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Proteins are directly involved in plant phenotypic response to ever changing environmental conditions. The ability to produce multiple mature functional proteins, i.e., proteoforms, from a single gene sequence represents an efficient tool ensuring the diversification of protein biological functions underlying the diversity of plant phenotypic responses to environmental stresses. Basically, two major kinds of proteoforms can be distinguished: protein isoforms, i.e., alterations at protein sequence level arising from posttranscriptional modifications of a single pre-mRNA by alternative splicing or editing, and protein posttranslational modifications (PTMs), i.e., enzymatically catalyzed or spontaneous modifications of certain amino acid residues resulting in altered biological functions (or loss of biological functions, such as in non-functional proteins that raised as a product of spontaneous protein modification by reactive molecular species, RMS). Modulation of protein final sequences resulting in different protein isoforms as well as modulation of chemical properties of key amino acid residues by different PTMs (such as phosphorylation, N- and O-glycosylation, methylation, acylation, S-glutathionylation, ubiquitinylation, sumoylation, and modifications by RMS), thus, represents an efficient means to ensure the flexible modulation of protein biological functions in response to ever changing environmental conditions. The aim of this review is to provide a basic overview of the structural and functional diversity of proteoforms derived from a single gene in the context of plant evolutional adaptations underlying plant responses to the variability of environmental stresses, i.e., adverse cues mobilizing plant adaptive mechanisms to diminish their harmful effects.

Keywords: protein isoforms, protein posttranslational modifications (PTMs), protein-protein interactions, biological functions, environmental stresses, crops


INTRODUCTION

Protein versatility reflects the versatility of plant phenotypes, since proteins are directly involved in biological processes shaping plant phenotypes. Plant genome sequencing programs revealed a relatively low number of protein-coding genes (e.g., around 27,000 protein-coding genes in Arabidopsis thaliana genome) with respect to the number of different functional proteins present in plant cells, tissues, or even at whole-organism level [more than 100,000 different functional protein species and around 25 billion protein molecules are estimated to be present in Arabidopsis mesophyll cell by Heinemann et al. (2021)], thus, it is evident that complexity at the levels “gene” → “transcript” → “protein” rises due to the fact that a single gene can produce multiple functional proteins via an array of posttranscriptional and posttranslational modifications (Figure 1). It is, thus, evident that plant response to environmental cues at proteome level cannot be simply derived from transcriptome data. All proteins encoded by a single gene are termed proteoforms (Smith et al., 2013).
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FIGURE 1. Schematic overview of posttranscriptional and posttranslational mechanisms leading to multiple functional proteoforms arising from a single gene.


Basically, two major categories of functional proteins derived from a given gene can be distinguished: “protein isoforms,” which differ in their primary protein sequence, and “protein posttranslational modifications (PTMs),” which differ in modifications of side amino acid residues ranging from a few atoms (nitrosylation, carbonylation) to whole peptides (S-glutathionylation, ubiquitinylation, sumoylation). In addition, alterations in protein/enzyme conformation in response to ligand/substrate interaction can be considered another kind of proteoforms. Differences in primary protein sequences among protein isoforms lead to differential molecular weight (MW), while conjugation of charged molecules or residues leads to altered isoelectric point (pI) values in differential PTMs. Since differential protein isoforms and PTMs often acquire differential biological functions, studying different protein isoforms and PTMs is of high importance for understanding protein functions. Methods based on 2-DE and its modifications are suitable for studies on protein isoforms and PTMs because of protein separation according to pI and MW values. Moreover, some specialized 2-DE gel-based protocols on PTMs detection were developed including either specific staining such as phosphoprotein detection by ProQ Diamond stain or PTM-specific primary antibody such as immunoblot detection of carbonylated proteins modified by dinitrophenylhydrazine (DNPH) to dinitrophenylhydrazones by a specific primary antibody [Oxyblot kit; Levine et al. (1990)], biotin-switch technique (BST) for detection of S-nitrosylated proteins (Jaffrey and Snyder, 2001) or concanavalin A lectin blot for glycoprotein detection (Hashiguchi and Komatsu, 2016) and immunoprecipitation methods for S-glutathionylated proteins detection (Butturini et al., 2019). However, the dominant methods for proteoforms detection represent MS/MS-based approaches, such as TMT labeling for phosphoprotein detection. Recently, an excellent review on MS-based approaches used for PTM identifications was published by Virág et al. (2020). Since only a relatively small fraction of a given protein undergoes PTM, the modified proteins reveal low abundances and have to be enriched in the protein samples; for example, ZrO2- or TiO2-IMAC beads are used for phosphoprotein enrichment. Approaches of immune affinity chromatography using specific anti-PTM primary antibodies are also widely used for PTM enrichment. However, the differential accumulation patterns and biological functions of different proteoforms that raised from a single gene indicate an urgent need to study plant responses to environmental cues at the proteome and PTMome levels to understand the plant phenotype under stress.

Plants as sessile organisms have developed evolutionary mechanisms to adapt to adverse environmental conditions imposing stress responses. Stress-adaptive responses involve several alterations in plant water regime (dehydration stress), redox homeostasis (enhanced risk of redox stress as a consequence of alterations in plant metabolism leading to enhanced levels of RMS) and altered physio-biochemical properties of biomolecules (e.g., altered fluidity of cellular membranes under low or high temperatures). Proteomics studies found out that these alterations are underlied by differences at proteome level including not only differential protein relative accumulation, but also differential spectrum of proteoforms.

Recently, it became evident that stress-induced alterations in protein relative abundance represent just one aspect of plant proteome stress responses, and that modifications at posttranscriptional and posttranslational levels leading to differential protein isoforms and PTMs, respectively, add another layer to the complexity and fine tuning of the plant stress response (Barua et al., 2019). The impacts of differential protein abundance patterns, structural modifications, such as isoforms and PTMs, cellular localization, and interacting partners in plant responses to environmental stresses were already discussed in recent reviews (Wang and Komatsu, 2016a; Kosová et al., 2018, 2021). Basic literature information on most studied protein PTMs in crop plants under abiotic stress was reviewed by Hashiguchi and Komatsu (2016) and Mustafa and Komatsu (2021) with a major focus on protein phosphorylation, glycosylation, acetylation, and succinylation, and by Wu et al. (2016) with a major focus on phosphorylation, ubiquitination and sumoylation, and most studied redox modifications such as protein carbonylation and S-nitrosylation. Recently, the role of PTMs in plant-pathogen interactions was reviewed by Gough and Sadanandom (2021) with a focus on phosphorylation, ubiquitination, and SUMoylation. Specialized reviews on plant protein phosphorylation under both abiotic and biotic stress signaling (Rampitsch and Bykova, 2012), rice phosphoproteomics studies (Ajadi et al., 2020), sumoylation (Benlloch and Lois, 2018), and nitrosylation (Romero-Puertas et al., 2013; Feng et al., 2019) were also published. A review focused on selected posttranscriptional and posttranslational regulations of drought and heat stress responses in plants with a focus on alternative splicing, RNA-mediated silencing, and ubiquitination and sumoylation protein modifications was published by Guerra et al. (2015).

The aim of this review is to provide a basic overview of the diversity and versatility of proteoforms derived from a single gene in order to emphasize the necessity of studying differences in protein isoforms and PTMs to understand protein biological functions. Proteoforms, i.e., multiple functional proteins derived from a single gene, highlight the necessity to study plant phenotypic response at proteome level, since it cannot be simply derived from transcriptome data. Examples of the impacts of diverse posttranscriptional and posttranslational modifications on the diversity of proteoforms arised from a single gene with respect to their biological functions are provided.



PROTEIN ISOFORMS

Protein isoforms can either arise from a single gene via posttranscriptional modifications such as alternative splicing or RNA editing or they can represent products of homologous genes including both orthologous and paralogous genes. Orthologous genes represent homologs of a given gene in genomes of another plant species, while paralogous genes represent homologous genes that are products of the local multiplication of a given sequence in a single genome. As an example of gene paralogs, cluster of CBF genes at Fr2 locus on the long arm of homoeologous group 5 chromosomes in Triticeae can be given (Tondelli et al., 2011). Several important crops, such as bread wheat, potato, oilseed rape, banana, and others, which are allopolyploids, contain whole sets of homeologous genomes; thus, they contain homeologous genes. Homeologs are pairs of genes that originated by speciation and are brought back together by allopolyploidization (Glover et al., 2016). In addition to sequence homeology, the array of protein isoforms can be significantly increased by the mechanism of alternative splicing, giving rise to multiple functional proteins from a single gene. Alternative splicing, thus, represents an efficient evolutionary mechanism of enhancing phenotypic variation in response to environmental cues (Shang et al., 2017). Mechanisms of isoform differentiation at the transcript level are not included in this study, since we focus on proteins and their biological functions.

Protein isoforms can reveal differential biological functions because of differential expression patterns, differential cellular localization, differential protein interaction partners, and others. Some examples of functional diversification of isoformic proteins are provided below:

Transcriptome and proteome reprogramming under stress: non-canonical histone isoforms were found to play important roles in transcriptome reprogramming under stress. Alterations in transcript expression between canonical H2A and cold-induced H2AZ histone isoforms affecting nucleosome structure and DNA wrapping underlying transcriptome remodeling under cold acclimation were observed in A. thaliana (Kumar and Wigge, 2010) as well as in winter barley crowns (Janská et al., 2011). At proteome level, Martinez-Seidel et al. (2021) reported differential ribosomal proteins paralogs underlying alterations at ribosomal level and proteome reprogramming in barley root tip meristems subjected to cold acclimation.

Differential gene copy number determining quantitative differences in gene expression and quantitative phenotypic traits: Knox et al. (2010) and Würschum et al. (2017) revealed that the quantitative differences in acquired frost tolerance achieved by winter vs. spring Triticeae genotypes are associated with a higher copy number of CBF genes encoded by frost-tolerant winter genotypes with respect to the spring ones.

Differential expression patterns and differential interaction protein partners: Hsc70 protein is known as a cochaperone involved in protein folding. Hsc70-1 and Hsc70-3 isoforms are constitutively expressed, while Hsc70-2 isoform is pathogen-inducible and forms a complex with SGT1 protein involved in R-gene mediated resistance (Noël et al., 2007).

RubisCO activase (RCA) is crucial for maintaining the high carboxylation activity of RubisCO, since it removes pentosephosphates inhibiting the formation of carbamate critical for RubisCO carboxylation activity from RubisCO active site. Wang et al. (2020) studied RCA isoforms in relatively heat-tolerant Rhododendron hainanense. It encodes 3 RCA homologous genes named RCA1, RCA2, and RCA3, and each of them can give rise to multiple isoforms via a mechanism of alternative splicing (RCA1, RCA2 and RCA3 can potentially encode 5, 3, and 2 isoforms, respectively). While RCA2 and RCA3 isoforms are constitutively expressed, RCA1 isoforms are heat-inducible (especially the RCA1-X1 isoform) and persist in plants in recovery following a heat stress treatment; thus, they seem to provide some type of epigenetic stress memory involved in heat stress acclimation; enhanced levels of RCA1 persisting in plants reveal an improvement effect on plant photosynthesis when exposed to stress (Wang et al., 2020).

Differential cellular localization: Differential functions were described for nuclear isoforms and cytoplasmic (plastid, mitochondrial) isoforms of glycolytic enzymes. The nuclear isoform of fructose-bisphosphate aldolase (FBA) is known to act as a DNA-binding protein involved in regulation of expression of its own gene as well as other genes (Ronai et al., 1992). The nuclear isoform of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is known to act as a tRNA-binding protein involved in tRNA export (Singh and Green, 1993). It has also been reported that FBA may be involved in the integration of intra- and extracellular signals associated with growth, development, and sugar biosynthesis (Li et al., 2012), and that non-the phosphorylating isoform of GAPDH may be involved in regulation of ROS levels (Bustos et al., 2008). The nuclear isoform of enolase encoded by Los2 locus in A. thaliana functions as a transcriptional repressor of STZ/ZAT10, which is a repressor of cold-inducible CBF pathway; the nuclear isoform of enolase, thus, acts as an indirect positive regulator of CBF pathway and CBF-regulated COR gene expression (Lee et al., 2002). Tonoplast-associated isoforms of aldolase and enolase are involved in the activation of V-ATPase in salt-treated Mesembryanthemum crystallinum plants, leading to Na+ vacuolar accumulation (Barkla et al., 2009).

Differential regulatory functions: Cytoplasmic eIF5A is known as a translation initiation factor involved in the regulation of protein biosynthesis. However, nuclear eIF5A isoforms named eIF5A-1 and eIF5A-2 were reported to be involved in the regulation of cell cycle with eIF5A-1 involved in a “switch” between cell proliferation and cell death, with eIF5A-1 leading to programmed cell death (PCD) while eIF5A-2 enhancing cell proliferation (Thompson et al., 2004).

Different cofactors and cellular localizations: Upon stress, a risk of ROS production in aerobic metabolism increases because of imbalances between the kinetics of electrontransport processes (respiratory electron transport chain, photosynthetic electrontransport chain) and the following enzymatic reactions. To diminish the harmful effects of ROS overproduction, plants express a wide array of several redox metabolism-related enzymes in order to finely tune their final levels. ROS levels are, thus, controlled by different peroxiredoxin (Prx) and thioredoxin (Trx) isoforms ensuring a fine tuning of redox processes in photosynthesis and respiratory electron transport chains in inner chloroplast and mitochondrial membranes, respectively. Superoxide dismutase (SOD) isoforms represent a well-known ROS scavenging enzyme with different cofactor ions and cellular localizations: Cu/Zn-SOD-cytoplasmic; Fe-SOD-plastid; Mn-SOD-mitochondrial localization. Several isoforms of ROS-scavenging enzymes, thus, provide fine tuning and control of oxidative stress, which is ubiquitously associated with aerobic metabolism localized to semiautonomous organelles, i.e., photosynthetic and respiratory electron transport chains localized in inner chloroplast and mitochondrial membranes, respectively (Meyer et al., 2005; Dietz, 2016).

Different isoforms form different cellular structures and reveal differential protein-protein interactions: Kijima et al. (2018) studied differential actin isoforms in A. thaliana and found that the A. thaliana genome encodes eight actin isoforms, out of which three (AtACT2, AtACT7, and AtACT8) are expressed at the vegetative stage while the remaining five (AtACT1, AtACT3, AtACT4, AtACT11, and AtACT12) are expressed at reproductive stage. They also found out that two vegetative actin isoforms, AtACT2 and AtACT7, form different types of filaments, with AtACT2 forming thinner filaments while AtACT7 forming thick bundles. They also reveal a different expression upon stress and interact with different actin-binding proteins (ABPs).

Examples of functional diversification of plant protein isoforms in plant stress responses are given in Table 1.


TABLE 1. Examples of cellular and functional diversification of protein isoforms in response to environmental stresses.
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PROTEIN POSTTRANSLATIONAL MODIFICATIONS

Protein posttranslational modifications (PTMs) involve all modifications of side amino acid residues occurring in nascent proteins and ranging from a few atoms, such as carbonyl or nitrosyl groups to whole peptides such as S-glutathione, ubiquitin, and SUMO. Currently, over 300 different PTMs were reported, such as phosphorylation, N- and O-glycosylation; reactive molecular species (RMS)-related modifications, such as glycation, carbonylation, nitrosylation, and others; peptide modifications, such as ubiquitylation and sumoylation, as well as acylation modifications of lysine residues such as succinylation (Xu W. et al., 2017) and crotonylation (Xu Y. et al., 2017). Protein PTMs range from single-step spontaneous non-enzymatic amino acid modifications by RMS, such as protein carbonylation or nitrosylation to large PTMs resulting from highly coordinated multi-step enzymatic processes, such as protein N-glycosylation or ubiquitination. An overview of most studied PTMs, such as target amino acids and added functional groups, is given in Table 2. Since recent articles revealed differential alterations in plant total proteome and PTMome in response to a given biological process (He et al., 2020), it is necessary to study plant responses to a given cue such as environmental stresses at PTMome level. Different PTMs result in differential modulation of protein biological functions; for example, regarding E3 RING-type ubiquitin ligase PARKIN, it was reported that nitrosylation decreases while persulfidation increases its ubiquitination capacity in mammalian neurons (Vandiver et al., 2013).


TABLE 2. Types of protein posttranslational modifications (PTMs), such as reactive agents, target amino acids, and resulting adducts, and methods used for PTM detection.

[image: Table 2]
When studying protein PTMs, it has to be kept in mind that only a fraction of a given protein undergoes a given PTM and that the given PTM could be reversible and transient, i.e., to occur for a limited time, as it is evident for proteins in signaling cascades associated with transient phosphorylation/dephosphorylation events or for some RMS-mediated PTMs, which act as a signal indicating plant protein damage under stress. Moreover, a given amino acid residue can undergo multiple PTMs depending on the kind of stress; thus, the problem of PTM crosstalk has to be studied. In addition, only a few studies dealt with the impacts of combined stress treatments, which are common in the field conditions on plant protein PTM patterns. The results of the few studies indicate that plant response to combined stress is associated with a unique PTM pattern in comparison to the effects of single stress factors (Hu et al., 2015b).

The concept of PTM “writers,” “erasers,” and “readers” was proposed by Leutert et al. (2021). PTM mechanisms consist of “writers,” i.e., enzymes catalyzing the addition of the PTM group to a target amino acid residue (kinases, ubiquitin ligases, acylases,…); “erasers,” i.e., enzymes catalyzing reversible removal of a given PTM from a target amino acid residue (phosphatases, deubiquitinases, deacetylases,…); and “readers,” i.e., all proteins interacting with the given PTM.

Accumulation of the data from tandem MS/MS identifications on protein PTMs led to the development of specific databases and prediction tools for most studied PTMs. Plant protein PTMs are specifically mapped by the Plant PTM Viewer1, an integrative PTM resource database providing data on 19 PTM types (Willems et al., 2019), which currently contains PTMs data from five plant species, A. thaliana (165,279 PTMs in 55,988 proteins), Chlamydomonas reinhardtii (18,070 PTMs in 5,951 proteins), Oryza sativa ssp. japonica (56,606 PTMs in 19,500 proteins), Triticum aestivum (53,580 PTMs in 25,150 proteins), and Zea mays (143,869 PTMs in 37,099 proteins) (accessed 3rd November, 2021). MultiPTMs prediction tools, such as PTMscape (Li et al., 2018) and PTM-ssMP web server (Liu et al., 2018) utilizing information on site-specific profiles and enabling the identification of potential target motifs for multiple kinds of PTMs such as phosphorylation, acetylation, methylation, O-glycosylation, ubiquitination, and sumoylation, are available. Moreover, prediction tools for the most studied PTMs, such as PhosphoSitePlus (PSP) (Hornbeck et al., 2015), PHOSIDA (Gnad et al., 2011) for phosphoprotein detection, and UbiSite, as a web tool for ubiquitination prediction (Huang et al., 2016), etc., are available.

A brief overview of major high-throughput proteomic studies focused on stress-responsive PTMomes is provided in Table 3. In addition to the PTMs described below, other PTMs, such as protein C-terminal amidation or monomeric and polymeric ADP-ribosylation (MARylation and PARylation, linear or branched), are emerging to play an important role in plant innate immunity and plant-bacterial pathogen interactions. However, elucidation of their roles in plant responses to bacterial pathogens and biotic stress deserves further study (Feng et al., 2016).


TABLE 3. Overview of high-throughput proteomic studies focused on PTMome analysis in stress-treated plants.
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Phosphorylation

Phosphorylation is the addition of a phosphate group to side amino acid chains with free hydroxyl group, i.e., serine (S), threonine (T, more frequent), and tyrosine (Y, less frequent), leading to the introduction of a negative charge and decrease in pI value of the protein. In addition to amino acids with a free hydroxyl group, phosphorylation of histidine residues resulting in phosphohistidine was also reported mostly on prokaryotes and lower eukaryotes such as yeast. However, phosphohistidine reveals stability lower than that of amino acids with phosphorylated hydroxyl groups; it, thus, represents a transient intermediate in some reactions.

Phosphorylation represents the most studied PTM at the plant proteomic level. currently, phosphoproteomics studies were published on salt-treated Arabidopsis thaliana membrane fraction (Hsu et al., 2009), osmotic stress-treated A. thaliana (Xue et al., 2013), salt-treated rice (Chitteti and Peng, 2007), drought-treated rice (Ke et al., 2009), Cd-treated rice (Zhong et al., 2017; Fang et al., 2019), chickpea under dehydration stress (Subba et al., 2013; Barua et al., 2019), wheat embryo and endosperm exposed to salinity (Luo et al., 2019), wheat seedling leaves and grains exposed to osmotic stress (Zhang et al., 2014a,b), wheat flag leaves exposed to dehydration (Luo et al., 2018), wheat embryo and endosperm under salinity (Luo et al., 2019), wheat spikes infected by Fusarium graminearum (Ding et al., 2016), einkorn wheat leaves exposed to salinity (Lv et al., 2016), barley root under salinity (Horie et al., 2011), Brachypodium distachyon exposed to drought (Yuan et al., 2016), soybean root tips exposed to flooding (Yin and Komatsu, 2015), maize leaves subjected to drought, heat, and their combination (Hu et al., 2015b), maize leaves under osmotic stress (Hu et al., 2015a), maize and drought (Bonhomme et al., 2012), common bean exposed to osmotic stress (Yang et al., 2013), sugar beet exposed to salinity (Yu et al., 2016), okra seedlings exposed to salinity (Yu et al., 2019), Picea wilsonii pollen subjected to sucrose deficit (Chen et al., 2012), and others as listed in Table 3.

Protein phosphorylation is catalyzed by protein kinases while protein dephosphorylation is catalyzed by protein phosphatases. Protein phosphorylation rates are quite low and reach only 1–2% of the entire protein abundance, especially when regarding transient protein phosphorylation in signaling pathways. Moreover, there are also differences in phosphorylation rates among different amino acid residues, indicating that some residues are quantitatively more phosphorylated while others, such as tyrosine residues, may be transiently phosphorylated only by up to 0.5%. Although tyrosine-phosphorylated proteins exist in relatively low abundance, which is 4.2% in Arabidopsis, 2.9% in rice, and 1.3% in Medicago, Y- phosphorylation plays an important role in plant responses to a changing environment (Hashiguchi and Komatsu, 2016). Due to the low phosphorylation level of target proteins, a phosphoprotein fraction has to be enriched prior to further analyses, such as using Ti4+ IMAC beads. An overview of phosphoprotein enrichment methods is provided by Fíla and Honys (2012) and Silva-Sanchez et al. (2015).

Phosphorylation was most studied in the context of protein signaling. Multiple-step protein phosphorylation cascades, such as the MAPKKK-MAPKK-MAPK kinase cascade, enable initial signal amplification during their transfer in plasmalemma-to-nucleus direction (Yamaguchi-Shinozaki and Shinozaki, 2006). In addition, calcium-dependent protein kinases are also involved in stress signaling and stress response induction. Cieśla et al. (2016) reported that Arabidopsis plants overexpressing barley calcium-dependent kinase HvCPK2a with autophosphorylation sites displayed enhanced drought sensitivity, indicating that HvCPK2a is a negative regulator of the drought stress response.

Phosphoproteomic studies revealed that phosphorylation does not only play an important role in signaling and signal transduction but also in DNA replication and transcription, stress and defense response to pathogens as well as in the regulation of ROS scavenging and cell metabolism. For example, Fang et al. (2019) reported differential phosphorylation of replication-related proteins such as DNA replication/repair enzymes, DEAD-box ATP-dependent RNA helicase 37, and transcription factors (TFs) such as MYB, zinc-finger, and F-box TFs in Cd-tolerant rice line with respect to a sensitive one. Thus, it seems that differential phosphorylation may alleviate adverse Cd impacts on replication and transcription. Luo et al. (2018) found differential phosphorylation of photosynthesis (LHCII, RubisCO activase) and energy metabolism-related (FBA, GAPDH, pyruvate decarboxylase complex components) proteins in wheat flag leaf under drought. Similarly, differential phosphorylation in photosynthesis antenna proteins and proteins involved in RNA degradation was found in salt-treated okra seedlings (Yu et al., 2019). Ding et al. (2016) studied wheat phosphoproteome as affected by F. graminearum infection and found alterations in phosphorylation of cinnamoyl-CoA reductase, isochorismate synthase, cytochrome P450, peroxidase 8, and glutathione reductase (GR) involved in lignin and phytoalexin biosynthesis as well as in ROS scavenging. Similarly, Zhang et al. (2014a) identified significant differences at phosphorylation level in proteins involved in signaling and signal transduction, RNA transcription and processing, and stress/defense pathways in two wheat cultivars exposed to osmotic stress due to PEG-6000 treatment. Phosphoproteins involved in ABA signaling include SnRK2 kinases and PP2C phosphatases, and in Ca2+ signaling include components of phosphatidylinositol-4,5-diphosphate pathway and CDPK, calmodulin2-2 and calcineurin B-like protein-interacting protein kinases (CIPKs), as well as components of MAPK signaling cascades. Their activities are often regulated by the phosphorylation status of other proteins with regulatory functions such as 14-3-3 proteins (Yu et al., 2016). Phosphorylated TFs include TFs involved in ABA-dependent pathways, such as TaABI5-1, which is phosphorylated by SnRK2 and dephosphorylated by PP6 and binds to ABRE motifs in COR/LEA gene promoters. Other ABA-dependent TFs undergoing phosphorylation are MYB TFs such as MYB1R1 and TaMYB2A. Besides ABA-dependent pathways, zinc finger CCCH domain TFs were found phosphorylated at serine residues under osmotic stress. Yin and Komatsu (2015) identified 14 differentially abundant phosphoproteins in soybean root tips exposed to flooding including nuclear-localized ABA-responsive phosphoproteins such as zinc finger/BTB domain-containing protein 47, glycine-rich protein, and rRNA-processing protein Rrp5. Similarly, Yin et al. (2014) reported a significant effect of ethylene signaling on phosphoproteome in soybean root tips under flooding, resulting in enhanced dephosphorylation of eukaryotic translation initiation factor 4G and enhanced phosphorylation of proteins involved in protein synthesis. Under high salinity, increased phosphorylation level in proteins related to stress and defense response (Cu/Zn-SOD, 2Cys Prx BAS1), carbohydrate metabolism, photosynthesis, and the transport was found in einkorn wheat (Lv et al., 2016). HvPIP2 water transport activity was modulated by phosphorylation under salinity treatment in barley roots (Horie et al., 2011). Similarly, serine phosphomotifs were identified in aquaporins PIP2,1 and PIP2, 4 in salt-treated A. thaliana (Hsu et al., 2009).

Barua et al. (2019) studied nuclear phosphoproteome in chickpea subjected to dehydration stress and identified 546 kinases such as those from MAPK kinase cascade, calcium-dependent protein kinases, SRSF protein kinase 1, and others. They also identified differential phosphorylation in E3 SUMO-protein ligase SIZ1-like isoform X1, spliceosome complex, and splicing-related proteins, indicating their altered function under stress. In addition, several regulatory proteins involved in protein degradation and regulation of flowering time and circadian clock revealed dehydration-induced dephosphorylation. A phosphomotif analysis revealed dehydration-induced enrichment in proline-directed Ser phosphorylation. Similarly, Yuan et al. (2016) identified several drought-responsive phosphoproteins involved in signal transduction (MAPK cascade, ABA-responsive SnRK2, Ca2+-responsive CDPKs), gene expression, stress and defense, photosynthesis and energy metabolism, and transmembrane transport including six phosphomotifs enriched in drought-treated B. distachyon. Hu et al. (2015b) studied maize phosphoproteome response to drought, heat, and their combination and described seven stress-enriched phosphomotifs, out of which two were common to all stresses, two were common for heat, and one was specific to the combined stress. They also found out that differential stress cues can lead to phosphorylation of differential phosphomotifs in the same proteins.

Phosphorylation as a nuclear localization signal (NLS): In dehydrins possessing a stretch of 4–10 serine residues called S-segment, phosphorylation of serine residues by SnRK2.10 kinase serves as an NLS (Close, 1997; Brini et al., 2007; Kosová et al., 2011). Enhanced phosphorylation of four dehydrin proteins without change in their relative abundance was found in common bean root tips exposed to PEG-induced osmotic stress (Yang et al., 2013).

Phosphorylation as a means of epigenetic stress memory: Ding et al. (2012) reported the importance of serine 5 (Ser5P) phosphorylation level in RNA polymerase II associated with drought stress memory-related genes in A. thaliana. The level of Ser5P in RNA polymerase II remained the same upon recovery as under drought stress in RNA polymerase II associated with drought stress memory-related COR/LEA genes RD29B and RAB18, revealing altered expression pattern under repeated stress when compared to the first stress treatment. Enhanced level of Ser5P in RNA polymerase II associated with drought stress memory-related genes persisting upon stress recovery indicates a stalled state of RNA polymerase II, i.e., its preparedness to transcription initiation upon repeating stress events that persist upon stress recovery when target transcript levels decreased. Differential phosphorylation of histone deacetylases was reported in dehydration-treated maize leaves (Bonhomme et al., 2012).



Glycosylation

Glycosylation represents the most abundant protein PTM in plants. It represents a highly spatially and temporarily coordinated enzymatic process occurring in the endoplasmic reticulum and Golgi apparatus (proteins belonging to the secretory pathway). Two kinds of protein glycosylation can be distinguished: N-glycosylation, where a relatively large oligosaccharide core is bound to an Asn residue, which is then trimmed and modified to a final form, and O-glycosylation when mostly just a single monosaccharide is linked to target Ser or Thr residues.

N-glycosylation-target amino acids represent asparagine (Asn) residues present in Asn-X-Ser/Thr motif, where X represents any amino acid except proline. In the first step, the basic tetradecyl glycan precursor GlcNAc2Man9Glc3 (Glc for glucose, Man for mannose, and GlcNAc for N-acetylglucosamine) is transferred to target asparagine residue by oligosaccharyl transferase complex (OST) in endoplasmic reticulum (ER) and the bound oligosaccharidic core is further trimmed and modified in Golgi apparatus by class I α mannosidases MNS1 and MNS2, which cleave α-1,2-mannosyl residues to generate the substrate for CGL1/GnT1, which catalyzes a GlcNAc addition to remove two additional mannose residues, to add another one GlcNAc, xylose, and fucose residues to form complex N-glycan structure (Strasser et al., 2004). Kang et al. (2008) reported a crucial role of N-glycoprotein maturation, such as complex glycan 1 (cgl1), for plasma membrane glycoproteins involved in cellulose biosynthesis and cell wall formation in salt-treated A. thaliana. Recently, a role of protein N-glycosylation in response to salinity stress was studied in A. Thaliana wild-type and two mutants, mns1mns2 and cgl1, defective in N-glycan maturation leading to the identification of salt-responsive N-glycoproteins such as class III peroxidases PRX32 and PRX34, which appeared to be involved in root growth and development under salinity stress (Liu et al., 2021).

N-glycoproteins were also studied using a concanavalin A lectin blot technique in cold-treated rice leaf sheaths (Komatsu et al., 2009) and in flooded soybean roots (Mustafa and Komatsu, 2014). In cold-treated rice leaf sheaths, 22 glycoproteins were determined by the lectin blot, out of which 12 revealed significant cold response; cold-responsive N-glycoproteins included calreticulin involved in Ca2+ signaling and several proteins involved in energy metabolism (mitochondrial F1-ATPase, 6-phosphogluconate dehydrogenase, NADP-dependent malic enzyme, emolase, UDP-glucose pyrophosphorylase) and protein folding (CPN60α, HSP90; Komatsu et al., 2009). In flooded soybean root tips, the accumulation of N-glycoproteins related to protein degradation, cell wall, and glycolysis increased, while glycosyl hydrolases, peroxidases, and other proteins related to protein glycosylation pathway, stress and defense response, and protein degradation decreased upon flooding with respect to control plants. In contrast, glycoproteins involved in glycolysis were activated (Mustafa and Komatsu, 2014). However, generally, an overall decrease in glycoprotein accumulation was found in flooded soybean root tips because of a decrease in ER-bound CNX/CRT lectin complex involved in N-glycoprotein processing (Wang and Komatsu, 2016b).

Probably the most studied protein O-glycosylation is O-GlcNAcylation, i.e., reversible addition and removal of single O-linked-β-N-acetylglucosamine (O-GlcNAc) activated as UDP-GlcNAc to target Ser or Thr residues mediated by O-GlcNAc transferases (OGTs) including two classes, SPINDLY (SPY) and SECRET AGENT (SEC), and O-GlcNAcases (OGAs).

Lectins represent an important protein group interacting with glycoproteins and, thus regulating their biological functions. One of the molecular mechanisms regulating vernalization duration in winter-type Triticeae lies in O-GlcNAc modification of Thr17 in a glycine-rich RNA-binding protein TaGRP2, which binds to VRN1 pre-mRNA first intron region, resulting in VRN1 transcript repression. During vernalization, the level of O-GlcNAc in TaGRP2 increases, leading to enhanced interaction with Jacalin lectin VER2, thus, leading to enhanced TaGRP dissociation from VRN1 pre-mRNA first intron, resulting in enhanced VRN1 transcript accumulation. O-glycosylation modification, thus, regulates VER2-TaGRP2 protein-protein interaction, resulting in altered interaction of VER2 with VRN1 first intron region and regulation of the major vernalization gene VRN1 expression (Xiao et al., 2014). O-glycosylation has also been reported for some dehydrins in cold-treated blueberry (Levi et al., 1999) and pistachio (Yakubov et al., 2005), although no specific functions for glycosylated forms of these proteins have been suggested.



Methylation

Histone methylation in arginine and lysine ε-amino groups via S-adenosylmethionine (SAM) as a universal methylating agent represents an epigenetic modification, resulting in either repression or activation of target gene expression. Methylations resulting in target gene repression include H3K9me2 (histone H3 lysine 9 dimethylation), H3K27me3 (histone H3 lysine 27 trimethylation), and H4R3me2 (histone H4 arginine 3 symmetrical dimethylation), while methylations leading to target gene transcriptional activation include H3K4me2 (histone 3 lysine 4 dimethylation) and H3K4me3 (histone H3 lysine 4 trimethylation) modifications. Histone 3 lysine K9 dimethylation (H3K9me2) followed by binding of polycomb-group (PcG) complexes results in repression of a target gene, such as FLOWERING LOCUS C (FLC), a major flowering repressor in A. thaliana, following vernalization fulfillment, thus enabling activation of flowering-inducing pathway genes SOC1 and FT (Sung and Amasino, 2005). In contrast, vernalization fulfillment in Triticeae cereals leads to a decrease in H3K27me3, while an increase in H3K4me3 at the 5′end of intron 1 region results in activation of the Triticeae VRN1 gene (Oliver et al., 2009). Similarly, the H3K4me3 of “trainable genes” revealing enhanced expression under repeated drought stress in comparison to the first drought treatment was also described as a means of drought stress memory in A. thaliana (Ding et al., 2012).



Acylation


Short Carboxylic Acids

Protein acylation, i.e., the addition of a relatively short hydrophilic negatively charged acyl group to a positively charged lysine residue, results in significant modifications of target lysine chemical properties. Lysine acylation/deacylation is enzymatically catalyzed by lysine acyltransferases (KATs)/sirtuin-class lysine deacylases (KDACs), respectively, and includes lysine acetylation, propionylation, butyrylation, β-hydroxybutyrylation, malonylation, glutarylation, succinylation, and crotonylation, which significantly modulate cellular metabolism, namely photosynthesis (Hirschey and Zhao, 2015).

Histone acylation of lysine ε-amino group represents an epigenetic modification resulting in the activation of target gene expression. Histone lysine acylation includes acetylation, propionylation, butyrylation, β-hydroxybutyrylation, malonylation, succinylation, and crotonylation employing acylCoA as an acylating agent. Crotonylation could be targeted to all histones, H1, H2A, H2B, H3, and H4. Lysine acetylation in histone H3 results in the activation gene expression such as in the case of the major vernalization gene VRN1 inducing flowering in Triticeae (Oliver et al., 2009).

Protein succinylation involves targeted succinylation of lysine residues in conserved motifs. Recently, Wang et al. (2021) studied barley succinylome in response to short-term phosphate (Pi) starvation and the following recovery using an immunoblot approach with a specific antibody raised against succinylated lysine. They identified 2,840 succinylation sites across 884 proteins, of which 11 conserved succinylation-related protein motifs were determined. Pi starvation enriched protein succinylation of ribosomal proteins (40S ribosomal protein S6, 60S ribosomal proteins L4-1, L6), proteins involved in glycolysis, protein translation (eukaryotic translation initiation factor 5A-1 EIF5A, elongation factors 1-α and Ts), and RNA degradation, while Pi recovery enriched lysine succinylome in TCA cycle, glycolysis (GAPDH), and oxidative phosphorylation (ATP synthase subunits β and δ of FoF1-ATPase) pathways.



Long Carboxylic Acids (Fatty Acids)

Addition of long hydrophobic fatty acid chains, such as palmitic acid (C16:0) or myristic acid (C14:0) (palmitoylation, myristoylation), to membrane proteins provides a hydrophobic “anchor” attaching the protein to hydrophobic lipid bilayer. N-myristoylation of lysine residues in target proteins affects protein-membrane interactions (McLaughlin and Aderem, 1995), thus modulating the function of membrane-associated proteins involved in stress signaling, such as SOS3 function (Ishitani et al., 2000) and SnRK1 kinase pathway (Pierre et al., 2007). Moreover, N-myristoylation also modulates the function of proteins involved in ubiquitin-dependent protein degradation, namely, F-box proteins and parts of 26S proteasome as well as MYB transcription factors (Boisson et al., 2003; Podell and Gribskov, 2004).




Peptide Conjugation


Protein S-Glutathionylation

S-glutathione is a three amino acid peptide (γ-glutamyl-cysteinyl-glycine) ubiquitously found in cell cytosols where it acts as a cellular redox state regulator because of reversible GSH ↔ GSSG transitions. Recently, it was found that glutathione conjugation to cysteine residues in cellular proteins acts as a protection shield against ROS, thus preventing protein oxidative modifications (Diaz-Vivancos et al., 2015). Martinez-Seidel et al. (2021) found enhanced levels of enzymes involved in glutathione biosynthesis (hydroxyacylglutathione hydrolase-like) and S-glutathione conjugation (five members of glutathione S-transferase family) in barley root tips subjected to cold acclimation, indicating a protective role of protein S-glutathionylation against oxidative stress associated with most environmental stresses.



Protein Ubiquitination

Ubiquitin is a small peptide (8.6 kDa, 76 amino acids) attached to ε-amino group in lysine residues of a target protein by enzyme-regulated series of reactions called ubiquitination. Ubiquitination is a three-step process that includes ubiquitin activation, conjugation, and ligation of ubiquitin to target lysine residues via a diglycine motif in ubiquitin C-terminus catalyzed by ubiquitin activase (E1), ubiquitin conjugase (E2), and ubiquitin ligase (E3) enzymes, respectively. Ubiquitin also underlies automodification in each of its seven lysine residues (K6, K11, K27, K29, K33, K48, and K63), out of which K48-linked polyubiquitination is the predominant type involved in protein targeting to proteasome-mediated degradation (Hershko et al., 2000). Ubiquitination as a mark of 26S proteasome-targeted protein degradation plays an important role in plant stress acclimation, since this process is associated with an enhanced rate of both protein biosynthesis and protein degradation (Sharma et al., 2016). Bueso et al. (2014) reported an interaction of RING-type E3 ubiquitin ligase RSL1 with PYL4 and PYR1 ABA receptors resulting in their targeted degradation, thus implying that the E3 ubiquitin ligase affects ABA signaling in A. thaliana. In A. thaliana, RING finger E3 ubiquitin ligases AtAIRP4 and SDIR1 were reported to positively modulate salt stress response via ABA signaling (Yang et al., 2015; Zhang et al., 2015).



Protein Sumoylation

SUMO (a small ubiquitin-like modifier; 12 kDa, 100 amino acids) are small proteins structurally similar to ubiquitin which are covalently attached via their C-terminal diglycine motif to lysine ε-amino group in the target proteins via an enzymatic cascade of SUMO-conjugating enzymes (SCE) analogous to that involved in ubiquitination, i.e., SUMO-activating enzyme (E1, SAE), SUMO-conjugating enzyme (E2, SCE) nad SUMO-ligase (E3). However, sumoylation does not lead to target protein degradation (Benlloch and Lois, 2018). Ghimire et al. (2020) studied alterations in potato (Solanum tuberosum) seven StSUMO genes, and nine StSCE enzymes in response to salt and PEG treatments at transcript levels by qRT-PCR and found an upregulation in StSCE1/5/6/7 under both salt and PEG treatments, while StSUMO1/2/4 were upregulated only under salt stress, whereas StSUMO2/4 were downregulated under PEG treatment.




Protein Posttranslational Modifications by Reactive Molecular Species

Environmental stress leads to an enhanced imbalance in key processes of plant energy metabolism, especially photosynthesis and aerobic respiration, resulting in enhanced production of RMS. According to reactive atoms, major types of RMS include reactive oxygen species (ROS), reactive nitrogen species (RNS), reactive carbonyl species (RCS), reactive sulfur species (RSS), reactive halogen species (RXS), and reactive metal species. RMS-mediated PTMs, thus, represent products of spontaneous reactions, which, in case of amino acids in protein active sites, can potentially lead to loss of target protein biological activity. RMS-mediated PTMs have recently been reviewed by Mock and Dietz (2016). ROS, RNS, and RSS in legumes subjected to abiotic stresses were discussed by Matamoros and Becana (2021).


Reactive Oxygen Species

Reactive oxygen species (ROS) include superoxide anion radical, hydroxyl radical, hydrogen peroxide, singlet oxygen. Major ROS in plant cells arise from imbalance at acceptor sides of photosynthetic electron transport chain and respiratory electron transport located in inner membranes of chloroplast and mitochondria, respectively. Photosynthetic electron transport chain reveals significant alterations in absorbed light energy leading to electron excitation and the following transport in response to sunlight whose intensity can significantly change within fractions of a second. Excess electrons at the acceptor side of the photosynthetic electron transport chain react with oxygen (the so-called Mehler reaction/Fenton reaction), resulting in superoxide anion formation. ROS also react with a wide array of target amino acids such as sulfur-containing cysteinyl and methionyl residues (Cys, Met), His, Trp, and Tyr, resulting in the formation of peroxide or dioxetane intermediates. Oxidized Tyr and Trp convert to indole derivatives. Histidyl endoperoxides can form His-His or His-Lys crosslinks. Peroxidized Met residues convert to methionine sulfoxide (Mock and Dietz, 2016).



Reactive Carbonyls: Protein Glycation

Protein glycation represents a spontaneous non-enzymatic modification of side free amino groups in target amino acids lysine, arginine, proline, and threonine by active carbonyl groups found in some metabolic intermediates (active dicarbonyls such as glyoxal and methylglyoxal, MG) and reducing sugars, such as glucose, through the so-called Maillard reaction. The reaction is spontaneous and can lead to loss of protein biological activity, since target lysine and arginine residues prone to glycation are often found in protein active sites and domains underlying protein biological activity. Moreover, the risk of protein glycation increases under stress because of enhanced levels of active dicarbonyls glyoxal, MG, and 3-deoxyglucosone as major glycating agents. In contrast, sucrose, as a main sugar transport form in plants, is a non-reducing sugar (no active carbonyl group); thus, it does not reveal a glycating activity (Suzuki et al., 2010; Rabbani et al., 2020).

Major glycation adducts represent Nε-(1-deoxy-D-fructose-1-yl) lysine (FL), MG-derived hydroimidazolone (MG-H1; arginine-derived adduct from MG), Nε-carboxymethyl-lysine (CML), glucosepane (formed by degradation of FL residues with a proximate arginine residue), and pentosidine [for more details, see review by Rabbani et al. (2020)].

Detection of carbonylated proteins in 2-DE gels is usually performed using an OxyBlot kit, which lies in the derivatization of carbonylated amino acids by dinitrophenylhydrazine (DNPH) to form dinitrophenylhydrazones, which can be detected by a specific primary antibody against dinitrophenylhydrazones. Enhanced protein carbonylation detected by DNPH immunoblots was found in cadmium-treated pea (Romero-Puertas et al., 2002).

Protein carbonylation belongs to the earliest studied plant protein PTMs. In A. thaliana, studies on carbonylated proteins during the vegetative stage (Johansson et al., 2004) and during seed germination (Job et al., 2005) using an Oxyblot kit for carbonylated protein detection and led to the identification of a wide range of carbonylated proteins, such as HSP70, ATP synthase subunits, and RubisCO LSU, and publication of several glycolytic enzymes. Most stress factors (except flooding causing hypoxia) enhance ROS levels, resulting in enhanced protein carbonylation. Pandey and Dubey (2021) studied the combined effect of PEG-induced dehydration and aluminum toxicity on protein carbonylation in rice seedlings belonging to two contrasting cultivars, Malvyia-36 (sensitive) and Vandana (tolerant), and found differential carbonylation in several photosynthesis-related proteins such as RubisCO LSU, PS I reaction center subunit II and IV proteins, and OEE3 protein, as well as in calmodulin involved in Ca2+ signaling.



Protein Nitrosylation by Reactive Nitrogen Species

Major reactive nitrogen species (RNS) include nitric oxide (NO), nitrogen dioxide (NOO.), and peroxynitrite (ONOO–), which are generated by the reaction of NO with superoxide radicals (O2–) and oxygen, respectively. Nitric oxide (NO) is synthesized by cytosolic nitrate reductase as a side product and reacts with thiol groups in Cys residues, resulting in the formation of S-nitrosothiols, while peroxynitrite and nitrogen dioxide are major NO donors for Tyr nitration. The major buffer for NO in plant cells is glutathione (GSH), resulting in the formation of S-nitrosoglutathione (GSNO). Recently, the molecular mechanisms involved in protein S-nitrosylation and current knowledge of the biological roles of S-nitrosoproteins in plants were reviewed by Feng et al. (2019).

Abat and Deswal (2009) studied NO-induced S-nitrosoproteome in Brassica juncea treated with various environmental stresses such as cold, drought, heat, and salinity, and reported S-nitrosylation (SNO)-related inactivation of RubisCO carboxylase activity under cold stress. RubisCO depletion led to the identification of S-nitrosylation in further proteins such as thioredoxin, SOD, GAPDH, FBA, and sedoheptulose bisphosphatase, indicating an important role of S-nitrosylation in the regulation of Calvin cycle enzymes in cold-treated B. juncea seedlings (Sehrawat et al., 2013). In addition, further study on S-nitrosoproteins in cold-treated B. juncea seedlings (Sehrawat and Deswal, 2014) identified novel targets such as storage proteins (12S globulin cruciferin), stress- and defense-related proteins (lactoylglutathione lyase, germin-like protein), and redox metabolism-related proteins (DHAR, Cu/Zn-SOD). Camejo et al. (2013) reported enhanced S-nitrosylation of several mitochondrial proteins in salt-treated pea, namely ATP synthase β subunit, Hsp 90, and peroxiredoxin IIF (PRXIIF), leading to a decrease in PRXIIF enzymatic activity.

Tanou et al. (2009, 2012) studied the effects of hydrogen peroxide (H2O2) and nitric oxide (NO) as an ROS and an RNS, respectively, on citrus (Citrus aurantium) plants exposed to salinity and identified 40 carbonylated and 49 S-nitrosylated proteins, indicating an overlap between H2O2 and NO-induced signaling pathways. Ziogas et al. (2013) studied the impacts of six abiotic stresses namely, cold, heat, drought, salinity, continuous light, and darkness on citrus plants with respect to their nitrosoproteome and RNS levels and found differential impacts of the different stresses on RNS and related enzymes activities. Cold led to enhanced S-nitrosoglutathione reductase (GSNOR) and nitrate reductase (NR) gene expression and enzymatic activity. Peroxynitrite scavenging activity was elicited by continuous light, darkness, or drought but it was suppressed by salinity. Nitration activity was enhanced by salinity and suppressed by continuous light or darkness. Protein S-nitrosylation levels were enhanced by heat, cold, and drought but were suppressed by darkness and salinity.

The impacts of heat stress on tyrosine nitration (Y-nitration) were studied in sunflower by Chaki et al. (2011, 2013) who found that tyrosine nitration leads to the inhibition of ferredoxin-NADP reductase and β-carbonic anhydrase (β-CA) enzymatic activities, respectively, implicating adverse impacts of heat on photosynthesis via enhanced RNS.



Protein Modification by Reactive Sulfur Species

Major reactive sulfur species (RSS) include thiyl radicals, sulfenic acid, and disulfide monooxide.

Protein persulfidation, also known as protein sulfhydration, represents a modification of thiol groups (-SH) in target cysteine residues to -SSH by H2S, which is produced from cysteine in stomatal guard cells by the L-cysteine desulfhydrase 1 (DES1) enzyme, which is involved in ABA-dependent signaling pathway regulating stomatal closure. Enhanced levels of persulfidated proteins were found as being associated with autophagy in response to severe environmental stresses such as drought and nutrient starvation (e.g., nitrogen starvation). Protein persulfidation can be detected by tag-switch label-free LC-MS/MS approach. Persulfidation was reported for H2S-dependent PTM of SnRK2.6 kinase in ABA-dependent signaling pathway and DES1 itself. Persulfidation was reported for several proteins involved in ABA-dependent signaling pathways such as ABA receptors PYR/PYL and their downstream elements such as SnRK2.1 protein kinase and PP2C-7 protein phosphatase as well as proteins involved in jasmonic acid (JA) and brassinosteroid (BR) signaling, BRI1 or BSK1. Several proteins involved in signaling related to autophagy, such as SNF1-related protein kinase catalytic subunits alpha KIN10 and KIN11 and receptor-like kinases FERONIA and THESEUS1, were found persulfidated under N starvation in A. thaliana (Jurado-Flores et al., 2021). Protein persulfidation plays a role in the processes of autophagy, ubiquitin-dependent protein degradation, and ABA-dependent signaling.





NON-COVALENT PROTEIN MODIFICATIONS

In addition to covalent PTMs, non-covalent protein modifications such as protein/enzyme cofactors and/or substrates resulting in different protein/enzyme conformations represent a further level leading to novel functional proteoforms. Proteins/enzymes with multiple cofactors/substrates, probably the most studied plant enzyme with multiple substrates and multiple catalytic functions, is RubisCO, i.e., ribulose-1,5-bisphosphate carboxylase/oxygenase, which can bind either CO2 or O2 as competing substrate and, thus, catalyze either carboxylation or oxygenation of the substrate ribulose-1,5-bisphosphate. RubisCO needs RubisCO activase (RCA) to activate the RubisCO active site for CO2 binding.

Enzymes can modify their affinity to a substrate based on ambient substrate concentration. In oligomeric enzymes with multiple catalytic sites, allosteric effect occurs, i.e., transition of the catalytic site from a low-affinity state to a high-affinity state is transmitted from one subunit to the other. Allosteric regulation, thus, means the spatial effect of the subunit on the others in oligomeric enzymes. This type of regulation of the affinity of the binding site is not possible in monomeric enzymes. However, it was also found that in monomeric enzymes, such as glucokinase, increasing glucose concentration as a substrate leads to an increased shift of the enzyme from low-affinity to high-affinity state analogously to the allosteric regulation in oligomeric enzymes (Whittington et al., 2015). As substrate concentration increases, the probability of encountering other substrate molecules after turnover also increases, thus preventing the enzyme from relaxing back to the low-affinity state. This time-dependent shift in the ratio of low-affinity to high-affinity enzyme proteoforms with respect to increased substrate concentration is called allokairy (Hilser et al., 2015). Mnemonical enzymes are monomeric enzymes that can retain high-affinity conformation after product release when substrate levels increase in an ambient environment (Ricard et al., 1974). The shifts between enzyme low-affinity and high-affinity states, such as allokairy in monomeric human glucokinase, play an important role in disease development (Whittington et al., 2015). However, to the best of our knowledge, no analogous research has been published for plant enzymes.



CONCLUSION

Proteins are directly involved in plant responses to environmental cues. Mechanisms of posttranscriptional and posttranslational modifications of protein primary sequence and encoded amino acid residues, respectively, resulting in multiple functional proteins (proteoforms) derived from a single gene. Mechanisms of posttranscriptional and posttranslational modifications increase phenotypic variability with respect to genetic information encoded by the genome. Duplications of local genomic regions, as well as whole genome duplications, and the presence of multiple genomes in polyploid species lead to paralogous and orthologous genes, respectively, which can undergo functional diversifications represented by differential expression patterns. From a biochemical point of view, the twenty gene-encoded amino acids represent a very diverse set of chemical species such as non-polar (hydrophobic) amino acids with aliphatic (alanine, leucine, isoleucine, valine) or aromatic (phenylalanine) side chains as well as both acidic (aspartic and glutamic acid) and basic (lysine, arginine, asparagine, glutamine) groups. The coded amino acids can, thus, undergo several modifications resulting in altered properties. Some PTMs represent a result of a series of spatially and temporally coordinated enzymatic reactions (phosphorylation, N-glycosylation, succinylation, crotonylation, ubiquitination, sumoylation), while others occur spontaneously (PTMs arising from reactions with RMS such as oxidation, glycation, and S-nitrosylation). The level of spontaneous PTMs rises under environmental stress because of imbalances in cellular metabolism, leading to enhanced formation of reactive molecular species (RMS). RMS-mediated PTMs can result in loss of target protein biological activity, but they also serve as a signal-inducing stress response (Chaki et al., 2011, 2013; Camejo et al., 2013; Mock and Dietz, 2016).

It has to be summarized that PTMs represent a modification of only a relatively small fraction of the given protein; moreover, the modification is often reversible and/or transient, and the resulting PTM, thus, acts as a transient signal of the given stress cue, which is the case of phosphorylation and RMS-induced PTMs. Several proteins can undergo multiple PTMs under the given stress treatment, e.g., calreticulin was reported to undergo both phosphorylation and N-glycosylation in cold-treated rice leaf sheaths (Komatsu et al., 2009). Moreover, the same protein can undergo the same kind of PTM in different target motifs under different stress treatments; for example, differential phosphomotifs were identified in the same phosphoproteins in maize phosphoproteome under drought, heat, and their combination (Hu et al., 2015b). All these factors determine the protein’s biological activity.

The major roles of differential protein isoforms and PTMs in plant cells subjected to stress could be summarized as follows (Table 4):


TABLE 4. Overview on major protein biological functions affected by different protein isoforms or PTMs in response to environmental stress conditions.
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Signaling and signal transduction: Stress-induced signal is transduced and amplified via reversible phosphorylation in protein kinase cascade. The reversibility of phosphorylation enables efficient regulation of signal spread and switching off of it when target cellular mechanisms are activated (Yamaguchi-Shinozaki and Shinozaki, 2006).

Transcriptome/proteome reprogramming under stress: Expression of differential histone isoforms and PTMs underlying modular reprogramming of plant transcriptome under stress enables expression of whole arrays of newly induced transcripts (Kumar and Wigge, 2010; Janská et al., 2011); ribosomal isoforms underlying proteome reprogramming under stress (Martinez-Seidel et al., 2021).

PTMs of histones and transcription-associated proteins determine the preparedness of stress memory-related genes to prompt transcription under repeated stress events resulting in enhanced stress tolerance. Stress memory mechanisms include both target gene repressions, such as FLC repression in A. thaliana by H3K9me2 and H3K27me3 followed by polycomb group proteins binding (Sung and Amasino, 2005), and target genes activation such as H3K4me3 and H3 acetylation in association with VRN1 gene activation in Triticeae following vernalization fulfillment (Oliver et al., 2009).

Differential isoforms and PTMs underlie differential enzymatic kinetics/activity and protein-protein interactions under stress treatments. These modifications are crucial for the final protein biological function. For example, the level of O-GlcNAc modification at Thr17 in TaGRP2 glycine-rich RNA binding protein determines its interaction with VER2 Jacalin lectin protein, resulting in TaGRP2 dissociation from VRN1 pre-mRNA first intron and induction of VRN1 transcript accumulation (Xiao et al., 2014). Phosphorylation of penultimate Thr in plasma membrane H+-ATPase leads to binding to phosphorylated C-terminus in 14-3-3 protein involved in the regulation of stomatal aperture in guard cells of A. thaliana rosette leaves (Hayashi et al., 2011). In salinity signaling, a physical interaction of myristoylated Ca2+-binding protein SOS3 with a Ser/Thr protein kinase SOS2 leads to SOS3-SOS2 complex formation and SOS2-mediated phosphorylation of SOS1 plasma membrane-localized Na+/H+ antiporter, resulting in its activation (Sanchez-Barrena et al., 2007). In addition, it was found that SOS2 activity is modulated by the phosphorylation status of 14-3-3 protein. Phosphorylated 14-3-3 protein inhibits SOS2 kinase activity, while 14-3-3 dephosphorylation upon salt stress leads to SOS2 activation (Yu et al., 2016).

Differential peroxiredoxin (Prx) and thioredoxin (Trx) isoforms finely tune redox reactions at the end of electrontransport chains in inner membranes of chloroplast and mitochondria. RubisCO activase (RCA) isoforms were found to finely tune RubisCO activity in heat-treated Rhododendron (Wang et al., 2020).

Besides modulation of enzyme activity, protein isoforms and PTMs are also involved in the modulation of structural protein properties such as chaperone Hsc70 isoforms determining other protein conformations and interactions (Noël et al., 2007), and actin isoforms underlying altered thickness of actin filaments (Kijima et al., 2018); altered patterns of N-glycosylation in cell wall proteins were found in salt-treated A. thaliana (Liu et al., 2021).

It can be concluded that protein isoforms and PTMs are involved in a broad scale of biological processes ranging from cell signaling, transcriptome reprogramming, protein expression, and protein/enzyme function/activity to stress memory mechanisms. Proteoforms represent most probably a universal means of how plants can modulate their biological processes in response to environmental cues; however, the current state of knowledge is far from being complete. Some examples of cellular processes affected by protein isoforms and PTMs in plant responses to environmental stresses are given in Figure 2.


[image: image]

FIGURE 2. Some examples of cellular processes affected by protein isoforms (blue) and protein posttranslational modifications (PTMs) (red) involved in plant responses to environmental stresses. ER, endoplasmic reticulum; GA, Golgi apparatus; R, receptor protein(s); RCA, RubisCO activase.


Mechanisms of protein posttranscriptional and posttranslational modifications, thus, represent an efficient means of enhancing biological variability in response to variability in an ambient environment. It is, thus, becoming evident that just the sole identification of protein primary sequence encoded by a given gene does not fully define protein final structure and biological activity. In plants, the study of proteoforms is in its beginnings; however, from comparisons of the diversity of some plant proteins, such as Arabidopsis actin isoforms, with their human homologs, i.e., non-muscle actins, it is evident that plant isoforms reveal greater sequence variability than human isoforms that may reflect the greater diversity of environmental factors that plants, as sessile organisms, have to face during their life cycle (Kijima et al., 2018). When interpreting proteomic results, we have to consider differential proteoforms that can be derived from the identified protein and can reveal differential biological functions. The study of proteoforms, thus, indicates that proteome represents a specific level of an organism that cannot be derived from the simple transformation of the transcriptome. The study of proteoforms also represents a key to understanding the versatility of plant responses to environmental cues such as abiotic and biotic stresses.
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In the field, plants usually have to face the combined effects of abiotic and biotic stresses. In our study, two spring wheat cultivars—Septima and Quintus—were subjected to three water regimes [70%, 50%, and 40% soil water capacity (SWC)], aphid (Metopolophium dirhodum) infestation, or the combination of both stresses, i.e., water deficit (50%, 40% SWC) and aphids. The study has a 2 × 3 × 2 factorial design with three biological replicates. In the present study, the results of proteomic analysis using 2D-DIGE followed by MALDI-TOF/TOF protein identification are presented. Water deficit but also aphid infestation led to alterations in 113 protein spots including proteins assigned to a variety of biological processes ranging from signaling via energy metabolism, redox regulation, and stress and defense responses to secondary metabolism indicating a long-term adaptation to adverse conditions. The absence of specific proteins involved in plant response to herbivorous insects indicates a loss of resistance to aphids in modern wheat cultivars during the breeding process and is in accordance with the “plant vigor hypothesis.” Septima revealed enhanced tolerance with respect to Quintus as indicated by higher values of morphophysiological characteristics (fresh aboveground biomass, leaf length, osmotic potential per full water saturation) and relative abundance of proteins involved in mitochondrial respiration and ATP biosynthesis.




Keywords: spring wheat, water deficit, herbivorous insects, combined stress, proteome, 2D-DIGE



1 Introduction

Common wheat represents one of the most important agricultural crops grown worldwide. Drought as water deficit in soil limiting plant growth and development and crop yield represents the most severe environmental stress globally (Chaves et al., 2003). In the field, plants usually have to face multiple stress factors including combinations of abiotic and biotic stresses (Mittler, 2006). Herbivorous insects such as aphids represent one of the major threats to commercial wheat production since high-yielding commercial wheat cultivars have lost natural resistance against herbivorous insects during the breeding process (van Emden and Harrington, 2017).

Proteins are directly involved in plant phenotypic responses to environmental cues including stresses (Kosová et al., 2018). The majority of proteomics studies on wheat are focused on plant response to a single stress factor only although it is evident that the effects of combined stress treatments do not simply equal to the sum of the effects of individual stress factors and that various stress interactions including both synergistic and antagonistic effects have to be taken into account (Mittler, 2006; Rasmussen et al., 2013). Recent knowledge on the impacts of combined abiotic and biotic stress factors on plants was reviewed by Suzuki et al. (2014) and Saijo and Po-iian Loo (2020).

Recently, a relatively large number of studies dealing with wheat proteome responses to drought have been published (Hajheidari et al., 2007; Caruso et al., 2009; Ford et al., 2011; Alvarez et al., 2014). Proteomics studies dealing with drought stress impacts on plants usually reported imbalances in cell redox homeostasis leading to enhanced ROS production and, as a response, to downregulation of redox reactions in energy metabolism, namely, photosynthesis (Hajheidari et al., 2007; Caruso et al., 2009). Recently, more than 100 papers corresponding to “plant proteome and aphid” have been found in the Web of Science database (accessed in June 2022). Aphids induced the accumulation of several defense modulators such as terpene synthase, papain-like cysteine protease, serine carboxypeptidase, and lipoxygenase and the repression of photosynthesis-related proteins in plants (Zogli et al., 2020). Nguyen et al. (2007) investigated the proteome of the aphid Macrosiphum euphorbiae rearing on potato (Solanum tuberosum) plants exposed to water deficit and defoliation by the beetle Leptinotarsa decemlineata and found enhanced levels of aphid proteins involved in cell communication, energy metabolism, and GroEL symbionin of the endosymbiont Buchnera aphidicola with chaperone function. However, to our best knowledge, only one study dealing with the proteome response of a commercial bread wheat cultivar to cereal aphid (Sitobion avenae) infestation in comparison to salicylic acid (SA) and methyl jasmonate (MeJA) treatments was published (Ferry et al., 2011). Finally, no study aimed at an investigation of wheat proteome response to water deficit combined with aphid infestation was published until now.

To fill this knowledge gap, we investigated the interaction between drought stress and aphids on plant response at the proteomic level. We used two spring wheat cultivars—Quintus (susceptible to water deficit) and Septima (tolerant to water deficit)—grown at three water regimes [70% soil water content (SWC) = control, well-watered plants; 50% SWC = mild water deficit; 40% SWC = relatively severe water deficit] combined with aphid (Metopolophium dirhodum) infestation versus non-infested control plants. Our study thus has a 2 × 3 × 2 factorial design with 12 experiment variants and 3 biological replicates. The plant response at the morphophysiological level and the aphid response at the population level were reported in our previous study (Saska et al., 2022) and are briefly summarized in Supplementary Tables S1 and S2, respectively. In these conditions, we found a gradual decrease in leaf biomass osmotic potential at full saturation with an increasing level of water deficit in both cultivars, but the tolerant Septima seemed to be less affected (Saska et al., 2022). Aphids further increased the level of stress in all irrigation regimes except for the severe level of stress (Saska et al., 2022). The aphid population increased best on plants grown under optimum conditions, followed by plants well-adapted to drought (Saska et al., 2022). This is because these plants likely provided a good nutritional source due to the enhanced accumulation of osmolytes in leaf tissues.

In this paper, we investigate the interaction of water deficit stress, aphid infestation, and spring wheat at the proteomics level.

The three major effects are going to be investigated:

	The effect of three water regimes (70% SWC = control, well-watered plants; 50% SWC = mild water deficit; 40% SWC = relatively severe water deficit)

	The effect of aphid infestation in comparison with non-infested plants

	The combined effect of water deficit and aphid rearing on spring wheat proteome





2 Materials and methods


2.1 Plant materials and treatments

To study the influence of water deficit stress on the spring cereal–aphid system, two spring wheat (Triticum aestivum Linnaeus) cultivars were used: the drought-resistant Septima and the standard (=non-resistant to drought) Quintus. Based on our previous study (Saska et al., 2021), these cultivars were chosen because they were similar in most leaf structural traits and also in suitability for aphids under the conditions of optimum watering. Therefore, these cultivars represent an ideal opportunity to study the potential difference in aphid response to water deficit stress in drought-tolerant and standard spring wheat, without bringing bias caused by their structural traits or different levels of suitability for aphids. Also, we prefer spring wheat over the dominantly grown winter wheat because spring wheat is potentially more sensitive to spring drought due to spring sowing. The source of the seeds is given in Saska et al. (2021).

