-8, H-8′, and H-7′. The 3,4-dihydroxyphenyl group at δH 6.34 (1H, dd, J = 8.1, 2.1 Hz, H-6′), 6.48 (1H, d, J = 2.1 Hz, H-2′), and 6.53 (1H, d, J = 8.1 Hz, H-5′) were linked to H-7′ thanks to the HMBC correlations of H-2′ and H-6′ to C-7′ at δC 81.4 (C-7′). The HMBC correlations of H-7, H-8, and H-7′ to the carbonyl at δC 173.5 (C-9) allowed to form butyrolactone. The correlations from H-2 and H-5 to the same sp2 carbon at δC 125 (C-6), 132.2 (C-1), 145 (C-4), and 145.1 (C-3) showed that they belonged to the same aromatic group and the correlation from H-2 to C-7 at δC 65.9 (C-7) linked this 3,4-dihydroxyphenyl group substituted in C-6 to C-7. The correlations from both H-2′′ at δH 6.3 (1H, s, H-2′′) and H-5′′δH 6.39 (1H, s, H-5′′) to the hydroxy sp2 carbon C-4′′ at δC 146.3 and the quaternary carbon C-6′′ at δC 47.7 positioned H-2′′ and H-5′′ on the same ring but also indicated a 2-hydroxycyclohexa-2,5-dien-1-one ring, as confirmed by the correlation of H-5′′ to the carbonyl C-3′′ at δC 181.1. The trans olefinic protons were linked to C-1′′ because of the HMBC correlation of H-8′′ at δH 5.55 (1H, d, J = 16 Hz, H-8′′) with C-1′′ at δC 156.9. Finally, the correlation between H-5 and C-6′′ allowed to establish the structure of 1 (Figure 4). The relative configuration was not easy to establish because of a strong TOCSY effect between H-8 and H-8′ in the ROESY experiment as indicated by the peak with the same phase as the diagonal between these two protons. These protons became thus a good relay via TOCSY and can give false ROEs. However, the ROEs from H-5′′ to H-7′ and H-8, from H-2′′ to H-5, from H-7 to H-8′′, and H-8′ and from H-2′/H-6′ to H-8′ were considered as key to defining the relative configuration of this compound (Figure 8). Compound 1 was named spiro caffeic acid trimer.
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FIGURE 8. 1H-1H Rotating frame Overhauser Effect SpectroscopY (ROESY) correlations observed for compound 1.


The ESI(-)-HRMS of 3 displayed a [M – H]– ion at m/z 489.0839 corresponding to a molecular formula of C26H17O10, (calcd. for C26H17O10 489.0822, Δ = 3.4 ppm), which indicated that the compound obtained was the result of decarboxylation and e fusion of three units of caffeic acid. The NMR data of 3 showed close similarities to those of compound 1, except that the oxymethine proton H-7 with its OH proton and the methine proton H-8 of compound 1 was not present in 3. On the contrary, an additional olefinic proton was detected in 3 at δH 7.53 (1H, d, J = 3.3 Hz, H-7). The HMBC correlations of this proton to C-8′ at δC 48.6, C-2 at δC 118.1, C-6 at δC 127.1, and C9 at δC 167.5 allowed to position this proton and to elucidate 3 as the new biotransformed form of caffeic acid described in Figure 4. The ROE correlations from H-7′ to H-5′′ and from H-8′ to H-7′′, H-2′ and H-6′ provided indications on the relative configuration of compound 3 (Supplementary Figure 7). Compound 3 was named 7-hydroxyspirocaffeic acid trimer.

The NMR data of 17 showed close similarities to those of 3, except that a methoxy group at δH 3.65 (3H, s, 3′OCH3) was observed in 17. The methoxy was positioned in C-3′ thanks to its ROE correlation with H-2′ at δH 6.9 (1H, d, J = 2 Hz, H-2′). All the NMR and HRMS data agree with the structure depicted in Figure 4. Compound 17 was named 2′-O-methylspirocaffeic acid trimer.

The ESI(-)-HRMS of compounds 13 and 14 displayed [M – H]– ions at m/z 681.2004 and 681.2005, respectively, corresponding to a molecular formula of C38H33O12 and thus to tetramers. The NMR data of these compounds showed protons corresponding to a 3-methoxy,4-hydoxypenyl group, two meta-coupled aromatic protons, two trans olefinic protons, and an oxymethine and methine protons. These data were thus closed to those of 8-5′-benzofuran diferulic acid (10), except that only one carbonyl was observed at δC 171 for 13 and 171.3 for 14. This carbonyl was assigned to the acid linked to the trans olefinic carbons and thus no acid was detected in C-8. This information, combined with the HRMS, data led to the conclusion that 13 and 14 are symmetric dimers. The 3J coupling constant between H-7 and H-8 was 5.6 Hz for 13 and 3.4 Hz for 14, but both compounds showed ROE correlations from H-8 to H2/H-6, suggesting a trans configuration between H-7 and H-8 in both molecules. The difference should thus be the configuration between H-8a and H-8b (Figure 4). The meso form was assigned to 13 and the threo to 14 by comparison with the bisbenzofuran obtained by Chong et al. (2017) from anodic oxidation of 3,4-dimethoxy-2′hydroxystilbene. Their meso-bisbenzofuran was characterized by a 3JH–7–H–8 value of 6.9 Hz (3.4 Hz for the threo form) and more deshielded aromatic H-2, H-3, and H-6 protons. Compounds 13 and 14 were named meso-8-5′-benzofuran tetra-ferulic acid and threo-8-5′-benzofuran tetra-ferulic acid, respectively.

Overall, the three biotransformation reactions afforded a total of 24 compounds. All of these compounds are most likely produced by an oxidative coupling reaction produced by the laccase present in the Botrytis cinerea secretome (Pezet, 1998). In the case of caffeic and ferulic acid, the phenoxy radicals produced could form different types of coupling through delocalization of the radical. From the 8-5′ coupling (Figure 5), five dimers (4, 10, 18, 19, and 24), four trimers (15, 16, 12, and 22), and two tetramers (13 and 14) were formed. Among these compounds, the scaffold of one trimer (16), as well as that of the tetramers, is new. From the 8-8′ coupling (Figure 7), six dimers (5, 7–9, 20, and 23) and three tetramers (1, 3, and 17) were produced including a completely new scaffold with a spiro carbon. From the 8-O-4′ coupling (Supplementary Figure 3), a dimer (6) and a trimer (11) already described were isolated. Finally, a new trimer (21), which should be formed by 8-6′ coupling (Supplementary Figure 6) followed by decarboxylation, then a 7-8′′ coupling with another unit followed by cyclization gave off a new scaffold.



Biological Screening of the Generated Compounds on Wnt Inhibition

The biotransformation products were analyzed for their activity against the Wnt pathway (Table 1). To this end, we have employed a BT-20 triple-negative breast cancer cell line stably transfected by an 8× TopFlash reporter and stimulated by a purified Wnt3a ligand (Koval et al., 2014; Shaw et al., 2019a). The cells were additionally transfected by a CMV-driven Renilla luciferase construct, which is expressed constitutively and allows us to distinguish specific inhibition of the pathway from the reduction of the signal caused by acute cytotoxic or unspecific (e.g., inhibition of transcription/translation) activity. Interestingly, we have found that biotransformation resulted in the generation of several low-potency Wnt inhibition-specific scaffolds (compounds 3, 6, 21, 14, 23, and 24) and that the original compounds possessed no specific activity.


TABLE 1. Inhibition of the Wnt pathway with the biotransformation products.
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None of these compounds have ever been reported to possess a Wnt inhibitory activity before. Surprisingly, we did not observe any long-term inhibition of TNBC cell proliferation in a 3-day MTT assay by the Wnt-inhibiting compounds. On the other hand, the majority of the compounds (except 17) that showed toxicity in the Renilla assay (24 h) demonstrated comparatively less potency in inhibition of cell proliferation over 3 days. Combined with a similar trend for compounds inhibiting Wnt signaling, this suggests that these derivatives are sufficiently stable under culture conditions for only 24 h and that the cells recover quickly from the initial impact.




EXPERIMENTAL SECTION


General Experimental Procedures

The UV and ECD spectra were recorded on a JASCO J-815 spectrometer (Loveland, CO, United States) in MeOH or MeCN using a 1-cm cell. Scan speed was set at 200 nm/min in continuous mode between 600 and 190 nm. NMR spectroscopic data were recorded on a Bruker Avance Neo 600 MHz NMR spectrometer equipped with a QCI 5-mm cryoprobe and a SampleJet automated sample changer (Bruker BioSpin, Rheinstetten, Germany). One-dimensional (1D) and 2D NMR experiments (1H, COSY, ROESY, HSQC, and HMBC) were recorded in DMSO-d6 or CD3OD. Chemical shifts were reported in parts per million (δ) and coupling constants (J) in Hz. The residual DMSO-d6 signal (δH 2.5; δC 39.5) and CD3OD signal (δH 3.31; δC 49) were used as internal standards for 1H and 13C NMR, respectively. Trans-caffeic acid (reference C0625-25 g, >98% purity) was purchased from Sigma-Aldrich (Steinheim, Germany), and trans-ferulic acid (reference 9936, 99% purity) was purchased from Roth (Karlsruhe, Germany).



Secretome Isolation From Botrytis cinerea Culture

Botrytis cinerea Pers.:Fr., isolate K16, was obtained from naturally sporulated grape berries from Changins Agroscope experimental vineyards in 2015. The strain was purified, determined phenotypically as well as molecular tools (sequencing of ITS regions), and maintained by regular transplanting. The fungus was grown in an oatmeal agar medium (Difco), and conidia were sampled by vacuum aspiration and stored dry at −80°C until use. B. cinerea was cultivated in a 1.5-L liquid medium (in 5 L bottles) at 22°C under alternating light and dark (12 h/12 h). The medium was filtrated through a double layer of folded filter paper (diameter 500 mm; Prat Dumas, Couze-St-Front, France). The filtrate was brought to 80% saturation [(NH4)2SO4, 24 h at 4°C] and centrifuged (4,200 g, 4°C, 2 h). The supernatant was discarded, and the resulting pellet was solubilized in nanopure water (4.21 μS cm–1; Evoqua Water Technologies, Pittsburgh, PA, United States) (the protein crude extract) and submitted to dialysis (spectra/por 1 dialysis membrane, 6–8 kDa, diameter 14.6 mm) against nanopure water overnight at 4°C. The resulting protein extract was concentrated against polyethylene glycol beads (PEG 20,000) in the dialyzed tube. Protein content was determined by the method of Bradford, using a Bio-Rad protein assay kit with BSA as a standard. The volume of the extract was adjusted to obtain a final protein concentration of 2 μg/μl. The resulting extract (considered as secretome) was aliquoted to 1 ml and stored at −20°C until use.



Analytical Scale Biotransformation Reactions

The biotransformation reactions of caffeic acid, ferulic acid, and the mixture of both were performed on an analytical scale in 2-ml Eppendorf tubes. The total volume of the reactions was 1 ml, with a total substrate concentration of 1 mg/ml (0.5 mg/ml of each compound for the mixture) and an acetone volume of 10% (100 μl). The secretome was always added last, and its amount varied from 1 to 10% (10–100 μl). Water volume was adapted accordingly to fit the total volume (890–800 μl). Once prepared, the mixtures were incubated at room temperature in the dark under constant gentle agitation. Aliquots were collected after 15 min and 5 h and dried under vacuum in a centrifugal evaporator. The reactions were stopped after 24 h by removing the solvent under vacuum in a centrifugal evaporator. A total of 1 ml of MeOH was then added to the dry deposit. The sample was centrifugated, and the supernatants were analyzed by UHPLC-PDA-ELSD-MS.



UHPLC-PDA-ELSD-MS Analysis

The crude reaction mixtures were analyzed on an ultra-high-performance liquid chromatography system equipped with a photodiode array, an evaporative light-scattering detector, and a single quadrupole detector by heated electrospray ionization (UHPLC-PDA-ELSD-MS) (Waters, Milford, MA, United States). ESI parameters were the following: capillary voltage 800 V, cone voltage 15 V, source temperature 120°C, and probe temperature 600°C. The acquisition was performed in negative ionization (NI) mode with an m/z range of 150–1,000 Da. Chromatographic separation was performed on an Acquity UPLC BEH C18 column (50 mm × 2.1 mm i.d., 1.7 μm; Waters, Milford, MA, United States) at 6 ml/min, 40°C with H2O (A) and MeCN (B), both containing.1% formic acid, as solvents. The gradient was carried out as follows: 5–100% B in 7 min, 1 min at 100% B, and a re-equilibration step at 5% B for 2 min. The ELSD temperature was fixed at 45°C, with a gain of 9. The PDA data were acquired from 190 to 500 nm, with a resolution of 1.2 nm. The sampling rate was set at 20 points/s. Data were processed with the MassLynx software (Waters, Milford, MA, United States).



UHPLC-PDA-CAD-HRMS Analysis

The pure compounds were analyzed on a Waters Acquity UHPLC system equipped with a Q-Exactive Focus mass spectrometer (Thermo Fisher Scientific, Bremen, Germany), using a heated electrospray ionization source (HESI-II). Chromatographic separation was carried out on an Acquity UPLC BEH C18 column (50 mm × 2.1 mm i.d., 1.7 μm; Waters) at 6 ml/min, 40°C with H2O (A) and MeCN (B), both containing 1% formic acid, as solvents. The gradient was carried out as follows: 5–100% B in 7 min, 1 min at 100% B, and a re-equilibration step at 5% B in 2 min. The ionization parameters were the same as those used in Rutz et al. (2019).



Large Scale Biotransformation Reactions

The biotransformation reactions were performed on a large scale by keeping the most efficient parameters tested on the analytical scale. The biotransformation reaction of caffeic acid was performed in a 100-ml Schott bottle with 100 mg of starting material and a total volume of 100 ml (1 mg/ml substrate concentration) for 24 h. The percentage of acetone was kept at 10% (10 ml), the amount of secretome was 1% (1 ml), and the water volume was 89 ml. The biotransformation reaction of ferulic acid was performed in a 100-mL Schott bottle with 100 mg of starting material and a total volume of 100 ml (1 mg/ml substrate concentration) for 24 h. The percentage of acetone was kept at 10% (10 ml), the amount of secretome was 1% (1 ml), and the water volume was 89 ml. The biotransformation reaction of caffeic acid/ferulic acid mixture was performed in a 100-ml Schott bottle with 100 mg of starting material (50 mg of caffeic acid and 50 mg of ferulic acid) and a total volume of 100 ml (1 mg/ml substrate concentration) for 24 h. The percentage of acetone was kept at 10% (10 ml), the amount of secretome was 1% (1 ml), and the water volume was 89 ml. The reaction mixtures were incubated at room temperature in the dark under constant gentle magnetic stirring. After evaporation of the solvent with a rotatory evaporator, the dry deposit was resuspended in MeOH and filtered through.45-μm filters (13-mm syringe filter, PVDF; BGB Analytik, Böckten, Switzerland). These crude reaction mixtures were analyzed by UHPLC-PDA-ELSD-MS for comparison with analytical scale reactions before moving to gradient optimization and semi-preparative HPLC fractionation.



Purification of the Crude Reaction Mixtures by Semi-Preparative HPLC-UV

The separation conditions of the three crude reaction mixtures were optimized on the UHPLC-PDA-ELSD-MS system with an Acquity UPLC BEH C18 column (100 mm × 2.1 mm i.d., 1.7 μm; Waters, Milford, MA, United States) at 4 ml/min, 40°C with H2O (A) and MeOH (B), both containing 1% formic acid, as solvents. The optimized gradient conditions for each reaction were geometrically transferred by gradient transfer to the analytical and semi-preparative HPLC scale (Supplementary Table 1, for each chromatographic condition). The geometrically transferred gradients were first tested on an HP 1260 Agilent High-Performance liquid chromatography device equipped with a photodiode array detector (HPLC-PDA) (Agilent Technologies, Santa Clara, CA, United States). Chromatographic separation was performed on an XBridge C18 column (250 mm × 4.6 mm i.d., 5 μm; Waters, Milford, MA, United States) equipped with a C18 pre-column at 1 ml/min, with H2O (A) and MeOH (B), both containing 1% formic acid, as solvents. UV absorbance was measured at 210 and 254 nm, and UV-PDA spectra were recorded between 190 and 600 nm (step 2 nm). The geometrically transferred gradients were used on the semi-preparative scale in a Shimadzu system equipped with an LC-20 A module pump, an SPD-20 A UV/VIS, a 7725I Rheodyne® valve, and an FRC-40 fraction collector (Shimadzu, Kyoto, Japan). Separation was performed on a Waters XBridge C18 column (250 mm × 19 mm i.d., 5 μm) equipped with a Waters C18 pre-column cartridge holder (10 mm × 19 mm i.d., 5 μm) at 17 ml/min, with H2O (A) and MeOH (B), both containing 1% formic acid, as solvents. UV detection was set at 210 and 254 nm. The mixtures were injected on the semi-preparative HPLC column using a dry load methodology developed in our laboratory (Queiroz et al., 2019).



Fractionation of the Caffeic Acid Biotransformation Reaction Crude Mixture

Two semi-preparative HPLC injections of about 40 mg each yielded 50 fractions each. The fractions were analyzed by UHPLC-PDA-ELSD-MS and mixed together according to their composition. Six compounds were obtained pure: 1 (0.6 mg, tR 14 min), 2 (0.7 mg, tR 15.9 min), 3 (3 mg, tR 27.2 min), 4 (2.7 mg, tR 33.4 min), 5 (12.2 mg, tR 34.2 min), and 6 (2.1 mg, tR 42.7 min).



Fractionation of the Ferulic Acid Biotransformation Reaction Crude Mixture

Two semi-preparative HPLC injections of about 40 mg each yielded 45 fractions each. The fractions were analyzed by UHPLC-PDA-ELSD-MS and mixed together according to their composition. Nine compounds were obtained pure: 7 (1.6 mg, tR 15.5 min), 8 (0.2 mg, tR 19.3 min), 9 (5.7 mg, tR 20.6 min), 10 (2 mg, tR 22.8 min), 11 (0.9 mg, tR 27.2 min), 12 (3.1 mg, tR 28.4 min), 13 (0.7 mg, tR 34.3 min), 14 (0.6 mg, tR 39.4 min), and 15 (1.5 mg, tR 41.3 min).



Fractionation of the Caffeic Acid/Ferulic Acid Biotransformation Reaction Crude Mixture

Two semi-preparative HPLC injections of about 45 mg each yielded 55 fractions each. The fractions were analyzed by UHPLC-PDA-ELSD-MS and mixed according to their composition. Six compounds were obtained pure: 16 (0.7 mg, tR 15.8 min), 17 (0.1 mg, tR 20.5 min), 19 (1 mg, tR 28 min), 20 (10.9 mg, tR 29.5 min), 21 (0.6 mg, tR 35.1 min), and 22 (0.8 mg, tR 42.7 min). Two compounds were isolated first as 5 (3.6 mg, tR 22.2 min) and as 10 (1.2 mg, tR 40.7 min), but ring opening occurred during the NMR analysis of 5 that led to compound 23, and decarboxylation occurred during the NMR analysis of 10 that led to compound 24.



Description of the Isolated Compounds

Spiro caffeic acid trimer (1). UV (MeOH) λmax (log ε) 237 (sh) (4.05), 287 (3.91), 330 (3.59) nm. 1H NMR (DMSO-d6, 600 MHz) δ 2.96 (1H, dd, J = 14.2, 10.2 Hz, H-8′), 3.12 (1H, dd, J = 14.2, 9.9 Hz, H-8), 4.88 (1H, d, J = 10.2 Hz, H-7′), 4.89 (1H, t, J = 9.9, 7.9 Hz, H-7), 5.55 (1H, d, J = 16 Hz, H-8′′), 5.69 (1H, d, J = 7.9 Hz, 7OH), 5.97 (1H, s, H-5), 6.3 (1H, s, H-2′′), 6.34 (1H, dd, J = 8.1, 2.1 Hz, H-6′), 6.39 (1H, s, H-5′′), 6.44 (1H, d, J = 16 Hz, H-7′′), 6.48 (1H, d, J = 2.1 Hz, H-2′), 6.53 (1H, d, J = 8.1 Hz, H-5′), 7.03 (1H, s, H-2), 8.9 (1H, s, 4OH), 9.03 (1H, s, 4′′OH), 9.06 (1H, s, 4′OH), 9.07 (1H, s, 3OH); 13C NMR (DMSO-d6, 151 MHz) δ 44.6 (C-8), 47.7 (C-6′′), 49.6 (C-8′), 65.9 (C-7), 81.4 (C-7′), 112.2 (C-5), 114.5 (C-5′), 114.8 (C-2, C-2′, C-7′′), 118.7 (C-6′), 120.3 (C-5′′), 125 (C-6), 126.3 (C-1′), 127.8 (C-2′′), 132.2 (C-1), 144.7 (C-3′), 145 (C-4), 145.1 (C-3), 145.9 (C-4′), 146.3 (C-4′′), 156.9 (C-1′′), 173.5 (C-9), 181.1 (C-3′′). ESI(-)-HRMS m/z 507.0943 [M – H]–, (calcd. for C26H19O11, 507.0927, Δ = 3.2 ppm). MS/MS spectrum: CCMSLIB00006718008.

