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Editorial on the Research Topic 

Multi-omics and computational biology in horticultural plants: From genotype to phenotype

Horticultural plants complement our food requirements from major agronomic crops by providing a vast range of bioactive compounds, vitamins, and minerals along with carbohydrates, reducing sugars, organic acids, proteins, and fats. They play an important role for humans by providing herbal medicines, beverages, vegetables, fruits, spices, and ornamentals. In recent years many horticultural plant genomes have been sequenced (Chen et al., 2019; Zhang et al., 2020; Liang et al., 2022) and multi-omics technologies have surfaced marker-trait association, gene expression patterns, differential gene and protein abundance along with the understanding of regulatory RNA (Hermanns et al., 2020; Luo et al., 2021). In a nutshell, high-throughput technologies have revolutionized the time scale and power of detecting insights into physiological changes and biological mechanisms in plants (Zhang and Hao, 2020; Li et al., 2022; Liang et al., 2022). All sequencing data and tools have helped us better understand the evolutionary histories of plants and provide genotype resources for molecular studies on economically important traits (Zhang et al., 2020; Zhou G. et al., 2022). The integration of these -omics technologies (e.g., genomics, transcriptomics, proteomics, metabolomics, lipidomics, ionomics, and redoxomics, etc.) is currently at the forefront of plant research. The genomes of horticultural plants are highly diverse and complex, often with a high degree of heterozygosity and polyploidy, such as Solanum tuberosum, modern roses, Chrysanthemum, and Eustoma grandiflorum (Hibrand Saint-Oyant et al., 2018; Liang et al., 2022; Sun et al., 2022; Wen et al., 2022). Novel computational methods need to be developed to take advantage of state-of-the-art genomic technologies. The mining of multi-omics data and the development of new computational biology approaches will help to generate reliable data and efficient analysis of plant traits. This, in turn, will aid to manipulate crop yield to address the ever-growing demand for quality food. The integration of multi-omics data and computational biology technologies constructs biological networks to identify traits that can be further applied toward horticultural crop breeding and generated more productive crop varieties. The present Research Topic on “multi-omics and computational biology in horticultural plants: from genotype to phenotype” aims to combine high-throughput omics and computational biology technologies to find a coherently matching genotype-to-phenotype relationship or marker-trait association in horticultural crops.

This Research Topic has published 31 articles. Of them, three are reviews and the remaining 28 are research papers. Of these, three reported genome sequencing of horticultural crops, two contain research on fruit crops, three are on vegetables, two are on spices, six are on ornamental crops, three on other industrial crops, and the remaining twelce are on model crop species.

Genome sequencing of horticultural plants

A genome is the complete set of DNA sequences of an organism and harbors all of the information required for that organism to function, including embryogenesis, growth, and responses to environmental cues. Unraveling such information means opening up its potential for human exploitation and uses. Although various techniques are now available to sequence a whole plant genome, the assembly of such information is difficult with most of the next-generation sequencing platforms either involving short read or long-read sequences (Eid et al., 2009; Clarke et al., 2009; Levy and Myers, 2016). High-throughput Chromosome Conformation Capture (Hi-C) is a chromosome conformation capture technique that can generate the input materials for deep sequencing and helps in assembling those associated DNA fragments and thus completely connecting chromosome structure and the genomic sequence (Belton et al., 2012). In this Research Topic, Zhou et al. reported a high-quality chromosome-scale genome assembly of Quercus gilva (a broad-leaf oak tree). This is the first reference genome for section Cyclobalanopsis, using the combination of Illumina and PacBio sequencing with Hi-C technologies. The assembled genome size of Q. gilva was 889.71 Mb with 36,442 protein-coding genes distributed on 12 pseudochromosomes. The analysis revealed that Q. gilva underwent considerable gene family expansion and contraction. Ilex latifolia Thunb. is a subtropical evergreen tree native to China and Japan. In addition to its ornamental functions, the tender leaves of this plant are processed into a specific kind of tea known as Kudingcha (Sun et al., 2011). The Ilex latifolia genome information (Xu et al.) along with transcriptome data predicted a total of 35,218 genes and three candidate genes for biosynthesis of pentacyclic triterpenoid saponins responsible for lowering blood lipid, lowering blood pressure, detoxification, and anti-cancer effects. Amomum tsao-ko (presently known as Lanxangia tsaoko) is an herbaceous plant of the Zingiberaceae family rich in volatile oils and is used in traditional Chinese medicine. Sun et al. prepared a draft genome (2.70 Gb in size, contig N50 of 2.45 Mb) of this medicinal plant using both of PacBio long reads and Illumina paired-end short reads and revealed significant expansion of genes involved in secondary metabolite biosynthesis. Notably, the 1-Deoxy-D-xylulose-5-phosphate synthase (DXS), geranylgeranyl diphosphate synthase (GGPPS), and cytochrome P450 (CYP450) genes were found to play a major role in essential oil formation in amomum tsao-ko.


Research on fruit crops

Most of the fruit crops are highly cross-pollinating and with heterozygous genome makeup. Grafting is a well-developed vegetative propagation technique used for fruit trees in which a scion and rootstock are combined to form a new plant with a blend of each plant’s characteristics and is the most important reproduction mode for citrus production (Wu et al., 2019). In between rootstock and scion, horticulturists also use ‘interstock’ to control scion vigor, manage high-density orchard planting, and improve other important agronomic traits. Interstock grafting uses different genetic material between the rootstock and selected commercial cultivar, with the resulting plant formed from three different individuals through a double-graft union (Calderón et al., 2021). Liao et al. found interstocks help to regulate the early ripening and quality of citrus fruits by upregulating sucrose, fructose, and glucose contents, as well as by decreasing organic acid contents. Through transcriptome studies, they proved that the phytohormone signal is activated by alterations in the expression levels of ERF1 (ethylene-responsive transcription factor 1B), GA20OX2 (Gibberellic acid 20 oxidase), CKI1 (CYTOKININ-INDEPENDENT1), and TIR1 (TRANSPORT INHIBITOR RESPONSE 1). Genes related to sugar metabolism (i.e., starch, glucose, sucrose, fructose, and TCA cycle's metabolites) and energy metabolism or those encoding transcription factors (TFs) (e.g., MYB52, 547, and GRF5) were strongly affected by interstocks during fruit ripening. Another fruit plant papaya (Carica papaya L.) strengthens its heterozygosity by following the dioecy mechanism of pollination control. The sex in wild papaya is controlled by XY chromosomes, XX for females, and XY for males (Ming et al., 2008). Previous studies have suggested that sex differentiation in papaya may be regulated by transcription, epigenetic DNA methylation, and phytohormone by considering the experiments in above-ground parts (Zhou et al., 2020; Zhou P. et al., 2022). Zhou et al. in this Research Topic have used transcriptomics and metagenomics to reveal differential metabolites and soil microflora (bacteria and fungi) in the roots and rhizosphere of male and female papaya plants.


Research on vegetable crops

Pakchoi (Brassica rapa subsp. chinensis) is an edible leafy vegetable, cultivated for its nutritional value, particularly with regard to vitamins, minerals, and dietary fibers (Jeon et al., 2018). Wu et al. observed the transcriptional and genomic structural alterations between diploid B. rapa (AA) and artificial autotetraploid B. rapa (AAAA) using RNA-seq and Hi-C techniques. In the autotetraploid B. rapa, eight differentially expressed genes (DEGs) with genomic structural variants were selected as potential candidate genes, including four DEGs involved in photosynthesis, three DEGs related to the chloroplast, and one DEG associated with disease resistance, which all showed high expression in this autotetraploid. An et al. used transcriptome sequencing in Abelmoschus esculentus to detect fruit color-related DEGs and reveal the biological processes and metabolic pathways associated with the related genes. Such detection of DEGs also facilitates the development of Expressed Sequenced Tags-Simple Sequence Repeat (EST-SSR) primer pairs to study genetic diversity in 153 A. esculentus varieties/lines and marker-trait association for fruit color. In other leafy vegetable crops, Li et al. established the role of two structural genes (dihydroflavonol-4-reductase/DFR and anthocyanidin synthase/ANS), three Glutathione S-Transferases (homologous to TT19), and 68 differentially expressed TFs, especially MYB-related TFs and WRKY44 in providing purple leaf color (rich in anthocyanins) in three Brassica napus varieties using metabolome and transcriptome approaches.


Research on spice/medicinal crops

Zanthoxylum bungeanum Maxim. (genus: Zanthoxylum; family Rutaceae) has recently gained significant attention from researchers because of its applications in the pharmaceutical, food, and cosmetic industries (Sun et al., 2019). The spicy taste and medicinal properties of Zanthoxylum bungeanum are imparted by several alkylamides. Zhang et al. functionally validated the role of ZmFAD2 and ZmFAD3 in alkylamides production through their stable and transient expression in Arabidopsis thaliana and Nicotiana benthamiana. Polygonatum cyrtonema Hua is one of the most useful herbs in traditional Chinese medicine and a widely used medicinal and edible perennial plant. However, the seeds have the characteristics of epicotyl dormancy. Zhang et al. have established the role of higher content of trans-zeatin, proline, auxin, and gibberellin and lower content of flavonoids and arginine in relieving seed dormancy in 6-benzylaminopurine treated seeds through metabolomic and transcriptome study.


Research on ornamentals

Ornamental crops have been a part of human life since civilization began due to their aesthetic appearance that indirectly help relieve human stress and improving the quality of space. Chrysanthemum indicum var. aromaticum has an intense fragrance, making it a novel resource plant for agricultural, medicinal, and industrial applications. Zhu et al. used integrative eal metabolome and transcriptome analyses at three different developmental stages of this special Chrysanthemum genotype to investigate key floral scent-related volatile compounds and genes in its flowers. Transcriptome analysis revealed significant DEGs and TFs involved in the production of volatile terpenes. Bougainvillea is known for its specialized, large, and colorful bracts, which contrast with its tiny colorless flower. Huang et al. employed a pan-transcriptome of bracts obtained from 18 Bougainvillea glabra accessions to investigate the global population level germplasm kinship and the gene regulation network for bract color variation. Transcriptome analysis revealed seven DEGs as an identifier of core regulation factors contributing to the B. glabra bract color variation. Orchidaceae family in ornamental crops harbor many premium orchids which are divided into epiphytic, terrestrial, and saprophytic types according to their life forms. Cellulose synthase (CesA) and cellulose synthase-like (Csl) genes are key regulators in the synthesis of plant cell wall polysaccharides, which play an important role in the adaptation of orchids to resist abiotic stresses, such as drought and cold. Wang et al. exploited available genome information from nine orchid species with three types of life forms (epiphytic, terrestrial, and saprophytic types) and detected eight subfamilies of cellulose synthase A/cellulose synthase-like (CesA/Csl) genes. Expansion of the CesA/Csl gene family in orchids mainly occurred in the CslD and CslF subfamilies. Of the three types of orchids, epiphytic orchids experienced greater strength of positive selection, with expansion events mostly related to the CslD subfamily, which might have resulted in strong adaptability to abiotic stress in epiphytes. Dendrobium officinale Kimura et Migo is a famous Chinese herb. D. officinale grows on rocks where the available phosphorus is low. The SPX family (SYG1, PHO81, and Xpr1) plays a critical role in maintaining Pi homeostasis in plants (Li et al., 2021). Liu et al. identified nine SPX family genes in the genome of D. officinale and studied their role in improving phosphorus content in stem through molecular interaction with the Phosphate High-Affinity Response factor in Dendrobium (DoPHR2). Availability of genome sequence in Dendrobium officinale assisted Wang et al. to identify 37 heat shock protein 20 (Hsp20) genes (DenHsp20s), 43 Hsp70 genes (DenHsp70s), and 4 Hsp90 genes (DenHsp90s). These genes were classified into 8, 4, and 2 subfamilies based on phylogenetic analysis and subcellular localization, respectively. Evolution genetics analysis revealed seven pairs in DenHsp70s were under positive selection and proved to be imparted strong stress tolerance in presence of methyl jasmonate. On the other hand, Jiao et al. revealed that treatment of protocorm-like bodies with terpenoid indole alkaloids precursors and methyl jasmonate significantly increased alkaloid production in Dendrobium officinale. Different time points transcriptome under the above treatment revealed six and seven genes related to alkaloid and JA biosynthetic pathways, respectively that might encode the key enzymes involved in the alkaloid biosynthesis of D. officinale. Moreover, 13 TFs, which mostly belong to AP2/ERF, WRKY, and MYB gene families, were predicted to regulate alkaloid biosynthesis.


Research on industrial horticultural crops

Horticultural crops include a vast range of plants that are also used for industrial purposes. The Tung tree (Vernicia fordii), a unique industrial oil tree species in China, is a monoecious plant with wide distribution and many varieties (Cao et al., 2019). Jiang et al. studied the properties of young and old duplicate genes in V. fordii for the first time and identified important duplicate genes for imparting resistance to wilt disease. Jiang et al. analyzed five Euphorbiaceae species (generate raw materials for the production of biodiesel and rubber) genomes and evidenced novel mechanisms of controlling flowering in this species that does not contain FRI (FRIGIDA) and FLC (FLOWERING LOCUS C) genes. Wang et al. developed barcodes of different grass species of Gramineae by combining different barcoding genes that had a significantly higher identification effect than using a single fragment. These results met the requirements of DNA barcoding to locate species in a taxonomic system (family, genus, etc.) with sufficient phylogenetic information.


Research on model crop species

Understanding of crop biology is often fueled by research on model crop plants. Model plant genomes have helped to isolate homologous genes in horticultural crops. In this Research Topic, we have displayed 12 research articles on model plants and/or established crop plants. Jun et al. summarize a new role of ARABIDOPSIS ELONGATOR PROTEIN 4 (AtELP4) in maintaining adaxial-abaxial polarity and cell proliferation during leaf development by epistatically act on DEFORMED ROOTS AND LEAVES 1 (DRL1). Before the birth of the genomics platform, we hardly know about the long noncoding RNAs (lncRNAs) that play an important regulatory role in the plant response to environmental stress. The soil in high-rainfall areas often becomes acidic due to the abundance of soluble aluminum. Thus, the aluminum tolerance mechanism is a required field of research in horticultural crops that are grown in such soils. The article of Gui et al. explains the role of two Al-activated-malate-transporter-related lncRNAs in Medicago in providing tolerance to aluminum toxicity by using a heterologous overexpressing yeast model. Similarly, Li et al. identified novel microRNAs in Medicago sativa that regulate phosphate starvation response by modulating target genes involved in carbohydrate metabolism, sulfo-lipid metabolism, glutathione metabolism, and hormone signal transduction. Saline-alkali soils pose an increasingly serious global threat to plant growth and productivity. Xiong et al. studied plant growth, transcriptional and metabolic responses of shoots to long-term potassium deficiency in maize and found that putrescine and putrescine derivatives were specifically accumulated in shoots under K deficiency. Besides, genes involved in K+ acquisition and homeostasis along with many stress-induced genes involved in transport, primary and secondary metabolism, and regulation were upregulated in maze shoots under K-deficiency. Ma et al. presented a review article on the molecular mechanism of plant responses to salt stress. They suggested deep research in establishing any connection between nutrient signaling and salt stress signaling to balance plant root growth and stress tolerance in plants.

Additionally, the role of growth-regulating factors (GRFs) in regulating leaf size was established in alfalfa (Sun et al.). On the other hand, Zheng et al. studied the architecture of TIFY family genes in casava and found that MeJAZ1, MeJAZ13, and MeJAZ14 were highly up-regulated by osmotic, salt and cadmium treatments. Zhang et al. identified five upregulated WRKY genes, AdWRKY18, AdWRKY40, AdWRKY42, AdWRKY56, and AdWRKY64 in Arachis duranensis under drought stress. Shi et al. studied the role of Fusarium toxin deoxynivalenol (DON) stress in the demethylation of the potato genome and subsequent transcript upregulation. They found that the differentially methylated region-associated DEGs were significantly enriched in resistance-related metabolic pathways and implicated the role of lower concentration of DON (5 and 35 ng/ml) in enhancing potato dry rot resistance through an unknown mechanism similar to seed priming. Dormancy is an important physiological attribute that controls the growth of propagules of many horticultural crops. Zhao et al. summarized the role of abscisic acid (ABA), gibberellic acid (GA), and light signaling in seed germination through the direct and indirect regulation of a core transcription factor ABSCISIC ACID INSENSITIVE 5 (ABI5) that represses seed germination in ABA signaling. The authors envisioned that future works should address the regulation of DELLA proteins by ABA, the crosstalk of ABA and GA in regulating ABI5, and regulations of ABI5 by PIF (phytochrome-interacting factors) and DELLA proteins. Li et al. used dynamic comparative transcriptomic analysis combined with weighted gene co-expression network analysis (WGCNA) to reveal key modules and hub genes related to the hardness and starch synthesis between the floury endosperm and the vitreous endosperm of wax corn structure and nutrient formation for the floury endosperm of maize. Zhang et al. summarized different cutting-edge technologies and theories including genome-wide association and genomic prediction using data collected from genomics and agronomic traits of agricultural crops and further discussed their utilities in horticultural crop breeding. Output from such studies will provide the key information and knowledge towards the input of the genome editing technology such CRISPR-Cas9 in many horticultural crops.