Plant cultivation was described in our previous study (Saska et al., 2022). Briefly, seeds were germinated on moist filter paper in the dark at 20°C for 2 days. The germinated seeds were sown in field soil, eight seeds per pot (0.25 L). Plants were grown in a growth chamber (Tyler T-16/4, Budapest, Hungary) at 18°C, 16 h/8 h (light/dark) long-day photoperiod, and irradiance of 300 μmol m−2 s−1 and watered gravimetrically to attain the precise level of soil water capacity (SWC), where 100% SWC was calculated as m100, i.e., the weight of water held in 1 g of dried soil (70°C for at least 24 h) after its water saturation and draining freely for 48 h, while 0% SWC was determined as m0, i.e., the weight of the same soil amount after drying in an oven at 60°C to constant weight. The water content corresponding to the SWC levels used in the experiment was calculated as the difference between the pot weight corresponding to 100% and 0% SWC values, mx = (m100 − m0)/100 * x (%), where x is the required SWC. The following levels of SWC were used: 70% (optimum watering serving as control; hereafter SWC 70), 50% (mild water deficit treatment; SWC 50), and 40% (high water deficit treatment; SWC 40) until the second leaves fully developed. Although we are aware that 40% SWC is not a very high level of water deficit stress for wheat, we call it “high” in this paper to better contrast the water deficit treatments. According to our preliminary experiments, 40% SWC was the most severe level of water stress tolerated by aphids since aphids were leaving the plants if SWC dropped below 40%. Despite the seemingly small difference between the mild and high stress treatments in terms of the level of SWC, significant differences could be detected regarding structural and morphophysiological leaf traits (Saska et al., 2022).

The rose-grain aphid M. dirhodum (Walker) was used as an aphid stressor. The aphids came from the laboratory population maintained at the Crop Research Institute (Prague). This species is one of the three most damaging aphids on cereals in central Europe (Honěk et al., 2018). It is a holocyclic species in central Europe, alternating Rosa spp. (the primary host where sexual reproduction takes place) with Poaceae. It primarily infests the leaves, which may be the reason why it has gained relatively less attention compared to the species that infest ears, despite its economic importance (Honěk et al., 2018 and references therein). The plant treatment with aphids was described in our previous study (Saska et al., 2022).



2.2 Proteomic analysis


2.2.1 Sample preparation and 2D-DIGE analysis

Three biological replicates of leaf samples were ground to a fine powder under liquid nitrogen using a mortar and pestle, and total proteins were extracted using the trichloroacetic acid (TCA)–phenol–acetone method as described by Wang et al. (2006). Finally, total proteins were precipitated by ammonium acetate, and protein pellets were rinsed with acetone, dried, and dissolved in lysis buffer (Bio-Rad manual). The lysis buffer was adjusted to pH 8.5 by adding diluted NaOH, and protein concentration was determined by the 2D Quant kit (GE Healthcare, Chicago, Illinois, USA). Thirty micrograms of protein sample was used for sample labeling using Cy3 or Cy5, and an additional 15 μg of protein sample was added to an internal standard as a mixture of all samples used in the experiment and labeled with Cy2. Protein minimal labeling by CyDyes was carried out according to the manual (GE Healthcare, Chicago, Illinois, USA). After stopping the protein labeling reaction by adding an excessive amount of lysine, rehydration buffer and 4.5 µl of 100× Bio-Lyte 3-10 ampholyte (Bio-Rad, Hercules, CA, USA) were added to the mixed samples to a final volume of 455 µl. The samples were then loaded on an IEF Cell tray using 24-cm linear IPG strips pI 5–8 (Bio-Rad, Hercules, CA, USA). The samples were subjected to passive rehydration for 14 h followed by isoelectric focusing using a rapid voltage slope until the final voltage of 10,000 V and a total of 75,000 Vh. After the IEF, the strips with the samples were equilibrated using equilibration buffer I with dithiothreitol followed by equilibration buffer II with iodoacetamide according to the manual (Bio-Rad, Hercules, CA, USA). The second dimension was carried out on 24 cm 12.5% SDS-PAGE gels using EttanDALTsix (GE Healthcare). The 2D-DIGE gels were scanned using PharosFX Fluorescent Imager (Bio-Rad, Hercules, CA, USA) using three wavelengths at a resolution of 600 dpi. Densitometric analysis of the 2D-DIGE gel images was carried out using the software PDQuest Advanced, multichannel application, version 8.0.1 (Bio-Rad, Hercules, CA, USA). Protein spot matching in the whole 2D-DIGE image set was edited manually using the Group Consensus Tool. Protein spot density in the individual samples was normalized at the mean density of the corresponding spot in the internal standard. Protein spots revealing significant quantitative (at least 1.5-fold change at the 0.05 level determined by Student’s t-test in MS Excel) or qualitative (presence/absence) differences in at least one of the 24 biologically relevant ratios—70 (S/Q), 50 (S/Q), 40 (S/Q); S (50/70), S (40/70), S (40/50); Q (50/70), Q (40/70), Q (40/50); 70 (Qm/Q), 50 (Qm/Q), 40 (Qm/Q); 70 (Sm/S), 50 (Sm/S), 40 (Sm/S); 70 (Sm/Qm), 50 (Sm/Qm), 40 (Sm/Qm); Sm (50/70), Sm (40/50), Sm (40/70); and Qm (50/70), Qm (40/50), Qm (40/70) (where S means Septima; Q means Quintus; “m” means aphid treatment with M. dirhodum; 40, 50, and 70 mean 40%, 50%, and 70% SWC)—were excised from preparative gels (1,000 μg of protein load, proteins stained with Coomassie Brilliant Blue) using ExQuest Spot Cutter (Bio-Rad) and sent to protein identification by MALDI-TOF/TOF.



2.2.2 Protein identifications

Protein identifications were carried out using MALDI-TOF/TOF (5800, SCIEX, Prague, Czechia). Spots were treated with an EVO 2 liquid handling workstation (Tecan, Männedorf, Switzerland), washed twice for 20 min with 50 mM of ammonium bicarbonate in 50% methanol, and then dried with 75% acetonitrile (2 times, 20 min) before being incubated with 40 ng of trypsin in 20 mM of ammonium bicarbonate at 37°C for 6 h. Peptides were then extracted with 50% acetonitrile containing 0.1% TFA and air dried before spotting on the MALDI target with CHCA as matrix.

Proteins were searched against the NCBI database (www.ncbi.nlm.nih.gov) downloaded on 23 April 2021 using Triticeae as taxonomy (NCBI taxid 147389) and encompassing 518,563 sequences and 220,219,273 residues. The allowed protein modifications included carbamidomethylation of cysteine as a fixed modification and oxidation and dioxidation of tryptophan, oxidation of methionine, and tryptophan modification by kynurenine as variable modifications. Peptide mass tolerance was ±100 ppm and fragment mass tolerance was ±0.5 Da with a maximum of two missed cleavages. The criteria used for considering protein identification as significant based on the MS/MS score included at least 1 peptide with an ion score higher than the 2-fold identity threshold (46) or at least 2 peptides with a total ion score >60 (only considering peptides with a score >20).

In multiple protein identifications, the spots having two or more significantly identified proteins with a similar protein score (less than a 3-fold difference) were excluded from further evaluation.




2.3 Immunoblot analysis of dehydrin proteins

Hydrophilic proteins from finely ground crowns were extracted using 100 mM of Tris–HCl, pH 8.8, and a 5-min boiling step to enrich the dehydrin fraction. Dehydrins were precipitated using acetone with 1% mercaptoethanol, and dry precipitates were solubilized in Laemmli buffer, loaded onto 12.5% 1-D SDS-PAGE gels, and run at 10 mA (stacking gel) and 25 mA (resolving gel) according to standard procedures (Laemmli, 1970). The proteins were transferred to a nitrocellulose membrane in a tank blot; membranes were blocked in 3% non-fat dry milk and incubated with anti-dehydrin primary antibody (Enzo Lifesciences, Farmingdale, NY, USA) and alkaline phosphatase-conjugated secondary antibody (Bio-Rad, Hercules, CA, USA); and dehydrin proteins were visualized using BCIP/NBT reagents (Bio-Rad, Hercules, CA, USA). Membranes with dehydrin bands were scanned by a GS-800 densitometer (Bio-Rad, Hercules, CA, USA), and band density was quantified by QuantityOne version 4.6.2 (Bio-Rad, Hercules, CA, USA).



2.4 Bioinformatics and statistical analyses

The differentially abundant protein (DAP) spots were determined as those protein spots which reveal a significant difference defined as a minimum 1.5-fold change significant at the 0.05 level as determined by Student’s t-test (MS Excel) in at least one of the 24 biologically relevant ratios defined above. Dehydrin protein relative accumulation in the immunoblot was evaluated by ANOVA, LSD 0.05 test using STATISTICA, version 14 (TIBCO Inc., UK). Principal component analysis (PCA) of the Z-score-transformed relative abundances of the 113 DAP spots was performed using R software version 4.1.2. (R Core Team, 2022). Biplots were created using the ggbiplot function of the ggbiplot package (Vu, 2011). Cluster analysis was performed on the Z-score-transformed data of the 113 DAPs plus data on 6 morphophysiological characteristics (fresh aboveground biomass, leaf length, WSD, Ψπ, Ψπ100, Fv/Fm) from the paper of Saska et al. (2022) using Euclidean distance and Ward’s minimum criteria in PermutMatrix software (Caraux and Pinloche, 2005).

Functional annotation of the identified proteins was done using Gene Ontology (www.geneontology.org) using three kinds of annotation: cellular localization, molecular function, and biological process. Protein–protein interactions were analyzed using the STRING database (https://string-db.org; accessed 30 August 2022).




3 Results

Plants used for the experiments are shown in Supplementary Figure S1. It is evident that 50% and 40% SWC treatments led to reduced plant growth in comparison with 70% SWC treatments. The basic data on the plant morphophysiological characteristics and aphid populations extracted from our previous study (Saska et al., 2022) are provided in Supplementary Tables S1 and S2, respectively. Increasing water deficit resulted in a decrease in fresh aboveground biomass and osmotic potential expressed per full water saturation Ψ100 in both cultivars (Supplementary Table S1) and led to a decrease in aphid fecundity (Supplementary Table S2).

Proteome analysis of the crown tissues in 12 experiment variants focused on 24 biologically relevant ratios, and the given criteria (min. 1.5-fold change at the 0.05 level determined by Student’s t-test) led to an identification of 113 protein spots revealing differential relative abundance (DAPs) out of which 76 protein spots matched the criteria given for protein identification (Figure 1). The representative 2D-DIGE gel image details of the selected protein spots in the 12 experiment variants are given in Supplementary Figure S2.




Figure 1 | A representative 2D-DIGE gel (internal standard labeled by Cy2) with indicated positions of protein spots revealing differential relative abundance (at least 1.5-fold change at the 0.05 level) in at least one of 18 biologically relevant ratios: 70 (S/Q), 50 (S/Q), 40 (S/Q); S (50/70), S (40/70), S (40/50); Q (50/70), Q (40/70), Q (40/50); 70 (Qm/Q), 50 (Qm/Q), 40 (Qm/Q); 70 (Sm/S), 50 (Sm/S), 40 (Sm/S); and 70 (Sm/Qm), 50 (Sm/Qm), 40 (Sm/Qm). Detailed views on 2D-DIGE gel sections with protein spots revealing differential relative abundance patterns in the set of 12 experiment variants.



The PCA results revealed that the first four PC axes explained 66.7% of the total variation in the experimental data. The first two PC variables, PC1 (21.9%) and PC2 (17.3%), differentiated the 12 experiment variants according to their water regimes with 70% SWC in the left part and 40% SWC in the right part of the PCA plot, respectively, while 50% SWC treatments are located between the 70% and 40% SWC. The other differentiation is according to the genotype: Quintus variants are located in the upper part of the PCA plot, while Septima variants are located in the lower part of the plot (Figure 2A). In PC1 versus PC3 (15.3%) projection, the aphid-treated variants of Septima (Sm40, Sm50, and Sm70) clustered together and were placed opposite to the cluster of the aphid-treated variants of Quintus (Qm40, Qm50, and Qm70; Figure 2B). Similarly, cluster analysis of the 12 experiment variants revealed the dominant effect of the water regime treatments followed by the effect of genotypes and the effect of aphid treatments on the proteome profile in the sample sets. The two major clusters clearly distinguished the 70% and 40% SWC treatments, while the samples of 50% SWC treatments were present in both clusters; similarly, both cultivars and both the aphid-treated and untreated variants were also present in both clusters (Supplementary Figure S3). These results thus indicate the dominant impacts of the contrasting SWC treatments, namely, 70% and 40% SWC, on protein relative abundance in the 113 DAPs. Subclusters 1a and 1b in cluster 1 and subclusters 2a, 2b, and 2c in cluster 2 clearly distinguished the Septima and Quintus genotypes.




Figure 2 | Principal component analysis of the 113 differentially abundant proteins (DAPs) with indicated positions of the 12 experiment variants showing the first two principal components PC1 versus PC2 (A) and PC1 versus PC3 (B). Q means Quintus, S means Septima, m means Metopolophium dirhodum treatment, 40 means 40% SWC, 50 means 50% SWC, and 70 means 70% SWC.



The Venn diagrams of the 24 biologically relevant ratios grouped into eight diagrams showing the numbers of DAPs including both identified and non-identified protein spots, i.e., a total of 113 DAPs, are given in Figure 3. Regarding the differences between the three water regime treatments, i.e., (40/70), (50/70), and (40/50) ratios, the cultivar Septima revealed a total of 38 protein spots with an increased relative abundance and 16 protein spots with a decreased relative abundance between the three water regime treatments (Figure 3A), while in Quintus, 25 protein spots revealed a significant increase and 22 protein spots revealed a significant decrease, respectively, between the three water regimes (Figure 3B). In the aphid-treated Septima (Sm) plants, 15 protein spots revealed an increase and 33 protein spots revealed a significant decrease between the three water regime treatments (Figure 3C), while in the aphid-treated Quintus (Qm), the analogous treatments led 25 protein spots to increase and 25 protein spots to decrease, respectively (Figure 3D). Regarding the ratio between Septima and Quintus (S/Q) plants, a total of 38 protein spots revealed an increase, while 21 protein spots revealed a decrease across the three water regime treatments (Figure 3E). Meanwhile, between the aphid-treated Septima and Quintus (Sm/Qm), 27 increased spots and 31 decreased spots were found in the set of the three water regime treatments (Figure 3G). Regarding the ratio between the aphid-treated and untreated plants, a total of 22 increased spots and 29 decreased spots were found in Septima (Sm/S; Figure 3F), while a total of 26 increased spots and 19 decreased spots were found in Quintus (Qm/Q; Figure 3H), respectively. Information on the significant differences in the 24 studied ratios between experiment variants for the identified protein spots is also provided in Supplementary Table S3.




Figure 3 | Venn diagrams showing the numbers of upregulated (↑) and downregulated (↓) protein spots in 24 biologically relevant ratios: in Septima (A) [S (50/70), S (40/70), S (40/50)]; in Quintus (B) [Q (50/70), Q (40/70), Q (40/50)]; in the aphid-infested Septima (C) [Sm (50/70), Sm (40/50), Sm (40/70)]; in the aphid-infested Quintus (D) [Qm (50/70), Qm (40/50), Qm (40/70)]; in the non-infested Septima versus Quintus (S/Q) (E) [70 (S/Q), 50 (S/Q), 40 (S/Q)]; in the aphid-infested versus non-infested Septima (Sm/S) (F) [70 (Sm/S), 50 (Sm/S), 40 (Sm/S)]; in the aphid-infested Septima versus Quintus (Sm/Qm) (G) [70 (Sm/Qm), 50 (Sm/Qm), 40 (Sm/Qm)]; and in the aphid-infested versus non-infested Quintus (Qm/Q) (H) [70 (Qm/Q), 50 (Qm/Q), 40 (Qm/Q)].



Cluster analysis of the 113 DAPs revealed six major clusters, i.e., six major patterns of protein relative abundance in the set of 12 experiment variants (Figure 4). Protein spots in cluster 1 revealed lower relative abundance in Septima than in Quintus, and protein spots in cluster 2 revealed enhanced relative abundance in severe water deficit of 40% SWC with respect to mild water deficit of 50% SWC and the control variants. Clusters 5 and 6 reveal the opposite pattern, i.e., protein spots in cluster 5 revealed enhanced relative abundance in Septima with respect to Quintus, and protein spots in cluster 6 revealed enhanced relative abundance in the control with respect to the variants exposed to water deficit treatments.




Figure 4 | Cluster analysis of the 113 DAPs in the set of 12 experiment variants (S70, S50, S40, Sm70, Sm50, Sm40, Q70, Q50, Q40, Qm70, Qm50, Qm40). The data were normalized using Z-score transformation, and cluster analysis was performed in PermutMatrix software using Euclidean distances and Ward’s minimum criteria as algorithms for clusterogram construction. Details on the 2D-DIGE gel images of selected protein spots representing the individual clusters are given.



The 76 identified proteins were grouped into 23 kinds of biological processes according to GO annotation: amino acid metabolism (5 proteins), ATP biosynthesis (1), carbohydrate metabolism (3), cytoskeleton (3), glutathione metabolism (1), glycolysis/gluconeogenesis (4), molecular transport (3), nitrogen metabolism (1), nucleotide metabolism (1), one-carbon metabolism (2), photosynthesis (4), protein degradation (5), protein folding (1), redox metabolism (10), regulatory proteins (2), respiration (3), secondary metabolism (1), signaling (3), stress and defense (9), sulfur metabolism (1), transcription/RNA processing (5), translation/protein biosynthesis (3), and proteins with unknown function (5) (Figure 5A). Regarding protein cellular localization, 21 proteins were localized to the cytoplasm, 6 proteins were localized to the nucleus, 9 proteins were localized to the mitochondria, 9 proteins were localized to the chloroplasts, 3 proteins were localized to the ribosomes, and 3 proteins were localized to the plasma membrane (Figure 5B). The list of the identified proteins organized according to their assignments to biological processes is provided in Supplementary Table S3. The proteins other than the uncharacterized ones which were predicted to interact with the identified proteins and the protein interacting networks drawn by STRING are given in Supplementary Figure S4. Since one of the identified proteins LEA-19 (QPO15911.1) was predicted to interact with acidic dehydrin WCOR410, 1-D immunoblot analysis of dehydrin proteins in the samples was performed to validate the 2D-DIGE data. The results of the immunoblot analysis and the representative 1-D SDS-PAGE gel stained by CBB R-250 showing protein load and representative immunoblot are given in Figure 6. Two bands of dehydrin proteins with the apparent molecular weight of 66 and 50 kDa corresponding to the positions of WCS66 and WCS120 proteins, respectively, identified in cold-treated wheat (Sarhan et al., 1997; Vítámvás et al., 2019) were detected. Densitometric analysis of the immunoblot revealed the highest dehydrin accumulation in the S50 sample followed by the samples grown at 40% SWC and the remaining three samples grown at 50% SWC and Qm70, while practically no dehydrin proteins were detected in the remaining three 70% SWC treatments (Figures 6B, C). In the following text, we will focus on the three kinds of stress treatments as defined in the aims:

	DAPs revealing significant differences between the three water regimes

	DAPs revealing significant differences between the aphid-infested plants as compared with non-infested ones

	DAPs revealing significant differences between the combined stress treatments of water deficit and aphid infestation (Sm40, Sm50, Qm40, Qm50) as compared with the single stress treatments of water deficit (S40, S50, Q40, Q50) and aphid infestation (Sm70, Qm70).






Figure 5 | Pie chart of the identified protein spots showing protein classification according to GO biological processes (A) and cellular localization (B).






Figure 6 | Representative 1-D SDS-PAGE gel stained by CBB R-250 (A), representative immunoblot with detected dehydrin proteins (B), and the results of densitometric analysis of dehydrin proteins detected in the immunoblot (C). In (B), the position of two detected dehydrin bands of 66 and 50 kDa corresponding to WCS66 and WCS120 proteins, respectively, is indicated by an arrow. In (C), the data columns represent mean values and the error bars represent standard deviation from three replicates (n = 3), and different letters above the data columns indicate significant differences in the density of dehydrin bands determined by ANOVA, LSD 0.05 test (STATISTICA version 14, Inc., TIBCO, UK). M means molecular marker (Bio-Rad), IS means internal standard as an equimolar mixture of all samples loaded on the gel, IS50 means internal standard at half dilution (50%), Q means Quintus, S means Septima, m means treatment with Metopolophium dirhodum, 70 means 70% SWC, 50 means 50% SWC, and 40 means 40% SWC.





4 Discussion


4.1 Spring wheat responses to water deficit, aphid rearing, and the combined water deficit and aphid treatments

Regarding our previous study on wheat morphophysiological characteristics and aphid life tables in two spring wheat cultivars exposed to the combined treatment of water deficit and aphid infestation (Saska et al., 2022), the following three major effects of stress treatments were studied at the proteome level of wheat: effects of drought treatments (40%, 50% SWC), effect of aphid infestation (variants indicated by “m”), and combined drought and aphid treatments (variants Qm40, Qm50, Sm40, Sm50). The key proteins responding to the three stress treatments studied in Quintus and Septima are summarized in Table 1.


Table 1 | An overview of the key proteins responding to water deficit, aphid infestation, and the combined water deficit and aphid treatment with respect to the control in the spring wheat cultivars Quintus and Septima.




4.1.1 Effects of water deficit

Based on the evaluation of morphophysiological characteristics, Septima revealed an enhanced water deficit tolerance with respect to Quintus which is demonstrated by larger shoot biomass, lower WSD, and higher ψπ and ψπ100 values (Saska et al., 2022). PCA (Figure 2) and cluster analysis (Supplementary Figure S3) of all experiment variants clearly distinguished the 70% and 40% SWC treatments; considering the 50% SWC treatments, Septima varieties (S50, Sm50) clustered together with the 70% SWC varieties, while the Quintus varieties (Q50, Qm50) clustered together with the 40% SWC varieties indicating that the 50% SWC treatment represented stress for Quintus, but not for Septima.

2D-DIGE coupled with MALDI-TOF/TOF led to an identification of 76 DAPs covering a broad range of biological processes from signaling via stress acclimation to long-term adaptation processes. Signaling proteins include one Ser/Thr protein kinase 38-like (ssp 4304) and two β subunits of heterotrimeric G proteins (ssp 5103, 6409). G protein signaling is involved in plant immunity against a wide range of pathogens including bacteria such as Pseudomonas syringae and necrotrophic fungi such as Fusarium oxysporum as evidenced by a number of G protein subunit mutants with impaired resistance (reviewed in Zhang et al., 2012; Zhong et al., 2019). However, in our study, both G protein subunit β identified revealed a decreased relative abundance in the aphid-treated Septima with respect to the non-treated plants under both optimum and water deficit treatments. This result probably deals with the timing of samplings which was relatively late after the beginning of stress treatments with both drought and aphids. Proteomics analysis also revealed enhanced protein turnover as indicated by the enhanced relative abundances of ribosomal proteins S21 (ssp 2014) and S2 (ssp 9409) and eIF3 subunit i (ssp 1206) as well as proteins involved in proteasomal protein degradation as evidenced by proteasome subunit α type-6 (ssp 2210, 8106) and 26S protease regulatory subunit 6B (ssp 5304) similarly to Kosová et al. (2017). Alterations in the regulatory subunit of 26S proteasome represent evidence on the involvement of further mechanisms such as ABA signaling and SUMOylation which is competitive to ubiquitination to regulate protein stability under drought (Antoni et al., 2011; Stone, 2014; Marshall and Vierstra, 2019). The precise regulation of protein SUMOylation and protein turnover was found to underlie a superior drought tolerance in the wheat mutant RYNO3926 (Le Roux et al., 2020). In contrast, spot 3009 identified as ubiquitin-conjugating enzyme E2 variant 1D-like (UEV1D) forms a heterodimer with UBC13 and catalyzes the synthesis of non-canonical poly-ubiquitin chains that are linked through lysine 63 (K-63). It is important to note that this type of polyubiquitination does not lead to proteasomal protein degradation. Instead, the UEV1D–UBC13 complex is involved in DNA postreplication repair underlying DNA damage tolerance (DDT) since the UEV1D–UBC13 complex catalyzes Lys-63-linked polyubiquitination of the proliferating cell nuclear antigen (PCNA) and activates the transcription of target genes (Wen et al., 2008).

Proteomics analysis has complemented the morphophysiological data, and it has revealed that Septima has better drought tolerance than Quintus due to its ability to maintain key processes related to mitochondrial metabolism and respiration, namely, tricarboxylic acid cycle (TCA cycle) located in the mitochondrial matrix and respiratory electron transport chain (ETC) located in the mitochondrial inner membrane. Maintenance of a high turnover of energy metabolism is crucial for plant stress acclimation since the synthesis of novel compounds requires energy (Kosová et al., 2018). TCA enzymes include mitochondrial citrate synthase 4 (ssp 2506) and malate dehydrogenase (ssp 5103), while components of the mitochondrial respiratory ETC include NAD(P)H quinone-dependent dehydrogenase FQR1 (ssp 2108) and mitochondrial electron transfer flavoprotein subunit α (ssp 5103). Spot 2108 belongs to cluster 5, i.e., revealing an enhanced relative abundance in Septima with respect to Quintus. In addition, relatively enhanced mitochondrial metabolism in drought-treated Septima as compared to Quintus is indirectly indicated by the enhanced relative abundance of ssp 101 identified as mitochondrial outer membrane porin 3 involved in molecular transport between the mitochondria and cytoplasm. Enhanced levels of proteins involved in mitochondrial respiration as well as proteins involved in mitochondrial transport indicate a key role of mitochondrial respiration in drought acclimation in wheat. Moreover, Septima also revealed an enhanced level of chloroplast Cu/Zn-SOD (ssp 8125), indicating better regulation of redox stress in the key organelle for energy metabolism which is crucial for drought tolerance (on the role of redox regulation in drought stress see, e.g., Hajheidari et al., 2007; Pilon et al., 2011). Moreover, Septima with respect to Quintus at the control (70% SWC) as well as severe drought (40% SWC) revealed an enhanced relative abundance in spot 3803 identified as lipoxygenase-2 and ssp 3503 identified as aldehyde dehydrogenase 7b which are involved in the detoxification of lipid peroxides that arise as products of hydrogen peroxide reaction with unsaturated fatty acids. In the study of Zogli et al. (2020), four lipoxygenases were identified in the response of switchgrass (Panicum virgatum) to greenbug infestation.

In addition, the water deficit-treated Quintus (40 Q, 50 Q) revealed a significant increase in germin D (ssp 3111) with respect to the control plants (70 Q). Germins and germin-like proteins belong to the PR-15 and PR-16 protein families, respectively, and are hydrophilic glycoproteins located in the extracellular matrix (ECM) which possess a beta-barrel structure characteristic of cupin proteins. Some germins and GLPs possess enzymatic activities, namely, oxalate oxidase (OXO) and superoxide dismutase (SOD) activities (Bernier and Berna, 2001). Oxalate oxidases catalyze the cleavage of oxalate to produce CO2, and it is known that oxalate oxidase can represent an alternative source of CO2 in drought-stressed C3 plants with reduced stomatal conductance (Prasad and Shivay, 2017).

Moreover, drought led to an enhanced turnover in sulfur metabolism as indicated by the cystathionine β-synthase (CBS) domain protein CBSX3 identified in ssp 12. It revealed an increase at 50% SWC with respect to the control 70% SWC in both non-infested Septima and Quintus plants and a decrease in infested Quintus plants at both water deficit treatments, i.e., 40% and 50% SWC. Cystathionine β-synthase domain-containing proteins are mitochondrial proteins that catalyze the first step in the transsulfuration pathway lying in sulfur transfer between serine and homocysteine to form cystathionine. Three CBS protein isoforms named CBSX1–3 were identified in Arabidopsis thaliana. CBSX1 and CBSX2 proteins are localized in the chloroplast and reported to regulate the ferredoxin–thioredoxin system, while CBSX3 is localized in the mitochondria and reported to regulate the mitochondrial NADP–thioredoxin (NADP-Trx, NTS) system, thus playing an important role in maintaining redox homeostasis (Yoo et al., 2011). Enhanced CBSX3 protein was found in the salt-treated barley Hordeum vulgare cv. Tadmor and wild H. marinum in the study of Maršálová et al. (2016). In contrast, two spots ssp 5302 and 6522 identified as S-adenosylmethionine synthetase (SAMS) revealed a decreased relative abundance in water deficit-treated plants with respect to the control ones (70% SWC) which is interesting since stress treatments usually induced an enhanced need for SAM as a universal methylating agent in plant cells. Plant stress proteomics papers dealing with SAMS were reviewed by Kosová et al. (2018).

These findings correspond with enhanced tolerance to water deficit (dehydration) found in Septima with respect to Quintus determined as Ψπ100 (osmotic potential recalculated per 100% water saturation). Septima revealed higher Ψπ and Ψπ100 values than Quintus across the different experiment variants. In accordance, Quintus revealed higher WSD values than Septima across different experiment variants (Saska et al., 2022). Similar patterns were also observed for growth-related characteristics, i.e., total aboveground biomass and leaf length which clustered together with Ψπ and Ψπ100 values. The morphophysiological characteristics of total aboveground biomass, leaf length, Ψπ, and Ψπ100 clustered together with ssp 9601 identified as an Hsc70 2-like protein which is an important stress-inducible chaperone (Supplementary Figure S6).



4.1.2 Effects of aphid inoculation

The absence of aphid-specific resistance proteins is in accordance with the plant vigor hypothesis formulated in our previous study (Saska et al., 2022). Although no specific resistance proteins related to wheat response to aphid infestation were found by proteomic analyses, several proteins related to plant immunity and plant–pathogen interactions were identified. These include, for example, Hsc70-1 and Hsc70-2 isoforms involved in interaction with SGT1 and R-gene-mediated resistance, two ricin B-like lectins R40C1 and R40G3, ubiquitin-conjugating enzyme E2 variant 1D-like (UEV1D) involved in non-proteasomal protein ubiquitination and DNA damage repair, or actin depolymerizing factor 4 (ADF4) involved in actin filament reassembly and recognition of bacterial and fungal microbe-associated molecular patterns (MAMPs).

Protein ssp 4519 was identified as an Hsc70-1 isoform, while ssp 8711 and 9601 were identified as Hsc70 2-like isoforms. The Hsc70 proteins function as chaperones and can be involved in R-gene-mediated resistance mechanisms to pathogens via their interaction with the SGS domain in the SGT1 protein (Noël et al., 2007). Four isoforms were described for the Hsc70 protein in A. thaliana, of which Hsc70-1 and Hsc70-3 isoforms are constitutively expressed, while Hsc70-2 and Hsc70-4 isoforms are pathogen-inducible (Noël et al., 2007). Enhanced levels of two Hsc70-2 isoforms were found in the Fusarium-treated wheat cultivars Sumai 3 and SW Kadrilj by Kosová et al. (2021a). Two protein spots 2206 and 4411 were identified as ricin B-like lectin proteins R40C1 and R40G3, respectively. Lectins are glycoproteins involved in saccharide signaling whose level can affect plant development. Ricin B lectins were reported in plant response to pathogens and were found to be involved in caspase 3-like protease-induced apoptosis (reviewed in Lannoo and Van Damme, 2014). Ricin B lectin 2 proteins were found to increase in the cold-treated winter wheat Samanta (Kosová et al., 2013) and winter barley Luxor (Hlaváčková et al., 2013) crowns. Moreover, two protein spots identified as ricin B lectin R40G2 protein were found enhanced in the Fusarium culmorum-treated susceptible wheat cultivar SW Kadrilj (Kosová et al., 2021a). A chimeric lectin with two agglutinin domains and one ETX/MTX2 toxin domain was mapped to the Fhb1 locus on the 3BS chromosome in the Fusarium-resistant spring wheat Sumai 3 (Rawat et al., 2016). A chimeric protein SNA-I isolated from elderberry (Sambucus nigra) belonging to type-2 ribosome-inactivating protein (RIP) and containing chain A with RNA N-glycosidase activity and chain B with lectin activity reduced adult survival and fecundity of the pea aphid (Acyrtosiphon pisum) and tobacco aphid (Myzus nicotianae) (Shahidi-Noghabi et al., 2008). Transgenic experiments indicated that the SNA-I chain B saccharide-binding activity underlies its insecticidal activity. Spot 4411 identified as ricin B-like lectin protein R40G3 was found to increase in the water deficit-treated Septima with respect to the control plants as well as in the aphid-treated Quintus with respect to Septima plants grown at control watering (70% SWC), indicating its enhanced relative abundance under water deficit stress as well as enhanced abundance in the relatively more susceptible Quintus with respect to the tolerant Septima plants. Spots 6110 and 6111 identified as actin-depolymerizing factor 4-like isoform X1 (ADF4) were reported to form the complex with cofilin and to regulate the remodeling of actin filaments during innate immune signaling in plant cells as a response to bacterial and fungal MAMPs sensed by pattern recognition receptors (PRRs). ADF4 is thus involved in actin cytoskeleton rearrangement in response to bacterial MAMPs (Henty-Ridilla et al., 2014).

Our data did not indicate activation of any specific resistance mechanisms such as pore-forming toxins, etc. in response to aphid infestation which corresponds with the finding of Ferry et al. (2011) on wheat cv. Claire and their conclusion that an absence of specific aphid response mechanisms corresponds with the observed lack of aphid resistance in commercial wheat cultivars.

However, we have found some wheat responses to aphids shared by both cultivars studied. Both Quintus and Septima activated the biosynthesis of oligo- and polysaccharides involved in cell wall remodeling as indicated by the enhanced relative abundance of UTP-glucose-1-phosphate uridylyltransferase which catalyzes the synthesis of activated UDP-glucose. UDP-glucose is necessary for glucose incorporation into oligo- and polysaccharides. Increased levels of the enzyme involved in UDP-glucose biosynthesis in both cultivars under aphid infestation may indicate a plant strategy aimed at reducing the availability of free glucose in cells, thus reducing the availability of glucose for aphids, or enhanced UDP-glucose may indicate increased biosynthesis of cell wall polysaccharides and enhanced cell wall remodeling in response to aphid attack. In accordance with this hypothesis, increased levels of UDP-glucose 6-dehydrogenase 4 were found in the water deficit-treated and aphid-infested variants. This enzyme is involved in the biosynthesis of UDP-glucuronic acid which is an important component of cell wall polysaccharides; thus, the enhanced abundance of the enzyme indicates enhanced cell wall remodeling in response to water deficit and aphid infestation. Enhanced levels of the enzymes involved in cell wall remodeling in response to stresses such as drought and salinity were found by Mostek et al. (2015); Vítámvás et al. (2015), and others.

Aphid infestation led to an increased level of oxidative stress including both ascorbate–glutathione cycle-related enzymes and peroxiredoxins as ascorbate–glutathione cycle-independent redox systems (Dietz et al., 2006). Plants try to alleviate redox stress due to an increase in ROS-scavenging enzymes in the chloroplasts and mitochondria as organelles involved in aerobic metabolism (an increase in mitochondrial MnSOD and chloroplast Cu/Zn-SOD). Our data have shown that aphid feeding induced higher oxidative stress in Quintus than in Septima as indicated by decreased mitochondrial ATP synthase α subunit (ssp 3306) involved in ATP biosynthesis in Quintus, while mitochondrial MnSOD isoform (ssp 3111) was significantly more increased in the water deficit-treated Quintus when compared with Septima. The aphid-infested Septima revealed enhanced mitochondrial proteins MnSOD and ATP synthase α with respect to the aphid-infested Quintus indicating that Septima revealed enhanced resistance to aphids with respect to Quintus. Spot 7013 was identified as a peroxiredoxin 2C-like protein belonging to the PRX5 subfamily. PRX5 family members are homodimeric thioredoxin (TRX) peroxidases found in the cytoplasm, peroxisomes, and mitochondria (Bhatt and Tripathi, 2011).

Plants try to alleviate oxidative stress by the downregulation of aerobic metabolism, namely, photosynthetic and respiratory electron transport processes (Apel and Hirt, 2004). Decreased respiratory electron transport chain is also reflected by decreased ATP biosynthesis as indicated by decreased ATP synthase α subunit relative abundance in Quintus. Alterations in response to aphid treatments were also found in nitrogen assimilation, namely, glutamine synthetase (GS; EC 6.3.1.2.) GS2C chloroplastic isoform (Wang et al., 2015), where a significant decrease in GS2C in the aphid-treated Septima plants with respect to non-treated ones grown at 40% SWC was found which indicates reduced nitrogen assimilation in aphid-infected plants subjected to water deficit as a potential strategy to reduce nitrogen availability to aphids.

Enhanced sensitivity of Quintus to aphid infestation is also manifested by the presence of a dehydrin protein in the Qm70 variant and the absence of dehydrin in the Sm70 variant in the immunoblot (Figure 6). Similarly, Quintus in comparison with Septima also revealed higher levels of GST 1-like (ssp 3207) involved in xenobiotics detoxification via GST conjugation and higher levels of isoflavone reductase which is involved in isoflavonoid biosynthesis. It is evident that GST as an important xenobiotic detoxification enzyme plays an important role in a broad range of stresses including both water deficit and aphid treatments. As an example, enhanced GST levels were found in the drought-treated wheat mutant line BIG8-1 (Le Roux et al., 2021). Enhanced GST levels were also reported by Ferry et al. (2011) in wheat infested by the aphid S. avenae. Flavonoids and isoflavonoids are secondary metabolites which help the plants to alleviate secondary redox stress caused by drought, and increased levels of these metabolites were found in drought-treated wheat under both continuous drought and pulsed drought treatments (Stallmann et al., 2020).



4.1.3 Combined effects of drought and aphid inoculation

The combined drought and aphid treatments represent a stronger stress for Quintus compared with Septima as indicated by the enhanced relative abundance of IN2-1-like protein B involved in protein glutathionylation and of isoflavone reductase involved in phytoalexin biosynthesis and ROS regulation in drought- and aphid-treated Quintus (Qm50, Qm40) as compared with the corresponding Septima samples since all these processes are aimed at stress alleviation. IN2-1-like protein B was reported to reveal a glutathione-S-transferase activity and is proposed to be involved in target protein glutathionylation which was reported to protect the target thiol groups in cysteine residues against oxidative modifications (Diaz-Vivancos et al., 2015; Martínez-Seidel et al., 2021; reviewed in Kosová et al., 2021b). Isoflavone reductase homolog IRL (ssp 6106) has an NADPH-dependent oxidoreductase and an isoflavone reductase activity and is involved in the biosynthesis of isoflavonoid phytoalexins in plants. Phytoalexins are known to play an important role in plant defense against fungal pathogens. Spot 6106 revealed relatively enhanced relative abundance in the drought- and aphid-treated Quintus (Qm40) with respect to Septima (Sm40). Kim et al. (2003) reported an induction of the rice isoflavone reductase-like gene OsIRL by the rice blast fungus (Magnaporthe grisea) elicitor as well as a positive effect of jasmonic acid (JA) and negative effects of abscisic acid (ABA) and salicylic acid (SA) on OsIRL induction. Cheng et al. (2015) reported an enhanced resistance of transgenic soybean overexpressing GmIRF isoflavone reductase to Phytophthora sojae due to enhanced accumulation of the soybean-specific phytoalexins (glyceollins) and reduced ROS levels.

However, Septima also revealed an enhanced level of ascorbate dehydrogenase DHAR1 (ssp 4101) involved in ROS detoxification via the ascorbate–glutathione cycle in the combined drought- and aphid-treated variants (Sm50, Sm40) with respect to the control ones indicating enhanced redox stress. Moreover, significantly decreased levels of RubisCO subunits (ssp 2618, 3405, 4011) were found in the combined drought and aphid treatments (see Supplementary Table S3 data) in comparison to single stress treatments, indicating the enhanced intensity of the combined stress.





5 Conclusion

Proteomic analysis revealed a dominant effect of water regime treatments followed by the effect of genotypes. while the effect of aphid treatments was the lowest. In accordance with our previous results, Septima revealed enhanced water deficit tolerance with respect to Quintus which is indicated by enhanced levels of proteins involved in mitochondrial respiration as a key process of energy metabolism necessary for stress acclimation. Aphid treatments led to induction of some proteins involved in R-gene-mediated resistance, and ricin B-like lectins and MAMP recognition were identified in aphid-treated plants. The combined water deficit and aphid treatments led to the induction of proteins involved in detoxification processes such as protein glutathionylation and phytoalexin biosynthesis and reduced levels of RubisCO subunits which indicates an enhanced stress effect of the combined treatments on wheat plants. Enhanced levels of proteins involved in proteasomal degradation indicate enhanced protein degradation; in our future studies, the detection of the target proteins with specific antibodies against ubiquitin or SUMO peptides will provide important information on the kinds of proteins revealing enhanced protein flux upon the single and combined stress treatments.
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In this review we summarize the current knowledge about the changes in Hypericum secondary metabolism induced by biotic/abiotic stressors. It is known that the extreme environmental conditions activate signaling pathways leading to triggering of enzymatic and non-enzymatic defense systems, which stimulate production of secondary metabolites with antioxidant and protective effects. Due to several groups of bioactive compounds including naphthodianthrones, acylphloroglucinols, flavonoids, and phenylpropanes, the world-wide Hypericum perforatum represents a high-value medicinal crop of Hypericum genus, which belongs to the most diverse genera within flowering plants. The summary of the up-to-date knowledge reveals a relationship between the level of defense-related phenolic compounds and interspecific differences in the stress tolerance. The chlorogenic acid, and flavonoids, namely the amentoflavone, quercetin or kaempferol glycosides have been reported as the most defense-related metabolites associated with plant tolerance against stressful environment including temperature, light, and drought, in association with the biotic stimuli resulting from plant-microbe interactions. As an example, the species-specific cold-induced phenolics profiles of 10 Hypericum representatives of different provenances cultured in vitro are illustrated in the case-study. Principal component analysis revealed a relationship between the level of defense-related phenolic compounds and interspecific differences in the stress tolerance indicating a link between the provenance of Hypericum species and inherent mechanisms of cold tolerance. The underlying metabolome alterations along with the changes in the activities of ROS-scavenging enzymes, and non-enzymatic physiological markers are discussed. Given these data it can be anticipated that some Hypericum species native to divergent habitats, with interesting high-value secondary metabolite composition and predicted high tolerance to biotic/abiotic stresses would attract the attention as valuable sources of bioactive compounds for many medicinal purposes.
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1  Introduction

To resist the impact of a stressful environment, plants evolved adaptation strategies based either on avoidance or tolerance response (Koch et al., 2016). While the avoidance strategy enables the plant to minimize negative effects of a certain stress, the tolerance mechanism relies on the ability to withstand the unfavorable conditions (Puijalon et al., 2011). In response to bacterial, fungal, and viral diseases, or insect and herbivores attacks plants restrict the pathogen multiplication or minimize the effect of infection, or tissue damage (Pagán and García-Arenal, 2018). Similarly, plants adapt to adverse abiotic conditions like freezing (Körner, 2016), drought (Yang et al., 2020), high salinity (Soliman et al., 2018), or mechanical stress (Puijalon et al., 2011) through the tolerance or avoidance mechanisms.

To reveal the underlying relations between different adaptation strategies, the combined genotypic and phenotypic data are usually applied to characterize the patterns of plant adaptation to local environments (Gao et al., 2021). The biochemical markers including secondary metabolites (SMs), phytohormones, or proteins, along with morphological and anatomical traits like plant shape, leaf structure or area, and physiological parameters, such as chlorophyll content, electrolyte leakage, or water potential are usually used as indicators of the biotic/abiotic stresses (Kosakivska, 2008; Fernandez et al., 2016; Soltabayeva et al., 2021).

Even though the ability of plants to adapt to a certain stress requires a unique response leading to appropriate physiological and metabolic alterations, the overall plant defense is associated with an intensive oxygen metabolism generating reactive oxygen species (ROS) including radicals, especially superoxide anion (O2•-), hydroxyl radical (OH•), and non-radical molecules, such as singlet oxygen (1O2), or hydrogen peroxide (H2O2), as well as reactive nitrogen species (RNS), particularly nitric oxide (NO), and NO-derived molecules (You and Chan, 2015; Sewelam et al., 2016). The reactive molecules are produced in plant tissues as by-products of normal cell metabolism and have a dual role in many biological processes; although the ROS and RNS are associated with oxidative damage of tissues, they act as important signals to activate the stress response (Farnese et al., 2016; Kerchev and Van Breusegem, 2022). Spreading a stress signal from the local tissues to entire plant, the ROS waves were recently referred to be required for plant adaptation to abiotic stresses including light or temperature (Zandalinas et al., 2020).

In relation to stress signalization, the ROS and RNS are involved in promoting the acquired systemic plant response comprising: i) the systemic acquired resistance (SAR) initiated by interactions of cells with pathogens (e.g., viruses, bacteria, or fungi), ii) the systemic acquired acclimation (SAA) to abiotic stimuli, such as extreme temperature, irradiation, osmotic stress, or salinity, and iii) the systemic wound response to mechanical stress induced by various biotic or abiotic stimuli (Mittler and Blumwald, 2015). However, in the complex stress signaling network, many other components including calcium (Ca2+), calmodulin (CaM), G-proteins, the plant hormones, and stress-signal molecules like abscisic acid (ABA), salicylic acid (SA), jasmonic acid (JA), and ethylene, the mitogen-activated protein kinases (MAPKs), and transcription factors (TFs) are involved (Sewelam et al., 2016).

When the overproduction of ROS under stress conditions exceeds the cellular scavenging potential, the oxidative destruction of macromolecules, such as lipids and proteins, negatively impacts cellular metabolism leading to changes of membrane fluidity and ion transfer, loss of enzyme activities, inhibition of protein synthesis, damage of cellular components, and activation of a programmed cell death (Kumari et al., 2021). To minimize the oxidative injury, plants possess enzymatic and non-enzymatic antioxidants (AOXs) (Sharma et al., 2012). The ROS detoxifying proteins, such as superoxide dismutase (SOD), catalase (CAT), and enzymes of ascorbate-glutathione (AsA-GSH) cycle, ascorbate peroxidase (APX) or glutathione reductase (GR), represent the main components of the enzymatic AOXs. The ROS-scavenging enzymes were shown to be involved in maintaining plant homeostasis (Caverzan et al., 2016), as well as in ROS signaling (Miller et al., 2010). For example, the deficiency in enzymatic AOXs leads to overproduction of radical molecules, which in turn act as the signal enhancing the plant tolerance to a certain stress (Miller et al., 2007; Vanderauwera et al., 2011; Sachdev et al., 2021). Non-enzymatic antioxidants include the products of plant secondary metabolism, like phenolic compounds, alkaloids, carotenoids, tocopherols, along with small-molecules, such as ascorbate (AsA), glutathione (γ-glutamyl-cysteinyl-glycine, GSH), proline and other amino acids (Latowski et al., 2014; Ashraf et al., 2019; Jan et al., 2021a). The physiological function of SMs in defense responses against abiotic stresses and pathogens, as well as mediation of the interactions between a plant and other organisms, is well documented (Fang et al., 2011; Li et al., 2020; Pang et al., 2021). The accumulation of SMs with antioxidant activities enhance the overall stress tolerance; it has been shown that plants, which are tolerant to oxidative stress exhibit also tolerance to various environmental conditions, such as extreme temperature, drought, salinity, pathogens, and combinations of them (Sewelam et al., 2014; Nguyen et al., 2018; Nadarajah, 2020).

Within the extremely diverse genus Hypericum comprising nearly 500 species, the St. John's wort – Hypericum perforatum – represents the most renowned and investigated species (Coste et al., 2021). H. perforatum is a medicinal plant traditionally used for treatments of depression and other neurological disorders. The Hyperici herba contains a lot of biologically active constituents; phenolic compounds including naphthodianthrones (hypericin and pseudohypericin), phloroglucinol derivatives (hyperforin, adhyperforin), and flavonoids, representing well-known and frequently analyzed SMs. Showing a range of bioactivities, the phenolic compounds were distinguished as valuable phytochemicals for a broad spectrum of pharmaceutical applications (Agapouda et al., 2019). In the modern medicine, hypericins are promising photosensitizers applied in photodynamic diagnosis and therapy of cancer (Kleemann et al., 2014; Theodossiou et al., 2017). Due to inhibitory effect on the growth of microorganisms, the naphthodianthrone compounds are also effective in plant protection against a number of pathogenes (Zambounis et al., 2020; Sytar et al., 2021). The polycyclic polyprenylated acylphloroglucinols (PPAPs) are responsible for most of H. perforatum biological activities, including antidepressant, anti-inflammatory, and antimicrobial effects (Bridi et al., 2018). Flavonoids, especially the flavonols quercetin, kaempferol and their glycosides, contribute to antioxidant properties of H. perforatum alcoholic extract (Makarova et al., 2021). Melatonin (N-acetyl-5-methoxytryptamine) is other important bioactive compound of H. perforatum (Zhou et al., 2021), which has many physiological functions in humans. This molecule is involved in the sleep-wake cycle or the circadian rhythm regulation (Zisapel, 2018), interacts with the immune system (Ma et al., 2020), protects an organism against oxidative stress (Manchester et al., 2015; Galano and Reiter, 2018), exhibits the antidepressant effects (Wang et al., 2022), and is involved in the nerve regeneration processes (Stazi et al., 2021).

Based on the state of the art we discuss the alterations of Hypericum spp. phenolics content in relation to various abiotic and biotic stresses (section 2) with an emphasis on determination of the predictive value of phenolic compounds and other AOXs in revealing the freezing resistance strategy of Hypericum plants which is illustrated in the case study (section 3). We show that phenotyping of phenolics composition, especially flavonoids might contribute to revealing the freezing tolerance/avoidance strategy in the genus Hypericum. As summarized in section 4, several conclusions were made regarding the changes in Hypericum secondary metabolism in relation to overall stress tolerance.



2 Phenotyping of secondary metabolism in response to biotic/abiotic stresses in Hypericum spp

The genetically predetermined plant metabolite profile is modulated by various external and internal stimuli. Usually, the accumulation of SMs is related to the plant developmental stage and often requires the presence of specialized cells or cell structures (Isah, 2019). The phytochemical composition also depends on the crosstalk between plant and its microbiome (Pang et al., 2021), and is modified by environmental conditions like the intensity of light, extreme temperatures, drought, or salinity (Yang et al., 2018; Wasternack and Strnad, 2019; Li et al., 2020). The stress-induced metabolic alterations are commonly used for studying the function of SMs in plant stress responses (Szymański et al., 2020; Dussarrat et al., 2022). To reveal the stress adaptation strategy, the identification of metabolites that can distinguish between the tolerant and sensitive species is commonly applied (Hall et al., 2022). Based on the monitoring of metabolic markers with predictive value, and their unique combinations, the phenotyping provides a powerful tool for estimation of the extent of plant stress tolerance (Yadav et al., 2019).

In response to external stimuli, several fold increase of phenolic compounds was documented in Hypericum spp. culture systems like in vitro shoot cultures, cell suspensions or greenhouse-grown plants. Various biotic/abiotic stimuli (elicitors) were shown to redirect metabolism toward the enhanced accumulation of SMs including naphthodianthrones, acylphloroglucinols, xanthones, flavonoids, hydroxycinnamic acids, and other metabolites. Up to date, the elicitation potential of a broad spectrum of factors affecting the SMs accumulation was studied: i) herbivores (Sirvent et al., 2003); ii) microorganisms including endophytic fungi (Gadzovska-Simic et al., 2015b; Bálintová et al., 2019), pathogenic fungi (Sirvent and Gibson, 2002; Çirak et al., 2005; Gadzovska-Simic et al., 2012; Meirelles et al., 2013), or bacteria (Pavlík et al., 2007; Tusevski et al., 2017; Bálintová et al., 2019); iii) chemical elicitors, such as stress-signal molecules and growth regulators (Gadzovska et al., 2007; Pavlík et al., 2007; Coste et al., 2011; Gadzovska et al., 2013; Wang et al., 2015), simple sugars, or complex plant carbohydrates (Kirakosyan et al., 2000; Pavlík et al., 2007; Gadzovska-Simic et al., 2014; Gadzovska-Simic et al., 2015a; Bálintová et al., 2019), nanoparticles (Sharafi et al., 2013; Jafarirad et al., 2021); and iv) environmental abiotic stimuli including drought, irradiation, or temperature (Southwell and Bourke, 2001; Zobayed et al., 2006; Sooriamuthu et al., 2013). These results are summarized in Supplementary Table 1 (Supplementary Material S.M.1).


2.1 Naphthodianthrones and acylphloroglucinols

Within the plant kingdom, the polyketide pathway-derived naphthodianthrones are synthesized essentially by some Hypericum spp. Among prenylated polyketides identified in the representatives of Guttiferae (Clusiaceae), the acylphloroglucinols with prenylation patterns are commonly isolated from the genus Hypericum (Crockett and Robson, 2011; Porzel et al., 2014).

The accumulation of naphthodianthrones is restricted to the glandular structures, so-called dark nodules, which are found in approximately 2/3 of Hypericum sections (Ciccarelli et al., 2001; Crockett and Robson, 2011). New mass spectrometry imaging (MSI)-based techniques confirmed co-localization of hypericin, pseudohypericin and their protoforms protohypericin and protopseudohypericin in the dark nodules, as the sites of their accumulation within the leaf. The naphthodianthrones are co-localized in these structures even with other anthraquinones and bisanthraquinones. Similarly, hyperforin, together with its analogues adhyperforin or hyperfirin, were co-localized in the translucent pale cavities (Kusari et al., 2015; Kucharíková et al., 2016; Rizzo et al., 2019; Revuru et al., 2020). Since only members of the sections belonging to clade core Hypericum produce hypericins (Nürk et al., 2013), the application of naphthodianthrones as potential stress-induced markers in metabolic phenotyping is limited. Nevertheless, numerous studies have been focused on improvement of the Hypericum spp. chemical composition by stimulating biosynthesis of hypericins and acylphloroglucinol derivatives using different biotic/abiotic elicitors.

In Hypericum plants, the increased accumulation of hypericins and hyperforin usually signalizes stressful environmental conditions associated with higher altitudes, including the intensity and quality of light, extreme temperatures, or temperature fluctuations (Zobayed et al., 2005; Odabas et al., 2009; Germ et al., 2010; Brechner et al., 2011; Rahnavard et al., 2012). For example, each 70 to 100 µmol m-2 s-1 PAR (photosynthetically active radiation) resulted in a 1.5-fold increase of hypericin content in H. perforatum shoot cultures (Briskin and Gawienowski, 2001). In greenhouse-grown H. perforatum plants, increasing light intensities from 803.4 to 1618.6 µmol m-2 s-1 stimulated continuous rise of hyperforin, hypericin and pseudohypericin contents (Odabas et al., 2009). In relation to light quality, the red light and UV-B stimulated the production of hypericin, pseudohypericin and hyperforin in H. perforatum and H. retusum (Nishimura et al., 2007; Brechner et al., 2011; Namli et al., 2014).

Under higher temperature stress, the ambiguous plant responses were reported. In most of the studies aimed at H. perforatum, the naphthodianthrone and hyperforin content was found to be positively influenced by increasing temperature up to 30 or 35°C (Couceiro et al., 2006; Zobayed et al., 2006; Odabas et al., 2009). On the other side, Yao et al. (2019) and Couceiro et al. (2006) did not observe any stimulatory effect of increasing temperature on either hypericin or hyperforin accumulation in this species. However, accumulation of these compounds differs in plant organs and age of culture. The content of hypericins and hyperforin was the highest at 35°C in the shoots, while in the flowers, the maximum was reached at 20°C or 25°C (Zobayed et al., 2005).

In response to low temperatures, the accumulation of hypericins predominantly depends on a cold stimulus. While the exposure of H. perforatum plants to low but above zero temperature was accompanied by unchanged or significantly lower amount of hypericins, the subfreezing temperature (-4°C) resulted in a 1.6-fold increase of hypericin content (Petijová et al., 2014; Bruňáková et al., 2015). In post-cryogenic regenerants of H. perforatum, H. rumeliacum and H. tetrapterum, more than a 3-fold increase of hypericin accumulation was documented and a remarkable 38-fold increase of hyperforin content was observed in H. rumeliacum (Petijová et al., 2014; Bruňáková and Čellárová, 2017). The stimulatory effect of cryogenic treatment can be appended to its complex abiotic stress nature comprising the dehydration of cells, crystallization of free water, mechanical wounds caused by ice particles and cold itself. However, accumulation of hypericins and phloroglucinols was negatively correlated with a single stressor represented by the acute drought or osmotic stress (Gray et al., 2003; Zobayed et al., 2003).

Relatively low stimulation of naphthodianthrones biosynthesis reaching 1.3 to 4-fold increase was seen in Hypericum spp. shoot cultures subjected to various chemical elicitors. In H. perforatum and H. adenotrichum, the elevated production of hypericins was achieved by the addition of polyethylene glycol (PEG) or sucrose to culture media (Pavlík et al., 2007; Yamaner and Erdag, 2013), and more than 3-fold increase of hypericins was reported in nanoperlite-treated H. perforatum shoot cultures (Jafarirad et al., 2021). In reaction to phytohormones, the accumulation of naphthodianthrones depended on the type, combination, and concentration of phytohormones including the adenine-type (BAP, 6-benzylaminopurine; Kin, kinetin; ZT, zeatin), or phenylurea-type (TDZ; thidiazuron) cytokinins (Liu et al., 2007; Karakas et al., 2009; Coste et al., 2011). The hypericins content also increased when the stress-signaling molecules salicylic acid (SA), jasmonic acid (JA) and methyl-jasmonate (MeJA) were used for elicitation of Hypericum shoot cultures (Sirvent and Gibson, 2002; Liu et al., 2007; Pavlík et al., 2007; Coste et al., 2011; Gadzovska et al., 2013).

For stimulation of plant secondary metabolism by the elicitors of biotic origin, pathogenic or symbiotic microorganisms are usually inactivated, and a mixture of lipopolysaccharides, peptidoglycans and other cell wall components are used. The stimulatory effects of biotic elicitors depend on the type, intensity, and duration of stimuli. The accumulation of naphthodianthrones increased in Hypericum shoots treated with pectin or dextran (Gadzovska-Simic et al., 2014), mannan, pectin and β-1,3-glucan (Kirakosyan et al., 2000; Yamaner and Erdag, 2013). The elicitors derived from endophytic fungal mycelia of Thielavia subthermophila, Piriformospora indica, Fusarium oxysporum and Trichoderma crassum induced a 1.5-fold increase of hypericins in several representatives of the sections Hypericum and Oligostema regardless the elicitor type, while a 2.3-fold higher accumulation of phloroglucinols was observed in H. kouytchense after the treatment with P. indica (Bálintová et al., 2019). The content of phenolic compounds including hypericins and hyperforin also increased upon inoculation of Hypericum plants with pathogenic fungi, such as Colletotrichum gloeosporioides (Sirvent and Gibson, 2002), Diploceras hypericinum, Phytophthora capsici (Çirak et al., 2005), or Nomuraea rileyi (Meirelles et al., 2013). In contrast to unchanged hyperforin content, higher amounts of hypericins were detected in H. perforatum seedlings infected with a mix of arbuscular mycorrhizal fungi (Zubek et al., 2012; Lazzara et al., 2017). The content of naphthodianthrones in Hypericum plants was also stimulated by inoculation with bacteria, for example the bacterial strains isolated from rhizosphere of Nicotiana glauca wild population (Mañero et al., 2012). The inactivated Agrobacterium tumefaciens culture promoted production of hyperforin in H. perforatum shoots, although hypericin accumulation declined (Pavlík et al., 2007). In the transgenic plants of H. tomentosum regenerated form hairy root cultures induced by A. rhizogenes-mediated transformation, higher content of hypericins in comparison with control plants was observed (Henzelyová and Čellárová, 2018). Similarly, higher amount of hypericins along with a 7-fold increase of hyperforin was observed in transgenic lines of H. perforatum plants (Tusevski et al., 2017). Additionally, hypericins and hyperforin content increased upon feeding with herbivores represented by the generalist feeders Spilosoma virginica and S. congrua, or Spodoptera exigua (Sirvent et al., 2003).

Being an integral part of acquired systemic plant responses in Hypericum spp., the increased accumulation of naphthodianthrones and acylphloroglucinols was shown to be linked with various biotic and abiotic stress stimuli. However, applying phototoxic pigments hypericin and pseudohypericin to examine a stress tolerance is limited as the accumulation can only be stimulated to a certain physiological level. When compared with untreated Hypericum plants, the relatively low increase of hypericins content, usually not exceeding a 5-fold, could be attributed to morpho-anatomical structure of the tissues, in which these compounds accumulate. Based on the morphometric leaf parameters of 12 Hypericum species, a cubic degree polynomial regression function was proposed for estimation of the biosynthetic capacity of Hypericum shoot cultures (Kimáková et al., 2018). Furthermore, Saffariha et al. (2021) designed several models to predict changes of hypericin content in relation to ecological and phenological factors.



2.2 Flavonoids and other phenolic compounds

Within plant polyphenols, flavonoids are the best-known metabolites with antioxidant properties. Through the inhibition of ROS generation, scavenging of free radicals, absorption of UV-wavelengths, and protection of cell membranes, these compounds have a fundamental role in plant photoprotection. Moreover, flavonoids were found to act as signal molecules involved in plant developmental processes, including the morphogenetic responses induced by various biotic/abiotic stimuli (Ferdinando et al., 2012; Brunetti et al., 2013; Petrussa et al., 2013; Chandran et al., 2019; DeLuna et al., 2020). Based on distinct substitutions in the basic skeleton containing three phenolic rings, namely two 6-carbon rings A and B linked by the central 3-carbon C ring, the flavonoids can be subdivided into several major subgroups including flavonols, flavones, flavanones, flavanonols, flavanols, anthocyanins, isoflavonoids and chalcones (Panche et al., 2016). Flavonoids are often linked to mono- or oligosaccharides (glucose, galactose, rhamnose, xylose, arabinose) and can be mono-, di-, or tri-glycosylated (Nabavi et al., 2020). Due to a great antioxidant capacity and photoprotection, the flavonols represented by dihydroxy B-ring-substituted quercetin-3-O-glycosides along with monohydroxy B-ring-substituted kaempferol-3-O-glycosides, are the most studied flavonoids (Shah and Smith, 2020).

In relation to environmental conditions, the phytochemical profiling revealed substantial differences in the accumulation of polyphenolic compounds, especially flavonoids and hydroxycinnamates (Tattini et al., 2004). In common, the enhanced accumulation of flavonols and anthocyanins usually indicates a stress exposure (Jan et al., 2021b). Based on the spectrum and abundance of stress-induced metabolites, the flavonoid profile can be used to distinguish between the stress-exposed plants and their unstressed counterparts. For example, the quercetin-3-O-glucuronide/glucoside and kaempferol-3-O-galactoside/glucoside represent specific metabolites displaying significantly higher relative content in water-deficient plants of Vitis vinifera when compared with the unstressed control group (Gago et al., 2017). Furthermore, the species-specific responses to abiotic stress including differences in the content of quercetin and its glycosides enable to distinguish even between related species like Crataegus laevigata and Crataegus monogyna (Kirakosyan et al., 2004). The variation of biosynthetically related metabolites is usually further modified by other abiotic stimuli (de Abreu and Mazzafera, 2005) or concomitant biotic stresses (Schenke et al., 2019). As an example, the variation of quercetin and rutin in water stressed Hypericum brasiliense plants depended on the temperature regime (de Abreu and Mazzafera, 2005).

In the genus Hypericum, flavonoids and hydroxycinnamic acids were shown to be the most prevalent phenolic compounds involved in antioxidant responses (Zdunić et al., 2017). The production of several flavonoid compounds and chlorogenic acid increased in H. perforatum adventitious roots cultured in media supplemented up to 70 g L-1 of sucrose resulting in osmotic stress (Cui et al., 2010); the levels of quercetin aglycone and its glycoside rutin increased in shoots and roots of water-stressed H. brasiliense (de Abreu and Mazzafera, 2005); and the acute drought stress applied on H. perforatum shoots resulted in higher accumulation of quercetin glycosides in floral tissues (Gray et al., 2003). The content of several flavonoids including quercetin, hyperoside (quercetin-3-D-galactoside), rutin (quercetin-3-rutinoside), and quercitrin (quercetin-3-L-rhamnoside), along with kaempferol, amentoflavone, apigenin-7-glucoside, and chlorogenic acid also raised with the increasing light intensity and temperature; based on the relationship between the culture conditions (e.g. temperature, light intensity) and phenolics accumulation, a mathematical model was proposed for the prediction of phenolics content in H. perforatum plants (Odabas et al., 2010).

A visible tissue coloring caused by the enhanced accumulation of flavonoids is usually taken as general indicator of physiological status of a stressed plant (Lu et al., 2017). Sooriamuthu et al. (2013) observed a 3 to 5-fold elevation of flavonoids and anthocyanins in photoinduced reddish-colored plantlets after transferring the etiolated Hypericum hookerianum shoots to the light. In H. perforatum shoot cultures, the reddening of plant organs due to accumulation of anthocyanins signalized the increased osmotic strength of culture medium after addition of sucrose (Pavlík et al., 2007). In our previous research (Bruňáková et al., 2011; Bruňáková and Čellárová, 2016), a purple pigmentation of leaf tissues was also seen in the post-cryogenic regenerants of H. perforatum (Figure 1).




Figure 1 | The biotic/abiotic stress signaling pathways comprising the stress perception, signal transduction, and expression of specific stress-related genes resulting in modulation of plant primary and secondary metabolism. Metabolites highlighted by an asterisk are the markers with predictive value in cold-stress response of Hypericum species.



The flavonoids and other phenolic compounds have been shown to strengthen the tolerance to a wide range of elicitors of biotic origin, including the pest and pathogen attacks. In our previous work, the changes in metabolic profiles of Hypericum spp. induced by glucose, starch, chitosan, and elicitors derived from H. perforatum-borne endophytic fungi were shown to be species-specific, depending on the type and intensity of stress stimuli (Bálintová et al., 2019). The content of rutin, hyperoside, isoquercetin (quercetin-3-glucoside) and quercitrin was elevated in all species regardless the elicitor, showing a maximum of 13-fold increase of isoquercetin in H. monogynum shoots treated with P. indica-derived elicitors in the presence of chitosan. On the other hand, the accumulation of amentoflavone and chlorogenic acid depended on the elicitation treatment and Hypericum species; the amentoflavone content raised maximally 15.7-times in H. humifusum shoots after culturing them on media supplemented with potato-dextrose broth (PDB), and a 13-fold increase was detected in H. tetrapterum after the treatment with elicitors derived from T. subthermophila, or A. rhizogenes. A maximum of 31.7-fold elevation of the chlorogenic acid was documented in H. maculatum shoots treated with D-glucose. Almost a 15-fold elevation of the chlorogenic acid was seen after the chitosan treatment in H. kouytchense shoots and a 11.5-fold increase of this metabolite was observed in H. maculatum treated by A. rhizogenes-derived elicitors (Bálintová et al., 2019).