3,4-Dihydroxybenzaldehyde (2) (Kang et al., 2004). 1H NMR (DMSO-d6, 600 MHz) δ 6.9 (1H, d, J = 8.1 Hz, H-5), 7.23 (1H, d, J = 2 Hz, H-2), 7.27 (1H, dd, J = 8.1, 2 Hz, H-2, H-6), 9.7 (1H, s, H-7); 13C NMR (DMSO-d6, 151 MHz) δ 113.9 (C-2), 115.2 (C-5), 124.1 (C-6), 128.4 (C-1), 145.5 (C-3), 151.8 (C-4), 190.6 (C-7). ESI(-)-HRMS m/z 137.0245 [M – H]–, (calcd. for C7H5O3, 137.0239, Δ = 4.3 ppm).

7-Hydroxyspirocaffeic acid trimer (3). UV (MeOH) λmax (log ε) 264 (4.13), 318 (3.83), 350 (3.74) nm. 1H NMR (DMSO-d6, 600 MHz) δ 3.73 (1H, dd, J = 8.5, 3.3 Hz, H-8′), 4.89 (1H, d, J = 8.5 Hz, H-7′), 5.74 (1H, d, J = 15.9 Hz, H-8′′), 6.03 (1H, s, H-5′′), 6.22 (1H, s, H-5), 6.43 (1H, dd, J = 8.1, 2.2 Hz, H-6′), 6.54 (1H, d, J = 2.2 Hz, H-2′), 6.6 (1H, d, J = 8.1 Hz, H-5′), 6.73 (1H, s, H-2′′), 6.87 (1H, d, J = 15.9 Hz, H-7′′), 7.02 (1H, s, H-2), 7.53 (1H, d, J = 3.3 Hz, H-7); 13C NMR (DMSO-d6, 151 MHz) δ 48.6 (C-8′), 48.9 (C-6′′), 81.5 (C-7′), 113.1 (C-5), 114.7 (C-2′), 115 (C-5′), 118.1 (C-5′′), 118.1 (C-2), 118.6 (C-6′), 123 (C-8), 123.7 (C-1), 126.8 (C-8′′), 127.1 (C-6), 128 (C-1′), 130.8 (C-2′′), 131.8 (C-7), 138.2 (C-7′′), 145 (C-3′), 145.3 (C-3), 146 (C-4′), 147.5 (C-4′′), 148.8 (C-4), 155.2 (C-1′′), 166.3 (C-9′′), 167.5 (C-9), 181 (C-3′′). ESI(-)-HRMS m/z 489.0839 [M – H]–, (calcd for C26H17O10, 489.0822, Δ = 3.4 ppm). MS/MS spectrum: CCMSLIB00006717996.

8-5′-Benzofuran-dicaffeic acid (4) (Tazaki et al., 2001; Arrieta-Baez and Stark, 2006). 1H NMR (DMSO-d6, 600 MHz) δ 4.18 (1H, d, J = 7.1 Hz, H-8), 5.84 (1H, d, J = 7.1 Hz, H-7), 6.2 (1H, d, J = 15.9 Hz, H-8′), 6.65 (1H, dd, J = 8.1, 2.1 Hz, H-6), 6.71 (1H, d, J = 8.1 Hz, H-5), 6.74 (1H, d, J = 2.1 Hz, H-2), 7 (1H, d, J = 1.7 Hz, H-2′), 7.1 (1H, d, J = 1.7 Hz, H-6′), 7.45 (1H, d, J = 15.9 Hz, H-7′); 13C NMR (DMSO-d6, 151 MHz) δ 55.6 (C-8), 87 (C-7), 113.2 (C-2), 115.5 (C-5), 115.8 (C-8′), 115.9 (C2′), 116.2 (C-6′), 117.2 (C-6), 127.6 (-1′), 131.2 (C-1), 144.3 (C-7′), 145.3 (C3), 145.5 (C-4), 148.7 (C-4′), 167.7 (C-9′), 171.7 (C-9). ESI(-)-HRMS m/z 357.0611 [M – H]–, (calcd for C18H13O8, 357.061, Δ = 0.3 ppm). MS/MS spectrum: CCMSLIB00006718010.

Dehydrodicaffeic acid dilactone (5) (Kumada et al., 1976). 1H NMR (DMSO-d6, 600 MHz) δ 4.03 (2H, d, J = 1.5 Hz, H-8, H-8′), 5.66 (2H, d, J = 1.8 Hz, H-7, H-7′), 6.72 (2H, dd, J = 8.2, 2.2 Hz, H-6, H-6′), 6.76 (2H, d, J = 8.2 Hz, H-5, H-5′), 6.8 (2H, d, J = 2.2 Hz, H-2, H-2′), 9.09 (2H, s, OH), 9.2 (2H, s, OH); 13C NMR (DMSO-d6, 151 MHz) δ 48.3 (C-8, C-8′), 81.9 (C-7, C-7′), 113.7 (C-2, C-2′), 115.7 (C-5, C-5′), 117.4 (C-6, C-6′), 129.1 (C-1, C-1′), 145.5 (C-3, C-3′), 146.1 (C-4, C-4′), 175.3 (C-9, C-9′). ESI(-)-HRMS m/z 357.0621 [M – H]–, (calcd for C18H13O8, 357.061, Δ = 3.1 ppm). MS/MS spectrum: CCMSLIB00006718000.

rel-(2E)-3-[(2S)-2-[(R)-(3,4-Dihydroxyphenyl)hydroxymeth yl]-1,3-benzodioxol-5-yl]-2-propenoic acid (6) (Wan et al., 2008). UV (MeOH) λmax (log ε) 234 (sh) (4), 287 (3.87), 326 (3.86) nm. 1H NMR (DMSO-d6, 600 MHz) δ 4.64 (1H, t, J = 5, 3.6 Hz, H-7), 5.79 (1H, d, J = 5 Hz, 7OH), 6.26 (1H, d, J = 3.6 Hz, H-8), 6.35 (1H, d, J = 15.9 Hz, H-8′), 6.68 (2H, s, H-5, H-6), 6.83 (1H, d, J = 8 Hz, H-5′), 6.85 (1H, d, J = 1.4 Hz, H-2), 7.08 (1H, dd, J = 8, 1.7 Hz, H-6′), 7.25 (1H, d, J = 1.7 Hz, H-2′), 7.47 (1H, d, J = 15.9 Hz, H-7′); 13C NMR (DMSO-d6, 151 MHz) δ 72.3 (C-7), 105.8 (C-2′), 107.6 (C-5′), 112.8 (C-8), 114.7 (C-2), 115 (C-5), 116.6 (C-8′), 118.2 (C-6), 124.2 (C-6′), 128.1 (C-1′), 129.8 (C-1), 143.9 (C-7′), 144.8 (C-4), 148.5 (C-3′), 149.6 (C-4′), 167.8 (C-9′). ESI(-)-HRMS m/z 329.0671 [M – H]–, (calcd for C17H13O7, 329.0661, Δ = 3 ppm). MS/MS spectrum: CCMSLIB00006717997.

7,8-trans-8-8-γ-Lactone-diferulic acid (7) (Kim et al., 2005). 1H NMR (CD3OD, 600 MHz) δ 3.82 (3H, s, 3OCH3), 3.88 (3H, s, 3′OCH3), 4.16 (1H, t, J = 2.9, 2.3 Hz, H-8), 5.71 (1H, d, J = 2.9 Hz, H-7), 6.77 (1H, dd, J = 8.1, 2 Hz, H-6), 6.8 (1H, d, J = 8.1 Hz, H-5), 6.85 (1H, d, J = 8.2 Hz, H-5′), 6.89 (1H, d, J = 2 Hz, H-2), 7.14 (1H, dd, J = 8.2, 2.1 Hz, H-6′), 7.29 (1H, d, J = 2.1 Hz, H-2′), 7.65 (1H, d, J = 2.3 Hz, H-7′); 13C NMR (CD3OD, 151 MHz) δ 55.3 (C-8), 56.4 (3O CH3), 56.5 (3′O CH3), 83 (C-7), 110.2 (C-2), 114 (C-2′), 116.5 (C-5), 116.6 (C-5′), 119.3 (C-6), 120.6 (C-8′), 126.8 (1′), 127.2 (C-6′), 132.6 (C-1), 141.8 (C-7′), 148.3 (C-4), 149.3 (C-3), 149.4 (C-3′), 150.9 (C-4′), 174.1 (C-9). ESI(-)-HRMS m/z 385.0932 [M – H]–, (calcd for C20H17O8, 385.0923, Δ = 2.3 ppm). MS/MS spectrum: CCMSLIB00006718011.

7,8-cis-8-8-γ-Lactone-diferulic acid (8).1H NMR (CD3OD, 600 MHz) δ 3.87 (3H, s, 3OCH3), 3.89 (3H, s, 3′OCH3), 4.51 (1H, d, J = 7.6 Hz, H-8), 5.72 (1H, d, J = 7.6 Hz, H-7), 6.79 (1H, d, J = 8.1 Hz, H-5), 6.86 (1H, d, J = 8.2 Hz, H-5′), 6.91 (1H, dd, J = 8.1, 2 Hz, H-6), 7.06 (1H, d, J = 2 Hz, H-2), 7.12 (1H, dd, J = 8.2, 2 Hz, H-6′), 7.25 (1H, d, J = 2 Hz, H-2′), 7.57 (1H, d, J = 1.8 Hz, H-7′); 13C NMR (CD3OD, 151 MHz) δ 54.2 (C-8), 55.9 (3OCH3), 56.3 (3′OCH3), 81.6 (C-7), 110.8 (C-2), 113.4 (C-2′), 115.5 (C-5), 116.2 (C-5′), 120.3 (C-6), 123.0 (C-8′), 126.8 (C-6′), 127.1 (C-1′), 128.1 (C-1), 139.6 (C-7′), 147.7 (C-4), 148.5 (C-3), 149 (C-3′), 150.4 (C-4′), 173.3 (C-9), 174.2 (C-9′). ESI(-)-HRMS m/z 385.0932 [M – H]–, (calcd for C20H17O8, 385.0923, Δ = 2.3 ppm). MS/MS spectrum: CCMSLIB00006718012.

Dehydrodiferulic acid dilactone (9) (Ou et al., 2003; Hirata et al., 2005).1H NMR (DMSO-d6, 600 MHz) δ 3.8 (6H, s, 3′OCH3, 3OCH3), 4.2 (2H, t, J = 1.4 Hz, H-8, H-8′), 5.73 (2H, d, J = 1.5 Hz, H-7, H-7′), 6.8 (2H, d, J = 8.1 Hz, H-5, H-5′), 6.87 (2H, dd, J = 8.1, 2.1 Hz, H-6, H-6′), 7 (2H, d, J = 2.1 Hz, H-2, H-2′), 9.26 (2H, s, 4′OH, 4OH); 13C NMR (DMSO-d6, 151 MHz) δ 48.1 (C-8, C-8′), 55.8 (3′OCH3, 3OCH3), 82.1 (C-7, C-7′), 110.6 (C-2, C-2′), 115.4 (C-5, C-5′), 119.2 (C-6, C-6′), 129 (C-1, C-1′), 147.4 (C-4, C-4′), 147.9 (C-3, C-3′), 175.4 (C-9, C-9′). ESI(-)-HRMS m/z 385.0933 [M – H]–, (calcd for C20H17O8, 385.0923, Δ = 2.6 ppm). MS/MS spectrum: CCMSLIB00006717999.

8-5′-Benzofuran-diferulic acid (10) (Ralph et al., 1994; Ward et al., 2001). 1H NMR (CD3OD, 600 MHz) δ 3.83 (3H, s, 3OCH3), 3.91 (3H, s, 3′OCH3), 4.31 (1H, d, J = 7.6 Hz, H-8), 6.02 (1H, d, J = 7.6 Hz, H-7), 6.36 (1H, d, J = 15.8 Hz, H-8′), 6.8 (1H, d, J = 8.1 Hz, H-5), 6.85 (2H, dd, J = 8.1, 2 Hz, H-6), 6.96 (1H, d, J = 2 Hz, H-2), 7.2 (1H, d, J = 1.5 Hz, H-2′), 7.27 (1H, d, J = 1.5 Hz, H-6′), 7.63 (1H, d, J = 15.8 Hz, H-7′); 13C NMR (CD3OD, 151 MHz) δ 56.4 (3OCH3), 56.8 (3′OCH3), 56.9 (C-8), 89.1 (C-7), 110.6 (C-2), 113.9 (C-2′), 116.3 (C-5), 116.9 (C-8′), 119.2 (C-6′), 119.9 (C-6), 128.2 (C-5′), 130 (C-1′), 132.9 (C-1), 146.1 (C-3′), 146.5 (C-7′), 148.1 (C-4), 149.3 (C-3), 151.4 (C-4′), 170.8 (C-9′), 174.0 (C-9). ESI(-)-HRMS m/z 385.0933 [M – H]–, (calcd for C20H17O8, 385.0923, Δ = 2.6 ppm). MS/MS spectrum: CCMSLIB00006717995.

(2E,2′E)-3,3′-[[2-hydroxy-2-(4-hydroxy-3-methoxyphenyl) ethylidene]bis[oxy(3-methoxy-4,1-phenylene)]]bis-2-Propenoic acid (11) (Ward et al., 2001). UV (MeOH) λmax (log ε) 233 (sh) (4.46), 287 (4.45), 319 (4.36) nm. 1H NMR (CD3OD, 600 MHz) δ 3.68 (3H, s, 3′OCH3), 3.78 (3H, s, 3′′OCH3), 3.84 (3H, s, 3OCH3), 4.95 (1H, d, J = 5.5 Hz, H-7), 6 (1H, d, J = 5.5 Hz, H-8), 6.33 (1H, d, J = 15.9 Hz, H-8′), 6.37 (1H, d, J = 15.9 Hz, H-8′′), 6.74 (1H, d, J = 8.3 Hz, H-5′), 6.77 (1H, d, J = 8.2 Hz, H-5), 6.94 (1H, d, J = 8.3 Hz, H-5′′), 6.96 (2H, m, H-6′, H-6), 7.03 (1H, dd, J = 8.3, 2 Hz, H-6′′), 7.08 (1H, d, J = 2 Hz, H-2′), 7.14 (1H, d, J = 1.9 Hz, H-2), 7.16 (1H, d, J = 2 Hz, H-2′′), 7.52 (1H, d, J = 15.9 Hz, H-7′), 7.55 (1H, d, J = 15.9 Hz, H-7′′); 13C NMR (CD3OD, 151 MHz) δ 56.4 (3OCH3, 3′OCH3), 56.5 (3′′OCH3), 75.8 (C-7), 106.3 (C-8), 112.6 (C-2′′, C-2′), 112.6 (C-2), 115.7 (C-5), 118.5 (C-8′), 118.6 (C-8′′), 120.2 (C-5′), 120.8 (C-5′′), 121.7 (C-6), 122.6 (C-6′), 122.7 (C-6′′), 131.6 (C-1′), 131.8 (C-1′′), 132.2 (C-1), 145.6 (C-7′′, C-7′), 147.4 (C-4), 148.7 (C-3), 149.1 (C-4′), 149.3 (C-4′′), 152.1 (C-3′), 152.3 (C-3′′), 170.8 (C-9′′, C-9′). ESI(-)-HRMS m/z 551.1558 [M – H]–, (calcd for C29H27O11, 551.1558, Δ = 0.9 ppm). MS/MS spectrum: CCMSLIB00006717991.

(2E)-rel-3-[(1R,3aR,4R,9bS)-1,3a,4,9b-tetrahydro-1,4-bis(4-h ydroxy-3-methoxyphenyl)-6-methoxy-3-oxo-3H-furo[3,4-c][1] benzopyran-8-yl]-2-Propenoic acid (12) (Liu et al., 2005). UV (MeCN) λmax (log ε) 237 (sh) (4.42), 289 (4.26), 324 (4.22) nm. 1H NMR (CD3OD, 600 MHz) δ 3.5 (1H, t, J = 9.2, 7.5 Hz, H-8′′), 3.83 (3H, s, 3′′OCH3), 3.85 (3H, s, 3′OCH3), 3.87 (1H, t, J = 8, 7.5 Hz, H-8), 3.89 (3H, s, 3OCH3), 5.23 (1H, d, J = 9.2 Hz, H-7′′), 5.42 (1H, d, J = 8 Hz, H-7), 6.18 (1H, d, J = 15.9 Hz, H-8′), 6.51 (1H, d, J = 2.2 Hz, H-6′), 6.8 (1H, d, J = 8.2 Hz, H-5′′), 6.9 (1H, dd, J = 8.2, 2.1 Hz, H-6′′), 6.92 (2H, m, H-5, H-6), 7.07 (1H, d, J = 2.1 Hz, H-2′′), 7.09 (1H, s, H-2), 7.11 (1H, d, J = 2.2 Hz, H-2′), 7.4 (1H, d, J = 15.9 Hz, H-7′); 13C NMR (CD3OD, 151 MHz) δ 44.7 (C-8), 46.2 (C-8′′), 75.8 (C-7′′), 88.5 (C-7), 110.6 (C-2′), 111.7 (C-2), 112.3 (C-2′′), 116 (C-5′′), 116.4 (C-5), 118 (C-8′), 121.6 (C-6), 121.6 (C-6′′), 122.2 (C-5′), 123.1 (C-6′), 129.1 (C-1′), 129.9 (C-1), 130.1 (C-1′′), 145.7 (C-7′), 147.5 (C-4′), 148.2 (C-4′′), 148.9 (C-4), 149 (C-3′′), 149.6 (C-3), 150.7 (C-3′), 170.8 (C-9′), 176 (C-9′′). ESI(-)-HRMS m/z 533.1455 [M – H]–, (calcd for C29H25O10, 533.1448, Δ = 1.4 ppm). MS/MS spectrum: CCMSLIB00006717994.

meso-8-5′-Benzofuran tetra-ferulic acid (13). UV (MeOH) λmax (log ε) 234 (sh) (4.53), 290 (4.39), 324 (4.44) nm. 1H NMR (CD3OD, 600 MHz) δ 3.78 (6H, s, 3OCH3), 3.91 (6H, s, 3′OCH3), 4.06 (2H, d, J = 5.6 Hz, H-8), 5.45 (2H, d, J = 5.6 Hz, H-7), 6.2 (2H, d, J = 15.9 Hz, H-8′), 6.68 (2H, d, J = 1.6 Hz, H-6′), 6.78 (2H, dd, J = 8.1, 1.8 Hz, H-6), 6.8 (2H, d, J = 8.1 Hz, H-5), 6.82 (2H, d, J = 1.8 Hz, H-2), 7.2 (2H, d, J = 1.6 Hz, H-2′), 7.54 (2H, d, J = 15.9 Hz, H-7′); 13C NMR (CD3OD, 151 MHz) δ 54.4 (C-8), 56.4 (3OCH3), 56.8 (3′OCH3), 89.5 (C-7), 110.9 (C-2), 114.1 (C-2′), 116.5 (C-5), 117.2 (C-8′), 118.7 (C-6′), 120.3 (C-6), 130.2 (C-1′), 130.4 (C-5′), 133.3 (C-1), 146.1 (C-3′), 146.3 (C-7′), 148.3 (C-4), 149.3 (C-3), 152.3 (C-4′), 171 (C-9′). ESI(-)-HRMS m/z 681.2004 [M – H]–, (calcd for C38H33O12, 681.1972, Δ = 4.7 ppm). MS/MS spectrum: CCMSLIB00006717998.

threo-8-5′-Benzofuran tetra-ferulic acid (14). UV (MeOH) λmax (log ε) 232 (sh) (4.61), 289 (4.48), 323 (4.52) nm. 1H NMR (CD3OD, 600 MHz) δ 3.64 (6H, s, 3OCH3), 3.98 (6H, s, 3′OCH3), 4.07 (2H, d, J = 4 Hz, H-8), 5.44 (2H, d, J = 4 Hz, H-7), 6.23 (2H, d, J = 2 Hz, H-2), 6.33 (2H, d, J = 15.8 Hz, H-8′), 6.42 (2H, dd, J = 8.1, 2 Hz, H-6), 6.63 (2H, d, J = 8.1 Hz, H-5), 7.12 (2H, d, J = 1.5 Hz, H-6′), 7.23 (2H, d, J = 1.5 Hz, H-2′), 7.56 (2H, d, J = 15.8 Hz, H-7′); 13C NMR (CD3OD, 151 MHz) δ 56.2 (C-8), 56.3 (3OCH3), 56.9 (3′OCH3), 88.3 (C-7), 109.6 (C-2), 113.8 (C-2′), 116.1 (C-5), 117.9 (C-8′), 118.5 (C-6), 119.4 (C-6′), 130.2 (C-5′), 130.5 (C-1′), 134.3 (C-1), 145.8 (C-7′), 146.2 (C-3′), 147.5 (C-4), 149 (C-3), 152.3 (C-4′), 171.3 (C-9′). ESI(-)-HRMS m/z 681.2005 [M – H]–, (calcd for C38H33O12, 681.1972, Δ = 4.8 ppm). MS/MS spectrum: CCMSLIB00006717993.