With increasing global climate change and a huge increase in the human population, there are severe problems and discrepancies between the global resources and the need of the human population, especially in places where the local population size is extremely large. People are facing these challenges and trying to solve the problems by improving the efficiency of agricultural production and keeping the balance between environmental capability and natural resources. To meet the need of the food requirements of the global population, diversification of crop husbandry is of prime concern. Cutting-edge genomics technologies, such as CRISPR-Cas9, have facilitated towards breeding of better breeds or varieties in major food crops (Menz et al., 2020; Pixley et al., 2022). It is now time to harvest the same magnitude of benefits in horticultural crops.
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Abelmoschus esculentus is a medicinal and edible plant that contains large amounts of active ingredients, including anthocyanins, polysaccharides, flavonoids, and terpenoids. However, because of a relative lack of molecular research, there are few molecular markers applicable for this plant species. In this study, on the basis of A. esculentus fruit color-related transcriptome sequencing data, we analyzed the patterns of simple sequence repeats (SSRs) in differentially expressed genes (DEGs) and revealed the biological processes and metabolic pathways associated with the related genes. We also designed primers for SSR loci to develop SSR molecular markers. Primers were synthesized using a DEG associated with a protein–protein interaction network. Polymorphic SSR markers were screened for the subsequent examination of A. esculentus germplasm resources and fruit color association analysis. The results indicated that 24.98% of the unigenes contained SSR motifs. Single-base (mononucleotide) repeats were the main SSRs, followed by trinucleotide and dinucleotide repeats. We selected 47 expressed sequence tag (EST)-SSR primer pairs for the genotyping of 153 A. esculentus varieties/lines. We ultimately obtained 21 EST-SSR markers suitable for genotyping. A generalized linear model-based association analysis detected two EST-SSR markers significantly associated with A. esculentus fruit color. In conclusion, several EST-SSR and SSR molecular markers in A. esculentus were developed in this study. The fruit color-associated markers may be useful for the molecular marker-assisted breeding of new A. esculentus varieties.
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INTRODUCTION

Abelmoschus esculentus (okra) is an important cash crop with a high nutritional value (Adelakun et al., 2009). Polysaccharides in A. esculentus have anti-depressant and anti-inflammatory effects and its mucilage is rich in functionally active and antioxidant substances (Tian et al., 2015). Additionally, A. esculentus is an important medicinal and edible plant with beneficial effects on human health (Liao et al., 2012). However, biotechnology-based methods for accelerating the genetic improvement of A. esculentus have seldomly been reported and there are few related molecular markers (Mishra et al., 2017). Mainstream molecular markers, including simple sequence repeats (SSRs) and inter-simple sequence repeats (ISSRs) (Yuan et al., 2014); have been used for the genetic analysis and molecular marker-assisted breeding of A. esculentus (Yildiz et al., 2015). As transcriptome sequencing has become more affordable, transcriptome sequencing-based SSR molecular markers have been increasingly developed for many species, including A. esculentus. Some transcriptome sequencing-based expressed sequence tag (EST)-SSR molecular markers for A. esculentus has also been developed (Schafleitner et al., 2013).

The number of available molecular markers is much lower for A. esculentus than for other crops (Yuan et al., 2014; Yildiz et al., 2015). Among the transcriptome-based molecular markers, EST-SSRs developed using unigenes have specific tendencies because of the spatiotemporal specificity of gene expression. Thus, they are useful for the genetic improvement of A. esculentus.

Abelmoschus esculentus is a medicinal and edible vegetable, and its edible part is mainly the tender pod. There is considerable diversity in A. esculentus fruit colors (e.g., light green, green, dark green, pink, and mauve). Studies have shown that anthocyanins can protect against radiation, while also delaying aging and decreasing blood lipid levels (Chao et al., 2014; Fan et al., 2014). They also have some inhibitory effects on cancer (Wang and Stoner, 2008). Anthocyanin biosynthesis is a secondary metabolism-related process that has been extensively studied in various plants, including Arabidopsis thaliana (Matsui et al., 2008), maize (Selinger and Chandler, 1999), and other model plants, but there has been limited related research on A. esculentus. The diversity in fruit colors is usually associated with differences in the abundance of anthocyanins, which can scavenge reactive oxygen species through redox reactions and contribute to plant stress resistance and anti-aging health effects in humans. Fruit color is regulated by both genes and environmental conditions. Molecular markers related to fruit color may be used to screen for desirable fruit colors at the seedling stage, thereby accelerating the genetic improvement of A. esculentus. In this study, we developed transcriptome sequencing-based EST-SSR markers related to A. esculentus fruit color, providing okra researchers with additional molecular markers. Moreover, a set of differentially expressed genes (DEGs) and the associated protein–protein interaction (PPI) networks were analyzed in this study. Specific primers were selected and then validated using 153 A. esculentus germplasm materials. The polymorphism of the newly developed EST-SSR molecular markers and their utility for analyzing the genetic diversity of germplasm resources and population structures were investigated. Finally, an association analysis was performed for A. esculentus fruit color. In this study, we generated a new set of EST-SSR molecular markers that may be exploited for the molecular breeding of A. esculentus.



MATERIALS AND METHODS


Materials

A total of 153 A. esculentus germplasm resources (Supplementary Table 1) collected worldwide were used for screening and validating EST-SSRs and conducting a marker–fruit color association analysis.



De novo Sequencing and Development of SSR Markers

The pink (No. AE70) and dark green (No. AE4) capsules of A. esculentus were collected, immediately frozen in liquid nitrogen, and stored at −80°C for the following experiments. Total RNA was extracted from the frozen samples using the TRIzol reagent (Invitrogen, CA, United States) as previously described (An et al., 2020). The RNA quality was checked by agarose gel electrophoresis as well as by an analysis using the Agilent 2100 Bioanalyzer (Agilent, CA, America) before further processing (An et al., 2020). The cDNA libraries were sequenced using the illumina novaseq 6000 platform. Transcripts were de novo assembled using the default parameters of Trinity and then further clustered into unigenes using the Corset software (Davidson and Oshlack, 2014). The assembled unigenes were imported into the MISA software for the SSR analysis. The type and frequency distribution of the SSR motifs were recorded. The repetitive motifs of SSRs were analyzed according to the following criteria: number of repeating mononucleotides ≥10; number of repeating dinucleotides ≥6; and number of repeating trinucleotides, tetranucleotides, pentanucleotides, and hexanucleotides ≥5. Specific SSR primers were designed on the basis of the unigene sequences using Primer3. The primers were designed to amplify fragments between 100 and 400 bp long.



Gene Ontology and Kyoto Encyclopedia of Genes and Genomes Enrichment Analyses and PPI Network Analysis of DEGs

To investigate the biological functions of the SSR-containing unigenes and SSR-containing DEGs associated with PPI networks (e.g., the main biological processes, molecular biological functions, cellular components, and metabolic pathways), Gene Ontology (GO; Young et al., 2010), and Kyoto Encyclopedia of Genes and Genomes (KEGG; Mao et al., 2005) enrichment analyses were performed using TBTools (Wang et al., 2010).

String1 was used to analyze the PPI networks of DEGs, whereas Cytoscape was used to visualize the PPI networks.



DNA Extraction

Approximately 200 mg young A. esculentus capsules were ground to a fine powder in liquid nitrogen. Total genomic DNA was extracted from the ground material using the DNAsecure Plant Genomic DNA Extraction kit (DP320-02; Tiangen, China). An approximately 2-μl aliquot of the DNA solution was collected to determine the DNA concentration and quality using the NanoDrop Microvolume UV Spectrophotometer (Model ND1000). A 4-μl aliquot of the DNA solution was analyzed by 1% agarose gel electrophoresis to check the DNA integrity. The DNA detected as a clear band was used for the subsequent SSR genotyping experiments.



SSR Genotyping

Fluorescent SSR primers were synthesized by adding FAM to the 5′ end. These primers as well as Phi29 DNA Polymerase (TransGen; Cat. No. LP101-01) were used for a PCR amplification. The 20-μl reaction volume consisted of 1 μl each 2 μM primer, 2 μl DNA template, 2 μl buffer, 0.3 μl TransTaq, 1.6 μl dNTPs, and 12.1 μl ddH2O. The PCR program was as follows: 94°C for 4 min; 35 cycles of 94°C for 30 s, 56°C for 90 s, and 72°C for 1 min; 72°C for 5 min and then 4°C for storage. A 1-μl aliquot of the PCR product was analyzed using the ABI 3730xl capillary electrophoresis DNA analyzer, after which the GeneMapper 4.0 software was used to read and export the SSR genotyping data. More specifically, GeneMapper exported the size of the amplified fragment for each primer pair and converted it to a format suitable for the programs used for the subsequent analyses.



Genetic Diversity Analysis

The SSR genotyping data were imported into the POPGENE (v1.32) software, which was used to calculate the number of alleles (Na), number of effective alleles (Ne), observed heterozygosity (Ho), expected heterozygosity (He), and Shannon diversity index (I) for each SSR marker in the diploid codominant mode. The PowerMarker (v3.25) software (Liu and Muse, 2005) was used to calculate the polymorphism information content (PIC) value. The genetic similarity (Jaccard coefficient) between two samples was calculated using the NTSYSPC (v2.10e) software (Adams and Rohlf, 2000).



Genetic Structure Analysis

Nei and Takezaki (1983) genetic distance determined on the basis of the allele frequency was calculated using the PowerMarker (v3.25) software. A neighbor-joining phylogenetic tree was constructed using the MEGA (v7.0) software. The SSR genotyping data were imported into the Structure (v2.0) software. The K value was set as 1–20, with three replicates. The Markov chain Monte Carlo method was used, with 100,000 iterations and a burn-in of 10,000 iterations. The Structure (v2.0) results were analyzed using the Structure Harvester online tool (Earl and vonHoldt, 2011). The curve of the change in ΔK with K was plotted to determine the best K value. Then, the ind files corresponding to the three replicated runs using the best K value were downloaded and imported into the Clumpp (v2.0) software, which merged the three results into a Q value matrix (Jakobsson and Rosenberg, 2007). The Q plot was created using Structure (v2.0). Finally, the results of the neighbor-joining cluster and Structure analyses were compared to analyze the population genetic structure.



Examination of the Okra Fruit Pod Color and Association Analysis

An analysis of A. esculentus fruit (about 9 cm long) revealed five distinct colors (light green, green, dark green, pink, and mauve). To generate phenotypic data for the EST-SSR marker–fruit color association analysis, the colors were assigned a value as follows: light green = 1, green = 2, dark green = 3, pink = 4, and mauve = 5. A preliminary association analysis was performed on the basis of the SSR genotyping results and the fruit color phenotypic data for 153 A. esculentus germplasm resources. The genotypic and phenotypic data were imported into the TASSEL 2.1 software and the loci with MAF < 0.05 were excluded. The association analysis was completed according to the generalized linear model (GLM). The threshold for determining that a molecular marker was significantly associated with A. esculentus fruit color was p_Marker <0.05. When the value was close to 0.05, the molecular marker was also considered to be associated with fruit color, but this association required further validation.




RESULTS


Genomic SSR Analysis

We obtained 64,092 unigenes (total length of 68,344,383 bp) by splicing the transcriptome sequencing reads. The SSRs in the unigenes were analyzed using the MISA software (Table 1), which revealed 9,937 SSRs in 8,559 unigenes (i.e., 13.4% of all unigenes). On average, each sequence contained 1.16 SSRs. Additionally, 1,168 sequences had more than one SSR. Moreover, 473 SSRs had a compound formation. The unigenes containing SSRs included 372 fruit color-related DEGs, of which 178 and 194 had upregulated and downregulated expression levels, respectively.



TABLE 1. Overview of the unigenes containing simple sequence repeats.
[image: Table1]

Among the detected SSRs, single-base repeats (mononucleotide motifs) accounted for the largest proportion, followed by trinucleotide motifs and dinucleotide motifs (Figure 1). We designed SSR primers for 7,675 unigenes (three primer pairs per SSR) and constructed a marker library for screening polymorphic EST-SSR markers (Supplementary Table 2).

[image: Figure 1]

FIGURE 1. Distribution of SSR motifs in unigenes.


To further characterize the unigenes containing SSRs and their functions, we performed GO and KEGG enrichment analyses (Supplementary Figures 1, 2). The main GO terms assigned to the unigenes containing SSRs were as follows: DNA-binding transcription factor activity, transmembrane transporter activity, and organic cyclic compound binding (molecular function category); transporter complex, ribonucleoprotein complex, and transcription regulator complex (cellular component category); biological regulation, cellular response to stimulus, and response to chemical (biological process category). The significantly enriched KEGG pathways among the unigenes containing SSRs were transcription factors (03000), plant hormone signal transduction (04075), and nicotinate and nicotinamide metabolism (00760).



Protein–Protein Interaction Network Analysis of DEGs

The transcriptome analysis revealed 2,186 DEGs, of which 957 DEGs (206 and 751 with upregulated and downregulated expression levels, respectively) may encode proteins involved in PPI networks (Figure 2). In total, 128 DEGs associated with PPI networks had at least one SSR that could be detected with the SSR primers designed in this study. The main GO terms assigned to the DEGs associated with PPI networks were as follows: oxidation–reduction process, small-molecule metabolic process, and NADP metabolic process (biological process category); cofactor binding, oxidoreductase activity, and isomerase activity (molecular function category; Figure 3A); thylakoid, extrinsic component of membrane, and membrane protein complex (cellular component category). Furthermore, the main enriched KEGG pathways were metabolism of cofactors and vitamins (B09108), glyoxylate and dicarboxylate metabolism (00630), and energy metabolism (B09102; Figure 3B).

[image: Figure 2]

FIGURE 2. Genes and protein–protein interaction (PPI) networks associated with the newly developed EST-SSR markers.
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FIGURE 3. Enrichment analysis of the differentially expressed genes (DEGs) associated with PPI networks. (A) Gene Ontology (GO) enrichment analysis of the PPI network-associated DEGs; (B) Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis of the PPI network-associated DEGs.




Validation of EST-SSR Molecular Markers

To validate the developed SSR markers and screen for polymorphic markers, we synthesized 47 primer pairs targeting the SSRs of the PPI-associated DEGs for an analysis of the genomic DNA extracted from 153 A. esculentus varieties/lines. Finally, 21 polymorphic EST-SSR markers were obtained, with a polymorphism rate of 44.7%. The genotyping data for the 21 polymorphic markers were used to analyze the genetic diversity of these markers and the genetic structure of A. esculentus germplasm resources.



Single-Locus Genetic Diversity

We evaluated the genetic diversity of newly developed EST-SSR molecular markers in A. esculentus germplasm resources (Table 2). The analysis of 21 EST-SSR markers using 153 A. esculentus materials indicated the number of alleles was between 2 and 6 (average of 3.62). The number of effective alleles was between 1.01 and 2.04 (average of 1.22). The major allele frequency was between 0.50 and 0.99 (average of 0.90). The observed heterozygosity was between 0 and 0.99 (average of 0.16), whereas the expected heterozygosity was between 0.01 and 0.51 (average of 0.14). The PIC value was between 0.01 and 0.42 (average of 0.12). The Shannon diversity index was between 0.05 and 0.75 (average of 0.25). The genetic similarity coefficient for any two germplasm resources was between 0.58 and 1.00 (average of 0.86). The data suggested that these markers were insufficient for completely distinguishing the 153 germplasm materials. Hence, additional EST-SSR markers were required.



TABLE 2. Analysis of 21 new Expressed Sequence Tag-Simple Sequence Repeat (EST-SSR) markers in 153 Abelmoschus esculentus accessions.
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Genetic Structure Analysis

The genotyping data for the 21 SSR loci were used for the analysis of the population genetic structure of 153 A. esculentus germplasm materials. An a priori model in the Structure software was used to infer the probability that each material was classified into a specific sub-population. The results were subsequently imported into Structure Harvester to analyze the change in ΔK with K (Figure 4A). When K = 7, ΔK corresponded to the inflection point. Thus, the number of optimal subpopulations in these 153 materials was 7. We combined the Q matrices of the three replicates corresponding to the optimal K value using Clumpp to generate the Q-Q plot (Figure 4B). According to the classification criteria, the samples with Q > 0.6 were clearly classified into specific clusters, whereas those with Q < 0.6 were classified into mixed clusters. The 153 materials were classified into seven clusters. With the exception of one material that was clearly classified into a specific cluster, the examined materials belonged to mixed clusters.

[image: Figure 4]

FIGURE 4. Analysis of the Abelmoschus esculentus germplasm resource population structure. (A) Change in ΔK with K. At K = 7, ΔK corresponded to the peak inflection point, implying the optimal number of populations was 7. (B) Q plot. The y-axis presents the Q values, which reflect the probability of dividing the corresponding material into a specific cluster, with different colors representing different clusters. (C) Neighbor-joining phylogenetic tree based on Nei’s genetic distance. (D) Principal coordinate analysis (PCoA) involving two-dimensional principal coordinates. Both PC1 and PC2 are principal components. The first three principal components explained 76.62% of the variation in the population structure.


To further analyze the population genetic structure, PowerMarker was used to calculate Nei’s genetic distances according to the allele frequency. Additionally, the neighbor-joining method was used for a cluster analysis (Figure 4C) and to perform a two-dimensional principal coordinate analysis (PCoA; Figure 4D). The first three principal components (PC1, PC2, and PC3) explained 76.62% of the total variance (Figure 4D). The phylogenetic relationships among germplasm materials were assessed on the basis of the distances between the scattered points in the graph (Figure 4D). The results of the PCoA, the neighbor-joining cluster analysis, and the Structure-based cluster analysis revealed a lack of an obvious stratification among the A. esculentus germplasm resources. These results may be relevant for association analyses involving natural A. esculentus groups.



Fruit Color–EST-SSR Association Analysis

In this study, 153 A. esculentus germplasm materials were classified into different groups according to their fruit colors (light green, green, dark green, pink, and mauve; Figure 5). After assigning values (1–5) to the colors, the phenotypic data were imported into the TASSEL 2.1 software along with the EST-SSR genotypic data for a GLM association analysis. Two EST-SSR markers were revealed to be associated with A. esculentus fruit color (Table 3). Marker OREST22 was significantly associated with fruit color (p = 0.0235) and explained 4.94% of the phenotypic variation. Additionally, OREST22 was located in unigene cluster-12086.22033, which was annotated as a sulfite reductase (ferredoxin) and a chloroplastic protein (Herrania umbratica). The expression of unigene cluster-12086.22033 was significantly downregulated according to the transcriptome data (Figure 6A). Marker OREST1 was also associated with fruit color (p = 0.0615), although not significantly. This marker explained 5.97% of the phenotypic variation. Marker OREST1 was located in unigene cluster-12086.35646, which was annotated as a hypothetical protein. The transcriptome data revealed the significantly downregulated expression of unigene cluster-12086.35646 (Figure 6B). These results suggested that the genes containing OREST1 or OREST22 might be functional genes related to A. esculentus fruit color. Moreover, the two EST-SSR markers may be applicable for the genetic improvement of A. esculentus.
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FIGURE 5. Abelmoschus esculentus fruit colors. (A). light green, (B). green, (C). dark green, (D). pink, and (E). mauve.




TABLE 3. Two EST-SSR markers associated with Abelmoschus esculentus fruit color.
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FIGURE 6. Sub-network containing the two fruit color-associated markers. (A) represents the gene in which the association marker OREST22 is located and the DEGs in which it is interassociated. (B) represents the DEGs of the gene containing the potential association marker OREST1 and its protein interaction.