The elevated accumulation of flavonols, hydroxycinnamic acids, xanthones, and other phenolic compounds stimulated by (poly)saccharides in in vitro cultures of Hypericum spp. proves the universal role of saccharides-based elicitation (Kirakosyan et al., 2000; Gadzovska-Simic et al., 2014; Gadzovska-Simic et al., 2015a). The elicitors derived from Aspergillus niger and F. oxysporum stimulated the biosynthesis of phenylpropanoids or flavonoid glycosides in several Hypericum spp. (Azeez and Ibrahim, 2013; Gadzovska-Simic et al., 2015b). Similarly, Franklin et al. (2009), and Tusevski et al. (2015) documented a significant elevation of xanthone biosynthesis in H. perforatum cell cultures stimulated by elicitors derived from A. rhizogenes and A. tumefaciens. An enhanced content of lignin and flavonoids was observed in H. perforatum cell wall biomass after A. tumefaciens elicitation (Singh et al., 2014). In common, the structural components of the cell wall of fungal or bacterial pathogens induce defense reactions in both, the intact plants or plant cell cultures via production of ROS, hypersensitive response, or production of SMs with antimicrobial effects (Angelova et al., 2006).

Melatonin represents another stress-responsive metabolite involved in antioxidant defense in several Hypericum representatives, e.g., H. perforatum, or H. kouytchense (Murch and Saxena, 2006; Nguyen et al., 2018; Chung and Deng, 2020; Khan et al., 2020). According to Zhou et al. (2021), the overexpression of HpSNAT1 gene coding for serotonin N-acetyltransferase (SNAT), the key enzyme involved in melatonin biosynthesis resulted in more than 4-fold increase of melatonin content in response to high salt and drought treatment. In plants, melatonin was shown to contribute to the acquisition of tolerance against various abiotic/biotic stresses including cold (Han et al., 2017; Qari et al., 2022), or pathogen attacks (Lee et al., 2014).

To differentiate between stress tolerant and sensitive plants by metabolic phenotyping, the metabolite alterations induced by biotic/abiotic stimuli should be distinguished from a great naturally existing interspecific variability within this genus (Bálintová et al., 2019). Across the Hypericum spp., the spectrum and abundancy of SMs vary at the population, species and genotype levels (Çirak et al., 2008; Nogueira et al., 2008; Crockett and Robson, 2011; Çirak et al., 2014; Çirak et al., 2015; Çirak et al., 2016; Çirak and Radusiene, 2019; Carrubba et al., 2021), and usually changes during ontogenesis (de Abreu et al., 2004). Recent metabolomics studies reveal both the common and unique alterations in metabolic profiles of plants exposed to biotic/abiotic stresses related to polyphenolic compounds represented by chlorogenic acid, and flavonoids, namely the amentoflavone, quercetin or kaempferol glycosides.




3 Tolerance of Hypericum spp. to cold stress - the case study

The ability to withstand low temperatures represents a limiting factor of geographical distribution of the plant species. Plants adapt to under-zero temperatures through two main adaptation strategies based either on the tolerance, or avoidance responses. The ‘freezing tolerant’ (FT) species tolerate the extracellular ice formation that is accompanied by the dehydration stress; on the other side, the ‘freezing sensitive’ (FS) species prevent the formation of ice crystals in their tissues (Squeo et al., 1991; Sung et al., 2003). While the avoidance strategy predominantly relies on physical adaptations like lowering of the freezing point or supercooling, the tolerance mechanism is mainly associated with metabolic adaptations (Gusta and Wisniewski, 2013). In addition to this, the subjection of FT plants to low, but non-freezing temperatures, increases their ability to survive the otherwise lethal temperatures (below 0°C) through the process known as cold acclimation (Thomashow, 1999; Zandalinas et al., 2020). In FT species, the low but above-zero temperatures induce the higher resistance to freezing based on maintaining the functional photosynthetic apparatus and integrity of cell membranes (Ding et al., 2019; Pan et al., 2022).

To reveal the mechanism, by which the plants resist a potential freezing injury, the combined morphological, physiological, and biochemical data are widely applied. Within the genus Hypericum, several approaches were successfully applied to distinguish between FT and FS species, including the measurement of thermal properties, e.g. the freezing temperature of the leaves, the quantification of the extent of membrane disintegration, e.g. using the electrolyte leakage assay (LT50 values) (Petijová et al., 2014; Bruňáková et al., 2015), or the antioxidant profiling (Skyba et al., 2010; Danova et al., 2012). The changes of plant habitus, mesophyll parenchyma thickness, and chloroplast ultrastructure helped to find an association between the extent of freezing-induced tissue damage and predicted tolerance strategy in post-cryogenic regenerants of several Hypericum representatives (Georgieva et al., 2014; Stoyanova-Koleva et al., 2015).

One of the aims of the case study was to identify the profiling metabolites indicating the freezing tolerance strategy in 10 Hypericum species differing in their geographical distribution, and taxonomically classified to the sections Ascyreia, Androsaemum, Bupleuroides, Hypericum, Oligostema, Myriandra, Webbia and Adenosepalum (Table 1). The phenolic compounds, along with other non-enzymatic antioxidants, proline and carotenoids, as well as enzymatic activities of ROS-scavenging enzymes, superoxide dismutase (SOD), catalase (CAT) and ascorbate peroxidase (APX), were determined following the exposure of plants to 4°C (Bul'ková, 2018). Briefly, Hypericum plants cultured in vitro were used for comparative analyses of untreated (control) plants growing at 23 ± 2°C and plants, which were subjected to 4°C for 7 days. In the extracts of aerial plant parts, the content of phenolic compounds was analyzed by high-performance liquid chromatography (HPLC-DAD); the assessment of non-enzymatic and enzymatic antioxidant systems was done by spectrophotometric methods. Interspecific differences in phenolic composition as well as enzymatic and non-enzymatic AOXs related to cold response were evaluated by the principal component analysis (PCA) and hierarchical cluster analysis (HCA) (Supplementary Material S.M.2).


Table 1 | Worldwide distribution of 10 Hypericum species used in the study.




3.1 Metabolic profiling of plants exposed to 4°C

In control plants, the PCA revealed a great interspecific variability of Hypericum phenolic composition related to anthraquinones, acylphloroglucinol derivatives, flavonoids and chlorogenic acid (Figures 2A, B). According to the determinant metabolites, Hypericum representatives were distributed to two relatively compact groups and a singleton. The HCA-based heatmap (Figure 2C) was used to visualize the differences in the number of phenolic compounds between control plants and plants exposed to the cold treatment.




Figure 2 | The PCA (A, B) and HCA (C) analyses of anthraquinones, phloroglucinols, chlorogenic acid and flavonoids quantified in the extracts of shoots of in vitro-grown H.ypericum spp. Clustering of species (cases) is highlighted with a magenta ellipse drawn around each cluster (A) in relation to metabolite contents (variables) (B). Each species is represented by two biological replicates (two points per species). The HCA dendrogram (C) shows clustering of the species according to the branches. Each square in the heatmap dendrogram (C) represents the relative content of a metabolite. The red and blue color represent an increase and a decrease of relative metabolite content. Light green and dark green color of the samples indicate the metabolite contents in control plants and plants exposed to temperature of 4°C. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) kou, H. kouytchense; and, H. androsaemum; bup, H. bupleuroides; per, H. perforatum; mac, H. maculatum; ere, H. erectum; hum, H. humifusum; kal, H. kalmianum; can, H. canariense; ann, H. annulatum.



According to Figure 2A, more than 50% of the variance was accounted for the first two components PC1 and PC2. The species found in the 2nd and 4th quadrants formed a relatively compact group corresponding to cluster I, representing the sections Hypericum (H. perforatum, H. maculatum, H. erectum), Adenosepalum (H. annulatum) and Oligostema (H. humifusum). The remaining representatives seen in the 1st quadrant formed the separate cluster II comprising the sections Webbia (H. canariense), Androsaemum (H. androsaemum), Bupleuroides (H. bupleuroides) and Ascyreia (H. kouytchense). Based on the relative metabolite content, H. kalmianum (Myriandra) was the most distantly related species, forming a singleton in the 3rd quadrant. The HCA dendrogram confirmed PCA clustering showing two separate clades of hierarchically nested species and H. kalmianum as a separate branch (Figure 2C). Using both the PCA and HCA hierarchical heatmap, the determinant metabolites were identified for each cluster (Figures 2B, C). Naphthodianthrones and their potential precursor emodin were identified as the main determinants for grouping the species in cluster I. The phloroglucinol derivatives were the major profiling compounds of species belonging to cluster II. The flavonoid quercetin, and its glycoside isoquercetin, along with catechin and astragalin (kaempferol-3-O-glucoside), were the most abundant metabolites in H. kalmianum.

As we have shown previously, H. kalmianum, H. perforatum and H. humifusum were characterized as FT species; for example, H. kalmianum plants tolerated ice crystallization up to -11°C (Petijová et al., 2014). In the context of metabolic adaptations related to the freezing tolerance strategy, a relatively higher basal level of the flavonols quercetin and its glycosides, as well as astragalin in H. kalmianum suggests an interconnection between the flavonoids accumulation and plant ability to tolerate ice crystallization. Additionally, the elevated basal content of naringenin and amentoflavone was observed in other FT representatives, e.g., H. perforatum and H. humifusum. On the other side, no substantially elevated basal level of flavonoids was seen in H. canariense or H. kouytchense, which are known as FS species avoiding freezing by supercooling (Petijová et al., 2014).

In Hypericum plants exposed to 4°C, the HCA dendrograms did not reveal any substantial metabolic alterations excepting the enhanced quercetin content in H. kalmianum (Figure 2C). It should be noticed that the subjection of plants to 4°C for 7 days did not represent any lethal stress for Hypericum plants involved in this study. The plants did not change their habitus and continued their growth. However, the exposure of FT Hypericum spp. to temperature of 4°C for several days induced the processes typical for the cold acclimation (Bruňáková et al., 2011; Petijová et al., 2014). Under cold acclimation, a major reprogramming of the transcriptome, proteome, and metabolome results in the accumulation of various cryoprotective substances like saccharides, saccharide alcohols, low-molecular weight nitrogenous compounds, amino acids including proline, cold-regulated (COR) proteins, antioxidant enzymes, polyamines, and polyphenolic metabolites, including several subgroups of flavonoids (Fürtauer et al., 2019; Xu and Fu, 2022).

The relationship between the enhanced accumulation of flavonoids and plant tolerance to the under-zero temperatures is known and well documented. In the model species Arabidopsis thaliana, the flavonols, particularly kaempferols and quercetin glycosides, along with the anthocyanins, and phenylpropanoids were shown to be involved in the freezing tolerance by increasing the antioxidant capacity of tissues exposed to low temperatures (Schulz et al., 2015; Schulz et al., 2016; Zhang et al., 2019; Schulz et al., 2021). Apart from Arabidopsis, higher flavonoid contents, including flavonoid aglycones and glycosides, was associated with freezing tolerance in the number of species, for example Primula malacoides (Isshiki et al., 2014) or Rhododendron cultivars (Swiderski et al., 2004).

Despite the causal relationship between the accumulation of flavonoids and freezing tolerance has not been revealed yet, flavonoids have been successfully applied for prediction of the freezing strategy. For example, in A. thaliana, the unique combinations of these compounds were proposed as metabolic markers of the freezing tolerance (Korn et al., 2008; Schulz et al., 2016). The metabolic interactions between saccharides and plant SMs suggest a possible relationship between accumulation of flavonoid glycosides and enhanced tolerance to freezing in cold-acclimated plants (Korn et al., 2008; Fürtauer et al., 2019). Among the mechanisms, by which plant polyphenols contribute to the protection of plants against a freezing damage, the flavonoids and phenolic acids are directly involved in scavenging free radicals, modulation of the phytohormone-mediated stress responses, stabilization of the cell membranes, or preventing the proteins aggregation (Sharma et al., 2012; Hasanuzzaman et al., 2020).

On the other side, the molecular, biochemical, and physiological changes induced by cold acclimation lead to suppression of some subgroups of SMs accumulation in FT plants exposed to low but above-zero temperatures (Fürtauer et al., 2019). In our previous research, the subjection of FT Hypericum spp. to 4°C resulted in the decrease of some SMs, e.g., carotenoids and naphthodianthrones (Petijová et al., 2014; Bruňáková et al., 2015). Similarly, a decrease of terpene indole alkaloids content was seen in Catharanthus roseus plants under acclimated conditions (Dutta et al., 2013).



3.2 Antioxidant profiling of plants exposed to 4°C

The PCA and HCA revealed a naturally occurring interspecific variability in the basal level of non-enzymatic AOXs (proline and carotenoids), and enzymatic activities (CAT, SOD and APX). As shown by the PCA, more than 60% of the variability could be explained by PC1 and PC2 (Figure 3A). Within the control group of plants without the cold exposure, H. kalmianum formed a clearly separated singleton in the 1st quadrant based on the contribution of the profiling metabolites (Figures 3A, B). The other species were mostly situated in the 2nd quandrant (Figure 3A). According to the HCA dendrogram and HCA-based heatmap, the control plants of H. kalmianum represented a separate branch due to substantially higher basal level of APX activity. The cold-treated plants formed a common and relatively compact cluster spreading among all four quadrants (Figure 3A). The HCA heatmap revealed a substantial elevation of AOX enzymatic activities, along with the increased content of proline and carotenoids, which followed exposure of Hypericum plants to 4°C (Figure 3C).




Figure 3 | The PCA (A, B) and HCA (C) analyses of non-enzymatic (proline, carotenoids) and enzymatic (SOD, CAT, APX) antioxidant systems assessed in the extracts of shoots of in vitro-grown H.ypericum spp. A magenta-colored ellipse is drawn around the cluster of most of the species (cases) (A) in relation to content of non-enzymatic antioxidants, and activity of antioxidant enzymes (variables) (B). Each species is represented by two biological replicates (highlighted with a black ellipse drawn around each pair of points per species). The HCA dendrogram (C) shows clustering of the species according to the branches. Each square in the heatmap dendrogram (C) represents relative content of a non-enzymatic antioxidants, or activity of antioxidant enzymes; an increase and a decrease is represented by the red and blue color. Light green and dark green color of the samples indicate the variables in control plants and plants exposed to temperature of 4°C. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) kou, H. kouytchense; and, H. androsaemum; bup, H. bupleuroides; per, H. perforatum; mac, H. maculatum; ere, H. erectum; hum, H. humifusum; kal, H. kalmianum; can, H. canariense; ann, H. annulatum.




3.2.1 Non-enzymatic AOXs

In relation to the adaptation strategy, the cold exposure led to the highest proline accumulation in FT H. perforatum, while the carotenoids increased in the species exhibiting either the tolerance (H. humifusum) or avoidance defense mechanisms (H. kouytchense, H. androsaemum) (Figure 3C).

The relationship between non-enzymatic AOXs and freezing tolerance has not been fully understood yet. In common, proline is one of the main osmolytes contributing to the enhanced cold tolerance in plants (Verbruggen and Hermans, 2008). However, the content of proline does not indispensably correlate with the extent of freezing tolerance and depends on previous cold exposure of FT plants. The cytosolic proline increased in non-acclimated A. thaliana plants, but no correlation was found between the level of proline and elevated freezing tolerance in cold-acclimated plants (Hoermiller et al., 2022).

On the other hand, the level of carotenoids and ABA were shown to be in positive correlation with enhanced tolerance to cold stress e.g. in Oryza sativa ssp. indica possessing the tolerance strategy (Pan et al., 2022). Carotenoids are pigments, which act in essential physiological processes and plant antioxidant protection during various stresses. Being the important light harvesters, carotenoids have a crucial role in photoprotection of plants; they scavenge the ROS produced by triplet excited chlorophylls, dissipate the excess of absorbed energy during stress condition and stabilize the membranes (Uarrota et al., 2018). Besides, carotenoids are universal precursors of plant hormones including ABA that is known to be involved in hormone signal transduction in plants under cold conditions (Guo et al., 2018). However, a significant decrease of total carotenoids content was observed in FT H. perforatum or FS H. canariense plants exposed to the cold acclimation regime in our previous research (Bruňáková et al., 2015). In plants, the level of photosynthetic pigments depends on many factors; even in tolerant plants, the content of chlorophylls and carotenoids could be reduced in relation to the temperature decrease and duration of cold stress (Lukatkin et al., 2012). As an example, the temperature decline from 0°C to −4°C led to a partial reduction in the content of leaf carotenoids in Vicia faba tolerating freezing stress up to −10°C (Nabati et al., 2021). In sensitive plants, the cold stress usually leads to photosynthetic disruption (Wise and Naylor, 1987).



3.2.2 Enzymatic AOXs

In Hypericum spp., we observed a substantial variability in the APX, CAT and SOD activities. Among the control plants, the highest basal activity of APX and CAT were seen in FT species H. kalmianum and H. perforatum, respectively (Figure 3C). The exposure of plants to a temperature of 4°C for 7 days led to various changes in antioxidant enzymatic activities in Hypericum representatives differing in the freezing adaptation strategies. The activity of SOD significantly elevated in H. kalmianum exhibiting strong freezing tolerance. The APX increased in H. canariense using avoidance strategy, and the CAT markedly rised in H. bupleuroides with the unknown mechanism of preventing the freezing injury.

Without the requirement of a cold acclimation, the naturally higher levels of enzymatic antioxidants might reflect the genetically predetermined stress response of plants under unstable environmental conditions. For example, the thylakoid membrane bound APXs (tAPXs) represent the extra-plastidic stress protection against a sudden decrease of temperature (van Buer et al., 2016). Coincidently, Chen et al. (2014) documented higher CAT activity in non-acclimated plants of Chrysanthemum dichrum, the species exhibiting a strong frost tolerance when compared with the weak frost resistant Chrysanthemum makinoi.

When the ambient temperature declines towards 0°C, plants use different enzymatic antioxidant systems to scavenge excessive ROS to minimize the oxidative stress in tissues (Xu et al., 2015; Karim and Johnson, 2021). Upon cold acclimation, the elevation of antioxidant enzymatic activities is well documented in the number of species that tolerate freezing, for example Haberlea rhodopensis (Georgieva et al., 2021), Chrysanthemum spp. (Chen et al., 2014), or Eucalyptus spp. (Oberschelp et al., 2020). Along with accumulation of osmolytes, the antioxidant enzymatic activities involving SOD, APX, and CAT, represent the main processes involved in plant tolerance to environmental stresses (Ahmad et al., 2010; Khaleghi et al., 2019).

The functional role of enzymatic AOXs in abiotic stress response of several Hypericum species has been well documented (Danova et al., 2012; Skyba et al., 2012; Georgieva et al., 2014). In H. perforatum tolerant to cryogenic treatment, a considerable intraspecific variability was seen related to the SOD, CAT, malondialdehyde (MDA), total free proline and carotenoids, suggesting the genotype-dependent differences in physiological and biochemical adaptations to the low-temperature treatment (Skyba et al., 2010).

In front-line of defense against ROS induced by cold stress, the SOD metalloenzymes represent the key enzymes controlling the oxidative status in higher plants (Sen Raychaudhuri and Deng, 2000). In plant cells, the SODs comprising the manganese (Mn-SOD), iron (Fe-SOD) and copper/zinc (Cu/Zn-SOD) catalyze the dismutation of O2•- to less reactive products like O2 and H2O2 (Bueno et al., 1995; Alscher et al., 2002). The functional role of SOD in adaptation to cold stress conditions was reported for model plants like Lycopersicum esculentum (Soydam Aydin et al., 2013), Nicotiana tabacum (Wei et al., 2022), A. thaliana (Gill et al., 2010), or other plant species, for example a Himalayan high altitude alpine plant Potentilla atrosanguinea variety argyrophylla (Sahoo et al., 2001). According to Berwal and Ram (2018), the total SOD activity can be applied as an important biochemical marker indicating abiotic stress tolerance in higher plants. Moreover, the SOD isoenzyme profiles are commonly used as the selection criterion for screening plants for higher level of tolerance to various abiotic stimuli, including heat, cold, drought, salinity and heavy metal contaminants (Saed-Moucheshi et al., 2021).

The enzymatic defense including APX, and CAT contribute to an increased capacity of plant antioxidant tolerance to various environmental stresses (Yang et al., 2009; Yin et al., 2010). The APX and CAT are principal plant antioxidant H2O2-scavenging enzymes differing in their afinity to H2O2 and other organic peroxides (Sharma et al., 2012). In FT species H. perforatum and H. kalmianum, no increase in either CAT or APX activities was detected after exposure to the cold acclimation temperature of 4°C indicating that the CATs and APXs might represent an integral part of antioxidant defense in Hypericum species that acclimate after exposure to low but non-freezing temperatures (Figure 3C). It has been shown that the plant AOXs, such as the CATs normally operate below their maximum capacity, even if H2O2 concentrations reach relatively high values (Mhamdi et al., 2010). On the other side, when FS Hypericum plants were subjected to 4°C, higher CAT and APX activities were observed in H. canariense and H. kouytchense, respectively. An increase in CAT, APX or other antioxidant enzymatic activities might signalize the oxidative burst in plant tissues indicating the mechanism by which sensitive plants compensate higher level of ROS during cold exposure. For example, the H2O2 and MDA content increased more in the sensitive genotypes of Hordeum vulgare than in the tolerant ones (Valizadeh et al., 2017). However, the enhancement or depletion of H2O2-scavenging enzymes depends on several factors including the type, intensity, and duration of stress stimuli, which should be taken into consideration (Bayat et al., 2018).




3.3 Prediction of tolerance to cold stress – concluding remarks

In response to acclimation temperature of 4°C, the metabolic and antioxidant phenotyping revealed substantial alterations in basal level of phenolic compounds, along with other AOXs non-enzymatic components and enzymatic activities among Hypericum species differing in their geographical distribution. In relation to phenolic composition, the flavonols quercetin and quercetin glycosides, as well as astragalin, and other flavonoid metabolites like naringenin and amentoflavone could be considered as metabolites contributing to the freezing tolerance in the genus Hypericum. Higher basal level of proline, carotenoids and enzymatic activities of SOD, CAT and APX might reflect the genetically predetermined mechanisms of a stress response in tolerant species or signalize the oxidative burst in sensitive Hypericum representatives.

The tolerance to cold stress is a highly complex trait influenced by multiple factors; the reconfiguration of primary and secondary metabolic pathways along with activation of antioxidant enzymatic defense usually reflect the genetically predetermined capacity of the species adaptation to the local stress conditions. Based on electrolyte leakage (LT50 values), the freezing adaptation strategy was shown to be consistent with the natural habitat of a species. Within the genus Hypericum, the extent of the freezing tolerance was shown to concur with the post-cryogenic regeneration reflecting the geographical distribution of a species (Petijová et al., 2014; Bruňáková et al., 2015). While the (sub)tropical H. canariense, endemic of Canary Island and Madeira (Robson, 1996), was referred as cold-sensitive species avoiding ice formation by supercooling, other studied Hypericum species originating from the temperate zones, or growing at higher altitudes of the subtropical areas were shown to be relatively tolerant to freezing (Petijová et al., 2014). For example, the nearly cosmopolitan H. perforatum, and H. kalmianum restricted to cold area of USA and Canada (adjacent to Ontario Lake and Ottawa River) were characterized as the FT species (Petijová et al., 2014; Bruňáková et al., 2015). However, the prediction of freezing resistance strategy based on metabolic and antioxidant profiling is usually complicated by a large intraspecific variability related to the origin of the plant accession. The conflicting evidence of tolerance/avoidance mechanism was reported for A. thaliana accessions originated from different habitats (Zhen and Ungerer, 2008; Hoermiller et al., 2018). As shown by Nägele and Heyer (2013), the cold-induced intensive accumulation of saccharides and amino acids was higher in FT accessions of A. thaliana when compared with their FS counterparts. Significant alterations in AOX metabolism were also observed between FT and FS cultivars of Hordeum vulgare (Dai et al., 2009).

In conclusion, we assume that the combination of metabolic and enzymatic AOXs, along with other physiological markers including the thermal properties of plant tissues (LT50), and knowledge of the plant origin could be used for prediction of a mechanism, by which Hypericum spp. adapt to a cold stress. Albeit some classes of phenolic compounds contribute to the enhanced stress tolerance, more data are needed to identify the unique combinations of metabolites that would indirectly allow to estimate the extent of freezing tolerance of a particular species in the genus Hypericum.




4 Summary

Even though the genus Hypericum belongs to most diverse plant taxa, rare and endemic representatives might be threatened due to increasing climate changes contributing to the destruction of their natural habitats. In common, plant adaptation to changing environment depends on the activation of the cascades of molecular networks related to stress perception, signal transduction, induction of enzymatic activity and biosynthesis of SMs involved in the acquired systemic plant responses. Although the knowledge of AOX systems responsive to a particular stressor, such as low temperature, is critical, the assessment of a combination of several metabolic, physiological, and molecular markers is needed to understand the molecular mechanisms of the overall biotic/abiotic stress tolerance. The metabolic and antioxidant profiling of Hypericum spp. revealed a great species-dependent and environmentally influenced variability that usually complicates the application of phenotyping to estimate the plant stress tolerance. Therefore, the stress-induced changes in metabolic and antioxidant profiles should always be evaluated in a complex manner; in addition to the species-specific structural or physiological predeterminations, the applicability of profiling metabolites is also crucial. Within the genus, the most prominent stress-induced responses are usually associated with the accumulation of polyphenolic compounds including the chlorogenic acid, and flavonoids, namely the amentoflavone, quercetin or kaempferol glycosides, indicating their function in tolerance against various biotic/abiotic stresses. Although current mathematical models revealed contribution of genetic and environmental factors, more data are needed for relevant prediction of biosynthetic capacity of Hypericum spp. in relation to overall stress tolerance.
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Introduction

Low light stress inhibits plant growth due to a line of physiological disruptions in plants, and is one of the major barriers to protected cucumber cultivation in northern China.



Methods

To comprehensively understand the responses of cucumber seedlings to low-light stress, the low-light-tolerant line (M67) and The low-light-sensitive line (M14) were conducted for the analysis of photosynthetic phenotype, RNA sequencing (RNA-seq) and the expression level of photosynthesis-related genes in leaves under low-light stress and normal light condition (control).



Results

The results showed that there was a sharp decrease in the photosynthate accumulation in the leaves of the sensitive line, M14, resulting in a large decrease in the photosynthetic rate (Pn) (with 31.99%) of leaves compared to that of the control, which may have been caused by damage to chloroplast ultrastructure or a decrease in chlorophyll (Chl) content. However, under the same low-light treatment, there was no large drop in the photosynthate accumulation and even no decrease in Pn and Chl content for the tolerant line, M67. Moreover, results of gene expression analysis showed that the expression level of genes CsPsbQ (the photosystem II oxygen-evolving enhancer protein 3 gene) and Csgamma (ATPase, F1 complex gene) in the M14 leaves decreased sharply (by 35.04% and 30.58%, respectively) compared with the levels in the M67 leaves, which decreased by 14.78% and 23.61%, respectively. The expression levels of genes involved in Chl synthesis and carbohydrate biosynthesis in the leaves of M14 decreased markedly after low-light treatment; in contrast, there were no sharp decreases or changes in leaves of M67.



Discussion

Over all, the ability of cucumber to respond to low-light stress, as determined on the basis of the degree of damage in leaf structure and chloroplast ultrastructure, which corresponded to decreased gene expression levels and ATP phosphorylase activity, significantly differed between different low-light-tolerant lines, which was manifested as significant differences in photosynthetic capacity between them. Results of this study will be a reference for comprehensive insight into the physiological mechanism involved in the low-light tolerance of cucumber.





Keywords: cucumber (Cucumis sativus L.), low-light stress, photosynthetic ability, gene expression, response, integrative analysis 

  1 Introduction

Cucumber is native to the southern foothills of the Himalayas and the South Asian subcontinent (Lin, 2017). Chinese cucumber production ranks first in the world and accounts for more than 70% of the global output (Zy Consulting, 2020). High temperatures (20~32°C) during the daytime and 15~18°C at night and high light conditions (between 700 µmol·m-2·s-1 and 1000 µmol·m-2·s-1) are needed for cucumber growth (Wang, 2011). However, low-light stress is one of the major barriers to protected cucumber cultivation in northern China or other places with successive rainy and hazy weather because low light affects photosynthesis, resulting in a decrease in yield and quality potential (Liebig and Krug, 1991; Zhang et al., 2022). Under low-light stress, the growth of cucumber is inhibited, and there are several symptoms of low-light stress visible at the seedling stage. Under continuous low-light stress, the hypocoyledonary axis becomes longer, leaf chlorosis, leaf area decreases, the main axis is terminated and the shoot apical meristem converts into a flower. (Li et al., 2009), and there are no or fewer numbers of flowers and fruits, resulting in the poor cucumber quality and quantity (Ai et al., 2006; Gommers et al., 2013). Low-light stress affects the physiology of plants, such as the key enzymes involved in starch synthesis in the grains and the translocation of carbohydrates from source cells to sink cells (Du et al., 2013). Low light causes a line of physiological and biochemical disruptions in plants, and approximately 40 to 50% yield loss can occur because of low light intensity during the wet season in India and Southeast Asian countries, where a decrease in irradiation occurs 40 to 60% of the time (Venkateswarlu, 1977). It is therefore highly important to solve the above mentioned problems by studying the low-light-response mechanism and by breeding new low-light-tolerant varieties.

Continuous low-light stress can decrease the photosynthesis of leaves by disrupting photosynthetic organelles, and the effects vary among different crop species (Huang et al., 2007; Wang et al., 2009). Low-light stress can decrease the specific leaf weight and leaf thickness and can decrease the quantity and size of chloroplasts (Zhang et al., 1999; Li et al., 2021). Plants respond to and resist low-light stress via complex physiological changes, biochemical changes and molecular signal production (Zhou et al., 2022). The chloroplast morphology in cucumber leaves and pigment content change considerably under low-light stress (Xu et al., 2010; Kirchhoff, 2019). Chl is the most important pigment in photosynthesis and is most responsive to different environmental stresses, cucumber seedlings were shown to adapt to low-light environments via increased production of Chl in the leaves to capture more light during early stages of low-light stress (Zhu et al., 2012; Zhang et al., 2017). Moreover, the Chl b is responsible for transferring light energy in photosynthesis and could capture more energy to improve the utilization efficiency while contributing to the green preservation of leaves under stress (Tanaka and Tanaka, 2007; Esteban et al., 2015). The biosynthesis-related gene HEMA1, encoding glutamyl-tRNA reductase (GluTR), is involved in the first step of Chl synthesis, and the amount of HEMA1 is indirectly regulated by PIF3 (Shin et al., 2009; Stephenson et al., 2009; Zeng et al., 2020). The chlorophyll cycle plays a crucial role in the processes of greening and acclimation to light intensity, and a certain Chl a/b ratio is needed for plants to adapt to various environments (Meguro et al., 2011). 7-Hydroxymethyl Chl a reductase (HCAR) plays critical roles in converting Chl b to Chl a when plants are under stress (Ito et al., 1996; Scheumann et al., 1998). In tomato, several genes involved in improving plant growth and alleviating photosynthetic inhibition from low-light stress have been identified (Lu et al., 2019), and physiological mechanism through which strigolactone enhances tolerance to low-light stress in cucumber seedlings has been reported (Zhou et al., 2022). Numerous studies have revealed many mechanisms underlying the shade tolerance of plants (Lichtenthaler et al., 1981; Tian et al., 2017; Ranade et al., 2019). However, the expression of genes related to Chl metabolism in different tolerant cucumber lines under low light is not clear.

Genetic studies and preliminary assessments of cucumber gene expression in response to low light have been limited to certain traits associated with low light (Li et al., 2015). The expression of photozyme- and Chl metabolism-related genes and how stress alters stomatal characteristics, decreases photosynthetic pigment contents, and disrupts the structure of photosystem II (PSII) of leaves have been thoroughly studied in various plant species (Shu et al., 2013; Sun et al., 2014; Li et al., 2021). Low light intensity strongly limits plant grain yield and quality; however, yield is not significantly reduced for some low light-tolerant lines. For example, low light does not decrease the yield of low light-tolerant rice lines (Sekhar et al., 2019). At present, the effects of low-light stress alone on cucumber plant growth, hereditary characteristics and the expression of several photosynthesis-related genes have been studied (Sun et al., 2014; Li et al., 2015; Li et al., 2019). With respect to cucumber, studies on photosynthesis and the Chl metabolic pathway and the expression of photosynthetic genes are necessary to further state the mechanism of resistance to low-light stress (Hu et al., 2021). However, there are few intensive or integrative analyses on the photosynthetic ability of tolerant and sensitive cucumber lines under low-light stress, and little information is available to elucidate the mechanism of how the tolerant cucumber lines can alleviate the effects of damage caused by low-light stress. This work therefore the photosynthetic phenotype, RNA-seq analysis and the expression of photosynthesis-related genes of leaves under semi-lethal low-light stress was conducted to explain the effects of low-light stress on photosynthetic ability and photosynthate accumulation in cucumber. The findings of this study will provide a theoretical foundation for clarifying the low-light resistance mechanism and for breeding low-light-tolerant cucumber varieties.


 2 Materials and methods

 2.1 Plant materials

Two homozygous cucumber inbred lines, M67 and M14, were used as plant materials. Both lines were screened by previous researchers investigating low-light tolerance. M67 is a low-light-tolerant line that grows well under low-light stress, and M14 is a low-light-sensitive line that grows abnormally with chlorotic or terminal flowering.


 2.2 Low-light treatment and experimental design

In 2019, the plants were grown in a phytotron under a 12 h photoperiod, a mean daily temperature of 25°C/15°C (day/night), a relative humidity of 85%, and a photosynthetic photon flux density of 300 µmol·m-2·s-1 at Heilongjiang Bayi Agricultural University. The low-light treatment was applied at the two-leaf stage; the low-light intensity was 50 µmol·m-2·s-1, and the control light intensity was 300 µmol·m-2·s-1. The plants were sampled randomly at the semi-lethal time after low-light treatment with 15d for M67 and 11d for M14. The half-lethal time was setted as the days of 50% of plants stopped growing and reached a half-dead state under low-light treatment. The experiment was performed in accordance with a randomized block design and was replicated 3 times with 10 plants each.


 2.3 Leaf ultrastructural observations

The leaf ultrastructure of seedlings at the two-leaf stage was observed in the treatment and control groups. Samples were taken from the middle position of the leaves; cut into diamonds of 5~7 mm×3~5 mm; fixed in 2.5% glutaraldehyde solution at a pH of 6.8; chilled at 4°C for 2 h; washed twice in 0.1 mol/l phosphate buffer solution; dehydrated in ethanol solution at concentrations of 50%, 70%, 95% and 100%; and transferred to a 100% acetone solution. Finally, the diamond-shaped samples were embedded in Epon 812 embedding media. After slicing and dyeing, a JEM-1200EX transmission electron microscope (Japan, JEOL company) was used for observations and imaging.


 2.4 Determination of Chl content, photosynthetic ability and photosynthate production.

The Chl content in cucumber seedling leaves was detected by the ethanol–acetone method and the content of starch and sucrose was detected by the enthrone method (Li, 2000). Furthermore, the net photosynthetic rate (Pn), stomatal conductance (Gs), intercellular CO2 concentration (Ci) and transpiration rate (Tr) were determined by an LI-6400 photosynthetic apparatus.


 2.5 RNA isolation, cDNA synthesis and transcriptome analysis

In this study, samples were taken after the three low-light treatments and normal control treatments, then frozen in liquid nitrogen and stored at −80°C. Total RNA for the leaf samples was isolated using TRIzol (Invitrogen, USA), the first-strand cDNA was reverse-transcribed using the M-MLV First Strand cDNA Synthesis Kit (B532445, Sangon Biotech, Shanghai, China). The quality and concentration of the cDNA were determined using a SMA3000 UV spectrophotometer (Beijing, China). After dilution, the cDNA was stored at −20°C until use.

RNA samples that met the quality control requirements were sent to the Beijing Genomics Institute for RNA-seq analysis via an Illumina HiSeq 2000 (USA/Illumina). The raw data (raw reads) were filtered with the FASTQ_Quality_Filter tool from the FASTX-toolkit, which were used for further analysis. After preprocessing the RNA-Seq data, the filtered reads were subsequently mapped to the reference sequences using SOAP2 aligner/soap2 (Li et al., 2009) and were mapped to the cucumber genome database http://www.icugi.org/cgi-bin/ICuGI/genome/index.cgi?organism=cucumber (Huang et al., 2009). Differentially expressed genes were identified based on a p value ≤0.01 and | log2 ratio ≥ 1.


 2.6 Real-time PCR analysis

Primers for PCR sequence-specific oligonucleotides were designed via https://www.genscript.com/tools/real-time-pcr-tagman-primer-design-tool, and UBI was used as an internal reference gene. The primers used for photosynthesis-related genes are listed in  Table 1 . The specificity of each pair of primers was determined by agarose gel electrophoresis and PCR product resequencing. Then, real-time PCR was performed for gene expression evaluation according to the method described by Livak and Schmittgen (2001). PCR was performed according to the instructions of the real-time PCR machine used (ABI 7500, Applied Biosystems). The PCR program was as follows: 40 cycles of denaturation (95°C for 10 min), amplification and quantification (95°C for 10 sec, 55~60°C for 30 sec, and 72°C for 30 sec per single fluorescence measurement); melting curve analysis (65~95°C, with a heating rate of 0.2°C·s-1 and continuous fluorescence measurements); and final cooling to 12°C.

 Table 1 | Primers of photosynthesis-related genes. 




 2.7 Statistical analysis

The data were analyzed by analysis of variance (ANOVA) using the SPSS 13.0 statistics program, and statistical significance among the differences was calculated by one-way ANOVA followed by Duncan’s multiple range tests for each experiment at a level of P < 0.05. The Origin 8.0 data are expressed as the mean values ± standard deviations of three independent experiments (n = 3). Quantitative real-time polymerase chain reaction (qRT–PCR) analysis was performed according to Rao et al. (2013) methods.



 3. Results

 3.1 Morphological observations of different low-light-tolerant cucumber lines

In our previous study, the tolerance of cucumber seedlings under low-light stress was determined based on several morphological and cytological indicators (Li et al., 2009; Li et al., 2015; Zhang et al., 2022). In this study, the morphological and cytological structures in cucumber leaves of seedlings at the tow-leaf stage under low-light treatment were observed from 0 to 15 days of treatment. M67 (an cucumber inbred line with a high low-light-tolerance index) was used as a low-light-tolerant line, and M14 (an inbred line with a small low-light-tolerance index) was used as a low-light-sensitive line ( Figure S1 ). The index of low-light tolerance of the tolerant line (M67) was 2.39, which was higher than that of the sensitive line (M14), with an index of 1.48; thus, there was a significant difference of 38.09% between the two lines ( Supplementary Table 1 ). The growth of tolerant and sensitive (M67 and M14) seedlings was significantly different under low-light stress. Morphological observations revealed that the growth of tolerant line M67 seedlings was initiated with the growth increase of internodes, there were no terminal flowering or chlorotic symptoms on the plants ( Figures 1A, B ), and the growth of hypocotyl is normal ( Figure 1C ). While under the same low-light treatment, the internode elongation rate, of the sensitive line M14 decreased, leading to the terminal flowering occurred from the 2-leaf stage to the semi-lethal point ( Figure 1D ), along with the presence of chlorosis symptoms, smaller leaf growth ( Figure 1E ) and the excessive growth of hypocotyl ( Figure 1F ).

 

Figure 1 | Seedling of cucumber lines with different tolerance under low-light stress. (A) The plant of low-light-tolerant line M67 under normal light and semilethal low- light stress (from left to right), (B) The leaf of low-light-tolerant line M67 seedling with two leaves under normal light and semilethal low-light stress (from left to right), (C) The hypocotyl of low-light-tolerant line M67 seedling in cotyledonous stage under normal light and semilethal low-light stress (from left to right), (D)The plant of low-light-sensitive line M14 under normal light and semilethal low-light stress (from left to right), (E) The leaf of low-light sensitive line M14 seedling with two leaves under normal light and semilethal low-light stress (from left to right), (F) The hypocotyl of low-light-sensitive line M14 seedling in cotyledonous stage under normal light and semilethal low-light stress (from left to right). 




 3.2 Photosynthesis accumulation and photosynthetic capacity analysis in different low-light-tolerant cucumber lines

Compared to the normal light, the contents of starch and sucrose in cucumber seedling leaves decreased to a varying degrees under the low-light stress. After the low-light treatment, the contents of sucrose and starch in leaves of the M67 line decreased by 12.03% and 10.19%, respectively, and larger decreases of 38.36% and 30.76% in starch and sucrose contents were detected in M14 ( Figure 2  and  Supplementary Tables 2 ,  3 ), which indicated a sharply decreased rate of photosynthate accumulation in the leaves of the sensitive line (M14). For the Pn, there was no significant decrease in the tolerant line (M67) after low-light treatment; however, there was a decrease in Pn by 31.99% in M14 under low light compared with normal light ( Figure 3A  and  Supplementary Table 4A ). For Gs and Tr, there were significant increases of 35.43% and 59.36%, respectively, in M67 after low-light treatment but no change in M14 ( Figures 3B, D  and  Supplementary Tables 4B, D ). We also found that the intercellular carbon dioxide concentration (Ci) of the tolerant line (M67) decreased by 37.96%, however, that decreased only by 14.79% in M14 under low-light treatment ( Figure 3C  and  Supplementary Table 4C ). The data in  Figure 4  show that the ATP phosphorylase activity in the leaves of cucumber seedlings under semi-lethal treatment was lower than that under normal-light conditions, and the decreases were 27.63% and 32.26% for the tolerant and sensitive lines, respectively ( Supplementary Table 5 ).

 

Figure 2 | Effects on content of starch and sucrose in leaf of low-light stress in different cucumber lines. (A) starch and (B) sucrose content in leaf under control and low-light stress in different cucumber lines. Lowercase letters a and b after the value represent statistically significant differences (p < 0.05) within a variety under different low-light treatments as determined by the least significant difference test. 



 

Figure 3 | Effects on leaf photosynthetic rate of low-light in different cucumber lines. (A) Pn, (B) Gs, (C) Ci and (D) Tr of leaf under control and low-light stress in different cucumber lines. Lowercase letters a and b after the value represent statistically significant differences (p < 0.05) within a variety under different low-light treatments as determined by the least significant difference test. 



 

Figure 4 | Effects on activity of ATPase of low light in different cucumber lines. Lowercase letters a and b after the value represent statistically significant differences (p < 0.05) within a variety under different low-light treatments as determined by the least significant difference test. 




 3.3 Chloroplast ultrastructure and pigment content observations in different low-light-tolerant cucumber lines under low-light stress

The leaf chloroplast ultrastructure observations indicated that the chloroplasts were closely arranged near the cell wall and presented a complete structure that was filled with many starch grains in the matrix and thylakoids under normal-light conditions. The lamellae of the matrix and thylakoids were clearly visible and orderly packed ( Figures 5A ,  C ). The structure and shape of the chloroplasts of inbred line M67 were still intact and regularly spindle-shaped, and the density of the matrix and thylakoids decreased under low-light stress ( Figure 5B ). However, most misaligned chloroplasts in the sensitive line (M14) pulled away from the cell wall towards the middle, the membrane structure was severely damaged, and the lamina was cavitated and close to rupturing. The mesophyll cells had few starch grains, and there were more osmiophilic cells in M14 than in M67 ( Figure 5D ). Observations of Chl contents in the different low-light-tolerant cucumber inbred lines under low-light stress revealed that the changes in the total Chl content in the functional leaves under semi-lethal low-light stress were different; the content of Chl (a+b) in the leaves of the M67 inbred line increased by 12.67%, which was significantly higher, and the content of Chl (a+b) in the leaves of the M14 lines decreased extremely significantly – by 13.05% ( Figure 6A  and  Supplementary Table 6 ). Under low-light stress, the ratio of chlorophyll a to b (Chl a/b) in the leaves of the tolerant line (M67) was 22.92% lower than that under normal-light conditions, and the Chl a/b of the sensitive line (M14) did not substantially change under either light condition ( Figure 6B  and  Supplementary Table 7 ).

 

Figure 5 | The ultra-structure of leaf chloroplast observation in different cucumber lines. The (A) and (C) are each representing the mincrostructure of chloroplast (×30000) in M67 and M14 under normal light, the (B) and (D) are each representing the mincrostructure of chloroplast (×30000) in M67 and M14 in low light treatment. Chl, Chloroplast; S, Starch; GL, Grana lamella; O, Osmiophilic globules. 



 

Figure 6 | Effect on chlorophyll content in leaf of low light in different cucumber lines. (A) Chl (a+b) content and (B) Chl a/b of leaf in different cucumber lines. Lowercase letters a and b after the value represent statistically significant differences (p < 0.05) within a variety under different low-light treatments as determined by the least significant difference test. 




 3.4 Transcriptome and photosynthesis-related metabolic pathway analysis of cucumber leaves with semilethal effects under low-light stress

To explore the genes differentially expressed in response to low light compared to the control conditions in both inbred lines (M67 and M14), RNA-seq was performed on leaves (15 days after low-light treatment and 15 days of normal-light treatment as control). Statistical analysis was conducted to summarize the number of clean reads that were aligned to the reference genes, which provided general information for the project. Here, 21.42 to 24.87 million paired-end reads were generated per sample ( Supplementary Table 8 ). Analysis of these data sets showed that the remaining 2228 genes were differentially expressed (1394 upregulated and 834 downregulated genes) in the leaves of M67 under the control and low-light conditions, and a total of 1848 genes were differentially expressed (1188 upregulated and 660 downregulated genes) in the leaves of M14 under the control and low-light conditions ( Figure 7A ;  Supplementary Table 9 ). A total of 932 differentially expressed genes (DEGs) were obtained, namely, 636 upregulated genes and 296 downregulated genes, in both the M67 and M14 lines ( Figure 7A  and  Supplementary Table 9 ). Based on Gene Ontology (GO) analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment of these 932 DEGs, the biological process, cellular component and molecular function significantly enriched in DEGs were detected compared with those in the whole-genome background ( Figure 7B ). Finally, the DEGs corresponding to molecular function were filtered ( Figure S3 ), pathways of the photosynthesis and photosynthesis-antenna proteins significantly enriched in DEGs ( Figure 7C ). So we selected fifty-five genes related to photosynthesis enriched in the leaves, which were differentially expressed under low-light stress in the differently tolerant lines M67 and M14 ( Figure S4  and  Supplementary Table 10-2 ). All above analysis were performed using BMKCloud (www.biocloud.net). Moreover, KEGG pathway analysis of photosynthesis showed that the photosystem and cytochrome b6/f complex were affected differently in both lines after low-light treatment( Figure S2 ). For M67, the CsPsbQ, CsPsbW and CsPsbP genes of PSII, Csgamma (ATPase, F1 complex gene) of PSI and CsLhcb2 of light-harvesting protein complex were upregulated, PSII genes CsPsbB, CsPsbS and more than half of complex II chl a/b binding protein (LHC) genes were downregulated after semi-lethal low-light treatment ( Figures S2A, C  and  Supplementary Table 11 ). However, for the sensitive line (M14), there were no upregulated genes, and mostly genes of PSII and LHC were downregulated ( Figures S2B, D ) under the same treatment. In addition, some differentially expressed genes were detected by analysis of the Chl metabolism pathway, such as genes involved in the pathway of L-glutamyl-tRNA to Proto IX (CsHemA, CsHemD and CsHemY), some genes involved in the biosynthesis from Proto IX to Chlide a (CsBchH, CsBchM, CsBchE and CsPor), and the Chl cycle genes (CsCAO, CschL, Csnol and CsHCAR) ( Figure 8A  and  Supplementary Table 12 ). The results showed that the genes CsHemA, CsHemD, CsPor, CschL Csnol, and CsHemH were upregulated in the tolerant line (M67) after semi-lethal low-light treatment; however, most of the genes were downregulated in the sensitive line (M14) ( Figure 8B  and  Supplementary Table 13 ).

 

Figure 7 | Transcriptome analysis of cucumber leaves with semilethal in M67 and M14 under low-light stress. M67: tolerant line. M14: sensitive line. (A) Venn diagram of DEGs under low-light. The DEGs sets (M14CK Vs M14T and M67CK Vs M67T) were analyzed by using the Venn method and the numbers in box marked in the diagram indicate the number of common genes significantly up- (upward arrows) and down-regulated (downward arrows) among the three DEG sets (log2-fold change ≥1.5 and FDR-corrected P-value ≤0.001). (B) GO enrichment analysis result of 932 DEGs with fold change >2. (C) KEGG enrichment of 932 DEGs. The bubble diagram shows the degree of enrichment of KEGG terms in three categories. By default, the top 20 GO terms with the lowest Q-values were used in the diagram. The X-axis represents the enrichment ratio, and the Y-axis denotes the KEGG pathway. The size of bubbles indicates the number of genes annotated to a certain KEGG pathway, and the color represents the Q-value, where the redder the color is, the smaller the Q-value is. 



 

Figure 8 | (A) Pathway of porphyrin and chlorophyll metabolism, and green letters were downregulated expression genes and red letters represented upregulated expression genes. (B) The Expression patterns of the differently expressed genes (DEGs) induced by low-light stress in the pathway of porphyrin and chlorophyll metabolism pathway. The expression levels were calculated in fragment per kilobase per million reads (FPKM) from triplicate experiments. The heat map shows the normalized value Z-score after log2 (FPKM) transformation. The color in the heat map represents the Z-score after the transformation of log2 (mean FPKM). Each row in the heat map represents the levels of a DEG under different conditions. The DEG name and the gene ID in parenthesis were listed on the right side of the heat map. 



KEGG pathway analysis of the polysaccharides revealed that the expression of starch-, sucrose- and glycogen synthesis-associated genes was dramatically different in cucumber leaves that were under semi-lethal low-light stress than in leaves under normal-light conditions. A total of 14 genes related to the starch and sugar metabolism pathway were significantly differently expressed; of these, 9 were downregulated, and 5 were upregulated in M67 leaves after low-light stress; however, only 7 genes were expressed differently in M14 (4 were upregulated and 3 were downregulated) ( Figure 9  and  Supplementary Table 13 ). These genes included the sucrose synthase genes CsSUS2s and Cssps, which control UDP-glucose to sucrose and sucrose-6´P, respectively, and the gene CsUGP2, which controls glucose-1-phosphate (a-D-glucose-1P) hydrolysis into UDP-glucose. The starch synthase gene CsglgAs controls ADP-glucose into amylose, and the 1,4-alpha-glucan branching enzyme-encoding gene CsGBE1 catalyses the conversion of amylose into glycogen and starch. The beta-amylase gene CsBam6 is required for starch breakdown, and the CsBFru gene encodes the beta-fructofuranosidase protein ( Supplementary Table 14 ).

 

Figure 9 | The Expression patterns of the differentially expressed genes (DEGs) induced by low-light stress in the pathway of starch and sucrose metabolism, LHC and photosynthesis. Expression change of the DEGs with at least twofold changes and p < 0.05 in this three pathways. The expression levels were calculated in fragment per kilobase per million reads (FPKM) from triplicate experiments. The heat map shows the normalized value Z-score after log2 (FPKM) transformation. The color in the heat map represents the Z-score after the transformation of log2 (mean FPKM). Each row in the heat map represents the levels of a DEG under different conditions. The DEG name and the gene ID in parenthesis were listed on the right side of the heat map. 




 3.5 Expression of photosynthesis-related genes in leaves with semi-lethal effects under low-light stress

Based on the significant differences in phenotype and the transcription analysis results between M67 and M14 under different light conditions, the expression patterns of genes related to the Chl synthesis pathway and sucrose and starch metabolism were selected for study. For the relative expression level of genes related to Chl synthesis, different expression patterns were detected in the leaves of cucumber lines with different light tolerance after low-light treatment. The expression of genes related to Chl synthesis was detected, and we found that after low-light treatment, the expression levels of the CsHemA increased significantly in both lines (M67 and M14), increased by 36.91% and 5.82%, respectively. Expression levels of Csnol increased significantly by 13.76% in M14, but decreased by 5.49% in M67. In addition, the gene CsHemH, which is related to phytochrome synthesis, increased in the leaves of M67 and M14, with values of 9.99% and 1.06%, respectively.However, the expression of the CsCAO and CsHemY genes decreased in both lines, and there were smaller decrease in the leaves of M67 than in those of M14 ( Figure 10A  and  Supplementary Table 15 ). The relative expression levels of CsPsbQ and Csgamma in the both lines decreased markedly after low-light treatment, and the expression levels in M14 leaves decreased sharply (by 35.04% and 30.58%, respectively) compared with the levels of CsPsbQ and Csgamma in M67 leaves, which decreased by 14.78% and 23.61%, respectively ( Figure 10B  and  Supplementary Table 16 ). The expression characteristics of genes such as CsSUS2-1, CsGBE-1, CsSPS, CsBam6-3 and CsglgA-1 related to the starch and sucrose synthesis pathway were analysed by qRT−PCR. The results showed that except for the relative expression level of the CsBam6-3 gene, which increased in both inbred lines after low-light treatment, the other 5 genes (CsSUS2-1, CsGBE-1, CsUSPS and CsglgA-1) decreased, with decreases of 26.34% to 69.09%, and there were larger decreases in M14 than in M67. The relative expression level of the glycoside hydrolase gene CsBam6-3 increased by 4.85% and 17.96% in the leaves of M67 and M14, respectively ( Figure 10C  and  Supplementary Table 17 ).

 

Figure 10 | (A) The relative expression level of Chlorophyll metabolism-related genes. Lowercase letters a and b after the value represent statistically significant differences (p < 0.05) within a variety under different low-light treatments as determined by the least significant difference test. (B) The relative expression level of photosynthesis-related genes. Lowercase letters a and b after the value represent statistically significant differences (p < 0.05) within a variety under different low-light treatments as determined by the least significant difference test. (C) The relative expression level of starch and sucrose synthesis-related genes. Lowercase letters a and b after the value represent statistically significant differences (p < 0.05) within a variety under different low-light treatments as determined by the least significant difference test. 





 4 Discussion

In the present study, global transcriptional events of cucumber leaves under semi-lethal low light were investigated by RNA-Seq. The results were jointly analysed with morphological, cytomorphological and physiological observations in addition to gene expression analysis to understand cucumber seedling responses to low-light stress.

 4.1 A low-light stress pressure at the semi-lethal time and morphological responses of the different cucumber lines tolerant to low-light stress

Low-light stress has adverse effect on plant growth and development, impairing several metabolic activities severely, and plants with different traits have different responses to low-light (Sekhar et al., 2019). The low light exposure having smaller of an effect on the photosynthetic process of the tolerant lines than sensitive lines, which due to the tolerant plant can optimize light capture though phenotypic plasticity (Valladares and Niinemets, 2008). To accurately clarify the characteristics of the response to low-light stress of both tested lines, a low-light treatment selection pressure at the semi-lethal time was proposed in this experiment. The semi-lethal time of plants under low-light treatment is the days when 50% of plants stopped growing or reached a half-dead state under low-light treatment. For example, the tolerant line M67 plants could live for 15 days before half of their growth stopped, and the sensitive line M14 plants stopped growing after 11 days of low-light treatment. Which due to the sensitive lines could not overcome the damage and became intolerant,under a longer duration of low-light treatment (Li et al., 2009).

The growth of cucumber seedlings involves the initiation of cell division and is rapidly occupied by newly dividing epidermal cells under normal-light conditions; however, the growth and metabolism of cucumber plants, especially sensitive lines, are inhibited under low light (Ying and Tai, 2020). Some researchers have reported that the morphological structure of plants has a certain initial adaptation to the growing environment, and low-light stress has an adverse effect on plant growth and development, impairing several metabolic activities (Hendry et al., 1987; Yao et al., 2007; Tian et al., 2017). Our findings also showed that the growth of cucumber seedlings began with the increase in internode length in the low-light-tolerant line with no terminal flowering ( Figure 2A ) compared to the slow growth of the low-light-sensitive line with terminal flowering ( Figure 2D ), which may have been caused by the slower cell elongation rate due to the weaker photosynthesis and self-protection of cucumber plants.


 4.2 Leaf chloroplast ultrastructure and photosynthetic pigment responses of differently tolerant cucumber lines to low-light stress

The chloroplast ultrastructure of leaves under stress is an important indicator of resistance, and the thylakoid membrane system reacts dynamically to environmental cues, particularly light intensity and quality (e.g., Kirchhoff et al., 2004; Garab, 2016; Zhen and Zhang, 2000). The leaf anatomical structure and chloroplast ultrastructure of leaves at seedling stage were affected by low light stress, which varied in different tolerant cucumber plants. I.e., the palisade tissue cells become shorter and loosely arranged, the intercellular space of the spongy tissue increased, and the amount of spongy tissue decreased in the sensitive lines (Gao et al., 2009; Sheue et al., 2015). As Pribil et al. (2014) reported that the membrane structure was severely damaged and shape of the chloroplasts became into irregular rotund or oval under stress, our results also showed that the granum lamella in the chloroplast of sensitive lines was disintegrated and ruptured, meanwhile, the amount of starch grains decreased, the osmiophilic cells appeared at the same time ( Figure 5D ). As in previous studies, there were marked differences in chloroplast ultrastructure between the different tolerant lines, and the chloroplasts developed relatively easily, with more grana and closely arranged stromal thylakoids in tolerant lines (Zhen and Zhang, 2000), we found the similar results in tolerant line M67 ( Figure 5A ).

A previous study suggested that Chl content and the ratio of chlorophyll a to b (Chl a/b) in the leaves are dynamic to adapt to variations in light intensity to a certain degree, in theory determining the potential grain yield of plants (Zheng et al., 2012; Esteban et al., 2015). As the duration of stress increases, Chl a molecules experience increasingly severe damage, and the Chl a content decreases sharply; however, a high Chl b content and more photolytic Chl a/b protein complexes are beneficial to the absorption and utilization of light for plants (Ito et al., 1996; Yao et al., 2007). Notably, the extent of the increase was higher for Chl b than for Chl a, resulting in a reduced Chl a/b in response to low light, which indicates that the increase in Chl content in response to low light was mainly attributed to the enhanced production of Chl b (Zhang et al., 2014). We also found that the Chl a/b in the leaves of the tolerant line (M67) under low-light stress was lower than that under normal-light conditions, and the Chl a/b of the sensitive inbred line (M14) did not substantially change under either light condition ( Figure 6B ). Which may be due to the severe damage to chloroplasts caused by low-light stress, resulting in a sharp decrease in Chl content, especially the content of Chl b. The Chl content in cucumber seedlings increased significantly in the earlier stage of low-light stress; moreover, the content of Chl b increased more than that of chl a did in both treatments, and Chl a/b decreased (Liu et al., 2014). In the later part of the low-light stress, Chl was degraded rapidly, and the content of Chl in the sensitive line decreased significantly, which might be related to the severe damage to the chloroplasts in the leaves of the sensitive line. However, the Chl content in the tolerant line increased, bcause there was no big damage in leaves of tolerant line, so the tolerant plant could catch more light via increased Chl content, especially the Chl b content, in the leaves to adapt to the low-light stress environment ( Figure 6A ). Earlier research also indicated that, compared with sensitive lines, lines that are tolerant to low light contain higher Chl b in their leaves and maintain a lower Chl a/b when subjected to low light compared to normal light (Yan and Wang, 2013; Zhang et al., 2014).


 4.3 Response of photosynthetic ability and photosynthate accumulation to the low-light stress in the different cucumber lines

Previous studies indicated that light limitation or shading stress decreased carbon fixation and canopy net photosynthetic rate and had negative effects on photosynthesis (Kromdijk et al., 2008; Gao et al., 2017). Low-light environments interfere with the normal photosynthetic activity of plants and reduce the accumulation of photosynthate by affecting starch and sucrose metabolism in the carbon source (Li et al., 2008; Vico et al., 2011). There was a sharply decreased rate of photosynthesis accumulation in the leaves of the sensitive line (M14) compared with those of the tolerant line (M67) ( Figures 3A, B ) and the line M67 presented consistent yields under normal as well as low-light conditions (Li et al., 2015). To explain differences in photosynthate accumulation in the different low-light-tolerant lines, the photosynthesis of cucumber seedling leaves was measured, and we found that there was no significant decrease in the tolerant line after low-light treatment; however, there was a decrease in Pn of more than 50% in the sensitive line (M14), and the photosynthesis capacity of the leaves of different low-light-tolerant lines varied after low-light treatment ( Figure 4 ). We also found that there was no change for Tr of sensitive line seedlings under low-light conditions, but there was large increase in the tolerant line, which might be due to the decrease in Gs and Ci of functional leaves ( Figures 3B–D ). Researchers also revealed that the altered structures of the stomata, chloroplast lamellae and thylakoids under low-light stress resulted in a decreased concentration of CO2 and the rate of electron transfer in chloroplasts, thereby decreasing the ability of photosynthate accumulation, which might explain the decrease in the amount of starch grains in rice (Yamori et al., 2020). Our study revealed that the tolerance of M67 plants maintained their carbohydrate production levels by maintaining an efficient Pn even under low light, which in turn was achieved by maintaining higher levels of Chl content and photosynthetic enzyme activity compared to those maintained in the low-light-sensitive lines ( Figure 4 ).


 4.4 Transcriptome analysis and expression of the photosynthesis-related genes in different low-light tolerant cucumber lines

Photosynthesis was dramatically affected by low-light stress, and photosynthesis ability and photosynthate accumulation decreased under stress, which resulted in the reduced expression level of genes involved in photosynthesis (Zhang et al., 2017; Zeng et al., 2021). After the semi-low light treatment, the ATPase activity ( Figure 4 ) and the expression levels of the CsPsbQ and Csgamma genes ( Figure 10B ) in cucumber seedling leaves were lower than those under normal-light conditions. Which were consistent with the earlier results that when photosystem was damaged during stress conditions, PSII repair and Chl turnover subsequently occur; more genes of PSII and genes encoding LHC were downregulated (Qiu et al., 2019). In this study, we conducted a comparative transcriptome profiling of low light tolerant and sensitive cucumber lines induced by low-light stress at seedling stage and found that some genes related to photosynthesis expressed at higher levels in the leaves of the low-light-tolerant line, but expressed at lower levels in leaves of the sensitive lines. Similar results were also reported in wheat in low tolerant cultivar of rice Swarnaprabha and low light sensitive rice cultivar IR8 (Sekhar et al., 2019). Which may be one of the main reason why the low-light-tolerance line was more tolerant to low-light stress.

 HEMA and HemY are crucial genes involved in the early steps from the first committed precursor ALA to protoporphyrin IX in the tetrapyrrole biosynthetic pathway (Battersby, 2000; Tanaka et al., 2011). After low-light treatment, the expression of CsHemA and CsHemH were upregulated in tolerant line but the gene CsHemY and most of the genes related to Chl synthesis were downregulated, especially in the low-light-sensitive line ( Figures 8 ,  9 ), which in accordance with previous in cucumber result that the tetrapyrrol biosynthesis pathway downstream of ALA could redirect its focus to heme branch to adapt stress condition (Wu et al., 2018). In addition, chlorophyllide a oxygenase (CAO) is a key gene that controls how some of the newly synthesized Chl a or chlorophyllide a is converted into Chl b or chlorophyllide b (Tanaka et al., 1998; Espineda et al., 1999). The expression change of genes(i.e., CsCAO、CsHCAR、CschL and Csnol) related chlorophyll metabolism contributed to a suitable portion of Chl a/b being available for the tolerant cucumber plants to adapt to the low-light stress. After low-light treatment, the expression of CschL and Csnol increased in the leaves of the tolerant line, which indicated that the tolerant line could synthesize more Chl and maintain the suitable portion of Chl a/b to improve its photosynthetic capacity. Similar results have been reported in which ZmCAO1 contributed to grain yield and waterlogging tolerance in maize (Li et al, 2021). We found that the expression of CsHCAR was downregulated in the leaves of the low-light-sensitive line. Recent studies have shown that the CsHCAR affects the stability of photosynthetic proteins in chloroplasts and positively regulates Chl degradation under different stresses, and the expression level of CsHCAR was the highest in senescent leaves of cucumber plants (Liu et al., 2021).

Genes encoding carbohydrate biosynthesis-related enzymes showed decreased transcript abundance under low-light stress, while carbohydrate degradation-related genes showed increased transcript abundance ( Figure 10C  and  Supplementary Table 17 ). Except for the gene CsBam6-3 (encoding glycoside hydrolase protein required for starch breakdown), which increased in both inbred lines after low-light treatment, the relative expression levels of mostly starch- and sucrose-synthesis genes decreased after low-light treatment. Under low-light stress, the total contents of sugar and starch in the leaves of the sensitive line were less than those under normal-light conditions, and those of the tolerant line were greater ( Figures 2 ,  10C ). These results implied that the photosynthesis ability and glycosylation of the sensitive line were weaker under low-light stress, which may have been caused by destruction of the leaf structure and chloroplast ultrastructure. In short, we have elaborated the scientific phenomenon through which Chl synthesis is blocked and photosynthate accumulation is reduced under low-light treatment by identifying the genes related to Chl metabolism and glucose/starch metabolism.



 5 Conclusion

Our research indicated that cucumber plants exhibited critical developmental changes at the critical semi-lethal stage under low-light stress. The photosynthetic capacity of leaves and photosynthate accumulation in cucumber plants were influenced by low light, which were mainly caused by the changes in the structure of leaves and chloroplasts, altered activity of photosynthesis-related enzymes and changes in gene expression levels, all of which differed between the low-light-tolerant and low-light-sensitive lines. Specifically, there was a sharply decreased rate of photosynthate accumulation in the leaves of the sensitive cucumber line, which was due to a reduced Chl content and disrupted chloroplast ultrastructure of the leaves, and the expression level of genes related to photosynthesis decreased under low-light stress. However, there was no significantly decreased or slight decrease in photosynthate accumulation or gene expression levels in the tolerant line. The transcriptome data also indicated that genes related to Chl synthesis and the starch- and sugar-metabolism pathways were differentially expressed in the different cucumber lines. In this study, the characteristics of plant phenotypes and gene expression changes in cucumber lines with different light tolerances under low-light stress were compared to determine the key period and change characteristics of cucumber plants in response to low-light stress. Further phenotypic and genotypic identification and functional studies are expected to screen the key genes related to response to low light, the findings of which will provide a reference for early screening of low-light-tolerant cucumber germplasm resources and low-light breeding.
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 Supplementary Figure 1 | The index of low-light tolerance among different cucumber lines. Lowercase letters a and b after the value represent statistically significant differences (p < 0.05) within a variety under different treatments as determined by the least significant difference test. 