rel-(2E)-3-[4-[[5-(2-Carboxyethenyl)-2,3-dihydro-2-(4-hydr oxy-3-methoxyphenyl)-7-methoxy-3-benzofuranyl]oxy]-3-meth oxyphenyl]-2-propenoic acid (15) (Ward et al., 2001). UV (MeOH) λmax (log ε) 231 (sh) (4.52), 292 (4.48), 322 (4.49) nm. 1H NMR (CD3OD, 600 MHz) δ 3.74 (3H, s, 3OCH3), 3.86 (3H, s, 3′′OCH3), 3.95 (3H, s, 3′OCH3), 5.76 (1H, d, J = 2.7 Hz, H-7), 5.91 (1H, d, J = 2.7 Hz, H-8), 6.34 (1H, d, J = 15.9 Hz, H-8′), 6.43 (1H, d, J = 15.9 Hz, H-8′′), 6.7 (1H, dd, J = 8.1, 2.0 Hz, H-6), 6.75 (1H, d, J = 2 Hz, H-2), 6.76 (1H, d, J = 8.1 Hz, H-5), 7.02 (1H, d, J = 8.2 Hz, H-5′′), 7.16 (1H, dd, J = 8.2, 2 Hz, H-6′′), 7.2 (1H, d, J = 1.9 Hz, H-6′), 7.29 (1H, d, J = 1.9 Hz, H-2′), 7.3 (1H, d, J = 2 Hz, H-2′′), 7.61 (1H, d, J = 15.9 Hz, H-7′), 7.63 (1H, d, J = 15.9 Hz, H-7′′); 13C NMR (CD3OD, 151 MHz) δ 56.4 (3OCH3), 56.5 (3′′OCH3), 56.9 (3′OCH3), 87.9 (C-8), 92 (C-7), 110.4 (C-2), 112.7 (C-2′′), 114.8 (C-2′), 116.5 (C-5), 117.5 (C-8′), 118.6 (C-8′′), 119.6 (C-6), 120.2 (C-5′′), 120.6 (C-6′), 123.0 (C-6′′), 128 (C-5′), 130.3 (C-1′), 131.1 (C-1), 131.6 (C-1′′), 145.7 (C-7′′), 146.1 (C-7′), 146.5 (C-3′), 148.1 (C-4), 149.3 (C-3), 149.6 (C-4′′), 152.6 (C-3′′), 153.2 (C-4′), 170.8 (C-9′′), 170.9 (C-9′). ESI(-)-HRMS m/z 533.1455 [M – H]–, (calcd for C29H25O10, 533.1448, Δ = 1.3 ppm). MS/MS spectrum: CCMSLIB00006717992.

rel-(E)-3-(4,5-Dihydroxy-2-((2S,3R,4R)-4-((R)-hydroxy(4-hy droxy-3-methoxyphenyl)methyl)-2-(4-hydroxy-3-methoxyphen yl)-5-oxotetrahydrofuran-3-yl)phenyl)acrylic acid (16). UV (MeOH) λmax (log ε) 232 (sh) (4.37), 284 (4.15), 328 (3.98) nm. 1H NMR (CD3OD, 600 MHz) δ 3.67 (1H, dd, J = 11.3, 5.4 Hz, H-8′′), 3.71 (3H, s, 3OCH3), 3.73 (3H, s, 3′′OCH3), 3.78 (1H, t, J = 11.3, 9.5 Hz, H-8), 5.01 (1H, d, J = 9.5 Hz, H-7), 5.14 (1H, d, J = 5.4 Hz, H-7′′), 5.71 (1H, dd, J = 10.5, 5.4 Hz, H-8′), 6.35 (1H, dd, J = 8, 2 Hz, H-6), 6.47 (1H, d, J = 2 Hz, H-2), 6.57 (1H, d, J = 8 Hz, H-5), 6.64 (1H, d, J = 8 Hz, H-5′′), 6.73 (1H, dd, J = 8, 1.9 Hz, H-6′′), 6.79 (1H, s, H-2′), 6.82 (1H, d, J = 1.9 Hz, H-2′′), 6.97 (1H, s, H-5′), 7.19 (1H, d, J = 15.5 Hz, H-7′); 13C NMR (CD3OD, 151 MHz) δ 48.3 (C-8), 56.1 (3′′OCH3), 56.4 (3OCH3), 56.4 (C-8′′), 74.3 (C-7′′), 88.9 (C-7), 109.9 (C-2), 111.3 (C-2′′), 113.7 (C-2′), 114.8 (C-5′), 115.6 (C-5), 115.8 (C-5′′), 117.8 (C-8′), 120.7 (C-6′′), 121.2 (C-6), 127.2 (C-1′), 129.3 (C-1), 130.9 (C-6′), 133.3 (C-1′′), 143.2 (C-7′), 145.8 (C-3′), 147.2 (C-4′′), 148.3 (C-4), 148.6 (C-3′′), 149.4 (C-4′), 149.4 (C-3), 170.7 (C-9′), 178.4 (C-9′′). ESI(-)-HRMS m/z 537.1401 [M – H]–, (calcd for C28H25O11, 537.1397, Δ = 0.7 ppm). MS/MS spectrum: CCMSLIB00006718002.

2′-O-Methylspirocaffeic acid trimer (17). UV (MeOH) λmax (log ε) 237 (sh) (4.72), 267 (4.76), 318 (4.48), 356 (4.35) nm. 1H NMR (DMSO-d6, 600 MHz) δ 3.65 (3H, s, 3′OCH3), 3.96 (1H, dd, J = 8.9, 3.3 Hz, H-8′), 4.97 (1H, d, J = 8.9 Hz, H-7′), 5.71 (1H, d, J = 16 Hz, H-8′′), 6.05 (1H, s, H-5′′), 6.21 (1H, s, H-5), 6.53 (1H, dd, J = 8, 2 Hz, H-6′), 6.63 (1H, d, J = 8 Hz, H-5′), 6.71 (1H, s, H-2′′), 6.9 (1H, d, J = 2 Hz, H-2′), 6.93 (1H, d, J = 16 Hz, H-7′′), 7.03 (1H, s, H-2), 7.53 (1H, d, J = 3.3 Hz, H-7), 9.11 (1H, s, 4′OH), 9.17 (1H, s, 4′′OH), 9.36 (1H, s, 3OH), 9.67 (1H, s, 4OH), 12.57 (1H, s, COOH); 13C NMR (DMSO-d6, 151 MHz) δ 55.2 (3′OCH3), 48.8 (C-6′′), 48.5 (C-8′), 81.6 (C-7′), 111.1 (C-2′), 112.9 (C-5), 114.3 (C-5′), 117.8 (C-2), 118.3 (C-5′′), 120.8 (C-6′), 123.6 (C-1), 125.6 (C-8′′), 126.8 (C-6), 127.4 (C-1′), 130.8 (C-2′′), 131 (C-7), 138.8 (C-7′′), 145 (C-3), 147 (C-4′), 147.2 (C-3′, C-4′′), 148.6 (C-4), 154.6 (C-1′′), 165.9 (C-9′′), 167.2 (C-9), 180.7 (C-3′′). ESI(-)-HRMS m/z 503.0981 [M – H]–, (calcd for C27H19O10, 503.0978, Δ = 0.6 ppm). MS/MS spectrum: CCMSLIB00006718001.

5-[(E)-2-carboxyvinyl]-7-hydroxy-2-(4-hydroxy-3-methoxyp henyl)-2,3-dihydro-1-benzofuran-3-carboxylic acid (8-5′-ben zofuran-caffeic-ferulic acid dimer) (18). 1H NMR (DMSO-d6, 600 MHz) δ 3.75 (3H, s, 3O CH3), 4.17 (1H, brs, H-8), 5.92 (1H, d, J = 7.8 Hz, H-7), 6.18 (1H, d, J = 15.9 Hz, H-8′), 6.76 (1H, d, J = 8.1 Hz, H-5), 6.79 (1H, dd, J = 8.1, 2.0 Hz, H-6), 6.96 (1H, d, J = 2 Hz, H-2), 6.97 (1H, d, J = 2.2 Hz, H-2′), 7.11 (1H, d, J = 2.2 Hz, H-6′), 7.44 (1H, d, J = 15.9 Hz, H-7′).

(E)-3-(3,4-dihydroxy-5-((E)-4-hydroxy-3-methoxystyryl)phe nyl)acrylic acid (19). UV (MeOH) λmax (log ε) 240 (sh) (4.1), 294 (4.12), 321 (4.17) nm. 1H NMR (DMSO-d6, 600 MHz) δ 3.83 (3H, s, 3OCH3), 6.25 (1H, d, J = 15.9 Hz, H-8′), 6.77 (1H, d, J = 8.2 Hz, H-5), 6.92 (1H, d, J = 2 Hz, H-2′), 6.96 (1H, dd, J = 8.2, 2 Hz, H-6), 7.12 (1H, d, J = 2 Hz, H-2), 7.19 (2H, s, H-7, H-8), 7.39 (1H, d, J = 2 Hz, H-6′), 7.44 (1H, d, J = 15.9 Hz, H-7′); 13C NMR (DMSO-d6, 151 MHz) δ 55.5 (3OCH3), 109.7 (C-2), 112.4 (C-2′), 115.6 (C-5, C-8′), 118 (C-6′), 119.8 (C-6), 119.9 (C-8), 124.9 (C-1′), 125 (C-5′), 129 (C-7), 129.2 (C-1), 144.6 (C-7′), 145.7 (C-4′), 146.5 (C-4), 147.8 (C-3), 168 (C-9′). ESI(-)-HRMS m/z 327.0872 [M – H]–, (calcd for C18H15O6, 327.0869, Δ = 1.1 ppm). MS/MS spectrum: CCMSLIB00006718006.

Dehydrocaffeicferulic acid dilactone (20). 1H NMR (DMSO-d6, 600 MHz) δ 3.8 (3H, s, 3′OCH3), 4.08 (1H, dd, J = 9.8, 3 Hz, H-8′), 4.15 (1H, dd, J = 9.8, 2.9 Hz, H-8), 5.67 (1H, d, J = 2.9 Hz, H-7), 5.72 (1H, d, J = 3 Hz, H-7′), 6.71 (1H, dd, J = 8.1, 2.2 Hz, H-6), 6.77 (1H, d, J = 8.1 Hz, H-5), 6.79 (1H, d, J = 8.2 Hz, H-5′), 6.81 (1H, d, J = 2.2 Hz, H-2), 6.86 (1H, dd, J = 8.2, 2.1 Hz, H-6′), 6.99 (1H, d, J = 2.2 Hz, H-2′); 13C NMR (DMSO-d6, 151 MHz) δ 48.1 (C-8′), 48.2 (C-8), 55.8 (3′OCH3), 81.9 (C-7), 82.1 (C-7′), 110.6 (C-2′), 113.7 (C-2), 115.4 (C-5′), 115.7 (C-5), 117.3 (C-6), 119.3 (C-6′), 129 (C-1′), 129.1 (C-1), 145.5 (C-3), 146.1 (C-4), 147.4 (C-4′), 147.9 (C-3′), 175.3 (C-9), 175.4 (C-9′). ESI(-)-HRMS m/z 371.0769 [M – H]–, (calcd for C19H15O8, 371.0767, Δ = 0.5 ppm). MS/MS spectrum: CCMSLIB00006718007.

rel-(E)-3-(4,5-dihydroxy-2-((2S,3S)-4-((E)-4-hydroxy-3-met hoxybenzylidene)-3-(4-hydroxy-3-methoxyphenyl)-5-oxotetrah ydrofuran-2-yl)phenyl)acrylic acid (21). UV (MeOH) λmax (log ε) 237 (sh) (4.31), 288 (4.16), 328 (4.12) nm. 1H NMR (DMSO-d6, 600 MHz) δ 3.51 (3H, s, 3′′O CH3), 3.68 (3H, s, 3OCH3), 4.38 (1H, t, J = 2.6, 2.1 Hz, H-7), 5.61 (1H, d, J = 2.6 Hz, H-8), 6.15 (1H, d, J = 15.4 Hz, H-8′), 6.57 (1H, dd, J = 8.1, 2.1 Hz, H-6), 6.64 (1H, s, H-5′), 6.71 (1H, d, J = 8.1 Hz, H-5), 6.71 (1H, d, J = 8.3 Hz, H-5′′), 6.85 (2H, m, H-2, H-2′′), 7.01 (1H, dd, J = 8.3, 2 Hz, H-6′′), 7.11 (1H, s, H-2′), 7.62 (1H, d, J = 15.4 Hz, H-7′), 7.65 (1H, d, J = 2.1 Hz, H-7′′); 13C NMR (DMSO-d6, 151 MHz) δ 51.7 (C-7), 55.2 (3′′OCH3), 55.4 (3OCH3), 82.3 (C-8), 111.5 (C-2), 112 (C-5′), 113.6 (C-2, C-2′′), 115.5 (C-5′′), 116.3 (C-5), 118.1 (C-8′), 118.8 (C-6), 122.9 (C-1′), 124.5 (C-1′′), 126.1 (C-6′′), 131 (C-1), 131.2 (C-6′), 139.2 (C-7′′), 139.9 (C-7′), 145.6 (C-3′), 145.8 (C-4), 147.4 (C-3′′), 147.7 (C-3), 148 (C-4′), 149.2 (C-4′′), 167.4 (C-9′), 172.3 (C-9′′). ESI(-)-HRMS m/z 519.1294 [M – H]–, (calcd for C28H23O10, 519.1291, Δ = 0.6 ppm). MS/MS spectrum: CCMSLIB00006718003.

rel-(E)-3-((1S,3aS,4S,9bR)-1-(3,4-dihydroxyphenyl)-4-(4-hyd roxy-3-methoxyphenyl)-6-methoxy-3-oxo-1,3a,4,9b-tetrahydro-3H-furo[3,4-c]chromen-8-yl)acrylic acid (22). UV (MeOH) λmax (log ε) 236 (sh) (4.29), 288 (4.15), 322 (4.05) nm. 1H NMR (DMSO-d6, 600 MHz) δ 3.56 (1H, dd, J = 9.1, 7.6 Hz, H-8′′), 3.75 (3H, s, 3′′OCH3), 3.78 (3H, s, 3′OCH3), 3.81 (1H, t, J = 7.9, 7.6 Hz, H-8), 5.29 (1H, d, J = 9.1 Hz, H-7′′), 5.44 (1H, d, J = 7.9 Hz, H-7), 6.26 (1H, d, J = 15.9 Hz, H-8′), 6.45 (1H, d, J = 1.9 Hz, H-6′), 6.76 (1H, d, J = 8.1 Hz, H-5′′), 6.78 (1H, dd, J = 8.1, 2.2 Hz, H-6), 6.84 (1H, d, J = 8.1 Hz, H-5), 6.85 (1H, dd, J = 8.1, 2 Hz, H-6′′), 6.91 (1H, d, J = 2.2 Hz, H-2), 7.04 (1H, d, J = 2 Hz, H-2′′), 7.24 (1H, d, J = 1.9 Hz, H-2′), 7.28 (1H, d, J = 15.9 Hz, H-7′); 13C NMR (DMSO-d6, 151 MHz) δ 42.2 (C-8), 43.7 (C-8′′), 55.6 (3′OCH3), 55.7 (3′′OCH3), 73.5 (C-7′′), 85.7 (C-7), 109.2 (C-2′), 111.8 (C-2′′), 114.6 (C-2), 115.1 (C-5′′), 115.6 (C-5), 117.4 (C-8′), 118.7 (C-6), 120.5 (C-6′′), 120.8 (C-5′), 121.7 (C-6′), 127 (C-1′), 128 (C-1), 128.3 (C-1′′), 143.7 (C-7′), 145.6 (C-4′), 146.2 (C-4), 146.9 (C-4′′), 147.4 (C-3′′), 148.8 (C-3′), 167.7 (C-9′), 173.6 (C-9′′). ESI(-)-HRMS m/z 519.1291 [M – H]–, (calcd for C28H23O10, 519.1291, Δ = 0 ppm). MS/MS spectrum: CCMSLIB00006718005.

rel-(2R,3R,4E)-2-(3,4-Dihydroxyphenyl)-4-[(3,4-dihydroxyp henyl)methylene]tetrahydro-5-oxo-3-furancarboxylic acid = phe llinsin A (23) (Hwang et al., 2000; Nemadziva et al., 2018). 1H NMR (DMSO-d6, 600 MHz) δ 4.41 (1H, dd, J = 7.6, 1.7 Hz, H-8), 5.66 (1H, d, J = 7.6 Hz, H-7), 6.64 (1H, dd, J = 8.2, 2.1 Hz, H-6), 6.7 (1H, d, J = 8.2 Hz, H-5), 6.79 (1H, d, J = 2.1 Hz, H-2), 6.81 (1H, d, J = 8.3 Hz, H-5′), 6.97 (1H, dd, J = 8.3, 2.2 Hz, H-6′), 7.03 (1H, d, J = 2.2 Hz, H-2′), 7.36 (1H, d, J = 1.7 Hz, H-7′); 13C NMR (DMSO-d6, 151 MHz) δ 51.5 (C-8), 79 (C-7), 113.5 (C-2), 115.1 (C-5), 115.8 (C-5′), 117.3 (C-6), 117.5 (C-2′), 121.5 (C-8′), 123.2 (C-6′), 125.1 (C-1′), 126.5 (C-1), 137.6 (C-7′), 144.9 (C-3), 145.3 (C-4), 145.6 (C-3′), 148.4 (C-4′), 170.3 (C-9), 171.2 (C-9′). ESI(-)-HRMS m/z 357.0617 [M – H]–, (calcd for C18H13O8, 357.061, Δ = 1.8 ppm). MS/MS spectrum: CCMSLIB00006718013.

(2E)-3-[4-Hydroxy-3-[(1E)-2-(4-hydroxy-3-methoxyphenyl) ethenyl]-5-methoxyphenyl]-2-propenoic acid = poacic acid (24) (Ralph et al., 1994). UV (MeOH) λmax (log ε) 235 (sh) (4.26), 290 (4.16), 323 (4.24) nm. 1H NMR (DMSO-d6, 600 MHz) δ 3.83 (3H, s, 3′OCH3), 3.87 (3H, s, 3OCH3), 6.47 (1H, d, J = 15.9 Hz, H-8′), 6.75 (1H, d, J = 8.1 Hz, H-5), 6.97 (1H, dd, J = 8.1, 1.9 Hz, H-6), 7.12 (1H, d, J = 1.9 Hz, H-2), 7.21 (3H, m, H-2′, H-7, H-8), 7.52 (1H, s, H-6′), 7.53 (1H, d, J = 15.8 Hz, H-7′); 13C NMR (DMSO-d6, 151 MHz) δ 55.5 (3OCH3), 56.1 (3′OCH3), 109 (C-2′), 109.7 (C-2), 115.7 (C-5), 116.2 (C-8′), 119.4 (C-8), 119.6 (C-6′), 119.9 (C-6), 125.4 (C-1′), 129.4 (C-7), 130.5 (C-1), 144.7 (C-7′), 145.9 (C-4′), 146.5 (C-4), 147.8 (C-3), 148 (C-3′), 167.8 (C-9). ESI(-)-HRMS m/z 341.1029 [M – H]–, (calcd for C19H17O6, 341.1025, Δ = 1.1 ppm). MS/MS spectrum: CCMSLIB00006718004.



MTT Assay

Indicated cell lines were detached and resuspended at 60,000 cells/ml and added to each well of a transparent 384-well plate in the final volume of 25 μl/well. The cells were maintained in DMEM containing 10% FBS at 37°C, 5% CO2 overnight. The next day, the medium in each well was replaced with 50 μl of the fresh one containing the indicated concentrations of compounds. After incubation for 3 days, the medium in each well was replaced with 25 μl of.5 mg/ml thiazolyl blue solution in 1× PBS followed by incubation for 3 h at 37°C. Then, the solution was removed, and 25 μl DMSO was added to each well. Absorbance at 510 nm was measured in a Tecan Infinite M200 PRO plate reader.



Wnt Pathway Activity Measurements

The Wnt3a-induced luciferase activity was analyzed as described (Koval et al., 2014; Shaw et al., 2019b). The BT-20 TNBC cell line stably transfected with TopFlash reporter plasmid was seeded at 150,000 cells/ml in a white opaque 384-well plate in the final volume of 25 μl of a DMEM medium supplemented with 10% FCS. The cells were maintained incubated at 37°C, 5% CO2 overnight for attachment. Subsequently, they were transfected by a plasmid encoding constitutively expressed Renilla luciferase under the CMV promoter as described in the protocol of the manufacturer using 12 μg/ml of DNA and 40 μl/ml XtremeGENE 9 reagent. The next day, the medium in each well was replaced with 20 μl of fresh medium containing the compound of interest; after 1 h of preincubation of the compound, Wnt3a was added to a final concentration of 2.5 μg/ml (Koval and Katanaev, 2011). After overnight incubation, the supernatant in each well was removed, and luciferase activity was measured as described (Koval et al., 2014). The culture medium was completely removed from all wells of the plate. Next, the luciferase activity of the firefly and Renilla luciferases were detected sequentially in individual wells of a 384-well plate through injection of corresponding measurement solutions in Infinite M Plex multifunctional plate reader with injection module (Dyer et al., 2000).