DISCUSSION

The application of transcriptome sequencing technology has resulted in a rapid increase in the number of EST and EST-SSR markers in many plants, including tiger lily (Sun et al., 2022), common buckwheat (Liu et al., 2022), vegetable soybean (Zhang et al., 2013), and Chrysanthemum morifolium Ramat (Fan et al., 2022). However, there have been relatively few reports describing EST-SSR molecular markers in A. esculentus. The molecular markers that have been developed for A. esculentus have primarily been SSR markers (Schafleitner et al., 2013) and sequence-related amplified polymorphism (SRAP) markers (Gulsen et al., 2007). In this study, A. esculentus fruit color-related SSR molecular markers were developed on the basis of transcriptome sequencing data. Additionally, the SSR characteristics of fruit color-related genes were analyzed. We performed an SSR analysis using the unigenes obtained from A. esculentus transcriptome sequencing data. In an earlier study, SSR, ISSR, and SRAP markers were used to elucidate the genetic diversity among six okra varieties (El-Afifi et al., 2018). The number of unigenes identified in this study was similar to the number of unigenes detected in an earlier investigation, but the SSR motif distribution characteristics and the number of unigenes containing SSRs differed (Schafleitner et al., 2013). This inconsistency may be ascribed to the diversity in the expressed genes identified in different transcriptome sequencing experiments (Zhang et al., 2013).

The results of the sequence enrichment analysis of the SSR-containing unigenes implied these unigenes might be mainly associated with plant signaling pathways. Accordingly, the EST-SSR primers developed in this study may primarily anneal to plant signaling-related genes. The EST-SSR markers described herein may be used to assess the genetic diversity of an A. esculentus population as well as the diversity in specific genes/related traits among A. esculentus germplasm resources (El-Afifi et al., 2018). The data generated in the current study may form the basis of future research conducted to further clarify the genetic diversity of A. esculentus and to screen for breeding materials (Yuan et al., 2014).

We analyzed DEGs associated with PPI networks because groups of related genes often have similar functions and represent a large proportion of DEGs (Cao et al., 2021). An enrichment analysis revealed that the genes encoding proteins belonging to PPI networks might contribute to energy metabolism and photosynthesis (Cevallos-Casals and Cisneros-Zevallos, 2004). These genes might be important for fruit color formation. In the current study, we screened the SSR markers in these DEGs and then validated 47 EST-SSR molecular markers with trinucleotide repeats. Finally, 21 polymorphic EST-SSR markers with a high detection rate were obtained and used for the evaluation and association analysis of A. esculentus germplasm resources.

The PIC value can be used to estimate the utility of a marker for discriminating between genotypes (Nagl et al., 2011). Moreover, PIC values were previously used to assess the genetic diversity in okra (Yuan et al., 2014). The overall mean PIC value for the 21 EST-SSR markers developed in this study was lower than that of previously reported markers (Schafleitner et al., 2013; Yuan et al., 2014), but was within the PIC value distribution range determined in another study (Yildiz et al., 2015). The same trend was observed for the Shannon diversity index. On the basis of the heterozygosity, diversity index, and PIC value, three EST markers useful for the subsequent evaluation of A. esculentus germplasm resources were identified. We analyzed the polymorphism of 21 EST-SSR markers in 153 A. esculentus germplasm resources. Although these markers were significantly polymorphic, they could not distinguish all 153 materials. This may be interpreted as follows. First, the number of EST-SSR markers included in our analysis was insufficient for the number of examined materials. Second, EST-SSR molecular markers are located in exonic regions and their polymorphism is lower than that of SSRs in spacer regions.

Among the SSRs detected by the transcriptome sequencing analysis in this study, the single-base repeats were the most common, followed by the trinucleotide repeats. This is inconsistent with the findings of an earlier investigation by Schafleitner et al. (2013), in which trinucleotide and hexanucleotide repeats were detected as the predominant SSRs. This difference between studies may be explained by the diversity in gene expression, which leads to transcriptome bias (Schafleitner et al., 2013). Therefore, we selected trinucleotide SSR loci for the subsequent analysis (Jakobsson and Rosenberg, 2007). Clarifying genetic diversity and population structure is essential for elucidating the breeding history and genetic relationships of crops. The genetic structure of A. esculentus germplasm resources revealed a stratification phenomenon. However, obvious links among the populations indicated that the stratification phenomenon was insignificant. This genetic structure was in accordance with the fruit color-based classification of the germplasm resources. Although we detected five A. esculentus fruit color types, there were some intermediate types among the examined germplasm resources. Hence, the association between the marker patterns and phenotypic patterns may lead to a stratified structure.

We also conducted an association analysis of A. esculentus fruit color and detected one significantly associated marker as well as one potentially associated marker that remain to be experimentally verified. The significantly associated marker might be in a gene encoding a scavenger of reactive oxygen species, indicating that A. esculentus fruit color formation may be influenced by antioxidant activities (Chao et al., 2014; Fan et al., 2014). This possibility should be thoroughly investigated in future studies.

In conclusion, we developed EST-SSR markers for A. esculentus on the basis of fruit color-related transcriptome data and then selected SSR primers for the DEGs associated with PPI networks for screening and validation experiments. Finally, we obtained 21 new highly polymorphic EST-SSR markers applicable for genotyping. These markers may be used for analyzing the genetic diversity and population structure of A. esculentus germplasm resources. Furthermore, the molecular markers significantly associated with fruit color may be relevant for the genetic improvement of A. esculentus to produce novel varieties with desirable fruit colors.
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WRKY transcription factor participates in plant growth and development and response to biotic and abiotic stresses. Arachis duranensis, a turfgrass, has high drought tolerance, yet little is known about AdWRKYs response to drought stress in A. duranensis. In this study, RNA-seq identified five AdWRKYs, including AdWRKY18, AdWRKY40, AdWRKY42, AdWRKY56, and AdWRKY64, which were upregulated under drought stress. Orthologous relationships between AdWRKYs and Arabidopsis WRKY were determined to predict the regulatory networks of the five AdWRKYs based on AtWRKYs. Additionally, protein–protein interactions were predicted using differentially expressed proteins from RNA-seq. The quantitative real-time PCR (qRT-PCR) results showed that AdWRKY40 was upregulated, while AdWRKY42, AdWRKY56, and AdWRKY64 were downregulated at different time-points under drought stress. The predicted regulatory networks showed that AdWRKY40 activates COR47, RD21, and RD29A expression under drought stress. Besides, AdWRKY56 regulated CesA8 under drought stress. Aradu.YIQ80 (NAC019) interacted with AdWRKY40, AdWRKY42, AdWRKY56, and AdWRKY64, while Aradu.Z5H58 (NAC055) interacted with AdWRKY42 and AdWRKY64 under drought stress. This study used Arabidopsis to assess AdWRKYs function and regulatory networks, providing a basis for understanding drought tolerance in A. duranensis.

Keywords: Arachis duranensis, drought tolerance, protein–protein interaction, regulatory network, WRKY


INTRODUCTION

Drought severely impairs plant growth and development (Zhu, 2002, 2016). Therefore, plants have evolved complex adaptive strategies to cope with drought stress over time. Plants reduce water loss by regulating stomatal aperture and root development (Zhu, 2016; Ahammed et al., 2020). Briefly, accumulated abscisic acid (ABA) content changes the Ca2+ concentration of the guard cell, which activates Ca2+ signaling to increase water loss resulting in stomatal closure under drought stress (MacRobbie, 2006). High ABA content reduces the germination rate, root development, and plant growth (Finkelstein et al., 2002; Fujita et al., 2011). Similarly, accumulated ROS activates Ca2+ and K+ signaling, promoting stomatal closure under drought stress (Livak and Schmittgen, 2001; Sierla et al., 2016; Qi et al., 2018). Besides, plants also scavenge reactive oxygen species (ROS) to prevent harm (Zhu, 2016; Ahammed et al., 2020). Under drought stress, excess ROS content causes lipid peroxidation, protein degradation, nucleotide damage, cell death, and electron transport chain damage (Sierla et al., 2016; Xu et al., 2016; Qi et al., 2018). Oxidases (SOD, POD, and CAT) and non-oxidases (APX, GSH, and AsA) can scavenge ROS in plants (Sierla et al., 2016; Qi et al., 2018).

The WRKY transcription factor is involved in drought stress response (Rushton et al., 2010, 2012; Chen et al., 2017a). Besides the one conserved heptapeptide WRKYGQK motif located on the N-terminal WRKY domain (Eulgem et al., 2000), WRKY contains two types of zinc-finger structure, C-X4-5-C-X22-23-H-X-H (C2H2) and C-X5-8-C-X25-28-H-X1-2-C (C2HC; Eulgem et al., 2000; Rushton et al., 2010). WRKY can be classified into three groups based on WRKY domain number and zinc-finger structure type. Group I contains two WRKY domains and a C2H2; Group II contains one WRKY domain and a C2H2; and Group III contains one WRKY domain and a C2HC (Eulgem et al., 2000; Rushton et al., 2010). WRKYs have been identified at the genome level due to the development of sequencing technology: Arabidopsis thaliana (Eulgem et al., 2000), Oryza sativa (Ross et al., 2007), Medicago truncatula (Song and Nan, 2014), Triticum aestivum (Gupta et al., 2018), Glycine max (Song et al., 2016a), and Arachis species (Song et al., 2016b; Zhao et al., 2020). However, the role of WRKY has not been widely studied in Arachis.

WRKY controls gene expression by binding to the W-box element (C/TTGACT/C) of downstream genes (Eulgem et al., 2000; Ciolkowski et al., 2008; Rushton et al., 2010). Extensive studies have also demonstrated that WRKY improves drought stress response (Phukan et al., 2016; Jiang et al., 2017; Chen et al., 2017a, 2019). Moreover, AtWRKY11 and AtWRKY17 overexpression improves drought tolerance in Arabidopsis, promoting seed germination and root growth under drought stress (Ali et al., 2018). OsWRKY11 enhances drought tolerance in rice by upregulating HSP101 expression (Wu et al., 2009). WRKY regulates drought stress through abscisic acid (ABA) signaling (Rushton et al., 2012). AtWRKY57 improves drought stress in Arabidopsis by binding their W-box elements to activate the expressions of RD29A and NCED3 (Jiang et al., 2012). TaWRKY2 increases the drought and salt tolerance of wheat by binding to the W-box of STZ and RD29B (Niu et al., 2012). TaWRKY19 also increases drought and salt tolerance of wheat by binding to W-box of DREB2A and Cor6.6, thus activating DREB2A, RD29A, DR29B, and Cor6.6 (Niu et al., 2012). GmWRKY54 enhances drought stress of soybean by activating PYL8, SRK2A, CIPK11, and CPK3 (Wei et al., 2019). WRKY53 enhances drought stress of Pyrus betulaefolia by binding to the W-box of PbrNCED1 (Liu et al., 2019). Therefore, different plants regulate various downstream genes involved in drought stress tolerance.

Arachis duranensis, a turfgrass, has strong drought tolerance (Leal-Bertioli et al., 2012, 2018). The genome sequences of A. duranensis and drought-related RNA-seq datasets are available in the PeanutBase database (Brasileiro et al., 2015; Bertioli et al., 2016; Dash et al., 2016). A previous study identified 75 WRKYs (AdWRKYs) in A. duranensis (Song et al., 2016b), providing a basis for identifying AdWRKYs involved in drought stress response. In this RNA-seq based study, five AdWRKYs (AdWRKY18, AdWRKY40, AdWRKY42, AdWRKY56, and AdWRKY64) were differentially expressed under drought stress. The regulatory networks of AdWRKYs were then determined and verified. This work provides a theoretical basis for further analysis of the function of AdWRKYs.



MATERIALS AND METHODS


Identification of AdWRKYs Involved in Drought Stress Response

The transcriptomes of A. duranensis under drought stress and normal growth conditions were sequenced and de novo assembled to detect differentially expressed genes (DEGs) under normal growth and drought stress conditions in 2015 (Brasileiro et al., 2015). In 2016, the RNA-seq was re-assembled using the A. duranensis genome as the reference, and the updated RNA-seq data were released in the PeanutBase database (Dash et al., 2016). The DEGs were identified between drought and control using the edgeR program (Robinson et al., 2010). Genes with log2(Foldchange) > 2 or <−2 at FDR < 0.05 were considered differentially expressed (Brasileiro et al., 2015; Dash et al., 2016).

A previous study identified WRKYs in A. duranensis (Song et al., 2016b). This study extracted the differentially expressed AdWRKY genes in the abovementioned RNA-seq datasets. The differentially expressed AdWRKY features and subcellular localization were predicted using ExPASy (Gasteiger et al., 2003) and Plant-mPLoc (Chou and Shen, 2010) with default parameters.



Phylogenetic Relationship Analysis

Phylogenetic trees were constructed using AdWRKYs and Arabidopsis WRKY (AtWRKY) to reveal their orthologous relationship. AtWRKYs were obtained from a public database (The Arabidopsis Information Resource, https://www.arabidopsis.org/index.jsp). Multiple sequence alignments were conducted using the MAFFT program (Katoh and Standley, 2013). The ProtTest program was used to estimate the best-fit model for constructing phylogenetic trees (Darriba et al., 2011). The maximum likelihood (ML) of the trees was determined using the IQ-tree program (Nguyen et al., 2015).



Cis-Acting Element Analysis

WRKY regulates downstream gene expression by binding to cis-acting elements, such as W-box (C/TTGACC/T), WT-box (GACTTT), WK-box (TTTTCCAC), PRE (TACTGCGCTTAGT), and SURE (TAAAGA TTACTAATAGGAA; Rinerson et al., 2015; Chen et al., 2019). Herein, the TBtools program was used to extract the 2-kb sequences upstream of the start codon of the predicted genes to identify AdWRKYs genes involved in regulation (Chen et al., 2020). PlantCARE (Rombauts et al., 1999) was used to predict the binding sites of the WRKY transcription factor.



Protein Interaction Analysis

WRKYs interact with other proteins involved in plant development and stress response (Hu et al., 2013; Chen et al., 2017b; Zhang et al., 2018). The protein interaction of AdWRKYs and their differentially expressed genes were predicted using the STRING public database1 with Arabidopsis protein sequences as the reference.



Quantitative Real-Time PCR Analyses

Quantitative real-time PCR (qRT-PCR) analyses were used to verify the drought-tolerance function of the abovementioned genes. Briefly, the A. duranensis seeds were sterilized and germinated on wet filter paper at 28°C. The seedlings were then transferred to the Hoagland solution. Four-leaf plants were treated with 10% (w/v) PEG6000. The leaves were collected after 0, 6, 12, 24, 36, and 48 h of treatments. The control was sampled from 0 h. Three biological replicates were used.

Plant RNA Extraction Kit (TaKaRa, Dalian, China) was used to extract total RNA. The RNA (1 μg) was used for cDNAs synthesis via Reverse Transcriptase M-MLV System (TaKaRa, Dalian, China). The primers were designed by Beacon Designer 8 (Supplementary Table S1). The primers were specifically for amplification since WRKY sequences are conserved (Zhang et al., 2020a). qRT-PCR was performed using TB green premix ex Taq II (TaKaRa, Dalian, China) on the CFX96 real-time PCR machine (Bio-Rad, CA, United States) with UBI2 as the reference gene (Morgante et al., 2011). The PCR conditions included: 95°C denaturation for 30 s, followed by 40 cycles at 95°C for 5 s and 60°C for 45 s. A melting curve analysis was performed at the end of the PCR running end. The 2-ΔΔCt method was used for quantification (Livak and Schmittgen, 2001).




RESULTS AND DISCUSSION


AdWRKYs Tolerant to Drought Stress

Five AdWRKYs were identified in A. duranensis RNA-seq datasets. These AdWRKYs (AdWRKY18, AdWRKY40, AdWRKY42, AdWRKY56, and AdWRKY64) had full-length sequences and were upregulated (Figure 1A). AdWRKY18 and AdWRKY56 had the highest (Log2foldchange = 4.9; Figure 1A), and lowest differential expression (Log2foldchange = 2.2, Figure 1A), respectively. The CDS length, DNA length, isoelectric point, and molecular weight were 471–1,623 bp, 783–2,328 bp, 6.59–9.67, and 18364.62–59830.41 Da (Table 1), respectively. The AdWRKYs were predicted in location in the nucleus (Table 1).

[image: Figure 1]

FIGURE 1. Differentially expressed AdWRKYs and phylogenetic trees. (A) The differential gene expression based on RNA-seq (Brasileiro et al., 2015). (B) The maximum likelihood trees construct using WRKY domains and full-length proteins.




TABLE 1. AdWRKYs features.
[image: Table1]

The ML trees were constructed using WRKY domains and WRKY full-length proteins to reveal the orthologous relationships between AdWRKYs and AtWRKYs. The best-fit models were JTT + I + G and VT + I + G + F. The phylogenetic tree showed that AdWRKY42 had homology with AtWRKY40 (Figure 1B; Supplementary Figures S1, S2). The other four AdWRKYs had different topological structures between the WRKY domain tree and the WRKY full-length protein tree (Figure 1B; Supplementary Figures S1, S2). Altogether, the following homologous relationships were obtained based on two ML trees: AdWRKY18 with AtWRKY45 and AtWRKY75; AdWRKY40 with AtWRKY8, AtWRKY28, and AtWRKY71; AdWRKY42 with AtWRKY40; AdWRKY56 with AtWRKY33 and AtWRKY25; and AdWRKY64 with AdWRKY42, AtWRKY40, AtWRKY60, and AtWRKY18.

Experiments have shown the functions of many AtWRKYs. AtWRKY45 overexpression alleviates phosphate starvation and promotes leaf senescence in Arabidopsis (Wang et al., 2014; Chen et al., 2017b). Overexpression of AtWRKY75 promotes leaf senescence and flowering in Arabidopsis (Guo et al., 2017; Zhang et al., 2018). A recent study showed that PtrWRKY75, which is orthologous with AtWRKY75, improves drought tolerance in polar (Zhang et al., 2020b), indicating that AdWRKY18 may confer drought tolerance traits.

Overexpression of AtWRKY8 improves salt stress (Hu et al., 2013). Besides, AtWRKY28 and AtbHLH17 overexpression enhance drought and salt tolerance in Arabidopsis (Babitha et al., 2013). These results indicate that AdWRKY40 is tolerant to drought and salt stresses.

Drought stress induces AtWRKY40 expression (Chen et al., 2010), consistent with A. duranensis RNA-seq dataset results, which showed that AdWRKY42 is upregulated under drought stress. AtWRKY18, AtWRKY40, and AtWRKY60 are involved in the ABA-signaling pathway, but AtWRKY40 antagonizes AtWRKY18 and AtWRKY60 functions (Chen et al., 2010; Shang et al., 2010). Herein, AdWRKY64 had homology with AtWRKY18, AtWRKY40, and AtWRKY60, indicating that AdWRKY64 is involved in drought stress response.