 Supplementary Figure 2 | Effects on expression of genes related in photosynthesis of low-light stress. The (A) and (B) are each expression of genes encoding photosynthesis in M67 and M14 leaves; and the (C) and (D) are each expression of genes encoding light-harvesting complex II chlorophyll a/b binding proteins in M67 and M14 leaves. 

 Supplementary Figure 3 | GO_enrich_Molecular_Function_enrich_dotplot of 932 DEGs in both lines (M67CK Vs M67T and M14CK Vs M14T). 

 Supplementary Figure 4 | KEGG classification of 55 differential genes related to photosynthesis. 

 Supplementary Figure 5 | GO_enrich_Biological_Process_enrich_dotplot of 932 DEGs in both lines (M67CK Vs M67T and M14CK Vs M14T). 

 Supplementary Figure 6 | GO_enrich_Cellular_Component_enrich_dotplot of 932 DEGs in both lines (M67CK Vs M67T and M14CK Vs M14T). 
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Long non-coding RNAs (lncRNAs) are RNAs of more than 200 nucleotides in length that are not (or very rarely) translated into proteins. In eukaryotes, lncRNAs regulate gene expression at the transcriptional, post-transcriptional, and epigenetic levels. lncRNAs are categorized according to their genomic position and molecular mechanism. This review summarized the characteristics and mechanisms of plant lncRNAs involved in vegetative growth, reproduction, and stress responses. Our discussion and model provide a theoretical basis for further studies of lncRNAs in plant breeding.
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Introduction

Long non-coding RNAs (lncRNAs) are RNAs of more than 200 nucleotides (Ponting et al., 2009) that are not translated into proteins or have weak ability to be translated into proteins. lncRNAs were originally thought to be by-products of RNA polymerase II transcription with no biological function (Rinn and Chang, 2012). The importance was overlooked because they have low expression and low sequence conservation and thus considered to be transcriptional “noise”. The first lncRNA X Inactive Specific Transcript (XIST) was discovered in animal cells in 1991 and is involved in the regulation of X chromosome inactivation (Borsani et al., 1991). Thereafter, lncRNAs attracted increased attention in animal research. The first lncRNAs identified in plants were reported in rice (Oryza sativa L.) (Kouchi et al., 1999). Subsequently, many lncRNAs have been identified in other plant species, such as Arabidopsis (Arabidopsis thaliana), tomato (Solanum lycopersicum) (Li et al., 2018), and rice (Kouchi et al., 2010).

Recent research has revealed that lncRNAs have important roles in plant growth and development and their response to abiotic stress. This review discusses the possible roles and regulatory mechanisms of lncRNAs in plant development and stress response, providing a reference for future research on lncRNAs in plants.




Classification of lncRNAs

In general, lncRNAs are classified into five types according to their positions in the genome relative to protein-coding genes (Figure 1) (Wang and Chekanova, 2017): sense lncRNAs, antisense lncRNAs, bidirectional lncRNAs, intronic lncRNAs, and intergenic lncRNAs, which are also called large interventional ncRNAs or large intervening ncRNAs (lincRNAs)(Fedak et al., 2016; Wu et al., 2020). For sense lncRNAs or antisense lncRNAs, this type is associated with one or more exon phases of another protein-coding gene of the same or opposite strand, respectively overlapped (Pan et al., 2022). The start site of bidirectional lncRNA transcription is very close to the transcription start site encoding the protein gene on the opposite strand, but in the opposite direction. Intronic lncRNA is derived from the intron region of the secondary transcript (sometimes possibly the mRNA precursor sequence). Intergenic lncRNA is produced in the region between two genes.




Figure 1 | lncRNAs are classified based on their location in the genome. lncRNAs are classified into 5 categories based on their genomic location relative to neighboring protein-coding genes: (A) intronic lncRNAs; (B) sense lncRNAs and antisense lncRNAs; (C) intergenic lncRNAs; (D) bidirectional noncoding RNAs. The blue arrows represent lncRNA, the black arrows represent transcription initiation, and the green regions represent exons.



lncRNAs can also be classified into four categories based on their molecular mechanisms (Wang and Chang, 2011): (1) signaling molecules: lncRNAs that function as signaling molecules to regulate gene expression; (2) bait molecules: lncRNAs that recruit RNA-binding proteins (RBP); (3) guide molecules: lncRNAs that guide RBP complexes to specific target sites (Koziol and Rinn, 2010) or that interact with chromatin remodeling complexes to regulate chromatin changes and to recruit complexes to specific gene loci (Rinn et al., 2007; Nagano and Fraser, 2009; Koziol and Rinn, 2010); (4) skeleton molecules: lncRNAs that act as scaffold molecules by reacting with protein complexes or other effector molecules and participate in the interactions between molecules and influence the accuracy of signaling (Swarbreck et al., 2008; Spitale et al., 2011).

lncRNAs occur in the nucleus and cytoplasm and have similar structural features to mRNAs, such as a 5’ cap, 3’ polytail, and alternative splicing sites (Jonathan et al., 2014), but lncRNAs are generally expressed at lower levels than mRNAs. lncRNA expression varies among tissues, environments, and developmental stages, and lncRNAs can act at the transcriptional, post-transcriptional, or protein levels and be subject to epigenetic regulation. Some lncRNAs play an important role in epigenetic control gene expression by recruiting chromatin reconstitution complexes to specific sites to mediate the expression silencing of relevant genes, such as Xist, Air, HOTAIR, and COLDAIR. lncRNAs are synthesized in the following five ways: (A) protein-coding genes cause the insertion of reading frames, with the inserted reading frame and the previous coding sequence forming a functional lncRNA; (B) chromosome rearrangement connecting two distant non-transcriptional regions, resulting in a lncRNA containing multiple exons; (C) alteration of a non-coding gene to form a functional non-coding inverse gene and a non-functional pseudogene; (D) insertion of a local adjacent two-repeat sequences inside the lncRNA; (E) insertion of a transposable element to form a functional lncRNA (Ponting et al., 2009).






Methods for studying lncRNAs in plants

Most research on lncRNAs has been conducted in animals or for medical applications, and lncRNA research in plants is relatively lacking. The general strategy for identifying lncRNAs involves (1) high-throughput lncRNA screening and identification; (2) verification of lncRNA expression results obtained from high-throughput analysis; and (3) study of the biological function and mechanism of action of target lncRNAs (Zhu et al., 2013). Common methods for discovering and characterizing lncRNAs include high-throughput sequencing serial analysis of gene expression (SAGE), transcriptome deep sequencing (RNA-seq), cap analysis of gene expression (CAGE), and low-abundance transcript detection/single-cell sequencing (Ma et al., 2012; Kashi et al., 2016). Microarray analysis and RNA-seq are commonly used for high-throughput analysis, and commercialized lncRNA chips are available for humans, rats, mice, and Arabidopsis. After high-throughput analysis, northern imprinting, reverse transcription quantitative PCR (RT-qPCR), and fluorescence in situ hybridization (FISH) can be used to verify the lncRNAs. Gain-of-function and loss-of-function studies are used to investigate the biological functions of lncRNAs (Mattick, 2009). Gain-of-function studies involve introducing overexpression vectors, and loss-of-function studies often utilize clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated protein 9 (Cas9) gene knockout and RNA interference (RNAi). In addition, RNA-pull down experiments, RNA-binding protein immunoprecipitation (RIP), chromatin isolation by RNA purification (ChIRP), capture hybridization analysis of RNA targets (CHART), and crosslinking-immunopurification (CLIP) are used to verify lncRNA targets. In situ hybridization (FISH), Fluorescence in situ hybridization (FISH) is used for localization studies. RNA and protein interactions have been studied by RNA immunoprecipitation, RIP, high-throughput sequencing cross-linking immunoprecipitation Hits-clip, Photoactivatable ribonucleotide-enhanced cross-linking and immunoprecipitation (PAR-clip); Methods for studying RNA and DNA interaction include Chromatin isolation by RNA purification, ChIRP, RNA Antisense Purification RAP and Capture hybridization analysis of RNA targets (CHART); Methods for studying RNA and RNA interactions include RNA-RAP, Crosslinking, Ligation and sequencing of hybrids, CLASH.

Studies on the mechanisms of action and functional characteristics of lncRNAs have established lncRNA databases for humans and other animals, but few specialized databases exist to host plant lncRNA data. For example, The Arabidopsis Information Resource (TAIR) database is dedicated to Arabidopsis genes and biological model research (Jin et al., 2013). PLncDB (Wang and Chang, 2011) is currently the only published plant lncRNA database that allows convenient lncRNA collection and query. PLncDB contains information on 16,227 Arabidopsis lncRNAs identified through expressed sequence tag (EST) analysis, reproducibility-based tiling array analysis strategy (RepTAS) analysis, chromatin immunoprecipitation (ChIP) analysis, and RNA sequencing (RNA-seq) analysis. In addition, the lncRNAs Database (lncRNAdb)(Quek et al., 2015) contains relevant information such as sequence and structural characteristics, evolutionary conservation, expression, genomic sequence, subcellular localization, functional evidence, and literature links for lncRNAs in plants including Arabidopsis, rice, soybean (Glycine max), alfalfa (Medicago sativa), grapevine (Vitis vinifera), Brassica rapa, tomato, and aspen (Populus tremula). The Plant Natural Antisense Transcripts DataBase (PlantNATsDB)(Chen et al., 2012) was the first database specifically designed for predicting and querying plant natural antisense transcripts (NATs), which are ncRNAs produced from coding or non-coding antisense sequences and are involved in regulating various biological and abiotic stress-response processes (Lavorgna et al., 2004; Werner and Berdal, 2005; Charon et al., 2010). PlantNATsDB contains approximately 2 million NATs from 69 plant species, including 7,788 NATs (3,005 sense NATs and 4,783 antisense NATs) in Arabidopsis. However, PlantNATsDB only lists NAT pairs and does not allow genome-wide queries.

The CANTATA database (http://yeti.amu.edu.pl/CANTATA/) allows researchers to predict lncRNAs in plants. CANTATA currently contains 239,631 lncRNAs from 39 species and is the largest plant lncRNA database (Quek et al., 2015). NONCODE is a database (http://www.noncode.org/) dedicated to providing the most complete annotation of ncRNAs, especially lncRNAs (Yi et al., 2014). To date, NONCODE contains 548,640 lncRNAs from 17 plant species.




lncRNAs are involved in vegetative growth

lncRNAs participate in many aspects of vegetative growth, including germination, leaf development, root growth, photomorphogenesis, and phytohormone regulation.





Leaf development

There are 76 lncRNAs in Arabidopsis(Amor et al., 2009), including 14 antisense transcripts of protein-coding genes that may play a trans-regulatory role; 5 precursors of 24-nt small interfering RNAs (siRNAs); npc83 that are processed by DCL4 to form miR869A; and 22 lncRNAs regulated by abiotic stress. Functional studies indicate that overexpression of npc48 changes miR164 expression and leads to jagged leaves and flowering delay in Arabidopsis, while overexpression of npc536 improves root growth under salt stress. In addition, a rice lncRNA named TWISTED LEAF (TL) maintains flat leaf shape by regulating the expression of an R2R3-MYB transcription factor gene (Liu et al., 2018).

Npc48 was characterized through bioinformatics analysis of a full-length Arabidopsis cDNA library, which identified it as a 983-nt-long lncRNA expressed in roots, stems, leaves, and flowers (Judith Hirsch and PHYSIOLOGY, 2006). Npc48 loss of function results in obvious leaf serrations (a defect of leaf primordial margin cell proliferation) and abnormal vegetative growth, including increased rosette leaf diameter, as well as significantly delayed flowering time. This phenotype is similar to that of the sucrose ester (se) and argonaute 1 (ago1) mutants. SE regulates miRNA levels and affects miRNA processing. Ago1 is the target cleavage enzyme for most miRNAs, but npc48 overexpression does not affect miRNA or AGO1 expression, suggesting that it may influence post-transcriptional regulation through other miRNAs (Amor et al., 2009).





Root growth

Soybean GmENOD40 is a lncRNA originally identified in legumes as associated with the formation of symbiotic nitrogen-fixing nodules (Franssen et al., 1993; van de Sande et al., 1996). Its homologs OsENOD40 and MtENOD40 (Kouchi et al., 2010) were later identified in rice and alfalfa, respectively. OsENOD40 is specifically expressed in rice stems and functions in organ differentiation and vascular tissue development (Kouchi et al., 2010). Yeast three-hybrid experiments found that MtENOD40 in alfalfa interacts with a continuously expressed RNA-binding protein MtRBP1, which shifts MtRBP1 in the cytoplasm, and the subcellular localization change of this RNA-binding protein may represent a new function of lncRNA in cells (Campalans et al., 2004). Yeast three-hybrid experiments also revealed that MtENOD40 interacts with two nodulin acid RNA-binding proteins, small nodulin acidic RNA-binding proteins 1 and 2 (MtSNARP1 and MtSNARP2)(Laporte et al., 2010). These studies show that the yeast three-hybrid assay technique can be used to screen biological macromolecules that interact with lncRNAs.

The β-glucuronidase (GUS) expression pattern of ENOD40-GUS transgenic plants suggests that tomato ENOD40 may be associated with the elimination of ethylene (Vleghels et al., 2003). Further, in soybean, ENOD40 encodes 12- and 24-amino-acid short peptides that specifically bind to sucrose synthases, indicating that ENOD40 is associated with the regulation of sucrose utilization in nodules. Alfalfa ENOD40 encodes short peptides of 13 and 27 amino acids, which are associated with ENOD40 biological activity (Sousa et al., 2001; Rohrig et al., 2002). However, the mechanism of action of ENOD40 may occur via ENOD40’s RNA molecule rather than its encoded peptides (Zhu and Wang, 2012)

Two Arabidopsis nuclear speckle RNA binding proteins (NSRs), NSRa and NSRb, are required for selective and/or constitutive splicing (Schindler et al., 2008). A lncRNA called Alternative Splicing Competitor lncRNA (ASCOlncRNA, formerly known as Npc351) competes with precursor mRNAs for binding to AtNSRs. ASCOlncRNA-overexpression lines accumulate alternatively spliced transcripts. Auxin treatment induces NSRb accumulation and increases lateral root formation in wild-type seedlings, but double mutants of NSRa and NSRb produce very few lateral roots and are insensitive to auxin-induced lateral root formation. Thus, ASCOlncRNA regulates alternative splicing during root development by binding to AtNSRs after perceiving auxin signals (Bardou et al., 2014).

Nitrogen is critical for plant growth and development, and improving the nitrogen utilization efficiency of crops for sustainable agriculture is currently a major goal in plant breeding (Liu et al., 2019). Six nitrate-induced lncRNAs were identified by combining RNA-seq and RT-qPCR, and the function of the lncRNA most strongly induced by nitrate, T5120, was explored in depth. The expression of a nitrate-responsive gene was significantly increased in a T5120-overexpression line, indicating that T5120 regulates the plant’s response to nitrate. Furthermore, the NIN-LIKE PROTEIN 7 (NLP7) transcription factor, involved in nitrate signaling, binds to the T5120 promoter and regulates T5120 expression, and T5120 acts on the downstream regulation of nitrate signaling of NLP7. Nitrate reductase activity and amino acid content were significantly elevated in the T5120-overexpression line, indicating that T5120 enhances nitrate assimilation in plants. In addition, T5120 over expression increased plant biomass and promoted root development, thereby improving plant growth.





Photomorphogenesis

In Arabidopsis PHYTOCHROME INTERACTING FACTOR 3 (PIF3) encodes a basic helix-loop-helix (bHLH) transcription factor that inhibits photomorphogenesis. In Arabidopsis the lncRNA HIDDEN TREASURE 1 (HID1) negatively regulates PIF3, thereby promoting photomorphogenesis in seedlings (Wang et al., 2014). Knockout of HID1 increases PIF3 transcription, resulting in significantly longer hypocotyls in the knockout mutant compared to wild-type seedlings (Kim et al., 2003).





Phytohormone regulation

lncRNAs are involved in auxin transport and signaling. A 5-kb-long lncRNA transcribed by RNA polymerase II and RNA polymerase V, named auxin-regulated promoter loop (APOLO), is a key regulator in auxin-polar transport. APOLO dynamically regulates the formation of chromatin ringsof the downstream gene PINOID (PID). Upon treatment with exogenous auxin, the APOLO site undergoes demethylation and the chromatin ring is opened to facilitate binding to transcription factors (Ariel et al., 2014). Figure 2 illustrates a working model of the role of lncRNAs in vegetative growth. The lncRNAs known to be involved in vegetative growth are listed in Table 1.




Figure 2 | lncRNAs are involved in plant growth and development. H1D1 inhibits photomorphogenesis, APOLO is the promoter ring regulated by auxin, TWISTED LEAF maintains the flattening of leaves, Npc48-overexpressing plants show obvious leaf serrations, npc536 overexpression regulates Arabidopsis root growth, and Npc351 is an alternative splicing competitor.




Table 1 | lncRNAs involved in vegetative growth.





lncRNAs are involved in reproduction

lncRNAs are also involved in reproduction, including pollen development, flowering time, and fruit ripening. The lncRNAs involved in reproduction are listed in Table 2 and exemplified in Figure 3.


Table 2 | lncRNAs participating in reproduction.






Figure 3 | lncRNAs influence various aspects of plant reproduction. (A) lncRNAs involved in pollen development. (B) lncRNAs involved in vernalization. (C) lncRNAs involved in fruit ripening.





Pollen development

A rice lncRNA called long-day-specific male-fertility-associated RNA (LDMAR) is associated with photosensitive male infertility; normal pollen development requires a sufficient amount of LDMAR transcripts. A single-nucleotide polymorphism (SNP) results in increased methylation of the LDMAR promoter, which reduces its transcription. Lack of LDMAR results in premature programmed cell death of anthers under long days, eventually leading to photosensitive male infertility (Ding et al., 2012).

It is worth to mention that RdDM is also an important regulatory model in plant development, such as lncRNA LDMAR and lncRNA identified from sex determination in Populus. The small telomere peri-telomere X and Y-linked regions of Pseudomonas trigonum chromosome XIX are sequenced. Both genes are present only in the Y-linked region. One of them is a member of the LTR/Gypsy transposable element family, which produces long noncoding RNA, and the overexpression of this gene in Arabidopsis promotes androgen development (Xue et al., 2020).

A 1149-nt-long lncRNA in maize (Zea mays), Zm401, regulates the expression of three key genes related to pollen development: ZmMADS2, MZm3-3, and ZmC5. Zm401 inhibition or overexpression affects the growth and development of stamens and anthers, and eventually causes microspores to empty and deform. In Zm401-deletion mutants, MZm3-3 is upregulated, while ZmMADS2 and ZmC5 are down-regulated, resulting in abnormal microspore and velvet layer development, ultimately causing male infertility. Zm401 overexpression causes anther degradation, negatively affecting pollen development (Ariel et al., 2014).

LncRNA acts as an endogenous microRNA target mimic (eTM) to regulate miRNA expression and function. During pollen development in turnip (Brassica rapa subsp. rapa), lncRNAs function as targets to regulate the function of miRNAs (eTMs), of which bra-eTM160-1 and bra-eTM160-2, are predicted to be eTMs of bra-mir160-5p. By overexpressing the eTMs in B. rapa, bra-eTM160-1 and bra-eTM160-2 had inhibitory ability on bra-miR160-5p and participated in pollen formation and male fertility through upregulating ARF genes, especially BrARF17. Although transgenic plants have a normal flower shape, half of the pollen grains in the anthers are small and wrinkled, are non-viable, and lack the nucleus and pollen lining (Huang et al., 2018).

Homozygous tetraploid rice has advantages over diploid rice in terms of genetic evolution, but these are often accompanied by low fertility and poor seed set. High-throughput sequencing revealed that the lncRNAs associated with transposable elements and meiosis may be endogenous regulators of pollen and blastocyst development, and their differential expression leads to decreased fertility in homozygous tetraploid rice (Li et al., 2020).

To investigate the role of lncRNAs in cotton (Gossypium hirsutum) anthers, Zhang et al. performed transcriptome sequencing during anther development in trilineage hybrid cotton (cytoplasmic male sterility line, holding line, and recovery line), and identified 80,695 candidate lncRNAs involved in cytoplasmic male infertility and fertility restoration. A subsequent gene ontology (GO) analysis of the lncRNAs that were differentially expressed in sterile lines (the male organs of the plant that degenerate or develop abnormally, lose the ability to fertilize, and are not strong in self-breeding, but the pistils are normal and can accept normal pollen from other plant varieties that can bear strains) vs. retention lines (the male sterility preservation line) and in sterile lines vs. recovery lines (male sterility recovery line) showed that the sterile lines - retention lines were metabolized in cytohormonals. They found significant differences between the cytokinesis process and the redox reaction process, but the main difference between the sterile line and the recovery line was in the genes regulating cell morphology during fertility recovery (Zhang et al., 2019). Analysis of the differences in the expression of lncRNAs and mRNAs in the pollen mother cell stage, the tetrachosic stage, and the small spore stage between the sterile line and the holding line revealed that these lncRNA and mRNAs may be involved in reproductive development processes, such as velvet layer cell degradation, microspore development, pollen development, and the differentiation, proliferation, and apoptosis of anther cell walls. GO and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis revealed their involvement in plant oxidative phosphorylation and flavonoid biosynthesis, pentose and gluconic acid are converted to each other, fatty acid biosynthesis, and map signaling pathways lead to anther failure due to abnormal metabolic pathways, ultimately resulting in male infertility (Li Y. et al., 2019).





Flowering induction

The lncRNAs COOLAIR and COLDAIR are associated with Arabidopsis FLOWERING LOCUS C (FLC), a flowering inhibitor. COOLAIR is a NAT of FLC, and COLDAIR is transcribed from the first intron of FLC. COOLAIR and COLDAIR bind to the polycomb repressive complex 2 (PRC2) protein complex, causing FLC chromatin histone methylation and ultimately promoting flowering (Bardou et al., 2014). COOLAIR expression rises sharply in the early spring. Under a low-temperature vernalization treatment of about 20 days to induce flowering, COLDAIR expression was initially low, increased throughout the treatment, and peaked at 20 days of vernalization (Yamaguchi and Abe, 2012).

Inhibition of Flowering Site C (FLC) expression is a key switch for regulating flowering. Two coding nuclear exosome components in Arabidopsis AtRRP6L1 and AtRRP6L2 gene mutations lead to desuppression of the major flowering inhibitor FLC, thereby delaying the flowering of the early-flowering ecotype (Shin and Chekanova, 2014). Interesting, a novel, long non-coding, non-polyadenylated antisense transcript (ASL, for Antisense Long) was originated from the FLC locus. Different RNAs (AtRRP6L1 and AtRRP6L2) generated from FLC sites may have different functions in altering the epigenetic environment of FLC sites, and play a role in regulating these noncoding RNAs.

Arabidopsis encodes a NAT lncRNA named MAS, a key component of the histone-binding methyl R transferase WDR5a (WD40 containing repeat 5a). MAS is recruited to the MADS AFFECTING FLOWERING4 (MAF4) locus, where it enhances histone 3 lysine 4 trimethylation (H3K4me3) to activate MAF4 expression (Zhao et al., 2018), thereby regulating the flowering time.



Fruit ripening

A lncRNA1459 deletion mutant was obtained by CRISPR/Cas9 gene editing to study its function in tomato fruit ripening (Li et al., 2018). Compared with the wild type, tomato lncRNA1459-knockout mutants showed significant inhibition of fruit maturation, ethylene synthesis, and tomato red accumulation. Further, the expression of many fruit ripening genes and lncRNAs also changed significantly: 81 upregulated DELs and 31 downregulated DELs have been discovered with repression of lncRNA1459, indicating that lncRNA1459 regulates gene and lncRNA transcription during tomato fruit ripening.

In apple, photo-induced lncRNA MdLNC499 was involved in anthocyanin accumulation (Ma et al., 2021). MdLNC499 overexpression or silence in apple fruit and calluses showed that both anthocyanin accumulation and transcription levels of MdERF109 were dependent on MdLNC499, indicating that MdLNC499 positively regulates the expression of MdERF109 to promote light-induced anthocyanin biosynthesis.



The role of lncRNAs in abiotic stress

In addition to participating in all developmental stages of plants, lncRNAs also play important roles in the response to abiotic stresses, such as low temperature, drought, and salinity (Figure 4). The lncRNAs known to be involved in abiotic stress response are listed in Table 3.




Figure 4 | lncRNAs are involved in stress responses. (A) Two Arabidopsis lncRNAs associated with drought stress. (B) lncRNAs associated with phosphorus stress. (C) lncRNAs associated with salt stress. (D) lncRNAs associated with biotic stress.




Table 3 | lncRNAs involved in abiotic stress responses.





Drought stress response

Under normal conditions, the expression of Arabidopsis drought-induced lncRNA (DRIR) is low, but its expression increases significantly under droughtstress, and Arabidopsis plants overexpressing DRIR are more tolerant of drought stress than wild-type plants (Qin et al., 2017). The lncRNA At5NC056820 was identified in Arabidopsis under drought stress and abscisic acid (ABA) treatment. At5NC056820-overexpressing Arabidopsis lines are more tolerant of drought than wild-type plants (Liu et al., 2012; Ruonan et al., 2017).

Transcriptome analysis of drought-tolerant rapeseed (Brassica napus) and drought-sensitive Brassicales under drought and rehydration conditions was used to construct a lncRNA-mRNA co-expression network, which identified lncRNAs involved in phytohormone signal transduction during drought, and verified that these lncRNAs positively regulate the expression of target genes to respond to drought stress (Tan et al., 2020).

Researchers (Li et al., 2019) used whole-transcriptome strand-specific RNA sequencing to obtain candidate differentially expressed genes associated with rice drought “memory”. This study demonstrated that rice forms a drought “memory” under suitable repeated drought treatments and explored the underlying mechanism. The results showed that lncRNAs and phytohormones (especially ABA) are involved in the formation of this short-term drought “memory” and activate the expression of “memory” transcripts in metabolic pathways such as photosynthesis and proline synthesis, thereby improving the plant’s ability to cope with drought stress.



Salt stress response

A transcriptome analysis of trifoliate cotton seedlings identified 1,117 unique lncRNAs expressed under salt stress, and reported that lnc_388 may regulate gh-A09G1182 MS; lnc_883 improved salt stress tolerance by adjusting the GH-D03G0339 MS channel; and lnc_973 and lnc_253 regulate ghr-miR399 and ghr-156e under salt stress (Ma et al., 2008).

Transcriptome analysis of the salt-tolerant maize ‘Lluteño’ (Huanca-Mamani et al., 2018) after salt stress treatment identified 48,345 lncRNAs, of which 41.9% belonged to ‘Lluteño’ maize. This group identified and verified the expression patterns of antisense transcripts that may affect transcriptional regulation, stress responses, responses to abiotic stimuli, and genes involved in nicotinic metabolic processes.

A transcriptome analysis of alfalfa lncRNAs under salt stress (Wang et al., 2015) found that the number of lncRNAs differentially expressed under salt stress was higher in roots than in leaves, while the opposite pattern was observed in response to osmotic stress. Transcriptome sequencing of the top buds of Paulownia tomentosa seedlings (Wang et al., 2018) treated with the mutagen methyl methane sulfonate (MMS) identified 2,531 candidate lncRNAs. Among these lncRNAs, seven were identified as precursors of 13 known small RNAs, and 15 may be used as targeted simulations of 19 small RNAs. The authors identified 220 lncRNAs responding to MMS, including 7 phytohormone-associated lncRNAs, and 1 lncRNA involved in base excision repair. lncRNAs are involved in many biological processes in plants (Nejat et al., 2017), but systematic studies of post-transcriptional regulation by lncRNAs in stress responses are lacking.

Transcriptome sequencing (Sun et al., 2018) following cold, heat, drought, and salt stress in rice yielded over 7,000 lncRNAs, nearly half of which were newly discovered. Most of the approximately 500 polyadenylated lncRNAs differentially expressed under stress were significantly downregulated. In addition, hundreds of downregulated polyadenylated lncRNAs were highly conserved and co-expressed with stress-induced protein-coding genes. Many downregulated polyadenylated lncRNAs have been observed in arid and saline rice, suggesting that lncRNA polyadenylation and subcellular localization may be regulated at the post-transcriptional level.



Cd stress response

Recently, lncRNA was found to play a role in Cd stress response (Quan et al., 2020). Detected using insertions/deletions, two Cd-responsive lncRNA genes of Populus, MSTRG.22608.1–PtoMYB73 and MSTRG.5634.1–PtoMYB27, were identified as polymorphisms driving target gene expression. Genotype analysis of lncRNAs and heterologous overexpression of PtoMYB73 and PtoMYB27 in Arabidopsis indicated their effects on enhancing Cd tolerance, photosynthetic rate, and leaf growth, and the potential interaction mechanisms of PtoMYB73 with abiotic stresses.



Regulation of inorganic phosphate (Pi) absorption

Tomato phosphate starvation induced 1 (TPSI1) is a well-studied stress-response gene encoding a lncRNA in tomato, and the TPSI1 gene family is expressed under phosphorus stress. TPSI1 homologs were also identified in Arabidopsis (INDUCED BY PHOSPHATE STARVATION1 (IPS1)) and maize (Pi-deficiency-induced long-noncoding RNA1 (PILNCR1)), and found to compete with miR399 to bind to PHOSPHATE2 (PHO2), thereby enhancing PHO2 accumulation to maintain normal growth under phosphorus stress (Franco-Zorrilla et al., 2007).

The alfalfa Mt4 (Burleigh and Harrison, 1997; Burleigh and Harrison, 1998; Burleigh and Harrison, 1999) sequence contains several short open reading frames, and a partial sequence of one of these coincides with the open reading frame of TPSI1 in tomato. Under phosphate starvation, Mt4 is strongly induced in alfalfa roots, but under phosphate-sufficient conditions, Mt4 is barely transcribed.

Another member of the TPS11/Mt4 family, Arabidopsis INDUCED BY PHOSPHATE STARVATION1 (IPS1), accumulates in leaves and roots under phosphate-starvation conditions (Mendu, 2010). Arabidopsis miR399, which is also induced by phosphate starvation, accumulates in the aboveground parts and roots and mediates PHO2 mRNA cleavage through complementary base pairing in the 5′untranslated region of PHO2, reducing PHO2 transcript levels (Fujii et al., 2005; Franco-Zorrilla et al., 2007). The 23-nucleotide conserved regions in AtIPS1 are also complementary to miR399 with central mismatches. AtIPS1 inhibits miR399 activity by competing for binding to PHO2, which increases PHO2 transcript levels to maintain normal growth under phosphate deficiency (Mendu, 2010; Jian et al., 2013). Therefore, AtIPS1 inhibits miRNA activity through a “target mimicry” mechanism (Jian et al., 2013), and is the first member of the TPSI1/Mt4 family for which a definitive mechanism has been reported. The mechanism of action of AtIPS1 indicates that some lncRNAs pair with functional miRNAs through partial base pairing; therefore, miRNAs can imitate target genes, weakening the regulatory role of miRNAs, and playing an important role in biological processes. This provides a strategy for predicting lncRNA target elements with unknown functions.

Another member of the TPSI1/Mt4 family in Arabidopsis, the 747-nt At4, localizes to roots and stems and is induced under phosphorus stress. At4 loss of function inhibits phosphorus distribution to the roots under phosphorus stress, while phosphorus accumulates in the stem. Conversely, At4 overexpression decreases the phosphorus content in roots (Franco-Zorrilla et al., 2007; Shin et al., 2010). Transgenic plants overexpressing AT4, IPS1, or both exhibited the same phosphorus content phenotypes (Franco-Zorrilla et al., 2007), indicating that At4 and IPS1 are functionally redundant under phosphorus stress.

Rice PHOSPHATE1;2 (PHO1;2) encodes a protein responsible for loading phosphoric acid into the xylem. The PHO1;2 complementary strand encodes a related cis-lncNAT. PHO1;2 and the cis-lncNAT are controlled by active promoters and expressed in vascular tissues, but phosphorus starvation is induced only by the cis-lncNAT promoter. Under phosphorus stress, PHO1;2 and cis-lncNAT accumulate, but PHO1;2 mRNA levels remain stable. Down-regulating cis-lncNAT expression through RNAi decreases PHO1;2 levels, disrupts phosphorus transport from the rhizome to the stem, and reduces seed yield, while constitutive overexpression of cis-lncNAT strongly increases PHO1;2, even under phosphorus deficiency. Cis-lncNAT expression is associated with transport of justice-antonym pairs to polysomes, suggesting that cis-lncNAT facilitates PHO1;2 translation and affects phosphorus dynamics (Jabnoune et al., 2013).





lncRNAs involved in biotic stress responses

lncRNAs are also involved in bacterial, fungal, and other biological stresses. Comparing tomato plants that are resistant and susceptible to Phytophthora (the causal agent of tomato late blight) revealed that lncRNA16397 induces SlGRX22 expression and increases tomato resistance to late blight. Whole-transcriptome bioinformatics analysis in Arabidopsis revealed that a 983-nt lncRNA (lncRNA-Npc48) is expressed in roots, stems, leaves, flowers, and other tissues. Cotton plants with silenced lncRNAs (GhlncNAT-ANX2 and GhlncNAT-RLP7) had increased resistance to the fungal phytopathogens Verticillium dahliae and Botrytis cinerea, possibly associated with enhanced LOX1 and LOX2 expression (Zhang et al., 2015).

Plants overexpressing npc48 show leaf deformities (Amor et al., 2009). A lncRNA in cucumber (Cucumis sativus) called CsM10 (for C. sativus male-specific clone 10), located in the telomere region of chromosome 6, is expressed in varying amounts in different tissues. Three noncoding RNAs associated with biological stress (GenBank Accession Nos. BX827695, D79216, and BX819089) have conserved sequences within the same 179-bp region of each gene, indicating that they may have similar biological stress-response functions. This potential functional conservation could be validated by observing the phenotypes of overexpression and knockout plants of these genes at various stages (Cho et al., 2006).

Moreover, different from the conventional lncRNA structures and functions, some lncRNAs also had the capacity to encode open reading frames (sORFs) which also play important roles in plant development and responses. SORFs-encoded short peptides (SEPs) have been demonstrated to play a crucial role in regulating the biological processes such as growth, development, and resistance response (Zhao et al., 2021). Additionally, more and more important molecular mechanisms of lncRNA for interested traits are constantly discovered.




Perspective

High-throughput sequencing technologies and bioinformatics have accelerated the discovery of lncRNAs. While progress has been made in dissecting the molecular mechanisms, functions, and characteristics of lncRNAs, many lncRNAs remain to be discovered and characterized. Compared to the robust lncRNA research in animals, lncRNA research in plants is still in its infancy. Plant lncRNAs are known to be involved in vernalization, pollen development, stress responses, and many other biological processes, studies on the molecular mechanisms of lncRNAs and their roles in transcriptional regulation and plant growth and development are lacking as compared to those in animals, and methods for studying lncRNAs in animals need to be extrapolated to plant lncRNAs.

The main problems are: (1) lack of lncRNA gene chips (biochips are currently available only for Arabidopsis among plant species), (2) imperfect genome and protein databases, (3) limited knowledge on the functions and mechanisms of lncRNAs in plants, and (4) scarcity of new technologies and resources for lncRNA research. lncRNA performs co-expression analysis and transcription factor prediction of target genes and differential mRNA, and is applied in plant genetic engineering by CRISPR/Cas9 gene editing technology.

The following advances are needed to facilitate lncRNA research in plants: (1) improve the plant genome and proteome databases; (2) develop a new generation of transcriptome sequencing technology; (3) strengthen the application of bioinformatics theories and methods for discovery, expression, and functional prediction of plant lncRNAs; and (4) design lncRNA research methods according to the characteristics of plant growth and development and cell composition. Our current understanding of plant lncRNAs represents just the tip of the iceberg. We have transitioned from screening lncRNAs to annotating their functions and investigating their mechanisms of action. In addition, for the data information of the structural characteristics and mechanism of action of lncRNA, the establishment of a new research technology system will be an important research direction in the future.
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Oat-based value-added products have increased their value as healthy foodstuff. Fusarium head blight (FHB) infections and the mycotoxins accumulated to the oat seeds, however, pose a challenge to oat production. The FHB infections are predicted to become more prevalent in the future changing climates and under more limited use of fungicides. Both these factors increase the pressure for breeding new resistant cultivars. Until now, however, genetic links in oats against FHB infection have been difficult to identify. Therefore, there is a great need for more effective breeding efforts, including improved phenotyping methods allowing time series analysis and the identification of molecular markers during disease progression. To these ends, dissected spikelets of several oat genotypes with different resistance profiles were studied by image-based methods during disease progression by Fusarium culmorum or F. langsethiae species. The chlorophyll fluorescence of each pixel in the spikelets was recorded after inoculation by the two Fusarium spp., and the progression of the infections was analyzed by calculating the mean maximum quantum yield of PSII (Fv/Fm) values for each spikelet. The recorded values were (i) the change in the photosynthetically active area of the spikelet as percentage of its initial size, and (ii) the mean of Fv/Fm values of all fluorescent pixels per spikelet post inoculation, both indicative of the progression of the FHB disease. The disease progression was successfully monitored, and different stages of the infection could be defined along the time series. The data also confirmed the differential rate of disease progression by the two FHB causal agents. In addition, oat varieties with variable responses to the infections were indicated.




Keywords: Fusarium head blight, cereals, image based phenotyping, chlorophyll fluorescence, oats, time series analysis




1 Introduction

Mycotoxin-producing Fusarium species cause severe Fusarium head blight (FHB) infections in cereals. FHB is a global problem that can be associated with major yield losses and considerable threat of mycotoxin contamination of wheat and barley both in North America and in Europe (McMullen et al., 1997; Goswami and Kistler, 2004; Johns et al., 2022). In Nordic countries, the most severely influenced cereal is oats, an important crop for providing food, feed, and export income. In recent years, there have been several large investments in the oat-derived food processing industry. The production of high-quality oat grain is, however, compromised by FHB infections, which can reduce grain yield directly (Kiecana et al., 2002) through death of developing grains, due to severe infections (Tekle et al., 2013), or indirectly by making the grains unacceptable for food use by accumulating mycotoxins into the grain (Bjørnstad and Skinnes, 2008). FHB is a challenging disease to manage, because it has multiple causal agents with different environmental preferences and the different Fusarium spp. can cause disease in several host species. For example, deoxynivalenol (DON) mycotoxin is produced mainly by Fusarium graminearum (Schwabe, 1839) in Nordic countries (Hietaniemi et al., 2016; Hofgaard et al., 2016), but in cool growing seasons, F. culmorum (Wm.G. Sm.) Sacc. Syll. fung. (Abellini) 10: 726. (1892) may become the main DON producer (Kaukoranta et al., 2019). Additionally, T-2/HT-2 mycotoxin is produced by Fusarium species such as F. langsethiae (Torp and Nirenberg, 2004) and F. sporotrichioides (Sherb, 1915), which can dominate on years associated with warm and dry weather after anthesis (Kaukoranta et al., 2019). The further we develop our knowledge of the different mycotoxin risks associated with different Fusarium fungi in cereals, the higher is also the pressure towards tightening the regulative legislation of mycotoxin contents of food products (Johns et al., 2022).

The resistance of oats to both DON (Tekle et al., 2018) and T-2/HT-2-producing fungi (Isidro-Sánchez et al., 2020) can be assessed in artificially inoculated field trials but several trials are needed to get consistent cultivar rankings (Tekle et al., 2018; Hautsalo et al., 2020). Controlled environments can provide more consistent estimates for the disease, but these results do not necessarily fit for selecting cultivars that would have resistance in variable field conditions (Hautsalo et al., 2020) due to the complex nature of FHB disease resistance. For example, FHB symptoms can be quantified, but they correlate weakly with DON mycotoxin contents in oats, whereas germination and DON levels (Tekle et al., 2018) or F. graminearum DNA levels and DON levels show better correlations (Yli-Mattila et al., 2009; Yli-Mattila et al., 2017). In field conditions, the host plants can, however, avoid the disease due to their morphological and phenological features such as flowering time or habit (Herrmann et al., 2020) and the progress and severity of the disease can also vary depending on the weather conditions. Until and even after genomic prediction models are developed for selecting resistance in breeding material, expensive mycotoxin testing must be performed in large scale. Taking into account the complexity of the disease progression, a better understanding of the development of the disease is required to determine the phenotypes indicative of the spatial and temporal resistance factors.

F. graminearum, F. culmorum, and F. langsethiae infect wheat and barley spikes and oat panicles during anthesis (Schroeder et al., 1963; Wagacha and Muthomi, 2007; Tekle et al., 2012; Divon et al., 2019). Fusarium spores are more likely to land on outer floral parts than inside the florets of oats (Tekle et al., 2012; Xue et al., 2015) and thus they must grow hyphae towards the soft floral interior tissue. In inner surfaces of the flowers, they can form infection structures such as infection cushions and foot-like structures (appressoria, Boenisch and Schäfer, 2011; Divon et al., 2019), which can penetrate cell walls and produce mycotoxins. In order to measure the infection and oat responses at a spikelet level in oats, Hautsalo et al. (2020) applied a point inoculation method to infect F. graminearum into oat spikelets. However, the two oat genotypes investigated that show large differences in their DON accumulation and proportion of Fusarium-infected kernels in greenhouse experiments did not differ in their fungal biomass accumulation. This suggests that if the infection is established inside the floret, there might be no mechanism preventing the spread of the fungus in oats. Typical symptoms in the field are spikelets that have lost their chlorophyll and are covered by mycelium, but this is only an end point result and a method that would allow following disease progression over time would increase our understanding of the phenomenon.

The changes during Fusarium infection at the cellular level are similar but slower in resistant plants compared to susceptible plants (Kang and Buchenauer, 2000), and the resistance mechanisms against the initial infection and infection spread are rather similar in wheat (Walter et al., 2010). There are several established methods for controlled monitoring of the disease progression and severity of FHB in cereal. For example, Imathiu et al. (2009) screened detached wheat and oat leaves inoculated with a drop of F. langsethiae suspension and observed visible symptom development within 7 days. Bauriegel et al. (2011b) inoculated wheat spikes with F. culmorum and observed the cumulative Fv/Fm over time. Tan et al. (2020) used both detached leaf assays and inoculation of wheat spikes to observe their interaction of two co-inoculated Fusarium species and received similar results from both infection systems. In contrast to FHB disease in wheat, however, the symptoms of F. langsethiae in oats are especially difficult to observe (Divon et al., 2012) and FHB symptoms are not a reliable way of producing oat cultivar ranking in FHB disease resistance (Hautsalo et al., 2018). Moreover, the oat panicle creates a physical obstacle that, in contrast to wheat, efficiently restricts the spread of the pathogens from a spikelet to another (Langevin et al., 2004). This leads to a situation where an inoculated panicle is likely to contain both infected and healthy spikelets that are scattered randomly. Therefore, the detached leaf assays or monitoring of inoculated panicles is not optimal to describe the disease progression at the organ level, and an approach focusing on the spikelets is needed.

Image-based phenotyping offers a solution for a non-invasive monitoring of cellular changes that occur during host–pathogen interaction (Berger et al., 2007). Non-destructive imaging, such as fluorescence and hyperspectral imaging, is already being applied to screen for Fusarium resistance of wheat spikes (Bauriegel et al., 2011a). We therefore set out to develop an oat spikelet infection system using a stationary imaging facility to allow monitoring the disease progression by time series of red, green, and blue (RGB) and chlorophyll fluorescence (ChlFl) imaging. The aim was to bring the FHB infection into a controlled condition where the disease progression could be imaged in time series by multiple sensors. Placing the dissected, infected spikelets on petri plates allowed their frequent imaging and thereby analysis of the disease progression in individual spikelets. In this study, we also developed an automated pipeline for pixel-specific ChlFl data extraction tailored for the analysis of the infected spikelet. This approach allowed recording temporal and spatial differences between Fusarium species in their rate of disease progression and severity, as well as the response time of oat genotypes. In the future, the established time series analysis will hopefully pave the way for targeted molecular omics assessment of the molecular mechanisms of oat resistance.




2 Materials and methods



2.1 Plant material

Oat genotypes with known variation in their resistance against Fusarium spp. were selected for the experiments with F. langsethiae and F. culmorum infections. A commercially rejected oat variety, BOR31 (Boreal Plant Breeding Ltd., Finland), that is known to be highly susceptible towards DON accumulation and grain infection in spray inoculated greenhouse experiments (Hautsalo et al., 2020) was used as a susceptible control in both experiments. For the F. langsethiae infections, the cultivar Vinger from Graminor Ltd. (Norway) was used as resistant candidate, together with Akseli, Belinda, Odal, BOR01, BOR02, and BOR31. For F. culmorum infections, two breeding lines (BOR01 and BOR02) that had shown potential resistance against FHB in oats in previous experiments (Hautsalo et al., 2020) were infected together with BOR31. Each oat genotype was grown in five replicates and the experiment was replicated twice over time. Sowing of the two experiments was adjusted according to the oat growing time in greenhouse so that flowering spikelets from each genotype could be harvested at the same time for the two batches of the inoculation experiments. Thus, the experiment was performed twice at two different times during autumn 2019 and winter 2020. We refer to each repetition as batch 1 and 2 in the rest of the manuscript.




2.2 Growth conditions at NaPPI facilities

The selected oat genotypes were sown in 3.5-L rose pots (Sparco, Conde-sur-Huisne, France) filled with Kekkilä OPM 420 W R8045–NPK 15-5-24 (Vantaa, Finland) and grown at the Modular plant phenotyping unit of the National Plant Phenotyping infrastructure (NaPPI, https://www2.helsinki.fi/en/infrastructures/national-plant-phenotyping) greenhouse facility at the University of Helsinki, Finland. The day/night temperature was set at 19/13°C and the day length was 18 h supplemented with high-pressure sodium lamps (OSRAM GmbH, Munchen, Germany) regulated at 200 W/m2. After the first week of growth, seedlings were fertigated with Kekkilä Professional Vihannes-Superex (NPK 9-5-31, 1.5 mS > 1.2 mS > 1.0 mS) with progressively reducing mS till the plants reached flowering stage and spikelets were ready for dissecting for the Fusarium inoculation experiments (Figure 1).




Figure 1 | Collage of the experimental workflow. (A) Fusarium cultures were prepared for conidia collection at the same time when the oat panicles were getting ready for inoculation. (B) Vacuum inoculation of panicles was performed within an exicator. (C) Dissected spikelets were placed on agar plates in exactly defined coordinates for automated detection by FIJI. (D) Imaging of spikelets on the petri plates placed on the blue imaging trays by RGB or ChlFl imaging. (E) Detection of mycelia growth symptoms by visible observations on RGB images and by ChlFl pixel data extraction for recording disease progression and severity.



For in vitro spikelet infection assays, the PlantScreen™ Compact System for small plant imaging was used. The imaging unit is in a controlled environment FytoScope Walk-In chamber (Photon System Instruments, PSI, Czech Republic; www.psi.cz) and accommodates up to 18 imaging trays that are transported on conveyor belts between the visible light (VIS-RGB) imaging cabinet, the ChlFl imaging cabinet, and the light-isolated acclimation chamber. The growth conditions were set at photosynthetically active radiation (PAR) from 150 μmol m−2 s−1, 18/6 h day length, RH 60%, and temperature 22°C. As the sterile growth media, plant agar (Duchefa Biochemie bv, Haarlem, The Netherlands) with ½ strength Murashige and Skoog media (MS, Duchefa Biochemie bv, Haarlem, The Netherlands) was used for spikelet inoculations and maintenance. The media were autoclaved and applied on round 9-cm petri plates.




2.3 Fungal material

All fungal isolates used in the experiments were collected from Finnish cereal fields and were shown to produce mycotoxins in previous studies, F. culmorum (isolate 05015) (Kokkonen et al., 2010) and F. langsethiae (isolate 05010) (Kokkonen and others, 2011). The isolates were grown as single mycelium cultures on potato dextrose agar (PDA) at 18°C in the dark (Figure 1A). After 1 week, the spore production was initiated by culturing it under ultraviolet (UV-A) light (wavelength 350–400 nm, 12 h per day) for 2 weeks. The cultures ready to be used for inoculation were stored at 4°C. Tween-80 (0.01%) was added to inoculation suspensions to obtain uniform dispersion of conidia (Figure 1A).




2.4 Inoculation of oat spikelets

The inoculum of F. langsethiae and F. culmorum was applied by submerging the panicles in conidia suspension under vacuum treatment (Figure 1B). For vacuum inoculation, one flowering panicle from five separate plants per genotype were harvested into 50-ml tubes. The Fusarium spp. inoculums (0.5 × 105 conidia/ml) were added in the tube, and the tubes were placed in an exicator (Figure 1). In addition, a control treatment with only water was included. After vacuum treatment of 30 min, the panicles were briefly washed with water. Four spikelets from each of the five individual panicles were dissected and placed on petri plates, resulting in 20 spikelets per genotype treatment and altogether 40 spikelets from the two replicate batches. The position and orientation of all spikelets on the plates were kept fixed to later allow their automated detection (Figure 1C). The plates were randomized on blue imaging trays, 9 plates per tray. Trays were kept in an imaging chamber, and their lids were opened just before imaging (Figure 1D). Imaging was done at 12- or 24-h interval and continued until 7–9 days, except for the F. culmorum where the imaging ended at 3–5 days, at the point when mycelia overgrowth was complete.




2.5 Visible light RGB and chlorophyll fluorescence imaging

To assess the progression of Fusarium spp. mycelia growth and changes in spikelet appearance, indicating the disease progression, top view images were taken with visible light RGB and ChlFl FluorCam sensors as described in Pavicic et al (2017; 2019; 2021). Images of the petri plates were taken every 12–24 h. Top view RGB2 images (resolution 2,560 × 1,920 pixels) of individual trays were captured with GigE uEye UI-5580SEC/M 5 Mpx Camera (IDS, Germany) with SV-0814H lens, supplemented with an LED-based light source to ensure homogeneous illumination of the imaged object. Light conditions, petri plate positions on imaging trays and spikelet positions on plates, and camera settings were fixed throughout the experiments. Lids of the petri plates were removed before imaging.

The ChlFl measurements were performed with a FluorCam FC-800MF pulse amplitude modulated (PAM) chlorophyll fluorometer as described in Pavicic et al. (2021). The ChlFl illumination panel (FluorCam SN-FC800-195) has pulse-modulated short-duration red–orange flashes (620 nm), a red–orange actinic light (620 nm) with a maximum photosynthetic photon flux density (PPFD) of 300 μmol m−2 s−1, a cool white actinic light with a maximum PPDF of 500 μmol m−2 s−1, and a saturating light pulse with a maximum PPDF of 3,000 μmol m−2 s−1. The ChlFl imaging was done according to the principal Fv/Fm protocol (Tschiersch et al., 2017) that generated parameter images of minimum fluorescence (Fo) and maximum fluorescence (Fm) yields (Murchie et al., 2013). To score the spikelet vitality, a common plant stress indicator, the quantum yield of photosystem II (Fv/Fm) was utilized (Barbagallo et al., 2003; Berger et al., 2007). The light intensities were set at Act2 30%, and super 50%, and the FluorCam protocol included 20 min of dark adaptation.




2.6 Image processing and image analysis

In VIS-RGB images, the spikelets were observed individually, and observations were recorded according to their coordinates on the plates. RGB images were observed for visible changes in mycelia growth and spikelet appearance such as color. Changes in these parameters were used as indicators of the disease progression. Ranking of the disease severity was based on visible damage and the disease progression was established as a range of spikelet coverage with mycelia. The coverage was ranked as percentage of the whole spikelet (0%, 25%, 50%, 75%, 100%) and other damage (yellowing, dark spots). The ChlFl image pre-processing, automated object detection, and recording of the ChlFl signal were performed using Fiji Is Just ImageJ (FIJI) software version 1.53 (Schindelin et al., 2012; Rueden et al., 2017) using a modified version of the method described in Pavicic et al. (2021). First, raw ChlFl images in.fimg format were imported to FIJI as image type = 32-bit Real, width = 720, height = 560, offset = 8, and little-endian byte order, and saved as.tiff to ease the following pre-processing. Spikelet masks were created from Fo images by a simple gray pixel value thresholding of 50 to create a selection of all spikelet pixels. This value was enough to capture whole spikelets while avoiding background pixels. The FIJI function Convert to Mask was used to convert the thresholded pixels to a binary image with background pixel values of 0 and spikelet pixel values of 255. Mask images were used to create a selection of background pixels only (Figure 1E). The selection was then transferred to Fv/Fm images and background pixel values were set to –100 for easy filtering in the data wrangling stage. Masked Fv/Fm images were saved as.tiff format. Finally, a rectangle was drawn around each spikelet using their pixel coordinates and the Fv/Fm value for all pixels within the rectangle was saved as Comma Separated Values (CSV) format using the FIJI function Save XY coordinates. All these steps are contained in four modular scripts using FIJI internal macro language (https://github.com/mipavici/MDPI_leaf_infection/).




2.7 Data analysis

The output CSV files contain pixel intensities, and X and Y pixel coordinates in the image per spikelet per time point. The CSV files were processed with R programming language in Jupyter Lab using dplyr and tidyr packages (Kluyver et al., 2016; Wickham and Girlich, 2022; Wickham et al., 2022). CSV filenames contained information about the experiment, tray identification, and spikelet position. Thus, they were imported and added to the initial table. All background pixels were removed by keeping Fv/Fm > −100, and cultivar and treatment information were combined with the table. In some cases, at the edge of the spikelet or in late hours post inoculation (HPI) where Fusarium spp. mycelia covered the spikelet fluorescent tissue, some Fo values can be higher than Fm, creating a very low negative Fv/Fm. To account for this, all negative Fv/Fm were set to 0. Two phenotypes were created to assess infection progression: fluorescent area of spikelets in percentage and spikelet vitality. Fluorescent area of spikelets was calculated by counting the number of fluorescent pixels at each HPI and dividing it by the total fluorescent pixel count at 0 HPI. Spikelet vitality was calculated by averaging the Fv/Fm values of all fluorescent pixels at each HPI. Some plates were removed from the analysis after they were completely covered with mycelia. When this happened, fluorescent area of spikelets in percentage and spikelet vitality were set to 0 for the rest of the time course.




2.8 Exclusion criteria from the analysis

Some spikelets opened and closed after transferring them to MS media on petri plates. This created an artificial increment of spikelet size. To account for this artifact, any spikelet that exceeded 5% of its initial size at any point during the time course was completely removed from the analysis. Furthermore, uninfected and dried spikelets were removed from the analysis. From a total of 680 spikelets, 49 and 94 spikelets were removed from batch 1 and 2, respectively.




2.9 Statistical analysis of the data

To analyze the infection progression curves, the area under the disease progression curve (AUDPC) of both disease phenotypes for each spikelet was calculated according to Simko and Piepho (2012). In this way, one value per time course was obtained. Linear mixed models were used to assess differences between AUDPCs of cultivars in each treatment. The AUDPCs were modeled using the lme4 R package (Bates et al., 2015) using cultivars as the main effect and batches were fitted as random effect. Tukey Honestly Significant Difference (HSD) was calculated as post-hoc test using the multcomp R package (Hothorn et al., 2008). Summaries of statistical analysis and raw data used to create figures are provided as Supplementary Tables 1-4.





3 Results

In this study, we established a methodology for the analysis of disease progression of FHB in detached oat spikelets. In the first stage, five panicles per oat genotype were harvested and inoculated with Fusarium conidia by vacuum treatment per batch experiment. From each vacuum-treated panicle, four spikelets were dissected and placed on in vitro plates. Altogether, 20 spikelets per oat genotype in a batch were monitored for disease progression by RGB and ChlFl imaging (Figures 1, 2). Images were taken at 0, at 12, and then at every 24 HPI for 10 days. Flowering spikelets that opened during the time series were removed from the analysis. Spikelets that were not infected despite the treatment or dried out before the end of the observation period were removed from the analysis. In total, time series data from 40 spikelets per oat genotype treatment were collected from the two batches. The extracted data from the two batches were statistically analyzed as combined.




Figure 2 | Time series of oat genotype BOR31 spikelets after inoculation with the two Fusarium species. (A) The progression of F. langsethiae hyphae growth over an example spikelet (RGB) and the decline of ChlFl in the same sample. (B) The progression of F. culmorum hyphae growth on one BOR31 spikelet by RGB and the decline of chlorophyll fluorescence (ChlFl) on the same sample. HPI, hours post inoculation.





3.1 Visual assessment of the disease progression on RGB images

RGB images were utilized to qualitatively assess the percentage of spikelet covered by mycelia growth (Figure 3). Browning, chlorotic tissue covered with white mycelium was considered as symptomatic tissue. Observations of visible symptoms indicated that F. langsethiae infection progressed more slowly (Figure 2A) than F. culmorum (Figure 2B). The incidence and level of visual symptoms in the inoculated spikelets were visually estimated from batch 2 (Figure 3), where different responses were observed across cultivars. From the inspected spikelets, only two inoculated with F. culmorum were not symptomatic, whereas all others became partly or fully covered by mycelium. At the end of the observation period, only Odal cultivar had symptomatic tissue in all spikelets inoculated with F. langsethiae. All other cultivars had variable responses regarding both the incidence and the level of observed symptoms (Figure 3). At 7 days after inoculation, F. culmorum infections had fully covered the spikelets while the F. langsethiae infections were less invasive and mycelia coverage ranged from 0% to 100% coverage.




Figure 3 | Visual assessment of infection incidence and symptoms on the spikelets by the different treatments at 7 days post infection. The frequencies of spikelets with different percentage of symptomatic tissue are shown as stacked bar plots. The symptomatic percentage was assessed qualitatively by visual scoring and grouped as 0%, 25%, 50%, 75%, and 100% symptomatic tissue, and other damage (yellowing, dark spots). This analysis represents the visual scoring of 20 spikelets per genotype per treatment from batch 2.






3.2 Estimation of decline in spikelet vitality and spreading of infection over time

Time series analysis of ChlFl images of infected oat spikelets was conducted to quantify the differences in spikelet vitality and infection spreading (Figure 2). ChlFl data were collected for each pixel of the spikelets utilizing a scripted macro modified from Pavicic et al. (2021). This strategy allowed the creation of two phenotypes to track disease progression. During the time course of Fusarium infection, some spikelet pixels become photosynthetically inactive (loss of ChlFl), or the hyphal growth blocks the ChlFl. Thus, the first phenotype tracked the disappearance of fluorescent pixels over the time course expressed as percentage of the spikelet size at 0 HPI (Figure 4). The second phenotype monitored the vitality of the spikelet by averaging Fv/Fm values of fluorescent pixels remaining at each HPI (Figure 5). The vacuum inoculation strategy impacted the vitality of the spikelets at early HPI as shown in the control line in Figure 5. A recovery from the vacuum inoculation was observed in control spikelets at approximately 60 HPI, which decayed in late HPI likely due to the spikelets being detached from the plant.




Figure 4 | Time series of the photosynthetically active area of spikelets. Each measurement represents the percentage of spikelet fluorescent area relative to its size at 0 hours post inoculation (HPI). All oat genotypes were inoculated with control (mock) and F. langsethiae. BOR01, BOR02, and BOR31 were inoculated in addition with F. culmorum. Blue line, vacuum control; magenta line, inoculated with F. langsethiae; orange line, inoculated with F. culmorum. Dots represent means per treatment at each HPI measured and error bars represent standard deviation. This analysis includes combined data from two experimental batches. Each data point represents the mean of 21–38 spikelets.






Figure 5 | Time series of oat spikelet vitality measured by Fv/Fm mean values per spikelet after Fusarium spp. or control inoculation. Data are presented as mean of Fv/Fm values of all fluorescent pixels per spikelet at different hours post inoculation (HPI). All oat genotypes were inoculated with control (mock) and F. langsethiae, and BOR01, BOR02, and BOR31 were inoculated in addition with F. culmorum. Blue line, vacuum control; magenta line, inoculated with F. langsethiae; orange line, inoculated with F. culmorum. Dots represent means per treatment at each HPI measured and error bars represent standard deviation. This analysis includes combined data from two experimental batches. Each data point represents the mean of 21–38 spikelets.



The impact of F. culmorum to spikelet vitality (mean of Fv/Fm, Figure 5) over time was very similar for all three oat genotypes. F. culmorum evidently separated from the control at early HPI, being significantly different from control treatment at 36 HPI and reaching a value of 0 at 84 HPI (Supplementary Figure 1). Mean Fv/Fm values of spikelets inoculated with F. culmorum were also clearly distinct from those from F. langsethiae inoculation (Figure 3) that started declining significantly from the mock-inoculated control between 36 and 60 HPI (Supplementary Figure 1). On average, the spikelet vitality of the F. langsethiae inoculations remained clearly above 0 for Fv/Fm during the entire analysis period. F. langsethiae inoculated spikelets of the breeding lines BOR01 and Vinger became significantly different from the control later (at 84 HPI) than the other oat genotypes, which had clearly declining vitality already at 60 HPI (Supplementary Figure 1).

The spreading of fungal infection was illustrated by the relative size of spikelet visible area. In Figure 4, the differences between both Fusarium inoculation treatments could only be distinguished after 36 HPI (Figure 4 and Supplementary Figure 1). Similar to spikelet vitality, the F. culmorum inoculated genotypes showed a rapid decrease in fluorescent spikelet area (declining to 0 from nearly healthy values within 2 days after 36 HPI). This suggests that the fungus was able to cover the whole spikelets, preventing the detection of ChlFl. Contrastingly, the fluorescent area of spikelets inoculated with F. langsethiae conidia resembled the behavior of Fv/Fm values at early HPI. However, the time points when the curves presenting the inoculated treatments started to differ from the controls were not identical for different genotypes (Supplementary Figure 1) and the shapes of the curves started to look different for different oat genotypes from 60 HPI onwards (Figure 4). BOR01 was again the most resistant genotype separating from the control only at 84 HPI (Figure 4 and Supplementary Figure 1). Vinger showed a similar trend and was statistically significant already at 60 HPI, barely reaching the statistical threshold of P value < 0.05.




3.3 Area under the disease progression curve

To assess differences between oat genotypes in each treatment, the AUDPC was calculated using the method described in Simko and Piepho (2012). This method allows the conversion of an entire time series to a single value that can be assessed with traditional statistical approaches. Thereby, the AUDPC was calculated for each spikelet for both phenotypes used in this study (Figures 6, 7). Although the shapes of the curves representing F. langsethiae and the decline in spikelet vitality of different oat genotypes (Figure 5) are not identical, the AUDPCs are not significantly different between genotypes (Figure 6B), suggesting that, on average, the impact of F. langsethiae on spikelet vitality does not differ among the studied oat genotypes. Similar results were observed in F. culmorum infections, where no statistical differences in AUDPC were observed between oat genotypes (Figure 6C).




Figure 6 | Area under the disease progression curve (AUDPC) of spikelet vitality measured by Fv/Fm. Plots show Fv/Fm AUDPC of the seven oat genotypes inoculated with (A) mock control, (B) F. langsethiae, or (C) F. culmorum. Small red dots correspond to data from batch 1 (b1) and small blue dots correspond to data from batch 2 (b2). Big teal dots represent AUDPC mean, and error bars represent standard deviation. Groups sharing the same letter have no statistical differences at p < 0.05 assessed by Tukey HSD post hoc test. This analysis includes combined data from two experimental batches. Each data point represents the mean of 21–38 spikelets.






Figure 7 | Area under disease progression curve (AUDPC) of spikelet photosynthetic area relative to its size at 0 hours post infection (HPI). Plots show data of the seven oat genotypes used in this study inoculated with (A) mock control, (B) F. langsethiae, or (C) F. culmorum. Small red dots correspond to data from batch 1 (b1) and small blue dots correspond to data from batch 2 (b2). Big teal dots represent AUDPC mean, and error bars represent standard deviation. Groups sharing the same letter have no statistical differences at p < 0.05 assessed by Tukey HSD post hoc test. This analysis includes combined data from two experimental batches. Each data point represents the mean of 21–38 spikelets.



The AUDPC of spikelet fluorescent area was significantly larger for genotype BOR01 than for genotype Belinda, indicating the significantly slower spread of infection (Figure 7B). Comparison with other oat genotypes yielded no statistical differences in their mean AUDPCs for fluorescent spikelet area. Although not statistically significant, a trend was observed for Vinger cultivar, which had a mean AUDPC closer to BOR1 compared to others having mean values closer to Belinda (Figure 7B). No statistical differences were found for F. culmorum infections (Figure 7C).





4 Discussion



4.1 Establishing an image-based system for the time series analysis of fungal diseases

FHB is a global threat to cereal grain production especially in humid climates. The disease progression is relatively quick after infecting flowers and heads of cereals and therefore timely detection of the disease would allow early interventions and prevention of further spread of the disease. Thermal and hyperspectral signatures can be utilized as proxies for disease symptoms in field settings. In this study, we established a method to study the FHB disease progression using ChlFl imaging that enables the detection of symptomatic tissues before they are visible to the human eye. When disease progression in individual spikelets is observed both from the RGB images and fluorescent images, we can find at least two advantages compared to previous manually made microscope observations of Fusarium infection in oats. First, we can quantify the severity of the infection within the floral tissue, which is important since Tekle et al. (2012) have shown that there can be high variation in the spreading of infections between individual spikelets. The aim was also to develop a system to describe spatial and temporal changes during the disease progression. The recorded RGB images allowed ranking the coverage of hyphae and showed the different rates and efficiencies between the two Fusarium species. The ChlFl parameters allowed establishing the decay rate of the healthy tissue as an inverse readout of the disease progression and to detect the timepoint where the oat tissue loses its photosynthetic activity, which may again be difficult to determine by human eye. To allow collecting such data from several oat genotypes treated with two Fusarium species, an automated workflow from image capturing to data analysis was established. The temporal analysis was facilitated by the use of automated pixel-specific ChlFl data extraction using the FIJI scripting. Data collection in a time series allowed recording temporal differences between Fusarium species in their rate of disease progression and severity, as well as the response time of oat genotypes. Dissecting the disease progression into a time scale will hopefully allow targeting the underlying molecular processes.