CONCLUSION

It is well known in the literature that biotransformation reactions carried out on caffeic acid, ferulic acid, or the mixture of both with purified enzymes can generate very different compounds depending on the experimental conditions used. Indeed, conditions such as nature of the solvent or co-solvent and its proportion, concentration of the starting material, the value of pH (Carunchio et al., 2001; Adelakun et al., 2012), or presence of a surfactant (Larsen et al., 2001) allow to form some compounds more than others and thus orientate the reactions. In our case, we were able to generate most of the dimers and trimers already described except for 5-5′ dimer like diferulic acid (Larsen et al., 2001) or the series with a 1,4-benzodioxane skeleton like trans-3-[6-[6-[(E)-2-carb oxy-ethenyl]-3(3,4-dihydroxyphenyl)-2,3-dihydro-2-(1,4-ben-z odioxin)]3,4-dihy-droxyphe-nyl]-(E)-2-propenoic acid, the trans -3-[4-[[6-[(E)-2-carboxy-ethenyl]-3-(3,4-di-hydroxyphenyl)-2,3 -dihydro-2-(1,4-benzodioxin)]oxy]-3-hydroxyphenyl](E)-2-pro penoic acid obtained by Wan et al. (2008), or the (2R,3S)-6-[(1E)-2-Carboxyethenyl]-3-(3,4-dihydroxyphenyl)-2,3-dihydro-1,4-benzodioxin-2-carboxylic acid described by Matsumoto et al. (1999).

More surprisingly, our reactions allowed us to biosynthesize 11 new phenylpropanoid derivatives, including 4 novel scaffolds. Several hypotheses could explain this like the experimental conditions used (optimized amount of secretome, incubation time, and percentage of organic solvent) or the use of an enzymatic secretome instead of a purified enzyme. Indeed, this enzymatic pool could explain that certain reactions are not only due to laccases but other enzymes. A more detailed study of this precise point will be carried out.

Careful monitoring of the biotransformation reactions by UHPLC coupled to a triple detection system (ELSD-PDA-MS) allowed us to find the best reaction conditions. On the other hand, an innovative compound isolation process (gradient transfer from UHPLC to analytical and preparative HPLC as well as a dry load sample injection system developed in our laboratory) allowed for the isolation of a large number of compounds including the minor ones.

From a drug discovery point of view, the advantages of this approach to generate libraries of natural product derivatives seem obvious to us: the reactions can be easily carried out using a mixture of enzymes (fungal secretome) as a catalyst, which is non-toxic and environmentally friendly. Furthermore, there is no need to use a cofactor, since laccases catalyze the process using oxygen as an oxidant (Constantin et al., 2012). Finally, the reactions can be performed at room temperature in an aqueous solvent system.

Some of the generated compounds have complex structures, and some of the new structural skeletons are described here for the first time. This exemplifies the potential of this approach for the chemo-diversification of common NPs leading to the generation of libraries of unusual derivatives for biological screening. Having reproducible reactions allows a particular compound to be reproduced in case of interesting biological activities and the need for further studies.

While the starting phenylpropanoids (caffeic acid and ferulic acid) showed no specific Wnt inhibition activity, compounds 3, 6, 14, 21, 23, and 24 exhibited a moderate Wnt inhibition that has never been reported. However, the lack of long-term inhibition of TNBC cell proliferation in the compounds and the potential relationship of this to their instability suggest that this method can be considered as an excellent first step in the identification of an active pharmacophore, but that the products require further optimization to become stable, selective, and efficient.
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C13H15010~

CisH1307~

CaoH25014~

Ci3H1509™

C13H15010~

CasHz7021~

CaoH23014~

CaoH25014~

Ci5H1306~

C14H1709™

CgH704_

Co7H21018~

Calculated mass,
[M-H]~

191.05611

169.01425
331.06707

331.06707

305.06668

609.12498

316.07216

331.06707

913.18328

607.10933

609.12498

289.07176

329.08781

179.03498

633.07334

Exact mass,
[M-H] ~

191.05519

169.01360
331.06549

331.06600

305.06540

609.12268

315.07063

331.06591

913.17957

607.10748

609.12244

289.07065

329.08649

179.03448

633.07098

A ppm

4.82

3.85
4.77

3.23

4.20

3.78

4.86

3.50

4.06

3.05

417

3.84

4.01

2.79

3.73

MS? fragments,
(% base peak)

173(40), 173(10),
127(20), 111(100),
93(20)
125(100)
294(10), 169(100),
125(5)
169(100), 125(5)

261(50), 221(70),
219(70), 179(100),
165(35)
591(10), 483(10),
441(100), 423(60),
305(30)
153(100), 152(50),
109(15), 108(10)
313(100), 211(10),
169(30), 168(30),
125(25)
745(30), 727(100),
609(25), 423(20),
305(10)
589(20), 579(30),
439(100), 305(40),
301(15)
591(5), 483(10),
441(100), 423(60),
305(25)
271(5), 245(100),
205(40), 179(15),
125(5)
167(100)

135(100), 117(10),
91(20), 59(15)
613(5), 481(20),
463(10), 301(100),
275(5)

MS? fragments,
(% base peak)

93(10), 83(10),
81(10), 67(100)

107(100)
125(100)

125(100)

164(100), 151(40),
135(30)

423(100)

109(100)

193(50), 151(100),
125(80)

709(30), 559(100),
541(30), 421(10),
305(90)
421(60), 313(70),
301(100), 261(20),
243(30)
423(100)

227(30), 203(100),
187(25), 175(10),
161(20)
152(100), 123(70),
108(20)
107(100), 59(50)

301(20), 284(30),
257(100), 229(60),
185(40)

MS*? fragments,
(% base peak)

107(100), 81(10)

110(10), 97(30),
81(100), 53(30)
120(100), 108(20)

405(20), 355(5),
297(100), 283(80),
255(20)
123(25), 109(10),
85(10), 81(100)
123(100), 107(90),
95(65)

541(100), 515(10),
421(10), 391(50)

283(15), 273(15),
257(100), 215(20),
175(70)
405(20), 355(5),
297(100), 283(80),
255(20)
188(70), 185(20),
175(100), 161(40),
157(10)
124(5), 108(100)

240(5), 229(100),
213(20), 201(10),
185(70)

SO

S1

S2

S3
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6.51

Hydroxybenzoic acid
hexoside

Digalloyl hexose

Gallic acid pentoside

Galloyl-HHDP-hexose 2

Dihydroxybenzoic acid
hexoside 2

Prodelphinidin dimer B
type 3

Trigalloyl hexose

Procyanidin dimer B
type 1

Aromadendrin
7-O-hexoside

Procyanidin dimer B
type 2

Myricetin 3-O-hexoside

Ellagic acid pentoside

Tetragalloyl hexose

Quercetin 3-O-(6"-
rhamnosyl)glucoside
(Rutin)?

Myricetin
3-O-pentoside

Ci3H1508~

CooH19014~

Ci2H1309~

Co7H21018~

CizH1509™

CaoH25013~

Ca7H23018~

CgoH25012~

Co1H21044~

CgoH25012~

C21H19043~

C19H13012~

Cg4H27022~

Co7H29016~

CooH17012™

299.07724

483.07803

301.05651

633.07334

316.07216

598.13006

635.08899

577.13515

449.10894

577.13515

479.08311

433.04125

787.09995

609.14611

449.07255

299.07593

488.07654

301.05515

633.07019

315.07059

598.12775

635.08698

577.13318

449.10764

577.13300

479.08170

433.04004

787.09784

609.14337

449.07117

4.38

3.08

4.52

4.98

4.98

3.89

3.16

3.41

2.89

3.73

2.94

2.79

2.68

4.50

3.07

137(100)

331(20), 313(20),
271(100), 211(10),
169(10)
283(50), 169(40),
168(100), 150(10),
125(20)
611(15), 602(10),
541(5), 463(5),
301(100)
153(100), 135(10),
109(10)
467(15), 425(100),
407(30), 289(20),
285(20)
541(5), 483(5),
465(100)

451(30), 425(100),
407(40), 289(20),
287(10)
288(15), 287(100),
269(40), 259(40)
451(20), 425(100),
407(35), 289(20),
287(10)
317(60), 316(100)

301(100), 300(80)

635(20), 617(100),
573(5), 465(10),
447(5)
343(5), 301(100),
300(30), 271(10),
255(5)
317(20), 316(100)

93(100)

211(100), 169(15)

150(100), 124(15)

301(25), 284(30),
257(100), 229(70),
185(40)
135(100), 109(50)

407(100), 281(5),
273(10)

447(5), 313(100),
295(10), 235(10),
169(30)
407(100), 381(5),
287(5), 273(10)

259(100), 243(15),
201(5)
407(100), 381(10),
273(10)

287(30), 271(100),
179(40)
301(95), 284(25),
257(100), 229(70),
185(40)
573(80), 465(100),
447(80), 421(15),
403(60)
273(25), 257(20),
179(100), 151(75)

287(30), 271(100),
179(30), 151(10)

168(100), 124(25)

122(100), 108(5),
94(15), 82(10)

240(5), 229(100),
213(20), 201(10),
185(70)
91(100)

389(30), 297(30),
285(100), 243(70)

205(20), 253(25),
241(30), 169(100),
125(15)
389(30), 297(30),
285(100), 281(90)

241(30), 215(100),
173(35), 125(60)

389(40), 297(40),

285(100), 243(75)

271(15), 243(100),
227(30)
229(70), 213(30),
201(15), 185(100)

447(20), 313(100),
295(15), 235(10),
169(20)
151(100)

271(10), 243(100),
227(40), 215(15)





OPS/images/fpls-12-619634/fpls-12-619634-g005.jpg
ACO1
Mbo;(3 SPBP1-
5+ 0.254
MYB5
C‘Hl MYBZ ?4H M.bOX1
- - i "BHLH2, Mbox2
< < A'N'S \PAL2 “CHS1 Mbom BHLH2
0 : o F3'5'HBHLH3MYB1 4CL1 4CL2 ,
© “ © DFR1 r L cns2 * SAMS
~ . N 000l o BHLHS """\ MYB3
& o \Q \ & "“1pFr2 SPBP2 R1 BHLH4 BHLH1 )
\ N s ; MYB12b ERS
LAR2 .
e . MYB12a
FLS ACS )
MYB6
=4 ~ -0.25- N!YB4
ACO2
o M
0 10 20 40 02 0.1 0.0 0.1
PC1 (87.1%) PC1 (87.1%)
== SO == S1 =e= S2 =e= S3 + Bt + BS o« TF
C
b1l b2
1 1 ] ]
10 5 0 5
bgzmdmgo
ER—— T 1

"'9466\\)‘#'#‘5 Of@fo}&cﬁb ‘;\60"‘\9}‘;@0' é&‘q\r &Y"J@&éfépoﬁo“&&&eﬁwf?*é 0'\5‘0.4‘0;\ Q’g\‘i@&&“@&






OPS/images/fpls-12-619634/fpls-12-619634-g006.jpg
Mbox 1
ACOT1
Mbox3
4CL1
BHLH2

Mbox4
Mbox2
MYB12b
DFR1
046 085 034 MYB3
031 @ 041 ANS
036 0.88 028 (CHS2

0.34 0.35

| . ~
|

0.03 002 025 041 017 03 014 C4H
0.31 o.zs_nm @;42} MYB5
-0.11-0.13-0.15 0.28 0.36 0.52 0. 4CL2
[” i i ) : TG
5 MYB12a
MyB2
BHLH3
FAL2
CHI
LAR1T
ANR
F3H2
CHS1
018 SPBP2
;o228 F3'5H
026 PALT
031 DFR2
029 LAR2
il FLS
MYB6
MyB1

ACS
F3H1
BHLHS

3 i L BHLH4
T

06 049 032 0.05 -0.13 MYB4

I

vy 058 ACO2

-0.18-0.22 -0.05 -0.05 0.06 0.11 0. -0.15-0.03 -0.21 -0.09 0.82 0.36 0.27 0.01 -0.1 . BHLH1

P = T T e
0.39 0.39 0.41 028 027 029 045 027 0.37 043 0.36 0.34 0. 13 0.27 0.14 0.26 0.24 024 0.36 0.45 0.5 i mas‘ 0.01

0.22 0.08 -0.17 0.05 0.23;51&} SPBP1
-02 -0.2 -0.09 - 1 SAMS

» T X O 94 ¥ X L r O T © N N N ™ T N ¥ N @ t F N O N & (O N O T N O O = o @ F N4 T O = -
= O 3 x O @ T 5 I O @ o J X x J4 §F L » T = & <4 I @ l: 4 m ¥ O 2 @ 0@ N x X I 4 x O X
jaa g o > M g > > W g W L 3 m I & g 9O 5« g X = C > O X § > Kk = [e] 9 J O S O [e]

5 g Z < § §f¢ = 5 1 8% pgon s 3 T IS E ¥ 5 & s q g £ S E ¥ 5 = 5
-1 -0.5 0 0.5 1

Spearman’s rank—order correlation





OPS/images/fpls-12-619634/fpls-12-619634-g007.jpg
g O
» O %)
T , c
c ESE 5
= cc® ok
= O_-g.-g == 0 'O =
A~ £ SRSEBEEEScCS S
0Sc 002888885838 B
TS T OS> >0 ®© > 2
220088355386 59 1
SAMS NNNNNN % ERS @\
SPBP1 NNNNN\N\ "\ W % ACO2 [N
BHLH1 OSSN NN 88 @ SAMS | N
ERS NNNNNNONNN | g0 Moz /O W .
Mbox4 00007000888\ Mbox4 # ¢ ™
Mbox3 COOCOLOL O\ Moox1 & &
BHLH? @& Y 4 Y G 4@
Mbox2 Y 4 »ON Mbox3 & ¢
ACO1T VA4 . N MYB12a & & | 106
Mbox1 088 INNN\ CHS2 ('@
ACO?2 (@l /7999 \ BHLH4 & &
4CL2 #8889 09FF @ NN | MYB6 @& &
4CL1 £ OO P2 L0LLF | \ON DFR1 # & |04
C4H O8I LLC SIS AL MYB2 & &
MYB5 #8888 LC SIS \WNON MYB3 &
SPBrP2 ../ /\/ ./ /& OONN\ ANS # &
mysé ./ /& YORNN| 02 MYB12b ## | [©
MYB4 ./ /. #OOOC VNN CH &4
MYB12b ./ # @& OGN\ PAL2 & &
MYB1 ./ /#0000 ORNN BHLH2 © &
LAR2 /. /" # QN[0 F3H1 @& | O
FLS LWV A0 ONN\ ACO1 @4
F3H2 |/ # LA BHLH5 ¢ &
F3H1 .../ /. /& NN\ MYB1 ¢ &
F3's5H ./ //// /& N\ 02 PAL1 @/ | |02
DFR2 /. /. /& W\ FLS @/
DFR1 ./ /. /& W\ SPBP2 @ J
CHS2 ./ /\/ /. # &4 W\ F35H @/
CHS1 ./ #O: A\ MYB5 &/ || o4
BHLH4 /. /. # W\ F3H2 @4 ©
ANS ./ #& W\ ANR & S
ACS [/ o AN\ LAR2 @ /
ANR /& W\ BHLH3 & &
TTG £ 8L L LE Py CHS1 @ & W06
PAL2 £ 8 LLLY N 4CL1 @ F
MYB3 #8888 F N ACS @4
MYB2 £ O8L L LY N DFR2 @ &
MYB12a 8L 8L F K C4H @
LAR1 £ 88 LLY, Py MYB4 &
CHI 8L LLE N 4CL2 | @
BHLH3 #8888 F W BHLH1
BHLH5 ###808/ N SPBPT |






OPS/images/fpls-12-619634/fpls-12-619634-g008.jpg
— S|_ADC80513 F3'5'H
—— St QFR04858 F3'5'H

Ma_AOV62762 F3'H

Ep_AUV64093 F3'H

Md_ACR14867 F3'H

Fxa_BAL63027 F3'H

Ah_AEX07282 F3'H

Lf_ATI97619 F3'H

Gm_ABW69386 F3'H

Cc_MT829314 F3'H
Tc_EOY22048 F3'H

Gh_ACY06905 F3'H

Vv_CAI54278 F3'H

Ls_QBI59828 F3'H

Cxm_ADA85878 F3'H

Va_BAO58432 F3'H

Cn_ADZ28515 F3'H

88.54 Ca_QGZz19237 F3'5'H
_:r_AGT57963 F3'5'H
100 Pxh_AUI38394 F3'5'H
Gm_ABQ96218 F3'5'H
132 il Cc_MT707661 F3'5'H
9.99 Gh_ACY06904 F3'5'H
100 Tc_EOY32873 F3'5'H
67.49) Cs_APY18930 F3'5'H
Vv_CAI54277 F3'5'H
Ep_AUV64097 F3'5'H
52.2 Dg_BAO66643 F3'5'H
Ee_BAK64100 F3'5'H
> Dk_BAH89265 F3'5'H
5311
Ll 100
100|  100]
71.81
95,82
.97
100}
o1/1
9_7£|
B1.58|

Pxh_AADS56282 F3'H

0.09

In_BADO00187 F3'H





OPS/images/fpls-12-619634/fpls-12-619634-g002.jpg
uAU x 10°

PC2 (25.51%)

PDA A=260nm
NL: 1.50E6

14

x SOOI’ JUUORON | SR, " .

Time (min)

0.0 25
PC1 (43.2%)

ERS

S0
S1
s2

0

||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||

02 04 06 08
scaled value

S1

I\

Flowers

Fruits

1-Quinic acid

2-Gallic acid
5-Gallocatechin

12- Catechin

14-Caffeic acid

29-Rutin

31-Myricetin rhamnoside
37-Catechin gallate
38-Epicatechin gallate
43-Quercetin rhamnoside
49-Myricetin

50-Luteolin

51-Quercetin
52-Naringenin
53-Apigenin

14 43 38 12 37 49 20 1 6§ 31

2 52 51 50 53

Compounds

S2 (P3)
S2 (P2)
S1 (P1)
S1 (P3)
S2 (P1)
S1(P2)
S3 (P2)
83 (P1)
S3 (P3)
S0 (P2)
S0 (P1)
S0 (P3)





OPS/images/fpls-12-619634/fpls-12-619634-g003.jpg
Z
)3
% 2 %
T
by, %, G O
Y, %, ©
o B g
A g
2 %P
%6,
Moy, 8>
My, 84”"‘
s hyty. ¢
Gmwrg;
FtV¥B15
WIMWYBC2-L1
FcMYB1
CAWB2
caW®t
e
ng,%ff’ ol
o
W
e ﬁé’)
>
S &
™
g
b§ g’"
@)

CsRUBY

GmWYB10

Mivyg1g

4 Py

CcBHLH2

AtEGL3

Ga GLABRA3 fike

d4-DANd





OPS/images/fpls-12-619634/fpls-12-619634-g004.jpg
I Methionine | Ethylene responsive

genes

SAMS @ Ethylene production rate Respirationrate T
25 - 121 a ! -§

v o % 10 - '
ECTHERS NN
= = "N 06 - \ I, -0
L 10 - S 04 - \\\. §§§ . | =
ACS q ‘é 0.5: g 0.2 \ § N\ : go
0.0 - oo NN NN NN F

VO ;

! !

| I Ethylene
ACC Ethylene
I | &) >I y | + receptors (ERS)






OPS/images/fpls-12-642848/fpls-12-642848-g002.jpg
L]
| D

OH

GleO ©
0Glc ©
R

OGlc
OGlc & (¢} ~—
. | o rearomatization
8-0-4' coupling Q \_/ OH HO
OH

—_—

8-10' coupling

D HO O OGlc
=
R

8-12' coupling

HO 0Glc Xy R —
( 2
/8 HO 1y OCle
C: 7\/ S

(L

R
15

rearomatization

—_—






OPS/images/fpls-12-642848/fpls-12-642848-g003.jpg
OH o
o"}/\ OH
> p-0-4 coupling Q! OCH,  GlcO X OCH,
< RS OH
OH -> \f /‘)
0 OH
+H*

HO I )
O ‘) OCHj rearomatization
—_
OCH,

OCH GlcO O OCH
| ) f@ |
HO 7 o+H+ OH
") "OCH; rearomatization

e

OCH, OCH,

o

OH o rearomatization
: 7, :
OH
o a
B-5' coupling
) — A'H+ OoH  OCHs
+

OCH; OH OCHj o





OPS/images/fpls-12-631421/fpls-12-631421-t002.jpg
Standard

Gallc acid
Protocatechuic acid
Chlorogenic acid
Cafteic acid
p-Coumaric acid
Rutin

Ferulic acid
Salicyiic acid
Cinnarmic acid
Kaempferol

Retention
time (min)

507

7.68

9.50
11.39
15.66
16.68
18.32
3025
33.87
38.42

Calibration curve

79.451x -2.9812
7.307x +1.481
y=39.726x -2.541
9.151x - 4.516
y=129.262x +3.477
9.814x - 3.431
y =29.385x -1.037
89.177x +2.385
7.221x 13.713
y=35216x-4.172

R?