Overexpression of AtWRKY33 enhances drought tolerance in Arabidopsis (Kim et al., 2013; Wang et al., 2013), indicating that drought stress induces AdWRKY56.

Therefore, AdWRKY18, AdWRKY40, AdWRKY42, AdWRKY56, and AdWRKY64 have potential functions in drought stress response based on the abovementioned homologous relationships.



AdWRKYs Improve Drought Tolerance by Regulating Downstream Genes

AdWRKY18 has homology with PtrWRKY75. PtrWRKY75 directly regulates PHENYLALANINE AMMONIA LYASE 1 (PAL1; Figure 2), involved in the salicylic acid (SA) pathway, to scavenge ROS, thus improving drought stress (Zhang et al., 2020b).
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FIGURE 2. Potential roles of AdWRKYs regulate downstream genes under drought stress. The datasets are obtained from previous studies, including PtrWRKY75 (Zhang et al., 2020b), AtWRKY8 (Hu et al., 2013), OSWRKY8 (Song et al., 2010), and AtWRKY33 (Wang et al., 2013). The WRKY activates PAL1, RD29A, RD21, and COR47 genes expression, and represses CesA8 gene expression.


AdWRKY40 had homology with AtWRKY8, AtWRKY28, and AtWRKY71. AtWRKY8 enhances salt tolerance by activating AtRD29A expression (Hu et al., 2013). Drought, salt, and ABA induce RD29A expression (Narusaka et al., 2003; Hua et al., 2006). These results indicate that AtWRKY8 increases drought tolerance by activating AtRD29A. OsWRKY08 has homology with AtWRKY28 and AtWRKY71 (Song et al., 2010). OsWRKY08 improves drought stress by inducing RD21 and COR47 expression (Song et al., 2010).

Herein, AdWRKY42 had homology with AtWRKY40. Although drought stress induces AtWRKY40 expression (Chen et al., 2010), it is unknown how AtWRKY40 regulates drought stress. CRK5 improves drought tolerance (Lu et al., 2016). Although AtWRKY18, AtWRKY40, and AtWRKY60 triple mutants inhibit CRK5 expression, AtWRKY40 antagonizes AtWRKY18 and AtWRKY60 (Shang et al., 2010; Lu et al., 2016), indicating that only AtWRKY40 does not regulate drought stress through CRK5.

AtCesA8, a cellulose synthase catalytic subunit, plays a crucial role in cellulose synthesis in the secondary cell wall (Taylor et al., 2000, 2003). AtCesA8 mutant accumulates high ABA content, thus reducing the expression of stress-related genes (Chen et al., 2005). AtCesA8 negatively regulates drought stress (Chen et al., 2005; Wang et al., 2013). AtWRKY33 decreases gene expression by binding to CesA8 W-box element, thus increasing drought tolerance (Wang et al., 2013). Herein, AdWRKY56 had homology with AtWRKY33, indicating that AdWRKY56 can enhance drought tolerance by controlling CesA8. Therefore, these results suggest that AdWRKY18, AdWRKY40, and AdWRKY56 improve drought tolerance by regulating the expression of downstream genes.

WRKYs control downstream genes by binding to W-box, WT-box, WK-box, PRE, and SUR cis-acting elements (Sun et al., 2003; van Verk et al., 2008; Hu et al., 2013; Xiao et al., 2013; Machens et al., 2014; Rinerson et al., 2015; Chen et al., 2019). The AtPAL1, AtRD29A, AtRD21, AtCOR47, and AtCesA8 are orthologous with Aradu.NNP8F, Aradu.MEI7N, Aradu.08WSJ, Aradu.IF4XP, and Aradu.UPY7V in A. duranensis. Aradu.NNP8F, Aradu.MEI7N, and Aradu.08WSJ lack W-box element in the 2-kb promote region (Supplementary Table S2). AtWRKY33 inhibits CesA8 expression by binding to the distal W-box (~3-kb) of the CesA8 gene, thus increasing drought tolerance (Wang et al., 2013). The 3-kb promoter region of Aradu.NNP8F, Aradu.MEI7N, and Aradu.08WSJ also lack the W-box elements (Supplementary Table S2). These results indicate that AdWRKY18 cannot directly regulate Aradu.NNP8F (PAL1) under drought stress and AdWRKY40 cannot directly regulate Aradu.08WSJ (RD21) and Aradu.MEI7N (RD29A) under drought stress. Notably, RNA-seq showed that Aradu.IF4XP (COR47) gene was differentially expressed after drought stress, indicating that AdWRKY40 potentially regulates Aradu.IF4XP by binding the W-box element under drought stress.

Subcellular localization showed that AtPAL1 and Aradu.NNP8F are located in the cytoplasm, AtRD21 and Aradu.08WSJ are located in the vacuole, AtCesA8 and Aradu.UPY7V are located in the chloroplast, and others are located in the nucleus (Supplementary Table S2). A previous study revealed that AtWRKY40 moves from the nucleus to the cytoplasm to control downstream genes (Rushton et al., 2012). Similarly, AdWRKYs can potentially move from the nucleus to other organelles to regulate Aradu.NNP8F, Aradu.08WSJ, and Aradu.UPY7V is located outside the nucleus.



AdWRKYs Improve Drought Tolerance Through Protein–Protein Interactions

WRKYs can interact with other proteins involved in drought stress regulation (Perruc et al., 2004; Cheng et al., 2012; Hu et al., 2013). Herein, AdWRKY42 and AdWRKY64 mapped on the same Arabidopsis protein sequence, AT1G80840. AdWRKY18, AdWRKY40, AdWRKY42, AdWRKY56, and AdWRKY64 directly interacted with 17, 7, 57, 57, and 57 proteins, respectively (Figure 3A; Supplementary Table S3).
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FIGURE 3. The interaction between AdWRKYs and other proteins. (A) The interaction between AdWRKYs and other proteins. (B) The number of other proteins interacting with AdWRKYs.


The five AdWRKYs interacted with common proteins and specific proteins (Figure 3B), of which four common proteins (NAC019, MYB2, NAC055, and ABR1) are involved in drought stress response. Aradu.YIQ80 (NAC019) interacted with the five AdWRKYs (Figure 4A; Supplementary Table S4) while Aradu.X7LBF (MYB2), Aradu.Z5H58 (NAC055), and Aradu.ME4LN (ABR1) interacted with at least two AdWRKYs (Figures 4B–D; Supplementary Table S4). AtNAC019 improves drought stress in Arabidopsis by activating ERD1 expression (Tran et al., 2004). AtWRKY1 enhances drought stress or ABA treatment by binding to the W-box cis-acting element of AtMYB2 (Qiao et al., 2016). AtNAC055 overexpression increases drought tolerance, and the AtNAC055 mutant has a decreased drought tolerance (Fu et al., 2018). Drought stress induces AtABR1 expression. However, mannitol stress can decrease AtABR1 expression, thus, reducing seed germination (Pandey et al., 2005).
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FIGURE 4. AdWRKYs interaction with proteins with drought-tolerance function based on Arabidopsis. (A) NAC019 interaction with AdWRKYs. (B) MYB2 interaction with AdWRKYs. (C) NAC055 interaction with AdWRKYs. (D) ABR1 interaction with AdWRKYs. (E) Interaction between AdWRKYs and other specific proteins.


AdWRKY40, AdWRKY42/64, and AdWRKY56-specific interaction with Aradu.MBZ2M (ANNAT8), Aradu.7AQ1B (RAV1), and Aradu.FJ7R7 (NCED3) are involved in drought stress response (Figure 4E; Supplementary Table S5). Heterologous expression of ANNAT8 enhances the response to drought and salt stresses in Arabidopsis and tobacco during the growth and development stages (Yadav et al., 2016). Overexpression of RAV1 promotes water loss by activating the expression of ABA-responsive genes (Fu et al., 2014), indicating that RAV1 negatively regulates drought stress. CED3 responds to water deficit through ABA synthesis (Sato et al., 2018; Baek et al., 2020).



Verification of Drought Tolerance of AdWRKYs and Their Regulatory Genes Using qRT-PCR

This study identified five differentially expressed AdWRKYs using RNA-seq and their regulatory networks based on Arabidopsis. qRT-PCR was used to assess the drought stress response of the five AdWRKYs and their regulatory genes. AdWRKY42, AdWRKY56, and AdWRKY64 genes were downregulated at 6, 12, 24, 36, and 48 h (Figure 5). AdWRKY40 was upregulated at 6, 12, and 36 h, and downregulated at 48 h (Figure 5). AdWRKY18 was downregulated at 24 and 48 h and upregulated at 36 h (Figure 5). The five AdWRKYs were downregulated at 48 h. AdWRKY40 had similar qRT-PCR and RNA-seq results. The differential expression of AdWRKY42, AdWRKY56, and AdWRKY64 contradicted the RNA-seq results. The possible reason is different drought treatment and cultural environments between qRT-PCR and RNA-seq. The RNA-seq data were produced from the samples under natural drought and normal growth conditions (Brasileiro et al., 2015), while qRT-PCR was analyzed under five drought-stress time points using 10% (w/v) PEG6000 treatments.
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FIGURE 5. Differentially expressed AdWRKYs under drought stress detected by quantitative real-time PCR (qRT-PCR). Four-leaf plants were treated with 10% (w/v) PEG6000. The leaves were collected after 0, 6, 12, 24, 36, and 48 h of treatments. The control was sampled from 0 h. Three biological replicates were used. Asterisks * and ** indicate significant differences at 0.05 and 0.01 using t tests, respectively.


Quantitative real-time PCR showed that AdCOR47 and AdCesA8 genes were upregulated and downregulated, respectively, at five time-points (Figure 6). Similarly, previous studies showed that COR47 is positively regulated in Oryza sativa under drought stress, while CesA8 is negatively regulated in A. thaliana under drought stress (Song et al., 2010; Wang et al., 2013). Herein, AdPAL1 and AdRD29A were downregulated at 6, 12, 24, and 36 h (Figure 6). However, PtrPAL1 and AtRD29A are positively regulated under drought stress (Hu et al., 2013; Zhang et al., 2020b). WRKYs directly regulate PtrPAL1 and RD29A by binding to W-box elements. Although AdPAL1 and AdRD29A do not have W-box elements, they were upregulated at 48 h (Figure 6). AdRD21 also lacked the W-box element and was upregulated at five time-points. Similarly, a previous study showed that AtRD21 is positively regulated under drought stress (Narusaka et al., 2003; Hua et al., 2006; Song et al., 2010). Therefore, AdWRKY40 is involved in regulating different regulatory networks of downstream genes AdRD21 and AdRD29A.
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FIGURE 6. Differential expression levels of AdWRKYs regulating downstream genes under drought stress, assessed using quantitative real-time PCR. Four-leaf plants were treated with 10% (w/v) PEG6000. The leaves were collected after 0, 6, 12, 24, 36, and 48 h of treatments. The control was sampled from 0 h. Three biological replicates were used. Asterisks * and ** indicate significant differences at 0.05 and 0.01 using t tests, respectively.


Quantitative real-time PCR was used to assess the drought stress response of the genes that translated proteins-AdWRKYs interaction. This study found that AdNAC019 and AdNAC055 were differentially expressed after drought stress. However, other genes were not differentially expressed relative to the control group. AdNAC019 interacted with the five AdWRKYs, while AdNAC055 interacted with only AdWRKY42 and AdWRKY64. AdNAC019 was downregulated at the five time-points (Figure 6). AdNAC055 was upregulated at 6 and 36 h and downregulated at 12, 24, and 48 h (Figure 7). However, NAC019 and NAC055 positively regulate drought stress in Arabidopsis (Tran et al., 2004; Fu et al., 2018). Similarly, AdWRKY42, AdWRKY56, and AdWRKY64 were downregulated after drought stress, different from the expression patterns in Arabidopsis. These results indicate that Arachis and Arabidopsis have different regulatory networks under drought stress.
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FIGURE 7. Differential expression levels of genes that are translated proteins interaction with AdWRKYs under drought stress detected via quantitative real-time PCR. Four-leaf plants were treated with 10% (w/v) PEG6000. The leaves were collected after 0, 6, 12, 24, 36, and 48 h of treatments. The control was sampled from 0 h. Three biological replicates were used. Asterisks * and ** indicate significant differences at 0.05 and 0.01 using t tests, respectively.




Opportunities and Challenges in AdWRKYs Study

Herein, five AdWRKYs were identified under drought stress based on previous studies and RNA-seq (Brasileiro et al., 2015; Song et al., 2016b). Subsequently, orthologous relationships between AdWRKYs and AtWRKYs were constructed. The regulatory networks of the five AdWRKYs were determined based on AtWRKYs and verified using qRT-PCR. The results showed that AdWRKY40 positively regulated drought stress, while AdWRKY42, AdWRKY56, and AdWRKY64 negatively regulated drought stress. Moreover, AdWRKY40 was upregulated under drought stress, confirming the orthologous WRKYs from Arabidopsis and Oryza (Narusaka et al., 2003; Hua et al., 2006; Song et al., 2010; Hu et al., 2013). However, the orthologous AdWRKY42, AdWRKY56, and AdWRKY64 showed the opposite results in Arabidopsis under drought stress. Besides, qRT-PCR and RNA-seq results showed opposite results in A. duranensis. Additionally, Arabidopsis had different regulatory networks between AdWRKY40 and its orthologs. AtWRKYs activate COR47, RD21, and RD29A (Song et al., 2010; Hu et al., 2013). AdWRKY40 control COR47 by potential binding to the W-box element. AdWRKY40 indirectly regulates RD21 and RD29A because they lack the W-box element.

Protein–protein analyses are different from transcriptional regulation. To the best of our knowledge, no study has shown that the abovementioned proteins interact with WRKYs in Arabidopsis under drought stress. However, protein–protein interaction has been predicted based on Arabidopsis protein in A. duranensis. This study found that the NAC transcription factor interacts with WRKY involved in the drought stress response of A. duranensis. MaNAC5 interacts with MaWRKY1 and MaWRKY2 to activate PR1-1, PR2, PR10c, and CHIL1 expressions in response to Colletotrichum musae infection in bananas (Shan et al., 2016). Moreover, the CitNAC62-CitWRKY1 interaction enhances CitAco3 expression, thus decreasing citric acid content (Li et al., 2017). We hypothesize that AdWRKY40 and AdNAC interaction can control RD21 and RD29A expression. However, more experimental tests are needed to verify the hypothesis. Therefore, this study provides a model for studying gene function and a basis for revealing WRKY regulatory networks in A. duranensis under drought stress.




CONCLUSION

This study showed that AdWRKY18, AdWRKY40, AdWRKY42, AdWRKY56, and AdWRKY64 were differentially expressed under drought stress, but various regulatory networks were formed among the five AdWRKYs. AdWRKY18 was excluded from regulatory network analyses because it did not have the same differential expression pattern at two time-points. AdWRKY40 potentially regulates COR47 by binding the W-box element and indirectly regulates RD21 and RD29A under drought stress. AdWRKY56 controlled the CesA8 expression under drought stress (Figure 8). Protein–protein interaction results showed that AdNAC019 interacted with AdWRKY40, AdWRKY42, AdWRKY56, and AdWRKY64 under drought stress AdNAC055 interacted with AdWRKY42 and AdWRKY64 (Figure 8).
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FIGURE 8. AdWRKYs regulatory networks under drought stress. The gray arrow indicates hypothesis but no experimental test.
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As an important economic and medicinal crop, Amomum tsao-ko is rich in volatile oils and widely used in food additives, essential oils, and traditional Chinese medicine. However, the lack of the genome remains a limiting factor for understanding its medicinal properties at the molecular level. Here, based on 288.72 Gb of PacBio long reads and 105.45 Gb of Illumina paired-end short reads, we assembled a draft genome for A. tsao-ko (2.70 Gb in size, contig N50 of 2.45 Mb). Approximately 90.07% of the predicted genes were annotated in public databases. Based on comparative genomic analysis, genes involved in secondary metabolite biosynthesis, flavonoid metabolism, and terpenoid biosynthesis showed significant expansion. Notably, the DXS, GGPPS, and CYP450 genes, which participate in rate-limiting steps for terpenoid backbone biosynthesis and modification, may form the genetic basis for essential oil formation in A. tsao-ko. The assembled A. tsao-ko draft genome provides a valuable genetic resource for understanding the unique features of this plant and for further evolutionary and agronomic studies of Zingiberaceae species.
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INTRODUCTION

Amomum tsao-ko (Zingiberaceae) is a perennial herbaceous plant widely distributed in southwest China and Vietnam. As a traditional Chinese medicine, the dried fruits of A. tsao-ko are used to treat malaria, throat infections, abdominal pain, dyspepsia, nausea, stomach disorders, vomiting, and diarrhea (Tang et al., 2010). Clinical and animal trials indicate that A. tsao-ko exhibits a wide range of pharmacological activities, including antioxidant, cytotoxic, and antimicrobial activities (Li et al., 2014; Hong et al., 2015; Dai et al., 2016; Lin et al., 2021). The essential oil of A. tsao-ko and its polyphenol extract can modulate gut microbiota and alleviate hypercholesterolemia (Liu et al., 2021). The ethanol extract of A. tsao-ko can improve dyslipidemia-related indices, including plasma levels of total cholesterol, low-density lipoprotein, high-density lipoprotein, and atherogenesis, in mice on high-carbohydrate diets (Park et al., 2021). It is also a common food additive and spice, which can develop food flavor while retaining medicinal effects.

Amomum tsao-ko-based essential oils include terpenoids, diarylheptanoids, bicyclic nonanes, and phenols, which may account for the plant’s medicinal properties (Hong et al., 2015; Cui et al., 2017; Sim et al., 2019). The monoterpene alcohol geraniol is a widely used fragrance ingredient and one of the main components (13.69%) of A. tsao-ko essential oil (Lapczynski et al., 2008). Geraniol shows significant inhibitory effects against Staphylococcus aureus, a pathogen responsible for many infections (Long et al., 2020, 2022). Geraniol can also improve endothelial function in high-fat diet-fed mice by inhibiting oxidative stress (Wang et al., 2016). Eucalyptol (1,8-cineole), another component of A. tsao-ko essential oil, displays antioxidant, antibacterial, anti-inflammatory, and insecticidal activities (Cai et al., 2021). Furthermore, A tsao-ko extract flavonoids show excellent antioxidative and antidiabetic activity (Zhang et al., 2022). While these studies have revealed the main medicinal properties and constituents of A. tsao-ko, the lack of a genome limits our understanding of the genomic and molecular basis of its volatile component biosynthesis.