4.2 Spikelet dissection method allowed observations of disease progression at the organ level

We monitored several different traits, i.e., phenotypes, that can explain the interaction between the selected pathogens and the host plant tissue. These phenotypes included visually estimated disease incidence and the level of visible symptoms, decline of ChlFl-based spikelet vitality (Figure 5) over time, and spread of infection based on the decrease of photosynthetically active spikelet area (Figure 4) over time. Each of these partially explains what is happening in the interaction between plant genotypes with variable resistance and pathogens with variable aggressiveness. The resistance against FHB causing fungi is described as a complex trait in cereals (Mesterházy et al., 1999) and in oats (Hautsalo et al., 2018). The result of FHB infection in cereals such as mycotoxin contamination in the grain is merely the end outcome from numerous events such as establishment of initial infection in different spikelets (number of infected grain), the spread of infection (severity of infection within a cereal head or in the case of oats within a single spikelet), and the degradation of or tolerance against mycotoxins.

Considering the proportion of infected spikelets, the vacuum inoculation method efficiently infected F. culmorum into oat spikelets since only few spikelets had no symptoms after inoculation including in BOR01 genotype that was previously shown as moderately resistant against Fusarium infection (Hautsalo et al., 2020). For F. langsethiae, the vacuum inoculation method left ~17% of spikelets symptomless, which suggests that this pathogen was not able to infect the spikelets as efficiently. However, F. langsethiae is generally considered as a weak pathogen that does not easily cause symptoms (Divon et al., 2012). The vacuum infiltration has been used by Divon et al. (2012) to inoculate oat seeds with F. langsethiae, leading to a loss of germination from approximately half of the tested seeds. Nevertheless, compared to yield analyses made from field and greenhouse trials that are inoculated either by sprayings or by sporulation from spawn inoculum (Hautsalo et al., 2018), the non-destructive monitoring of infection over time in vacuum-inoculated spikelets provides novel insight into the plant–disease interaction. With the method described in this study, the individual spikelets are more likely infected, and we can see when and how long the fungi and the plants are interacting.

Based on the findings in this study, it seems that in the case of oats and of a DON-producing fungus such as F. culmorum, the number of infected grains might be a critical determinant of infection since we could not find significant differences among genotypes after the infection had been established. This finding is supported by the findings of Hautsalo et al. (2021) where the spikelets from two contrastingly resistant oat genotypes were infected with F. graminearum by point inoculation technique but showed no differences at 6 dpi. This type of resistance against the initial infection can be contributed by various mechanisms such as physiological and chemical properties of the flower as well as pathogen-triggered immunity reactions (Hautsalo et al., 2018). However, monitoring of F. langsethiae suggests that both the incidence of initial infections and the speed of the spreading of infection might play a role. RNA sampling from the inoculated oats could reveal interesting molecular interactions taking place in the early phases of infection either between 0 and 36 HPI when no difference in the phenotype between the inoculated and the control spikelets can be seen or as far as 84 HPI when no photosynthesis can be detected for F. culmorum and respectively from 12 to 132 HPI or even longer for F. langsethiae. Nevertheless, the final ranking of the genotypes out in the field might still be attributed to other factors such as the evasion provided by the differences in flowering habit (Herrmann et al., 2020).




4.3 Aggressiveness of different Fusarium species

The findings related to the infection of two different Fusarium species in our study are in accordance with the literature. Divon et al. (2019) observed the F. langsethiae to have a similar infection pathway and very similar infection structures to F. graminearum, but the rate of spreading of F. langsethiae infection was shown to be up to three times slower. Divon also mentioned to have observed that the spores of F. langsethiae germinate 10 to 15 h later than the spores of F. graminearum. The DON-mycotoxin-producing species, F. graminearum and F. culmorum, are closely related and have resemblance in their infection pathway. Kang and Buchenauer (2000) observed that F. culmorum spores germinated and formed more than one germ tube inside a wheat spikelet. At the beginning of the infection, they also observed hyphal networks forming on the internal surfaces of the spikelet, and by 36 HPI, the ovary and stigma were also infected. Tekle et al. (2012) observed the growth of F. graminearum in oat spikelet through a microscope and found that hyphal growth was observed as early as 1 DPI and the entire florets were often colonized at 3 DPI, whereas for F. langsethiae, up to 14 days was needed to detect colonization of all surfaces of the spikelet (Divon et al., 2019). In our study, we start to observe damage in the photosynthetic apparatus during the second day after inoculation in the case of both fungal species, but we did not observe a sharp decline in spikelet vitality in F. langsethiae as we did for F. culmorum at any point during the entire observation period. This suggests that a longer observation period might be needed to show how low the mean spikelet vitality would decline or how large proportion of the spikelets may eventually become covered by F. langsethiae. Unfortunately, a longer observation period would also start to harm the control spikelets as the plates start to dry out.

Considering that the Fusarium spp. in this study are hemibiotrophic fungi (Wagacha and Muthomi, 2007; Walter et al., 2010) might help to understand what happens during the time series of our study. The length of symptomless phase in our data is similar to the one reported for wheat, where 24 to 32 h are the expected duration of the parasitic phase before shifting to saprophytic phase (Gottwald et al., 2012). In this last phase, dead plant tissue is consumed and killed by the fungus, producing loss of ChlFl and visible degradation of the spikelet. The parasitic phase of F. langsethiae appears to be relatively longer. However, the complete coverage for some spikelets by hyphae is a sign that F. langsethiae can also effectively derive nutrients from dead plant tissue and spread efficiently. This phenomenon was observed in this study in the vitality (Fv/Fm) of some spikelets reaching zero by the end of the observation period.

The progression of infection is clearly faster for the DON-producing F. culmorum than it is for F. langsethiae, which does not produce DON mycotoxin. In wheat literature, an F. graminearum strain without functional gene for DON production was clearly less aggressive in disease development (Boddu et al., 2007). Wheat resistance against F. graminearum depends on the activation at the right time of several defense pathways regulated by phytohormones (Glazebrook, 2005) that work against either parasitic or necrotrophic pathogens (Ding et al., 2011). Diamond et al. (2013) found DON to inhibit programmed cell death in Arabidopsis cell cultures, and they suggested that low levels of DON may facilitate pathogen establishment in the initial biotrophic phase of Fusarium infection whereas a higher level of DON may support the necrotrophic phase. Tan et al. (2020) also discovered from wheat that pre-inoculation of F. poae reduced the abundance of later inoculated F. graminearum when compared to F. graminearum inoculated alone. This indicates that a defense response activated by a Fusarium species that does not produce DON can still provide shelter from a DON-producing fungus. This finding suggests that universal resistance mechanisms against FHB pathogens could exist. Further studies should focus on the complex interactions between hosts and several fungal pathogens, and the phenotyping methods described in this study can be suggested for such studies.




4.4 Resistance and susceptibility in oat cultivars

The oat varieties in this study represented the known variation in resistance against both Fusarium species used in inoculations. Recently published findings from naturally infected experiments made in Norway over a 10-year period (Hofgaard et al., 2022) describe several differences in our genotypes well. Cultivar Odal is expected to contain resistance against the DON-producing fungi but lacks resistance to F. langsethiae and cultivar Vinger is expected to be moderately resistant against both fungi. Cultivar Belinda was found to be susceptible to both F. langsethiae infection and DON producers, while cultivar Odal has been found to be even more susceptible. In another study (Hautsalo et al., 2020), cultivar BOR31 was highly susceptible to infections and DON accumulation in greenhouse, whereas cultivar Akseli was moderately resistant to infection. The same study showed that the breeding line BOR01 was the best line tested in greenhouse conditions having both a low level of DON accumulation and infected kernels. Belinda was also included in these experiments, and it had a relatively high number of infected kernels. Line BOR02 was selected based on its promising results in a low number of unpublished experiments.

The only difference found in F. culmorum-infected genotypes was that a couple of spikelets from BOR01 were not infected whereas spikelets of all other genotypes were infected, suggesting that BOR01 has resistance against the initial infection. This effect was observed in neither spikelet vitality nor the photosynthetically active area, where all three genotypes infected with F. culmorum showed no statistical difference and they separated from the control treatment together at 60 HPI. Similar observations were found by analyzing the AUDPC for both phenotypes. Interestingly, some differences were observed before 60 HPI, but we hypothesized that they were due to vacuum inoculation rather than F. culmorum infection. Having more time points in the analysis might also help reveal different progression patterns on different oat genotypes in future studies.

In F. langsethiae inoculations, only BOR01 and Vinger showed some resistance to the disease progression. Mostly all remaining genotypes separated from the control treatment at 60 HPI for both phenotypes. The exceptions were Akseli and BOR31 that showed a modest susceptibility already at 36 HPI for the photosynthetically active area and vitality, respectively. The analysis of AUDPC only showed statistical differences between the susceptible cultivar Belinda and BOR01 genotypes in the photosynthetically active area. Furthermore, Vinger genotype was not statistically significant from the other lines in the photosynthetically active area but, on average, was one of the most resistant. This result suggests that the analysis of each time point was superior to the analysis of time course trajectories to find subtle differences between genotypes. Interestingly, the cultivar Odal does not show susceptibility here, but maybe the high T-2/HT-2 contaminations in field (Hofgaard et al., 2022) are due to the higher proportion of infected kernels within the samples. Further studies are necessary to determine which mechanisms interact behind the found phenotypical differences and trends.





5 Conclusions

Improving the tolerance of cereals and especially oats against the FHB disease is a long journey. The resistance against FHB is known to be complex and impacted by several minor genes. Only a few quantitative trait loci (QTL) are currently determined against FHB in oats (Bjørnstad et al., 2017, Isidro-Sánchez et al., 2020). In contrast to previous genetic studies that are based on heavy field phenotyping, the phenotyping method presented in this study provides information from the specific plant tissue. The experiments presented here were executed under controlled environment and infection conditions, preventing environmental disturbances occurring as in field trials. With these controlled phenotyping methods, we are one step closer to discovering the small differences behind the resistance. To allow developing time series analysis of the disease progression, dissected spikelets were imaged after inoculation treatments. Two different Fusarium spp. were utilized to obtain differential responses and an image-based method to allow recording the responses in space and time. We believe that this method will pave the way for detailed characterization of the disease progression in susceptible and resistant oat varieties. Rather than engaging this spikelet dissection method for breeding selection of oat cultivars for variable resistance, we propose this method for the identification of molecular markers specific for the different stages of FHB disease progression. Controlled experiments play a critical role in the molecular characterization of biological processes. A biological process can be standardized in a time series setup that allows defining samples for molecular analysis and thereby discoveries of molecular markers. We also presented here two new oat phenotypes that could be used for the discovery of molecular markers in genome-wide association studies.
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Introduction

With dwindling global freshwater supplies and increasing water stress, agriculture is coming under increasing pressure to reduce water use. Plant breeding requires high analytical capabilities. For this reason, near-infrared spectroscopy (NIRS) has been used to develop prediction equations for whole-plant samples, particularly for predicting dry matter digestibility, which has a major impact on the energy value of forage maize hybrids and is required for inclusion in the official French catalogue. Although the historical NIRS equations have long been used routinely in seed company breeding programmes, they do not predict all variables with the same accuracy. In addition, little is known about how accurate their predictions are under different water stress-environments.





Methods

Here, we examined the effects of water stress and stress intensity on agronomic, biochemical, and NIRS predictive values in a set of 13 modern S0-S1 forage maize hybrids under four different environmental conditions resulting from the combination of a northern and southern location and two monitored water stress levels in the south.





Results

First, we compared the reliability of NIRS predictions for basic forage quality traits obtained using the historical NIRS predictive equations and the new equations we recently developed. We found that NIRS predicted values were affected to varying degrees by environmental conditions. We also showed that forage yield gradually decreased as a function of water stress, whereas both dry matter and cell wall digestibilities increased regardless of the intensity of water stress, with variability among the tested varieties decreasing under the most stressed conditions.





Discussion

By combining forage yield and dry matter digestibility, we were able to quantify digestible yield and identify varieties with different strategies for coping with water stress, raising the exciting possibility that important potential selection targets still exist. Finally, from a farmer’s perspective, we were able to show that late silage harvest has no effect on dry matter digestibility and that moderate water stress does not necessarily result in a loss of digestible yield.





Keywords: forage maize, water stress, yield, resilience, digestibility, NIRS, lignin content




1 Introduction

French selection criteria for forage maize in the second half of the 20th century were mainly centred on agronomic performance, including yield, precocity, disease and lodging resistance. The adoption of earlier-flowering hybrids, particularly well-suited to the Northern milk-production regions, increased cultivation surfaces from 350,000 ha in the 1970s to over 1.5 million ha in 2016. Over the same period, whole plant yield increased from 6 tons of dry matter (DM)/ha to over 20 tons DM/ha thanks to genetic progress (Baldy et al., 2017). These criteria were officialised in 1986 by the opening of a “forage maize” section in the official French maize hybrid registration catalogue (Surault et al., 2005).

The primary use of forage maize remains that of being the main element of animal feed. This capacity is quantified via a translation into energetic values. Net energy is traditionally expressed in France via a “barley feed unit” system wherein one kilogram of barley fed to the animal is equivalent to one Unit of Feed representing 1,760 kcal (“Unité Fourragère”, UF) (Vermorel et al., 1987). For milk production, we talk about “Unité Fourragère Laitière” (UFL). The first prediction models for UFL values were established by Andrieu, 1995. They consisted of a set of four different models, of which the M4 model was retained as the most accurate. This model was updated by Peyrat et al., 2016 to the M4.2 model, which remains the standard industry-wide model to date. This equation consists of two main variables, protein content (MAT) in g/kg of organic matter (OM) and DM digestibility in percentage of DM:

	

According to the equation, the UFL value is much more dependent on the DM digestibility value than on MAT. Relations between UFL and DM digestibility, therefore, are almost always highly correlated (Baldy et al., 2017), and the low variability of the MAT value in modern hybrids often results in the equation being predicted using only the DM digestibility value.

Modern forage maize hybrids typically vary between a UFL value of about 0.86 and 0.92 (Baldy et al., 2017), a small variation that can have a significant impact on milk production, as a 0.05-point variation in UFL represents around 1.8 kg of milk per cow per day (Barrière, 2000). Although forage digestibility (and, by consequence, UFL value) was established in the 1980s, little work was done to incorporate it into selection. Between 1985 and 2000, genetic progress resulted in significant productivity increases and resistance to fall, probably due to an increased priority on grain value. During the same period, registered hybrids were on average 0.05 UFL points weaker than previously registered varieties (Barrière, 2000). A large number of studies have shown that DM digestibility, and therefore UFL, is controlled by cell wall (CW) content on the one hand and its digestibility on the other. Thus, CW digestibility (often measured as in vitro digestibility of CW residue, hereafter referred to as CW digestibility) is highly correlated to DM digestibility and UFL (Baldy et al., 2017). CW of modern hybrids was found to be 5.5 points less digestible compared to hybrids from the 1950s, resulting in a 2-point reduction in OM digestibility. This finding coincided with a 5-point increase in DM yield over the same period (Barrière et al., 2004). In 1998, to counteract this continuous decline in forage quality, the UFL value was included as an acceptance criterion to the official forage maize hybrid catalogue, replacing the minimum grain yield criterion (Perspectives Agricoles, n° 330). The impact of these new mandatory criteria was not immediate: the UFL value of new hybrids continued to decline until 2007 and then slowly increased until 2014-2015 (Surault et al., 2005; Baldy et al., 2017).

The new high-throughput in vitro methods (Lopez-Marnet et al., 2021), although far simpler and more efficient than the original in vivo digestibility methods, are still considered insufficient to cope with the large number of samples and limited time schedule required to predict UFL values in the modern hybrid selection procedure. Near-infrared spectroscopy (NIRS) has long been favoured in the agricultural sector because of its ability to determine a wide range of parameters. Their use in the forage maize market first began in the Americas (Norris et al., 1976; Valdes et al., 1987), using the equation of Norris et al., 1976, with specific attention to the CW-related parameters. For the French market, developments with predictive equations for OM digestibility started at the “Centre wallon de Recherches agronomiques” (CRA-W) in Gembloux in collaboration with the French seed company Limagrain (Biston and Dardenne, 1985). This first equation showed relatively good correlation values (r2 = 0.6; Biston et al., 1989) after calibration on caged-sheep experiments. The current industry-standard CRA-W Gembloux equations consist of thousands of data points that are intended to represent a wide range of genetic and environmental diversity. However, the current equations do not accurately predict all variables with the same level of precision (Mentink et al., 2006). In general, DM constitution and parameters are accurately predicted (DM digestibility r2 = 0.9; Andueza et al., 2011) and with low error rates. Difficulties were particularly noted in predicting neutral-detergent fiber (NDF) and its digestibility (Mentink et al., 2006; Bastianelli et al., 2019). This is particularly problematic for selection programs: as previously shown, these parameters influence OM digestibility and overall quality of forage maize, but are insufficiently considered in selection programs partly for this reason (Barrière et al., 2004).

At last, these considerations, whether they relate to agronomic traits such as yield or to silage quality traits such as DM digestibility, must be placed in the current context of climate change. Indeed, future climate projections indicate a substantial increase in the frequency and intensity of drought events (Lemaire, 2008; Harrison et al., 2014). Even if the 2°C warming target set by COP26 were met, a large proportion of French forage maize growing areas would suffer from drought (Roudier et al., 2016). Forage maize is particularly sensitive to water stress during the female flowering stage (Bänziger et al., 2000) which occurs in mid-July, and is therefore at risk of yield loss during this period (Salter and Goode, 1967). With the world’s dwindling freshwater supplies and increasing occurrences of water stress, agriculture is rapidly coming under increasing pressure to reduce water consumption while maximising use efficiency (Tester and Langridge, 2010; Messina et al., 2020). While the effects of such stresses on yield and plant health are well studied (Harrison et al., 2014; van der Velde et al., 2012), little is known about how water stress affects energy values of forage maize hybrids and how efficient biochemical and NIRS predictive values are under these highly contrasting conditions.

Here, we investigated the effects of water stress and stress intensity on agronomic, biochemical, and NIRS predictive values in a set of 13 forage maize varieties representative of the French S0-S1 market grown under four different environmental conditions resulting from the combination of a northern and a southern location and two monitored water stress levels in the south. We showed that agronomic performance gradually decreased as a function of water stress, while both DM and CW digestibilities increased regardless of the intensity of water stress, with variability among the tested varieties decreasing under the most stressed conditions. We also showed that the NIRS-predicted values were affected to varying degrees by environmental conditions. Finally, by combining yield and DM digestibility, we were able to quantify digestible yield and identify varieties with different strategies for coping with water stress.




2 Materials and methods



2.1 Hybrid material and field trials

Thirteen early-flowering forage maize hybrids (S0 and S1 earliness groups) were selected from the 2021 ARVALIS - Institut du végétal Post Inscription Evaluation Network to maximise variability between yield and UFL, while representing the French forage market through eight different breeding companies (Supplementary Table 1).

The hybrids were grown in two INRAE experimental units (EU) in France during the 2021 growing season: Versailles-Saclay EU (Versailles; GPS, N: 48’48”33.391/E: 2’5”7.237) and DiaScope EU (Mauguio; GPS, N: 43’36”52.438/E: 3’58”34.419), hereafter referred as “Versailles” and “Mauguio” for simplicity. While Mauguio is not a typical forage maize growing area, the Mediterranean climate at this location increases the probability of natural water deficits. Fields were sown at Versailles on April 28 and at Mauguio on May 7. Each line was grown in two lines and a planting density of 100,000 plants/ha. A total of five growing conditions were established at both sites:

	Two harvest stages in Versailles with irrigation by rainfall only, the amount of which could be monitored by a nearby climatic station and was sufficient during the flowering period (Supplementary Figure 1): a regular harvest with 32% DM content (RW) and a late second harvest with 40% DM (RW.40).

	Three different irrigation conditions in Mauguio piloted thanks to the use of tensiometers: a well-watered condition (WW) with ramp irrigation three times a week with 20 mm of irrigation, a moderate water deficit condition (WD1) with ramp irrigation of 15 mm when hydric tension reaches –125 kPa, a severe water deficit condition (WD) with ramp irrigation of 13 mm when hydric tension reaches –300 kPa.



When conditions are grouped in the following text, the two-water deficit (WD and WD1) conditions are referred to as “dry” and the three rainfall (RW, RW.40 and WW) conditions are referred to as “wet”. Hydric tensions were tracked at Mauguio using pairs of tensiometers in each block per condition at -30 and -60 cm depth, and pluviometers. These were always placed under the same hybrid to capture the field effect. Both tension and rainfall quantities were tracked daily (Figures 1A, B) to determine the irrigation needs.




Figure 1 | Harvest conditions and resulting effects on key agronomic parameters. (A) Main climatic and maintenance data related to the five different conditions studied. (B) Water balance sheet generated by the Irrélis irrigation advice software (Arvalis – Institut du vegetal) for the Mauguio field trials. The data shown were measured on variety 8 in the WW condition. (C) Representative photo of the resulting plant heights for the variety 4 under the three conditions at Mauguio. (D) Anthesis-silking interval for each variety in Mauguio and Versailles. (E) Mean plant height in cm at harvest from the four conditions at Mauguio and Versailles. (F) Mean yield in tons of DM per ha for all varieties under the five conditions in Mauguio and Versailles. The bars represent the means and the error bars indicate the standard error margins.



Each condition at Mauguio was sown in three blocks of two lines per hybrid per condition, with all conditions separated by a 20-meter border to avoid accidental irrigation of deficit conditions. Versailles was sown in the same way. Blocks were randomised within each condition in incomplete Latin squares.




2.2 Agronomic analysis

Several key agronomic variables were selected for measurement per block and variety for the field trials. Male (when half of the given plants contained 2/3 open pollen pods on the tassels) and female (when half of the given plants contained visible silks) flowering was first recorded to determine the anthesis-silking interval (ASI). Plant height was also measured at the silage stage and averaged per block and variety by harvesting two homogeneous plants per line at ground level, giving a total of four plants per block and variety and condition. Furthermore, yield was estimated by grinding the same plants used for height measurements to determine the total aboveground wet biomass per hybrid and block. Plants were weighed using a precision industrial scale. After grinding in a Viking GE 355, a representative sample of 300 to 400 g was dried in a forced-air oven at 55°C for 72 h and grounded with a hammer mill (1 mm grid) for further use as biochemical samples and for determination of the percentage of DM.




2.3 Biochemical analysis

All samples were analysed for DM digestibility values as described in Lopez-Marnet et al., 2021. The most representative of the three available blocks for the five conditions was selected after principal component analysis of agronomic, DM digestibility, and NIRS values. CW residue (CWR) was extracted by the Soxhlet water/ethanol method (Effland, 1977), which allowed determination of calculated CW digestibility (Argillier et al., 1998) as follows: calculated CW digestibility = (100*(DM digestibility-(100-CWR))/CWR). The same method used to measure DM digestibility was repeated on the CWR samples to obtain measured CW digestibility values. Lignin content was measured through acetyl bromide (ABL) dosing using a method adapted from Fukushima and Hatfield (2001). The digestible yield was estimated by calculating the amount of digestible tons of DM/ha as follows: digestible yield = yield * (DM digestibility/100).




2.4 Construction of homegrown NIRS predictive equations on whole plant samples

We developed NIRS predictive equations to predict CW content, lignin content in CW, and DM and CW digestibilities of whole-plant forage maize samples. Calibration samples (218 in total) were selected from whole-plant samples of modern S0-S1 hybrids harvested at silage stage in 2018, 2019 and 2020 in different areas in northern France representative of the forage maize growing region. Biochemical quantifications were performed on the calibration samples following the same biochemical protocols as described above. Simultaneously, NIRS spectra were acquired on these 218 samples using a ThermoFisher Antaris II. Among them, 168 were used to generate the predictive equations, and 50 samples were used for external validation to assess the quality of these emerging equations (Table 1).


Table 1 | DM and CW-related features measured in the laboratory, with their associated NIRS prediction equation features for the IJPB equation.






2.5 NIRS predictions with two set of NIRS predictive equations

Predictions were made using two distinct NIRS equation systems, one developed by the CRA-W (Dardenne et al., 1993) and the other developed by the INRAE IJPB in Versailles and presented above, hereafter referred to as the “CRA-W equation” (abbreviated “CRA-W” in variable names) and “IJPB equation” (abbreviated “IJPB” in variable names), respectively. Both the CRA-W and IJPB equations often predict the same variables but with some special features (Supplementary Table 2), mainly due to CRA-W’s use of the Van Soest chain (Dardenne et al., 1993), which leads to a different quantification of CW as NDF and of the lignin content as Van Soest lignin content. The DM and calculated CW digestibility quantification are completely comparable between the two set of equations. On the other hand, the estimation of the measured CW digestibility is an important specificity of the NIRS equations developed at IJPB.




2.6 Statistical analysis

Data were statistically analysed using R 4.2.1 with the Rstudio interface (R Core Team, 2022; R Studio Team, 2022) and the Expé-R interface (ARVALIS, 2022a). Data were averaged across the three blocks for each variety per condition when possible. All data management was performed using tidyverse (Wickham et al., 2022). Data normality was checked using the Shapiro-Wilk test and residual dispersion analysis. ANOVA analysis was generally performed using a linear model that accounted for variety and condition. In cases where a column or row effect was detected, a linear model accounting for the relevant cofactor was implemented as follow:

	

where Yijkl is the value for the given trait of the ith Variety in the jth Condition localized in the kth column and the lth row in the field. In this mode, µ is the intercept. An F test for interactions was performed to determine whether the additive model could be retained as previously described (Virlouvet et al., 2011). The significance levels for ANOVA, Tukey, and Pearson analyses were always set at 5%, unless otherwise stated. All correlations presented are first reported with the linear R2 value, as well as the significance value of the Pearson correlation. Residual standard deviations (RSD) were also calculated for most parameters.

Bar plots and dot plots were generated using the ggplot library (Wickham, 2016). When sufficient data points were available, error bars were added using the standard error values of each variable. Linear correlations were calculated using ggpubr (Kassambara, 2020), and Pearson correlations with their associated p-values were calculated using the ggcorr and corrplot packages (Kassambara, 2022; Wei and Simko, 2021).





3 Results



3.1 Water stress impacts on key agronomic traits

To quantify the effects of different water conditions on 13 hybrids representative of the French silage hybrids market, we evaluated three important agronomic traits (ASI, plant height, and DM yield) at three different water stress levels (no, moderate, and severe water stress, denoted WW, WD1, and WD, respectively) at Mauguio compared with rainy weather (denoted RW and RW.40) at Versailles (Figures 1A–C and Supplementary Figure 1). Although there were two harvest stages at Versailles, both had the same agronomic values except for yield, so we considered only the RW condition for the other traits.

First, we found a significant interaction between variety and condition for ASI (Figure 1D and Supplementary Table 3). The four conditions were divided into three distinctly different homogeneous groups from highest to lowest mean interval length: WD (2.33 days), WD1 with WW (0.87 and 0.74 days, respectively), and RW (-1.23 days) (Supplementary Table 4). The different varieties were also divided into three distinct categories (Supplementary Table 4): those with a longer interval only under the WD condition (varieties 4 and 11), those comparable under all Mauguio conditions but differing at Versailles (varieties 2, 5, 6, and 13), and the last final and largest group with much more mixed groups with a progressive decrease in ASI from the most to the least stressed (varieties 1, 3, 7, 8, 9, 10, and 12).

We also found a visible effect of the different irrigation conditions on plant height (Figures 1C, E). On average, plants reached 301 cm under the RW condition, lost 37 cm (264 cm) when switching to the WW condition, then another 53 cm (211 cm) under the WD1 condition, and, finally, another 42 cm (168 cm) under the WD condition. The ANOVA analysis revealed a significant interaction between variety and condition for these results (Supplementary Table 3), with each condition forming a distinct group that differed significantly in the order of their average height (Supplementary Table 5). Most varieties followed this order exactly with exception of variety 13, which did not differ in height between the WW and RW conditions.

Under the RW and WW conditions, yield was consistently similar across the different varieties, with corresponding averages at 16.69 and 17.36 tons of DM/ha (Figure 1F). The later harvest at 40% DM increased this yield to 18.38 tons of DM/ha. The WD condition reduced this yield to an average of 10.2 tons of DM/ha, partially restored under the WD1 condition by increasing to 14.29 tons of DM/ha. Significant variety and condition effects were found, but the interaction between variety and condition was not significant (Supplementary Table 3). It is worth noting that no difference was found between RW.40 and WW conditions and between WW and RW conditions (Supplementary Table 6).




3.2 Water stress significantly increases digestibility while decreasing yield, while a higher percentage of DM content at harvest has no effect on digestibility

Because the criterion for quality of French forage maize is UFL, which is mainly determined by DM digestibility, we measured DM digestibility for all blocks for each variety under all conditions (n = 195) (Figure 2A). We found a strong condition effect alongside a smaller variety effect on DM digestibility (Supplementary Table 3). We also identified a total of three Tukey groups for the condition effect (Supplementary Table 7) in order from most to least digestible: (1) both water deficit conditions with nearly identical DM digestibility (mean DM digestibility for WD 73.33%DM and for WD1 73.68%DM), (2) WW alone (69.5%DM), and (3) both the RW (67.32%DM) and RW.40 (66.81%DM) conditions. Furthermore, there was a combined decrease in yield (average decrease of 7 points) associated with an average increase in DM digestibility of 4 points under the WD condition, while yield increased by more than 3 points under the WD1 condition, while the three wet conditions all appeared to be less digestible but more productive (Figure 2A). Some varietal effect was also found: genotype 5, for example, gained 8 points in DM digestibility and 3 points in yield in WD1 compared to WW. In contrast, variety 13 gained 3 points in DM digestibility, but lost 5 points in yield. A decrease in variability for both factors was also observed in WD condition compared to WW. This variability was partially restored in WD1, which was able to combine the good digestibility of WD with a higher yield.




Figure 2 | Effect of water deficit on DM digestibility, its combination with yield, and its relationship to measured CW digestibility. (A) DM digestibility to yield per variety under the five conditions. (B) Digestible tons of DM per ha averaged per condition for each variety under four conditions. (C) Relationship between laboratory measured DM digestibility and measured CW digestibility on a single representative block. Bars represent means and error bars represent standard error margins. Linear equation values are proceeded by Pearson correlation significance symbols: P<0.1:.; P<0.05: *; P<0.01: **; P<0.001: ***.



Determination of digestible yield suggested a varietal effect, with certain varieties showing similar digestible yield under the WD1 condition as under the wet conditions (Figure 2B). As with the yield data, no interaction between variety and condition was found, although there was a significant effect for both separate factors (Supplementary Table 3). It is noteworthy that no significant difference was found between conditions WW and RW.40 (Supplementary Table 8).

To begin assessing the impact of CW on digestible yield, we retained a block, determined to be representative of the other two, to assess measured CW digestibility. We first observed an increase in CW digestibility under stress conditions, increasing from an average of 31.31 in WW to 34.63 in WD1 to 36.34 in WD (Figure 2C). No major difference was found between the various wet conditions. When compared to the corresponding DM digestibility values, we found significant correlation across all five conditions (P <0.1), with R2 values ranging from 29 to 57% depending on the condition. The decrease in variability with increasing water stress observed in Figure 2A also appeared to be lost for measured CW digestibility, with values evenly distributed across conditions.




3.3 NIRS predictive equations accurately measure both DM and CW digestibilities

While the biochemical results mentioned above are precise and repeatable, they lack the necessary throughput needed for selection programs and quality observations. Therefore, although certain protocols have achieved “high-throughput” status, NIRS still remains the preferred method to measure various DM- and CW-related parameters and constitutions, although some work is still needed to affine these predictive equations. Consequently, we compared the predictive power of an older and extremely well-tested CRA-W equation with our own emerging IJPB equation for biochemical values measured under four of the five original conditions (Table 1 and Supplementary Table 7). The lack of a significant difference between the two Versailles conditions (Supplementary Table 7) prompted us to continue all further analyses, after removing the RW condition while retaining the RW.40 condition, which was more similar to the conditions found at Mauguio in terms of maturity stage.

Both equations were found to predict the biochemical values of DM digestibility with high accuracy under most conditions (most R2 values ranged from 62 to 83% per condition, and overall tested environments combined produced significant correlations with values of 86% and 87% for CRA-W and IJPB, respectively) (Figures 3A, B). It is worth noting that no equation managed to predict DM digestibility values in the WD condition. It was also found that both equations correlate strongly with each other, with a slight drop in accuracy in the WD condition (Figure 3C).




Figure 3 | Prediction accuracy of CRA-W and IJPB NIRS predictive equations for both DM and CW digestibilities under different hydric conditions. (A) Relationship between DM digestibility predicted by CRA-W and DM digestibility measured in the laboratory. (B) Relationship between IJPB-predicted and laboratory-measured DM digestibility. (C) Relationship between the two predicted means from the IJPB and CRA-W equations for DM digestibility. (D) Relationship between laboratory-calculated CW digestibility and CRA-W-predicted CW digestibility. (E) Relationship between laboratory calculated mean CW digestibility and IJPB-predicted calculated CW digestibility. (F) Relationship between IJPB-predicted calculated CW digestibility and CRA-W-predicted CW digestibility. The dots denote the ratio values for the individuals, unless they are given as mean values, in which case they represent the mean values of the 3 blocks. Linear equation values are proceeded by Pearson correlation significance symbols: P<0.1:.; P<0.05: *; P<0.01: **; P<0.001: ***. The error bars represent the standard error margins.



Regarding the calculated CW digestibility values, we first noticed a decrease in the prediction accuracy: most R2 values were between 32 and 33% (with significantly correlated condition-combined values at 57% and 56% for CRA-W and IJPB, respectively) (Figures 3D, E). The CRA-W equation appears to be more precise for the calculated CW digestibility, providing significant correlations within each condition, while the correlations produced by the IJPB equations in WD, WD1, WW and RW.40 were insignificant. Similarly, to the DM digestibility, both equations correlated significantly with each other, except for the WD condition (Figure 3F).

In parallel with the calculated CW digestibility prediction equation, we developed a predictive equation for measured CW digestibility. This measurement provides a much more accurate representation of the true digestible fraction of CW and is therefore a better criterion for improving DM digestibility. While the CRA-W equation did not predict measured CW digestibility, the IJPB equation did. Depending on the condition, the values predicted from this measurement correlated relatively well with the biochemical values (Figure 4A). While no significant correlation was found for the WD and RW.40 conditions, the correlation for the other two conditions typically ranged from 35 to 61% (condition-combined at 33%). One might assume that the two predicted versions of the calculated and measured CW digestibility would correlate relatively well, but we found that this was not the case: correlation values between the two measurements varied significantly depending on the condition considered (Figure 4B). No significant correlation was found under the WD condition, and the correlation values ranged from 24 to 58% depending on the condition considered, but dropped to 7% when all conditions were considered.




Figure 4 | Lignin content and its role in CW digestibility and prediction of the relationship. (A) Relationship between laboratory-measured CW digestibility and IJPB-predicted measured CW digestibility. (B) Relationship between mean IJPB-predicted values for measured CW digestibility and IJPB-predicted calculated CW digestibility. (C) Relationship between laboratory-measured lignin content and IJPB-predicted lignin content. (D) Relationship between laboratory-measured lignin content and laboratory-measured CW digestibility on a representative block. (E) Relationship between mean IJPB-predicted values for lignin content and IJPB-predicted measured CW digestibility. (F) Relationship between CRA-W-predicted lignin content and CRA-W-predicted calculated CW digestibility. The dots denote the ratio values for the individuals, unless they are given as mean values, in which case they represent the mean values of the 3 blocks. Linear equation values are proceeded by Pearson correlation significance symbols: P<0.1:.; P<0.05: *; P<0.01: **; P<0.001: ***. The error bars represent the standard error.






3.4 Heading deeper into the CW seems to reduce NIRS accurateness

To better understand and thus improve the variations in digestibility of DM and CW, it is necessary to know the composition of this CW and, in particular, its lignin content. Consequently, high-throughput analytical methods are required to determine the lignin content. Therefore, we measured the total lignin content using the ABL method on samples from the same block used to measure CW digestibility. The IJPB equation used to predict lignin content was not very efficient and needs to be improved. In fact, significant correlations were found for only two of the four conditions in WD1 and RW.40, with a combined correlation of 18% (Figure 4C).

The effects of lignin content on measured CW digestibility were then quantified (Figure 4D). Both traits were significantly correlated in all conditions, except the WW condition, where correlation values ranged from 14 to 59%, with an overall value of 68%. This correlation was then determined with NIRS-only data using the CRA-W and IJPB equations. Although the CRA-W equation does not accurately predict the same variables, the measured CW digestibility and lignin content were approximated to the calculated CW digestibility and Van Soest lignin content, respectively, with the latter allowing determination of the more condensed lignin fraction (Zhang et al., 2011). Regardless of these changes, both equations (IJPB, Figure 4E; CRA-W, Figure 4F) find highly significant correlations between CW digestibility and lignin content, regardless of conditions, yielding values much stronger than those found in the biochemical results.




3.5 Correlations between traits reflect genetic relationships when separate conditions are considered

To visually and statistically quantify the effects of the different water conditions on the relationships between the different agronomic, biochemical, and NIRS-predicted variables examined in this study, we plotted all variables in a correlation matrix for all combined conditions (Figure 5A), the three contrasting conditions at Mauguio (Figure 5B), and each condition separately: RW.40 (Figure 5C), WW (Figure 5D), WD1 (Figure 5E), and WD (Figure 5F). Overall, we observed many more significant correlations (positive or negative) when the four (Figure 5A) or three (Figure 5B) environmental conditions were included in the analysis than when the environmental conditions were considered separately (Figure 5C through Figure 5F) and only genetic variation was included. It is also worth noting that a negative correlation between DM digestibility and yield was observed both in the matrix of all conditions (R = -0.46) and in the three contrasting conditions in Mauguio (R = -0.33). Importantly, this correlation became positive or absent when the environmental conditions were considered separately. Moreover, the correlation between measured CW digestibility and lignin content was always extremely negative, regardless of the conditions, except for the WW condition. It should also be noted that these correlations were strongly exacerbated when values were predicted by NIRS (WD -0.88 versus -0.56, WD1 -0.82 versus -0.77, WW -0.92 versus none, and RW.40 -0.85 versus -0.76).




Figure 5 | Correlation matrices for the main considered agronomic, biochemical and NIRS-predicted variables observed during the study at the different field trial locations and under different conditions. Correlation matrices for all variables considered, including some used for computational purpose only, separately for all conditions combined in (A), for all Mauguio site conditions in (B), for the main-Versailles RW.40 condition retained for the study in (C), and then separately for the three Mauguio conditions of WW in (D), WD1 in (E), and WD in (F). Pearson correlations with correlation values in black on the matrix, significance threshold P = 5%. Empty squares indicate non-significant correlations.







4 Discussion

While climate predictions generally point to a drier future, it is not yet known with full certainty exactly how dry it will be. Chaotic episodes seem inevitable, and crop conditions are therefore difficult to predict each year. It is therefore important to understand the effects of environmental conditions on yield and digestibility of forage maize. For this reason, our study relied on two locations and two water stress levels, one moderate and the other severe, which in combination represent four very different environmental conditions. During the growing season, precision instrumentation and daily monitoring in the field, where several factors, including soil heterogeneity, are not typical of greenhouse conditions and, consequently, difficult to replicate (Li et al., 2022), allowed the two water stress conditions to remain distinctly different and finely tuned, resulting in contrasting agronomic and biochemical outcomes across the four environmental conditions. Therefore, we used them to examine the effects of both stress environment per se and stress intensity on this group of traits.



4.1 Daily monitoring of moderate water stress was key to identifying varieties with different agronomic responses to water stress

It was found that the ASI properties depend on the conditions and the genotype considered. It is worth noting that the ASI was not the same in the two wet conditions: it averaged -1 day in RW, while it averaged +1 day in WW. These inverse shifts in male and female flowering could be due to thermal rather than hydric constraints, since water stress is known to increase ASI (Claassen and Shaw, 1970). However, this increase was not observed under moderate water stress. Thus, our results suggest that a threshold level of water stress must be exceeded to affect flowering, consistent with previous findings showing that the proportion of yield variation explained by individual traits is small at intermediate levels of water deficit stress (Cooper and Messina, 2023). This threshold for ASI also appears to be dependent on variety, with some individuals not being affected by water stress at all. Genotype 6 is atypical as it seemed to synchronize its flowering better under stress conditions, while it had a strongly negative ASI under irrigated conditions in northern France. It is the opposite of the majority of the hybrids studied in our work. Genotypes 3 and 4 are the perfect counterexamples with a very low ASI under wet conditions and a high ASI under intense water stress condition. Lowering ASI has long been a selection objective to reduce the risk of kernel formation failure which can lead to loss of grain yield (Robins and Domingo, 1953). Despite selection efforts, there are still differences in ASI response to water stress among hybrids, and selection efforts to stabilize this key agronomic parameter are still needed in the context of climate change.

Both plant height and yield decreased under water stress conditions in our study, and did so incrementally depending on the severity of the stress. In addition to incremental yield decline under each condition, results were also less variable as a function of stress severity. The WD1 condition allowed some yield recovery depending on the variety, with variety 11, for example, producing a sufficient yield comparable to WW results. The effects of water stress on plant height are well studied, and the results found in our study are consistent with those found in the literature for miscanthus and maize (Emerson et al., 2014; Néné-bi et al., 2022), and also for sorghum and sugarcane (dos Santos et al., 2015; Perrier et al., 2017). We hypothesize that one of the reasons for the reduction in total plant height under water stress is the reduction in internode length, as noted by Sah et al., 2020. While plant height is most likely responsible for a large part of the yield change in water stressed conditions, other factors can also be considered. Grain yield, which has been replaced by UFL in the official selection criteria for forage maize, accounts for 30 and 52% of plant biomass and is also known to be adversely affected under drought conditions (Ferreira and Brown, 2016). The greater effect on ASI in WD than in WD1, as well as the maintenance of a severe stress until silage harvest and thus during the grain-filling period, could explain the lower effects of moderate stress on yield. The increase in variability under WD1 conditions was key to this study. Indeed, while yield results under WD were nearly identical with little to no variation, the slight increase in irrigation under WD1 increased variability in results and allowed us to identify varieties with different responses to moderate stress, including potential varieties with novel responses such as those observed in varieties 5 and 11.




4.2 High-throughput NIRS predictive equations reliably predict basic forage quality characteristics, such as digestibility, but significantly exaggerate correlations between biochemical parameters

NIRS predictive equations have been developed for 50 years to predict forage quality (Norris et al., 1976) and are available for maize harvested at the silage stage to evaluate its digestibility and composition (Dardenne et al., 1993). Several authors emphasize that CW-related traits in maize stover can be accurately predicted. For example, DM and CW digestibilities are successfully predicted using several published equations (Lübberstedt et al., 1997; Riboulet et al., 2008; Jung and Phillips, 2010; Virlouvet et al., 2019), as are traits related to CW composition (Dardenne et al., 1993; Lorenz et al., 2009; Jung and Phillips, 2010; Virlouvet et al., 2019). The DM and CW digestibilities equations developed in this study also showed a good r of validation for the above-mentioned traits. In contrast, the r of validation for both ABL- and Van Soest-based lignin content was not very high and, importantly, much lower than that we developed on whole plants without ears (Virlouvet et al., 2019). This is most likely due to the lower variation in lignin content in modern French forage maize hybrids compared to the variations observed within maize inbred lines found in Virlouvet et al. (2019).

The predictive equations developed by CRA-W (Dardenne et al., 1993) for maize whole-plant samples have long been routinely used in seed company breeding programs, and we therefore decided to compare the predictive values of our young IJPB equations with those of CRA-W. Both NIRS predictive equations consistently predicted DM digestibility accurately. The IJPB equation also efficiently predicted measured CW digestibility. These predictions were affected by the different environmental conditions, and neither equation was able to correctly predict the values for the WD condition, where the variation in CW digestibility is greatly reduced. When predicting the same trait, both equations predicted values were also highly correlated with each other. It is worth noting that calculated CW digestibility was always poorly predicted by both equations despite the overall good prediction quality of these equations. Prediction accuracy increased for measured CW digestibility, which, interestingly, was itself poorly correlated with calculated CW digestibility. Although younger and a much smaller calibration pool, we found that the IJPB predictions are therefore comparable to the ones from CRA-W equation in all aspects considered in our study. In general, it is considered that the calibration set must be homogeneous. In the case of a large sample as discussed by Bastianelli et al. (2019), bases with large variability or mixtures make interesting the use of so-called “local” regression techniques (Shenk et al., 1997), which consist in searching and selecting in the samples a calibration set whose spectra are close to the sample to be predicted, and building a non permanent calibration model with this specific subset. Thus, it is certainly necessary to think differently when constructing predictive equations to accurately characterize the variability in CW composition and digestibility.

While the predictive accuracy of individual traits is useful for selection purposes and for identification of biochemical targets, the correlation between these traits is often more informative. Biochemically, we found that lignin content explains between 14 and 58% of the measured variation in CW-digestibility depending on the given environmental conditions. When we attempted to replicate this correlation with purely predicted values from the CRA-W and IJPB equations, the correlations were always highly significant and far stronger than those found biochemically. This overestimation of correlations prevents the use of predictions to find targets for digestibility improvement. For example, in WW, although the correlation between CW digestibility and lignin content is not significant when the values are estimated biochemically, this correlation reaches r² values of 0.91 and 0.74 for the values predicted by the IJPB and CRA-W equations, respectively. For the CRA-W equation, we originally assumed that this excess correlation was due to the size of the calibration data set. Our hypothesis was that in such a large calibration pool, there were likely two groups of samples for lignin content, both stressed and non-stressed samples or mature and non-mature samples, which produced a direct linear equation between the two groups. While this could explain the strong correlations in the CRA-W equation, this idea loses ground when we consider that this cannot apply to the IJPB equation, which also has strong correlations but does not include samples under stressed conditions or with different degrees of maturity. Including samples in an equation that come from a range of different stress levels, such as under WD and WD1 conditions, could potentially mitigate this problem. Another alternative, albeit a complex one, would be to create NIRS equations for different types of environments. By using a calibration set consisting solely of samples from water stressed environments, we could improve the accuracy for these conditions, provided that the traits are variable. This would require determining the various conditions that could be specified with specific stress thresholds. These results are of particular interest because selection and quality assurance programs typically consider only such correlations for evaluations, CW digestibility to lignin content (or equivalent) being a common example.




4.3 Although both DM and CW digestibilities lose variability under water deficit, they are increased under this stress condition simultaneously with a decrease in lignin content

We found that both DM and measured CW digestibility gradually increased as a function of the severity of water stress. Average DM digestibility did not change between WD and WD1, but decreased significantly under the wet conditions. The Versailles results also showed that DM digestibility was identical under RW and RW.40 conditions. Assuming the silage is well conserved, this result is reassuring from a farmer’s perspective. Indeed, the current chaotic climate often makes it difficult to predict when silage will be harvested. However, we have shown here that a later harvest (40% DM content instead of 32-34%) does not reduce DM digestibility and thus the UFL value of the forage. Interestingly, our results also indicate that genotypic variability decreases under the most stressed conditions, almost halving the spread between RW.40 and WD conditions. The WD1 condition allowed recovery of this loss of variability, as in yield. This loss was also seen in measured CW digestibility, but to a lesser extent. Lignin content was similarly affected, with lower values detected in the WD and WD1 conditions, peaking in WW and RW.40. It was also found that measured CW digestibility and lignin content were significantly negatively correlated in three of the four conditions. However, biochemically, variations in lignin content explained at most 35% (WD1 condition) of the observed variations in CW digestibility. It is noteworthy that lignin content varied by only one point and that this small variation is difficult to detect.

These results are consistent with previous work on maize inbred lines where water stress was found to have similar effects on lignin content and digestibility (El Hage et al., 2018; Virlouvet et al., 2019; El Hage et al., 2021), as well as, results observed in other grasses (Emerson et al., 2014; Sanaullah et al., 2014; Perrier et al., 2017). What is striking about the results of maize hybrids compared to those of maize inbred lines is the low variation in lignin content independent of water conditions. In Zhang et al. (2011), we intentionally selected maize inbred lines with comparable lignin content and still had a 3-point of variation in lignin content in the CW. Modern maize hybrids have very similar lignin contents and have a range of variation of about 1 point, as we have shown here and by Baldy et al. (pers comm) and Lopez-Marnet et al. (2021). Lignin content has been constrained by selection of S0-S1 maize hybrids and has likely found an optimum that provides resistance to fungal attack and lodging, high yields and good digestibility. We believe that the lack of difference in digestibility between RW and RW.40 conditions is likely due to an increase in the proportion of digestible grains that offsets the reduction in leaf and stem digestibility (Khan et al., 2015). Again, the WD1 condition led to an increase in variability in results, as was observed for yield. This opens reassuring perspectives in the context of climate change. First, we have shown that in the case of a moderate but still significant and long stress for the growing season of maize, there is still genetic variability for yield and digestibility that can allow the selection of maize hybrids whose yields are maintained and whose digestibility is increased. This increase in digestibility while maintaining yields has been observed several times in the ARVALIS network (ARVALIS, 2022b) and in agriculture during the last hot and dry summers in France. Moreover, we found significant correlations between measured CW digestibility and lignin content, although lignin content has long been counter-selected in selection programs for forage maize. While lignin content in inbred lines of maize in contrasting environments typically varies between 11 and 21% (El Hage et al., 2018), variability in lignin content in modern maize hybrids always studied in contrasting environments, ranged from 13.6 to 17.5%. This narrow range severely limits the potential for improving this trait. However, to improve the UFL value of forage maize, we need to increase DM digestibility and, consequently, CW digestibility. New targets or combinations of targets need to be found. These could be new biochemical traits such as p-coumaric acids or histological traits (Méchin et al., 2005; Zhang et al., 2011; El Hage et al., 2021; Zhang, 2021; Lopez-Marnet et al., 2022) to study the localization of lignified tissue by FASGA staining of internode cross section.




4.4 Less productive but more digestible: Moderate stress could help compensate for losses due to water deficiency

Yield values were linked to digestibility data from DM to obtain a quantification of “digestible yield” in tons of digestible DM/ha, which allows us to better link these two criteria. The highest digestible yield values were typically found in the WW and RW.40 conditions, followed by values from WD1 and then WD. Certain varieties under the WD1 condition managed to raise yield to levels achieved under irrigated or rainfed conditions, such as varieties 5 and 8. We also found that while yield was negatively correlated to DM digestibility when all conditions were analysed together, this negative correlation disappeared once each condition was considered separately. The lack of antagonism between these two key traits in selection is important, especially since selection for yield has led to a decline in digestibility (Barrière, 2000; Surault et al., 2005; Baldy et al., 2017).

The WD1 condition was irrigated 37% more than the WD condition, and 56% less than the WW condition. Importantly, an average of four tons DM/ha of biomass yield or three tons of digestible DM/ha was recovered, allowing the condition to recover up to 82% of the biomass and 87% of the digestible yield of the WW condition. These results would likely lead to even more dramatic differences in irrigation in commercially irrigated maize fields, where the decision to irrigate is rarely supported by precision tools such as those used in our study. Only 7.6% of farmers irrigating in Alabama (USA) used tension meters in 2018 (USDA-NASS, 2019). In France, this number is likely even lower because forage maize acres are managed by smaller farms with less access to the training and materials needed to monitor soil water tension. In trials comparing conventional and precision irrigation, full yield recovery was possible while water use for grain was reduced by 25% (Bondesan et al., 2023). Clearly, even a relatively small reduction in stress can easily contribute to recovery of productivity.

Out of the 13 varieties evaluated in our study, variety 11 proved to be the best performer under the various conditions. It will be of interest to study the biochemical and histological differences between this variety and the others to determine what allows this different response. Similarly, although to a somewhat lesser extent, varieties 2, 5 and 9 are also of interest in this section, primarily because of their ability to maintain productivity. These varieties, all performed well under both moderate stress and irrigation conditions, likely contain important potential selection targets to identify.





5 Conclusion

Establishment of specific water stress levels in the field allowed us to understand how water stress and its intensity affect yield and digestibility of modern forage maize hybrids. Our data showed that forage yield gradually decreased as a function of water stress, while both DM and CW digestibilities increased regardless of water stress intensity, with decreased variability among tested varieties under severe water stress conditions. Overall, our work also showed that there was no antagonism between yield and digestibility under each environmental condition studied and that improvement in DM digestibility requires improvement in CW digestibility.
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Melon (Cucumis melo L.) is an economically important crop in Xinjiang, China, but its production is constrained by the parasitic plant Phelipanche aegyptiaca that attaches to the roots of many crops and causes severe stunting and loss of yield. Rhizotron, pot, and field experiments were employed to evaluate the resistance of 27 melon cultivars to P. aegyptiaca. Then, the resistant and susceptible cultivars were inoculated with P. aegyptiaca from six populations to assess their resistance stability and broad spectrum. Further microscopic and histological analyses were used to clarify the resistance phenotypes and histological structure. The results showed that Huangpi 9818 and KR1326 were more resistant to P. aegyptiaca compared to other cultivars in the rhizotron, pot, and field experiments. In addition, compared to the susceptible cultivar K1076, Huangpi 9818 and KR1326 showed broad-spectrum resistance to six P. aegyptiaca populations. These two resistant cultivars had lower P. aegyptiaca biomass and fewer and smaller P. aegyptiaca attachments on their roots compared to susceptible cultivar K1076. KR1326 (resistant) and K1076 (susceptible) were selected to further study resistance phenotypes and mechanisms. Germination-inducing activity of root exudates and microscopic analysis showed that the resistance in KR1326 was not related to low induction of P. aegyptiaca germination. The tubercles of parasite on KR1326 were observed slightly brown at 14 days after inoculation (DAI), the necrosis and arrest of parasite development occurred at 23 DAI. Histological analysis of necrosis tubercles showed that the endophyte of parasite had reached host central cylinder, connected with host xylem, and accumulation of secretions and callose were detected in neighbouring cells. We concluded that KR1326 is an important melon cultivar for P. aegyptiaca resistance that could be used to expand the genetic basis of cultivated muskmelon for resistance to the parasite.
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Introduction

Melon (Cucumis melo L.) is one of the most widely cultivated and economically important fruit crops in the world. In 2020, more than 184 million tons of melon were grown in China. Xinjiang melon accounts for over 50% of the total melon production in China, and the fruits are exported worldwide (Bin et al., 2022). Philepanche aegyptiaca is a serious threat that has caused severe yield losses of up to 20%–70% in melon crops in Xinjiang, China (Parker, 2009; Zhang et al., 2012; Yao et al., 2016). When the levels of infestation are so high that melon suffers 100% yield loss, farmers could be forced to abandon their fields or plant other crops that cannot be infected by P. aegyptiaca (Zhang et al., 2012).

P. aegyptiaca is an obligate root holoparasite weed that causes severe losses in the yield and quality of agricultural crops (Parker, 2009; Eizenberg and Goldwasser, 2018). Efficient control of this parasite is difficult due to its specific lifecycle. The seed of P. aegyptiaca can lie dormant for years or decades in the soil until chemical signals from a nearby host or nonhost root activate their germination (Nelson, 2021). Each germinated P. aegyptiaca seedling forms a radicle that in response to host-derived haustorium-inducing factors (HIFs) forms an organ called the haustorium (Furuta et al., 2021). Upon contact with a host root, the haustorium forms an intrusive cell that penetrates the host root cortex and endodermis to establish parasite–host xylem–xylem connections. Once a xylem bridge is established, parasites can quickly obtain water and nutrients from hosts for their own development (Pageau et al., 2003). However, Orobanche spp. can also acquire materials through phloem–phloem connections (Aly, 2013). Following the accumulation of metabolites, the parasite develops a tubercle, and the mature tubercle then develops a shoot that emerges above the ground and flowers to produce tiny seeds that can remain viable in the soil for many years (Eizenberg and Goldwasser, 2018). The major damage inflicted by P. aegyptiaca takes place underground, thereby limiting the use of chemical forms of control, making control extremely challenging. Several methods have been proposed for broomrape control in the field: alternating planting dates, soil solarization, soil fumigation, and chemical control, but all without unequivocal success (Fernández-Aparicio et al., 2012; Kannan et al., 2015; Dor et al., 2017). Breeding for resistance is commonly considered to be an effective, affordable, and environment-friendly component of an integrated control strategy (Eizenberg and Goldwasser, 2018). Host genetic resistance is also generally considered critical to successful integrated pest management programs (Joel, 2000; Goldwasser et al., 2001).

Useful levels of resistance have been found in several hosts against parasitic plants, for example in rice against Striga hermonthica (Gurney et al., 2006), in sorghum against S. hermonthica (Mbuvi et al., 2017), in cowpea against Striga gesnerioides (Su et al., 2020), in sunflower against Orobanche cumana (Fernández-Martínez et al., 2000; Echevarría-Zomeño et al., 2006; Duriez et al., 2019), in tomato against P. aegyptiaca (Bai et al., 2020), and faba bean (Díaz-Ruiz et al., 2010; Rubiales et al., 2014), chickpea (Rubiales et al., 2003), and vetch (Fernandez-Aparicio et al., 2009; González-Verdejo et al., 2021) against Orobanche crenata. The mechanisms of resistance to parasitic plants vary depending on the host species and cultivars (Mutuku et al., 2021; Jhu and Sinha, 2022). Based on whether the resistance mechanism functions before or after parasitic plants attach to their hosts, resistance responses can be classified as preattachment or postattachment resistance (Thorogood and Hiscock, 2010; Yoder and Scholes, 2010; Mutuku et al., 2021; Jhu and Sinha, 2022). Furthermore, preattachment resistance involves the production of lower levels of parasite germination stimulants (Rubiales, 2003; Gobena et al., 2017) and parasite haustorial inducing factors (Goyet et al., 2019). Other than simply avoiding the induction of parasite seed germination, some hosts have evolved to secrete toxic compounds to prevent seed germination or seedling development (Serghini et al., 2001; Echevarría-Zomeño et al., 2006). Postattachment resistance mechanisms include HRs, hormone signaling, cell wall reinforcement, and defensive secondary metabolite accumulation that prevents vascular continuity with the parasite after forming the haustorium (Jhu and Sinha, 2022). For example, some legumes resistant to O. crenata show necrosis of established tubercles. This is caused by lignification and occlusion of vascular tissue (accumulation of secretions) at the infection site (Pérez-de-Luque et al., 2005). These secretions appear to originate from parasite cells and flow through the apoplast to neighboring host tissues, occluding host vessel elements (Pérez-de-Luque et al., 2005; Pérez-de-Luque et al., 2006). Occlusion of vascular tissue and lignin deposition are common strategies deployed by many resistant host species (Thorogood and Hiscock, 2010; Jhu and Sinha, 2022). In the case of rice (Nipponbare), a cultivar resistant to S. hermonthica showed enhanced lignin deposition at the infection site, thereby inhibiting parasite development by lignin deposition and maintenance of the structural integrity of lignin polymers (Mutuku et al., 2019). Similar resistance responses also have been observed in the interaction between sunflower and O. cumana. Yang et al. (2017) also showed that the enzymes involved in lignin biosynthesis, including cinnamoyl alcohol dehydrogenase (CAD), ferulate-5-hydroxylase (F5H), and peroxidases, were highly accumulated in these resistant sunflower cultivars.

Our previous studies on melon have shown that cultivars exhibiting resistance may be an effective P. aegyptiaca control method. Peng et al. (2018) demonstrated that melon germplasm contains sources of postattachment resistance to P. aegyptiaca. For example, Jintianmi17 exhibits high resistance, with parasite development stagnating at the tubercle stage. Cao et al. (2020) reported that a wild accession PI 614391 and a cultivated accession Sekine exhibited higher tolerance to P. aegyptiaca. However, apart from the cultivars identified in these studies, few resistant melon cultivars have been found, and a good understanding of the resistance mechanism to P. aegyptiaca is still lacking. The objectives of the current study were: (1) to identify P. aegyptiaca-resistant melon cultivars in a series of rhizotron, pot, and field experiments, and (2) to characterize the phenotype of the resistance mechanisms.





Materials and methods




Plant materials

A total of 27 melon cultivars (Supplementary Table 1) were evaluated for resistance to P. aegyptiaca, together with details of the source of the seed and their origin. The melon cultivar Naxigan was used as a susceptible control for both rhizotron and pot assays (Peng et al., 2018). The origin and description of six P. aegyptiaca populations used in this study are shown in Supplementary Table 2. Total genomic DNA was extracted from the seeds of six broomrape populations, and the ribosomal protein S2 (rps2) and ribosomal DNA internal transcribed spacer (ITS) region were amplified by PCR using the primer pairs rps2F/rps2R, ITS1/ITS4 (Anderson and Cairney, 2004; Park et al., 2007). Based on phylogenetic analysis of plastid ITS and rps2 (Schneeweiss et al., 2004; Park et al., 2007), we confirmed that our experimental species was P. aegyptiaca (Supplementary Figure 1). O. cumana seeds were collected from mature plants parasitizing sunflowers at 188 Regiment (87° 33′15″ E, 46° 6′ 9″ N, 500 m elevation), Xinjiang, China in 2019. O. cumana seeds were used as a control to detect the effects of root exudates of different melon cultivars on the germination of P. aegyptiaca.





Rhizotron experiment

Rhizotron experiments were carried out under laboratory conditions as described by Labrousse et al. (2001) with minor modifications to observe the attachment and development of P. aegyptiaca throughout the study. Seeds per melon cultivar were sterilized with sodium hypochlorite solution (5% v / v) for 20 min, rinsed thrice in sterile deionized water, and germinated in petri dishes (15 cm diameter) on wet filter paper and kept in the dark at 30°C for 2–3 d (until the radicle reached 1 cm in length). Germinated seeds were grown in a 50-hole (5 × 5 × 5 cm) plastic cave dish containing vermiculite and were watered regularly with Hoagland nutrient solution. The seedlings were maintained in a growth chamber at 25°C with a day/night regime of 16/8 h and a 10 000 Lx light source. Briefly, 2-week-old seedlings were transferred to a rhizotron comprising a 15-cm petri dish filled with a sponge overlaid with glass fiber filter paper, and the plant roots were evenly spread out over the surface of the filter paper. To prevent exposure of host roots to direct light, the dishes containing plants were covered with aluminum foil. The rhizotrons were then kept in growth chambers at a temperature cycle of 28°C/25°C for a 16-h-light/8-h-dark cycle. After 1 week, the growing melon plants were inoculated with sterilized P. aegyptiaca seeds (Plot 2; approximately 400 seeds each) and were carefully placed next to the roots of each melon plant. The rhizotrons containing inoculated plants were placed back into the growth chambers and incubated under the same conditions until investigation.

Developmental stages of broomrape were recorded and classified at 35 d after inoculation (DAI) according to their stage of development using a scale from 0 to 9 (Westwood et al., 2012) with slight modifications: S0, P. aegyptiaca seeds were not germinated; S1, seed germination; S2, terminal haustorium formation (before the radical had firmly adhered to or penetrated the host roots); S3, broomrape had firmly adhered to or penetrated the host roots but had not formed a vascular connection; S4, broomrape had formed a vascular connection to the host roots and a tubercle had formed (before the development of secondary roots); S5, “spider” stage (tubercles with secondary roots) ≤ 1 cm; S6, sprout already visible remaining underground > 2 cm; S7, the start of the development of a spike; S8, flowering; S9, setting of seeds (Westwood et al., 2012).





Pot evaluation

Pot experiments were carried out to evaluate the resistance of 27 melon cultivars in a greenhouse in 2017 and 2018. The seeds of P. aegyptiaca were collected from Plot 2. Germinated melon seeds were sown in 1.5-L pots containing a mixture of sand-vermiculite-compost (1:1:1, v:v:v) and P. aegyptiaca seeds (15 mg of P. aegyptiaca seeds per 1 kg of the substrate for the 2017 experiment and 30 mg of P. aegyptiaca seeds per 1 kg of the substrate for the 2018 experiment). Noninfected plants were grown and evaluated in parallel. The pots were arranged in a completely randomized design under greenhouse conditions. The plants were grown in a growth chamber at 25°C–30°C, with a day/night regime of 16/8h and with a 10 000 Lx light source (800–900 μmol m−2 s−1). Pots were watered with about 150 ml of tap water every 5-7 days. Sixty days later, the plants were divided from the pots, and the roots were washed carefully in water. Attachments on host roots were counted and classified according to their stage of development using a scale from zero to nine as mentioned above.

The parasitism rate (percentage of melon plants infected by P. aegyptiaca) and the parasitic degree (the number of P. aegyptiaca per plant) were calculated. According to the resistance standards (Supplementary Table 3), the resistance levels of different melon varieties to P. aegyptiaca were identified (Peng et al., 2018).

In addition, morphological traits of melon (plant height (PH), stem diameter (SD), fresh (FGD) and dry weights of total aboveground parts (DGD), fresh (RFW), and dry weight of roots (RDW)) were measured. The fresh and dry weights of broomrape were also measured.





Screening of melon cultivars for P. aegyptiaca resistance in the field

Field screening experiments were carried out to assess the behavior of melon cultivars selected for their partial resistance to P. aegyptiaca. A sketch of the field layout is provided in Supplementary Figure 2.

The P. aegyptiaca field trials were conducted at two sites; one was at the experimental station of the Shihezi University (May–Aug) in 2018, and the other was at Majiaping farm in Shihezi (May–Aug) in 2019 and 2021 (Supplementary Table 4). All field trials were replicated three times using a completely randomized block design. For control experiments, melon cultivars were simultaneously planted in P. aegyptiaca-free plots within the same locations. At the experimental station, each plot representing an individual cultivar measured 3 m × 3 m (9 m2) and contained one row of 10 melon plants with a plant distance of 0.3 m × 0.3 m (Supplementary Figure 2). At Majiaping, each plot measured 6.5 m × 3 m (19.5 m2) with two rows of 20 melon plants with the same plant distance as in the experimental station (Supplementary Figure 2). Plots were separated by one open row of 0.6 m to avoid neighbor effects and to allow easy access. From sowing onwards, each trial was regularly hand weeded (at least every 2–3 weeks) to remove all weeds other than P. aegyptiaca. The number of aboveground P. aegyptiaca plants in each plot was counted at 45, 60, and 80 d. At the maturity stage of melon, the fruit yields of noninfested and naturally infested fields by P. aegyptiaca were recorded.