0.9999
0.9997
0.9999
0.9999
0.9998
0.9999
0.9979
0.9998
0.9998
0.9999

Linear
range
(mg L)

0.15-15
0.5-50
0.8-80
0.2-20
0.6-60
0.2-20
05-10
0.7-70
0.5-50
0.05-5

LoD
(g L)

0.06
0.71
322
1.24
0.03
1.24
0.49
0.15
0.03
0.51

Loa
g L)

041
264
10.44
543
1.16
537
0.74
024
0.22
1.57

Peak area
RSD (%)

1.07
1.98

0.82
147
1.08
1.41
0.97
113
379

Precision

Retention
time RSD

(%)

Peak area
RSD (%)

0.84
1.25
271

0.87
1.04
1.41
0.79
1.68
1.72

Stability

Retention
time RSD

(%)

0.06
0.03
0.36
0.02
0.01
0.01
0.01
0.09
126
196

Repeatability

Peakarea  Retention

RSD (%) time RSD

(%)

042 006
151 0.14
225 026
1.54 013
226 007
375 008
253 002
165 016
1.82 014
224 038

Standard
recovery
rate (%)

98.47
99.51
100.71
101.34
96.72
98.76
96.45
86.92
96.55
105.29





OPS/images/fpls-12-631421/fpls-12-631421-t003.jpg
Treatments  Gallicacid  Protocatechuic Chlorogenic  Caffeic acid  p-Coumaric Rutin Ferulicacid  Salicylicacid ~ Cinnamic  Kaempferol Total
acid acid acid acid

Qo(h) 80.44£403d nd 54.66 +0.46b 217.48+10.20c 5845+3.2b  193.83+160bc 111.65+1.69c 20.17 +0.37¢ nd 33.28 £2.30d 769.96 + 21.88c
Qi(12h)  8385:088d 23.49+13%bc 47.72+1.36c 4565+1.30d 67.55+240ab 190.55+3.10c 123.29+2.63b 20.22:+0.16e nd 24.27£0.71e 626,59 + 18.37d
Q2(36h) 6314+£236d 27.74+099 4640+1.38c 4464+1656d 6505+297ab 203.29+3450 107.23+2.79c 10.84 +0.27e nd nd 568.33 + 15.86d
Q3(48h)  51.85+277e 13.08+500c 58.89+4.06a 210.30+31.2c 57.37+540b 217.59+17.42a 141.54+12.57a 51.43+3.93d nd nd 802.05 + 82.35¢
Yo(Oh 5534 +4.85e 23.82+843b 2877 +3.62d 270.00:32.7b 75.11:4.41a nd 9449+961d 9227 +11.71c 3581x6.26a 81.31+801a 756.92+89.60c
Y1(12h) 380.67+23.12c 2697 +847b  17.38+0.51f 212.21+835c 63.21+4.17b nd 12208+ 3.81bc 10399+ 1350 1309+ 1.34c 47.13+1.020 986.73+47.71b
Y2(36h) 534.21+31.22a 1676+3.12c 2139+263 434.16+304a 54.25+6.190 nd 10156 £5.8¢cd 117.23 = 11.06a nd 3598+ 1.05c 131554 £91.47a
Y3(48h) 45467 £22.80 28.96+9.50a 16.12+0.73f 189.35+16.90c 64.56 +3.12ab nd 12278 +3.560 112.38+4.1ab 25841920 51.36+2.320 1066.02 £ 65.04b

Different lowercase letters indicate significant difference at p < 0.05. DW, dfy weight. ‘nd,

ot detected
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Sequence Annotation

AT2G37040 Phenylalanine ammonia-lyase 1 ATPAL1, PAL1

AT2G30490 Cinnamate-4-hydroxylase ATC4H, CYP73A5, REF3, C4H
AT3G53260 Phenylalanine ammonia-lyase 2 ATPAL2, PAL2

AT2G40890 Cytochrome P450, family 98, subfamily A, polypeptide 3 CYP98A3
AT1G80820 Cinnamoyl-Coa reductase CCR2, ATCCR2

AT1G51680 4-coumarate:CoA ligase 1 4CL1, AT4CL1, 4CL1

AT5G48930  Hydroxycinnamoyl-CoA shikimate/quinate hydroxycinnamoy! transferase HCT
AT1G15950 Cinnamoyl-Coa reductase 1 CCR1, IRX4, ATCCR1

PCC

1.0
0.836494
0.806119
0.647512
0.624933
0.609514
0.589046
0.525528

Function

Phenylpropanoid pathway entry Cochrane et al., 2004

Trans-4-coumarate biosynthesis Schilmiller et al., 2009

Phenylpropanoid pathway entry Cochrane et al., 2004

3’-hydroxylation of p-coumaric esters Schoch et al., 2001
Cinnamaldehyde biosynthesis Lacombe et al., 1997
CoA thiol ester biosynthesis Ehliting et al., 1999
Hoffmann et al., 2004

Cinnamaldehyde biosynthesis Lacombe et al., 1997

For brevity, only the known participants of the lignin biosynthesis pathway are shown.
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Picea abies N N Y N Y
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Selaginella N N N N Y
moellendorffii

Solanum Y N N N Y
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Vitis vinifera Y N N N Y
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Only tools that are preloaded with co-expression networks for more than two plants are shown.
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Gene ID

AT3G13220
AT1G62940

AT4G34850

AT1G02050

AT1G01280

AT1G69500

AT5G56110

Symbol

ABCG26, WBC27
ACOS5

LAPS

LAP6

CYP703A2, CYP703

CYP704B1

MYB103, AtMYB103, ATMYB80, MS188

Annotation

ABC-2 type transporter family protein
Acyl-CoA synthetase 5

Chalcone and stilbene synthase family
protein

Chalcone and stilbene synthase family
protein

Cytochrome P450, family 703, subfamily A,
polypeptide 2

Cytochrome P450, family 704, subfamily B,
polypeptide 1

Myb domain protein 103

Function

Polyketide export Quilichini et al., 2014
Sporopollenin monomer biosynthesis de
Azevedo Souza et al., 2009
Biosynthesis of pollen fatty acids and
phenolics found in exine Dobritsa et al.,
2010

Biosynthesis of pollen fatty acids and
phenolics found in exine Dobritsa et al.,
2010

Biosynthesis of medium-chain hydroxy fatty
acids Morant et al., 2007

Biosynthesis of long-chain fatty acids
Dobritsa et al., 2009

Tapetum and exine development Zhang
etal., 2007
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H G Gac Gpca S Sac Spca T
Rice husks 10.2 83.6 0.5 0.4 3.6 0.1 1.6 1.6
Rice straw 12.5 73.5 0.4 0.9 10.0 0.2 25 8.1

%JGacb t%Gp o AC %’sacd

0.6 0.5 1.9
0.5 12 1.5

%)Sp ca®

30.2
19.7

The percentages of the different acylated (acetylated and p-coumaroylated) lignin units are also shown.

aT molar content referred as to the percentage of total lignin units (H + G + Gac + Gpca + S + Sac + Spca = 7100).

9%Gac is the percentage of acetylated G units (Gac) with respect to the total G units (G + Gac + Gpca)-

C%GpCA is the percentage of p-coumaroylated G units (Gpca) with respect to the total G units (G 4 Gac + Gpca)-

493, is the percentage of acetylated S units (Sac) with respect to the total S units (S + Sac + Spca)-

€%Spca is the percentage of p-coumaroylated S units (Spca) with respect to the total S units (S + Sac + Spca)-
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Acetone extractives
Methanol extractives
Water-soluble material
Klason lignin®
Acid-soluble lignin
Hemicelluloses
a-Cellulose

Proteins

Ash

4Average of three replicates.
bCorrected for proteins and ash.

Rice husk

43+0.3
1.9+0.3
45+0.3
20.0 £ 0.1
25+00
28.3£0.7
2712+02
0.7+01
10.6 £0.2

Rice straw

3.4 +0.1
58+03
81+0.2
124 +£0.2
1.1+£00
27.8+£0.2
240+0.6
0.9+0.1
16.56+£0.3
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Rice husks Rice straw
Label Compound Origin CW MWL cw MWL
1 Phenol H 1.4 2.1 2.3 2.7
2 Guaiacol G 6.4 8.8 5.1 8.0
3 3-methylphenol H 0.8 0.6 0.9 0.6
4 4-methylphenol H 1.8 3.1 35 3.4
5 4-methylguaiacol G 8.3 13.1 5.9 8.3
6 4-ethylphenol H 1.4 0.5 2.0 oRrd
7 4-ethylguaiacol G 25 29 4.6 3.8
8 4-vinylguaiacol G/FA 124 15.4 19.6 14.5
g 4-vinylphenol H/pCA  33.4 271 31.2 30.6
10 Eugenol G 3.3 2.3 0T 25
11 4-allylphenol H 0.3 0.3 0.3 0.4
12 Syringol S 1.0 1.8 2.1 3.5
13 cis-isoeugenol G 2.2 1.1 0.6 1.0
14 cis-4-propenylphenol H 0.2 0.2 0.2 0.2
15 trans-4-propenylphenol H 0.6 0.6 1.1 0.5
16 trans-isoeugenol G 4.3 4.7 2.6 2.6
1z 4-methylsyringol S 24 1.9 1l 2.6
18 Vanillin G 5.8 4.6 5.8 3.6
18 4-ethylsyringol S 1.0 0.6 0.5 0.7
20 Vanillic acid methyl ester G 0.3 0.4 0.2 0.4
21 Acetoguaiacone G 0.9 0.9 0.8 0.7
22 4-vinylsyringol S 0.9 1.2 0.3 2.2
23 Guaiacylacetone G 2.8 1.3 2.2 1.1
24 4-allylsyringol S 0.2 0.2 0.4 0.3
25 Propiovanillone G 0.8 0.4 0.2 0.1
26 cis-4-propenylsyringol S 0.2 0.2 05 0.3
27 trans-4-propenylsyringol S 1.1 0.8 1.6 0.9
28 Vanillic acid G 0.4 0.6 0.0 0.2
29 Syringaldehyde S 0.6 0.7 0.6 0.8
30 Acetosyringone S 0.5 1.3 1.4 2.5
31 Syringylacetone S 0.3 0.3 1.0 0.3
32 trans-coniferaldehyde G 1.5 0.0 0.0 0.0
33 Propiosyringone S 0.1 0.1 0.3 0.2
%H*= 12.2 13.0 21.0 16.2

%G*= 74.2 73.0 58.4 61.0

%S*= 13.6 14.0 20.6 22.8

S/G ratio*= 0.18 0.19 0.35 0.37

*Calculated without taken into account the vinyl compounds 8, 9, and 22.

H, p-hydroxyphenyl lignin units; G, guaiacyl! lignin units; S, syringy! lignin units; pCA,
p-coumarates; FA, ferulates.
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Label 3¢c/8y Assignment
(ppm)
C'p 49.7/2.58 Cg/Hg in y-acylated p—p’ tetrahydrofurans (C’)
Bg 53.1/3.41 Cg/Hg in p-5" phenylcoumarans (B)
Cg 53.6/3.07 Cg/Hg in p—p’ resinols (C)
—OCH3 55.6/3.73 C/H in methoxyls
Ay 59.4/3.20, C,/H, in normal (y-hydroxylated) g-O—-4'
3.56 substructures (A)
Fg 59.3/2.76 Cg/Hg in spirodienones (F)
ly 61.5/4.09 Cy/H, in cinnamyl alcohol end-groups (1)
By 62.6/3.68 C,/Hy in p-5" phenylcoumarans (B)
Ay 62.7/3.83, C,/Hy in y-acylated p-O—4' substructures (A’)
4.30
I'y(pcay 64.0/4.77 Cy/H, in y-p-coumaroylated cinnamyl alcohol
end-groups (I')
Cy 71.0/3.82, C,/Hy in p-p’ resinals (C)
418
Ay 71.8/4.87 Co/Hy in B—O-4' substructures (A)
As) 81.2/4.64 Cg/Hg in y-acylated p-O-4’ alkyl-aryl ethers (A’)
linked to a G unit
Fo 81.2/56.02 Cu/Hy in spirodienones (F)
Cly 82.6/5.00 Co/Hq in y-acylated p—p’ tetrahydrofurans (C’)
Algs) 83.0/4.33 Cg/Hg in y-acylated p-O-4’ alkyl-aryl ethers (A’)
linked to a S unit
Dy 83.3/4.82 Cq/Hq in 5-5' dibenzodioxocins (D)
AsG) 83.9/4.28 Cg/Hg in p-O-4" alkyl-aryl ethers (A) linked to a
G unit
Cy 84.9/4.67 Cqo/Hgy in B—p’ resinols (C)
Eus 85.2/4.72 Cy//Hy in spirodienones (F)
Dg 85.4/3.86 Cg/Hg in 5-5" dibenzodioxocins (D)
Ag(s) 85.9/4.12 Cg/Hg in p-O—4' alkyl-aryl ethers (A) linked to a
S unit
Ay 86.1/4.31 Cg/Hg in p-O-4" substructures (A) linked to
tricin
= 86.9/5.47 Cu/Hq in phenylcoumarans (B)
Ts 94.0/6.56 Cg/Hg in tricin (T)
Ts 98.7/6.22 Cg/Hg in tricin (T)
So.6 103.8/6.69 Co/Ho and Cg/Hg in etherified syringyl units (S)
Tor e 103.9/7.28 Co/Hor and Cg//Hg/ in tricin (T)
Ts 104.6/7.02 Cs/Hz in tricin (T)
Go 110.9/7.00 Co/Hz in guaiacyl units (G)
FA2 111.0/7.32 Co/Hy in ferulates (FA)
pCAg/FAg 113.5/6.30 Cg/Hg in p—coumarates (pCA) and ferulates
(FA)
Hs s 114.5/6.68 Cs/Hz and Cs/Hs in p-hydroxyphenyl units (H)
Gs/Gg 114.9/6.74, Cs/Hs and Cg/Hp in guaiacyl units (G)
6.94
FAs 115.4/6.88 Cs/Hs in ferulates (FA)
pCAz 5 115.5/6.77 Cs/Hgz and Cs/Hs in p-coumarates (pCA)
FAg 123.3/7.10 Ce/Hg in ferulates (FA)
Js 126.3/6.76 Cg/Hg in cinnamaldehyde end-groups (J)
Ho 6 127.6/7.17 Co/Hz and Cg/Hg in p-hydroxyphenyl units (H)
Ig 128.2/6.21 Cg/Hg in cinnamyl alcohol end-groups (I)
I 128.4/6.44 Cu/Hy in cinnamyl alcohol end-groups (1)
pCA2 6 129.9/7.45 Co/Ho and Cg/Hg in p-coumarates (pCA)
pCA7/FA7 144.4/7.41 C7/H7 in p—coumarates (pCA) and

ferulates (FA)
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Rice husks Rice straw

cw MWL cw MWL

Lignin inter-unit linkages (%)

B-O—-4’ aryl ethers (A/A’) - 65 - 78
B-5' Phenylcoumarans (B) - 23 - 12
B—p’ Resinols (C) - 4 - 4
B—p’ Tetrahydrofurans (C’) - 0 - 1
5-5" Dibenzodioxocins (D) - 5 - 4
p-1" Spirodienones (F) - 3 - 1
Lignin end-groups?

Cinnamyl alcohol end-groups (I) - 6 - 6
Cinnamaldehyde end-groups (J) - 5 =

Lignin side-chain y-acylation (%) - 10 - 12
Lignin aromatic units?

H (%) 5 7 7 5
G (%) 85 81 71 71
S (%) 10 12 22 24
S/G ratio 0.12 0.15 0.31 0.34
p-Hydroxycinnamates®

p-coumarates (pCA) 28 12 39 16
ferulates (FA) 19 4 53

PCA/FA ratio 15 3.0 0.7 4.0
Tricin (T)° 5 7 18 27

8Expressed as a fraction of the total lignin inter-unit linkage types A-F.

bRelative percentages (H + G + S = 100).

°pCA, FA, and T molar contents as percentages of total lignin content
(H+ G+ S =100).
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Parameter

trans-Hydroxycinnamoyl-malate content

Caffeoyl p-Coumaroyl Feruloyl Total

Range (mmol/kg FW)
Median £ MAD
(mmol/kg FW)

Range (% total)

Median + MAD (% total)

0.01-0.06 0.33-1.26  0.06-0.25 0.41-1.55
0.04 £0.01 0.79+£0.19 0.15+£0.14 0.97 £0.22

2-5 78-83 13-18 =
441 82 +1 156 £1 -
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Background

P-value

RNAI

19
11

trans-Hydroxycinnamoyl-malate content (mmol/kg fresh weight)

Caffeoyl p-Coumaroyl Feruloyl Total
Range Median? Range Median Range Median Range Median
0.05-0.10 0.09 & 0.01 0.88-1.38 1.08 £0.12 0.16-0.38 0.29 £0.05 1.09-1.68 1.55+0.13
0.07-2.16 0.11 £0.03 1.04-2.08 1.32+0.14 0.35-3.12 0.44 £0.07 1.50-6.41 1.86 £ 0.25
0.038° 0.075 0.003 0.028
0.05-0.10 0.06 & 0.01 0.60-1.34 0.756+ 0.07 0.19-0.39 0.25+0.13 0.87-1.83 1.07 £0.13
0.06-0.88 0.356+0.29 0.63-1.42 0.96 +0.15 0.20-3.84 1.32+£0.38 0.94-3.84 1.32 £0.38
0.004° 0.123 0.085 0.021

a + MAD. °P-value based on Mann-Whitney test. °One-tailed P-value based on directional hypothesis that level of caffeoyl esters would increase.
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Designation

ms74

ms75

ms507
ms508
ms524
ms525
ms536
ms537
ms638
ms639
ms640
ms641
ms646
ms647
ms650
ms651
ms666
ms667
ms786
ms787

Sequence? (5'-3')

GCTATGACTGGGCACAACAGAC
CGTCAAGAAGGCGATAGAAGG
GCGGGTTCGGCCCATTCGGACC
GCCCTCGGACGAGTGCTGGGG
AGTTGGGAAATTGGGTTCGAAATCG
TCATTAAAGCAGGACTCTAGAGGATC
GICTAGAAAACAATGGTTACCATTAAAAATTCTTACAC
GGGATCCTCATATATCCTCATAGAAGTACTTTTTG
GGGGGATCCATGAAAGAGTTGAGAGAGGTCAC
GGGCTCGAGCCATGAAAGAGTTGAGAGAGGTCAC
GGGATCGATACAGCCAAAGCCTTGTTAAGCTCC
GGGGGTACCACAGCCAAAGCCTTGTTAAGCTCC
GCATATGGGTTCAACAGGTGAAACTCAAATAAC
GCTCGAGTTAAACCTTCTTAAGAAACTCCATGATG
CGGCCAGACAATGGAAAAGTGA
TGAATCTGGAGCCACTGGAAGT
AGACATCAAGAAGTTGGTCACAAGA
GGGAAGACACTGGTCTCTAGAATATACTG
ACCATCAATGATCGGAATGG
ATGATAGAGTTGTAGGTGGTCTCGT

aWhere appropriate, introduced restriction sites are underlined and an introduced
dicot translational consensus sequence (Joshi et al., 1997) is italicized.
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Group L/S n

Vector L 8

P-value®

—
o

RNAI, no phenotype

P-value
RNAI, with phenotype L 10

P-value

trans-Hydroxycinnamoyl-malate content (mmol/kg fresh weight)

Caffeoyl p-Coumaroyl Feruloyl Total
Range Median? Range Median Range Median Range Median
0.05-0.11 0.08 &+ 0.02 0.60-1.23 0.93+0.17 0.16-0.38 0.29 £ 0.05 0.87-1.67 1.26 £ 0.24
0.02-0.07 0.05 & 0.01 0.87-1.66 1.34 £ 0.21 0.06-0.38 0.18 £0.07 1.09-2.09 1.56 £ 0.21
0.008 0.004° 0.461 0.008°
0.06-0.08 0.07 &+ 0.01 0.48-1.04 0.89 £0.12 0.17-0.32 0.26 £ 0.05 0.72-1.42 122 £0.18
0.04-0.05 0.04 £0.01 0.67-1.93 1.18 £0.28 0.10-0.40 0.2940.07 0.81-2.38 1.52 £ 0.38
0.003 0.002° 0.843 0.002°
0.14-2.16 0.76 £0.14 0.90-2.08 1.14 £ 0.09 0.44-3.11 1.84 +£0.38 1.82-6.41 3.65 £ 0.70
0.07-8.37 4.30 £1.20 1.33-3.15 1.91+£0.42 0.44-3.37 1.84 £ 0.62 2.40-13.32 8.69 +£2.38
0.004° 0.001° 0.688 0.001¢

a + MAD. PP-value from Wilcoxon signed-rank sign test. Two-tailed P-values are shown unless otherwise noted. ©Observation followed the directional hypothesis (higher
hydroxycinnamoyl-malate ester content in stems versus leaves), so one-tailed P-value is shown.
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Group n —Log, Fold Change (A ACy, relative to vector)

CCOoMT COMT
Vector 4 0.00+0.38" 0.00 + 0.11
RNAI, with phenotype 5  5.26 +0.18* —0.31 £0.10
RNAI, no phenotype 1 —0.01 —-0.28

“Marked entries within a column are significantly different at P < 0.001. All other
differences are not significant at P > 0.05. “RNA, no phenotype” was not included
in the statistical analysis.
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Background RNAI n
Combined — 24

+ 21
P-valueP

trans-Hydroxycinnamoyl-malate content (percent of total)

Caffeoyl p-Coumaroyl Feruloyl
Range Median? Range Median Range Median
4-8 540 68-82 72k2 14-25 22 +1
5-34 T2 28-73 69+ 4 18-54 24 +£2
0.004° 0.003 0.007

a + MAD. ®P-value based on Mann-Whitney test. °One-tailed P-value based on directional hypothesis that proportion of caffeoyl esters would increase.
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MTT ICso pM*

Compound Wnt ICs9 M Renilla IC5p pM BT-20 HCC1395 HCC1806 MDA-MB-231 MDA-MB-468
1 Toxic®) 4 +5 Inactive@
3 41+4 60+7 Inactive®
Toxic® 2241 2042 15+ 4 2546 2243 30 + 11
55+ 7 Non-toxic@ Inactive@
Inactive@ Non-toxic@ Inactive@ 72 + 31 Inactive@

Inactive@ Non-toxic@ Inactive@
Inactive@ Non-toxic@ Inactive@
Inactive@ Non-toxic@ Inactive@

1845 109 + 24 Inactive@

53+ 10 Non-toxic@ Inactive@
Inactive@ Non-toxic@ Inactive@

45 + 11 Non-toxic@ Inactive@

7 Inactive® Non-toxic® Inactive® 98 + 34 69+ 13 88 £ 21 91424

Inactive® Non-toxic@ Inactive®

Gray/white background highlights compounds with similar scaffold.