Herein, we generated a draft genome assembly of A. tsao-ko using PacBio long reads and Illumina paired-end short reads. We constructed a genome-wide phylogeny of A. tsao-ko with eight other available plant genomes. Comparative genomic analysis indicated that gene families involved in the synthesis of terpenoids were expanded, which may provide clues for exploring the biosynthesis of volatile components in A. tsao-ko. Overall, this draft genome provides a valuable genetic resource for in-depth biological and evolutionary studies and for genetic improvement of A. tsao-ko.



MATERIALS AND METHODS


Sample Collection, Sequencing, and Data Qualification

We collected fresh leaves from an adult A. tsao-ko plant (Figure 1) growing in Guangxi Zhuang Autonomous Region, southern China. Total genomic DNA was extracted, and DNA quantification and quality testing were determined using NanoDrop 2000 spectrophotometry (Thermo Fisher Scientific), gel electrophoresis, and Qubit fluorometry (Invitrogen). For short-read sequencing, paired-end libraries with a 350-bp insert size were prepared following the manufacturer’s instructions and then sequenced on the Illumina NovaSeq 6000 platform. Clean reads were obtained by removing contaminated reads from low-quality data. The PacBio single-molecule real-time (SMRT) bell library was constructed using a SMRTbell® Express Template Prep Kit 2.0 (Pacific Biosciences, PN 101-853-100). The library was prepared for sequencing on the PacBio Sequel II system (Pacific Biosciences, CA, United States). After adapter removal, we obtained subreads. A total of 105.45 Gb of raw paired-end short reads and 288.72 Gb of PacBio subreads were generated, which were reduced by 0.09 and 0.12%, respectively, after trimming and quality control (Supplementary Table 1). Average subread length in the two PacBio libraries was 22,362 and 22,751 bp, with a mean insert length of 23,106 and 23,457 bp, respectively (Supplementary Table 2).
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FIGURE 1. Morphological features of A. tsao-ko. (A) The leaves of A. tsao-ko. (B) The fruits of A. tsao-ko.


Fresh leaves were also prepared for RNA sequencing to aid in genome annotation. Total RNA was extracted using a QIAGEN® RNA Mini Kit following the manufacturer’s protocols. RNA purity and integrity were assessed using the NanoPhotometer® spectrophotometer (IMPLEN, CA, United States) and RNA Nano 6000 Assay Kit and Bioanalyzer 2100 system (Agilent Technologies, CA, United States), respectively. The RNA sequencing library was constructed using a NEBNext® Ultra™ RNA Library Prep Kit for Illumina® (NEB, United States) following the manufacturer’s instructions. RNA sequencing was performed on the Illumina NovaSeq 6000 platform. Low-quality reads were excluded using Trimmomatic v.0.36.23 (Bolger et al., 2014). After quality control, 7.42 Gb of clean data retained for genome annotation (Supplementary Table 1).



Genome Assembly and Quality Assessment

The 1C value of A. tsao-ko was measured using flow cytometry (Cytoflex, Bio-Rad, United States) with propidium iodide (PI) as the DNA stain and Vigna radiata as reference standard plant. The genome size of V. radiate is 579 Mb as described previously (Arumuganathan and Earle, 1991). Three biological repeats were performed and the mixture of two plants as internal standard. We then assembled the genome with PacBio long reads using mecat2 (Xiao et al., 2017) and polished the assembly with PacBio long reads and short pair-end reads using NextPolish v1.4.0.1 The assembly quality was assessed using the Embryophyta gene sets in BUSCO v3.1.0 with genome mode and kmer-spectra analysis, referring to the previous studies (Simao et al., 2015; Mapleson et al., 2017; Yang et al., 2019; Yang F. S. et al., 2020; Wang et al., 2021). We also applied LTR assembly index (LAI) to evaluate the continuity of the assembly based on the ratio of whole LTR retrotransposons (LTR-RTs) (Ou et al., 2018). The genome quality is at a draft level when 0 < LAI ≤ 10, at reference level when 10 < LAI ≤ 20 and at gold level when 20 ≤ LAI (Ou et al., 2018).



Genome Annotation and Analysis of Transposons

MITE-Hunter v1.0 was used to annotate the miniature inverted repeat transposable elements (MITEs) with default parameters (Han and Wessler, 2010). The LTR-retriever v2.82 pipeline, which combined results from LTRharvest (with parameter: -similar 90 -vic 10 -seed 20 -seqids yes -minlenltr 100 -maxlenltr 7000 -mintsd 4 -maxtsd 6 -motif TGCA –motifmis 1) and LTR-Finder v1.07 (-D 15000 -d 1000 -L 7000 -l 100 -p 20 -C -M 0.9), was used to identify long terminal repeat retrotransposons (LTR-RT) (Xu and Wang, 2007; Ellinghaus et al., 2008; Ou and Jiang, 2018). We then searched repetitive sequences in Repbase v20170127 using RepeatMasker v4.1.0 (Tarailo-Graovac and Chen, 2009) and constructed the repetitive sequence library by combining results from the MITE-Hunter and LTR-retriever pipelines. After masking the genome, de novo repeat annotation of A. tsao-ko was performed using RepeatModeler v2.0.1 (Flynn et al., 2020). Non-coding RNA was annotated against the sequence in the Rfam database and transfer RNA (tRNA) was predicted using tRNAscan-SE 2.02 (Chan et al., 2021).

A hybrid strategy of de novo gene prediction, homology-based prediction, and transcriptome alignment was applied for gene structural prediction using GeMoMa-1.6.1, Augustus v3.0.3, SNAP v6.0,3 GlimmerHMM v3.0.4, and GeneMark-ET v4.57 (Stanke and Waack, 2003; Majoros et al., 2004; Hoff et al., 2016; Keilwagen et al., 2016). The predicted results were combined using EVM4 and the untranslated region (UTR) and alternative splicing were predicted using PASA v2.0.1 (Haas et al., 2008). To determine the functional annotation of gene models, Diamond v0.9.31 (Buchfink et al., 2014) analysis with default parameters was performed against protein databases, including NR (non-redundant protein sequences in NCBI), SwissProt, and eggNOG, Gene Ontology (GO), describing molecular function (MF), cellular component (CC), and biology process (BP) terms, was annotated using Blast2GO (Conesa and Götz, 2008). Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis was used to annotate the pathway genes involved. The motifs and domains of each gene model were predicted using InterProScan v5.18-57.0 (Jones et al., 2014).



Phylogenetic Analyses

Referring to the genome study of a Zingiberaceae plant (Chakraborty et al., 2021), the orthologous groups among nine plant species, including Ananas comosus (GCF_001540865.1), Asparagus officinalis (GCA_001876935.1), Arabidopsis thaliana (GCF_000001735.4), Amborella trichopoda (GCF_000471905.2), Musa acuminate (GCF_000313855.2), Musa balbisiana (GCA_004837865.1), Oryza sativa (GCF_001433935.1), Sorghum bicolor (GCF_000003195.3), and A. tsao-ko, were constructed using OrthoFinder v2.2.7 (Emms and Kelly, 2019). Single-copy genes from the nine species were extracted and the proteins for each gene were aligned. All alignments were combined to a supergene for each species to construct a phylogenetic tree using RAxML v8.2.12 (Stamatakis, 2014). Divergence time was estimated under the relaxed clock model using MCMCTree in PAML v4.9 (Yang, 2007). Three calibration points (the ancestors of Asp. officinalis and M. acuminate; Ara. thaliana and Amb. trichopoda; O. sativa and S. bicolor) for the divergence analysis were obtained from the TimeTree database (Kumar et al., 2017).



Analysis of Gene Family Expansion and Contraction

The results obtained from OrthoFinder v2.2.7 were used for gene family analysis. Genes that were unassigned (could not be clustered into any gene family) or found in only one species were considered species-specific. Gene family expansion and contraction analysis was performed using CAFE v4.2.1. A family-wide Viterbi P-value < 0.05 was defined as a significantly expanded or contracted gene family. Visualization used performed using python scripts.5



Functional and Pathway Enrichment Analysis

Enrichment analysis was performed to provide insights into the biological functions of species-specific genes and expanded genes families. GO and KEGG analyses were performed using the R package clusterProfiler v4.0 (Wu et al., 2021). The A. tsao-ko annotated results were set as background genes. Enriched terms with a corrected P-value < 0.05 were considered significantly over-represented.




RESULTS AND DISCUSSION


De novo Assembly of Amomum tsao-ko

We estimate the genome size of A. tsao-ko with flow cytometry using Vigna radiata as reference standard and the results showed that the genome size of A. tsao-ko was approximately 3.17 Gb (Supplementary Figure 1). We used PacBio long reads to construct the primary assembly and used long reads and Illumina paired-end short reads to polish the assembly. The final A. tsao-ko assembly size was 2.70 Gb, with a contig N50 of 2.45 Mb. In comparison to other Zingiberaceae genomes, the A. tsao-ko genome had a higher contig N50 than turmeric (contig N50 = 0.1 Mb), but a lower contig N50 than ginger (contig N50: 4.68 Mb for haplotype 1 and 5.28 Mb for haplotype 0) (Chakraborty et al., 2021; Li et al., 2021). Average GC content in the A. tsao-ko genome was 41.07%, higher than that of ginger (39.20%) and turmeric (38.75%). We evaluated assembly quality using BUSCO, resulting in 1,565 (97.0%) complete BUSCOs, including 1,117 (69.2%) single-copy BUSCOs, and 448 (27.8%) duplicated BUSCOs.

The k-mer Analysis Toolkit (KAT) can be used to assess errors, bias, and genome quality (Mapleson et al., 2017). We used KAT to estimate the assembly quality through pairwise comparison of k-mers present in both the input reads and assembly. As shown in Figure 2A, reads in black represent absence in the assembly, including incorrect and low-depth k-mers, accounting for a relatively small proportion. These suggests the current assembly covered most short reads k-mers content, with relatively high completeness (evaluation score 96.83%). We also observed multimodal spectra in the assembly, which may be influenced by heterozygous contents or by tetrapods of A. tsao-ko (Parthasarathy and Prasath, 2012). A previous study of 100 Archea, Bacteria, and Eukaryota species based on k-mer spectra indicates that species with multimodal spectra are consistent with tetrapods (Chor et al., 2009). Thus, KAT analysis of A. tsao-ko assembly indicated that the genome is complex and cannot be explained by a simple probabilistic model, such as genome size estimation based on Poisson distribution of k-mer depth. GC-depth distribution showed two peaks at ∼20× and ∼40×, also suggesting the complex of A. tsao-ko genome (high heterozygosity or polyploidy) (Supplementary Figure 2).
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FIGURE 2. Genome size assessment and function annotation. (A) K-mer spectra between WGS (whole-genome sequencing) and the assembly. (B) TE expansion patterns of A. tsao-ko. (C) Venn diagram for functional annotation of genes in different databases.


Containing appropriately 1,500 species, Zingiberaceae is one of the largest monocotyledonous families, producing valuable medicinal materials and spices. At present, however, only a few Zingiberaceae genomes have been reported, e.g., Zingiber officinale and Curcuma longa (Chakraborty et al., 2021; Li et al., 2021). Furthermore, within the Amomum genus, only a limited number of chloroplast genomes have been described (Zhang et al., 2019; Yang L. et al., 2020). The lack of whole-genome data has severely impeded our understanding of essential oil biosynthesis in A. tsao-ko. Thus, the genome reported in this study should serve as an important resource for further genetic improvement and for exploring the molecular basis of essential oil biosynthesis.



Repeat Identification and Gene Model Prediction

We annotated the repetitive sequences based on the de novo repeat sequence database of A. tsao-ko combined with Repbase v20170127. Results showed that 89.15% (2.41 Gb) of the A. tsao-ko genome contained repetitive sequences (Supplementary Table 3), much higher than that reported for other Zingiberaceae plants (e.g., ∼70% for turmeric and ∼57% for ginger) (Chakraborty et al., 2021; Li et al., 2021). Similar to turmeric [27.37% long terminal repeats (LTRs)], the LTR retrotransposons in the A. tsao-ko genome were also the most abundant transposable elements, namely LTR_Copia and LTR_Gypsy (54.71%, Figure 2B and Supplementary Table 3). Simple tandem repeats accounted for a relatively low proportion (0.7%) of the A. tsao-ko genome. In addition, the LAI of the assembly was estimated as 17.85, suggesting a relatively high completeness.

In total, 54,379 protein-coding genes were annotated in the A. tsao-ko genome using the three strategies described above, and the number of genes predicted in A. tsao-ko (54,379), ginger (∼39,000), and turmeric (50,401) varied. Mean gene length was 5,613 bp and number of transcripts was 57,658, with 5.3 exons per transcript (Supplementary Table 4). Approximately 90.07% of the predicted genes were annotated in five public databases, including NR (89.92%), eggNOG (86.48%), SwissProt (67.09%), KEGG (27.75%), and GO (42.19%). The Venn diagram in Figure 2C shows that 10,521 (19.35%) protein-coding genes were simultaneously annotated in the five databases. GO annotation classified these genes into three main categories, i.e., biological process (e.g., oxidation-reduction process, proteolysis, and protein phosphorylation), cellular component (e.g., integral component of membrane, membrane, and nucleus), and molecular function (e.g., adenosine triphosphate (ATP) binding, metal ion binding, and zinc ion binding) (Supplementary Figure 3). In addition, non-coding RNAs were identified, resulting in 3,335 ribosomal RNAs (rRNAs), 234 microRNAs (miRNAs), and 1,417 tRNAs (Supplementary Table 5). Collinearity analysis found that the collinear duplicates occupied about 48% of all genes in A. tsao-ko genome. The Ks distribution displays a clear Ks peak (Supplementary Figure 4) at about 0.35 that should be resulted from a whole-genome duplication event, which leads to a tetraploid generation.



Single-Copy Orthologous Phylogeny

Nine plant species, i.e., A. tsao-ko, Ana. comosus, Asp. officinalis, Ara. thaliana, Amb trichopoda, M. acuminate, M. balbisiana, O. sativa, and S. bicolor, were selected for orthologous group identification (Supplementary Table 6). In total, 1,288 single-copy orthologs shared among the species were extracted. We constructed a phylogenetic tree based on the 1,288 single-copy orthologs using RAxML, with Ara. thaliana and Amb. trichopoda set as the outgroups (Figure 3). The genome-wide phylogenetic positions of A. tsao-ko and selected species were supported by TIMETREE. Results showed that M. acuminate, M. balbisiana, and A. tsao-ko belonged to Zingiberales, and shared the same phylogenetic clade. Furthermore, A. tsao-ko separated from Musaceae approximately 30∼63 million years ago (MYA) and Asp. officinalis, as a member of Asparagales, showed early divergence among the monocotyledons.
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FIGURE 3. Phylogeny of A. tsao-ko and gene family analysis. The numbers in green represent the expanded gene families, the numbers in yellow represent the contracted gene families. MRCA, most recent common ancestor.




Analysis of Gene Families and Genes Involved in Flavonoid Metabolism

To investigate the genetic basis of essential oil biosynthesis, we performed gene family expansion and contraction analysis of A. tsao-ko in comparison to the other eight species selected. Notably, 5,386 gene families showed significant expansion and 2,431 gene families showed significant contraction in A. tsao-ko (family-wide Viterbi P-value < 0.05, Figure 3). The expanded gene families were subjected to functional enrichment analysis (P-adjust cutoff of 0.05). The top 10 most significantly enriched terms included cellular macromolecule metabolic process (GO:0044260), endonuclease activity (GO:0004519), and peptidase activity (GO:0008233) (Supplementary Table 7). In addition, multiple biosynthetic and metabolic process-related terms were significantly enriched, including secondary metabolite biosynthetic process (GO:0044550), S-adenosylmethionine biosynthetic process (GO:0006556), one-carbon metabolic process (GO:0006730), and flavonoid metabolic process (GO:0009812) (Figure 4A). The essential oil of A tsao-ko is a secondary metabolite with strong biological activity and medicinal value and plays an important role in plant defense against disease, insects, and competition (Qin et al., 2021). Thus, the significant expansion of genes associated with secondary metabolism suggests enhancement of related functions.
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FIGURE 4. Functional and pathway enrichment analysis of expanded genes in A. tsao-ko. (A) GO enrichment analysis of expanded genes in A. tsao-ko. (B) KEGG enrichment analysis of expanded genes in A. tsao-ko.


Previous studies have suggested that A. tsao-ko shows potential as a novel drug for the treatment of type 2 diabetes due to the excellent antioxidative and antidiabetic activity of its flavonoids (Fang et al., 2019; Zhang et al., 2022). Here, flavonoid metabolic processes were significantly enriched by the A tsao-ko expanded genes, including UGT71K1, RGGA, and CZOG2. Among these genes, UGT71K1 encodes a protein with chalcone and flavonol 2′-O-glycosyltransferase activity, as well as, glycosyltransferase activity toward quercetin isoliquiritigenin and butein (Gosch et al., 2010). Flavanols, as major components of flavonoids in A. tsao-ko extract, show antidiabetic potency (Fang et al., 2019; He et al., 2020, 2021). In addition, UGT71K1 can convert phloretin to phlorizin, a potent antioxidant with antidiabetic effects that competitively inhibits sodium-glucose symporters (Gosch et al., 2010).



Pathway Enrichment Analysis and Genetic Basis of Terpenoid Biosynthesis

We performed KEGG pathway enrichment analysis of the expanded genes. Results showed that the expanded genes in A. tsao-ko were significantly enriched in biosynthesis- [i.e., monoterpenoid biosynthesis (ko00902), terpenoid backbone biosynthesis (ko00900), tropane, piperidine and pyridine alkaloid biosynthesis (ko00960), and stilbenoid, diarylheptanoid and gingerol biosynthesis (ko00945)], metabolism- [e.g., metabolism of xenobiotics by cytochrome P450 (ko00980) and drug metabolism-cytochrome P450 (ko00982)], and immune-related pathways [e.g., plant-pathogen interaction (ko04626) and melanogenesis (ko04916)] (Figure 4B and Supplementary Table 8).