Resistance of different melon cultivars against broomrape from six populations

Three melon cultivars (KR1326, Huangpi 9818, K1076) were used to evaluate the resistance against broomrape from six populations (Supplementary Table 2) in pot experiments. The KR1326 and Huangpi 9818 cultivars were selected as potential resistant candidates showing postattachment resistance, and K1076 was selected as a susceptible cultivar based on the results of rhizotron, pot, and field experiments. A 1.5 L plastic pot was filled with 1.5 L of a mixture of compost, vermiculite, and sand (2:1:1 v:v:v) together with P. aegyptiaca seeds (50 mg seeds). Growth conditions and measurements of traits were the same as in the pot experiment.





Collection of root exudates and extraction of root exudates

The collection method was as reported in Yoneyama et al. (2008) with several changes. Furthermore, 2-week-old seedlings (n = 12) of each cultivar (KR1326, K1076) were transferred to a 12-hole hydroponic box (16 × 20 × 7 cm, width × length × height (W × L × H)) containing 750 ml of 1/2 Hoagland nutrient solution as the culture medium in a growth chamber with a day/night regime of 16/8 h and a 10 000 Lx light source at 25°C. The Hoagland medium was exchanged every 3 d. After 10 d, melon seedlings were transferred to 1/2 Hoagland medium without P and grown for 3 d. Then, 3 d later, the roots of seedlings were rinsed with tap water, and tap water was used as the culture medium. Root exudates were collected every 3 d, four times in total, and each cultivar was repeated three times. Root exudates were immediately extracted with an equal volume of ethyl acetate three times. The ethyl acetate extracts were combined, dried over anhydrous MgSO4, and concentrated in vacuo. These crude extracts were stored in sealed glass vials at 4°C until use.

At the end of the final extraction, 2 g of the hydroponically cultivated melon roots were collected and used for quantitative detection of strigolactones (strigol and 5-deoxystrigol) in melon roots. After liquid nitrogen freezing and grinding, 15 ml of precooled acetone was added to the roots. The mixture was vibrated for 30 min by ultrasound, vortexed and mixed, and extracted overnight at 4°C in a shaker. After centrifugation (18514 g for 5 mins at 4°C), the acetone supernatant was taken and evaporated by nitrogen flow. When dry, 2 ml 20% acetone was added, and the solution was passed through an HLB (Hydrophile-Lipophile Balance) column (the passed fraction contained SLs) and repeated three times. Then, 2 ml of 100% acetone was added. Finally, the acetone was blown dry using nitrogen, re-dissolved with 200 μl of acetonitrile, and detected by HPLC-MS/MS (Yoneyama et al., 2008; Motonami et al., 2013). Characterization of strigolactones in the roots of melon was conducted by comparing retention times of germination stimulants on HPLC with those of synthetic standards (strigol and 5-deoxystrigol, strigolab) and by using HPLC-MS/MS.





Germination assays

Germination assays of P. aegyptiaca (Plot 2) and O. cumana seeds were conducted as reported previously (Bao et al., 2017). The crude extract of root exudates was dissolved with 1 ml isopropanol and then diluted with sterile water 4, 10, 1 × 102, 1 × 103, 1 × 104, 1 × 105, and 1 × 106 times. Then, 1 × 10-7 M GR24 (positive control) and sterile water (negative control) were used ascontrols. To exclude the effect of isopropanol on seed germination, isopropanol (4, 10, 1 × 102, 1 × 103, 1 × 104, 1 × 105, and 1 × 106 times, diluted with sterile water) was also assessed. Then, 500 μl of the test solution was used for P. aegyptiaca germination, with three replications for each test solution. The germination rates of P. aegyptiaca and O. cumana seeds were examined with a stereo microscope at 7 d after treatment.





Cross-sectioning and staining

The characterization of the resistant/susceptible phenotypes of melon was conducted by rhizotron infection experiments. The melon-P. aegyptiaca system was observed and photographed with a stereo microscope (Zeiss Discovery.V20) equipped with a digital camera (AxiaoCam ICc 5).

To examine the stage of parasite development on the host roots, small sections of tissue were dissected from the host root system at the S4 and S5 stages. The fresh root samples were fixed in FAA (5% formaldehyde + 10% acetic acid + 50% ethanol, in water) for 48 h. Paraffin sections were prepared as described previously (Bai et al., 2020). Alcian green-safranin double staining of sections was performed as described previously (Yoshida and Shirasu, 2009).

The sections were examined under a light microscope (Axio Imager M2, Zeiss, Germany) and photographed using a XiaoCam MRC digital camera. For visualization of total lignin autofluorescence, the sections were observed by epi-fluorescence under excitation at 450–490 nm. To obtain comparable images, fluorescence intensity was kept constant between samples.

For callose detection, root segments with attached haustoria were excised, and we hand-sectioned plants at 200–300 μm thickness using razorblades and kept the sections in 4°C water before staining. The sections were stained for 15–30 min in a solution of 0.1% aniline blue fluorochrome in water (Bordallo et al., 2002). Aniline blue fluorochrome was used for callose detection under UV fluorescence (340–380 nm).





Statistical analysis

ANOVA was performed using the SPSS 19.0 software. In the rhizotron evaluation and pot experiments, the number of P. aegyptiaca seedlings in each growth stage was examined by Tukey’s HSD test with melon cultivar as a factor. The data of rhizotron evaluation were presented as relative means ± SE in the form of graphs using the statistical package R (version 4.1.2, ggplot2). In the pot experiments, PH, SD, GDW, GFW, and RDW of melon cultivars were analyzed by Tukey’s HSD test. Student t test P values > 0.10, < 0.1, < 0.05 and < 0.01, < 0.001 were marked by NS, +, *, **, and ***, respectively. Photoshop (version 2019) was used for image processing. The details concerning statistics used in data analyses performed in this study are described in the respective sections of results and methods.






Results




Evaluation of melon resistance to P. aegyptiaca in rhizotron assays

Large phenotypic differences were observed among 27 melon cultivars in the various steps of development, from P. aegyptiaca seed germination to establishment on melon roots (Figure 1). Of the seed inocula, failure to germinate was highest in KR1222 (47.05%) and lowest in Naxigan (24.15%).




Figure 1 | Percentages of P. aegyptiaca at different growth stages on roots of 27 melon cultivars at 35 DAI. S0, P. aegyptiaca seeds were not germinated; S1, seeds germinated but failed to attach to the melon roots; S3, seedlings had firmly adhered to or penetrated the host roots but had not formed a vascular connection; S4, tubercle stage, the parasite had formed a vascular connection to the host roots; S5, the “spider” stage (tubercles with secondary roots) ≤ 1cm. Vertical bars represent the mean ± SE, while letters represent mean separation at P ≤ 0.05 by Tukey’s HSD test in each growth stage.



Development of the parasite at stage S1 (seeds germinated but fail to attach to host roots) was common among all cultivars. Arrested development at this stage was highest in Jingpinxiaoxiangfei (46.54%) followed by Naxigan (46.35%) and lowest in Jingtianmi No.17 (24.55%). Many of the attachments did not develop past the S1 stage due to a lack of haustorium formation.

Arrested development of the parasite at stage S3 was observed, where seeds had firmly adhered to or penetrated the host roots but had not formed a vascular connection. Successful attachment but without the formation of a tubercle was highest in Tianmicui (36.08%) and lowest in Xinmi No.28 (13.84%).

The arrested development of P. aegyptiaca at stage S4, necrosis of the tubercles, was observed in five cultivars (Jingpin 2010 0.027%, Qinghuami 0.052%, KR1326 1.37%, Huangpi 9818 0.54%, Tianmicui 1.32%) and was highest in KR1326 (1.37%) (Figure 1; Supplementary Figure 3F). In this cultivar, 1.55% of the inoculated parasites underwent arrested development at stage S4, of which the necrotic tubercles of broomrapes accounted for 88.39%.

The P. aegyptiaca seedlings at stage S5, the “spider” stage (tubercles with secondary roots), were observed in 20 cultivars and varied widely among cultivars, representing 0–2.97% of the original inocula (Figure 1). In seven cultivars (Xuemi, Huangpi 9818, Baimei, Qingcuimi, KR1327, Xinmi No.28, and KR1326), the inoculated parasites could not grow up to the S5 stage. Some necrotic broomrape at the S5 stage was observed in five cultivars (K1076, Qinghuami, Jingpinxiaoxiangfei, Mibao No.1, and Jingpin 2010).





Evaluation of melon resistance to P. aegyptiaca in pot assays

The number and biomass of P. aegyptiaca and the plant height, stem diameter, and dry weight parameters of the host were investigated to evaluate the resistance of melon to P. aegyptiaca in pot experiments (Figure 2 and Supplementary Tables 5, 6).




Figure 2 | Parasitism degree and parasitism rate of the different melon cultivars in pot experiments. Vertical and horizontal bars indicate standard errors of parasitism degree and rate, respectively (n = ~3–8, biological replicates). Only some representative melon cultivars are shown in the figure.



As shown in Figure 2, the results of the 2018 pot experiment were similar to those in 2017. Among these cultivars, the parasitism rate and degree of nine cultivars (K1217, KR1328, Mibao No.1, Naxigan, Qingcuimi, Tianmicui, Baimei, Fengwei No.8, and Xinmi 28) in 2017 pot experiments were higher than those in 2018, and the parasitism rate and degree of the other cultivars were lower than those in 2018. The mean values of parasitism rate and parasitism degree in the two years varied from 20.54 ± 10.69 to 100.00 ± 0.00 and from 0.27 ± 0.15 to 10.17 ± 2.42, respectively. According to the mean values of parasitism rate and parasitism degree of 27 melon cultivars, these could be divided into four groups: 1) a highly sensitive group comprising KR1222 with the highest parasitism degree (10.17 ± 2.42); 2) a sensitive group of 16 cultivars including K1076, K1217, Huang No.25, K1237, KR1328, Huangfei, Tianmicui, and others; 3) a resistant group composed of K1386, K1526, Jingpin 2010, Xinxuelihong, K986, Xuemi, Jingtianmi No.17, and K1238; 4) a highly resistant group including KR1326, and Huangpi 9818. Huangpi 9818 showed a lower parasitism rate and degree over the two consecutive years, significantly lower than other cultivars, and had no significant difference with KR1326.

As shown in Supplementary Table 5, P. aegyptiaca infection in various melon hosts was variable with respect to the number and biomass of P. aegyptiaca attachments. Susceptible melon had more broomrape at S6 and S7 stages and greater broomrape biomass. The arrested development of broomrape at S4, the tubercle stage, was observed in Xuemi and KR1326 and was lowest in KR1326 (0.50 ± 0.27). There were nine cultivars (K1526, Jingpin 2010, KR1328, Huangpi 9818, Mibao No.1, Qinghuami, Baimei, Jingtianmi No.17, and K1217) in which arrested development of P. aegyptiaca was observed at S5, the “spider” stage (tubercles with secondary roots). The arrested development of the parasite at S6 (sprout stage) was observed in 11 cultivars (K1237, K1076, KR1222, Jingpinxiaoxiangfei, Tianmicui, Xinmi 28, Fengwei No.8, K986, KR1327, and Qingcuimi, K1238). In five cultivars (Huang No.25, Huangfei, Naxigan, Xinxuelihong, and K1386), broomrape developed to the S7 stage (spike stage). The lowest number of broomrape attachments (0.50 ± 0.27) and broomrape biomass were observed in KR1326. The heaviest attachment dry weight of broomrape was observed in Huang No. 25 and was significantly higher than the other cultivars, followed by K1237, Huangfei, K1076, Naxigan, and KR1222. The attachment dry weight of broomrape on K1238, Huangpi 9818, Mibao No.1, Qinghuami, Baimei, Xuemi, Jingtianmi No.17, K1217, and KR1326 was close to zero.

The broomrape had no significant adverse effects (P > 0.10) on the total aboveground parts dry weight (GDW), root dry weight (RDW), plant height (PH), or stem diameter (SD) in Qingcuimi, Jingpin 2010, Tianmicui, KR1327, KR1326, Xuemi, Huangpi 9818, and Baimei (Supplementary Table 6). However, there were significant differences (P < 0.001, 0.01, or 0.05) in GDW, RDW, and PH in KR1222, K986, K1076, Huangfei, K1237, Naxigan, Jingpinxiaoxiangfei, and Huang No.25. The broomrape also had no significant adverse effects (P > 0.10) on the GDW in Xinxuelihong, Fengwei No.8, Xinmi 28, K1526, Qinghuami, Mibao No.1, K1238, K1217, KR1328, Jingtianmi No.17, Qingcuimi. The parasite reduced the RDW of Xinxuelihong, Fengwei No.8, Xinmi 28, K1526, Qinghuami, and Mibao No.1 by 45.71% (P < 0.01), 54.17% (P < 0.01), 44.83% (P < 0.05), 43.75% (P < 0.05), 28.57% (P < 0.05), and 36.36% (P < 0.05), respectively. P. aegyptiaca, also significantly reduced PH of eight cultivars, and the observed reductions were 17.65% (P < 0.01), 9.66% (P < 0.05), 41.50% (P < 0.01), 26.03% (P < 0.05), 21.42% (P < 0.001), 44.54% (P < 0.01), 16.55% (P < 0.05), 28.72% (P < 0.05) for Xinxuelihong, Fengwei No.8, Xinmi 28, K1526, K1238, K1217, KR1328, and Jingtianmi No.17, respectively. In addition, SD was reduced by 27.04% (P < 0.01) and 10.68% (P < 0.05) in Naxigan and Huang No.25, respectively.

Taken together, our results suggested that for the cultivars that were screened, K1217, Jingpin 2010, KR1326, Xuemi, Huangpi 9818, Baimei, and Jingtianmi No.17 were promising cultivars against P. aegyptiaca with low parasitism rate and parasitism degree and the growth is less affected by broomrape. In particular, Huangpi 9818 and KR1326 could provide valuable resistance against P. aegyptiaca.





Field-site screening of melon cultivars for P. aegyptiaca Resistance

Based on the numbers of aboveground P. aegyptiaca observed in the field, KR1326 was the most resistant cultivar in both the experimental station (2018) and Majiaping (2019, 2021) (Figure 3A). In 2018, the numbers of aboveground P. aegyptiaca of KR1326, Huangpi 9818, Jingtianmi No.17, K1217, and Xuemi (1.25 ± 0.26, 1.06 ± 0.38, 1.18 ± 0.18, 2.45 ± 0.44, 1.59 ± 0.47) were significantly lower than those of K1076 and Baimei.




Figure 3 | The resistance response of melon cultivars to P. aegyptiaca at the experimental station and Majiaping field sites. K1076, Xuemi, Baimei, K1217, Jingtianmi No.17, Huangpi 9818, and KR1326 were used in the field trials. (A) The number of emerged P. aegyptiaca plants per cultivar for the experimental station in 2018 and Majiaping in 2019 and 2021. Data presented are means ± SE. The letters above each bar indicate significantly different (P ≤ 0.05) groups after Tukey’s HSD test. (B) Contrasting P. aegyptiaca infection levels in the P. aegyptiaca screening trial at Majiaping (July 2021) replicate 3; sub-plots, representing cultivars are delimited by white lines. (C) The growth of Xuemi, KR1326, and K1076 at Majiaping (July 2021). Red arrows represent the emerged P. aegyptiaca shoots. (D, F) Single melon mass (Kg) per cultivar for the experimental station in 2018 and Majiaping in 2021. (E, G) Melon yield (t ha-1) per cultivar for the experimental station in 2018 and Majiaping in 2021. Data presented are means ± SE. NS, *, **, *** indicate significant differences at P > 0.05, P < 0.05, P < 0.01, and P < 0.001 respectively, by Student’s t test within a variety.



In 2019, the aboveground numbers of P. aegyptiaca of KR1326 (1.44 ± 0.26) were notably lower than those of K1076, Xuemi, and Baimei (12.00 ± 1.18, 8.75 ± 1.39, and 5.80 ± 0.56) but not significantly different from Huangpi 9818, K1217, and Jingtianmi No.17 (2.33 ± 0.40, 3.61 ± 0.64, and 17 3.26 ± 0.56).

In 2021 (Figures 3A, B), the numbers of aboveground P. aegyptiaca of all cultivars were significantly higher than in 2019. The lowest was KR1326 (9.74 ± 1.58) followed by Huangpi 9818 (14.32 ± 1.61) and K1217 (16.43 ± 3.12), and the highest was K1076 (32.24 ± 5.46). The resistance to P. aegyptiaca among cultivars varied; for example, Xuemi, KR1326, and K1076 showed different resistance in 2021 (Figure 3C). KR1326 exhibited the highest resistance to P. aegyptiaca and was more resistant than Jingtianmi No.17 and Xuemi (Figures 3A, C). This cultivar had very few emerging broomrape shoots through the soil (Figure 3C).

In summary, the field experiments confirmed the laboratory results, i.e., that some melon cultivars were resistant to P. aegyptiaca. In particular, KR1326 showed the most resistance at all field sites.





Effects of P. aegyptiaca infestation on melon yield

In the P. aegyptiaca infested fields, the average single melon weight and yield per cultivar ranged from 0.07 to 0.86 kg (average: 0.42 kg) and 0.70 to 8.81 t ha-1 (4.3 t ha-1) in 2018, and from 0.69 to 1.91 kg (average: 1.55 kg) and 7.06 to 19.58 t ha-1 (15.40 t ha-1) in 2021 (Figures 3D–G). The single melon weight and yield per cultivar in 2018 were significantly lower than in 2021. This difference was due to planting density and soil fertility.

Broomrape affected the yields of all melon cultivars compared with their controls, and the effect was more severe on the susceptible cultivars. Single melon weight and yield were significantly decreased for K1076, Xuemi, and Baimei in 2018 (at the experimental station) and 2021 (at Majiaping). Huangpi 9818 and KR1326 yield decreased by 12.03% and 14.98% in 2018 and by 15.88% and 10.88% in 2021, respectively. However, in some cultivars, the effects of broomrape were more significant and had a close relationship with the field trial results. For example, broomrape infestation reduced the K1217 yield by 25.87% at the experimental station in 2018, but not at Majiaping in 2021. Jingtianmi No.17 yield decreased by 13.94% (2018) with nonsignificant differences compared with the control but decreased significantly by 28.41% in 2021. These results suggest that broomrape altered the yields of susceptible cultivars more drastically compared to resistant cultivars. In addition, Huangpi 9818 and KR1326 yield loss was minor in K1076 in all field sites.





Resistance response of different melon cultivars against six broomrape populations

The results of rhizotron and pot experiments showed that KR1326 and Huangpi 9818 had better resistance to broomrape from Plot 2 that had been collected from processing tomatoes growing in 3rd company, Junhu, Xinjiang. To determine whether the resistance of KR1326 and Huangpi 9818 was broad-spectrum or specific to the Plot 2 P. aegyptica population, KR1326, Huangpi 9818, and K1076 (the most susceptible cultivars) were infected with P. aegyptiaca from six different populations (including Plot 2).

Figure 4 shows the attachment number and the biomass of each P. aegyptiaca group on the different melon cultivars. KR1326 and Huangpi 9818 showed the same pattern of resistance to Plot 1, Plot 2, Plot 4, and Plot 6 broomrape populations, although they were collected from different host species and different regions (Supplementary Table 2). K1076 was very susceptible to all populations of P. aegyptiaca, especially to the Plot 5 population. The amount of P. aegyptiaca biomass (AFW and ADW) of Plot 5 on K1076 was significantly higher than for other broomrape populations. Similar to K1076, the number of Plot 5 P. aegyptiaca at S5 and S6 stages and the amount of P. aegyptiaca biomass on KR1326 were significantly higher than in plants treated with P. aegyptiaca from other populations. In addition, the pattern of resistance of Huangpi 9818 to Plot 3 P. aegyptiaca differed from those of Plot 1, Plot 2, Plot 4, Plot 5, and Plot 6 P. aegyptiaca. A large number of attachments (S4 and S5 stage) of broomrape were observed on Huangpi 9818 roots, significantly higher than in other broomrape populations. A small number of broomrape plants from Plot 1 developed to S6 and S7 stages, while the development of others stagnated at the S4 and S5 stages. These results suggested that the differences in the number of different developmental stages and biomass of parasites from the same P. aegyptiaca population on different hosts were related to the strength of host-P. aegyptiaca interactions. In addition, six P. aegyptiaca populations showed consistency in the resistance response of KR1326 and Huangpi 9818 to P. aegyptiaca.




Figure 4 | Development and biomass of six P. aegyptiaca populations attached to the roots of KR1326, Huangpi9818, and K1076 at 60 DAI. (A–D) The number of P. aegyptiaca at S4, S5, S6, S7 stages per host plant. (E) Total number of underground attachments per host plant (UAN). (F) Total number of P. aegyptiaca attachments per plant (TAN). (G) Fresh weight of total attachments per host plant. (H) Dry weight of total attachments per host plant. Vertical bars represent the mean ± SE, while letters represent mean separations at P ≤ 0.05 by Tukey’s HSD test (n = 10 biological replicates).







Impact of six P. aegyptiaca populations on the growth of susceptible and resistant melon cultivars

The plant height, stem diameter, and dry biomass of the infected melon cultivars were compared with those of the noninfected plants to evaluate the impact of P. aegyptiaca infection on the growth of the host. P. aegyptiaca affected the growth of KR1326, Huangpi 9818, and K1076, and more severely affected the susceptible cultivar K1076 (Figure 5E). The parasitism by broomrape had a greater effect on the total aboveground parts dry weight, root dry weight, and plant height of the hosts, while the effect on the stem diameter was less, although the difference was significant (Figures 5A–D). Among these three cultivars, the plant height, total aboveground parts dry weight, and root dry weight of the susceptible cultivar K1076 were most influenced by broomrape, being reduced by 33.17–72.97%, 30.51–54.63%, and 62.42–83.35%, respectively. In the two most resistant cultivars, KR1326 and Huangpi 9818, total aboveground parts dry weight, root dry weight, and plant height were slightly suppressed, but still significantly (Figures 5A–D). These results suggest that P. aegyptiaca altered the biomass of susceptible cultivars more compared to resistant cultivars.




Figure 5 | Effects of six P. aegyptiaca populations on the growth of different resistant melon cultivars. (A) Effects of P. aegyptiaca on melon total aboveground parts dry weight (GDW). (B) Effects of P. aegyptiaca on melon root dry weight (RDW). (C) Effects of P. aegyptiaca on melon plant height (PH). (D) Effects of P. aegyptiaca on melon stem diameter (SD). (E) Growth of melon after inoculation with or without broomrape from six populations. Vertical bars represent the mean ± SE, while letters represent mean separations at P ≤ 0.05 by Tukey’s HSD test (n = 10 biological replicates).







Evaluation of the germination-inducing activity of preattachment resistance

The resistant cultivar KR1326 was selected for detailed germination-inducing activity and microscopic characterization. The germination induction effect of KR1326 root exudates in comparison with K1076 on seeds of P. aegyptiaca and O. cumana is shown in Figure 6. In all cases, null germination was observed when both P. aegyptiaca and O. cumana seeds were treated with distilled water (negative control). After treatment with GR24 at 1 × 10-7 M (positive control), the two parasites’ seed germination rates were 94.29% ± 1.35% and 42.79% ± 1.51%, respectively.




Figure 6 | Differences in root exudate of susceptible (K1076) and resistant (KR1326) melon cultivars for germination induction of P. aegyptiaca (A) and O. cumana (B) seeds and differences in contents of 5-DS and Strigol in roots (C). The crude extract of K1076 and KR1326 root exudates was dissolved with 1 ml isopropanol and then diluted with sterile water 4, 10, 1 × 102, 1 × 103, 1 × 104, 1 × 105, and 1 × 106 times (n ≥ 3 replicates). Seeds were treated with isopropanol diluted with sterile water at 4, 10, 1 × 102, 1 × 103, 1 × 104, 1 × 105, and 1 × 106 times as negative controls. Seeds treated with or without GR24 at 1 × 10-7 M were always included as positive and negative controls, respectively. (C) Amounts of 5-DS and Strigol (ng/g) in roots (2g) of K1076 and KR1326 obtained in hydroponics (n=3 biological replicates). (D) 1 × 102-time concentrated root exudates from K1076 and KR1326 and GR24 induced germination of P. aegyptiaca and O. cumana. Experiments were repeated at least three times. Scale bar, 500 μm. Vertical bars represent the mean ± SE and P value was conducted by Student t test.



The results showed that different concentrations of isopropanol did not affect the germination of P. aegyptiaca or O. cumana seeds (Figures 6A, B). At the same time, the data showed that the germination percentage of P. aegyptiaca was higher than that of O. cumana treated with K1076 and KR1326 root exudates. Treatments with 4, 10, 1 × 104, 1 × 105, and 1 × 106 times the concentration of root exudates of K1076 and KR1326 induced negligible to little (0–4.8%) germination, while 1 × 102 times the concentration of root exudates of K1076 and KR1326 induced high germination of P. aegyptiaca seeds (86.42 ± 2.10% and 87.70% ± 1.37%, P = 2.47) and O. cumana seeds (24.39% ± 4.46% and 21.34.01% ± 3.67%, P = 0.58) (Figures 6A, B, D). In addition, 1 × 103 times the concentration of root exudates from K1076 (87.53% ± 0.70%) also highly induced seed germination of P. aegyptiaca, and the percentage was higher than in KR1326 (75.93% ± 4.05%) (P = 0.05). However, germination of O. cumana seeds with 1 × 103 times the concentration of root exudates from K1076 (18.05% ± 2.58%) was significantly higher than that induced by KR1326 (1.33% ± 0.17%) (P = 0.003).

HPLC-MS/MS analyses of 5-DS and strigol of root extracts of K1076 and KR1326 are shown in Figure 6C. The 5-DS was detected in roots of both K1076 and KR1326. The concentration in KR1326 root extracts was 0.27 ng/g, slightly higher than for K1076 (0.22 ng/g) (P = 0.008). Strigol was not detected in the roots of either melon cultivar.





Histological analyses

Melon cultivars displayed striking differences in their ability to support the growth and development of P. aegyptiaca. To understand how melon cultivars resisted P. aegyptiaca parasitism, we performed microscopic observations of P. aegyptiaca haustoria on K1076 and KR1326 roots at 7, 9, 16, and 23 DAI. Here, 7- and 9-d-old parasites on KR1326 and K1076 were phenotypically indistinguishable (Figure 7A). No clear discoloration was found on the roots of either cultivar at the parasite attachment site at this early stage (Figure 7A). This indicates that the hypersensitive response (HR) was not involved in the resistance response. At 16 DAI, broomrape had successfully penetrated the K1076 and KR1326 root cortex and established connections with the host vascular system. There was the formation of an enlarged tubercle, an indication of the successful vascular connection between the host and parasite. Compared with K1076, broomrape on KR1326 only showed minor distinguishable phenotypic differences of slight discoloration or browning on KR1326 (Figure 7A, black arrow). However, resistant interactions had significantly more discolored tubercles (S4B) (P < 0.001) and lesser healthy tubercles (S4H) (P < 0.001) by comparison to susceptible interactions (Figure 7B). However, at 23 DAI, dramatically different phenotypic responses were observed among the susceptible and resistant interactions (P < 0.01 for S4H; P < 0.001 for S4DB and S5H). The parasite’s secondary roots thrived in susceptible interactions, and the haustoria significantly expanded (Figure 7A). In stark contrast, the appearance of the parasite on KR1326 showed severe browning and was significantly smaller (Figure 7A, red arrow) than the parasite on K1076. This indicates that the resistance of KR1326 against P. aegyptiaca may be related to the inhibition of the growth and development of the parasite.




Figure 7 | Differential response of K1076 and KR1326 to parasitism by P. aegyptiaca. (A) Representative photographs illustrating the phenotypic response of K1076, a susceptible cultivar, and KR1326 a resistant cultivar, to parasitism by P. aegyptiaca. Shown are the appearance of broomrape and the attachment sites at 7, 9, 16, and 23 DAI (the broomrape was in S2, S3, S4, and S5 stages, respectively). Bars = 200 μm. (B) Measured percentage of each different phenotypic event category during the interaction of P. aegyptiaca with resistant (KR1326) and susceptible (K1076) melon roots at 11, 16, and 23 DAI (n = 5~10). The abbreviation of the phenotypic event categories are as follows: S3, seeds had firmly adhered to or penetrated the host roots but had not formed a vascular connection; S4H, healthy tubercles; S4B, tubercle slight discoloration (black arrow); S4DB, tubercle severely browning or necrosis (red arrow); S5H, broomrape is healthy in the “spider” stage; S5DB, broomrape shows severe browning or necrosis in the “spider” stage. Data presented are means ± SE. *, **, *** indicate significant differences at P < 0.05, P < 0.01, and P < 0.001 respectively, by Student’s t test within a variety.



To clarify the changes in cell structure associated with the resistance mechanism by which the host root inhibits parasite development, histological analyses were performed on sections of infected roots containing an attached parasite tubercle (Figure 8). At 16 DAI, in K1076 and KR1326 roots the P. aegyptiaca endophyte (en) and xylem cells invaded the central cylinder and established vascular connections (Figures 8A, C). The cells of broomrape occupied the host central cylinder tissues. Compared to the resistant cultivar KR1326, a large number of densely blue-stained cells (red arrow) are present in the apical part of the parasite in K1076 roots, indicating that the haustorial tissues had begun to differentiate (Figure 8A). A transverse section through a haustorium on K1076 at 23 DAI showed well-developed xylem (px), young stem meristem (red arrow), and root meristem (white arrow) (Figure 8E). Ultraviolet (UV) autofluorescence further confirmed that lignin autofluorescence was more robust in the xylem tissues of parasites (red triangle) in K1076 roots (Figure 8F) than in KR1326 (Figure 8H).




Figure 8 | Transverse sections through the root and P. aegyptiaca attachment in compatible and incompatible interactions at 16 and 23 DAI. (A, E) Light micrograph of a cross-section in a healthy broomrape on K1076 (16 and 23 DAI). (I) Detail of (E). (B, F, J) The same as (A, E, I) under fluorescence microscopy (450–490 nm). (C, G) Light micrograph of a cross-section in a slightly discolored and severely browned tubercle on KR1326 (16 and 23 DAI). (K) Detail of (G). (D, H, L) The same as (C, G, K) under fluorescence microscopy (450–490 nm). p, parasite (P. aegyptiaca); px, parasite xylem; hx, host xylem; he, host endodermis; hc, host root cortex; en, endophyte. The red arrow indicates the young stem meristem of the broomrape; the white arrow indicates the secondary root meristem; the white triangle indicates autofluorescence of the host xylem; the red triangle indicates autofluorescence of the xylem of the broomrape; the black triangle indicates the accumulation of secondary metabolites in the host cell wall; the red box indicates parasite xylem, and a white border indicates parenchyma cells of the parasite. Bars = 200 μm.



In contrast, for the roots of KR1326, the haustorium differentiation of the parasite was not apparent. A more detailed observation of the resistant interactions showed that the host xylem cells in contact with the parasite intrusive cells presented a thickening of their walls stained intensely red with safranin (Figure 8K). We also observed the reddish coloration in the intercellular spaces between the host xylem and intrusive parasite cells (black triangles). This phenomenon may be caused by the accumulation of large amounts of secondary metabolites at this site. In addition, columns of discontinuous xylem (red box) and blue-stained parenchyma cells (white border) of the broomrape embedded between the endodermis and xylem of the host root were observed (Figure 8K). Observation of these sections under a fluorescence microscope showed an intense green fluorescence in both the xylem of the parasite inside the host (red triangle) and host (white triangle) (Figure 8L). The above results show that vascular continuity was established between parasite and host but that there was poor haustorium tissue differentiation on KR1326 compared with K1076. This raises the possibility that KR1326 either lacks key specific primary/secondary metabolites/signals necessary for haustorium differentiation or that the presence of a P. aegyptiaca-specific metabolite(s) prevents haustorium development.

Aniline blue fluorochrome staining was used to detect callose accumulation at the P. aegyptiaca-KR1326 resistant interaction sites (Figures 9E–H) and P. aegyptiaca-K1076 susceptible interaction sites (Figures 9M–P). The melon roots of non-infected K1076 (Figures 9I–L) and KR1326 (Figures 9A–D) were used as controls. Some callose deposition occurred in cells at the KR1326-parasite interface and host endodermis (Figures 9G, H). The resistant interaction showed stronger fluorescence than susceptible interaction (Figures 9O, P).




Figure 9 | Cross-sections of incompatible and compatible interactions of P. aegyptiaca on KR1326 and K1076 stained with aniline blue at 16 DAI. Callose deposition shows as a blue-white fluorescence (arrows). (A, B, E, F) Light micrographs of fresh hand-cut sections of noninfected (A, B) and infected (E, F) with broomrape roots of KR1326. (C, D, G, H) The same as (A, B, E, F) observed under fluorescence (340–380 nm). (H) Magnification of the square box in (G). (I, J, M, N) Light micrograph of a fresh hand-cut section of a noninfected (I, J) and infected (M, N) with broomrape roots of K1076. (K, L, O, P) The same as (I, J, M, N) observed under fluorescence (340–380 nm). (P) Magnification of the square box in O. Bars = 100 μm. h, host; p, parasite (P. aegyptiaca); hx, host xylem; en, endophyte.








Discussion




Screening of melon for resistance to P. aegyptiaca

In many previous studies, the resistance level to Orobanche spp. in diverse cultivated crops was evaluated using different approaches and parameters based on the number of Orobanche tubercles/shoots per host plant and the impacts on yield and host development (Labrousse et al., 2001; Echevarría-Zomeño et al., 2006; Trabelsi et al., 2016; Bai et al., 2020).

In this study, a rhizotron experiment was performed to evaluate the resistance of 27 melon cultivars against P. aegyptiaca. Regarding the analyses of P. aegyptiaca resistance in the rhizotron experiment, the results showed that K986, Mibao No.1, Jingpin 2010, Xinxuelihong, K1217, Huangpi 9818, Baimei, Qingcuimi, KR1327, Xinmi No.28, and KR1326 with lower tubercles numbers were highly resistant against P. aegyptiaca compared to Naxigan. However, the resistance ranking by the parasitism degree and rate in the pot experiment showed that K1217, Mibao No.1, Qingcuimi, Baimei, KR1327, and Xinmi No.28 were susceptible to P. aegyptiaca. This inconsistency likely occurred because of the variability in broomrape sizes. For example, a melon cultivar may have multiple small-sized attachments (in tubercle stage) with postattachment resistance. This variation likely skewed the data and gave the impression that this cultivar was susceptible to broomrape. Previous studies showed that the mean number of attachments and the parasitism degree and rate did not accurately determine the resistance of host plants (Trabelsi et al., 2016; Mbuvi et al., 2017). For this reason, mean broomrape biomass seemed to be a good measure of resistance, as it considered both the number of attached parasites as well as their size. Rubiales et al. (1996) suggested that a screening based only on the number of emerged stems was misleading and that the health of the host plant must also be considered. In the pot experiment, K1217, Jingtianmi No.17, KR1326, Xuemi, Huangpi 9818, and Baimei showed better resistance. P. aegyptiaca had no significant adverse effects on GDW, RDW, PH, or SD in these cultivars, and the biomass of broomrape was significantly lower than in the susceptible control.

Laboratory analysis provided a unique opportunity to minimize environmental variation and ensure that the observed resistance rankings could be confidently associated with the cultivar (Mbuvi et al., 2017). However, these data did not always translate to the field due to other factors that may influence resistance through genetic χ environment interactions, which have been observed before for Striga and Phelipanche ramosa (Rodenburg and Bastiaans, 2011; Rodenburg et al., 2015; Stojanova et al., 2019). Therefore, field trials were carried out to verify the results of laboratory observations. The result was similar to the resistance rankings of melon cultivars screened in the laboratory. Field trial results showed that among seven tested cultivars (K1217, Jingtianmi No.17, KR1326, Xuemi, Huangpi 9818, Baimei, and K1076), Huangpi 9818 and KR1326 showed stable resistance levels to P. aegyptiaca at all field sites as expressed by a low number of emerged broomrape spikes. In addition, the yields of Huangpi 9818 and KR1326 were less affected by P. aegyptiaca, and the difference was not significant compared to the controls. By contrast, Xuemi and Baimei had 1.59–7.75 and 5.8–6.5 emerged broomrape spikes, significantly more than KR1326.





KR1326 and huangpi 9818 exhibit broad-spectrum resistance against P. aegyptiaca populations

Our study indicates that the resistance in KR1326 and Huangpi 9818 are relatively broad spectrum and therefore potentially of great interest to farmers in the short term as well as for longer-term studies of the genetic basis of resistance for breeding. And, we found that Plot 5 P. aegyptiaca showed more underground attachments and biomass on KR1326 and emerged shoots on K1076 than broomrape from other populations. This indicates that the parasitic ability of Plot 5 was stronger than in P. aegyptiaca from other broomrape populations. However, Plot 3, 4, and 5 broomrapes were collected from processing tomatoes in Bayinytgolin Mongolia Autonomous Prefecture. In other words, variation in parasitic ability occurred even within the same broomrape ecotype. This phenomenon was similar to that observed in Striga (Mbuvi et al., 2017). The authors found that a Striga ecotype from Alupe was significantly more virulent than Mbita but was less virulent than the ecotype from Kibos, and they believed that it was difficult to associate virulence with a specific eco-geographic region. Huang et al. (2012) suggested that the high genetic diversity of the Striga seed bank led to rapid evolution/build-up of virulent genotypes from a subset of the natural seed bank population. However, the results of this study clearly show that there are differences in parasitic ability among the same ecotype of broomrape populations. Therefore, spatial and temporal stability and durability of P. aegyptiaca resistance have to be further ascertained taking into account variability in environmental conditions and virulence between P. aegyptiaca ecotypes.





Evaluation of the germination-inducing activity of preattachment resistance

Previous studies have shown that low induction of germination plays a significant role in host resistance (Yoder and Scholes, 2010; Dor et al., 2011; Fernández-Aparicio et al., 2012; Trabelsi et al., 2016), but little is known about its involvement in melon response to infection by P. aegyptiaca. The results of our study indicated that the resistance in KR1326 was not related to low induction of P. aegyptiaca germination, since germination of P. aegyptiaca seeds was similarly stimulated by exudates of the susceptible cultivar K1076. In addition, 5-DS was detected in the roots of both cultivars, and the content was not significantly different; this result also further supports our conclusion that the resistance mechanism was not related to low induction of P. aegyptiaca germination. Our study did however detect differences between K1076 and KR1326 for germination induction of O. cumana, a broomrape species with a narrow host range that mainly parasitizes sunflowers and whose seeds germinate under low concentrations of sunflower-specific sesquiterpene lactones (Cala et al., 2017). The results showed that root exudates of K1076 induced higher levels of O. cumana germination in comparison with KR1326, but lower than positive control GR24. This result could explain the nonhost resistance of melon to O. cumana being due to low induction of germination of O. cumana.





Characteristics and phenotypes of melon resistant to P. aegyptiaca

Different numbers of attached parasites developed successfully (compatible) or underwent necrosis (incompatible) on K1076 and KR1326. The failure of parasites to develop after attachment was associated with the appearance of broomrape tubercles darkening at the site of attachment at 23 DAI. A similar resistant phenotype was observed in legumes infected by O. crenata (Pérez-de-Luque et al., 2005). In this case, the tubercle necrosis reaction was associated with the lignification of host endodermis and pericycle cells at the penetration site. Cissoko et al. (2011) also showed that Striga grew slowly and remained small after forming only a few connections to the host xylem in the Striga-rice (NERICA) resistance interaction. However, this type of resistance differs from that observed in cowpea-Striga (Li and Timko, 2009; Su et al., 2020), sunflower-O. cumana (Duriez et al., 2019), or tomato-Cuscuta (Jhu et al., 2022). Following parasite attachment, a proportion of the parasites died owing to the onset of a rapid hypersensitive reaction between parasite and host. In our study, no clear discoloration was observed on the KR1326 roots at the parasite attachment site at 7, 9, 16, and 23 d, indicating that HR was not involved in the resistance response.

In this study, transverse sections through incompatible parasite attachments showed that the host xylem cells in contact with the parasite intrusive cells presented a thickening of their walls that stained intensely red with safranin. In addition, the safranin staining substance was also observed in the intercellular spaces between host cells and intrusive parasite cells (black triangles). Pérez-de-Luque et al. (2005) suggest that this secretion is derived from the haustorial cells of broomrape. The accumulation of secretions at the infection site may lead to the activation of xylem occlusion that may cause further necrosis of established tubercles. The accumulation of defensive secondary metabolites is an effective plant defense and competition strategy for deterring Orobanchaceae parasites (Jhu and Sinha, 2022). This observation is reminiscent of a safranin-stainable substance accumulated in the contact zone between S. hermonthica and Lotus japonicus (Yoshida and Shirasu, 2009). Lignification of endodermal cell walls in contact with parasitic tissues was observed in resistant fava beans upon O. crenata attack (Pérez‐de‐Luque et al., 2007). This can be explained by delayed penetration and establishment as a result of the barriers activated by the resistant host; it would take more time for the parasite to establish a functional haustorium because it must overcome the resistance mechanisms.

Callose deposition was observed in the resistance interaction at the host–parasite interface and in the middle lamellae and cell walls of some xylem vessels. This suggested that callose may be implicated in cell wall reinforcement. Reinforcement of host cell walls by callose deposition, a β-1,3-glucan polymer, appears to be the main factor responsible for resistance in this case (Pérez-de-Luque et al., 2007). In both resistant fava bean and pea plants, callose accumulation to reinforce cell walls and hamper O. crenata penetration was also observed (Pérez-de-Luque et al., 2006; Pérez-de-Luque et al., 2007). Because the reinforcement of cell walls by callose requires cross-linking of hydroxyproline-rich glycoproteins (Brown et al., 1998), protein cross-linking may also take place. Therefore, in subsequent experiments, the presence of protein crosslinks in the cell wall should also be investigated.






Conclusion

Breeding of resistant cultivars is considered an essential and cost-effective component of the integrated broomrape management program. This study has shown that KR1326 exhibited very strong postattachment resistance and tolerance to P. aegyptiaca. The high postattachment resistance was partly attributable to the development of broomrape being arrested. Candidate melon cultivars for P. aegyptiaca resistance have been identified and are available for multiplication and subsequent improvement. However, the molecular mechanisms underlying this form of resistance to P. aegyptiaca remain unclear. Therefore, it is essential to use genetic and melon genomic techniques to “pinpoint” the resistance mechanisms that are responsible for resistance in melon. Such insights would facilitate the stacking of appropriate resistance loci in farmer-preferred and parasite-tolerant cultivars to enhance the durability and stability of defense in the long term (Scholes and Press, 2008; Rodenburg and Bastiaans, 2011).
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Supplementary Figure 1 | (A) Map of the six sampled P. aegyptiaca plots in Xinjiang, China. (B) Phylogenetic tree of ITS and rps2 gene constructed using maximum likelihood method. Branches with a bootstrap inferior than 60 are indicated in grey; branches with a bootstrap between 60 and 80 are indicated in yellow; branches with a bootstrap between 81 and 100 are indicated in red.

Supplementary Figure 2 | The sketch of the field layout screening trial plot. (A) The sketch of the plot at the Majiaping screening trial in 2019 and 2021. (B) The sketch of the plot at the Experimental station screening trial in 2018.

Supplementary Figure 3 | P. aegyptiaca growing on the roots of muskmelon cultivars (in rhizotrons) at 35DAI. (A, B) K1076 and K1237 are very susceptible, showing many P. aegyptiaca attachments. (C) Huang No.25 is susceptible, showing broomrape can develop to the “spider” stage. (D) Many tubercles grow on the roots of KR1328. (E, F) Huangpi 9818 and KR1326 exhibited good levels of resistance to the parasite with many necrotic tubercles. The black arrow indicates that broomrape can grow and develop normally, and the red arrow indicates that the tubercle is necrotic.
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iReenCAM: automated imaging system for kinetic analysis of photosynthetic pigment biosynthesis at high spatiotemporal resolution during early deetiolation
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Seedling de-etiolation is one of the key stages of the plant life cycle, characterized by a strong rearrangement of the plant development and metabolism. The conversion of dark accumulated protochlorophyllide to chlorophyll in etioplasts of de-etiolating plants is taking place in order of ns to µs after seedlings illumination, leading to detectable increase of chlorophyll levels in order of minutes after de-etiolation initiation. The highly complex chlorophyll biosynthesis integrates number of regulatory events including light and hormonal signaling, thus making de-etiolation an ideal model to study the underlying molecular mechanisms. Here we introduce the iReenCAM, a novel tool designed for non-invasive fluorescence-based quantitation of early stages of chlorophyll biosynthesis during de-etiolation with high spatial and temporal resolution. iReenCAM comprises customized HW configuration and optimized SW packages, allowing synchronized automated measurement and analysis of the acquired fluorescence image data. Using the system and carefully optimized protocol, we show tight correlation between the iReenCAM monitored fluorescence and HPLC measured chlorophyll accumulation during first 4h of seedling de-etiolation in wild type Arabidopsis and mutants with disturbed chlorophyll biosynthesis. Using the approach, we demonstrate negative effect of exogenously applied cytokinins and ethylene on chlorophyll biosynthesis during early de-etiolation. Accordingly, we identify type-B response regulators, the cytokinin-responsive transcriptional activators ARR1 and ARR12 as negative regulators of early chlorophyll biosynthesis, while contrasting response was observed in case of EIN2 and EIN3, the components of canonical ethylene signaling cascade. Knowing that, we propose the use of iReenCAM as a new phenotyping tool, suitable for quantitative and robust characterization of the highly dynamic response of seedling de-etiolation.
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1 Introduction

De-etiolation is one of the most dramatic stages in the plant life cycle, leading to a substantial re-arrangement of plant developmental program and a switch from heterotrophic to autotrophic metabolism. Light is the main trigger of de-etiolation, associated with inhibition of hypocotyl elongation, expansion and unfolding of the cotyledons and synthesis of individual components of the photosynthetic apparatus and photoprotective pigments (Casal et al., 2003; Chen et al., 2004). During de-etiolation, the plants must solve a problem of balancing the chlorophyll biosynthesis and assembly of the light-harvesting complexes, as the chlorophyll biosynthesis intermediates and the free chlorophyll itself can lead to harmful singlet oxygen formation due to photooxidation (Reinbothe et al., 1996). Furthermore, the chlorophyll biosynthesis is a part of the tetrapyrolle metabolism, including production of heme, siroheme and phycobillins, thus affecting the light signaling due to production of phytochromobilins, the cofactors of light-responsive phytochromes. As a consequence, the light-induced chlorophyll biosynthesis is tightly controlled by a number of regulatory components [reviewed in (Kobayashi and Masuda, 2016)].

Chlorophyll biosynthesis is a multistep metabolic pathway taking place in plastids. Briefly, protochlorophyllide, the chlorophyll precursor is synthesized in the darkness from the L-Glutamate and tRNAGlu leading (through number of steps) to formation of 5-aminolevulonic acid (ALA), the universal precursor for all tetrapyrroles. Another important intermediate produced downstream the pathway is protoporphyrin IX, the precursor for the synthesis of both heme, allowing production of phytochromobilin, and protochlorophyllide, being converted upon illumination to chlorophyll [for more detailed description see (Tanaka et al., 2011; Brzezowski et al., 2015; Kobayashi and Masuda, 2016)].

Phytochrome-mediated light signaling controls the expression of genes encoding several enzymes involved in the chlorophyll biosynthesis. Based on their responsiveness to light and circadian rhythm, the genes coding for chlorophyll metabolism enzymes were categorized into four clusters (Matsumoto et al., 2004). Genes from the cluster 1 were found to be repressed in the etiolated seedlings but promptly upregulated by light as soon as 1 h after irradiation, reaching their nearly-maximal levels at around 3 h after light-mediated de-etiolation stimulation (Matsumoto et al., 2004; Kobayashi and Masuda, 2016). The cluster 1 genes include GLUTAMYL-tRNA REDUCTASE (HEMA1), encoding ferrochelatase involved in ALA synthesis, one of the rate-limiting steps of the entire tetrapyrrole metabolic pathway. Cluster 2 comprises the genes from the earlier to the later steps, but in the contrast to genes from cluster 1, cluster 2 is primarily not affected by circadian control. Genes belonging to cluster 3 are not regulated neither by light nor circadially. Finally, the cluster 4 is formed by PROTOCHLOROPHYLLIDE OXIDOREDUCTASE A (PORA) and PORB only. Transcripts of both genes accumulate in the darkness and decrease upon illumination (Kobayashi and Masuda, 2016).

However, despite a rather prompt upregulation of chlorophyll biosynthetic genes, the chlorophyll formation starts much faster in the de-etiolating seedlings, leading to significant chlorophyll accumulation in order of minutes after irradiation [(Virgin et al., 1963), this work]. This is the result of photocatalysis mediated by light-dependent PORs, unique enzymes directly activated by light. The PORs form a complex with dark-synthesized protochlorophyllide and NADPH and oligomerize, leading to formation of paracrystalline structures in the etioplast membranes called prolamellar bodies (Heyes et al., 2021; Zhang et al., 2021). Upon irradiation, the protochlorophyllide in the complex acts as both the substrate and the light-sensing chromophore, initiating its own C17-C18 double bond reduction in the active site of PORs [(Heyes et al., 2021) and references there in]. The light absorption by the POR-protochlorophyllide-NADPH complex and the following electron and proton transfer between the NADPH and the protochlorophyllide tetrapyrrole ring takes place in order of ns to µs, representing the very first event in the plant de-etiolation and triggering an entire regulatory cascade initiating seedling de-etiolation (Belyaeva and Litvin, 2014; Heyes et al., 2021).

Cooperatively with light, hormones contribute to the regulation of the chlorophyll biosynthetic pathway [reviewed in (Liu et al., 2017)]. Cytokinins were shown to upregulate the ALA biosynthesis via upregulating the amount of tRNAGlu in plastids as well as levels of glutamyl-tRNA in greening cucumber cotyledons (Masuda et al., 1994). Similarly, higher protochlorophyllide formation was observed in lines with upregulated endogenous cytokinin levels due to deficiency in cytokinin degradation (Hedtke et al., 2012). Both endogenous cytokinins upregulation as well as exogenous cytokinins application was found to activate expression of number of chlorophyll biosynthetic genes including HEMA1, which has shown to be direct target of cytokinin signaling (Tanaka et al., 2011; Hedtke et al., 2012; Cortleven and Schmulling, 2015; Cortleven et al., 2016; Kobayashi and Masuda, 2016). In addition to cytokinins, de-etiolation is under control of another important plant growth regulator ethylene, acting as negative regulator of protochlorophyllide formation, but positive factor of cotyledon greening, able to rescue the cop-like phenotypes in etiolated Arabidopsis (Zhong et al., 2009; Zhong et al., 2010).

Here we present a new tool, iReenCAM (inducible gReening CAMera), which was designed to accurately monitor chlorophyll dynamics at early stages of de-etiolation on a minute-scale after illumination of etiolated Arabidopsis seedlings. Our fluorescence measurement data obtained in both wild type and chlorophyll biosynthesis-deficient mutant lines significantly correlate with the HPLC-based quantification of chlorophyll levels, thus establishing the iReenCAM as a sensitive non-invasive tool with high spatial and temporal precision. To illustrate its utility, we compared responses of Arabidopsis seedlings to exogenous cytokinin and ethylene treatment, two important plant hormones previously shown to affect chlorophyll metabolism. Finally, we tested several Arabidopsis mutant lines deficient in the components of cytokinin and ethylene signaling, which led to the identification of essential components of the multistep phosphorelay affecting the chlorophyll status of the plant.




2 Materials and equipment



2.1 Plant material and growth conditions

Set of Arabidopsis thaliana mutants lacking chloroplastic FtsHs ftsh1, ftsh2, ftsh5, ftsh8 ecotype Columbia (Col-0) (Duan et al., 2019) and porB, porC ecotype Landsberg erecta (Ler-1) (Frick et al., 2003) as well as corresponding wild-type, were kindly provided by Prof. Chanhong Kim (Shanghai Center for Plant Stress Biology, China). The cytokinin type-B ARR mutants [arr1-3, arr12-1 (Mason et al., 2005); arr10-5 (Argyros et al., 2008)), and ethylene-insensitive mutants [ein2-1, ein3-1 (Roman et al., 1995)] were obtained from the Nottingham Arabidopsis Stock Centre.

Arabidopsis seeds (10-20 mg) were surface-sterilized by washing with 70% ethanol and then rinsed with sterile water several times. Seeds were sown in square Petri plates (120 x 120 x 17mm) containing 1.5% (w/v) Gelrite (Duchefa Biochemie, Haarlem, The Netherlands) following optimized sowing protocol as described further. In the case of the cytokinin and ethylene application, the appropriate hormone diluted from 5 mM stock solution was directly added to the cultivation media in final concentrations of 10, 100, 500 nM, and 1uM. For cytokinin treatments, 6-benzylaminopurine (BAP, Sigma) solution dissolved in dimethyl sulfoxide (DMSO, Sigma) was used. The seedlings were grown on 1.5% Gelrite containing BAP and DMSO as a control. The final DMSO concentration of 0.001% was kept in both control and BAP dilution. For ethylene treatments, water-soluble 1‐aminocyclopropane‐1‐carboxylic acid (ACC, Sigma) was applied.

Sowing and cultivation protocol was precisely optimized. Sowing grid with 3 rows divided in 5 areas (Supplementary Figure 1) was used for seed sowing with approximately 40 seeds sown per each area. The density of the seeds was optimized to minimize shading of neighboring plants and ensuring that all plants can be visualized. The seeding geometry was optimized in order to maximize the use of the homogeneously irradiated area and the light intensity did not drop below 70% of maximum light intensity. Each tested variant was sown in triplicate per plate with using randomised scheme and spatial separation of the individual areas.

After sowing, the plates were wrapped in aluminum foil and placed at 4˚C in darkness for 3 days. The induction of germination was done under white light (150 µmol photons m−2 s−1) for 1 h, after which seedlings were wrapped in aluminium foil and cultivated in vertical position in growth chambers for 4 days in the dark at 21 ˚C. The vertical position was used to visualize whole profile of the plant including root, hypocotyl and cotyledon. Prior measurement in iReenCAM the plates were unwrapped from the foil and in complete darkness were positioned into the pre-defined imaging position of the imager.




2.2 iReenCAM device

A new iReenCAM imaging system (Figure 1) has been developed based on the enhanced version of the Closed GFPCam FC 800-C/1010GFP pulse amplitude modulated (PAM) chlorophyll fluorometer (PSI, Czech Republic). The iReenCAM consists of high sensitivity CCD camera TOMI-2 (resolution of 1360 x 1024 pixels, frame rate 20 fps and 16-bit depth) with integrated fully motorized and software-controlled filter wheel including appropriate filter sets and four super bright LED panels with dimension of 130 x 130 mm. Two opposite panels consisted of orange-red (618 nm) LEDs (used for PAM measuring flashes), two other consisted of blue (470 nm) LEDs (used for chlorophyll biosynthesis excitation and measurement). The LED panels provide uniform irradiance over an area 90 × 90 mm (data not shown).




Figure 1 | The scheme of iReenCAM measurement and analysis pipeline. (A) Comprehensive control module for automatic and programmable image acquisition and data management based on PlantScreen™ phenotyping SW toolbox organizes the operation of the entire iReenCAM system by controlling and synchronizing the HW operation with user defined measurement and analysis protocol. (B) Measurement pipeline consists of grid-defined seed sowing, followed by stratification, light induction and vertically oriented Petri plate cultivation. The measuring protocol allows dynamic measurements of the fluorescent images of a sample in 2-minute intervals for 4 hours in total, i.e. 120 measuring rounds. Time visual frame of representative false-color image of vertically oriented 4-day-old Arabidopsis seedlings acquired at time 180 min is used for ROI mask generation. (C) Mask defining ROI for cotyledon, hypocotyl and root zone is applied on time visual frame, further background subtraction is performed and plant mask is extracted. Next plant mask for the zone of interest of the seedlings is applied to images from all measured rounds and pixel by pixel fluorescence values for each ROI from all measured rounds is extracted. Finally, mean and SD values for given ROI (here for cotyledons only) was calculated (n=9) of raw data (fluorescence F) normalized to the mean fluorescence value at T0 (F0). Scale bars = 1 cm (A) and 0.25 cm (C).



The RG695 color-glass optical filter (Schott) in combination with short-pass interference filter (SP750), installed into a filter wheel in front of the CCD camera, was applied to detect the chlorophyll fluorescence. The filter set transmits the light in spectral region between 680–750 nm (discussed in Figure S1). The distance between the CCD camera and the sample was approximately 20 cm. The system is compact and light insulated allowing easy dark adaptation of an investigated sample.

Comprehensive control module for automatic and programmable image acquisition and data management based on PlantScreen™ phenotyping SW toolbox was used for automatic user defined data acquisition and image parameters extraction and analysis.




2.3 iReenCAM measurement and analysis

By the start of the experiment, the plate with four-days-old etiolated seedlings was in complete darkness manually placed into a light insulated cabinet of the iReenCAM device (Figure 1A). Further imaging and measuring of chlorophyll fluorescence was performed in the automatic regime using the PlantScreen™ phenotyping SW toolbox (PSI, Drásov, Czech Republic). The SW toolbox comprises i. PlantScreen™ Server application used as server service for main machine control, which executes experimental setups by client applications and provides interface to the SQL database; ii. PlantScreen™ Scheduler Client - program GUI between machine and user that connects to the server, displays actual system state, provides GUI for experiment setup and for control, and is used for visualization, planning and management of the individual experiments including protocol design; iii. PlantScreen™ Analyser software for automatic data storage in SQL database, data processing, data export and data re-analysis features (Figure 1A).

The iReenCAM protocol used in all experiments was designed using the PlantScreen™ Scheduler Client as follows. The protocol began with the exposure of etiolated seedlings to blue actinic light (470 nm) with light intensity of 240 µmol m−2 s−1 for 50 ms that refers to single measuring pulse providing 1,32 ×1019 photons per single light pulse. The integration time of the camera is synchronized with the light pulses. Thus, the time of sample illumination per single measuring round was 50 ms, too. The light pulse was followed by a dark period for subsequent 2 minutes that together was defined as one measuring round. The rounds ran automatically in sequence every 2 min for 4 hours. Single measuring protocol consisted of 120 measuring rounds (Figure 1B). The pulse of blue light generated from light-emitting diode (LED) panels initiated the chlorophyll formation in the etiolated seedlings and was in the same time used as excitation light to measure the fluorescence signal. The timing, duration, and intensity of the pulses were same for all measured rounds and were determined in the measuring protocol.

The PlantScreen™ Analyzer software was used to automatically process the raw data. The image analysis consisting of the automated ChlF feature extraction by mask application on image from measuring round acquired 3h after initiation of the measurement, i.e. frame with high contrast that is not in the saturation phase (Figure 1C). Further mask for region of interest (ROI) was defined for top part of the seedling referring to cotyledons (used for data in Figure 1C); for specific purpose also ROI for middle part of the seedlings referring to hypocotyls and bottom part referring to roots of the seedlings was used (see Figure 2). In the next step, background subtraction was performed resulting in plant mask generation (i.e. plants specific pixels) that was used for fluorescence level quantification by integrating pixel-by-pixel fluorescence values defined by plant mask for all measuring rounds acquired during one measuring protocol. Finally, the average numeric value of the chlorophyll fluorescence intensity (a.u.) for the given area was extracted from the 120 images acquired during one measuring protocol and used to quantify dynamics of chlorophyll biosynthesis.




Figure 2 |     iReenCAM allows to quantify the chlorophyll accumulation with high spatial and time resolution. The region of interest for cotyledons, hypocotyls, and roots was manually selected by the separate setting of fluorescent intensity threshold for each seedling segment (see Figure 1C). The red curve shows typical results of chlorophyll accumulation kinetics in cotyledons. Mean values ± SD, n=9 of raw data (fluorescence F) normalized to the mean fluorescence value at T0 (F0).






2.4 HPLC

The protocol for chlorophyll extraction by methanol was employed. For each time point, seedlings were collected under dim green light, dissolved in methanol, disintegrated, and placed at -20°C for 24h. After, the samples were centrifuged at 15000 rpm for 20 min at 4°C. The supernatant was removed and evaporated. Shortly before HPLC analysis, the evaporated residue was redissolved in 200 µl of cooled methanol. Then the mixture was centrifuged at 15000 rpm for 10 min at 4°C to get the pure extract for further procedure. The HPLC analysis was performed according to Garcia-Plazaola and Becerril (1999). Kinetex RP C18 column (3.5 µm; 4.6x100 mm) was used for chromatography. The mobile phase consisted of two components: solvent A, acetonitrile:methanol:Tris buffer (0.1 M, pH 8.0) (42:1:7); and solvent B, ethyl acetate:methanol (17:8). Both solvents were of HPLC grade and degassed by ultrasonic bath for 30 min. The pigments were eluted using a linear gradient from 100% A to 100% B for the first 12 min with an isocratic elution with 100% B for 6 min. This step was continued with a 1 min linear gradient from 100% B to 100% A and isocratic elution with 100% A for the next 6 min for the column re-equilibration with solvent A before the next injection. The solvent flow rate was 1.2 mL/min, with working pressures below 1000 psi. The injection volume was 50 µl. The temperature of the column was 25°C. Chlorophyll pigment separation and identification were performed using individual pigment standards. Peaks were detected and integrated at 436 nm. Average concentrations of chlorophyll pigments (mg/g of Fresh Weight) were obtained from the three independent experiments.




2.5 Statistical analysis

Three independent experiments, each with at least three biological replicates were performed for statistical evaluation. The resulting graphs are based on the means and their standard deviations. The statistical significance of the difference between genotypes and treatments was assessed by the mixed models’ approach (Spyroglou et al., 2021). For the pairwise comparison of genotypes, the Benjamini-Hochberg Procedure correction method was used.




2.6 Steady-state fluorescence analysis at low-temperature (77 K)

Low temperature fluorescence spectra were measured in liquid nitrogen (77 K) with a CCD-array spectrometer SM-9000 spectrometer (Photon Systems Instruments, Czech Republic). The fluorescence was detected in 90° angle to the excitation beam of blue light (LED 420 nm). Samples of 4-days-old Arabidopsis seedlings (WT Col-0) were frozen in liquid nitrogen in the similar timepoints as for HPLC. Samples were placed on the metal spoon and immersed in the measuring cuvette pre-chilled by liquid nitrogen. Fluorescence emission spectra were collected with integration time 5 s. The presented spectra were corrected to the reference measurement (empty metal spoon cleaned by ethanol).




2.7 Measurement of OJIP chlorophyll fluorescence kinetics

The chlorophyll fluorescence induction kinetics, OJIP transients (Stirbet and Govindjee, 2011; Kupper et al., 2019), of 4-day-old Arabidopsis seedlings (WT Col-0) were measured directly on the Petri plate with hand-held fluorometer AquaPen AP 110/P (Photon Systems Instruments, Czech Republic). The OJIP data were collected with the blue illumination of 470 at 1000 µmol.m-2s-1 light intensity of saturating pulse. The detection is defined by optical filters to 667 – 750 nm. The presented data were corrected to the dark offset of the instrument. Otherwise, the non-normalized data are presented to demonstrate the difference between the signal measured from the plant seedlings versus the reference measurement on pure agar-solidified MS media background.





3 Methods



3.1 iReenCAM: a novel tool for non-invasive real-time imaging of chlorophyll fluorescence in vivo

The iReenCAM refers to a comprehensive methodological platform comprising customized HW configuration and optimized SW packages, which allow synchronized automated measurement and analysis of the acquired fluorescence image data (Figure 1A). The HW design of the iReenCAM system is based on the kinetic imaging fluorometer from Photon Systems Instruments (PSI, Drasov, Czech Republic). The system is compact and allows easy dark adaptation of an investigated sample. The key component of the device is a sensitive CCD camera with high resolution (1360 x 1024 pixels) that provides sufficient spatial resolution for imaging of young Arabidopsis seedlings. Chlorophyll biosynthesis in seedlings was monitored by detecting the fluorescence emission signal of chlorophyll, the detection of which was optimized for spectral region 680–750 nm. The detection shifted towards longer wavelengths of chlorophyll emission should exclude possible crosstalk with shorter-wavelength emission of its precursors such as protochlorophyllide (see Supplementary Figure 2). The iReenCam includes a motorized, software-controlled 7-positions filter wheel with filter set designed for chlorophyll fluorescence detection in region between 680–750 nm and other 6 positions available e.g. for simultaneous detection of other fluorophores in addition to chlorophyll. Finally, the iReenCAM device comprises precisely adjustable LED panels providing uniform irradiance over samples area 90 × 90 mm. Chlorophyll biosynthesis in the etiolated seedling was induced and excited by the blue LEDs with 470nm peak wavelength. However, the iReenCAM design enables integration of up to 3 different illumination colors that opens up a wide range of possibilities for chlorophyll biosynthetic pathway regulations and mutant screening. Comprehensive control module for automatic and programmable image acquisition and data management based on PlantScreen™ phenotyping SW toolbox was used for automatic user defined measurement protocol design, data acquisition and image-based parameters extraction and analysis (Figure 1A).