*The cell lines used were chosen to represent a broad variety of TNBC histotypes: luminal-like ductal (BT-20), squamous (HCC1806), and adenocarcinoma (MDA-MB-
468); basal-like ductal (HCC1395) and adenocarcinoma (MDA-MB-231).

(@) Compounds are considered inactive and non-toxic if the highest concentration tested does not show a 20% reduction compared to the control.

(®)Compounds are considered “toxic” if the ICsg value against Renilla luciferase is less than 1.7-fold of the estimated TopFlash one (ie., SI < 1.7), indicating that the
decrease in observed signal in the TopFlash is due to or strongly affected by the toxic effect.
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Feature name ~ '2Cfeaturem/z  'C feature m/z Peak pair Fragment m/z and % of spectrum Tentative identification

retention time represented by fragment*
(seconds)
Phenyl Phenyl ring-containing
ring-containing fragments
fragments
M206T561 206.0821 2121021 561 206 (3); 164 (17); 147 72(3;70(4;58(13)  Acetylated phenylalanine
(@: 108 (1); 91 (11)
M371T520 371.0086 377.1187 746 871 (16); 12 (1), 77 (3) 249 (3); 113 (3); 99 (2); 85 (2); 1-0-4-benzoyl-3-0-
75(2); 71(2): 59 (3) glucuronosyl glycerol (Stark
etal., 2017)
M385T559 3851131 3911327 1041 385 (17); 185 (2); 117 267 (17); 249 (4); 175 (1); 161 1-0-4-phenylacetyl-3-O-
@:111(1;,91(8) (1) 113(6):99 (1):89 (1) glucuronosyl glycerol

"MS/MS was performed after the initial untargeted MS' analysis, and fragmentation spectra were collected from metabolite features identified by PODIUM as being derived from
Phe or Tyr.
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Feature name "2C feature m/z  1°C feature m/z Peak pair Fragment m/z and % of spectrum Tentative identification
retention time represented by fragment*
(seconds)
Phenyl Non phenyl ring
ring-containing fragments
fragments
M121T468 121.0298 127.0496 468 121 (62); 92 (23); 93 (3) None detected p-hydroxybenzaldehyde
M130T746 130.0299 136.0498 746 131 (35); 130 (§); 102 None detected Unknown
13
M131T1041 131.0876 137.0579 1,041 131 (51); 87 (10); 85 (3) None detected Unknown
M162T1088 162.0017 168.0218 1,088 162 (73) None detected Unknown
M227T1070 227.0464 233.0663 1,070 227 (42); 168 (12); 167 66 (12) Unknown
(6); 142 (2); 141 (15)
M263T938 263.0827 269.1026 938 263 (1); 219 (1); 153 Unknown
(4); 132 (20); 131 (64)
M310T325 3100935 316.1138 325 310 (1); 148 (12 121 179 (4); 119 (7);89 (15);  Dhurrin
@:113(3) 71(6); 59 (28)
M313T258 313.0082 319.1129 258 313 (1); 161 (11); 107 159 (1); 118 (4); 101 (6); p-hydroxyphenylacetic acid
(22); 106 (3) 85(13); 83 (1) glucoside
M346T312 346.0709 352.0007 312 346 (2); 101 (4) 179 (12); 161(3); 131 Unknown, non-phenyl ring is
(1); 119 (); 113(4); 89 consistent with a glucose
(20); 71 (8); 59 (19)
M445T311 4451357 451.1558 311 445(17);401(6)  161(9); 101 (6); 113(3);  Unknown, non-phenyl fing is
71(8):59 (3) consistent with a glucose
MB14T340 814.2629 8202822 340 814 (1);472(2;683  179(9); 161 (23); 113 Unknown, non-phenyl ring is
(6); 503 (1); 341 (29) (17):89 (4) consistent with a glucose

"MS/MS was performed after the initial untargeted MS' analysis, and fragmentation spectra were collected from metabolite features identified by PODIUM as being derived from Phe

or Tyr.
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Bin and amino acid bias

Percent of labeled MS features in each bin

Leaf Base Root
Bin 1: Neither Phe or Tyr bias 50-59mol % toward Phe or Tyr 44 34 55
Bin 2: 60-80 mol % toward Phe 14 22 16
Bin 3: 60-80 mol % toward Tyr 7
Bin 4: 80-100 mol % toward Phe 5 7 5
Bin 5: 80100 mol % toward Tyr 5 10 1
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Green fruits Pink fruits Blue fruits

Delphinidin 3-galactoside 0.12 £ 0.00¢c 9.07 £ 0.03b 43.47 £ 0.06a
Delphinidin 3-glucoside X 0.14 £ 0.00b 0.62 £ 0.03a
Delphinidin 3-arabinoside 0.05 £ 0.00c 4.83 £0.13b 21.34 £0.04a
Cyanidin 3-galactoside 0.16 £ 0.01¢c 2.70 £ 0.02b 10.74 £0.16a
Cyanidin 3-glucoside % *® 0.23 £ 0.00a
Cyanidin 3-arabinoside 005+ 001¢c 1.22 £ 0.04b 4.80+0.11a
Petunidin 3-galactoside 0.04 £ 0.00¢c 4.23 £ 0.02b 28.34 £1.01a
Petunidin 3-glucoside X 0.10 £ 0.00b 0.58 £ 0.03a
Petunidin 3-arabinoside X 2.05 £ 0.09b 11.58 £ 0.50a
Peonidin 3-galactoside X 0.50 £ 0.01b 4.04 £ 0.08a
Peonidin 3-glucoside X X 0.31 £0.04a
Peonidin 3-arabinoside b 4 0.16 £+ 0.00b 1.31 £ 0.08a
Malvidin 3-galactoside X 3.00 £ 0.13b 47.34 £0.10a
Malvidin 3-glucoside X 0.08 & 0.00b 1.25+0.08a
Malvidin 3-arabinoside X 1.563 £+ 0.05b 19.16 £ 0.85a

Values shown are the mean + SE from three biological replicates. xIndicates the substance was not detected. Different English letters represents that the one-way
ANOVA difference was significant (P < 0.05).
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Sample ID

Green fruits-1
Green fruits-2
Pink fruits -1
Pink fruits -2
Blue fruits-1
Blue fruits-2

Sequencing ID

Berry-1
Berry-2
Berry-3
Berry-4
Berry-5
Berry-6
Total

Hiseq2500 reads

19,386,127
16,543,686
21,144,486
19,236,851
18,439,689
17,874,640
112,625,479

SMRT library

No. of SMRT cells
Subreads (post-filter)
reads of insert
Mean read of insert length
Mean read quality of insert
Mean number of passes
Number of full-length non-chimeric reads (FLNC)
Average FLNC read length

1-2 kb

2
165,107
136,466

1,985
98.60%
6
66,289
1,757

2-3 kb

3
241,041
189,732

3,053
90.43%
4
85,628
2,823

3-6 kb

2
166,347
132,766

3,776
90.62
3
57,798
3,775

Total

7
572,495
458,964

2,938
91.55%

209,715
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Metabolite DEG ID

Gallocatechin ~ GQ04107_C21
GQO3606_J07

GQO4105_L05

GQO3815_M16
GQO3111_E17
GQO3313_A02
GQO3805_H10

GQO3806_D05
GQO2901_F15

GQO3322_C02
GQO3216_M13
GQO3812_J09

GQO3803_003
GQ0202_L09
GQO3009_B07

GQO3807_A11

GQO3214_N14
GQO253_H12
GQO3804_MO7
GQO0o82_B18

GQO3229_E14
GQO3507_H08

GQO3901_P05

GQO3810_P08
GQ03312_B13

GQO043_N14

GQO3207_HO4
GQO3712_G11
WS00736_D10

GQO3712_H19

GQO4102_M17
WS00740_J05
GQO3232_H18
GQ02820_P07

Neolignan-2

Procyanidin GQO1301_K10
B1
Taxifolin

glucoside

WS00740_E09

GQO253_H12
GQO3519_N09

GQ02016_E21
GQO3507_F11
GQO082_B18

GQO3805_013
GQO3807_A11

GQ03808_J11
GQO3214_N14
GQ03805_H10

GQO3806_D05
GQO3216_M13
GQO3812_J09

GQO3307_E08

GQO202_L09
WS00736_D10

GQO3111_E17
GQO3009_BO7

GQO3322_C02
GQO3814_106

GQO3206_HO8
GQO4004_H10
GQO3712_H19

GQO074_115
GQO3004_G22

WS0822_G20
GQO3321_M15

GQO3803_003
GQO3313_103

Sequence description®

hydroxylase 2-like
Dirigent protein 11-like
Protein DMR6-LIKE OXYGENASE 2

Dirigent protein 1-like

Probable mannitol dehydrogenase
Cinnamoyl-coa reductase 1-like
Laccase-8-like isoform X1

Dirigent protein 11

Bifunctional pinoresinol-ariciresinol
reductase 2

Peroxidase 11
Laccase-5-like
Xanthohumol 4'-O-methyltransferase

Dirigent protein 22-like
Peroxidase 72-like

Isoflavone reductase homolog
PCBER-like

Omega-hydroxypalmitate O-feruloy!
transferase

Laccase-12-ike
UDP-glycosyltransferase 85A8-ike
Peroxidase 40

Flavonol synthase/fiavanone
3-hydroxylase-like
UDP-glycosyltransferase 86A1
Isoflavone redluctase homolog TP7

Probable 2-oxoglutarate-dependent
dioxygenase ANS

Isoflavone reductase-like protein
Phenylalanine ammonia-lyase

Anthranilate N-methyltransferase-like
Isoflavone reductase homolog A622-like
Flavonoid 8',8'-hydroxylase 2-like

Cinnamoyl-coa reductase 1
x2

Anthocyanidin reductase
(28)-flavan-3-ol-forming)

Protein DMRG-LIKE OXYGENASE 2-like
Dirigent protein 11-lie

Protein DMR6-LIKE OXYGENASE 2-like
Anthranilate N-benzoyltransferase protein
1

Disease resistance response protein 206
isoform X2

e isoform

Caffeic acid 3-O-methyltransferase

UDP-glycosytransferase 85A8-like
Flavonol synthase/flavanone
3-hydroxylase

Peroxidase 72-ike isoform X2

Caffeic acid 8-O-methyltransferase-ike
Flavonol synthase/flavanone
3hydroxylase-like

Laccase-3-like

Omega-hydroxypalritate O-feruloyl
transferase

Dirigent protein 22-like
Laccase-12-like

Laccase-3-like isoform X1

Dirigent protein 11
Laccase-5-like
Xanthohumol 4'-O-methyliransferase

Disease resistance response protein 206
precursor
Peroxidase 72-ike

Cinnamoyl-coa reductase 1-like isoform
X2

Probable mannitol dehydrogenase

Isoflavone reductase homolog
PCBER-like

Peroxidase 11

Cinnamoyl-coa reductase 1-ike
Dihydrofiavonol 4-reductase-like
Geraniol 8-hydroxylase-ike
Anthocyanidin reductase
(28)-flavan-3-ol-forming)
Hydroguinone glucosyltransferase-ike
Phenylalanine ammonia-lyase

4-coumarate-coa ligase 2
Cytochrome P450 CYP736A12-like

Dirigent protein 22-like
Protein SRG1

2Sequence description: annotations obtained using BLAST2GO (P < 0.05),
PinterPro classification: most informative InterPro names.

<Expression: DEGs having higher expression (log2 fold change = 1) in trees producing high levels of PCs were labeled as HIGH, while DEGs having lower expression (log2 fold change
< 1) in individuals producing high levels of PCs were labeled as LOW. Piceid does not appear in the table as none of the 3 DEGs identified for this metabolite was associated with the

phenylpropanoid pathway.

InterPro classification®

Oytochrome P450 E-class group |
Dirigent protein

Isopenicilin N synthase-lice,
oxoglutarate/iron-cependent dioxygenase

Dirigent protein

Leucine-rich repeat domain superfamily
NAD-dependent epimerase/dehydratase
Gupredoxin, laccase, multicopper oxidase
type 1

Dirigent protein

NrrA-like domain

Plant peroxidase
Laccase, multicopper oxidase type 1

Winged helix-lie DNA-binding domain
superfamiy, O-methyltransferase domain

Dirigent protein
Plant peroxidase
NrrA-like domain

Chioramphenicol acetyltransferase-lie
domain superfamily

Cupredoxin, multicopper oxidase type 2
FAD/NAD(P)-binding domain superfamily
Plant peroxidase

Isopenicilin N synthase-like

Alpha/Bsta hydrolase fold

Concanavalin A-like lectin/glucanase
domain superfamily

Isopenicilin N synthase-like

NmrA-lie domain

Phenylalanine ammonia-lyase shielding
domain superfamily

O-methytransferase domain
NmrA-like domain
Cytochrome P450
Cytochrome P450 superfamily

Gitrate synthase superfarily

Oxoglutarate/iron-dependent dioxygenase
Dirigent protein
Oxoglutarate/iron-dependent dioxygenase
Chloramphenicol acetyltransferase-like
dormain superfamily

Dirigent protein

O-methylransferase domain

FAD/NAD(P)-binding domain superfamily
Protein kinase-like domain superfamily

Plant peroxidase
O-methyltransferase COMT-type
Isopenicillin N synthase-like

Multicopper oxidase type 2

Chioramphenicol acetyltransferase-iike
dormain superfamily

Dirigent protein
Gupredoxin, multicopper oxidase type 2
Gupredoxin, laccase, multicopper oxidase
type 1

Dirigent protein

Laccase, multicopper oxidase type 1
Winged helix-like DNA-binding domain
superfamily

Diigent protein

Plant peroxidase
Cytochrome P450 superfamily

Leucine-rich repeat domain superfarily
NmrA-like domain

Plant peroxidase

NAD-dependent epimerase/dehydratase
NAD-dependent epimerase/dehydratase
Cytochrome P450 superfamily
NAD-dependent epimerase/dehydratase

LysM domain

Phenylalanine ammonia-lyase shielding
dormain superfamily

B-cell receptor-associated protein 29/31
Ribosomal protein 11, cytochrome P450
E-class group | superfamily

Dirigent protein

Isopenicillin N synthase-like, Oxoglutarate

Adjusted
p-values

4.14E-05
4.41E-02
6.39E-03

1.82E-03
7.62E-03
2.66E-02
9.81E-03

1.72E-02
3.38E-03

3.04E-02
7.00E-03
4.56E-03

2.07E-03
2.45E-03
2.81E-04

7.06€-03

4.07E-03
1.186-03
1.44E-02
8.28E-06

6.39E-03
3.50E-02

2.39E-02

3.77E-03
2.11E-02

1.02E-03
2.49E-03
3.24E-02
3.06E-02

3.50E-04

4.97E-02
1.01E-05
4.25E-04
6.28E-12

2.11E-02

6.39E-03

2.20E-04
7.88E-03

1.11E-06
2.92E-02
1.10E-04

5.88E-04
6.55E-08

8.72E-04
3.42E-04
4.69E-04

417E-04
9.87E-05
1.35E-05

3.04E-05

4.20E-04
2.33E-02

3.26E-03
9.14E-04

9.84E-03
3.70E-02
1.06E-02
2.93E-02
1.60E-04

1.91€-04
1.89E-02

1.70E-03
2.06E-02

3.18E-02
2.57E-02

Logafc

2.30
220
2.06

1.76
-1.17
-1.00
-1.07

-1.08
-1.10

-1.11
-1.15
-1.17

-1.20
-1.22
-1.30

131

-1.39
—1.43
-1.58
—1.74

1.00
094

053

-0.47
-0.56

-0.58
-0.60
-0.85
-0.86

-0.87

-0.91
1.60
1.26

-0.27

245

251

1.88
1.82

1.74
1.67
1.59

1.53
1.52

141
1.37
1.31

1.26
123
1.22

1.22

1147
1.15

111
1.09

1.04
1.03
1.03
-1.00
1.00

0.93
0.92

0.87
0.83

0.83
0.75.

Expression®

HIGH
HIGH
HIGH

HIGH
Low
Low
Low

Low
Low

Low
Low
Low

Low
Low
Low

Low

Low
Low
Low
Low

HIGH
HIGH

HIGH

HIGH

HIGH
HIGH

HIGH
HIGH
HIGH

HIGH
HIGH

HIGH
HIGH
HIGH

HIGH
HIGH
HIGH

HIGH

HIGH
HIGH

HIGH
HIGH

HIGH
HIGH
HIGH
Low
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Trait Year Parent Linkage QTL

group®
Position® Lob PVEY Number of Marker with highest LOD'
score genes in
max® the QTL®
Astringin 2014 No QTL found
2017 77111 2 107.1-124.3 433 9.4 101 GQO201_C16.1:213
Catechin 2014 2388 6 129-137.3 331 89 74 GQO3417_E16.1:213
GQO3517_A20.1:183
GQO3813_N18.1:900
2017 No QTL found
Gallocatechin 2014 77111 6 102.6-115.2 426 13 52 GQ04010_D06.1:89 (LOD 4.21)
2388 8 805-95.6 823 208 51 GQO3706_FO1.1:209 (LOD 8.16)
PGLM1-0902 (LOD 8.16)
GQ03222_J15.1:397 (LOD 8.16)
2017 771 4 68.1-103.8 415 9.1 160 PGLM2-1250
77111 8 941-117.8 3.88 85 % GQO4108_024.1:246
2388 8 858-09.3 693 14.7 52 GQ03616_J03.1:82
Neolignan-29 2014 2388 4 122.3-134.5 86.29 913 67 GQO3509_017.1:634
2017 2388 4 122.3-1345 75.87 824 61 6Q03509_017.1:634
Piceid 2014 77111 4 150.3-163.5 7.41 19.1 72 GQO168_L11.2:1112
2017 77111 4 151.3-157.2 483 105 23 GQ02820_P07.1:861
Procyanidin B1 2014 2388 1 0.5-6.2 3.44 9.4 36 GQO3608_102.1:558 (LOD 3.24)

GQO3711_A03.1:507 (LOD 3.24)
PGLM2-0208 (LOD 3.24)

2017 2388 1 5.2-27.3 497 108 100 GQO3222_P17.1:624
GQ03230_C18.1:470
GQO3718_P22.2:170

Taxifolin 2014 No QTL found
2017 77111 10 106.4-124.2 422 9.2 60 GQO2811_E24.1:907
GQO3001_G19.1:192
GQO2802_M08.1:581
PGLM1-0106
GQO024_A06.1:139
6 102.6-111.1 3.66 8.0 35 WS00110_105.1:387 (LOD 3.63)
Taxifolin glucoside 2014 2388 6 63.5-72.3 418 1.7 38 GQ03220_G12.1:1305 (LOD 4.01)
2017 77111 9 0.0-89 381 8.4 27 PGLM2-0975 (LOD 3.79)

GQO3613_M22.1:156 (LOD 3.79)
PGLM1-1021 (LOD 3.79)

4Linkage group (LG) according to Pavy et al. (2017).

®Position on the consensus map + 1 LOD in centimorgan (cM).

©LOD score max: maximum LOD score for mapped markers.

9PVE: phenotypic variance explained, expressed in percentage (%).

°Number of genes found in the QTL.

*Associated marker (Pavy et al,, 2017) with highest LOD. If no marker was present at the highest LOD score, the marker closest to the LOD score max was indicated and its LOD score
in parenthesis.

9QTL position for neolignan-2 was defined as the average window size of significant QTLs detected in other metabolites (e.g., 15 cM), as only one gene was mapped in the neolignan-2
QTL when using a window of £ 1LOD.
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Plant species?