Terpenoids, such as geraniol and eucalyptol, are the main components of A. tsao-ko essential oil, and show antioxidant, antidiabetic, antibacterial, anti-inflammatory, and insecticidal activities (Lapczynski et al., 2008; Dai et al., 2016; Wang et al., 2016; Cai et al., 2021). Biosynthesis of terpenoids in plants is a complex process, involving backbone biosynthesis and terpenoid synthesis and modification. In nature, mevalonate (MVA) and 2C-methyl-d-erythritol 4-phosphate (MEP), located in the cytoplasm and plastids, respectively, are two major pathways of terpenoid biosynthesis (Figure 5; Lei et al., 2021). We found that 1-deoxy-D-xylulose-5-phosphate synthase (including DXS, DXS1, and DXS2) and geranylgeranyl diphosphate synthase (GGPPS) genes were significantly expanded and enriched in the terpenoid backbone biosynthesis pathway. DXS can catalyze the condensation of pyruvate and d-glyceraldehyde 3-phosphate (GAP) to produce 1-deoxy-D-xylulose 5-phosphate (DXP), the first rate-limiting reaction of the MEP pathway (Hahn et al., 2001; Battistini et al., 2016). GGPP serves as a key precursor substrate of volatile and non-volatile terpenoids (Beck et al., 2013). GGPPS encodes an important enzyme involved in the synthesis of volatile and non-volatile terpenoids, constituting a key node that regulates carbon flow in the isoprenoid pathway (Zhang et al., 2021). Furthermore, based on Café pipeline analysis, terpene synthase (TPS) genes, including TPS2, TPS4, and TPS10, were expanded in A. tsao-ko, and significantly over-represented in the monoterpenoid biosynthesis pathway. TPSs can harness specific prenyl precursors to produce hemiterpenoids, monoterpenoids, sesquiterpenoids, diterpenoids, triterpenoids, and tetraterpenoids (Lei et al., 2021). Cytochrome P450 (CYP450) enzymes play critical roles in terpenoid skeleton modification and structural diversity (Zheng et al., 2019), and we found that related pathways were also over-represented in various expanded genes, such as GSTU6, GSTUF, and GSTF1. Overall, the expansion of genes encoding key rate-limiting enzymes in terpenoid synthesis and modification-related pathways may facilitate the synthesis of terpenoids, highlighting the biological activity and medicinal properties of A. tsao-ko.
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FIGURE 5. Schematic diagram of MEP and MVA pathways (Zhang et al., 2021). Each solid arrow represents a biosynthetic reaction step, and dashed arrows represent multiple-step reactions. HMGR: 3-hydroxy-3-methylglutary-CoA reductase, MVA: mevalonate, DMAPP: dimethylallyl pyrophosphate, IPP: isopentenyl pyrophosphate, DXP: 1-deoxy-D-xylulose-5-phosphate, DXR: 1-deoxy-D-xylulose-5-phosphate reductoisomerase, MEP: 2C-methyl-D-erythritol 4-phosphate pathway, GGPP: geranylgeranyl pyrophosphate.





CONCLUSION AND FUTURE PERSPECTIVES

In this study, we assembled a draft genome of A. tsao-ko, which should provide valuable insights into the evolutionary history of Zingiberaceae. We further identified candidate genes involved in the biosynthesis of terpenoids, flavonoids, and other secondary metabolites, including several genes encoding key rate-limiting enzymes of the biosynthetic pathway. These results provide a genetic basis for the formation of main terpenoids and other secondary metabolites of A. tsao-ko, which is of great advantage for the manipulation of related enzymes and improvement of breeding of this important medicinal plant. However, given the complexity of the A. tsao-ko genome, further studies are needed.
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To feed the fast growing global population with sufficient food using limited global resources, it is urgent to develop and utilize cutting-edge technologies and improve efficiency of agricultural production. In this review, we specifically introduce the concepts, theories, methods, applications and future implications of association studies and predicting unknown genetic value or future phenotypic events using genomics in the area of breeding in agriculture. Genome wide association studies can identify the quantitative genetic loci associated with phenotypes of importance in agriculture, while genomic prediction utilizes individual genetic value to rank selection candidates to improve the next generation of plants or animals. These technologies and methods have improved the efficiency of genetic improvement programs for agricultural production via elite animal breeds and plant varieties. With the development of new data acquisition technologies, there will be more and more data collected from high-through-put technologies to assist agricultural breeding. It will be crucial to extract useful information among these large amounts of data and to face this challenge, more efficient algorithms need to be developed and utilized for analyzing these data. Such development will require knowledge from multiple disciplines of research.
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INTRODUCTION

Genome wide association study (GWAS) is used to find associations between specific genotypes obtained from direct measurements on DNA level and phenotype using a specific statistical or mathematical method which can identify the correlation or connection between genotype and phenotype. It is methods of great importance in the areas of animal and plant breeding. Identifying areas on the genome with effects on the phenotype such as yield or physiological (Jannink et al., 2010; Crossa et al., 2017) can be used to identify individuals or lines with better yield or better adaptation to current and future climate conditions than previous individuals or lines. These information could be used to understand the regulations or predict the regulations between genes toward phenotypes. Therefore, the identified genetic markers correlated with or underlying the genes affecting the phenotypes from genome-wide association studies can be further utilized in plant or animal breeding. Collectively, these markers can be used to predict the expected phenotype (expected breeding values, i.e., EBV) of varieties or lines for precision plant or animal breeding (Meuwissen et al., 2001; Meuwissen and Goddard, 2010; Daetwyler et al., 2014; van Binsbergen et al., 2015). The EBV of a variety or line is the expected values of the genes carried when these genes are transmitted to offspring. The estimation of EBV is basis of genomic selection and the improved accuracy of EBV estimation can be directly translated into big difference in genetic gain.

GWAS has commonly been used in identifying genes or genotypes affecting specific phenotypes (traits) in agriculture. Usually, researchers use general linear regression to identify the relation between genotypes and phenotypes and the general solutions can be found using least squares. In plant or animal breeding, the genes or genotypes associated with phenotypes can be utilized to study the function or classifying plants or animals into simple classes when the phenotypic effect of genes or genotypes is relatively large and the number of genes significantly associated with the phenotypes is relatively small (Daetwyler et al., 2014; Zhang et al., 2016b). The genotype or genes with large phenotypic effect are often studied in depth in order to breed better breeds or varieties with better production and disease resistance toward the breeding objectives in plants and animals through functional studies (Brondum et al., 2015; Zhang et al., 2018). These information derived from GWAS analysis can also provide prior information or the information used for variants pruning in genomic prediction.

Notably, association between genotypes and phenotypes does not always reflect the causal relationship between genotype and phenotype because the correlated structures of genotypes and phenotypes are very complex and detected loci are mostly in linkage disequilibrium with the causal loci. In order to explore and utilize the complex structure of the genotype and phenotypes better, more complex model is used for GWAS, for example, random regression model, mixed linear models etc. So far, very many genes with small effects have been identified in many agricultural species and there are extensive databases classifying these effects into different categories (Gibson, 2012; de los Campos et al., 2015). During the long-term selection since domestication of many agricultural species, many of these genes with relatively large effects have been fixed by various forms of selection. For example, rice species have been domesticated in China since 10,000 years ago and the following conscious or unconscious selection have fixed most genes of large effects. However, even though, there are still very considerable amounts of genetic variation in all agricultural species which is primarily due to very many genes each with small effects that collectively contribute to the phenotypic variation. These small effects are very difficult to be detected and validated experimentally because very large experimental populations are needed. Phenotypic testing and extensive dense genotyping instead should be used to predict the collective effects of these genes with small effects still segregating in the corresponding agricultural species instead of testing for each single gene. Meanwhile, when performing GWAS study, the same genotypes have different effect sizes when associating across various phenotypes. This reflects that the genetic architectures underlying different phenotypes are complex, correlated and interactive defined as pleiotropy of the genetic architectures or background of different phenotypes (Daetwyler et al., 2014). In plants, the same genotypes have different effects sizes even for the same phenotype and this has resulted from the significant genotype by environment interaction when the plants are grown in different environments (Campbell and Waser, 2001). Therefore, estimation of genotype by environment interaction effects are very important for plants instead of animals.

When the effect sizes of the genotypes are estimated simultaneously for all genes with corresponding regularization methods and the effects are summed, the sums are efficient predictions of individual genetic values. Usually, plant or animal breeders practically utilize these individual genetic values to predict the future phenotypes of plants or animals. This results in a ranking of candidate animals or plants for selection, which help breeders using prediction ahead to select the best animal lines or plant varieties to mate to save cost. There are also other methods in predicting selection candidates’ genetic values. For example, in animal or plant breeding, a mixed linear model is usually used to calculate the effect sizes of genotypes simultaneously under certain model assumption and these effect sizes are summed up for each of the selection candidates (Zhang et al., 2016a,b). Different model assumptions can be made when calculating the effect sizes, e.g., normal distribution, laplace distribution, and gamma distribution etc. (Zhang et al., 2016b; Lo and Marculescu, 2017). However, these model assumptions made are more for simplifying the mathematical treatment of the model, which does not mean a certain model assumption is always better than others.

GWAS and genomic prediction are utilized in different context in Agricultural breeding. As stated before, GWAS is more used for identify significantly associated markers to assist agricultural breeding, therefore, the markers selected from GWAS are the key information for producing SNP chips for specific species. In contrast, genomic prediction calculates the estimated breeding values in order to rank the selection candidates in practical breeding. The difference between GWAS and genomic prediction is that in GWAS, usually a single SNP is associated with the phenotype accordingly while in genomic prediction, all SNPs are simultaneously fitted in the model associating with the phenotype (Daetwyler et al., 2013; Veerkamp et al., 2016). It means that a prediction model is a comprehensive model which takes all SNPs into consideration, while a GWAS model is more focused on the association between a single SNP with different phenotypes (Zhang, 2017). In agricultural breeding, it is common to conduct various strategies of cross validations without as a supplement to formal statistical tests in order to obtain maximum accuracy with limited bias (Legarra and Reverter, 2018).

SNPs associated with phenotype that directly lead to structural changes in protein or changes and significant difference in gene expression are often called “quantitative trait loci” (QTL). However, most common SNPs are anonymous markers around the important QTLs and are in linkage disequilibrium with important QTL. Usually, there are limited numbers of significant QTLs associated with each phenotype. It is important to know how these currently detected QTLs with significant effects on phenotypes evolve during time and how the allele frequencies of QTLs are changing during time in an evolutionary perspective (Bosse et al., 2012; Purfield et al., 2012; Zhang et al., 2018). Genomic prediction is able to predict the collective effects of all the genes without even knowing the individual genes. It is of interest to know and understand how the evolutionary forces such as selection, introgression and inbreeding etc. have changed the frequency of the QTLs and how the given evolutionary constraints shape the phenotypes or the genetic architecture of the complex phenotypes during the history time. The general trend information during the history is important to infer the important genetic parameters changed through time necessarily needed for genetic improvement programs. For example, QTLs associated with a class of phenotypes are sometimes significantly enriched in genomic regions due to introgression or inbreeding (Bosse et al., 2012, 2015). It reflects that these QTLs under the demographic forces are clustered together or segregated to affect certain classes of phenotypes (Bosse et al., 2014). Moreover, some pathways or Gene Ontology (GO) terms are also enriched in a way or function together to affect the phenotypes under a certain direction during demographic processes (Bosse et al., 2015). However, in most of the cases, these QTLs or GO terms or pathways are randomly distributed across the genomes and are not significantly enriched. This suggests that these demographic processes need to have long-term effects which are strong enough to shape the genetic architectures of the phenotypes from QTLs or pathways or GO terms (Bosse et al., 2019). These types of information are very important for selection in genetic improvement programs such as putting extra weight for the specific genomic regions or loci contributing in important traits of interest especially in genomic selection to maximize genetic change per time unit.

This review article will give an overview of GWAS and genomic prediction in the context of genomics from different angles and perspectives in agriculture. It will include the importance and background of GWAS and genomic prediction in different areas such as plant and animal breeding, the generalized methods and theories, specialized methods in terms of different types of variants, the extended knowledge about GWAS and genomic prediction, and finally the applications.



THE THEORIES AND METHODS

Improving the production and performance of plants and animals with better disease resistance is the central goal for plant and animal breeding (Hammer et al., 2006; Groenen et al., 2012). Different species of animals and plants have different breeding goals depending on their use in the food chain (Daetwyler et al., 2014; Jiang et al., 2017). For example, it is of great importance to improve the production related traits and disease resistance in crops to solve the conflict between the increasing global population and lacking of major plant related food such as wheat, rice, maize etc. (FAO, 2009). GWAS and genomic prediction are the important tools in different ways to help in achieving these breeding goals in plants and animals (Daetwyler et al., 2014). GWAS can identify the potential associations between single genes and phenotypes, while genomic prediction estimates the combined effects of all genes jointly to rank selection candidates (Meuwissen and Goddard, 2010; Caballero et al., 2015; Zhang et al., 2016b). The variants associated with phenotypes identified from GWAS can be further validated whether they are causal variants or in linkage with the true causal variants (Höglund et al., 2014). It helps in understanding the genetic basis of phenotypes how different genetic variants regulating the phenotypes in different pathways (Barton and Keightley, 2002). However, GWAS and genomic prediction can be combined so that GWAS identify the strongly associated genetic variants with validating the function of QTL in a different structured population and these functional variants are expected to be emphasized in genomic prediction in the related pathways regulating the phenotypes when ranking the selection candidates in breeding (Brondum et al., 2015; Veerkamp et al., 2016). The statistical methods for GWAS and genomic prediction are more or less quiet similar and the difference between them is that the statistical method of GWAS tests the single effect of each of the genetic markers, while the statistical method of genomic prediction sum up all the markers effects in the model. The results of GWAS can provide prior information for genomic prediction (Figure 1). Generally, the statistical methods for GWAS and genomic prediction can be classified into mixed linear model (BLUP used in prediction), Bayesian methods and machine learning (Figure 1).
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FIGURE 1. The basic statistical methods and theories for agricultural breeding.



Mixed Linear Models, BLUP

Here we firstly introduce the models and theories commonly used in GWAS and genomic prediction. One of the most common models for GWAS or prediction is the mixed linear model. It has been used for long time in animal and plant breeding since it was proposed in the middle of last century. The model can be written in the following general format:
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Where y is a vector of observed phenotypes expected following a normal distribution, X is the assigning matrix for any fixed effect allocating for the specific class and a is covariates computed for the fixed effects, M is the matrix of genotypes consisting of 0, 1, and 2 corresponding to 0, 1, or 2 copies of the reference allele and b is the coefficients computed for the genotypic effects, g is the polygenic effect estimated from the pedigree or genomic relationship matrix, e is the random effects for random errors. We have implemented a software package for implementing the key algorithms of GWAS and genomic prediction (Zhang et al., unpublished). This model is the well-known mixed linear model that assumes a random effect for the genetic effect estimated from pedigree [also known as Best Linear Unbiased Prediction (BLUP)] or genotypes (GBLUP) with correcting on the fixed effects (Figure 1; Henderson, 1984). Many other covariance structures can be also assumed here. In mixed linear model, the additive genetic values are the sum of very many genes with very small effects. Therefore, it is by default assumed that those small effects are normally distributed due to the central limit theorem (Fisher, 1918; Hill, 2014). It is also called as infinitesimal model, i.e., assuming that there are infinite many genes with infinitesimally small effects when the number of individuals is very limited (n > > p) using in an animal model based on pedigree when no markers is available. However, the situation has changed a bit in the current age, as there are more and more genomic information collected due to the decrease of the genotyping and sequencing price. In GWAS studies, the coefficients for genetic makers are tested to determine whether it is significant or not using t-test or chi-square test (Sahana et al., 2010). When there are multiple number of markers tested, correction for multiple testing of value of p is needed. In genomic prediction, genetic effects simultaneously estimated from a mixed linear model BLUP and summed up are the estimated breeding values for each individual. However, it is very important to estimate the related parameters accurately such as genetic variance components. Commonly, the genetic variance component is derived from a joint model based on likelihood theory in which one specific parameter is estimated conditional on other parameters with maximum restricted likelihood theory in the consideration of the joint model during the iterations (Jensen et al., 1997).



Bayesian Methods

There are also some categories of linear models such as Bayesian type of linear models (Calus et al., 2016; Zhang et al., 2020). The major assumptions of Bayesian types of models compared likelihood based models are that the genetic effects are mostly sampled from a normal distribution while sometimes other than a normal distribution (Figure 1). For example, Bayes A samples the SNP effects from a given t-distribution and this results from that a few classes of SNPs with the genetic effects from normal distributions with few degrees of freedom in the model. This Bayes B model samples the genetic effects from two component normal distributions, while Bayes R samples from a four components normal distributions (Zhang et al., 2020). The different assumptions on the distribution of genetic effects result in the different degrees of false positives and false negatives when testing the different models. These Bayesian models are based on the Bayesian theory and the models are solved by deriving the posterior probability distribution of model parameters conditional on the data available. This is often implemented using Markov Chain Monte Carlo (MCMC) methods such as the Gibbs sampler sampler to generate the random variables from the specific distributions assumed by the respective Bayesian models (Foll et al., 2008). The derived posterior probability of different variance parameters for different Bayesian models will not be presented here. Among these different Bayesian models with normal distribution assumptions, Bayes R usually performs better compared with the model only assuming one normal distribution as it assumes four components normal distributions which is more flexible (Zhang et al., 2020). This is especially important if very many markers are available and traits are affected by some genes with large effects.



Machine Learning

Machine learning is a comprehensive set of methods for extracting and summarizing useful information using complex algorithms on big data (Figure 1; Grinberg et al., 2020). Specifically, machine learning is currently used for classification and identification of types among different agricultural varieties with a supervised or an unsupervised learning method using extracted or user specified characteristics from high-through-put data (Araus et al., 2018). In agriculture, usually only high-through-put phenotyping data is utilized due to the cost and machine learning helps in the way that the characteristics among the large amount of data can be automatically extracted to save cost. In mathematics, the large amount of data are usually complex with different correlated structure in different dimensions but these can be formatted and standardized into the matrices with different scales in the corresponding dimension. The methods of standardizing the matrices can vary which results in different accuracy of calculations compared with the other methods such as mixed linear model (Grinberg et al., 2020). Generally machine learning methods include support vector and neural network etc., which can be classified into supervised and unsupervised learning and the solutions of these models depends on the exact model assumptions in which they were applied and how the model assumptions fit the data often decides the accuracy of the model (Figure 1; Grinberg et al., 2020).

These machine learning methods have been compared with the routine methods described above such as mixed linear model and Bayesian methods in different agriculture species (Crossa et al., 2017; van Dijk et al., 2021). Machine learning can usually be used for identifying QTLs, generating a formula of the most likely genetic architecture of the studied complex traits and finally utilize these information to predict total marker values, i.e., estimated breeding values (van Dijk et al., 2021). In plant breeding, recent developments and applications were made in predicting the effects of environments, the interactive effects between genotypes and environments (Montesinos-López et al., 2018, 2019) and in both animal and plant breeding, predictions of estimated breeding values are made from secondary or in-between phenotypes utilizing the newly invented detection technologies (Cobb et al., 2013; Roitsch et al., 2019; Lopez-Cruz et al., 2020). Although mixed linear models can perform genomic prediction routinely through random effects, machine learning kind of methods still have clear advantages when the traits architecture is not normally distributed, accounting for non-additive effects such as the significant existence of dominance and epistasis (Montesinos-López et al., 2019; Abdollahi-Arpanahi et al., 2020). However, machine learning methods do not hold consistent outperformance compared with mixed linear models (Azodi et al., 2019).