To reliably assay the early stages of chlorophyll biosynthesis, number of measuring parameters were optimized. These include the actinic light intensity and wave length, the type of the growth media, seed sowing density, seedling growth (horizontal vs vertical plate orientation), the way of intensity mask generation (see next section) and the total length of the measurement period. The result of a laborious and time-consuming optimization is the presented protocol in which the fluorescent images of vertically cultivated four-days-old etiolated seedlings are acquired in 2-minute time intervals during a 4-hour measurement period (see Materials and Equipment for detailed description). Briefly, the measuring protocol was optimized as follows. Each measurement round (lasting 2 min in our study) started with a 50 ms long pulse of blue light (470 nm) with 240 µmol m−2 s−1 followed by a complete darkness until beginning of the next round (Figure 1B). In our setup, the actinic light was used for both i) inducing the initiation of chlorophyll biosynthesis in the etiolated seedling and ii) for exciting the fluorescence signal used for chlorophyll level quantification. The measuring protocol was designed to ensure that minimum required light energy was delivered to the plant samples and still enough measuring timepoints are obtained to resemble in high resolution kinetic profile of chlorophyll biosynthesis upon de-etiolation. The measurement area was optimized to ensure the maximal homogeneity of actinic light intensity for sample illumination that was kept above 70% of the maximum light intensity used (Supplementary Figure 1).

Along with high frequency of the measurements ensuring sufficient time resolution effective image-processing pipeline was employed. The PlantScreen™ Data Analyzer software was used to evaluate the intensity of chlorophyll fluorescence signal over the region of interest (ROI) defined by specific mask. The ROI mask corresponding to the individual seedling tissue types (cotyledons, hypocotyls, roots) was assigned and used as a mask for signal quantification, taking into account fluorescence signal intensity threshold set to subtract background noise (more details in Materials and Equipment, Figure 1C). The mask was defined on the image taken at the time of 3 h (showing near to maximal levels of fluorescence intensity in cotyledons, Figure 1C) and used to extract the signal intensity in the ROI, calculating the mean intensity of all the pixels from the ROI, over the 120 measuring rounds, 4 h period of single measuring protocol respectively. The output data comprised the fluorescent intensity values for the selected ROIs from all the seedlings imaged (approx. 30 seedlings of a given genotype in one cell of the sowing grid per experiment when using a typical setup). Thus, 90+ measurements (minimum 3 cells, i.e. 90 seedlings per genotype) are used to calculate the mean value at each time point, allowing robust statistical evaluation and detection of even small differences as statistically significant (see below and Materials and Equipment section).





4 Results



4.1 iReenCAM allows analysis of chlorophyll accumulation kinetics during Arabidopsis de-etiolation at high spatiotemporal resolution

Cotyledons were previously shown to accumulate chlorophyll during de-etiolation (Solymosi and Schoefs, 2010). However, the hypocotyls are also partially greening during de-etiolation. Taking advantage of the high-resolution camera used in iReenCAM, we determined the chlorophyll fluorescence separately in cotyledons, hypocotyls and roots. Using the newly established approach, we show that cotyledons reveal by far the highest dynamics in the chlorophyll accumulation when compared to hypocotyls and roots (Figure 2).

To address the sensitivity and specificity of the newly developed instrument and protocol, the chlorophyll content was assayed in de-etiolated seedlings of mutants previously shown to be affected in chlorophyll biosynthesis. Two groups of mutants were analyzed. The first group includes lines deficient in the chloroplast FtsH protease (Zaltsman et al., 2005). Mutation in the FtsHs affects chloroplast development and maintenance, leading to leaf variegation phenotype in ftsh2 and ftsh5 knockout lines, whereas single ftsh1 and ftsh8 lines reveal no obvious phenotypic alterations (Sakamoto et al., 2003). The second group comprises Arabidopsis mutant lines affected in the NADPH-PROTOCHLOROPHYLLIDE OXIDOREDUCTASE (POR) genes [porB and porC; (Frick et al., 2003)], coding for a key enzyme of chlorophyll biosynthetic pathway catalyzing light-dependent protochlorophyllide conversion to chlorophyll. In ftsh2, ftsh5 and porB lines statistically significant reduction of chlorophyll biosynthesis was detected (Figures 3A, B; Supplementary Figure 3). As expected from the previously described expression profiles and the role of selected genes in the chlorophyll biosynthesis (see Discussion), the reduction of chlorophyll fluorescence was visible throughout the majority of the assayed time course in the ftsh2, while ftsh5 and porB mutants were affected specifically in the early stages of de-etiolation.




Figure 3 | iReenCAM results tightly correlate with HPLC-measured chlorophyll a kinetics in both WT and chlorophyll biosynthesis-deficient mutants. (A, B) Chlorophyll accumulation in 4-days-old etiolated WT Col-0 and ftsh2 mutant line (A) and WT Ler-1 and porB seedlings (B). Data represent the mean values ± SD, n=9 of raw data (fluorescence F) normalized to the mean fluorescence value at T0 (F0). The green lines under the x axis depict time intervals with significantly different values between WT and the mutant (P<0.05). The time points (T0 to T8) used for seedlings collection and HPLC analysis (C, D) are designated in the charts. (C, D) Results of HPLC analysis of chlorophyll content in T0-T8 in WT Col-0 and ftsh2 mutant (C) and WT Ler-1 and porB mutant (D) seedlings. Data are the mean ± SD, n=9 of raw data (mg/g of fresh weight normalized to T8). Chlorophyll fluorescence measured by iReenCAM (normalized to T240) positively correlates with chlorophyll a content measured by HPLC analysis for both WT and mutant backgrounds used; R-value represents Pearson’s correlation coefficient.



To confirm that the iReenCAM-measured fluorescence corresponds to the chlorophyll content, we quantified the chlorophyll a and b accumulation in the same seedlings imaged with iReenCAM after methanol extraction by HPLC in selected time intervals (Figure 3). As expected, (based on the spectral properties of the filter used, see Materials and Equipment and Supplementary Figure 2), the results of our measurements show a highly significant correlation between the iReenCAM-measured fluorescence and HPLC-measured chlorophyll a content in both ftsh2 and porB mutants and corresponding WT backgrounds (Col-0 and Ler-1, respectively; Figures 3C, D). Slightly lower, but still highly significant correlation was seen between the fluorescence signal and HPLC-measured chlorophyll b content. Because of the spectral properties of the filter used (680–750 nm), the chlorophyll a to chlorophyll b ratio cannot be inferred from the fluorescence signal (Supplementary Figure 4).

In order to correlate the kinetics of the chlorophyll accumulation with the levels of protochlorophyllide, the POR substrate, we quantified the protochlorophyllide content using HPLC in the samples taken for the chlorophyll accumulation. As can be seen in Supplementary Figure 5, in the WT Col-0 there is apparent fast decrease of the dark phase-synthesized protochlorophyllide content, reaching its minima at approx. 60 min (T3) after illumination, followed by a short lag phase. An increase due to light-induced protochlorophyllide biosynthesis is detectable at approx. 120 min (T5). Interestingly, in spite of comparable protochlorophyllide levels in Col-0 and ftsh2 at T0, we observed drop in protochlorophyllide and chlorophyll biosynthesis in the ftsh2 in comparison to Col-0 (Supplementary Figure 5B), suggesting possible role (direct or indirect) of FTSH2 in the light-induced protochlorophyllide production.

Finally, to characterize chlorophyll-protein complexes formation and their putative impact on variable fluorescence formation, the chlorophyll fluorescence spectra at 77 K were measured during 4 h of de-etiolation induced by our iReenCAM protocol. At early timepoints (T0, Supplementary Figure 6), the fluorescence spectroscopy revealed two distinct emission maxima at approx. 630 and 654 nm, corresponding to the free protochlorophyllide and photoactive protochlorophyllide (protochlorophyllide:LPOR : NADPH) complexes, respectively (Franck et al., 2000). During the first 10 minutes of illumination, the presence of a broad 675-nm peak represents chlorophyll after the Shibata shift (Sandoval-Ibanez et al., 2021). At 10 and 30 min after illumination, we observed peak at 679 nm, representing the unbound chlorophyll [i.e. the chlorophyll that has not yet been associated with photosystems complexes (Rudowska et al., 2012)], gradually growing at the expense of the photoactive protochlorophyllide (654 nm). In the further time course of de-etiolation, the maximum of unbound chlorophyll peak (679 nm) shifted closer towards 683 nm and another peak appeared as its shoulder at approximately 695 nm, being clearly recognizable at 180 min. This spectral signature indicates formation of PSII core antennae complexes including CP43 and CP47 proteins (Lamb et al., 2018). At 150 min of illumination, the 680 - 683 nm peak became more pronounced while the protochlorophyllide peak reemerged, well corresponding to our HPLC data, suggesting increase of light-induced protochlorophyllide biosynthesis (Supplementary Figure 5A). At 60 min after illumination, a new wide peak started arising at emission maxima between 720 and 760 nm, previously attributed to assembled PSI-LHCI peripheral antenna complexes (Andreeva et al., 2003; Rudowska et al., 2012). During the later stages between 150 and 240 min, the broad red-shifted peak between 720 and 760 nm was growing steadily suggesting an increasing proportion of assembled light harvesting complexes (both the PSI-LHCI and PSII-LHCII).

To get insight into the possible photosynthetic activity of the observed photosystem complexes within the early de-etiolation, the chlorophyll fluorescence induction kinetics, OJIP transients (Stirbet and Govindjee, 2011; Kupper et al., 2019) were measured. As can be seen in Supplementary Figure 7, our data show absence of detectable photosynthetic activity during the first 4 hours of de-etiolation in our experimental setup.

To sum it up, iReenCAM allows sensitive, non-destructive and specific detection of chlorophyll biosynthesis in vivo. While formation of the photosystem complexes was observed in our experimental setup, no photosynthetic activity was detectable during the first 4 h of de-etiolation.




4.2 Cytokinin and ethylene treatments affect chlorophyll dynamics during early de-etiolation

Cytokinin and ethylene are plant hormones that regulate essential biological processes of plant development including chlorophyll biosynthesis during seedling de-etiolation (Liu et al., 2017). To examine the effects of both regulators on the real-time measured dynamics of the chlorophyll accumulation during early stages of de-etiolation, we imaged the plants treated with exogenous cytokinin (6-benzylaminopurine, BAP) and 1-aminocyclopropane-1-carboxylate (ACC), the rate-limiting ethylene biosynthesis precursor by iReenCAM. Wild-type (Col-0) seedlings separately grown on mock- and hormone-supplemented plates were assayed in parallel. When compared with mock-treated controls, we observed that both growth regulators impact the dynamics of chlorophyll accumulation in a concentration-dependent manner (Figure 4). The cytokinins show a dose-dependent negative effect that can be observed at even very low (10 nM BAP) concentration, significantly suppressing chlorophyll biosynthesis in the later stages (after 140 min). Application of higher, 100 and 500 nM BAP cytokinin doses attenuates chlorophyll accumulation earlier, i.e. after 100 and 70 min, respectively after seedlings’ exposure to the light (Figure 4A). Compared to that, the response to ethylene seems to be less distinct with both 10 nM and 100 nM ACC treatments revealing no significant changes in chlorophyll kinetics compared to control (Figure 4B). The only significant effect was observed upon application of high (500 nM and 1 µM ACC) dose, leading to significantly decreased rate of chlorophyll biosynthesis in less than 1 h after initiation of de-etiolation (Figures 4B; Supplementary Figure 8). Based on these observations, 100 nM of BAP and 1 µM of ACC was selected for further experiments.




Figure 4 | Chlorophyll dynamics is negatively regulated in a dose-dependent way by cytokinin and ethylene during the late phase of de-etiolation. Chlorophyll accumulation in 4-days-old etiolated seedlings grown on the media supplemented by (A) 10 nM, 100 nM, and 500 nM BAP and (B) 10 nM, 100 nM, and 1 uM ACC. Data represent the mean values ± SD, n=9 of raw data (fluorescence F) normalized to the mean fluorescence value at T0 (F0). The green lines under the x axis depict time intervals with significantly different values between WT and the mutant (P<0.05).






4.3 Arabidopsis type-B response regulators ARR1 and ARR12 are negative regulators of early chlorophyll biosynthesis

ARR1, ARR10, and ARR12 were shown to be the main type-B response regulators mediating cytokinin-regulated gene expression, acting as the central hub of cytokinin signal transduction (Ishida et al., 2008). ARR1, ARR10 and ARR12 control the cytokinin-dependent gene expression including the chlorophyll biosynthetic genes (Cortleven and Schmulling, 2015; Cortleven et al., 2016). To determine the possible role of ARR1, ARR10 and ARR12 in the dynamics of chlorophyll accumulation during early stages of de-etiolation, we inspected the corresponding arr1, arr10 and arr12 mutant lines growing in the absence or presence of cytokinin by iReenCAM (Figure 5). Compared to WT, both arr1 and arr12 mutants revealed faster chlorophyll accumulation, although the difference seen in the arr1 mutant was more distinct. In contrast to that, arr10 mutant exhibited reduced rate of chlorophyll biosynthesis, reaching only up to 70% of WT levels during first 40 min of the measurement. This associated with pale leaf phenotype of the rosette leaves in soil-grown arr10 line (Supplementary Figure 9). However, the pale-leaf phenotype disappeared in the back-crossed arr10 line (arr10bc), suggesting presence of another mutation being responsible for the chlorophyll deficiency observed in the arr10-5. In line with that, the arr10bc line demonstrates normal color of the rosette leaves and no difference was detectable between the arr10bc and WT in the iReenCAM-measured chlorophyll dynamics (Figure 5D; Supplementary Figure 9).




Figure 5 | Chlorophyll kinetics in wild-type and type-B ARR mutants. Chlorophyll accumulation in WT Col-0 and arr1 (A), arr12 (B), arr10 (C), and arr10 backcrossed (arr10bc, (D) mutant lines. Data represent the mean values ± SD, n=9 of raw data (fluorescence F) normalized to the mean fluorescence value at T0 (F0). Lines under the x axis (black for WT and red for mutant) indicate the time intervals with significantly different values in pairwise comparison between the non-treated and BAP-treated seedlings of a given genotype. The green lines under the x axis depict the significantly different values (P<0.05) the corresponding time intervals between mock-treated WT and mutant line.






4.4 The regulators of ethylene signaling have a contrasting effect on chlorophyll biosynthesis

In our iReenCAM approach, the lines deficient in two key positive regulators of ethylene signaling EIN2 and EIN3 demonstrate a contrasting effect on chlorophyll biosynthesis (Figure 6). Compared to WT, the chlorophyll biosynthesis in the ein2 mutant is attenuated in the later stages (starting at approx. 150 min after illumination) under both control and ACC-treatment conditions. Compared to that, the ein3 line shows a slightly higher chlorophyll accumulation rate than WT, indicating EIN3 being a negative regulator of chlorophyll biosynthesis during de-etiolation. However, in the early stages, we have observed effects mirroring the aforementioned differences observed later after illumination in both lines, i.e. negative effect of EIN2 while positive effect in EIN3. The early stages are also revealing weak but significant sensitivity of both ein2 and ein3 mutants to ACC treatments that is lost in the later stages, very probably as a result of higher variability (Figure 6).




Figure 6 | Chlorophyll kinetics in wild-type and ethylene-insensitive mutants. Chlorophyll accumulation in 4-days-old etiolated seedlings in WT Col-0 compared to (A) ein2 and (B) ein3. Data represent the mean values ± SD, n=9 of raw data (fluorescence F) normalized to the mean fluorescence value at T0 (F0). Lines under the x axis (black for wild-type and red for mutant) indicate the time intervals with significantly different values (P<0.05) comparing non-treated and ACC-treated genotypes. The green lines under the x axis depict the significantly different values (P<0.05) the corresponding time intervals between mock-treated WT and mutant line.







5 Discussion



5.1 iReenCAM allows fast and reliable chlorophyll detection with high temporal resolution

Based on the previously published data on the kinetics of the early stages of chlorophyll biosynthesis observed in the de-etiolating seedlings exposed to white light, the first burst of chlorophyll formation is followed by a lag phase due to the consumption of a dark-phase accumulated protochlorophyllide. Then, after transcriptional initiation of genes for ALA and the downstream pchlide biosynthesis, the exponential phase takes place (Virgin et al., 1963; Kobayashi and Masuda, 2016). In our setup, employing the actinic light of high intensity (470 nm, 240 µmol m−2 s−1) for both chlorophyll fluorescence excitation and de-etiolation initiation, the first fast phase is rather short (approximately 10 min), followed by slightly slower (lag) phase, associated with reaching the minima of dark-synthesized protochlorophyllide (approx. 30 min after illumination). The exponential phase associated with the initiation of the newly synthesized protochlorophyllide starts at around 90 min and 120 min in Ler-0 and Col-0, respectively, followed by another lag phase at approx. 4 h after the de-etiolated seedling irradiation. That time interval corresponds to the first thylakoids formation (Heyes et al., 2021). Early formation of chlorophyll-protein complexes were observed after 2-3 hours of de-etiolation in bean and Arabidopsis seedlings (Kowalewska et al., 2016; Sandoval-Ibanez et al., 2021) and probably less than 8 h in cucumber (Skupien et al., 2017). Our data from the 77 K fluorescence spectroscopy confirm these findings, implying assembly of photosystem complexes as soon as 60 min after initiation of de-etiolation using iReenCAM. However, no photosynthetic activity was detectable in parallelly performed OJIP transients assay. Thus, during the first 4 h after initiation of chlorophyll biosynthesis used in our study, the emitted fluorescence corresponds to the amount of newly biosynthesized chlorophyll (as could be seen by the high correlation of the normalized fluorescence and HPLC data) and is not biased by the photosynthesis energy consumption (i.e. the variable chlorophyll florescence is not present), as it is the case later after seedling illumination (Pipitone et al., 2021). However, if the extended time period of photomorphogenesis is assayed by iReenCAM, the level of photosystems assembly and possible effect of photosynthesis on the overall fluorescence levels should be tested.

In Arabidopsis, there are three distinctly regulated POR genes: PORA, PORB and PORC. While being structurally related, the genes are expressed at different stages of de-etiolation. PORA gene is expressed in young etiolated seedlings, but it is strongly repressed by light early after initiation of de-etiolation, whereas the PORC transcript accumulates only upon illumination. Compared to that, the PORB transcript is detectable in both etiolated and light-grown seedlings (Armstrong et al., 1995; Su et al., 2001; Paddock et al., 2010). Using the iReenCAM system, we were able to detect significant chlorophyll biosynthesis defects in porB mutants during first 100 min. of the de-etiolation. In case of porC line, there is tendency for lower chlorophyll accumulation during later stages (exponential phase starting at around 60 min after illumination); nonetheless because of the higher variability, the differences are statistically insignificant.

FtsH is a membrane-bound ATP-dependent metalloprotease, mediating protein quality control by degrading the photosystem II reaction center protein D1, being damaged by the absorbed light energy. However, FtsH seems to fulfill also other roles, including ROS-mediated chloroplast to nucleus retrograde signaling, biosynthesis of the phostosystem I or thylakoid membrane biogenesis [reviewed in (Kato and Sakamoto, 2018)]. In Arabidopsis, FtSH forms heterohexameric complexes, consisting of type A (AtFtsH1 and VAR1/AtFtsH5) and type B (VAR2/AtFtsH2 and AtFtsH8) subunits (Sakamoto et al., 2002; Sakamoto et al., 2003; Yu et al., 2004). The loss of both A or B subunits is seedling lethal, while lines deficient in VAR1/AtFtsH5 or VAR2/AtFtsH2 demonstrate leaf variegation phenotypes (Yu et al., 2004; Zaltsman et al., 2005). Among all the tested ftsh mutants, the significant differences we observed in case of ftsh2 and ftsh5, the latter showing smaller differences in the early stages after illumination (20-80 min). That reflects well the highest abundance of FTSH2 compared to the other members of the family, which also correlates with the severity of the variegated mutant phenotypes (Adam et al., 2005). Our results are also in line with recent findings, suggesting the role of VAR2/AtFtsH2 in the accumulation of photosynthetic proteins and cotyledon greening during Arabidopsis de-etiolation (Wang et al., 2022). However, while Wang et al. (2022) observed defects in chlorophyll accumulation 6 h after de-etiolation initiation of var2-5 seedlings, iReenCAM measurements allowed us to detect first changes as soon as 16 min. after illumination, leading to more pronounced first lag phase and delayed exponential phase associated with disturbed light-induced protochlorophyllide formation. This is implying the role of FTSH2 very early in the photocatalysis-induced de-etiolation but also so far uncharacterized importance of FTSH2 in the later stages of light-induced chlorophyll biosynthesis.

Altogether, our findings clearly underline the importance of sufficient temporal resolution provided by the iReenCAM analysis for the study of the highly dynamic process of plant de-etiolation.




5.2 Both cytokinins and ethylene control early stages of de-etiolation

Cytokinins and ethylene are important regulators of de-etiolation [for a recent review see (Liu et al., 2017). In the classical experiments, cytokinin treatment partially mimicked mutant deficient in DET1, a chromatin-associated protein and negative regulator of photomorphogenesis (Chory et al., 1991; Pepper et al., 1994). More recently, cytokinin (1 µM BAP) treatment was observed to induce acceleration of chlorophyll formation in etiolated seedlings observable after 3 hours of white light irradiation via upregulation of number of chlorophyll biosynthetic genes (Cortleven et al., 2016). Compared to that, cytokinin treatment leads to strong downregulation of chlorophyll content in the rosette leaves (To et al., 2004) and MSP signaling appeared to mediate this negative regulation (To et al., 2004; Mason et al., 2005). In line with that, cytokinins were demonstrated to maintain cell proliferation while blocking the onset of photosynthesis associated with a reduction of chlorophyll accumulation in developing leaves (Skalak et al., 2019). Similarly to cytokinins, also the effect of ethylene on chlorophyll formation during de-etiolation was found to be both positive and negative. On one hand, EIN3 upregulates the expression of PORA and PORB via direct interaction with their promoters and was demonstrated to act downstream from COP1 in the promotion of cotyledon greening during de-etiolation (Zhong et al., 2009; Zhong et al., 2010). On the other hand, ethylene strongly downregulates protochlorophyllide accumulation (Zhong et al., 2009). Furthermore, the light sensor phyB directly interacts with EIN3 in the light-dependent way, guiding thus EIN3 to proteasome-mediated degradation early during de-etiolation, suggesting negative role of EIN3 in photomorphogenesis (Shi et al., 2016). Importantly, both cytokinins and ethylene show dark- and light-specific type of response (Liu et al., 2017).

In our experimental setup, we have observed slightly negative role of ethylene in the middle and later phase during the first 4 h of the de-etiolation. Accordingly, we detected upregulation of chlorophyll fluorescence in the ein3 mutant in the corresponding time intervals, suggesting possible negative role of EIN3 in the transcriptional regulation of genes involved in the chlorophyll biosynthesis. Interestingly, we observed the opposite type of response in case of ein2 line, suggesting positive role of EIN2 in the chlorophyll accumulation and thus more complex role of the canonical ethylene signaling pathway in the regulation of chlorophyll biosynthesis. Compared to the C-terminal part of EIN2, acting upstream of EIN3 in the ethylene signaling, the N-terminal portion of EIN2, revealing similarity to disease-related Nramp protein transporters, was proposed to mediate the sensing of unknown signal (presumably divalent cation). The potentially ethylene-independent role of EIN2 in the early stages of de-etiolation could also be judged from our observations, suggesting retained ethylene sensitivity in ein2, but not in the ein3 line. Interestingly, the N-terminal portion of EIN2 is necessary for the EIN2-mediated triple response in the etiolated Arabidopsis seedlings (Alonso et al., 1999). However, the mechanism underlying the contrasting responses of ein2 and ein3 in the chlorophyll biosynthesis remains to be identified.

Compared to ethylene, we observed much stronger negative effect of cytokinin that was apparent even at 10 nM BAP, the lowest concentration tested that usually has no or only minor effect on WT plants in classical bioassays including root elongation (To et al., 2004; Mason et al., 2005). Furthermore, our data imply a negative effect of ARR1, a considerably less pronounced impact of ARR12, and almost no impact of ARR10 on chlorophyll kinetics. The negative regulation of chlorophyll formation by both ARR1 and ARR12 even in the absence of exogenous treatment is in a good accordance to the suppressive effects of exogenous cytokinins on chlorophyll accumulation that we see in our experimental setup, suggesting the negative role of endogenous cytokinins, too. The stimulating role of cytokinins on chlorophyll biosynthesis documented in number of other studies (Hedtke et al., 2012; Kobayashi et al., 2014; Cortleven et al., 2016) was observed upon de-etiolation induced by white light. Tight interaction between MSP and light signaling was reported [reviewed in (Skalak et al., 2021)]. Thus, the light-induced phytochrome signaling, probably only partially activated in our assay using the blue (470 nm) actinic light, might be responsible for the observed differential response. The possible role of interaction between phy-mediated light signaling and MSP is recently under intense investigation in our lab.

Worth of note, the presence of pale leaf phenotype observed in the arr10-5 mutant, previously used in number of studies (Argyros et al., 2008; Hill et al., 2013; Cortleven et al., 2016) is apparently due to existence of another mutation being not associated with ARR10. That is clearly highlighting the need of careful genotyping and rigorous confirmation of the causal link between the given genotype and observed phenotypical aberrations, particularly considering the previously demonstrated functional importance of tetrapyrrole biosynthesis not only for light, but also cytokinin signaling (Dobisova et al., 2017).




5.3 Conclusions and future outlines

Here we introduced iReenCAM as a tool allowing detailed quantification of the chlorophyll biosynthesis with high spatial and time resolution during early stages of seedling de-etiolation. The non-invasive fluorescence-based approach has a potential to establish the light-induced de-etiolation assay as a new phenotyping approach, suitable for fast, cheap, reliable, statistically robust and well quantifiable characterization of number of mutant, transgenic lines and/or treatments. After integration into (semi)automated systems, the iReenCAM might be useful in the screening for new mutants deficient in time- and spatial-specific responses, thus providing us with novel insights into the highly dynamic response of seedling de-etiolation, one of the critical stages in the plant life cycle with high applied research potential.
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Stem lodging resistance is a serious problem impairing crop yield and quality. ZS11 is an adaptable and stable yielding rapeseed variety with excellent resistance to lodging. However, the mechanism regulating lodging resistance in ZS11 remains unclear. Here, we observed that high stem mechanical strength is the main factor determining the superior lodging resistance of ZS11 through a comparative biology study. Compared with 4D122, ZS11 has higher rind penetrometer resistance (RPR) and stem breaking strength (SBS) at flowering and silique stages. Anatomical analysis shows that ZS11 exhibits thicker xylem layers and denser interfascicular fibrocytes. Analysis of cell wall components suggests that ZS11 possessed more lignin and cellulose during stem secondary development. By comparative transcriptome analysis, we reveal a relatively higher expression of genes required for S-adenosylmethionine (SAM) synthesis, and several key genes (4-COUMATATE-CoA LIGASE, CINNAMOYL-CoA REDUCTASE, CAFFEATE O-METHYLTRANSFERASE, PEROXIDASE) involved in lignin synthesis pathway in ZS11, which support an enhanced lignin biosynthesis ability in the ZS11 stem. Moreover, the difference in cellulose may relate to the significant enrichment of DEGs associated with microtubule-related process and cytoskeleton organization at the flowering stage. Protein interaction network analysis indicate that the preferential expression of several genes, such as LONESOME HIGHWAY (LHW), DNA BINDING WITH ONE FINGERS (DOFs), WUSCHEL HOMEOBOX RELATED 4 (WOX4), are related to vascular development and contribute to denser and thicker lignified cell layers in ZS11. Taken together, our results provide insights into the physiological and molecular regulatory basis for the formation of stem lodging resistance in ZS11, which will greatly promote the application of this superior trait in rapeseed breeding.
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Introduction

Rapeseed (Brassica napus) is one of the most important oilseed crops that is utilized as edible oil for humans, as feeding protein for animals, and as sustainable biomass energy for industry (Wei et al., 2017; Shao et al., 2022). In view of the importance of this oil crop, continuously improving the crop yield and quality of oil remains the most important breeding objectives of rapeseed. Although the per unit yield of rapeseed has been greatly improved, lodging-induced damages in the production and quality of rapeseed results in huge economic losses every year. For instance, lodging can reduce the yield of rapeseed about 20 - 46% at the flowering stage (Kendall et al., 2017). Stem lodging, which is a major type of crop lodging, not only alters the canopy structure but also affects the photosynthetic efficiency of leaves (Kuai et al., 2016; Weng et al., 2017). Additionally, stem breaking may impede the transfer of nutrients and the accumulation of oil components in rapeseed (Armstrong and Nicol, 1991; Berry and Spink, 2009). Consequently, improving the lodging resistance of the stem has become an important task for rapeseed breeding.

The mechanical strength of the stem is intimately related to lodging resistance since this serves as the main mechanical support tissue for the aboveground plant. Numerous studies have shown that rind penetrometer resistance (RPR) and stem breaking strength (SBS) are reliable indicators for evaluating stalk lodging resistance (Hu et al., 2012; Hu et al., 2013; Liu et al., 2020; Zhang et al., 2020; Hou et al., 2022). Genetic analysis of the RPR trait in maize showed that it is affected by several minor QTL loci, some of which perform regulatory roles during multiple growth periods (Liu et al., 2020). SBS can be described as the maximum load exerted to the breaking (F max), the breaking moment (M max) and the critical stress (σ max) parameters. Genetic force analysis indicates that F max contributed the most to the mechanical strength of the stem (Hu et al., 2012; Hu et al., 2013). Several studies have revealed that some genetic loci in SBS and RPR shared the same flanking markers or overlapping confidence intervals with lignin or cellulose concentration-related loci, suggesting that these traits may be influenced by some common genetic factors (Hu et al., 2012; Hou et al., 2022; Shao et al., 2022).

The chemical composition of the cell wall has been shown to be highly positively correlated with stem mechanical strength (Zhang et al., 2020; Bisht et al., 2022; Hu et al., 2022). Lignin is one of the most important cell wall components that affect stem mechanical strength. In plants, the biosynthesis of lignin is mainly started from L-Phenylalanine. The biosynthesis pathway is regulated by a series of enzymes with oxidized and reduced activity (such as 4CL, F5H (FERULATE 5-HYDROXYLASE), and CCR) and methylation activity (such as COMT, and CCoAOMT (CAFFEOYL-COENZYME A O-METHYLTRANSFERASE)) (Dixon and Barros, 2019; Li et al., 2022). In Arabidopsis thaliana, simultaneous mutations of 4CL and COMT resulted in a decreased lignin content (Vries et al., 2018). And downregulating the expression of CCR and CAD (CINNAMYL ALCOHOL DEHYDROGENASE) greatly inhibited the biosynthesis of lignin in transgenic tobacco plants (Chabannes et al., 2001). Moreover, overexpression of TaCOMT-3D in wheat can enhance the accumulation of lignin lines and improved stem mechanical strength successfully (Wang et al., 2018). Consequently, optimization of cell wall content by regulating the expression of genes related to lignin synthesis suggests a great potential application in stem strength improvement.

Cellulose is another important factor contributing to stem strength. In rice, several brittle culm (bc) mutants showed decreased cellulose concentration in the secondary cell wall, with a corresponding decrease in mechanical strength of the culm (Li et al., 2003; Yan et al., 2007; Kotake et al., 2011; Sato-Izawa et al., 2020). In maize, downregulation of the stiff1 resulted in the upregulation cellulose and lignin contents, leading to the greater stalk strength (Zhang et al., 2020). More importantly, the locus of stiff1 has been applied in breeding for stalk improvement because the promoter is found to be under strong selection in the maize stiff-stalk group (Zhang et al., 2020). The aforementioned studies demonstrate that cloning and modulation of cell wall regulatory genes have contributed significantly to stem improvement in crops.

Stem anatomy is another key trait determining the stem mechanical strength. In rice, basal culm diameter, vascular bundle number, vascular bundle area, and vascular xylem area all significantly correlate with mechanical strength (Zhang et al., 2009). Also, multiple linear regression analysis shows that the majority variation of lodging resistance in maize is mainly dependent on the width of the mechanical tissue layer (Kong et al., 2013). Moreover, modifying the expression of genes related to stem structure development is proved to be applicable to improve stem strength. In stems, overexpression of WOX14 (WUSCHEL HOMEOBOX RELATED 14) results in accumulation of bioactive GA, inducing strong lignification of secondary xylem (Denis et al., 2017). The Class II KNOTTED1-like homeobox (KNOX2) genes, KNAT7 and KNAT3, act as a regulator of secondary cell wall biosynthesis in xylem vessels. Upregulation of KNAT7 and KNAT3 increases stem tensile and flexural strength (Wang et al., 2020). These worthwhile studies have significantly increased the theoretical underpinnings for increasing stem strength and yield in the corresponding crops.

In this study, we employed comparative biology and transcriptome analysis to identify the causes of stem lodging resistance in the star rapeseed variety ZS11. Our results showed that ZS11 has excellent phenotypes in SBS and RPR. Further physiological and anatomical analyses showed that ZS11 exhibited higher lignin and cellulose concentrations, thicker xylem cell layers, and more tightly arranged interfascicular fibrocytes compared with 4D122 (sensitivity of stem lodging). Comparative transcriptome analysis suggests that the differential expression of genes related to lignin and cellulose synthesis and modification pathways, as well as genes regulating secondary structural development of stem cell layers, might be responsible for the formation of high stem mechanical strength in ZS11. Finally, our results provide an insight into the efficient breeding application of ZS11 stem lodging resistance.





Material and methods




Plant materials and growth conditions

Rapeseed inbred lines of ZS11 and 4D122 were gown at the oil crops research institute WUCHANG experimental station (30°60′N, 114°30′E), of the Chinese academy of agricultural sciences. Seeds were sown on 28 September, 2020. Each field plot was 2.0 m×5.6 m with 16 rows (0.35 m between rows, with a planting density of 17000 plants per 667 m2).





Measurement of lodging degree

Calculation of the lodging degree was conducted as previously described (Qiao, 1988; Tian and Yang, 2005) in each plot at maturity. Lodging degree of rapeseed was classified as grade 1 (upright) to grade 5 (fully prostrate) according to the angle between the main stem and the ground. A lower degree of lodging indicates greater resistance to lodging. For each inbred line, twenty plants were randomly selected for surveying, and the weighted average value was used to indicate the lodging degree.





Measurement of mechanical properties of stem

To measure stem strength in rapeseed, six individual plants were randomly selected from each rapeseed line at flowering, and silique stages. In this study, 6 days after blooming was designated as flowering stage and 20 days after final flowering was considered the silique stage. The rind penetrometer resistance (RPR) of each internode, and the stem breaking force (BF) of the sixth and ten internodes from the top were measured with a YYD-1 stem strength tester (Top Cloud-Agri Technology Co., Zhejiang, China) according to a previous study (Shao et al., 2022). The stem breaking strength (SBS), D refers to the diameter of the internode corresponding to BF was calculated with the following formula: SBS = BF/(π × (D/2)2). Then, each internode was divided into three equal sections for measurement of cell wall components, anatomical characterization, and transcriptome analysis.





Histochemical staining

According to the protocol established by (Li et al., 2011), the rapeseed stems of six internodes were selected at flowering and silique stages, cut into 1-2 cm sections and preserved in 70% FAA fixative. Afterwards, samples were dehydrated and transparentized with a concentration gradient of alcohol, xylene solution, and then embedded with paraffin wax. The embedded samples were sectioned with a Leica RM2016 slicer. Paraffin sections (4 µm) were dewaxed sequentially with different concentration gradients of alcohol and xylene (opposite to the dehydration and transparency steps). The slices were stained with 1% Safranin-O and 0.5% Fast Green solution, and dehydrated with absolute ethanol. Xylene was used to transparentize the samples for 5 min and sealed with neutral gum, then photographed under a light microscope (EX30, SOPTOP, China). Lightools software was used to measure the thickness of the sclerenchymatous hypodermis layer and the number and area of vascular bundles and interfascicular fibrocytes.





Determination of cellulose and lignin concentrations

The remainder of the sixth internodes from the top of each line were sampled to determine lignin and cellulose concentrations. The samples were dried to a constant weight at 80°C. Samples were crushed into powder, then 20 mg powder was used for preparing alcohol-insoluble residues (AIRs) of the cell walls. Total lignin concentration was determined by the AcBr method (Iiyama and Wallis, 1990; Fukushima and Hatfield, 2004). According to the protocol established by (Updegraff, 1969), the 5 mg AIRs were hydrolyzed in Updegraff reagent (HNO3: HOAC: H2O,1:8:2) at 100°C for 30min. The concentrated samples were washed with acetone and hydrolyzed with sulfuric acid. The supernatant (dilute 20-fold) was used for measuring the cellulose amount by the anthrone assay. Firstly, different concentrations of glucose standard solutions (0.09, 0.08, 0.07, 0.05, 0.025, 0.0125, 0.00625 mg/mL) were prepared and used to plot the standard curves. Volumes of 630 µL of concentrated sulfuric acid and 70 µL of anthrone were added to 300 µL of the measured samples, standard solutions, and blank tubes and were mixed and then placed in a water-bath at 95°C for 10 min. After the reaction was completed and cooled to room temperature, the absorbance value at 620 nm was measured. The cellulose concentration (x, mg/mL) of the sample was calculated according to the plotted standard curve. The cellulose concentration (mg/g) was measured by (x × V × 20 × W2)/(W3 × W1 × 1.11), where V was volume of cellulose extraction solution, W1 was sample quality, W2 was AIRs quality, W3 was quality of AIRs weighed during cellulose extraction, 20 was the dilution ratio of the sample to be tested, and 1.11 was the constant for the conversion of glucose content to cellulose concentration (i. e. 111 µg of glucose color developed with anthrone reagent was equivalent to the color shown by 100 µg of cellulose anthrone reagent).





Measurement of SAM and Met concentrations and exogenously applied SAM treatment

The stems of the ZS11 and 4D122 plants at the flowering and silique stages were collected to determine the concentration of S-adenosylmethionine (SAM) and methionine (Met). Approximately 50 mg of freshly collected stem sample was ground in PBS solution (0.01 M, pH = 7.4). After centrifugation at 5000 g for 15 min, the supernatants were immediately used to measure SAM and Met concentrations by ELISA kits (Kit number: ml034411 for SAM measurement, ml034795 for Met measurement; Shanghai Enzyme-linked Biotechnology Co., Ltd., China), according to (Bai et al., 2018).

Exogenous application of SAM treatment was performed in the greenhouse. Two SAM solution concentration gradients of 100 and 1000 μM were installed and the leaves were sprayed in equal amounts at the bolting stage. Untreated 4D122 and ZS11 were used as controls The RPR was measured by the sixth internode of the stem at the flowering stage. And then the SAM concentration was determined by the previous method (Bai et al., 2018). At least five replicates of each treatment were obtained.





RNA-seq analysis

Samples of the sixth internodes of ZS11 and 4D122 stems at the flowering and silique stages were used for RNA-seq analysis. Stem tissue samples were collected from 3 representative plants per line.

Total RNA extraction, RNA-seq library construction and sequencing were carried out at Beijing Novogene Bioinformatics Technology Co. (Beijing, China). A NEBNext® Ultra™ Directional RNA Library Prep Kit for Illumina® (NEB, MA, USA) was used for RNA-seq library construction. The RNA quality and integrity were assessed using Aligent 2100. After passing the library inspection, different libraries were pooled according to the effective concentration and target downstream data volume were sequenced with the Illumina Hiseq 2500 platform.

The low qualitative reads in original raw reads were excluded using fastp preprocessor (Chen et al., 2018). Reads that passed the filter were then aligned to the rapeseed ZS11.v0 reference genome (http://yanglab.hzau.edu.cn/BnIR/germplasm_info?id=ZS11.v0) using HISAT2 v 2.0.5 (Kim et al., 2015). The number of reads mapped to each gene were counted using featureCounts (1.5.0-p3) to quantify the gene expression levels (Yang et al., 2014). Only perfectly matching sequences were considered for further analysis. The normalized gene expression levels were determined with count information as FPKM (Fragments Per Kilobase of transcript per Million mapped reads). Expressed genes with FPKM ≥ 1 were used for the comparative analysis (Xie et al., 2022). Differential expression analysis was performed using the DESeq2 R package (v1.16.1) (Love et al., 2014). Genes were considered as DEGs if the |log2(FoldChange)| ≥1 and padj ≤ 0.05. Subsequently, we manually removed low expression abundance DEGs, based on at least two replicates in ZS11 or 4D122 with FPKM = 0. Gene ontology (GO) and KEGG enrichment analyses were performed using clusterProfiler (v3.4.4) with a corrected p-value ≤ 0.05 (Young et al., 2010).





Protein interaction network analysis

Firstly, the DEGs associated with secondary cell wall synthesis and vascular development were screened by analyzing the gene enrichment results as well as information reported in the literature. Secondly, the corresponding Darmor gene ID in the BnIR database (http://yanglab.hzau.edu.cn/BnIR/jbrowse) were searched, and then the String database (https://cn.stringdb.org/cgi/input?sessionId=bP7h2SXS6Qr5&input_page_active_form=multiple_identifiers) was used to search for the node information of the related protein encoded by the corresponding gene. Finally, the protein interaction network was constructed of Cytoscape software (v3.8.0). Transcription factors and structural proteins involved in vascular development were retained and cell wall component-related proteins were deleted. The nodes were arranged according to betweenness centrality. Larger values indicate greater influence of the nodes in the network. The size of the font is related to the betweenness centrality, with larger fonts accompanied by larger betweenness values. In the case of Node Fill Color Mapping by Log2FoldChange at flowering stage, negative values indicate down-regulation, while positive values indicate up-regulation. Meanwhile, up-regulated and down-regulated expression of the protein showed different colors.





Statistical analyses

One-way ANOVA and Duncan’s post hoc test were conducted using SPSS 19.0 statistical software (SPSS, Inc., IL, USA). p-value ≤ 0.05 was considered statistically significant. Standard errors are provided in all figures and tables were appropriate.






Results




ZS11 exhibited significant advantages in stem structure

ZS11 is a widely planted semi-winter rapeseed variety with outstanding lodging resistance for both root and stem. In order to explore the specific lodging-resistant advantages of ZS11 in aerial regions, we selected a lodging material 4D122 for comparative biology research. As shown in Figures 1A, B, ZS11 showed no clear difference in plant type traits such as plant height compared with 4D122, but had a much lower lodging degree. Furthermore, 4D122 plants showed severe stem breakage in field conditions covered with nets (Supplementary Figure S1). We evaluated several lodging related traits, including aerial biomass, plant height, and stem diameter at silique stage. No significant differences were detected for these three traits between ZS11 and 4D122 (Figures 1C–E; Supplementary Table S1). These results suggested that the difference in stem lodging resistance between these two materials is not the resulted of plant architecture.




Figure 1 | Characterization for plant types and stem lodging traits of ZS11 and 4D122. (A) Image of ZS11 and 4D122 plants, 1st: the first internode, 6th: the sixth internode. (B–E) Lodging Degree, Biomass, Plant Height, and Stem Diameter between 4D122 and ZS11 at silique stage. Error bars represent standard deviation (n = 8). ns refer to not significant with p-value > 0.05 by t-test. * refer to not significant and p-value ≤ 0.05 by t-test, respectively.



Then we investigated the rind penetrometer resistance (RPR) and stem breaking strength (SBS) of different internodes to characterize the differences in stem mechanical strength between ZS11 and 4D122. At flowering stage, the RPR values of the 1st internode to the 10th internode gradually increased from 14.0 ± 1.8 N to 30.9 ± 1.7 N in ZS11. In 4D122, the RPR values varied from 7.5 ± 1.9 N to 24.5 ± 1.1 N (Supplementary Table S2). Further statistical analysis showed that the RPR values of ZS11 internodes were significantly higher than those of 4D122 with the same node position (Figure 2A; Supplementary Table S2). At silique stage, the RPR values of measured internodes varied from 25.0 ± 3.3 N to 42.0 ± 5.1 N in ZS11 and from 20.6 ± 1.7 N to 33.0 ± 5.0 N in 4D122 (Figure 2B; Supplementary Table S2). A significantly higher RPR value of each ZS11 internode was also detected at silique stage (Figure 2B). T-test analysis revealed that the most striking RPR differences were detected in the 6th internode at both stages (p-valueflowering stage = 1.5E-05, p-valuesilique stage = 1.6E-03) (Figures 2A, B; Supplementary Table S2).




Figure 2 | Characterization of rind penetrometer resistance (RPR), stem breaking strength (SBS), and stem chemistry composition of ZS11 and 4D122 at flowering and silique stages. (A, B) RPR between ZS11 and 4D122 in each internode at flowering and silique stages. (C, D) SBS of ZS11 and 4D122 in the 6th and 10th internodes. (E, F) Cellulose and lignin concentrations in the 6th internode. Error bars represent standard deviation (n = 6). ns refer to not significant with p-value > 0.05 by t-test. *, **, and *** refer to p-value ≤ 0.05, p-value ≤ 0.01 and p-value ≤ 0.001 by t-test, respectively.



Subsequently, we calculated the SBS values of the internodes 6 and 10. At flowering stage, the SBS values of the 6th and 10th internodes of 4D122 were 29.5 ± 4.7 N and 57.3 ± 5.1 N, respectively, which were obviously lower than those of ZS11 (51.3 ± 5.5 N and 62.2 ± 11.5 N) (Figure 2C; Supplementary Table S3). At silique stage, the SBS values of the 6th and 10th internodes in both 4D122 and ZS11 were 49.1 ± 8.7, 56.2 ± 5.8, 62.0 ± 3.4, 66.4± 4.8 N, respectively (Figure 2D; Supplementary Table S3). These results show that the SBS of internodes in both parents only increased slightly from flowering to silique stage. Additionally, the SBS values of the 6th internodes in ZS11 were always significantly higher than those in 4D122 (Figures 2C, D). Therefore, it is reasonable to speculate that excellent stem mechanical strength is the main reason of strong stem lodging resistance in ZS11.





Comparative analysis of cell wall composition

The mechanical strength of stem is mainly determined by cell wall composition and anatomical structure of stem tissues (Zhang et al., 2020). We first investigated the concentrations of cellulose and lignin, the two components that contribute the most to stem mechanical strength. AIRs of the 6th internode were used for analysis. As shown in Figure 2E, the cellulose concentrations of ZS11 (60 ± 5 mg/g) internodes were significantly higher than those of 4D122 (51 ± 3 mg/g) at flowering stage (Supplementary Table S4). Compared to flowering stage, the internode cellulose concentrations of ZS11 and 4D122 were reduced by 48% and 44% at silique stage. The results of statistical analysis indicated that there was no significant difference in cellulose concentration between these two cultivars at silique stage (p-value = 0.34) (Figure 2E and Supplementary Table S4).

From flowering stage to silique stage, internode lignin concentration increased from 10 ± 2 to 17.4 ± 0.6 mg/g in 4D122 and from 13 ± 1 to 18.4 ± 0.9 mg/g in ZS11 (Figure 2F; Supplementary Table S4). At both developmental stages, internode lignin concentration of ZS11 was always higher than that of 4D122. The difference in lignin concentration between these two materials was much greater at the flowering stage than at the silique stage (Figure 2F). These results demonstrated that ZS11 can accumulate more lignin than 4D122 to enhance the mechanical strength of the stem.





Characterization of internode anatomical architecture

In order to uncover the differences in internode anatomical structure between ZS11 and 4D122, we performed cross-section analysis of the sixth internode at flowering and silique stages. We used saffron-solid green staining analysis to distinguish tissues’ lignification. At flowering stage, the cell wall of cortex, phloem, and xylem were less lignified (Figures 3A1, B1). At silique stage, the lignification extent of cell wall was higher in the xylem, while it was relatively lower in the cortex and phloem (Figures 3C1, D1). We then measured the thickness of the cortex, phloem and xylem. At both investigated stages, the phloem thickness of the 6th internode in ZS11 was about the same as that in 4D122 (Figures 3E, G). The cortex thickness of ZS11 internode was consistently lower than that in 4D122, and only at the flowering period did the difference reach a significant level (Figures 3E, G). From flowering stage to silique stage, the xylem thickness increased from 385.2 ± 91.2 to 532.5 ± 130.3 μm in 4D122, and from 546.7 ± 136.0 to 704.7 ± 153.0 μm in ZS11 (Supplementary Table S5). By statistical analysis, the results showed that the xylem thickness of ZS11 was significantly higher than that of 4D122 at flowering stage (Figure 3E).




Figure 3 | Microstructure of the sixth internode of ZS11 and 4D122. (A–D) Images of transection of the sixth internode. A1, B1, C1, D1 are magnified by 10 times, Scale bars = 200 μm; A2, B2, C2, D2 are equal-scale magnification of A1, B1, C1, D1. (E–H) Anatomical characteristics of Cortex (Co) thickness, phloem (Ph) thickness, xylem (Xy) thickness, interfascicular fibrocytes density (IF), and vascular bundle (VB) density were measured at flowering and silique stages. Error bars represent the standard deviation (n = 6), * and ** refer to p-value ≤ 0.05 and p-value ≤ 0.01 by t-test, respectively.



To more distinctly characterize the difference of vascular structure, we further selected vascular bundle density and interfascicular fibrocyte density (the number of interfascicular fibrocyte per unit area) to evaluate the tissue tightness of the lignified area (Figures 3A2–D2). For the trait vascular bundle density, we observed no obvious differences between these two varieties (Figures 3F, H). Compared to 4D122, the density of interfascicular fibrocytes of the ZS11 internode was 109.3% higher at flowering stage (Figure 3F; Supplementary Table S5) and 47.6% higher at silique stage (Figure 3H; Supplementary Table S5). Therefore, these cytological observations suggest that ZS11 indeed had a higher degree of secondary lignification of stem vascular tissue and also more closely distributed lignified cells.





Comparative transcriptome analysis of internodes of ZS11 and 4D122

To explore the molecular mechanisms underlying the strong lodging-resistant property of ZS11 stems, the sixth internodes of ZS11 and 4D122 were collected at flowering stage and silique stage for comparative transcriptome analysis. After removing the low-quality sequences and adapter sequences, approximately 39.2 to 50.2 million clean reads were obtained (Supplementary Table S6). In each library, 80.8 to 93.3% of clean reads were uniquely mapped reads (Supplementary Table S6). Principal component analysis (PCA) showed that the three biological replicates of each material clustered together, which suggested that the transcriptome datasets were satisfactory (Figure 4A). The first and second principal components were able to discriminate samples with different developmental stages and different genetic backgrounds, respectively (Figure 4A).




Figure 4 | Transcriptome analysis in two rapeseed lines at flowering and silique stages. (A) Principal component analysis (PCA) of all four samples. (B) Number of total (total), up-regulated (up), and down-regulated (down) DEGs for ZS11 at the flowering and silique stages, compared with 4D122. (C, D) Venn diagram of up-regulated and down-regulated DEGs at two stages. (E) Top 20 significantly enriched Gene Ontology (GO) terms (p-value < 0.05) of up-regulated DEGs at the two stages. (F) Top 20 significantly enriched Gene Ontology (GO) terms (p-value < 0.05) of down-regulated DEGs at the two stages. The vertical coordinates of E and F are graphed as the log10(p-value). BP: “Biological Process” subgroup, CC: “anatomical component” subgroup, MF: “Molecular Function” subgroup.



To identify differentially expressed genes (DEGs), |log2(FoldChange)| ≥ 1 and padj ≤ 0.05 were used as filter thresholds. After removing genes with low expression levels, 11122 and 9867 DEGs between ZS11 and 4D122 were identified at flowering stage and silique stage, respectively (Figure 4B). Compared with 4D122, 5226 DEGs were significantly up-regulated and 5896 DEGs were significantly down-regulated in ZS11 at flowering stage. At silique stage, 5581 significantly up-regulated DEGs were detected, and 4286 DEGs showed significantly down-regulated expression levels (Figure 4B). Venn analysis showed that 2061 upregulated DEGs and 976 downregulated DEGs were consistently detected at both developmental stages (Figures 4C, D).





GO annotation analysis and KEGG enrichment analysis of consistent DEGs

A GO annotation analysis was performed to identify differentially regulated function modules using the consistent DEGs identified above. In regards to the co-upregulated DEGs in ZS11, the top 20 significantly enriched GO terms were categorized into Biological Process (BP) and Molecular Function (MF) groups. These enriched items were mainly involved in sulfur compound biosynthetic and metabolic processes, methionine biosynthetic and metabolic processes, sucrose metabolic process, and monosaccharide metabolic process. The most significantly enriched MFs were 5-methyltetrahydropteroyltriglutamate-homocysteine S-methyltransferase activity, S-methyltransferase activity, 5-methyltetrahydropteroyltri-L-glutamate-dependent methyltransferase activity, and methionine adenosyltransferase activity (Figure 4E; Supplementary Tables S7, S8). GO enrich analysis of co-downregulated DEGs in ZS11 showed that mostly enriched items were annotated in the MF group, mainly containing metallopeptidase activity and peroxidase activity (Figure 4F; Supplementary Tables S9, S10).

KEGG enrichment analysis was employed to identify differentially utilized metabolic pathways by employing the consistent DEGs identified above. In regards to the co-upregulated DEGs in ZS11, the top 20 enriched KEGG terms were mainly involved in alpha-Linolenic acid metabolism, biosynthesis of unsaturated fatty acids, sulfur metabolism, and peroxisome (Supplementary Figure S2A). KEGG enrich analysis using co-downregulated DEGs in ZS11 showed that a majority of the top 20 pathways were enriched in the synthesis and metabolic pathways of various amino acids, such as arginine, proline, cysteine, and tyrosine (Supplementary Figure S2B).





ZS11 exhibited a higher biosynthesis ability for Met and SAM than 4D122 during stem development

S-adenosylmethionine (SAM) is the activated form of methionine (Met), which is involved in the synthesis and modification of many metabolites (Sekula et al., 2020). In the lignin biosynthetic pathway, caffeoyl CoA Omethyltransferase (CCoAOMT) and caffeic acid O-methyltransferase (COMT) utilize SAM as a cofactor and ultimately lead to the biosynthesis of lignin monomers (Dixon and Barros, 2019). However, the down-regulated expression of DEGs was not enriched for a distinctly associated pathway (related to regulation of cell wall components, vascular bundle structure, etc.) (Figure 4F). In the co-enriched subgroups of up-regulated DEGs, 7 DEGs related from the METS (MS) family, which encode cytosolic cobalamin-independent methionine synthase, were involved in synthesis of Met from Hcy (homocysteine) (Figure 5A). One DEG, MTHFR2 (METHYLENETETRAHYDROFOLATE REDUCTASE 2), was speculated to significantly affect lignin biosynthesis. Of these Met cycle-related DEGs, only five genes were from the MS family and SAM (MAT) family at silique stage, respectively, and expressions were significantly lower than those at flowering stage (Figures 5A, B). The levels of differentially expressed genes related to SAM metabolism were significantly higher at flowering stage than at silique stage (Figures 5A, B).




Figure 5 | SAM and Met cycle related DEGs and concentrations in ZS11 and 4D122 at flowering and silique stages. (A) Differentially expressed genes associated with the Met cycle at two stages in ZS11 and 4D122. (B) Differentially expressed genes associated with the SAM cycle. (C) SAM concentration of ZS11 and 4D122. (D) Met content of ZS11 and 4D122. Error bars represent the standard deviation (n = 6), * and *** refer to p-value ≤ 0.05 and p-value ≤ 0.001 by t-test, respectively.



The concentrations of SAM and Met showed the same pattern of variation as the above gene expression. Among the top 20 categories of GO annotation analysis, many SAM- and Met- related process groups might be involved in etrahydrofolate (THF) and Met cycles at one-carbon (C1) metabolism by associating with biosynthesis of methionine and S-adenosylmethionine. The results of ELISA analysis of SAM and Met showed that ZS11 contained 21% higher SAM concentration than 4D122 at flowering stage (Figures 5C, D). Meanwhile, the Met concentration increased by 41% in ZS11 at flowering stage (Figure 5D and Supplementary Table S11).

To further demonstrate the role of SAM on the formation of stem mechanical strength, we used different concentrations of exogenous SAM (100 and 1000 μM) to treat 4D122 plants at bolting stage and then measured the RPR values of the sixth internode at flowering stage. Compared to untreated group, 100 and 1000 μM treatments significantly increased the concentration of SAM and also the corresponding RPR values (Supplementary Figure S3). These results showed that exogenous SAM treatment enhanced the SAM concentration, leading to an increase in the RPR values of the stems, implying that the high SAM concentration may be one of the reasons for the superiority stems in ZS11.





Identification of DEGs involved in cellulose synthesis

The above phenotypic analysis results showed that there were significant differences in cellulose and lignin concentrations between ZS11 and 4D122. Therefore, further analysis of genes related to cellulose and lignin synthesis in the GO analysis results was performed. In the significantly enriched GO terms of up-regulated DEGs at flowering stage, microtubule-related processes were significantly enriched. For example, microtubule-based process, microtubule-based movement in biological process group, tubulin binding, microtubule binding, and microtubule motor activity in molecular function group were significantly enriched (Supplementary Table S7). A total of 26 DEGs were clustered into these microtubule-based processes and microtubule-based movement subgroups (Figure 6A). Similarly, there were 26 DEGs clustered into tubulin binding, microtubule binding, and the microtubule motor activity of molecular function group (Figure 6B). All of these 26 DEGs encoded Kinesin-like proteins (Figure 6D). Among these proteins, BnaC08G0304600ZS and BnaA09G0469500ZS were of the kinesin-4 family. Kinesin-4 is involved in cortical microtubule transport of non-cellulosic components during cell elongation in relation to cell wall mechanisms in Arabidopsis thaliana (Kong et al., 2015). We therefore speculated that microtubule processes might affect transport of cell wall synthetic materials and the content of cell wall components.




Figure 6 | Clustering Chart of DEGs about cellulose synthesis of ZS11 and 4D122 at flowering and silique stages. (A) Venn diagram of microtubule-based process and microtubule-based movement of biological process group (BP) at flowering stage. (B) Venn diagram of tubulin binding, microtubule binding, and microtubule motor activity of molecular function group (MF) at flowering stage. (C) DEGs involved in cytoskeleton organization at two stages. (D) DEGs encoded kinesin-like proteins of five microtubule related process at two stages.



The cytoskeleton is an important component for maintaining anatomical morphology, consisting of microfilaments and microtubules, as well as being involved in a wide range of anatomical motilities (Zang et al., 2021). In this study, 13 DEGs for cytoskeleton organization were significant up-regulated at flowering stage (Figure 6C), and MAP70.5 and GCP2 were additionally involved in microtubule-related regulation (Pesquet et al., 2010; Zhou and Li, 2015). The remaining DEGs were actin-related proteins., such as AtMAP70-5, which regulates cellulose synthase motility and secondary wall patterning (Pesquet et al., 2010; Xiao et al., 2016).





Identification of DEGs involved in lignin synthesis

Significant differences in lignin concentration were observed at flowering and silique stages, which were described above. Therefore, we analyzed DEGs related to the lignin metabolic pathway. GO analysis showed that the L-phenylalanine biosynthetic process and the L-phenylalanine metabolic process were enriched at flowering stage (Supplementary Table S7). These two metabolic processes each involved in 7 DEGs (BnaC02G0112600ZS, BnaA06G0076600ZS, BnaA03G0310100ZS, BnaC03G0578100ZS, BnaC09G0446200ZS, BnaC04G0479500ZS, BnaC05G0514800ZS) and encoded plastid-localized arogenate dehydratase (ADTs) (Figure 7). In Arabidopsis thaliana, ADTs were hypothesized to differentially control carbon flux for lignin deposition (Corea et al., 2012). On the other hand, the homologous genes of the lignin metabolic pathway were not always robustly upregulated in ZS11 (Figure 7). For example, only BnaA03G0366500ZS (4CL4), BnaA01G0157400ZS (CCoAOMT), and BnaC03G0147500ZS (OMT1) were significantly upregulated DEGs in the clustering diagram (Figure 7). In the clustering chart of CCRs and PERs, 4 genes (BnaC05G0133300ZS and BnaC05G0133200ZS in CCRs and BnaA02G0193000ZS and BnaC08G0312100ZS in PERs) showed a significant up-regulation trend at flowering stage (Figure 7). Therefore, we speculated that the up-regulated expression of multiple regulatory genes in the lignin metabolism pathway ultimately resulted in enhanced lignin concentration of stem internodes in ZS11.




Figure 7 | Identification of DEGs involved in lignin synthesis at flowering and silique stages. ADT: arogenate dehydratase, PAL: Phenylalanine ammonia-lyase, C4H: Cinnamate 4-Hydroxylase, 4CL: 4-coumarate-CoA ligase, CCR: Cinnamoyl-CoA reductase, CCoAOMT: caffeoyl-coenzyme A O-methyltransferase, COMT: Caffeic acid 3-O-methyltransferase, CAD: Cinnamyl alcohol deaminase, F5H: Ferulate 5-hydroxylase, LAC: LACCASE, PER: Peroxidase.







Protein interaction network analysis of DEGs associated with vascular development

To investigate the relationship of DEGs related to secondary cell wall synthesis and vascular development, a total of 1029 genes associated with vascular bundle structure and cell wall development were first screened by reviewing the literature and related databases, of which 322 genes were differentially expressed in the sixth internode of the stem at the flowering or silique stages (Supplementary Figure S4). We compared known vascular development-related genes with the consistent DEGs described above, and then used cytoscape software to construct an interactive regulatory network consisting of 13 proteins (Supplementary Tables S12-S14). According to the protein functions, these proteins are mainly involved in transcriptional regulation such as DOF5.3 (DNA BINDING WITH ONE FINGER 5.3), DOF3.7, ATHB-14 (ARABIDOPSIS THALIANA HOMEOBOX PROTEIN 1), WRKY12 (WRKY DNA-BINDING PROTEIN 12), ILR3 (IAA-LEUCINE RESISTANT3), and bHLH30 (BASIC HELIX-LOOP-HELIX 30) (the square nodes in Figure 8), or acted as structural proteins to regulate vascular bundle development such as LHW (LONESOME HIGHWAY), ARF5 (AUXIN RESPONSE FACTOR 5), WOX4 (WUSCHEL HOMEOBOX RELATED 4), BRI1 (BRASSINOSTEROID INSENSITIVE 1), and ARF4 (the circular nodes in Figure 8). LHW is the node with the highest betweenness value, followed by DOF5.3, ARF5, WOX4, and BRI1. Furthermore, all corresponding encoding genes were up-regulated except BRI (Figure 8). LHW is a key regulator that initiates vascular cell differentiation (Ohashi-Ito et al., 2019). The Log2(FoldChange) values indicate that the most significantly up-regulated expression was ILR3, followed by DOF5.3. In contrast, the highest down-regulated expression was WRKY12, accompanied by bHLH30 (Figure 8; Supplementary Table S14). These genes positively regulate vascular development, and they are both directly or indirectly regulated by signaling of auxin, ABA, or GA (Ranocha et al., 2013; Yang et al., 2016; Ohashi-Ito et al., 2019). Meanwhile, the stem strength of Brassica napus is complex, constituting from a substantial regulatory network with dynamic expression of those genes.




Figure 8 | Diagrammatic Representation of proteins encoded by differentially expressed genes related to vascular development at flowering or silique stages. The nodes are arranged according to betweenness centrality. The size of the font is related to the betweenness centrality, with larger fonts accompanied by larger betweenness values. Larger values indicate greater influence of the nodes in the network. Node Fill Color Mapping by Log2FoldChange at flowering stage, negative values indicate down-regulated, positive values indicate up-regulated. Square nodes are transcriptional regulators, Circular nodes are Vascular bundle development-related proteins. According to the main using regions of these proteins corresponding to the encoded genes, we divided them into four categories. The first category includes BRI1(BRASSINOSTEROID INSENSITIVE), ATHB-14 (ARABIDOPSIS THALIANA HOMEOBOX PROTEIN 1), IAA12 (Auxin/Indole-3-Acetic-Acid12), DOF5.3 (DNA BINDING WITH ONE FINGER 5.3), DOF3.2, ARF4 (AUXIN RESPONSE FACTOR 4), ARF5, and WOX4 (WUSCHEL HOMEOBOX RELATED 4), which mainly act on the cambium. The second category includes LHW (LONESOME HIGHWAY), bHLH30 (BASIC HELIX-LOOP-HELIX 30), which mainly act on the xylem. The third one includes ERECTA (LEUCINE-RICH REPEAT RECEPTOR-LIKE SER/THR KINASE), which is mainly acts on the phloem. The last one includes WRKY12 (WRKY DNA-BINDING PROTEIN 12) and ILR3 (IAA-LEUCINE RESISTANT3), with no obvious acting region.








Discussion

Lodging impacts rapeseed yield accumulation and complicates mechanized harvesting. Stem lodging is one of the main lodging types, which is inseparable from the stem’s mechanical properties and structures (Kuai et al., 2016; Weng et al., 2017). In this study, we compared ZS11 with 4D122 (lower stem strength) in terms of stem mechanical, anatomical, and biochemical traits and performed a comparative transcriptome analysis to understand the formation of ZS11’s superior stem strength.




ZS11 possesses a denser lignified cell layer

A typical dicotyledonous plant stem is mainly composed of epidermis, cortex and vascular bundles. The cortex and vascular bundles are the main support structures that contain much of the thick sclerenchyma (Wang, 2020). In the present study, we showed that ZS11 exhibited a thicker xylem (Figure 3). Histochemical staining also revealed that the xylem of ZS11 was thicker than that of 4D122 (Figures 3A–D). Further statistical measurement analysis showed the interfascicular fibrocytes of ZS11 were more closely arranged (Figures 3E–H). We introduced the parameter of interfascicular fibrocyte density to more clearly characterize this difference. The results showed that ZS11 contained more interfascicular fibrocytes in the same area compared to those of 4D122.