HC PC SK EP NC PA CR EF
My 13,150 10,120 6,630 4,840 7,290 6,220 5,640 6,800
Mp 3,530 3,440 1,760 2,270 2,340 2,280 2,450 3,010
My /Mn 3.7 2.9 3.8 21 3.1 2.7 2.3 2.3

aHC, H. cupressiforme; PC, P commune; SK, S. kraussiana; ER, E. palustre; NC, N. cordifolia; PA, P aquilinum; CR, C. revoluta; EF, E. fragilis.
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Metabolite  Molecule skeleton Class MW (gmol~)* Formula Biotic stress® Abiotic stress®
Astringin Stibenoid ~ 406.1 CaoHz2Op  Fungus Hammerbacher et al. (2011) Not studied
Catechin @(: Flavonoid ~ 290.3 CisHis0s  Fungus Bahnweg et al. (2000) Chobot et al. (2009)
vo. % i :
Gallocatechin g Flavonoid ~ 306.3 CisHiOr  Fungus Hammerbacher et al. (2018) Wang et al. (2016)
R
Isorhapontin ri‘:’(_ Stibenoid  420.4 CaiH20p  Fungus Hammerbacher et al. (2011) Not studied
Neolignan-2 Lignan ~ 400.5 CzsHzOs  Insect Schiebe et al. (2012) Moura et al. (2010)
Piceid Stibenoid ~ 390.4 CaoHz20s  Insect and fungus Brignolas et al. (1998)  Villango et al.
(2016)
&
Procyanidin B1 ::/w Flavonoid ~ 578.5 CaoHesOr2  Insect Rohde et al. (1996) Varela et al. (2016)
- oS
oH
8 A _on
|
Ho”
o
Taxifolin @:"“ Flavonoid ~ 304.2 CisHi20;  Fungus Evensen et al. (2000) Not studied
HO. O B
'OH
OH O
Flavonoid  466.4 CatHzOr2  Insect and fungus Brignolas et al. (1995)  Not studied

Texiolin _~_OH
Jucoside OL
d +o. o &M,
[ OH © o
Hie "OH

OH OH

Molecular weight of the phenolic compound (g mol~") and chemical formula are indicated

bStudlies demonstrating the role of the phenolics tested in tree response to biotic stresses (insect and pathogens) in Picea sp. are reported.
Studies demonstrating the role of the phenolics tested in tree response to abiotic stresses (drought) in plant species are reported.
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Cycas revoluta Ephedra fragilis
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Nephrolepis cordifolia Pteridium aquilinum
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Selaginella kraussiana
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Hypnum cupressiforme

. “10C Aps 0C
|3:.'2' H:':)3 '2f8?'2'.6|:42 [ Hy;,8,6",8"& i
Aps °Ape _—100
-60 ©
I -110
Hys L
T _70 Hys' 5™
-120
-80 -
Ap2 e Hye™
@
Hy2 -
Hyz"" 130
Hye I Apigenin
55 50 45 40 35 30 OH 80 75 70 65 60 ISH





OPS/images/fpls-12-675108/fpls-12-675108-g003.gif





OPS/images/fpls-12-740923/fpls-12-740923-g002.jpg
Relative response (%)

Relative response (%)

Relative response (%)

Relative response (%)

1001 § 100 -
. =
H. cupressiforme = P. commune
751 D 75-
-
S
7))
£
50- ®© 501
=
©
0
25- X s
1
M 3
6 8 10 12 14 16 18 20 22 6 8 10 12 14 16 18 20 22
Retention time (min) Retention time (min)
1001 1 1001 i
. o
S. kraussiana = E. palustre
*13 8
Fin C75'
" S
' O
50- i 17 ® 501
7 15 =
©
1| F| & <
29 5 8 251
1214
&6 8 10 12 14 16 18 20 22 6 8 10 12 14 16 18 20 22
Retention time (min) Retention time (min)
1009 2 1001 4
e Q) -
N. cordifolia S P. aquilinum
)
75- T L 75-
8 | 2
/)]
o
50- © 501
= >
6 7 © 4
o)
25- X s
6 112
1| 3 121" 1618 21 3 ‘ y 1 1618
'LKJUTMJ\A‘)IK«‘JL‘JI W _k’lw 1 | 1 1 2|02l AI * -IT"J
6 8 10 12 14 16 18 20 22 6 8 10 12 14 16 18 20 22
Retention time (min) Retention time (min)
1001 i 1001 o
2 C. revoluta = i E. fragilis
75- 875-
-
S
7))
o
50- © 50 4 15 47
=
© 2
L 7
254 6
24
¥ 19 26 27
. m 2 23
bl il
6 8 10 12 14 16 18 20 22 6 8 10 12 14 16 18 20 22

Retention time (min) Retention time (min)





OPS/images/fpls-12-675108/fpls-12-675108-g002.gif
Consentation of Neolignan-2 (mg &)

Concentaton of Neolignan2 (mg &)

o
b 2016
b 2017

> -

2014 i
= o
(e Yo £
4 Bt

Progeny.





OPS/images/fpls-12-740923/fpls-12-740923-g001.jpg
Ulva fasciata

green algae

Bryophytina |

Hypnum cupressiforme

Polytrichum commune
Lycopodiopsida ) _
ErbrEsha Selaginella kraussiana
amd plars) Equisetales
Polypo- Equisetum palustre
L diopsida
Tracheophyta Pteridium aquilinum

(vascular plants)

Euphyllophyt_aI

Polypodiales _ o
Nephrolepis cordifolia

Cycas revoluta

a

gymnosperms

ncient
Ephedra fragilis





OPS/images/fpls-12-675108/fpls-12-675108-g001.gif
Biparena prozny

Arr






OPS/images/fpls-12-740923/cross.jpg
3,

i





OPS/images/fpls-12-675108/crossmark.jpg
©

2

i

|





OPS/images/fpls-12-727932/fpls-12-727932-g008.jpg
WB: PtrHCT1
260kDa=—
-

140kDa=—
100kDa=-
70kDa=—

50kDa =

WB: PtrHCT1

i

WB: PtrHCT6
260kDa =
140kDa = <=
100kDa =
70kDa ==
50kDa = -l






OPS/images/fpls-12-727932/fpls-12-727932-g007.jpg
A

0.05

0.04

0.2
0.18
0.16
0.14
0.12

0.1

RMSE

0.06
0.04
0.02

Ptr4CL3- Reaction ()

e=(=RMSE =i=BIC

NE 15 14 13 1:2 .12 221 31 84 5

Ptr4CL3: PtrHCT]1 ratio
in enzyme complex

Ptr4CLS5- Reaction 0

e=(=RMSE =l=BIC

w7

NE 35 154 13 12 18 20 391 81 51
Ptr4CL5: PtrHCT1 ratio
in enzyme complex

Ptr4CL3- Reaction (&)

«=(=mRMSE =ili=BIC

A
\\/ff ‘

Wfﬁ

NE 85 14 123 a2 14 29 31
Ptr4CL3: PtrHCT1 ratio
in enzyme complex

Ptr4CLS5- Reaction @

=(=mRMSE =ili=BIC

\ //

NG 155 14 123 12 34 21 251 4% 59
Ptr4CLS: PtrHCT1 ratio
in enzyme complex

-25
-30
-35
-40

- .45
' - -50

- -60

“0

&= - 65

BIC

BIC

BIC

BIC

RMSE

RMSE

RMSE

0.06

0.02

0.01

0.5
0.45
0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05

0.09
0.08
0.07
0.06

- 0.05

0.04
0.03
0.02
0.01

Ptr4CL3- Reaction Q

e=(=mRMSE «={i=B|C

\

Ptr4CL3: PtrHCT6 ratio
in enzyme complex

Ptr4CL5- Reaction @

\ .
Y

NE 25 34 353 122 351 21 3 41 5

=(=RMSE «={ii=B|C

NC 15 1:4 1:3 12 13 2:1 3:1 94 5:4
Ptr4CLS5: PtrHCT6 ratio
in enzyme complex

Ptr4CL3- Reaction (&)

3

%

4‘3’\ |
o
RN\

Ptr4CL3: PtrHCT6 ratio
in enzyme complex

=(==RMSE =i=BIC

Ptr4CL5- Reaction @

% =(=mRMSE =i=B|C

NE 1S 13 188 122 19 24 39 41 571

Ptr4CLS: PtrHCT6 ratio
in enzyme complex

-20

-2

-30

35

-
jv4

- 155

45

BIC

BIC

BIC

BIC





OPS/images/fpls-12-637695/fpls-12-637695-t001.jpg
uGT Sugar receptor Vmax (nmol-s~') Km (uM) keat (s7) keat/Km (s-M")

Sesaminol 8.17x10° 48.000.79 563x10° 147 x 10¢
Pinoresinol 1.02x10° 67.16200 7.00x10% 104 x 10°
5 Floreeinal- O 1.85x 10° 136.06  6.56 128x 10" 9,39 x 10°

UGT7185a Jooside
Clemaphenol A 128x10° 12320+ 496 8.82x10% 746 %10
Matairesinol 5.84x 10+ 62.35 153 403x10% 6.46 x 107
Secoisolariciresinol 139 x 10 16848 £ 918 9.61x 107 5.71x 107
Lariciesinol 235 x10° 56829 = 16.08 162 10 285 x10°
Sesaminol 2.08x10° 135.48 + 10.90 143x 10" 1.06 x 10°

Helzieg Matairesinol 4.01x 10+ 61.34+148 277x10% 451 %10

The kinetic parameters were analyzed through Lineweaver Burk plots (Supplementary Figure S7). The detailed ignans and the reaction time of recombined UGT7185s to different
substrates were shown in Supplementary Table S6.
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Species Xylem sap pH Cell wall pH References

Acer pseudoplatanus 6.9 8.2 Essiamah, 1980; Taylor and Davies, 1985
Arabidopsis thaliana 6 55 Bibikova et al., 1998; Martiniere et al., 2018
Betula pendula 15 5.5 Taylor and Davies, 1985; Sauter and Ambrosius, 1986
Brassica napus 7.4 6 Husted and Schjoerring, 1995; Gloser et al., 2016
Helianthus annuus 7.2 5.3 Jia and Davies, 2007; Gloser et al., 2016
Phaseolus coccineus 6.6 5.9 Starrach and Mayer, 1989; Gloser et al., 2016
Pisum sativum 6.2 6 Jacobs and Ray, 1976; Gloser et al., 2016
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KD
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"PDA peak was not well separated from another peak, so Ty was estimated from the
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Gene Log;-Fold Change P-value

[AACr (unexpanded-mature)]

HDT -5.93£1.50 0.02
HST 0.05£0.16 077
HMT 1.14£045 0.07

"From paired t-test, mature versus unexpanded.
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Construct n HMT HDT HST

Empty Vector 4 49£032* 95:210* 650%587*
HMT Silencing 3 00£000* 05+0.11%  90.1+7.85

“Activities expressed as pkat/mg crude protein +standard error using the folowing
donor/acceptor pairs: HMT, p-coumaroyi-CoA/malic acid; HDT, caffeoyl-CoA/L-DOPA;
and HST, p-coumaroyl-CoA/shikimic acid.

' cormesponds o independent transgenic events.

*Valyes within columns are significantly different at p <0.05.
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Designation

ms268
ms269
ms701
ms702
ms809
ms815
ms867
ms870
ms8s1
ms882
ms884
ms885
ms886
ms887
ms888
ms889
okt

bk2
ms1008
ms1009
ms1010
ms1011

Sequence* (5’ to )

GTGTGAGTCACACTGTGCCAATC
ACGGCCAGCAAGATCCAA
GGCATTAACTGCAACAAAAGGATGTG
CCCAAGAAACAATTTCATTGCATCATCCATC
TWYTAYCCWDTRGCTGGHMG
AYWGSCYTYCCMYAWCCAAAATC
AMTTCATCAAYWCATGGKC
CCAAAATCWGMWTCRTRAAHVGG
CTGGATACCTAGAACATCTTCTTCATTGGC
CACCTTTGGAGCCACGTTTTGAACACTTGG
CCAACACAGAACTTCAASCTAGCATACC
ACCAACTTAGAGGGTGATTTTGGGTC
CCGGGCCATGGTAACCATTATAGCTTCTCAG
(GGGCCTCGAGTCATATCTCCTCATAAAAATACTTGTT
GICTAGAAAACAATGGTAACCATTATAGCTTCTCAG
CCGGTACCTCATATCTCCTCATAAAAATACTTGTT
CCTAGGATGGTAACCATTATAGCTTCTCACAC
GTTAACTCATATCTCCTCATAAAAATACTTGTTGA
ACTTTGCTCCCACACTTGAG
TGTTGCATACCAACACCAAG
CATAGAAGGTGGTAGATTAGAATTGA
TGGAACAAGTTCTTTGATGGTG

"Where appropriate, introduced restriction sites are underlined and an introduced dicot
translational consensus sequence (Joshi et al., 1997) is italicized.
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Gene Gene ID Length (aa) pl MW (kDa) GRAVY Localization

CcTAT BGI_novel_G001926 303 5.99 33.21 ~0.141 Cytoplasm
CcTA2 BGI_novel_G001927 306 5.65 33.53 —0.245 Cytoplasm
CiTA1 CIL140480013 368 5.89 40.49 -0.113 Plastid

CiTA2a BGI_novel_G000346 306 5.72 33.55 —0.231 Cytoplasm
CiTA2b BGI_novel_G000348 306 5.52 33.55 ~0.235 Cytoplasm
JrTAT JreChr05G12349 303 6.17 33.53 ~0.307 Cytoplasm
JITA2 JreChr05G 12348 306 5.94 33.59 ~0.123 Cytoplasm
CsTAT CSS0013720 299 5.61 33.03 -0.187 Cytoplasm
CsTA2 CSS0029502 299 5.41 33.07 -0.182 Cytoplasm
CsTA3 CSS0031888 299 5.62 33.13 —0.252 Cytoplasm
CsTA4 CSS0037283 299 5.61 33.14 —0.261 Cytoplasm
CsTA MK381269 299 5.61 33.09 —0.256 Cytoplasm
CclTA MK381273 305 5.56 33.56 —0.266 Cytoplasm
DKTA Dlo_pri0202F.1_g00930 303 5.81 32.90 —0.111 Cytoplasm
FaTA MK381272 306 5.50 33.50 -0.135 Cytoplasm
F/TA FvH4_2906620 306 5.51 33.46 —0.134 Cytoplasm
PgTA1 LOC116202495 310 5.56 34.68 —0.304 Cytoplasm
PgTA2 LOC116204819 358 5.86 39.45 —0.275 Plastid

PtTA1 Potri.009G 105000 303 5.99 33.01 ~0.196 Cytoplasm
PiTA2 Potri.004G 143200 301 5.25 33.00 —0.143 Cytoplasm
WTA VIT_03s0063g00830 302 5.59 33.15 —0.129 Cytoplasm

Cc, Carya cathayensis; Ci, Carya illinoinensis; Jr, Juglans regia; Cs, Camellia sinensis; Ccl, Citrus clementina; DK, Diospyros kaki; Fa, Fragaria ananassa;, Fv, Fragaria
ananassa; Pg, Punica granatum; Pt, Populus tremula; W, Vitis vinifera.
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Experimental

Functional food ~ Form of administration Target el Effects References
Anthocyanin-rich  Blue and yellow com in rodent diet  Heart Wild-type rats Reduced infarct size and Toufektsian et al., 2008
maize improved antioxidant defenses
Blue and yellow corn in rodent diet  Heart Wild-type rats Increased plasma concentration  Toufektsian et al, 2011
of DHA and EPA
Purple and yellow com in rodent diet  Heart Wid-type mice  Protect against Doxorubicin Petroni et al., 2017
adverse side-effects
Purple com extract in rodent diet vs.  Obesity Wid-type mice  Prevent body weight gain under  Tsuda et al., 2003
not-supplemented diet HFD.
Purple com extract in rodent diet vs.  Obesity Wid-type mice  Attenuate HFD-induced Tomay et al,, 2019
not-supplemented diet inflammation with a long-lasting
reprogramming of ATM toward an
anti-inflammatory status
Purple and yellow corn extract in Brain Wild-type rats Reduced allodynia and Magni et al., 2018
rodent diet neuroinflammation
Purple and yellow cor in rodent diet Muscular dystrophy ~ Sgcanullmice  Delayed progression of musoular  Saclier et al., 2020
dystrophies reducing inflammation
and oxidative stress
Purple and yellow corn in rodent diet  Liver Wid-type mice  Regulated H3Kdme3 affecting ~ Persico et al., 2021
specific pathways
Purple com extract in drinking water ~ Diabetes db/db mice Delayed diabetes-associated renal Li et al., 2012a,>
vs. water fibrosis and mesangial
inflammation
Purple com extract in drinking water  Diabetes ab/ab mice Reduced diabetes-associated  Kang et al, 2012, 2013
vs. water glomerular monocyte activation,
macrophages infitration and
angiogenesis
Blue and yellow corn in rodent diet  Brain Wild-type rats Reduced mtDNA damage Demeiliers et al., 2017
Purple com extract in rodent diet vs.  Cancer Wild-type rats Delayed mammary cancer Fukamachi et al., 2008
not-supplemented diet
Purple com extract in rodent diet vs.  Cancer Wild-type rats Delayed progression of prostate  Long et al., 2013
not-supplemented diet cancer
Anthocyanin-rich  Moro and Navelina orange juice Obesity Wild-type mice Prevent body weight gain under Tittaet al.,, 2010
orange HFD
Moro and Navelina orange juice  Obesity Wid-type mice  Prevent body weight gain and fiver Salamone et al., 2012
steatosis under HFD
Anthocyanin-rich  Purple and red tomato powderin  Gancer P53 mice Delayed cancer developmentand  Buteli et al,, 2008
tomato rodent diet increased life span
Bronze and red tomato powderin  Inflammationand  Winnie mice Reduced inflammation markers  Liso et al., 2018; Scarano
rodent diet microbiota and modulated gut microbiota et al,, 2018
Bronze and red tomato powderin  Inflammationand  Winnie mice Reduced inflammation markers  De Santis et al., 2021
rodent diet microbiota in mothers and modulated gut microbiota
and puppies
Anthocyanin-rich  Red and white near-isogenic apple  Inflammationand ~ Wild-type mice  Reduced inflammation markers  Espley et al., 2014
apple in rodent diet microbiota ‘and modulated gut microbiota
Naturally bred red and yellow- Inflammationand  Healthy humans  Promoted immune function Barmett et al,, 2021
fleshed apple in human diet microbiota
Biofortified red and white fleshed  Hypercholesterolemia  Wild-type rats Protect against HFD-induced Yuste et al, 2021
apple in rodent diet cardiovascular and metabolic
alterations
Naturally bred red and white fleshed ~ Cancer Wild-type rats Delayed appearance of the Bars-Cortina et al., 2020
apple i rodent diet precancerous markers

HFD, high-fat dlet; mtDNA, mitochonrial DNA; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; ATM, adipose tissue macrophages; HK4me3, trimethylation of lysine 4 of
the histone H.
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Plant species?

HC SK NC PA CR EF

Aromatic units (%)°:

p-Hydroxyphenyl (H) — 5.8 — 0.5 0.7 0.5
Guaiacy! (G) — 25.9 100 98.8 98.7 27.0
Syringy! (S) — 54.2 — — — 7.3
Naringenin (N) - 25 - - 0.2 -
Apigenin (Ap) 16.0 - - - -
Kaempferol (K) - - — 0.7 - 1.2
Amentoflavone (Am) - 11.6 — — 0.4

Hypnogenol B (Hy) 84.0 - - - - -
Lignin substructures (%)°.

B-0O—4" Alkyl-aryl ethers (A) — 88.9 (57.5) 66.2 (19.6) 58.3 (28.6) 59.5 (32.6) 81.2 (54.6)
-5 Phenylcoumarans (B) — 6.4 (4.2 25.3(7.5) 26.8 (13.1) 24.9(13.6) 7.04.7)
g-p" Resinols (C) — 4.7 (3.0 5.5(1.6) 5.5(2.7) 5.4 (3.0 10.6 (7.1)
5-5" Dibenzodioxocins (D) — — 3.0(0.9) 3.9(1.9 59(3.2) —
Coniferaldehyde end-groups (J) — — — 5.5(2.7) 4.3(2.3 1.2(0.8)

aHC, H. cupressiforme; SK, S. kraussiana; NC, N. cordifolia; PA, P aquilinum; CR, C. revoluta; EF, E. fragilis.

b As percentage of total aromatic units (H+ G + S + N + Ap + K + Am + Hy = 100).