THE CONNECTIONS WITH POPULATION GENETICS


Heritability

Heritability is a basic concept from quantitative genetics which refers to the ratio between the genetic variance and the total phenotypic variance (Zhang et al., 2017). The inference of heritability is usually based on the inferred genetic variance component and error variance component when using a restricted maximum likelihood or Bayesian theory. However, concepts of amount of genetic variance explained often depends on the method of estimation and possible misspecification of models used. It is a very important and basic concept as this reflects the genetic basis of a certain phenotype which affects the important agronomic traits in breeding. To breed the agronomic population toward a breeding goal, it is first to estimate the heritability of agronomically/economically important traits. The amount of possible genetic gain also referring to evolvability is positively correlated with heritability, genetic variance and selection intensity, while negatively correlated with generation interval. Therefore, under the same genetic variance, selection intensity and generation interval, the higher the heritability of an agronomic trait it has, more genetic gain can be possibly achieved under a breeding program. However, complex traits and diseases are often difficult to breed as they usually have a low to mediate heritability. The genetic variants usually are classified into different categories according to its allele frequencies such as common variants and rare variants. Common variants are usually defined as variants with allele frequencies of more than 0.05 while rare variants have allele frequencies of less than 0.05 (Zhang et al., 2016a). These variants with different allele frequencies have various amount of contribution on the heritability of complex traits in agriculture (Zhang et al., 2017). Generally, the number of genetic variants and their contribution to the total genetic variance reflect the genetic architecture of the different traits in agriculture.



The Contribution of Common Variants

Genome-wide association studies have identified large amount of common variants significantly associated with different phenotypes using various models (Zhang et al., 2016b). However, these common variants associated with the phenotype are mostly anonymous markers that are linked to QTL and instead QTL very often have quite extreme frequencies. The distribution of genetic variants with effect on phenotypes typically follow a U-shaped distribution which reflects that most alleles with big effects on phenotype are un-common. Under an assumption of mixed linear model with normal distribution, the common variants collectively explain large amount of variance from the genetic variance explained in the phenotypic variance, in which a general trend is that the total genetic variance explained by QTL is proportional to the number of variants. So far, only very few common variants with large genetic effects on important traits have been found. A typical example is the common variants underlying DGAT1 gene with big effects on milk yield (Grisart et al., 2004). However, most genetic variance in agricultural species are actually caused by numerous rare variants with small or very small effects. This makes the rare variants hard to detect individually, and therefore genomic prediction is usually utilized to estimate the summed effects from the all the genetic variants. Under an additive model the genetic variance caused by QTL can achieve the highest with the gene frequency of 0.5. This gene is common and not yet fixed in the population. In a mixed linear model, it is assumed that the effect of each genetic variant is sampled from a normal distribution with mean zero and the specific variance. It results in that most of the sampled effects will be close to zero, i.e., each QTL contributes differently in the genetic variance but the QTL effects are sampled from the same distribution (van Binsbergen et al., 2015). Therefore, when intensive selection has been performed in the agricultural populations, the allele frequency is in strong shrinkage toward zero which is more or less fixed in the population and the genetic effects become large when it is assumed that each of the variant is expected to contribute equally. Notable, this also happens in natural populations due to natural selection but at a much lower rate. In fact, many natural populations are affected by the local effective population size and therefore heavily influenced by genetic drift. Interestingly, there are still plenty of genetic variance remained in agricultural population even though under a strong directional selection through many generations. One of the challenges currently is to explain why and how the large amount of genetic variance can be maintained in a typical agricultural population. However, careful modeling is extremely important especially for the inference about natural phenomena as different model assumptions might result in different proportion and scaling of the genetic variance contributed inferred for the genetic parameters. A very careful model validation is always needed when conducting genetic analysis.



The Role of Rare Variants

Rare variants are usually difficult to detect from genome-wide-association studies due to its low frequency and extremely small genetic effects contributed very little to genetic variance (Gibson, 2012). Several methods such as burden test and variance component test have developed which actually collapses the genetic effects of number of rare variants so that they can be detected collectively. However, in specific populations where selection has been intensively performed, the frequency of rare variants can be shaped toward a certain frequency so that they are easier to be mapped (Zhang et al., 2016a). For example, this has been the case in dairy cattle where sires with carrying recessive lethal genes have been heavily used in the international population. Otherwise, a specific alternative model or methods together using very large data sets are required to detect the effects of rare variants.



Estimation of Heritability and the Debate About Missing Heritability

Heritability is the ratio between the total genetic variance contributed by common and rare variants and the total phenotypic variance. Estimation of the variance components usually utilize the probability theory which derives the likelihood function of the parameter with the inaccuracy around unknown genetic parameters to be estimated under the condition of other parameters and after a certain number of iterations the estimates with the best likelihood are taken as the final solution. In Bayesian estimation, we derive the posterior distribution of heritability given by data and model. Genome-wide-association studies have identified thousands of genetic variants which significantly associated with the complex traits during the recent years in agriculture (Daetwyler et al., 2014). However, these variants are mostly common variants and they collectively only explain a small amount of genetic variance contributing to heritability. There is large amount of genetic variance which has been missing in the heritability and this has been the famous mystery which has puzzled for long time for the scientists in the area of genetics (Figure 1; Gibson, 2012). To explain and solve this puzzle, scientists have come up with several arguments and try to search for the amount of missing heritability (Manolio et al., 2009). SNP chips have been used for a long time in agricultural genomics and the variants in the chips are mostly common variants often sampled with ascertainment bias. The genetic variance is mostly explained by the detected significantly associated common variants, while it is difficult to detect the rare variants using the current sequencing technology. Rare variants might plan an important role in the missing heritability problem.




APPLICATIONS


Whole-Genome Selection for Plant and Animal Breeding

With the continued development of sequencing technology, it is possible to obtain the genotypes of different plant and animal species for the purpose of breeding. The SNP chips in different densities have been developed for many different agricultural species (Sherry et al., 2001; Brondum et al., 2015). Notably, the SNP chips only provide very few SNP compared with whole genome sequences. These commercial SNP chips can measure and test the genotypes of these agricultural species accurately and they are utilized to assist the breeding procedures in the way that significant genetic markers in linkage disequilibrium with the corresponding functional genes in phenotypes can be identified and the sum of their genetic effects can be used to rank the agricultural varieties. This owes to the long term structured mating systems used in breeding program which generates lots of short or long range linkage disequilibrium (LD) in the agricultural populations included compared with human populations that are much closer to random mating. For example, the LD of genomes of wheat varieties using as bread between adjacent loci pairs is ranging from 25.5 to 41.2 in cM with high LD R2 of 0.7 (Somers et al., 2007). The advantage of utilizing the sum of the total genetic effects is that the breeders can directly select the elite lines or varieties right after the genotypes are obtained and make decision about the mating strategies. Meanwhile, it is important that selection strategies are designed for long-term perspective and only in this way, genetic progress can be accumulated gradually toward the breeding objectives.



Successful Examples Using Whole Genome Selection and High-Through-Put Data in Agriculture

The concept of whole genome selection, i.e., genomic selection was firstly proposed by Meuwissen et al. (2001) and it has been widely applied in different agricultural species since then. It was first applied in dairy cattle and over the last 20 years it has been a great success in dairy production (Garcia-Ruiz et al., 2016). The key of the success of genomic selection in dairy cattle is that it largely decreases the genetic interval of dairy cattle breeding process so that the genetic progress can be achieved quickly. In dairy cattle, a breeding cycle of genomic selection is typically that a reference population is firstly built up and this reference population is then both genotyped and phenotyped which are divided into training and validation set to train and validate the genomic selection model. When the genomic selection model is ready to be used, new candidate dairy cattle are tested with genotypes at an early age and their breeding values are estimated based on the genomic selection model so that they could be ranked and used for insemination for the next breeding cycle. Until now, genetic gain in different complex traits such as milk yield, protein and fat content and fertility etc. have been greatly improved, i.e., doubled or even more since genomic selection has been implemented in dairy cattle (Garcia-Ruiz et al., 2016). The similar strategy for genomic selection has also been implemented in layers compared with dairy cattle with significant reduction of generation interval and less cost of phenotyping test. Genomic selection has also been applied successfully in pig and chicken breeding, while the main advantage of genomic selection applied for pig breeding is that the accuracy for prediction of breeding values and selection of candidates is more accurate when combining phenotypic information with genomic information instead of shortening the generation interval in dairy cattle. Genomic selection has been extremely useful and powerful for improving complex traits especially for polygenic traits with many genes with small effect sizes. It has resulted in significantly improved genetic progress in animal breeding. Similarly, genomic selection can be applied in plant breeding and it has been applied in important crops breeding programs such as maize, wheat and barley breeding using combined phenotypic and genomic information. In general these methods were introduced much later in plant breeding compared to animal breeding (Zhao et al., 2012; Bassi et al., 2016; Tessema et al., 2020). In recent years, the high-through-put phenotyping (Araus et al., 2018) has been developed a lot for automatic imaging system and it has been gradually utilized more and more for agricultural phenotyping to obtain more accurate information for use in breeding programs and sometimes also to save man power.




IMPLICATIONS FOR THE FUTURE IN AGRICULTURE

With the increasing global climate change and huge increase of the human population, there are severe problems and discrepancy between the global resources and the need of the human populations especially in places where the local population size is extremely large. People are facing these challenges and trying to solve the problems by improving the efficiency of agricultural production with keeping the balance between the environment capability and its natural resources. To meet the need of food requirement of the global population, utilizing the cutting-edge technology for breeding better breeds or varieties is the key to solve this problem.

In this review, we have summarized different cutting-edge technologies and theories including genome-wide association and genomic prediction using data collected from genomics and agronomic traits for agricultural breeding and further discussed their utilities in agricultural breeding. In the future, the output from these technologies and theories will provide the key information and knowledge for the input for the genome editing technology such CRISPR-Cas9 in crops. These cutting-edge Agricultural breeding technologies and theories are crucial for accelerating the rate of genetic progress and the key for ensuring food security for humanity. The common research topics including genome-wide-association studies and genomic prediction etc. have been discussed and we further elaborate the applications of these research topics. It reveals that the models including the algorithms behind these technologies are the core to drive these technologies. Therefore, there will be huge needs to further develop and implement these technologies and insure more and more collaboration between the different areas of research. Nowadays, the methodology have been generating large amount of data at fast speed using the current fast developing biotechnologies. This needs to be focused on data useful for improving agricultural breeding efficiency. In order to extract useful information from these large amount of data the efforts from the scientists in respective fields and multi-disciplines is needed for more efficient Agricultural breeding.
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The endosperm of corn kernel consists of two components, a horny endosperm, and a floury endosperm. In the experiment, a kind of floury endosperm corn was identified. The result of phenotypic trait analysis and determination of amino acid content showed that the floury endosperm filled with the small, loose, and scattered irregular spherical shape starch granules and contained higher content of amino acid. The starch biochemical properties are similar between floury corns and regular flint corn. By using dynamically comparative transcriptome analysis of endosperm at 20, 25, and 30 DAP, a total of 113.42 million raw reads and 50.508 thousand genes were obtained. By using the weighted gene co-expression network analysis, 806 genes and six modules were identified. And the turquoise module with 459 genes was proved to be the key module closely related to the floury endosperm formation. Nine zein genes in turquoise module, including two zein-alpha A20 (Zm00001d019155 and Zm00001d019156), two zein-alpha A30 (Zm00001d048849 and Zm00001d048850), one 50 kDa gamma-zein (Zm00001d020591), one 22 kDa alpha-zein 14 (Zm00001d048817), one zein-alpha 19D1 (Zm00001d030855), one zein-alpha 19B1 (Zm00001d048848), and one FLOURY 2 (Zm00001d048808) were identified closely related the floury endosperm formation. Both zein-alpha 19B1 (Zm00001d048848) and zein-alpha A30 (Zm00001d048850) function as source genes with the highest expression level in floury endosperm. These results may provide the supplementary molecular mechanism of structure and nutrient formation for the floury endosperm of maize.

Keywords: waxy corn, floury endosperm, dynamic comparative transcriptome analysis, weighted gene co-expression network analysis, modules and hub genes


INTRODUCTION

Corn is one of the most important grain crops in the world. The corn endosperm mainly contains primarily starch surrounded by a protein matrix, accounting for 83% of the corn kernel. Ordinary corn kernel endosperm comprises soft and vitreous starch (Rasper and Walker, 2000; Xu et al., 2019). Based on the quality and quantity of both types, corn grains could be divided into the dent, flint, flour, sweet, and popcorn (Gwirtz and Garcia-Casal, 2014).

Generally, the starch granules are embedded compactly in the protein membrane in the vitreous endosperm (Kikuchi et al., 1982). But in the floury endosperm, the starch granules are arranged loosely (Kikuchi et al., 1982). Most recent research demonstrated that the hardness of endosperm was closely related to the protein’s composition. Three types of proteins were isolated in the endosperm, including albumin-globulins, prolamins (zeins in corn seeds), and true glutelins (Landry and Moureaux, 1980). The three kinds of proteins, respectively, accounted for 13, 48, and 35% of total nitrogen in the floury endosperm, and 4, 79, and 15% of that in the vitreous endosperm, which implied that the hardness of the seed was closely associated with zein protein (Landry et al., 2004). In the corn endosperm, four types of zein proteins were identified based on the protein structure (Wu and Messing, 2012). The Mr 19- and 22-kD proteins were accounted for 75–85% of zein proteins, which are called alpha-zeins. The Mr 15-kD protein is the beta-zein, which makes up 10–15% of the whole zein proteins. The Mr 50-, 27-, and 16-kD proteins constitute 5–10% of the name of gamma-zeins, and the Mr 18- and 10-kD proteins are called the delta-zein with a small proportion in the endosperm (Wu and Messing, 2012). The previous researcher found that hard endosperm contains more α-zeins fractions than soft endosperm fractions (Dombrink-Kurtzman and Bietz, 1993). On the contrary, there are nearly twice γ-zeins in the soft endosperm than in the hard endosperm (Dombrink-Kurtzman and Bietz, 1993). Maize endosperm hardness is determined by the zein proteins (Robutti et al., 1997). In addition, further study on the relationship between starch compositions and hardness of endosperm revealed that the starch granules from soft endosperm had a rough appearance with randomly distributed pores on their surface (Dombrink-Kurtzman and Knutson, 1997). But few pores were detectable on granules from the hard endosperm. And the soft endosperm has lower amylose content than the hard endosperm. Otherwise, the genes related to the zeins biosynthesis have been identified. By using cDNA libraries from developing endosperm of the B73 maize inbred line, 15 different, complete coding sequences were identified and grouped into the α-, γ-, and δ-zein gene subfamilies (Woo et al., 2001). Of these genes, five genes belong to the 19-kD α-zein transcript, four genes encode 22-kD α-zein protein, four genes annotated as 27-kD γ-zein biosynthesis genes, and two genes encode the δ-zein protein. Furthermore, constructing an overlapping cosmid library of Zea mays BSSS53 further isolated and sequenced all 23 members of the 22-kD α-zein gene family (Song et al., 2001). Twenty-two of them were mapped on chromosome 4S. The gene expression analysis revealed that only seven of these genes appear active with different transcriptional regulations based on the maize cDNA databases (Song et al., 2001). Moreover, to obtain the target gene-related nutrient and structure formation of endosperm, maize mutants were usually used as the samples with the obvious phenotypic changes. Several genes, including fl1, fl2, fl3, and fl4, were cloned and demonstrated to play a key role caused the formation of floury endosperm (Coleman et al., 1997; Holding et al., 2007; Wang et al., 2014, 2018). Among those genes, fl1 encodes a novel endoplasmic reticulum protein which plays a vital role in the regulation of zein protein body formation, fl2 functions as a 22-kD α-zein with a defective signal peptide, fl3 annotated as a member of a novel class of plant-specific zinc-dependent DNA-binding proteins ZmPLATZ12, and fl4 encodes a 19-kD α-zein z1A subfamily member (Coleman et al., 1997; Holding et al., 2007; Wang et al., 2014, 2018). Otherwise, maize opaque endosperm mutants commonly exhibit floury kernels too. Most studies showed that the opaque endosperm contained a soft texture with increased nutritional quality (Zhang et al., 2018). For example, the gene o1 encodes a myosin XI motor protein; o2 encodes a bZIP transcription factor (Wang et al., 2012; Lappe et al., 2018).

An inbred wax corn line with floury endosperm was isolated in this work. The physiological and biochemical indexes of endosperm were analyzed. Using dynamic comparative transcriptomic analysis combined with weighted gene co-expression network analysis (WGCNA), their key modules and hub genes related to the hardness and starch synthesis were analyzed between the floury endosperm and the vitreous endosperm. These results will provide valuable genetic resources for further studies of floury corn and contribute to an expanding view on the physiologic change and its relationship with transcriptomic variation, which may give more insight into the gene expression profiles related to starch and protein synthesis in the corn seeds.



MATERIALS AND METHODS


Plant Material

A floury endosperm corn seed was firstly isolated from an F2 segregating population of the cross recombination inbred line W024 and inbred line W133 in the farm of Tobacco Research Institute, Anhui province, People’s Republic of China. After successive self-pollination at F2, F3, F4, and F5 generations, a stable F6 generation was obtained. This study selected a floury endosperm corn inbred line W056 and a flint inbred line W042 from the F7 generation for the downstream experiment. The inbred lines were cultivated with regular water and fertilizer management on the farm of Tobacco Research Institute in the year 2019. The endosperm was collected and frozen immediately in liquid nitrogen at 20, 25, and 30 days after pollination (DAP). Then the samples were stored at −70°C for comparative transcriptome analysis. The analysis of phenotypic trait and biochemical properties were conducted with the help of Shanghai Sanshu Biotechnology Co., Ltd. (Shanghai, China).



Microscopic Observation of Floury Endosperm

The mature seeds were collected and dissected with a scalpel and tweezers. Then, the cross-section profiles were observed and documented by using the anatomical lens (Olympus SZ5161, Japan).