Transcriptome analysis revealed that multiple genes (such as LHW, DOF5.3, ARF5, ARF4, WOX4) regulating vascular development had higher expression in ZS11 compared to those in 4D122 (Figure 8). LHW is required for promoting the expression of MP (ARF5) and ATHB-8 in the provascular region (Ohashi-Ito et al., 2013), and ARF4 regulates shoot regeneration through competing with ARF5 for interaction with IAA12 (Zhang et al., 2021). The heterodimer complexes of LHW/TMO5 regulates vascular initial cell production, vascular cell proliferation, and xylem fate determination in the embryo and root apical meristem (Ohashi-Ito et al., 2019). Furthermore, the TMO5/LHW complex is limited to xylem cells and induces production of cytokinin to diffuse into neighboring procambium cells, promoting cell proliferation by induction of DOF-type transcription factors (Miyashima et al., 2019; Smet et al., 2019). The DOF transcription factors, HCA2, TMO6 (DOF5.3), DOF2.1, and DOF6, are rapidly activated at the Arabidopsis graft junction. Grafting with the quadruple mutant, hca2, tmo6-4, dof2.1-1, dof6-1, reduce phloem reconnection, xylem reconnection, and root growth after grafting. Overexpression of HCA2, TMO6, DOF2.1, or DOF6 below the graft junction accelerated the rate of phloem reconnection (Zhang et al., 2022). WOX4 (downstream of the TDIF-PXY module) is responsible for promoting cambium proliferation. Down-regulation of WOX4 expression by RNA interference in Arabidopsis generated small plants that exhibited severe reductions in differentiated xylem and phloem (Ji et al., 2010). Overexpression of SlWOX4 generates over proliferation of xylem and phloem in transgenic tomato seedlings (Ji et al., 2010). These above genes are mainly involved in the proliferation and differentiation of cambium and xylem. Moreover, our protein interaction analysis reveals that LHW, DOF, ARF4, and other proteins form a protein interaction network to commonly influence the secondary development of rapeseed stems. Additionally, the majority of the genes encoding these were highly expressed in ZS11. Thus, we speculate that the vascular cambium in ZS11 stems is more actively involved in secondary differentiation, resulting in thicker xylem cell layers and denser interfascicular fibrocytes.





ZS11 possesses a more beneficial cell wall composition

The alteration of cell wall components, such as cellulose and lignin, impacts the mechanical strength of the stem (Xie et al., 2022). The ZS11 stem possessed a substantially higher concentrations of lignin and cellulose compared with 4D122. GO enrichment analysis showed that several vascular-related processes were significantly enriched at flowering stage. In these processes, 26 kinesin-like proteins were up-regulated in ZS11 (Figure 6D). Microtubules are essential in cellulose synthesis. Cellulose synthase complex movement on the plasma membrane is driven by cortical microtubules (Paredez et al., 2006). Kinesin-4 is involved in the transport of non-cellulosic materials through the cortical microtubule and is linked with cell elongation and cell wall dynamics (Zhong et al., 2002; Kong et al., 2015). The fra1 (AtKINESIN-4A) mutation results in altered cellulose microfibril deposition (Zhong et al., 2002). Cellulose microfibril involved in cell wall deposition were found to be spooled out of cellulose-synthesizing enzymes movement within the plane of the plasma membrane (Wightman et al., 2009). We discovered that two Kinesin-4 family genes (BnaC08G0304600ZS, and BnaA09G0469500ZS) were upregulated expression in ZS11. Meanwhile, cytoskeleton organization was enriched at flowering stage, where four Arabidopsis MAP70-5 homologs were upregulated in ZS11. MAP70-5 is specifically expressed during xylem differentiation (Pesquet et al., 2010). Downregulation of AtMAP70-5 results in reduced inflorescence stem length and diameter, and individual cells are inhibited in their capacity for expansion (Korolev et al., 2007). Conversely, overexpression of MAP70-5 increases the population of xylem cells with spiral secondary walls (Pesquet et al., 2010).

Lignin is an unordered polymer, providing vital mechanical support in vascular plants (Boerjan et al., 2003). The lignin biosynthetic pathway involves sequential hydroxylation and methoxylation of the aromatic ring, coupled with side-chain reduction of the acid to the alcohol (Dixon and Barros, 2019). The methylation process is catalyzed by CCoAOMT and COMT and is the rate-limiting step in lignin synthesis (Dixon and Barros, 2019; Sekula et al., 2020). In this study, expression analysis of genes related to lignin synthesis showed that CCoAOMT (BnaA01G0157400ZS) and COMT (BnaC03G0147500ZS) were significantly upregulated in ZS11. Additionally, the catalytic efficiencies of COMT and CCoAOMT were significantly correlated with their methyl donor of SAM (Dixon and Barros, 2019). Down-regulation of PvSAMS in switchgrass reduced SAM and lignin concentrations, implying an important role of SAMS in the methionine cycle, lignin biosynthesis (Li et al., 2022). The concentrations of SAM in ZS11 were higher than that of 4D122 (Figure 5C). And then we found a significant increase in SAM concentrations and RPR values after exogenous treatment of 4D122 with SAM (Supplementary Figure S3), suggesting that high SAM concentration may be one of the reasons for ZS11 highly stem strength. The GO analysis revealed that SAM synthesis-related genes were more highly expressed in ZS11. SAM, as a sulfur-containing metabolite, is closely related to sulfur supply (Nikiforova et al., 2005). In addition, KEGG enrichment analysis revealed that sulfur metabolism was more active in ZS11 stems (Supplementary Figure S2). In light of these analytical findings, we hypothesize that the high SAM concentration in ZS11 stems may have encouraged the buildup of lignin, creating stems that are incredibly resistant to lodging.






Conclusions

Considering the outcomes of the current study, we found that ZS11 exhibited superior stem mechanical properties. The stronger stem of ZS11 simultaneously contributed to higher lignin and cellulose concentrations and greater interfascicular fibrocyte density. Comparative transcriptome analysis showed significant enrichment DEGs for SAM/Met cycle-related processes, microtubule-associated processes, and cytoskeleton organization process in ZS11 stems. 13 stem anatomy-related genes in all possess of complex interactions, which are closely associated with vascular bundle development. Our findings also contribute to a better understanding of how coordinated promotion of cell wall components and vascular structures improve stem strength and promote breeding for lodging resistance of rapeseed (Brassica napus).
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The oil palm (Elaeis guineensis Jacq.) produces a large amount of oil from the fruit. However, increasing the oil production in this fruit is still challenging. A recent study has shown that starch metabolism is essential for oil synthesis in fruit-producing species. Therefore, the transcriptomic analysis by RNA-seq was performed to observe gene expression alteration related to starch metabolism genes throughout the maturity stages of oil palm fruit with different oil yields. Gene expression profiles were examined with three different oil yields group (low, medium, and high) at six fruit development phases (4, 8, 12, 16, 20, and 22 weeks after pollination). We successfully identified and analyzed differentially expressed genes in oil palm mesocarps during development. The results showed that the transcriptome profile for each developmental phase was unique. Sucrose flux to the mesocarp tissue, rapid starch turnover, and high glycolytic activity have been identified as critical factors for oil production in oil palms. For starch metabolism and the glycolytic pathway, we identified specific gene expressions of enzyme isoforms (isozymes) that correlated with oil production, which may determine the oil content. This study provides valuable information for creating new high-oil-yielding palm varieties via breeding programs or genome editing approaches.
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Introduction

The oil palm (Elaeis guineensis Jacq.) produces the highest yield per hectare of land compared to other oil crops (Barcelos et al., 2015; Meijaard et al., 2020). Consequently, it has become the most important commercial oil crop, particularly in Indonesia and Malaysia. Today, palm oil is used in a wide range of common products and is used on many industrial scales (food and non-food sectors). Palm oil accounts for more than 40% of the global demand for vegetable oil, and its demand is expected to increase significantly in the future (Meijaard et al., 2020). It is predicted that 93–156 Mt of palm oil will be required by 2050 (Pirker et al., 2016; Murphy et al., 2021).

To fulfill this demand, palm oil production must be enhanced. However, increasing the palm oil production is not a simple task because oil yield is a genetically complex trait involving many genes, especially in the case of perennial oleaginous crops, such as oil palm. The long breeding cycle of this plant, which usually takes approximately 20 years, limits the development of new varieties (John Martin et al., 2022). Furthermore, numerous challenges are likely to appear in the future, including emerging threats from climate change, pests, and diseases, which will diminish palm oil production (Murphy et al., 2021). Therefore, new technologies must improve the oil production of this plant.

Palm oil is produced in fruit mesocarp tissue primarily by triacylglycerols (TAG). The mesocarp contains up to 90% dry weight of oil, which is one of the highest oil accumulation among the plant tissues (Bourgis et al., 2011; Tranbarger et al., 2011). Therefore, understanding the mechanism of oil deposition in palm fruit mesocarps is an exciting research topic.

Several recent studies have elaborated on the mechanisms of oil biosynthesis during fruit development (Tranbarger et al., 2011; Dussert et al., 2013; Teh et al., 2014). Nonetheless, most of this research has focused on the lipid biosynthesis pathway, with little attention paid to its interactions with other metabolic processes. However, a link between starch metabolism and oil production in the palm mesocarp has been previously reported (Bourgis et al., 2011; Guerin et al., 2016). Further, there was an indication of starch deposition at the end of fruit maturation (Bourgis et al., 2011). Starch metabolism and oil biosynthesis genes are co-expressed during oil deposition, which suggests that starch metabolism is crucial for oil synthesis (Guerin et al., 2016). Our recent findings showed that starch parameters, such as total starch content, starch granule size, and chain length distribution, are correlated with oil yield (Apriyanto et al., 2022b). Additionally, starch-related hydrolytic activity during fruit development is strongly associated with oil yield (Apriyanto et al., 2022b).

In higher plants, starch is the principal storage carbohydrate, composed of two glucose polymers, amylose, and amylopectin, which form complex semi-crystalline granules inside the plastids (Apriyanto et al., 2022a). Starch is also synthesized within the mesocarp tissue, although its detailed function remains obscure. Furthermore, the exact starch synthesis and degradation routes used inside the mesocarp tissue of the oil palm remain unclear. However, similar to other organs and tissues, starch metabolism in the palm fruit mesocarp involves many enzymes and proteins. The predicted starch metabolism is shown in Figure 1. The proposed pathway was adapted from potato (Solanum tuberosum) (van Harsselaar et al., 2017), banana (Musa accuminata) (Cordenunsi-Lysenko et al., 2019; Kuang et al., 2021), and Arabidopsis (Arabidopsis thaliana) (Sonnewald and Kossmann, 2013).




Figure 1 | The proposed pathway for starch metabolism in the mesocarp tissue of oil palms. SUT, sucrose transporter; cwINV, cell wall invertase; cINV, soluble invertase; SuSy, sucrose synthase; HK, hexokinase; FRK, fructokinase; PGI, phosphoglucoisomerase; PGM, phosphoglucomutase; UGPase, UDP-glucose pyrophosphorylase; AGPase, ADP-glucose pyrophosphorylase; SS, starch synthase; GBSS, granule-bound starch synthase; BE, starch branching enzyme; GWD, glucan, water dikinase; PWD, phosphoglucan, water dikinase; ESV1, early starvation 1; LESV, like early starvation; BAM, beta-amylase; AMY, alpha-amylase; SEX4, starch excess 4; LSF2, like starch-excess 2; LDA, limit dextrinases; DPE, disproportionating enzyme; MFP, MAR-binding filament-like protein 1; PII, protein involved in starch initiation; PTST, protein targeting to starch; BE, starch branching enzyme; ISA, isoamylase; PHO, alpha-glucan phosphorylase; AGL: alpha-glucosidase; GPT, glucose 6-phosphate/phosphate translocator; BT1, ADP glucose transporter; NTT, nucleotide translocator; GLCT, glucose transporter; MEX, maltose transporter; PD, plasmodesmata. For further information regarding starch metabolism in plants, see (Apriyanto et al., 2022a) and references therein.



To improve our understanding of starch metabolism and its link to oil production in palm fruits, we used six developmental phases of oil palm fruit development with different oil yields. The study using six developmental stages was performed to get more detailed gene expression alteration during the beginning of fruit development until the ripening stage, primarily related to starch metabolism, which has not been reported previously. In addition, three different oil yield groups (low, medium, and high) could provide better information than only two oil yield groups (low and high) comparisons, as reported previously (Wong et al., 2017).

We applied an RNA sequencing (RNA-seq) approach using next-generation sequencing (NGS) platforms to analyze transcriptome profiles during fruit development. RNA-seq is frequently used to elucidate transcript structures, variations, and gene expression levels owing to its high accuracy, whole-genome coverage, and extensive detection range. Consequently, many successful transcriptome profiling studies have used this RNA-seq approach during fruit development in several plants. These include tomatoes (Shinozaki et al., 2018) and bananas (Kuang et al., 2021).

Overall, we aimed to (1) detect changes in gene expression during the development of oil palm fruits and (2) find starch metabolic genes that correlate with and may be related to oil production. The results of this study will advance our understanding of the relationship between starch metabolism and oil yield in oil palms and will provide breeding targets for palms with increased oil yield.





Results




Identification of genes encoding enzymes and proteins related to starch metabolism in oil palm

A homology search was conducted to identify starch metabolism genes in the oil palm. Based on sequence similarity, we found almost all homologous genes in comparison with Arabidopsis thaliana (Table S1). Genes coding for starch metabolism-related enzymes and proteins are distributed over all sixteen oil palm chromosomes (Figure 2). Most genes encoding starch metabolism are randomly distributed across different chromosomes. This situation is similar to that observed in Solanum tuberosum (van Harsselaar et al., 2017) and Arabidopsis thaliana (Sonnewald and Kossmann, 2013). Here, we successfully identified 113 loci encoding enzymes and proteins related to starch metabolism in oil palm (Table S1), which have not been previously reported.




Figure 2 | Ideogram of the physical positions of starch metabolism-related genes in the oil palm genome. The relative map positions of 101 genes encoding starch metabolism-related genes are shown for individual pseudomolecules depicting chromosomes 1–16. Blue, red, and yellow letters depict the synthesis, degradation, and transporter pathways, respectively. Genes from the unscaffolded group were not displayed.



Enzymes involved in starch metabolism often belong to gene families that encode multiple isoforms. Two examples should be mentioned here: SS and BAM gene families. In the oil palm, we could not find the starch synthase 6 isoform, as reported in potato (van Harsselaar et al., 2017). Furthermore, no BAM5, BAM6, or BAM10 was identified in the oil palm. However, for potato, BAM 6 has been described, but not BAM5 and BAM8 isoforms (van Harsselaar et al., 2017). The BAM10 isoform is also absent in Arabidopsis thaliana (Thalmann et al., 2019). This situation in oil palm differs from that of bananas and potato, which might be due to polyploidy, as this will influence the variation in isoform numbers for the SS, AMY, and BAM gene families (Jourda et al., 2016; Wang et al., 2022).

Another remarkable finding was that only four isoforms of the sucrose synthase gene family were detected in the oil palm. These are SuSy1, SuSy2, SuSy4, and SuSy7. In contrast, six isoforms (SuSy1-7, except SuSy6) were identified in the potato genome (van Harsselaar et al., 2017).

Other gene families in the starch-related metabolic pathway of palm oil were found to be similar to those in Arabidopsis, and some isoforms were duplicated in palm oil, as shown in Table S1. We found that the genes for the core elements of the starch biosynthetic pathway exist in palm oil.





Transcriptomic profiles segregated by fruit ripening and oil yield

The classification of the high-, medium-, and low-yield groups used in this study was based on the oil yield data depicted in Figures 3A, B. The low-yielding fruits had, on average, 26% oil to bunch (%OB) and 78% oil to dry mesocarp (%ODM) values, medium-yielding fruits had 32% OB and 82% ODM, and high-yielding fruits had 38% OB and 85% ODM, respectively. Each group had significantly different oil-to-dry mesocarps (% ODM) and oil-to-bunch (% OB) values.




Figure 3 | Oil yield and gene expression profiles of oil palm fruit mesocarps during fruit ripening. (A) The percentages of oil to dry mesocarp (% ODM) and (B) oil to bunch (% OB) of the oil palm yield are displayed. For statistical analysis, each group (n = 6) was tested using one-way ANOVA with Tukey’s post-hoc analysis; letters indicate a significant difference between matching groups (p <0.001) (Apriyanto et al., 2022b). (C) Principal component analysis (PCA) of transcriptome data during fruit development. (D) Gene clusters during fruit development were identified using k-means clustering analysis. The heatmap scale shows the normalized expression level. (E) Number of DEGs identified in the particular comparison groups. (F) Venn diagram of DEGs in five comparison groups.



To understand transcriptome alterations in oil palm fruit at different stages and oil yields, an RNA-seq approach was performed. From six stages of fruit development, with three different oil yields, 18 cDNA libraries were constructed and further sequenced. The sequencing results generated 6.1–8.2 Gbps data per library (Table S2), and clean reads were mapped onto the oil palm reference genome sequence (Singh et al., 2013). Principal component analysis (PCA) was used to visualize the transcriptomic profiles of each fruit ripening stage (Figure 3C) and showed that the fruit developmental stages were clustered according to their WAP, indicating that the transcriptomic profile of each developmental stage was unique, as expected. Furthermore, this indicated that shifts in gene expression occurred over time, allowing us to distinguish the transition between the early and late periods of development and ripening. Such specific transcriptomic profiles during the fruit ripening stage have also been observed in other fruit-producing species, such as tomatoes and peppers (Osorio et al., 2012). Interestingly, with increased ripening, the metabolism of the different oil-yielding fruits was more strongly separated (Figure 3C; 16, 20, and 22 WAP). This clearly demonstrated that specific genes were differentially expressed between the oil yield groups.

As previously mentioned, some genes were likely co-expressed during fruit development. Thus, we could identify at least four gene clusters that appeared during fruit development based on K-means clustering analysis (Figure 3D). Gene clusters A, B, C, and D consisted of 87, 555, 61, and 297 genes, respectively. This analysis is important for identifying groups of genes with similar expression patterns that may be controlled by key transcription factors. The coordinated process of gene expression alterations during fruit development has also been reported in tomatoes (Shinozaki et al., 2018) and bananas (Kuang et al., 2021).

One of our objectives was to identify the genes that play key roles in each fruit maturation stage. Therefore, a differentially expressed gene (DEG) analysis of the oil palm mesocarp between close fruit development stages was performed. The comparison of the six developmental stages of oil palm fruit was divided into five groups. The DEGs among the fruit development stages are shown in Figure 3E. The DEG results showed that there were 565, 4626, 694, 3294, and 2616 DEGs in 4WAP vs. 8WAP, 8WAP vs. 12WAP, 12WAP vs. 16WAP, 16WAP vs. 20WAP, and 20WAP vs. 22WAP, respectively (Figure 3E). Furthermore, the 4WAP vs. 8WAP group contained the least upregulated (324) and downregulated (241) DEGs, whereas the 8WAP vs. 12WAP group contained the most upregulated (2909) and downregulated (1717) DEGs. The list of DEGs is shown in Table S4. We also found that some DEGs were specific to each group comparison, that is, 180, 2876, 165, 1550, and 1158 genes in 4WAP vs 8WAP, 8WAP vs 12WAP, 12WAP vs 16WAP, 16WAP vs 20WAP, and 20WAP vs 22WAP, respectively. Three genes were shared between the five pairwise comparisons (Figure 3F). This means that these genes were always significantly upregulated or downregulated during fruit development. These genes were early nodulin-93 (LOC105035564), inorganic pyrophosphatase 1 (LOC105040479), and the BTB/POZ domain-containing protein At1g63850 (LOC105054221). The reason for this significant fluctuation during fruit ripening and maturation is still unknown, as these genes have not been well characterized in plants.

To identify the functions of key genes that influence fruit development, we mapped the DEGs to the KEGG database to identify the pathways enriched by DEGs. This revealed that specific pathways were significantly altered during fruit development (Figure S1). For instance, the DNA replication pathway was significantly enriched from 4 to 12WAP (Figures S1A, B). Additionally, the fatty acid metabolism, fatty acid synthesis, and fatty acid elongation pathways were significantly enriched from 16 to 22 WAP (Figures S1C–E). The results support a previous study that oil accumulation occurs during the fruit ripening phase (16 to 22 WAP) (Tranbarger et al., 2011).

Comparing 12-16 WAP showed that fatty acid biosynthesis, metabolism, pyruvate, glycolysis, citric acid cycle, and central metabolism were significantly enriched (Figure S1C). All of these pathways are important for oil production. Therefore, we found that the most critical alteration in gene expression in oil production occurred during this period, as this is the transition phase between the fruit growth and ripening phases.





Gene expression of specific isozymes in the sucrose and starch metabolism pathways is associated with oil yield

Our previous study (metabolite profiling and starch parameter analysis) showed that starch and sucrose are biomarkers for palm oil production (Apriyanto et al., 2022b). Therefore, we focused on elaborating the gene expression profiles related to sucrose and starch metabolism and its closely related glycolysis pathway. The gene expression analysis related to starch metabolism during fruit development and with different yields is shown in Figure S2, which shows that the expression of genes related to this pathway fluctuates during fruit development. Interestingly, we found several essential genes involved in sucrose and starch metabolism whose expression patterns were positively correlated with oil yield, as shown in Figure 4. These genes included isoforms of sucrose transporter, fructokinase, hexokinase, phosphoglucoisomerase, ADP-glucose pyrophosphorylase large and small subunits, starch synthase, alpha-amylase, beta-amylase, and alpha-glucosidase (Figure 4). This indicates that the expression levels may correlate to the oil production.




Figure 4 | Gene expression profiles of sucrose and starch metabolic pathways in relation to starch and sugar abundance. The heat map shows the expression levels of genes encoding the corresponding genes, and the scale bar represents the normalized gene expression value. Only genes that were positively correlated with oil yield are shown. These genes are EgSUT1 (LOC105041710), EgPGI (LOC105060694), EgFRK1.2 (LOC105035371), EgHK2.2 (LOC105040520), EgAPL1.1 (LOC105047182), EgAPS1.1 (LOC105060488), EgSS1 (LOC105040918), EgAMY3 (LOC105047709), EgBAM3 (LOC105043800), and EgAGL (LOC105059813). The (A) total starch, (B) sucrose, (C) maltotriose, and (D) maltose contents during fruit development are depicted in the line graph. A closer look at total starch content values from 4 to 16 WAP can be seen inside Figure (A).



We found that sucrose transporter 1 (SUT1) gene expression was consistently higher in high-yielding fruits than in low-yielding fruits during ripening and was correlated with sucrose abundance (Figure 4). We observed that the other SUT isoforms were also expressed during fruit development but were not correlated with oil yield (Figure S3A). Thus, the high influx of sucrose toward the mesocarp tissue, which is essential for oil production, is correlated to the high expression of SUT1 (Figure 4).

The main carbon source for lipid synthesis is supplied to oil palm fruit primarily as apoplastic sucrose (Bourgis et al., 2011). Therefore, the sucrose transporter is essential for the delivery of apoplastic sucrose to the mesocarp cells. Based on these results, SUT1 acts as a controller of sucrose flux into the mesocarp. A previous study also showed that overexpression of SUT1 in peas (Pisum sativum) leads to high sucrose loading in the sink part, thereby improving yield (Lu et al., 2020). However, this evidence also supports the idea that sucrose transporters are essential for enhancing fruit quality and crop yields (Aluko et al., 2021; Wen et al., 2022).

Additionally, it has been shown that starch parameters such as total starch content (Figure 4), starch granule size, and inner starch structure (Figures S4A, B) are correlated with oil yield (Apriyanto et al., 2022b). These data suggest that the total starch content is influenced by an increase in the expression of ADP-glucose pyrophosphorylase large and small subunits (APL and APS). ADP-glucose pyrophosphorylase is essential because it catalyzes the first committed step in starch synthesis. We found that the isoform APL1.1 and APS1.1 correlated with oil yield but no other isoforms (Figure S3E). Similarly, overexpression of ADP-glucose pyrophosphorylase genes increased starch content in wheat (Kang et al., 2013).

As shown in Figures 4, S4, S7, the SS1 isoform was correlated with starch size and yield. Overexpression of lbSS1 in sweet potatoes increases the starch content and alters the granule size and structure of starch (Wang et al., 2017). Overall, we found that ADP-glucose pyrophosphorylase large 1.1 and small subunit 1.1 (APL1.1 and APS1.1), including starch synthase 1 (SS1), are important genes for initiating starch synthesis in oil palm mesocarps. To validate the transcriptomic results, starch synthase activity was evaluated by Native PAGE. The enzymatic activities of SS are shown in Figure S5. SS was proven to be active at 22 WAP. However, clear differences in the activity of soluble starch synthase at 22 WAP between different oil yields were detected (Figure S5).

In addition to starch synthesis, degradation pathways change during fruit development and yield. This was concluded from the correlation between increased hydrolytic activity and increased oil yield (Apriyanto et al., 2022b). As shown in Figures S3G, H, alpha-amylase, beta-amylase, and alpha-glucosidase gene expression fluctuated, except for the AMY3, BAM3, and AGL isoforms. The expression of these genes was correlated with the oil yield. Therefore, the increased abundance of maltose during fruit development (Figure 4) may have been caused by increased BAM3 expression. AMY3 and partially BAM3 may increase the abundance of maltotriose (see also Figure 4). Interestingly, earlier proteomic research revealed that alpha-amylase 3 (AMY3) abundance is significantly increased in high-yield oil palms (Loei et al., 2013). Alpha-glucosidase (AGL) also plays a role in producing glucose from maltose and maltotriose (Figure 4). This leads to a higher flux in the glucose pool.





The oil yield is associated with the expression of specific isozymes in the glycolytic pathway

Glycolysis is also a crucial step in oil synthesis because it produces energy for cellular metabolism. Therefore, we examined the downstream pathway of starch metabolism, namely glycolysis. We found that almost all gene expression patterns inside the glycolytic pathway were positively correlated with oil yield (Figure 5). The list of genes involved in glycolysis is shown in Table S5, and gene expression analysis of this pathway is shown in Figure S6. Based on this, we also identified specific isoforms of the glycolysis pathway that are correlated to oil yield. These include phosphofructokinase, fructose-1,6-bisphosphate aldolase, triose phosphate isomerase, glyceraldehyde-3-phosphate dehydrogenase, phosphoglycerate kinase, phosphoglycerate mutase, enolase, and pyruvate kinase genes. The list of specific isoforms related to glycolysis that are correlated with oil yield is shown in Figure 6A.




Figure 5 | Gene expression profile of the glycolytic pathway in relation to sugar abundance. The heat map shows the expression levels of genes encoding the corresponding genes, and the scale bar represents the normalized gene expression value. Only genes that were positively correlated with oil yield are shown. These genes are EgFRK1.2 (LOC105035371), EgHK2.2 (LOC105040520), EgPGI (LOC105060694), EgPFK3.1 (LOC105040103), EgFBA1.1 (LOC105052993), EgFBA1.2 (LOC105059022), EgTPI1.1 (LOC105045658), EgG3PDH1.1 (LOC105034336), EgPGK3 (LOC105059872), EgPGAM1.1 (LOC105052340), EgENO2 (LOC105053561), and EgPK1.1 (LOC105038179). The abundances of (A) fructose and (B) glucose during fruit development are shown in the line graph.






Figure 6 | Key factors influencing the oil yield. (A) List of specific isoforms associated with the oil yield. (B) Schematic representation of the relationship between oil and starch metabolism in the high-yield group.



Interestingly, the fructose and glucose levels were depleted in the high-yielding group (Figure 5). Previous studies have shown that an increase in oil content in the avocado mesocarp during fruit growth is accompanied by a decrease in the concentration of reducing sugars (Kilaru et al., 2015). This result also corroborates with that of this study, which showed a decrease in the concentration of reducing sugars (such as glucose and fructose; Figure 5).

As shown in Figure 5, the expression of all downstream genes was elevated in the high-yielding group. This indicates a high demand for both sugars for glycolysis in the high-oil-yielding group. Several previous studies in oil palm have shown that high glycolytic activity is associated with high mesocarp oil content (Loei et al., 2013; Wong et al., 2014; Wong et al., 2017). Similar overexpression of oil palm fructose-1,6-bisphosphate aldolase (FBA) and glyceraldehyde-3-phosphate (G3PDH) resulted in increased lipid content in yeast (Ruzlan et al., 2017).

The RNA-seq results were verified by selecting several essential genes at the 22 WAP stage for qRT–PCR validation, which were positively correlated with the oil yield, as shown previously. The qPCR results showed that the expression patterns of these genes were consistent with the RNA-seq results (Figure S7).






Discussion




Starch synthesis and degradation happen during the fruit ripening of oil palm

Currently, the prevailing opinion is that starch accumulates in either transient or long-term storage forms (Lloyd and Kossmann, 2015; Pfister and Zeeman, 2016). Transitory starch has a diurnal pattern: it is produced and accumulates directly from photosynthetic products during the day and is then degraded into sugars as an energy source for the following night; this is often seen in leaf organs (Zeeman et al., 2007). Storage starch, however, is generated and stored over time, as it is often found in perennating organs such as seeds, grains, embryos, and tubers (Lloyd and Kossmann, 2015). However, a third type of starch, known as ‘transitory-storage starch’, has been postulated (Luengwilai and Beckles, 2009a). It refers to starch that accumulates and degrades in the storage organs throughout development, particularly in fruits (Luengwilai and Beckles, 2009b). Transitory-storage starch is a feature of many species, including economically valuable horticultural crops such as tomato, banana, apple, strawberry, nectarine, and kiwifruit (Roch et al., 2020). Based on the data of this study, we found that the oil palm mesocarp tissue of the fruit also exhibits this type of ‘transitory-storage starch’.

Transitory-storage starch may be an evolutionary strategy for reproductive success that has unforeseen consequences for the postharvest industry (Dong and Beckles, 2019). First, increased fruit starch biosynthesis may enhance plant survival under stress conditions. Second, carbon storage as starch, rather than as sugars, minimizes osmotic disturbance in cells (Yu et al., 2022).





Oil palm fruit is categorized as climacteric fruit with unique starch metabolism pattern

A previous study found that oil palm mesocarp tissue exhibits the characteristics of climacteric fruit (Tranbarger et al., 2011). In relation to starch metabolism, many recent studies have shown that starch is a key component that may distinguish climacteric from non-climacteric fruits (Osorio et al., 2013; Chervin, 2020).

In most climacteric fruits, starch accumulates before the onset of ripening, and then starch is broken down into soluble sugars after the inception of ripening, whereas in non-climacteric fruits, the starch content drops very rapidly after anthesis, and they accumulate mainly soluble sugars throughout development and ripening. Interestingly, most climacteric fruits are transitory-storage starch types, and most non-climacteric fruits are sugar storer types (Yu et al., 2022).

Unlike typical climacteric fruits, in which the peak of starch accumulation occurs before the fruit ripening phase, the peak of starch accumulation in oil palms occurs during the ripening phase at 22 (Apriyanto et al., 2022b) or 23 WAP (Bourgis et al., 2011). This situation makes oil palm have unique characteristics as a climacteric fruit.





Key factors to increase oil production in oil palm

Taken together, our data show that sucrose is used as a carbon source for lipid and starch biosynthesis, and subsequently, starch is used as a carbon source for further lipid synthesis. Similarly, labeled-metabolic flux analysis of tobacco leaves showed that lipids originate from starch (Chu et al., 2022). In the avocado mesocarp, which is rich in oil fruits similar to oil palms, starch is also a principal substrate for glycolysis, and transcripts for starch synthesis and degradation gene orthologs are abundant throughout mesocarp development (Pedreschi et al., 2019).

We found that the mechanism of carbon flux to produce oil in this study is similar to that of avocado, and probably the mechanism is conserved among crop-producing oil from the mesocarp tissue. Although the exact mechanism of carbon partitioning in oil palm mesocarp still requires further study, based on this evidence, we propose a relationship between oil and starch metabolism in oil palm, as depicted in Figure 6B.

In summary, high sucrose flux to the mesocarp tissue as a carbon source, rapid starch turnover, and high glycolytic activity are essential for higher oil production. We concluded that starch and sucrose metabolism, as well as glycolysis, in the mesocarp tissue, are highly associated with oil production. We also found that specific isozymes in these pathways can drive and regulate the palm oil production. The specific isozymes are shown in Figure 6A.

This study will help to understand starch metabolism in oil palm fruits and provide valuable resources for future genetic improvements in oil palms. The information obtained in this study is also suitable for modification of the physiological mechanism by specific treatment to increase the oil production of oil palms. Furthermore, the specific isozymes identified in this study could be used for target breeding or genome editing to create new oil palm varieties with enhanced oil yields.






Methods




Plant materials

A population of oil palm hybrid Deli × LaMe (DxL) tenera progenies from crosses of Deli dura females and LaMe pisifera males were used in this study. All progenies were planted in the Gunung Sejahtera Ibu Pertiwi Estate in Kalimantan Tengah, Indonesia, and were of the same age. Phenotypic observations, such as yield recording and bunch component analysis of each individual palm, were performed as described previously (Apriyanto et al., 2022b). Individual progeny trees with high, medium, and low yields were selected according to the evaluation after seven years of planting.





Sample collections

Fruits from bunches were collected 4, 8, 12, 16, 20, and 22 weeks after pollination (WAP). Fruits were collected from each selected tree and randomly separated without bias from bunches during fruit development. Samples were frozen in liquid nitrogen and stored at -80°C. Prior to further analysis, the mesocarp tissue was ground into a fine powder in liquid nitrogen using a mortar and pestle.





Starch parameter measurement

Starch parameters, such as total starch content, starch granule size distribution, and chain length distribution from the mesocarp tissue, were determined as described in our previous study (Apriyanto et al., 2022b).





Metabolite profiling

The homogenized mesocarp tissue was used for metabolite profiling using gas chromatography-mass spectrometry (GC-MS). The measurement protocol and data analysis were conducted as previously reported (Apriyanto et al., 2022b). Amounts of each metabolite were normalized to internal standard ribitol.





Identification of genes encoding starch metabolism-relevant enzymes and proteins

To identify the coding genes of enzymes and proteins involved in starch metabolism, Arabidopsis thaliana (Sonnewald and Kossmann, 2013), Solanum tuberosum (van Harsselaar et al., 2017), and Musa acuminata (Jourda et al., 2016) were used as the starting point for homology searches. All bioinformatics analyses, pairwise and multiple alignments, phylogenetic tree building, and assembly of DNA sequences were performed using Geneious Prime 2022.2.2 software (Kearse et al., 2012). The list of sequences (DNA, mRNA, and protein) from the three different organisms was compared with the oil palm genome sequence (GCF_ 00044 2705.1) using BLAST (E-value cut-off: e−5) to identify the homologous sequences (Singh et al., 2013). A motif search was conducted using the MEME online tool (meme-suite.org), and motifs were compared between sequences within the same gene family (Bailey et al., 2015). The Kyoto Encyclopedia of Genes and Genomes (KEGG) database was used to verify the genes involved in metabolic pathways. The location of the identified genes was visualized in pseudochromosomes using the MG2C software (Chao et al., 2021).





RNA extraction, sequencing, and data analysis

Total RNA was extracted using a Total RNA Purification Kit (Norgen Biotek Corp, Canada), according to the manufacturer’s instructions. The quality of total RNA was measured using an RNA Screen Tape on an Agilent Tape Station 4150 (Agilent Technologies, USA). The quantity of total RNA was measured using a NanoDrop spectrophotometer (Thermo Fisher Scientific, USA) and a Qubit RNA High Sensitivity Assay on a Qubit 2.0 Fluorometer (Life Technologies, USA). The complete sequence library preparation and transcriptome sequencing for the Illumina NextSeq 500 protocol were performed by Novogene Co. Ltd. (Singapore). Raw RNA sequencing reads were deposited in the Sequence Read Archive (SRA) database of the National Center for Biotechnology Information (NCBI). All the sequences are listed in Table S2. After filtering, clean reads were mapped to the oil palm reference genome E. guineensis (GCF_ 00044 2705.1) using HISAT (v2.1.0) (Kim et al., 2015) with default parameters. StringTie (v1.3.4) (Pertea et al., 2015) was used to calculate read counts. The counts per million (CPM) values were used to quantify gene expression abundance and variation. DESeq2 (Love et al., 2014) was used to identify differentially expressed genes (DEGs) between the sample groups. Genes or transcripts with a false discovery rate (FDR) < 0.05 and |log2(fold change)| ≥ 2 were used as thresholds for significant differential expression. The Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis was used to determine the pathways of significant enrichment in DEGs.





Native PAGE and Zymograms

A crude extract of mesocarp tissue for enzymatic activity was prepared as previously described (Malinova et al., 2014). Soluble starch synthase (SS) activity was measured as previously described (Brust et al., 2014) with minor modifications. The SS activity of samples at 22 WAP from the high (H), medium (M), and low (L) yields was measured in triplicate. Next, 50 µg of protein was loaded onto the native gel and run for 2 h at 4°C and 30 mA. The gel was incubated with 50 mM tricine-KOH (pH 8.0), 0.025% (w/v) bovine serum albumin, 5 mM dithioerythritol, 2 mM EDTA, and 25 mM potassium acetate. After 10 min, the incubation mixture was replaced with fresh incubation buffer, and 1 mM ADPglucose and 0.5% (w/v) soluble potato starch were added. Zymograms of SS activity were obtained by incubating the separation gels for 5 h at RT, followed by staining with Lugol solution (0.25% (w/v) I2 and 1% (w/v) KI).





Validation of RNA-seq data using qRT–PCR

Total RNA was extracted from the mesocarp tissue using a total RNA purification kit (Norgen Biotek Corp, Canada). First-strand cDNA was synthesized using the Maxima First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Lithuania). All qRT–PCR reactions were carried out using SYBR Green PCR Master Mix (Applied Biosystems, USA) on an ABI 7500 Fast Real-Time PCR system (Applied Biosystems, USA) following the manufacturer’s instructions. Each reaction was performed in triplicate. The relative expression levels were determined using the 2−ΔΔCt method, and β-actin was used as the reference gene. All the primers used are listed in Table S3.
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Vandana (T)
S-nitrosylation

Brassica juncea var.
Pusa Jaikisan 7 day old
seedlings

Citrus (Citrus
aurantium) mature
leaves from 5-month
old plants

Pea (Pisum sativum) cv.
Lincoln—leaf
mitochondria

Stress treatment

Salinity (200 mM NaCl, 3 day)

800 mM mannitol, 100 M

ABA (30 min.)

Drought

Osmotic stress (PEG-6000)

Flooding: 3 h

Osmotic stress (20%
PEG-6000 in Hoagland
solution) 48 h

Salinity (200 mM NaCl) 24 h

Salinity (0, 80, 320 mM NaCl)

Drought

Salinity (180 mM NaCl) 24 h
Osmotic stress (20%
PEG-6000)

Drought (decreased SWC)

Fusarium graminearum

Salinity

Drought

10, 100 WM CdCl>*2.5 HpO

0.1 mmol dm~2 Cd

Drought (PEG -—0.7 MPa, 8 h),
heat (42°C, 1 h) and combined
stress

Osmotic stress (—0.7 MPa
PEG6000, 8 h)

Drought (mild and severe water
deficits) and recovery
(5-60 min)

Salinity (0, 200, 400 mM NaCl,
10, 30, 60, 90 min.)

Salinity (300 mM NaCl, 48 h)

Flooding (2 day)

Cold (5°C, 2 day)

15% PEG-6000, 1 mM AICl3

Cold (4°C) for 2-96 h

150 mM NaCl, 16 day

150 mM NaCl, 8 day

Continuous light, dark, heat,
cold, drought, salinity

150 mM NaCl, 14 day

Method Differentially abundant proteins with PTM

Zr*+-IMAC beads PP enrichment;
LC-MS/MS

15 phosphoproteins in membrane fraction:
aquaporins PIP2;1, PIP2;4; 14-3-3 interacting
protein AHA-|
1,850 quantified phosphopeptides, 468
differentially regulated: MAPK, CKIl, SnRK2.1,
SnRK2.4, SnRK2.5, SnRK2.10
Regulatory and functional proteins:
photosynthesis (OEE1, CA, ATP synthase
subunit a) and photorespiration, stress and
defense, molecular chaperones, ion
transport— CaDREPP1—plasma membrane
polypeptide family protein
Kinases, phosphatases, spliceosome
components
10 PPs: Ser/Thr-specific PP2A; PRK; DHN;
actin; lactoylglutathione lyase;
ABA-responsive proteins: zinc finger/BTB
domain containing protein 47, GRP, rRNA
processing protein Rrp5
Signaling (MAPK cascade, SnRK2, CDPK,

Phosphopeptide enrichment with
PolyMAC-Ti, nanoLC HPLC,
LTQ-Orbitrap
2-DE Pro-Q Diamond staining;
immunoblots (anti-phosphoserine,
antiphospho-threonine,
antiphospho-tyrosine antibodies

TMT labeling and TiO» phosphopeptide
enrichment

2DE ProQ Diamond staining

Polymer-based metal ion affinity
phosphopeptide enrichment;
nanoLC-MS/MS
TiOs IMAC beads enrichment;

LC-MS/MS PP2C), TFs (NF-Y, Hsf), ion transport (PIP, NIP,
H*-ATPase in plasma membrane), stress
(DHNS-like, HSP9O)
gRT-PCR 10 HvPIP aquaporins (HvPIP2)

2-DE and Pro-Q Diamond
phosphoprotein staining
MALDI-TOF/TOF

20 phosphoproteins identified: cp31BHyv,
betaine-aldehyde dehydrogenase, leucine
aminopeptidase 2, redox enzymes
(Cu/Zn-SOD, 2-Cys Prx BAS1), chaperone
(CPN60w), photosynthesis (OEE), ATP synthesis
(ATP synthase CF1B)

Wheat flag leaf: photosynthesis-related
(LHCII), dephosphorylation of RCA under
drought; Phosphorylation of glycolysis enzymes
(FBA, GAPDH, ENO), TCA cycle
Wheat embryo and endosperm: 14 PPs in
embryo, 6 PPs in endosperm: COR, 27K
protein, SOD
Wheat seedling leaves: 31 PPs involved in RNA
transcription/processing, stress and defense,
signal transduction
Wheat grain: 63 PPs—signaling (LRR-receptor
kinases, casein kinase |, CDK, CDK-like);
chaperones (HSPs), starch biosynthesis
28 PPs: signaling (receptor protein kinase
PERKT1-like); RING-finger E3 ubiquitin ligase;
dnaJ-like protein; ADP ribosylation factor;
metabolism (PGK; cinnamoyl-CoA reductase,
isochorismate synthase); transport (ABC
transporter); stress/defense (cytochrome P450)
Up: Putative ribosomal protein S29, HSP70,
MRL
Down: ATP synthase B, glucan
endo-1,3-p-glucosidase
10 PPs: NAD-MDH, ribosomal protein, r40c1
protein, S-like ribonuclease, ethylene-inducible
protein, GLP1, ABA-inducible protein
1,244 PPs, 3921 —Cd: ABA signaling
(PP2C30, PP2C66), CDPK signaling, MAPK
signaling; WRKY TFs, 14-3-3 like, NADH
dehydrogenase, LHCB

Carbon metabolism, proteolytic enzymes,
F-box containing TFs, zinc-finger, MYB TFs,
DEAD-box ATP-dependent RNA helicase 37

Stress proteins: HSPs;
Receptor proteins: Ca-dependent receptor,
gibberellin receptor GID1
4,052 phosphopeptides—3,017
phosphoproteins; 14 categories: signaling
(receptor-like protein kinase; tpa: protein kinase
superfamily protein, leucine-rich repeat protein
kinase, CDPK); chloroplast PPs (CPN60B;
stresschloroplastic like X2 isoform); E3 ubiquitin
protein ligase
Identified phosphoproteins: cell division and
expansion related (GAP, USP, Golgi SNARE12),
carbohydrate metabolism (SuSy3), chromatin
remodeling (histone deacetylase 2b, HDT2),
ABC-transporter, DEAD-box ATP-dependent
RNA helicase 52C, BZIP, RING finger protein
126
Signaling: CDPK, MAPK, 14-3-3; calcium
binding protein CML35; Ras-related smallGTP
binding protein

Pro-Q Diamond phosphoprotein
staining, 2-DE, MALDI-TOF/TOF

2-DE and Pro-Q Diamond
phosphoprotein staining

TiOo beads microcolumn enrichment,
LC-MS/MS

TiOo beads microcolumn enrichment,
LC-MS/MS

2-DE, immunoblots
(anti-phosphoserine,
anti-phosphothreonine,
anti-phosphotyrosine antibodies),
MALDI-TOF MS

2-DE ProQ Diamond

TiO2-IMAC enrichment, LC-MS/MS

2-DE MALDI-TOF/TOF

TiO2-IMAC beads PP enrichment;
iTRAQ, nano LC-MS/MS

TiO2-IMAC beads PP enrichment;
iTRAQ, nanoL.C-MS/MS

TiO2-IMAC beads PP enrichment; nano
LC-MS/MS

Nutip PP enrichment; LC-MS/MS

Affinity enrichment, TMT kit, LC-MS/MS  Photosynthesis antenna proteins (LHCII), RNA

degradation

SDS-PAGE and concanavalin A lectin Up: glycolysis enzymes (GAPDH)

blot Down: N-glycan synthesis enzymes (STT3)
SDS-PAGE and concanavalin A lectin Up: energy metabolism (mitochondrial
blot F1-ATPase, 6-phosphogluconate

dehydrogenase, NADP-dependent malic
enzyme, enolase, UDP-glucose

pyrophosphorylase), chaperone (CPN60«,
HSP90), signaling (calreticulin)

2DE, immunoblot of DNPH-derivatized
proteins

Up: RubisCO LSU, OEE3, PS | subunit Il, IV;
CaM

2-DE, biotin-switch 20 S-nitrosylated proteins: RubisCO LSU, SSU;
ACC synthase 4, PRX, FBA, HSP70, APX, SOD

RubisCO depletion, 2DE, biotin switch
assay, NLC-MS/MS
RubisCO depletion, 2DE, biotin switch
assay, MALDI-TOF/TOF, nLC-MS/MS

S-nitrosylated proteins: SOD, Trx-H type;
GAPDH, FBA, sedoheptulose-bisphosphatase
48 (24 GSNO-treated, 24 cold-responsive)
S-nitrosoproteins: 12S globulin protein
cruciferin; redox (DHAR, Cu/Zn-SOD), stress
defense (lactoylglutathione lyase, GLP)
Leaves:

Carbonylation: RCA,
Tyr-nitration: RubisCO LSU,
S-nitrosylation: PRX

2-DE, immunoblots (carbonylation,
Tyr-nitration), biotin-switch
(S-nitrosylation)

1-DE, immunoblots (carbonylation,
Tyr-nitration), biotin-switch
(S-nitrosylation)
SDS-PAGE and immunoblots (biotin
switch assay)

Leaves: Fe-SOD, NOX, AOX, GSNOR,
Roots: Cu/Zn-SOD, Mn-SOD, NOX, DAO, PAO,
GSNOR
S-nitrosylation patterns enhanced by heat, cold
and drought but suppressed by dark and
salinity with respect to control

SDS-PAGE, MALDI-TOF/TOF,
immunoblot

ATP synthase B, HSP90, PRXIIF
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AOX, alternative oxidase;, APX, ascorbate peroxidase; CA, carbonic anhydrase; CaM, calmodulin; CDK, cyclin-dependent kinase; CDPK, calcium-dependent protein
kinase; CK, casein kinase; DHAR, dehydroascorbate reductase; DHN, dehydrin; ENO, enolase; FBA, fructose bisphosphate aldolase; GAR, GTPase-activating protein;
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GLF, germin-like protein; GRFR, glycine-rich protein; GSNO, S-nitrosoglutathione; GSNOR, S-nitrosoglutathione
reductase; LHC, light-harvesting complex; MDH, malate dehydrogenase; OEE, oxygen-evolving enhancer protein; PGK, phosphoglycerate kinase; PR protein
phosphatase; PS, photosystem, PRK, pyruvate kinase; PRX, peroxiredoxin; RCA, RubisCO activase; RubisCO (LSU, SSU), ribulose bisphosphate carboxylase/oxygenase
(large and small subunit); S, susceptible genotype (to a given stress); SOD, superoxide dismutase; SuSy, sucrose synthase; SWC, soil water content; T, tolerant genotype
(to a given stress); Trx, thioredoxin.
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Biological Protein isoform/PTM References
process
Transcriptome H2AZ histone isoform — altered Kumar and
reprogramming nucleosomes and DNA wrapping — Wigge, 2010
under stress altered chromatin state resulting in
altered transcription
Epigenetic stress Epigenetic marks on chromatin Sung and
memory (long-term proteins: PTMs of histones Amasino, 2005;
cold: vernalization; (methylation, acetylation) and Oliver et al.,
long-term drought) transcription related proteins (RNA 2009; Ding
polymerase Il phosphorylation) etal., 2012
Stress signaling Protein signaling cascades Yamaguchi-
(phosphorylation—enzymatically Shinozaki and
regulated stress signaling; Shinozaki,
RMS-induced PTMs —spontaneous 2006; Mock
stress signals) and Dietz, 2016
Differential enzyme S-nitrosylation-induced RubisCO Abat and
activity and inactivation Deswal, 2009;
kinetics: fine tuning E3 RING-type ubiquitin ligase PARKIN Vandiver et al.,
of stress response activity: 1 persulfidation, | 2013; Wang
S-nitrosylation et al., 2020
Differential RCA isoforms, differential
ROS scavenging enzymes isoforms
(Prx, Trx): fine coordination of
photosynthetic and mitochondrial
electrontransport chains, carbon
assimilation
Differential protein Cytoplasmic vs. nuclear isoforms of Lee et al.,
biological function glycolytic enzymes: GAPDH —glycolytic 2002;
determined by enzyme (cytoplasmic, plastid isoforms), Thompson
cellular localization transcriptional repressor (nuclear); et al., 2004
elF5A—translation initiation
(cytoplasmic), cell cycle regulation
(nuclear isoforms)
Differential A. thaliana HSC70 protein isoforms: Noél et al.,
protein-protein HSC70-1 and HSC70-3 2007; Xiao
(protein-nucleic constitutive x HSC70-2 —pathogen- etal, 2014

acid) interactions

inducible, interaction with SGT1
involved in R-gene mediated resistance
O-glycosylation: O-GlcNAc modification

at Thr17 in TaGRP2 glycine-rich RNA

binding protein enhances its interaction

with protein resulting in TaGRP2
dissociation from VRN pre-mRNA first

intron —VRNT mature transcript

accumulation

GAPDH, glyceraldehyde-3-phosphate dehydrogenase; Prx, peroxiredoxin; RCA,
RubisCO activase; RMS, reactive molecular species; Trx, thioredoxin.
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IncRNA Species Biological fu References

DRIR Arabidopsis Responds to drought stress (Qin et al,, 2017)
At5NC056820 Arabidopsis Responds to drought stress (Liu et al,, 2012; Ruonan et al., 2017)
AtIPS1 Arabidopsis Regulates the absorption of Pi (Jian et al., 2013)

At4 Arabidopsis Regulates the absorption of Pi (Franco-Zorrilla et al., 2007)
Inc_388 Cotton Responds to salt stress (Ma et al., 2008)

Inc_883 Cotton Responds to salt stress (Ma et al,, 2008)

Inc_973 Cotton Responds to salt stress (Ma et al,, 2008)

Inc_253 Cotton Responds to salt stress (Ma et al,, 2008)

Mt4 Lucerne Regulates the absorption of Pi (Burleigh and Harrison, 1997; Burleigh and Harrison, 1998; Burleigh and Harrison, 1999)
TPSI1 Tomato Regulates the absorption of Pi (Mendu, 2010)

PHO1;2 Maize Regulates the absorption of Pi (Franco-Zorrilla et al., 2007; Du et al., 2018)
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Calibration Validation

1JPB NIRS Designation SEP/SECV?
n
DM digestibility 1JPB predicted DM digestibility %DM 168 0.805 50 0.799 171
Calculated CW digestibility 1JPB predicted calculated CW digestibility %CWR 168 0812 50 0.877 ‘ 3.11
Measured CW digestibility 1JPB predicted measured CW digestibility %CWR 168 0.781 50 0.722 ‘ 213
Lignin content 1JPB predicted lignin content %CWR 168 0.593 ‘ 50 0319 ‘ 0.64
Van Soest lignin content 1JPB predicted Van Soest lignin content %NDF 155 1 0.700 0 0597 J 0.22

ICalibration and validation r calculated via Pearsson; *SEP, standard error of prediction; SECV, standard error of cross-validation.





OPS/images/fpls.2023.1070319/crossmark.jpg
©

2

i

|





OPS/images/fpls.2023.1070319/fpls-14-1070319-g001.jpg
Melon cultivars

e §9poq Jopo o) q AAAR-D
e apoge Japo o) q uebixeN
Bjopoq qe Bjopa 9 q LECIN
Iybjopo poge Jopaq apo 9 q 9.0IM
Iybje oqe Jepoq qe s q 98¢
Iy6ep oge 1opoq Bjopo 5 q |g¢ON buenHy
Iybje poge apoge Byopa 9 q 8SCIN
apoge apoge 6j0 Ml o q 1I9j6ueny
Iy6y poge opoge Byopo o o Jjop . |twenybuio
qe poge o OQ 0 Qo ) jop MAd © L1'ON lwuenbuip
Iy6y qe apoq S Bjopo o ®© S jop A « [9CSIN
Iy apoge e S Byopo = 9 jop Mld g [Indlwuel]
ybjepo e I £ Bjopo o 2 nmv jopta g [124bueixoenxuidbuip
Bjopoq Jopo qe O  Bjepo 0 re O jo g 5(8°ON lambuo 4
jopoqge J9paq opoge <2 640 O < q .o |986M
b, poge qe 3 oo Mo O 2 H{a T |L'ON oeqin
Iybje poge oqe © Bjapo 5 o @ 119 9 |0L0¢ uidbuip
Iybje poge qe > 6yl o pa > 11q =z |Buoyljanxuiy
9poge apoge Jopo( Bjopo 0 1A LLCINA
Iybje oge JETokele e o) Hd 8CCL UM
Iybye qe apoq PoQ 9 e lwany
Iyb qe oqge Bjapo 1Ko 8186 !dbueny
$9poq poge Jopoq Bjopo o) 419 Ioulleg
poge apoge Jopo Byopo 9 ila  [lwinaBuip
Jjopoge qe Jop Byop -l o Ila  [2zZE€1ed
oqge ge } 6o Mo 419 8 ON lwury
Iybje poge 6 }q 9Z¢ 1L UM
R ST RC LIIRC 33[s38/&e s v € ¢ L 0L ¢ € 98V €L ol T
%0S %1LS %€S °%YS °%GS





OPS/images/fpls.2023.1142462/fpls-14-1142462-g004.jpg
40.0

w W
b =
> in

1JPB predicted measured CW digestibility (%CWR)
"
[
b

WD R2=0.25.
WDI R?=0.61 **
WW R?=0.35*
RW.40 R2=0.21
Combined R?=0.31 ***
250 30.0 35. 100
Measured CW digestibility (%CWR)
D
40.0

P
foss
>

Measured CW digestibility (% CWR)
w
e
=

RW.40 R? = (.58 **
Combined R?=

140 5.0 7.0
Lignin content (%CWR)

w

LJPB predicted calculated CW digestibility (%CWR)

WD R
P ¢ WDIR:=0.
WW R? = 0.48 **
RW.40 R?
Combined R

320 340 36.0 380

E 1JPB predicted measured CW digestibility (%CWR)

380

W
&
S

W
=
S

WD R2 = (.87 #**
WD1 R?=0.77 ***
9 ##k
=0.67 **
Combined R?= 0.8 ***

1JPB predicted measured CW digestibility (%CWR)

15.0 15.5 16.0 16.5
1JPB predicted lignin content (% CWR)

IJPB predicted lignin content (%CWR)

WD R?
WDI1 R?=0.

40 5.0 6.0 7.0
Lignin content (%CWR)

-n

WD R?=0.7 »
18.00 WD R? = 0.87 *+*
WW R2=0.74 *+*

CRA-W predicted calculated CW digestibility (%NDF)

81w

70 24 27 3.0
(CRA-W predicted Van Soest lignin content (%NDF)

a
>





OPS/images/fpls.2023.1142462/fpls-14-1142462-g005.jpg
s
S
B
&
E
v LS
Plant h«g!.
Caleulated CW digesiibility
Measured CW digestibvily @
Lignin content
vigesivieyied [l 02602058
CRAW predictd DM digesibily o
UPB predicted DM digestibility . 04 =3
CRA-W predicted calculated CW digestibility . s
LIPB predicted caloulated CW digestibility
28
08
4
D Ww S oo o8
Ot S

S ¢ SN
S ESSISAe
S ROESE It
& & S F N S
o O, SIS TS
S S FFLF LS T LS
£ &

Caleutated W digesivity [ B

Messured CW digesiviliy [
Lignin content

Digestble yield o

CRA-W predicted DM digestibilit

LIPB predicted DM digestibility s

CRA-W predicted calculated CW digestibility W

1IPB predicted measured CW digestibility

CRA-W predicted Va

1IPB predicted Van Soest lignin content 08

<6
Soest lignin content

1JPB predicted lignin content

&
Pl
S
FI
a2 0m

DM digestibility .

CWR
Calculated CW digestibility -
Measured CW digestibility

CRA-W predicted DM digestibility
UIPB predicted DM digestibility

CRA-W predicted calculated CW digestibility

1IPB predicted calculated CW digestibility

LIPB predicted measured CW digestibility

CRA-W predicted Van Soest lignin content

1IPB predicted Van Soest lignin content

UPB predicted lignin content

WD1

02

04

08

SIS N
S8 &
O 4 a‘“y’}‘ S
S ORGP

o SE NN

SO OGARNICOICIE R RS

Qe FFEE I F S

A s
NG

08

08

Calculated CW digestibility o4
Measured CW digesibility o
3

0z

CRA-W predicted calculated CW digestibility i

1IPB predicted caleulated CW digestibility
1IPB predicted measured CW digestibility 06
CRA-W predicted Van Soest lignin content
08

1JPB predicted Van Soest lignin content

1IPB predicted lignin content

ST
o FESES
N S Ee 5
o SSRGS
Se® S I LIS
& NS N
& BRI R
§F ST SF PSSP
8 S FE T E 555 5
& SESE SIS S
FORCHI I TR TR L ELL
O T F I F I LIS
08
0s
Catalated W digesivily [ L
Measured W digestvitey [ &
Lignin content [ B
Digestible yield . 81 68 o4 o
CRAW predicted DM digesivitey [
IPB predicted DM digestibility 02
CRA-W predicted calculated CW digestibility - 0
LIPB predicted calculated CW digestibility
LIPB predicted measured CW digestibility
CRA-W predicted Van Soest lignin content
1IPB predicted Van Soest lignin content
LIPB predicted lignin content
WD Sy s
S
Rt
e
5
& Hﬁ@f
S
s S
S
08
0s
Caleulated CW digesivily [JJJJB8 o4
Messured CW digesivilsy i [ [ 1
Lignin content
Digestible yicld . o o
CRA-W predicted DM digestibility a7
LIPB predicted DM digestibility |7 e
CRA-W predicted calculated CW digestibility o3 i
1IPB predicted calculated CW digestibility . 41 03
UPB predicted measured W digestivity [ B Sl [} ¢
CRA-W predicted Van Soest lignin content 7]
08

1IPB predicted Van Soest lignin content
1IPB predicted lignin content





OPS/images/fpls.2023.1142462/M1.jpg
VEL (per 100 kg organic matier)

= 1877 + 0.1389-MAT + 0.9491.DM digestibility





OPS/images/fpls.2023.1142462/M2.jpg
You= p + Vit G+ (VO)u+ e+ n+ Egy





OPS/images/fpls.2023.1142462/fpls-14-1142462-g001.jpg
A

Growth condition and  Precipitation’ Irrigation' Temperature®  Relative humidity’ ETPP’ MGDD*-harvest
Location harvest stage (mm) (mm) (°C) (%) (mm) (degree days)
Mauguio 1135 251 22 61.7 630 1733
Mauguio 113.5 346 22 61.7 630 1733
Mauguio 113.5 613 222 61.7 630 1733
Versailles 359.5 0 16.8 76.9 473 1540
Versailles 378 0 16.6 77.3 499 1710

"Total quantity from sowing to harvest; 2Average temperature or humidity from sowing to harvest; *Estimated Penman evapotranspiration; *Modified growing
degree days (6-30 base) from sowing to harvest.
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Species

H.
kouytchense
H.
androsaemum
H.
bupleuroides
H.

perforatum

H.
maculatum

H. erectum

H.
humifusum

H.
kalmianum

H. canariense

H.
annulatum

Section

11T Ascyreia

v
Androsaemum

VI

Bupleuroides

IX Hypericum

IX Hypericum

IX Hypericum

XIv

Oligostema

XX

Myriandra

XXI Webbia

XXVII

Distribution

1500 - 2000 m

natural: China (Guizhou)
cultivated: Europe, USA
naturalized: New Zealand

lowland to 1800 m (in Iran)

natural: Northwest Europe, Mediterranean to Iran

introduced: Australia, New Zealand, Chile

640 - 2100 m

natural: Northeast Turkey, Southwest Georgia

10 - 2750 (China), 2780 (Tajikistan), 3150 m (Afghanistan)

natural: Europe, Mediterranean, Asia Minor, Northwest India, Altai, China, Northwest Mongolia
introduced: worldwide

0 (West Scotland) - 2650 m (Southeast Switzerland)

natural: Euro-Siberia from Northwest Europe to western Siberia, south from northern Spain to southwestern Siberia
introduced: Canada (British Columbia)

450 - 2250 m (China), 100 - 2100 m (Japan)

natural: Russia (Sakhalin), South Korea, Japan (Ryukya, Okinawa), Taiwan, southeastern China
0 - 1500 m (Morocco)

natural: West and central Europe, Great Britain, southern Scandinavia, east to Belarus and Ukraine, south to Serbia and
Croatia, central Italy, Sardinia, Spain, Portugal, Madeira, Azores, North Morocco

introduced: South Africa, Australia, New Zealand, Chile

180 - 400 m

natural: USA and Canada adjacent to the Great Lakes along the Ottawa River

cultivated: Great Britain, Germany, Japan, Australia, USA

(20-) 180 - 900 (-1200) m

natural: Canary Islands, Madeira

naturalized: Hawaiian Islands, southern California

1212 m (Sardinia), 300 - 1330 m (Balkans), 1050 - 1725 m (Arabia), 1600 — 3000 m (Ethiopia), 1100 - 2700 m (East Africa)
Adenosepalum natural: Sardinia, Balkan peninsula, Saudi Arabia, East Sudan, Ethiopia. East Uganda, Southwest Kenya, North Tanzania

Ref.

Robson,
1985

Robson,
1985

Robson,
2001
Robson,
2002

Robson,
2002

Robson,
2006

Robson,
2010

Robson,
1996

Robson,
1996

Robson,
1996
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IncRNA name
COLDAIR
COOLAIR

ALS
MAS
Zm401
LDMAR
bra-eTM160-1
bra-eTM160-2
IncRNA1459

MdALNC499

Species
Arabidopsis
Arabidopsis
Arabidopsis
Arabidopsis
Corn
Rice
Turnip
Turnip
Tomato

Apple

Participates in the vernalization response to induce flowering
Participates in the vernalization response to induce flowering
Participates in the vernalization response to induce flowering
Regulates flowering time
Regulates pollen development
Regulates pollen development and photosensitive male infertility
Participates in pollen development
Participates in pollen development
Participates in fruit ripening

Participates in fruit ripening

References

(Yamaguchi and Abe, 2012; Bardou et al., 2014)
(Yamaguchi and Abe, 2012; Bardou et al., 2014)
(Shin and Chekanova, 2014)

(Yang et al., 2022)

(Ariel et al,, 2014)

(Ding et al,, 2012)

(Huang et al,, 2018)

(Huang et al.,, 2018)

(Li et al,, 2018)

(Ma et al,, 2021).
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IncRNA Species Biological functiol EEE
Npc4a8 Arabidopsis Affects leaf blade shape (Hirsch et al., 2006)
Npc536 Arabidopsis Regulates root growth (Hirsch et al., 2006)
Npc351 Arabidopsis Involved in the regulation of lateral root development (Schindler et al,, 2008)
T5120 Arabidopsis Promotes root development (Liu et al., 2019)
HID1 Arabidopsis Participates in the construction of light forms (Wang et al,, 2014)
APOLO Arabidopsis Participates in auxin transport (Ariel et al., 2014)
ASCO-RNA Arabidopsis Involved in auxin transport and developmental signal output regulation (Bardou et al, 2014)
GmENOD40 Legumes Involved in the formation of nitrogen-fixing nodules in legumes (Franssen et al.,, 1993; van de Sande et al., 1996)
MtENOD40 Lucerne Alters subcellular localization (Kouchi et al., 2010)
TWISTED LEAF Rice Participates in leaf growth (Liu et al., 2018)
OsENOD40 Rice Affects organ differentiation and vascular tissue development (Kouchi et al., 2010)
ENOD40 Tomato Eliminates ethylene (Zhu and Wang, 2012)
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Gene symbol
CsHemA
CsHemH
Csnol
CsHemY
CsCAO
PsbQ
Csgamma
CsSUS2-1
CsGBEI-1
Cssps
CsUGP2
CsglgA-1

CsBam6-3

Accession number

Csa7G068600.1

Csa2G351800.1

Csa3G130900.1

Csa6G007980.1

Csa6G385090.1

Csa3G414060.1

Csa6G513760.1

Csa4G001950.1

Csa6G357030.1

Csa2G401440.1

Csa3G307690.1

CsalG062920.1

Csa6G072990.1

Forward primer(5-3’)
GTTTGACGACGTGCTTTGCT
CCGTTTCCTCCAAGAGCCAT
TCGATACTCGAACGGGCTTG
CTGGTGTTAGTGGGCTTGCT
AACCGTATCATCCCCGCTTG
TTCTCCGCCATTCCCAATCTC
CTTTCCGGCCAGTCAATCCT
GGAGGACAGTGAAGGGTTGG
GGAGGACAGTGAAGGGTTGG
CTAGCTGGCCTCCACAAGAC
CCAGAGCACTTCCCTTCGTT
TCTGGTTCGGCAAAGTGGAA

CCAGAGCACTTCCCTTCGTT

)

CGATCTCGCACTTAGGACCC

Reverse primer(5

ACCAATAGCGCATTCCCACA

GAGGCATAACGGTAGGAGCC

CCTCCAACTCTTTCGTCTGCT

AAGGACATTGGACTCGACCG

TGCATTGCCAAAGAGAGCAAC

CGATCCGTTCTCGAAGCTCA

AGGATCGGATTGGACGAGGA

TCATCTTCGGGTTTGCTCGT

GCCAAAAGATCATGGACGCC

GAGAACGACACCAGACCCAA

ACGGGTGCACTAGACCAATC

ACATGGTGTCTCGGCAATGT
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