CAs percentage of total substructures (A + B+ C + D + J = 100), with values in parentheses referred to classical lignin units (H + G + S = 100).
—, not detected.
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Label d3c/dy Assignment

Ng/Hyz/ 41.8/2.69, 3.31 Cg/Hg in naringenin (N)/Cg/+/Hz/+ in hypnogenol B (Hy)
Bg 52.9/3.43 Cg/Hg in phenylcoumarans (B)

Cs 53.3/3.05 Cg/Hg in p—p resinals (C)

MeO 55.5/3.71 C/H in aromatic methoxy group

Ay 569.7/3.21, 8.59 Cy/Hy in B-O-4" alkyl-aryl ethers (A)

By 62.6/3.68 Cy/Hy in phenylcoumarans (B)

Cy 70.7/3.73, 4.14 Cy/H, in p—p'resinols (B)

Auc 70.9/4.72 Co/Hg in ﬁ—O—4’ alkyl-aryl ethers (A) linked to a G unit
Hys 71.2/4.62 Cg/Hg in hypnogenol B (Hy)

Aus 71.7/4.84 Cy/Hy in B—O—4’ alkyl-aryl ethers (A) linked to a S unit
N2 78.1/5.49 Co/Hz in naringenin (N)

Hyo: /v 78.3/5.46 Co///Mor in hypnogenol B (Hy)

Hyo 82.7/5.07 Co/Hz in hypnogenol B (Hy)

Dy 83.0/4.82 Cu/My in 5-5" dibenzodioxocins (D)

Asc 83.7/4.27 Cp/Hg in B—O—4’ alkyl-aryl ethers (A) linked to a G unit
C, 84.8/4.62 Cy/Hq in p—p'resinols (C)

Dg 85.3/3.85 Cp/Hg in 5-5" dibenzodioxocins (D)

Ags 86.4/4.03 Cp/Hg in p-O-4" alkyl-aryl ethers (A) linked to a S unit
Ba 86.7/5.45 Cy/Hy in phenylcoumarans (B)

Kg 93.3/6.43 Cg/Hg in kaempferol (K)

Aps 93.7/6.46 Cg/Hg in apigenin (Ap)

Amg 93.8/6.46 Cg/Hg in amentoflavone (Am)

Ng/Hys/Hyg/ 94.6/5.87 Cg/Hg in naringenin (N)/Cg/Hg and Cg://Hg/+ in hypnogenol B (Hy)
Ne/Hys/Hyg: 1 95.5/5.87 Cg/Hg in naringenin (N)/Cg/Hg and Cg'/Hg+ in hypnogenol B (Hy)
Kg 97.9/6.20 Cs/Hg in kaempferol units (K)

Amg: 98.3/6.40 Cg//Hg: in amentoflavone (Am)

Aps 98.5/6.18 Cg/Hg in apigenin (Ap)

Amg 98.5/6.18 Cg/Hg in amentoflavone (Am)

Amg: 102.2/6.77 Cg// /Mg in amentoflavone (Am)

Aps 102.7/6.72 Cg/Hg in apigenin units (Ap)

Amg 102.7/6.82 Cs/Hz in amentoflavone (Am)

Soe 103.9/6.68 Co/Hz and Cg/Hg in syringyl units (S)

8/2,6 106.1/7.30 Co/Hz and Cg/Hg in Ca-oxidized syringy! units (S’)
Go 110.8/6.96 Co/Hz in guaiacyl units (G)

FA2 110.9/7.29 Co/Hy in ferulates (FA)

Jo 112.4/7.31 Co/Hz in coniferaldehyde end-groups (J)

Gs/6 114.9/6.80 Cs/Hs and Cg/Hg in guaiacy! units (G)

Kar 5 1156.1/6.91 Cg/ /Mg and Cs: /Hs: in kaempferol (K)

Na/ 5/ 115.2/6.92 Cg//Hz and Cs'/Hs: in naringenin (N)

Amgr v 51 1156.3/6.72 Cgrr1/Hgr and Cs: 7/ /Hs/ -+ in amentoflavone (Am)
Apg 5/ 115.5/6.94 Cg//Hzr and Cs: /Hs/ in apigenin (Ap)

Ams: 115.8/7.14 Cs//Hs: in amentoflavone (Am)

Js 118.7/7.30 Cg/Hg in coniferaldehyde end-groups (J)

Gg 118.9/6.79 Cg/Hg in guaiacyl units (G)

FAs 123.2/7.11 Ce/Hg in ferulates (FA)

Js 126.0/6.76 Cg/Hg in coniferaldehyde end-groups (J)

Amg: 127.5/7.99 Cg/ /Hg: in amentoflavone (Am)

Ho e 127.6/7.19 Co/Hz and Cg/Hg in p-coumaryl units (H)

No/ e 127.8/7.29 Cor/Hyr and Cgr /Hg: in naringenin (N)

AMgr i1 g 127.9/7.56 Corri/MHor v and Cgr///Hgr++ in amentoflavone (Am)
Ko 6 129.2/8.02 Cy/ /Mo and Cg' /Hg: in kaempferol (K)

Amy: 131.0/7.98 Cor/Hy in amentoflavone (Am)

J7 1638.5/7.62 C7/H7 in coniferaldehyde end-groups (J)
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Totalchlorophyll(mg/g) = [8.02 x (A663) + 20.20
X (A645)] x V/1,000 x W
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Chlorophyllb(mg/g) = [22.9 x (A645) —4.86 x (A663)]
X V/1,000 x W
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Chlorophylla(mg/g) = [12.7 x (A663) —2.69 x (A645)]
X V/1,000 x W
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Variable Substrate®  Constant Substrate® Kun (M) Ki (uM) ke (57 Keeal Ko (7 M)

p-CA-CoA L-Tyr (3,000 M) 2.96+0.320 72.5£11.40 3450164 117 £0.138
CA-CoA L-Tyr (3,000 M) 7.37 £0.831 2922+ 6364 10.17 £ 0.481 1.38+0.169
FA-CoA L-Tyr (3,000 M) 0.72£0.081 - 0.76 0013 1.07 £0.122
p-CA-CoA L-DOPA (10,000 M) 2.47 0576 50.514.08 27220267 1.10+0.278
CA-CoA L-DOPA (10,000 M) 5.08 +0.696 368.4 +97.90 5990325 1.18+0.174
FA-CoA L-DOPA (10,000 M) 0.64 £0.093 - 0.75£0015 1.16£0.169
p-CA-CoA L-Trp (10,0004M) 0.30 £0.031 - 0820011 276 +0.286
CA-CoA L-Trp (10,0004M) 12940158 - 1.07 £0.027 0.83£0.104
FA-CoA L-Trp (10,0004M) 0.34+0.029 - 0.37 £0.004 1.08 £ 0.091
LTyr p-CA-CoA20pM) 1453+ 556 - 2.74£0027 0.0189 + 0.00075
LTyr CA-CoA (50pM) 342.0+ 1437 - 9120114 0.0267 £ 0.00117
LTyr FA-CoA (20uM) 14.4£064 - 0.69 +0.006 0.0479 = 0.00216
L-DOPA p-CA-CoAR0M) 989.8 + 35.92 - 2.00£0.022 0.0020 = 0.00008
L-DOPA CA-CoA (50M) 2465.0 + 65.88 - 6.46 £0.325 0.0026 = 0.00008
L-DOPA FA-CoA (20M) 150.0 £ 7.65 - 0750015 0.0050 + 0.00026
L-Trp p-CA-CoAQ0uM) 2163.0 + 63.39 - 1.00 £ 0.009 0.0006 + 0.00001
L-Tp GA-CoA (50M) 1252.0 + 26.69 - 1.21£0.007 0.0010 £ 0.00002
L-Tp FA-CoA (20M) 273.2+24.15 - 0.35 £ 0.007 0.0013 + 0.00012
L-Phe® CA-CoA (50p:M) >10,000 ND ND ND
L-Leu® CA-CoA (50p:M) >10,000 ND ND ND

*Variable and constant substrates are as: p-CA-CoA, p-coumaroyl-CoA; CA-CoA, caffeoyl-Co; FA-CoA, feruloyl-CoA; LTy, Ltyrosine; L-DOPA, L-3,4-dihydroxyphenlyiatanine;
L-Tip, L-tryptophan; L-Phe, L-phenylalanine; and L-Leu, L-leucine. The concentration of the constant substrate used s shown i parentheses.
"N, not determined.
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Variable Substrate + PEG — PEG % %
reduction’ reduction

(N=6) (N=6) (dueto relative to

PEG) WT WC
Mean SD Mean SD Ivs?

6 h incubation
CH4 3755 206 11 171 07 17.1a 15.4
(mL/g) 3764 226 11 182 1.0 19.42 17.7
WTWCInfl 267 1.8 21.3 20 20.28 18.6
WTWClvs 205 1.9 201 1.8 1.76 0.0
Gas 3755 188.7 9.8 160.7 9.9 14.82b 12.2
production 3764 189.1 131 1735 54 8.2P 5.7
(mL/g) WTWC Infl 217.9 11.3 180.6 13.0 17.1a 14.5
WTWCIvs 193.3 11.3 198.3 9.4 2,67 0.0

24 h incubation
CH4 3755 406 02 366 12 9.8? 9.1
(mL/g) 3764 447 0.3 407 06 9.02 8.3
WTWCInfi 506 1.1 47.3 05 6.5 5.9
WTWClIlvs 457 1.1 465 02 0.6° 0.0
Gas 3755 276.2 4.3 2593 10.3 6.12 5.4
production 3764 2847 12 2700 52 5.22 4.4
(mL/g) WTWC Infl 3159 33 297.7 45 5.82 5.0
WTWClvs 3011 1.5 3034 25 0.7° 0.0

SEffects of CTs are expressed as percent reduction due to PEG 6000 (which
complexes with CTs) and percent reduction relative to control \(WT WC leaves).

" Within each variable, means that do not share a letter are significantly different at
p < 0.01 using Tukey’s Multiple Comparison Test (MCT).

2Percent reduction relative to wild-type control was calculated using the values in
the column for % reduction due to the effects of PEG.

SD, standard deviation from the mean; WT WC, wild-type white clover; Inf,
inflorescence; lvs, leaves.
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Variable Substrate + PEG —PEG % %
reduction’  reduction

(N=6) =8 dueto relative to
PEG WT WC
Mean SD Mean SD Ivs2
6 h incubation
Acetate 3755 249 014 226 02 9.11e 13.88
(nmol/g) 3764 247 014 228 016  7.65% 12.42
WTWC Infl 276 0.35 2283 042 18.872 23.64
WTWClvs 227 0.39 237 0.33 —4.77° 0.00
Propionate 3755 0.59 0.05 043 0.06 27.18 23.99
(nmol/g) 3764 0.62 0.08 0.51 0.07 17,72 14.62
WTWC Infl 0.78 0.13 0.61 0.13 21.82 18.67
WTWClvs 064 0.13 066 0.13 g4k 0.00
Butyrate 3755 045 0.02 0.37 0.02 16.42 19.01
(nmol/g) 3764 046 0.03 040 0.03 1282 14.91
WTWC Infl 0.45 0.04 0.34 0.04 28.5% 26.12
WTWClvs 050 0.05 0.51 0.05 2.6° 0.00
AP 3755 427 0.36 531 048
3764 4.06 0.33 4.53 0.38
WTWC Infl 3.54 0.38 3.65 0.23
WTWClvs 354 0.26 363 0.28
24 h incubation
Acetate 3755 3.31 024 325 023 1.82 5.42
(nmol/g) 3764 3.23 028 324 032 0.3 3.29
WTWC Infl  3.67 0.156 3.57 0.16 2:7¢ 6.33
WTWClvs 3.33 0.18 345 0.23 —3.6° 0.00
Propionate 3755 0.72 012 061 01 15,82 16.47
(nmol/g) 3764 0.74 0.13 0.69 0.12 6.7° 7.95
WTWC Infl 092 0.14 0.83 0.11 9.82 10.97
WTWCIvs 0.84 0.12 0.85 0.12 —1.2¢ 0.00
Butyrate 3755 0.63 0.06 0.60 0.04 4,430 6.78
(nmol/g) 3764 0.64 0.06 0.63 0.07 2.0% 4.60
WTWC Infl 0.70 0.02 0.65 0.01 7.28 9.59
WTWClvs 0.80 0.03 0.82 0.03 2.3b 0.00

AP 3755 4.656 0.40 540 048
3764 4.45 0.37 4.77 0.35

WTWC Infl  4.04 0.42 4.34 0.40

WTWCIvs 4.01 0.37 4.07 0.37

S FEffects of CTs are expressed as percent reduction due to PEG 6000 (which
complexes with CTs) and percent reduction relative to control \(WT WC leaves).
1Within each variable, means that do not share a letter are significantly different at
p < 0.01 using Tukey’s Multiple Comparison Test (MICT).

2Percent reduction relative to wild type control was calculated using the values in
the column for % reduction due to the effects of PEG.

SD, standard deviation from the mean;, WT WC, wild-type white clover; Infl,
inflorescence; Ivs, leaves.
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Variable Substrate + PEG - PEG % %
reduction’ reduction
(due to relative to
PEG) WT WC

(N=6) (N =6)

Mean SD Mean SD Ivs?

6 h Incubation
NH4 3755 164.4 36.6 647 19.1 60.62 60.5
(nmol/g) 3764 1492 453 814 362 4548 45.3
WTWCInfl 117.2 358 89.0 31.3 24.1° 23.9
WTWCIvs 831 39.3 830 415 0.1¢ 0.0
Isovalerate 3755 777 116 365 58 53.0P 52.0
(nmol/g) 3764 837 162 522 119 37.7¢ 36.7
WTWCInfl 432 105 112 20 74.12 73.1
WTWCIvs 536 109 541 92 1.08 0.0
Isobutyrate 3755 342 47 240 6.0 29.8P 27.5
(nmol/g) 3764 365 77 279 72 23.6P 21.3
WTWCInfl 27.3 54 120 25 55.92 53.6
WTWCIlvs 219 6.0 224 55 2.3¢ 0.0

24 h incubation
NH4 3755 367.4 135 278.0 37.1 24,32 23.2
(nmol/g) 3764 368.3 47.3 325.8 49.4 11.52 10.4
WTWC Infl 2729 337 221.6 191 18.82 17.7
WTWCIvs 2950 42.0 2982 24.2 1.1b 0.0
Isovalerate 3755 179.1 29.6 125.7 20.7 29.82 27.9
(nmol/g) 3764 1836 34.9 1482 29.6 19.3P 17.4
WTWCInfl 1154 215 73.0 13.0 36.82 349
WTWCIvs 1534 23.3 156.3 20.9 1.9¢ 0.0
Isobutyrate 3755 98.38 15.64 71.54 1236 27.28° 25.96
(nmol/g) 3764  101.99 18.03 82.96 17.80 18.66° 17.33
WTWC Infl 63.34 9.96 44.97 640  29.00° 27.68
WTWCIvs 87.59 11.30 88.75 10.87  1.32° 0.00

S Effects of CTs are expressed as percent reduction due to PEG 6000 (which
complexes with CTs) and percent reduction relative to control (WT WC leaves)
1Within each variable, means that do not share a letter are significantly different at
p < 0.01 using Tukey’s Multiple Comparison Test (MCT).

2Percent reduction relative to wild type control was calculated using the values in
the column for % reduction due to the effects of PEG.

SD, standard deviation from the mean; WT WC, wild-type white clover; Infl,
inflorescence; Ivs, leaves.
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Model (Gene Expected Unexpected Precisiond Recall®
expression vs. Cell correlations®  correlations®
wall properties)®

Stages N vs. N+ 1 20 o] 1.00 0.30
S1gq vs. R3 14 o] 1.00 021
S2g4 vs. R3 9 o] 1.00 0.14
Edvs. R3 % o] 1.00 011
S3g4 vs. R3 6 o] 1.00 0.09
A4 Nvs N +1 3 o] 1.00 0.0
Nvs. N 13 5 072 020
Nvs. N+ 1 12 6 067 0.18
AP13 Nvs. N +1 4 2 067 0.06
AP13 Nvs. N 2 2 0.50 0.03
V816 Nvs N+ 2 2 4 033 0.03
A4 Nvs N +2 2 5 0.29 0.03
Nvs. N+ 2 3 12 0.20 0.086
V816 Nvs. N 1 4 0.20 0.02
AP13 Nvs. N 42 1 5 017 0.02
Stages Nvs. N 1 12 0.08 0.02
A4 N vs. N o] o] - o]
V816 Nvs N4+ 1 0 o] - o]
R3vs. R3 o] o] - o]
V3vs. E4 o] o] - o]
V3 vs. R3 o] 4 o] o]
E4 segments N vs. N 11 o] 1.00 017
E4 segments N vs. N + 1 10 o] 1.00 015
E4 segments Nvs. N + 2 5 o] 1.00 0.08

Analysis was via Gini correlation with g < 0.01. Correfation coefficients, P-values,
and g-values are in Supplementary Table 3.

AStages refers to whole tillers of the vegetative 3 (V3), sfongation 4 (E4), and
reproductive 3 (RS3). S# refers to the E4 tiller segments. N vs. N is gene exprassion
(GE) and celf wall (CW) properties from the same sampile; Nvs. N + 1 is GE for the
N sample and cumulative CW properties for the immediate subssquent sample,
ie., V3 vs E4, E4d vs. R3, STggq vs. S2g4, and S2g4 vs. S8gq. Nvs. N + 2 is
GE for the N sample and cumulative CW properties for the more developmentally
distant sample, i.e., V3vs. A8 and STga vs S8gg. When the switchgrass genotype
is given, e, AP13, A4, and VST6, only samples for that genotype were analyzed.
If unspecified, data from all genotypes were included.

bEpected correlations is the count of positive significant correlations between
expression of each phenypropanoid gene with the cell wall phenylpropanoid-
derived components [ie., fignin, p-coumaric acid (pCA), and ferulic acid (FA)],
plus the count of significant negative corrsiations between expression of each
phenyipropanoid gene with enzymatic digestibility (ED) at each of the three time
points, 8, 16, and 24 h.

Unexpsctad correlations is the count of negative significant correlations between
expression of each phenypropanoid gene with the cell wall phenylpropanoid-
derived components (ie., lignin, pCA, and FA), plus the count of significant positive
correlations betwsen expression of each phenylpropanoid gene with EDS, ED16,
and ED24.

Pracision in the ratio of expected correlations to all observed correlations, ie., true
positives/(true positives + false positives).

®Recall s the ratio of observed expected cormslations to all 66 expected
correlations, ie., true positives/ftrus positives + false negatives).





OPS/images/fpls-12-777354/fpls-12-777354-g005.jpg
>

15

Mean Degree of polymerization (mDP)

PC:PD ratio

12

lllll

&&&&&

-----

To | BC1
CTF

=g

IIIIIII

ﬂ-..l EEEEEEN

GTG rﬁ - flower
W % Procyanidin (PC) % Prod elphmidm (PD)
a{h b nib c b be h nb Ii a
3!.!. .‘91.4 Ql[.! 93-1. P‘HJ’ Iiﬂ- .M.!- 79’.4 .35.0 5?.1 9 .5 2r.7 982






OPS/images/fpls-12-640930/fpls-12-640930-t002.jpg
pg/mg destarched alcohol insoluble residue

Genotype E4tissue segment  Cellulose Xyl Gle Ara Gal Fuc GalA Rha GlcA
Ad S3 600+ 100% 13040 50+10* 33+62 56062 52+£05° 42105 054+0022 0401
52 600 + 100? 141+ 42 40+72 3B+22 57+04% 46+1.0°° 46+0.62 0.7+012 0.43 + 0.042
S1 500+ 1008 1404202 50+ 1078 36+12 6.5+0.12 91+£1.3 424102 1.3+£032 0.49 £ 0.09%
AP13 83 600+100% 100+ 102 35+ 22 3B+12 554060 31+£0.% 46+1.12 05+0.12 0.4+0.12
82 500 + 807 120 + 202 32 +6° P +42 66+£09%0 44+17°° 43413 0.8+032 0.4+0.12
S1 600 +300% 130+ 302 29+ 52 33+52 74+09° 7 4080 49+0.6% 1.0+032 06+0.22
V816 S3 800 + 2002 110+ 6?2 34 + 62 33+28  50+1.8° 32+07° ND 05+0.12 0.41 +0.09%
82 500£200° 124+3% 36+6% 35122 5707 R ND 08+02% 0.5+0.12
s1 500+ 107 100202 32+9° 305 50+1.1° 40+07° 56+07° 1.6+ 162 05£0.12

Data are mean =+ standard deviation. n = 3 S1, 82, and S3 are the three tissue segments of E4 stage (see Figure 1), determined according to Moore et al. (1991). In
each column, unshared letters indicate significant differences at the P < 0.05 level as tested by Tukey's range test.
Glc, non-crystalline cellulose glucose; Xy, xyloss; Ara, arabinose; Gal, galactose; Fuc, fucose; Rha, rhamnose; GalA, galacturonic acid; GlcA, glucuronic acid; ND, not

datected.
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Genotype Growthstage Cellulose Xyl Gle Ara Gal Fuc GalA Rha GlcA

A4 v3 700+ 907 140+ 10°°  86+8° 4643 904127 65+ 07° 55+02° 06+£04° 0394006
E4 600+200° 1404 10° 1204£60° 42+ &P 76+04> 58+£16°° 657+112 07+01°  04+01°
R3 530+£30° 130+30° 2048 43+ 3P 86+ 07 84113 ND 114042% 050+ 0,05

AP13 v3 5004+ 1008 190+ 107 4348 40+ 120 77+09> 30+04° 38+04%% 040+006° 041 +004>
E4 700 £200° 150+40°  28+8° 31 £5° 49+ 079 32417 33+09° 05+03  034+000°
R3 60042008 110420  2344° 34+ P 65+ 04 60408 ND 12405 04340040

VS16 V3 480 £40° 108 +4° 3745 3246 58+00°¢  31+02  49+07°  03+04° 05440020
E4 650+ 20° 100+£10° 249405 29+2° 41+039 29+05 40+03P 031+003° 046 +0.06
R3 540+ 407  110+£20 39+ 9% 33440 754 1P 11 4 42 3420 084012  07+02

Data are mean + standard deviation. n = 3. In each cottmn, unshared letters indicate significant differences at P < 0.05 as tested by Tukey's range test

V3, vegetative stage 3; £4, elongation stage 4; R3, reproductive stage 3; Glc, non-crystaline cellulose glicose; Xy, xylose; Ara, arabinoss; Gal, galactose; Fuc, fucoss;
Rha, rhamnose; GalA, galacturonic acid: and GlcA, glicuronic acid: ND, not detected.
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