Scanning of Starch Granule Morphology

For scanning electron microscopy (SEM) analysis of Starch granule morphology, mature maize endosperm was transversely cut with a razor blade and mounted on a metal stub. After sputter-coated with gold, the samples were observed and photographed with a Zeiss Merlin Compact scanning electron microscope (SEM, Zeiss, Oberkochen, Germany).



Determination of Physiological Traits

The mature seed was ground into powder to extract starch following physiological analysis. To determine the crystallinity and branching degree of the starch, 20 g powder was soaked in sodium pyrosulfite aqueous solution containing 10 mg/g alkaline protease at 42°C for 24 h. After filtration, the residue was collected and standing overnight. The supernatant was removed until the starch became white, and then it was dried naturally. After being balanced for a week in an incubator, the samples were ground and filtered for analysis using an X’Pert Pro X-ray diffractometer (PANalytical, Netherlands). The Nal scintillation counter was used to determine the X-ray strength at the scanning range from 5° to 60°. The DS-SS-RS was designed as 1, −1, −0.1 mm.



The Molecular Weight Distribution of Starch

At first, 5 mg starch samples were dissolved in 1 ml DMSO at 100°C overnight. Then, 3 ml absolute ethanol was added to the solution. After centrifugation, the residue was dried and dissolved in 3 ml 0.1 mol NaNO3 at 121°C for 20 min. The supernatant was collected for the following experiment after centrifugation. The molecular weight distribution was analyzed using GPC-RI-MALS methods. In detail, the RI dictator (Optilab T-rEX, Wyatt Technology, CA, United States) equipped with mals (DAWN HELEOS II, Wyatt Technology, CA, United States) and Series 1500 Pump (Waters) was employed using 0.1 mol NaNO3 as flow phase with 0.4 ml/min at 60°C. Three columns Ohpak SB-805 HQ (300 × 8 mm), Ohpak SB-804 HQ (300 × 8 mm) and Ohpak SB-803 HQ (300 × 8 mm), were series-connected to obtain the results.



The Thermal Properties of the Starch

The starch sample with 10 mg was balanced in 30 μL distilled water for 24 h at room temperature and sealed in an alumina crucible. The differential scanning calorimetry (DSC, Q2000, TA Instruments, United States) was used to analyze the enthalpy change of the samples with 10°C min speed from 30 to 95°C.



Amino Acid Content Determination

The dried powder with 50 mg was dissolved in 1 ml 6 mol hydrochloric acid for 24 h. The supernatant was collected after centrifugation and dried at 80°C in an oven. Then it was dissolved in 800 μl 0.1 mol hydrochloric acid and incubated in a shaker at 37°C for 1 h. The supernatant was collected by centrifugation at 12,000 rpm for 10 min. The UPLC was equipped with a chromatographic column (ACCQ-TAG TMULTRA C18, 1.7 um, 2.1 × 100 mm). The AccQ⋅TagtmUltra Eluent A Concentrate and AccQ⋅TagtmUltra Eluent B were selected as mobile phases. The flow rate was designed as 0.7 ml/min at 50°C. Twenty-four kinds of amino acid components, including L-Threonine, L-Alanine, L-Proline, L-Cystine, L-Lysine monohydrochloride, L-Tyrosine, L-Methionine, L-Valine, L-Isoleucine, L-Leucine, L-Phenylalanine, L-Tryptophan, L-Cysteine hydrochloride, rans-4-Hydroxy-L-proline, γ-Aminobutyric acid and (R)-(-)-2-Aminobutyric acid from Waters (United States) were selected as standards.



Total RNA Extraction

Total RNA was extracted with RNAprep Pure Plant Kit (Tiangen, China) using 200 mg of endosperm tissue. Its quality and concentration were determined using NanoDrop 2000 (Thermo, United States). The RNAs were independently collected three times, creating three biological replicates.



cDNA Library Construction and Sequencing

The cDNA library construction and Illumina sequencing were carried out on an Illumina Hiseq 2500 platform with a 200 bp paired-end read at Beijing Novogene Biological Information Technology Co., Ltd. (Beijing, China)1.



Data Filtering and Assembly

The high-quality clean reads were obtained after removing adaptor sequences, duplicated sequences, ploy-N (reads with unknown nucleotides), and low-quality reads. Then the cleaned sequences were mapped to the maize B73 reference genome (AGPv4)2 (Schnable et al., 2009). The final transcriptome assembly was conducted using the TopHat 2 tool as previously described by Mortazavi et al. (2008) and Kim et al. (2013). The fragments per kilobase million mapped reads (FPKM) were calculated according to the method described by Trapnell et al. (2010). All raw data were deposited in the GenBank Short Read Archive3 and could be accessible at the NCBI SRA database with the accession number PRJNA820289.



Weighted Gene Co-expression Network Analysis

To obtain the target genes related to the structure and nutrition formation of floury endosperm, the R package (R 4.1.2) was downloaded from the website https://cran.r-projet.org/bin/windows/base/ and installed to run the following analysis. In detail, all genes were selected firstly. After removing genes with a low FPKM (FPKM < 1), the left genes were used to calculate every gene’s variance between different samples using the variance function. Then, the top 32% of genes with a maximum level of variance were screened out using quantile function. The WGCNA analysis was conducted according to the method as described by Langfelder and Horvath (2008). The pick-Soft Threshold function was conducted to confirm the appropriate power value to run the weighted gene co-expression network analysis. Then the Pearson’s correlations among all genes were calculated to create the adjacency matrix and form a topological matrix. The one-step network construction and module detection were used to identify the gene modules. The gene groups are represented with different colors to distinguish each module from the others. The module eigengenes were calculated to merge the close modules with the value of MEDissThres = 0.2. Eigengene dendrogram and Eigengene adjacency heatmap were plotted to differentiate the expression pattern of modules.

To obtain key module correlated with floury endosperm, the floury endosperm trait of W056 was set as “1,” the normal endosperm trait of W042 was designated to be “0.” The P value was calculated to evaluate the correlation of module-trait relationships. The values of intramodular connectivity, gene significance, and kME were used to identify the hub genes. The gene networks were displayed using Cytoscape v.3.9.1. The Gene Ontology (GO) annotation and KEGG pathways analysis of the candidate genes were conducted using the NovoMagic online tools4.




RESULTS


Identification of Floury Endosperm Corn and Measurement of Its Starch Composition

As is shown in Figure 1, the endosperm of inbred line W056 exhibited an entire floury surface after the cross-section of the mature seed. Otherwise, the endosperm of inbred line W042 appeared to have a floury central core surrounded by a vitreous endosperm layer for the mature seed. SEM revealed that the floury endosperm was filled with the small, loose and scattered irregular spherical shape starch granules for inbred line W056. Contrarily, the endosperm of W042 was composed of two different parts. In the central core, the starch granules were the bigger irregular spherical shape particles. But in the surrounding central core, all starch granules were large, polyhedral, and tightly packed blocks.


[image: image]

FIGURE 1. The difference of starch structure for endosperm of W042 and W056.




Crystallinity and Branching Degree

The XRD was used as an effective method to determine the crystal structure of starch. As is shown in Table 1, both samples displayed typical A-type diffraction patterns with the same diffraction peaks at the 2θ value, suggesting that phenotype changes did not alter the polymorphic structure type of the starch.


TABLE 1. The crystal structure analysis of starch for W042 and W056.
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Starch Granule and Molecular Weight

Table 2 and Figure 2 exhibited the information on the molecular weight of starch. Compared with W042, W056 displayed higher Mp, Mw, and Mz values. But the value of Mn was lower.


TABLE 2. The starch granule and molecular weight for W042 and W056.
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FIGURE 2. The molecular weight distribution of the starch for the endosperm of W042 and W056.


Polydispersity indicated the broadness of the molecular weight distribution, which was calculated as the ratio of Mw/Mn and Mz/Mn. The lower value of polydispersity explained a narrower molecular weight distribution of starch. This study showed that both the Mw/Mn and Mz/Mn values were higher in W056, which showed a broader molecular weight distribution of floury amylopectin.



The Thermal Properties of the Starch

Table 3 displays the thermal characteristics of the starch according to the results of the DSC analysis. The values of To, Tp, and Tc were higher in W056. But its value of ΔH was lower. The results indicated that a higher temperature was required to disrupt the double-helical order for the starch of W056. The lower value of ΔH suggested a reduction in the crystallinity degree of starch by decreasing the double-helical order content, which is in accord with the result of the phenotypic analysis.


TABLE 3. The thermal properties of the starch for W042 and W056.
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The Content of Amino Acid

As shown in Figure 3, the amino acid content was determined. The result showed that a total of 20 components were identified. The contents of Glu, Ala, Pro, and Len were higher if compared with other components, including Asp, Gly, Val, and so on. Between two corns inbred lines, the amino acid content was higher in the endosperm of W056 than that of W042.


[image: image]

FIGURE 3. The contents of different amino acid components for W042 and W056.




Summary of Transcriptome Data

The endosperms at 20, 25, and 30 DAP development stages were collected to construct RNA-seq libraries with three biological replications. As a result, a total of 113.42 million raw reads were obtained (Table 4). After filtration of low-quality reads, 115.54 million clean reads (approximately 167.31 Gb clean bases) were isolated with a 9.295 Gb for each sample. Over 91.21% of the Q30 values and no less than 52.71% of GC contents were concluded. The average value of Q30 and GC contents were 92.38 and 54.44%, respectively. A total of 88.28–92.29% of the clean reads were successfully matched to the maize reference genome. The ratios of uniquely mapped reads were between 88.28 and 92.26%. These results implied the reliability of the transcriptome data.


TABLE 4. Summary of six separately pooled RNA sequencing results.
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Among all transcriptome data, 50.508 thousand genes were identified and almost unequally distributed on chromosomes 1–10 (Supplementary Table 1). To obtain the target genes related to the formation of floury endosperm, the R package was used to isolate candidate genes. Firstly, we removed the genes with a low FPKM (FPKM < 1), and 20,131 genes were left. Then, the R package was used to calculate the variances for every gene between different samples. At last, the top 32% of genes with a maximum level of variance were identified. Finally, a total of 806 candidate genes were obtained for further analysis.



Gene Ontology Annotation and KEGG Pathways Analysis of Candidate Genes

Gene Ontology (GO) annotation and KEGG pathways analysis were performed to uncover the possible function of 806 candidate genes using online tools of NovoMagic (Figures 4, 5). As a result, 806 genes were annotated and categorized into three GO terms, including biological process, cellular component and molecular function. Most genes are classified into biological processes, such as nitrogen compound metabolic process, biosynthetic process, organic substance biosynthetic process, and cellular biosynthetic process. KEGG pathway analysis revealed that 806 genes mainly were enriched in several metabolic pathways. The q value was used to identify the enriched KEGG pathway. The results showed that most genes were obviously enriched in Ribosome, Protein export, Carbon fixation in the photosynthetic organisms, and Glycolysis/Gluconeogenesis with the level of q value < 0.1. In details, 76 genes were enriched in Ribosome, 13 genes were involved in Protein export, 15 genes distributed in Carbon fixation in the photosynthetic organisms, and 16 genes belonged to Glycolysis/Gluconeogenesis.
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FIGURE 4. The GO terms enrichment analysis of candidate genes. The asterisk means the P-value is less than the significance levle of 0.01.
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FIGURE 5. The KEGG pathway enrichment analysis of candidate genes.




Identification of Key Modules and Genes by Co-expression Network Analysis

To further identify the candidate genes related to the formation of floury endosperm, weighted gene co-expression network analysis (WGCNA) was performed to mine hub genes and their belonging module related to phenotype using the 806 genes. Based on the soft-thresholding power of 16, all genes were clustered into ten modules defined as ten different colors via the Dynamic Tree Cut method. The genes with similar expression patterns were categorized into one same module. For example, 48 genes were grouped into the black module, 156 genes were classified into the blue module, 110 genes were involved in the brown module, and 63 genes belonged to the green module. Otherwise, 174 genes were assigned to the turquoise module. The magenta, pink, purple, red and yellow modules contained 41, 45, 34, 55, and 66 genes.

To cluster module eigengenes, the similarity and dissimilarity of module eigengenes were calculated. The result showed that all modules could be divided into A and B two categories (Figure 6). A category contained C and D, two families. Red and brown modules were classified as C family. The magenta, purple and pink modules were involved in the D family. B category contained black, turquoise, green, blue and yellow modules. Based on the similarity and dissimilarity of module eigengenes, all modules were merged using the automatic merging function with the MEDissThres value of 0.2. Eventually, six modules were obtained, including black, brown, magenta, purple, red, and turquoise (Figure 7 and Supplementary Table 2).


[image: image]

FIGURE 6. Hierarchical clustering dendrogram of module eigengenes and heatmap plot of the adjacencies. In the heatmap, green color represents low adjacency (negative correlation), while red represents high adjacency (positive correlation).
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FIGURE 7. Cluster dendrogram of candidate genes, with dissimilarity based on topological overlap, together with assigned merged module colors and the original module colors. Hierarchical cluster tree of co-expression modules identified via the Dynamic Tree Cut method. The minModuleSize was 30. The MEDissThres was set as 0.2. Different colors displayed the different modules. Each leaf in the tree represented one gene. The major tree branches are originally composed of 10 modules and eventually merged into 6 modules. Each color represented one module.


To identify the modules related to the structure formation of floury endosperm, the patterns of eigengenes expression and the module heatmap were displayed using the plotMat function. As is shown in Figure 8, six modules presented different expression patterns. According to the uniformity of the endosperm structure formation from 20 to 30 DAP, the purple module (55 genes) and turquoise module (459 genes) were predicted to be closely related to the formation of floury endosperm for its expression pattern. Further annotation of the genes in both modules revealed that most genes in the purple module were associated with biological processes, defense response, and cellular processes, and genes in the turquoise module were involved in organic metabolic process, organic substance transport, nitrogen compound metabolic process, and protein metabolic process. The module-trait relationship analysis further confirmed that the turquoise module is the key module related to the floury endosperm formation (Supplementary Figure 1).
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FIGURE 8. The eigengenes expression patterns and gene expression heatmap across samples for six identified modules. In heatmap, the letter a indicated W056, letter b represent W042. The numbers 1, 2, and 3 meant three biological repeats at the 20 DAP stage, 4, 5, and 6 showed three biological repeats at the 25 DAP stage, 7, 8, and 9 represented three biological repeats at the 30 DAP stage.


In order to identify the hub genes, the parameters of intramodular connectivity including kTotal, kWithin, kOut, and kDiff for each gene were calculated (Supplementary Table 3). The kME value representing the correlation between the gene expression and the module eigengene was calculated too (Supplementary Table 3). Otherwise, the correlation between the gene expression and the endosperm trait were analyzed (Supplementary Table 3). As a results, 40 genes in turquoise module were isolated with the value of kME < −0.90 (Supplementary Table 3 and Figures 9, 10). Among these genes, nine zein genes including two zein-alpha A20 (Zm00001d019155 and Zm00001d019156), two zein-alpha A30 (Zm00001d048849 and Zm00001d048850), one 50 kDa gamma-zein (Zm00001d020591), one 22 kDa alpha-zein 14 (Zm00001d048817), one zein-alpha 19D1 (Zm00001d030855), one zein-alpha 19B1 (Zm00001d048848), and one FLOURY 2 (Zm00001d048808) were identified closely related the floury endosperm formation. In addition, both zein-alpha 19B1 (Zm00001d048848) and zein-alpha A30 (Zm00001d048850) presented the highest expression level in floury endosperm and the maximum values of Log2FC (W056 vs. W042), which confirmed that they were closely related to the formation of the floury endosperm of W056 (Figures 9, 10).
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FIGURE 9. The expression pattern of candidate hub genes from different biological replicates of W056 and W042. The heatmap represents the FPKM values from RNA sequencing data.
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FIGURE 10. Different expression of candidate hub genes of W056 vs W042. The Log2FC values of were calculated based Q19 on the average FPKM values at 20, 25, and 30 DAP of W056 and W042.





DISCUSSION

Ordinary corn kernel endosperm is composed of two parts, a horny part and a floury part. In the horny part, the starch granules are embedded compactly in the protein membrane; in the floury part, the starch granules are arranged loosely (Kikuchi et al., 1982; Gwirtz and Garcia-Casal, 2014). Generally, both parts were unevenly distributed in one endosperm with different proportions (Xu et al., 2019). Nevertheless, some special corn germplasms were created by previous researchers. The flint corn is characterized by a small soft granular center surrounded by a vitreous endosperm layer. The floury corn is identified as containing soft starch throughout the entire endosperm. Previous studies demonstrated that the starch isolated from floury endosperm is easier to gelatinize and higher in viscosity, swelling value, and α-amylase digestibility than the starch from the horny endosperm (Kikuchi et al., 1982; Gwirtz and Garcia-Casal, 2014). Proteomic analysis of the enzymes related to the starch biosynthesis with different endosperm types in maize reveals that the starch accumulation, amylose content, granule size and crystallinity percentage are different at 20 DAPS (Juárez-García et al., 2013). In the experiment, the mature seeds were used to conduct phonotype observation and biochemical analysis. Most of the results are in accord with the previous studies. For example, the floury endosperm contained higher amino acid content and had a broader molecular weight distribution. It was filled with small, loose and scattered irregular spherical shape starch granules.

Several floury genes, including fl1, fl2, fl3, and fl4, were cloned (Coleman et al., 1997; Holding et al., 2007; Wang et al., 2014, 2018). In this study, an fl2 gene (Zm00001d048808) was identified. The expression pattern analysis showed that the gene displayed a higher expression level in the floury endosperm of W056. A previous study revealed that fl2 mutation exhibited smaller, asymmetrical and misshapen protein bodies (Coleman et al., 1997). The expression of the fl2 gene in transgenic maize triggered the accumulation of the 24-kDa a-zein protein (Coleman et al., 1997). In the experiment, gene network analysis showed that the fl2 gene act on the expression regulation of Zm00001d044129, Zm00001d037436, and Zm00001d050032 (Figure 11). Among three genes, Zm00001d044129 encodes a glucose-1-phosphate adenylyltransferase large subunit 1, Zm00001d050032 encodes a glucose-1-phosphate adenylyltransferase small subunit 2, and Zm00001d037436 is an unknown gene. The Zein proteins have mutual interactions (Kim et al., 2002). For example, α-zeins and δ-zeins have strong interactions. The 16-kD γ-zeins and 15-kD β-zeins closely interacted with each other. The domains within the 22-kD α-zeins bounded preferentially not only the α-zeins and β-zeins but also the β-zeins and γ-zeins. Otherwise, maize opaque2 (O2) could regulate 27-kDγ-zein gene expression (Zhang et al., 2015). In this study, two genes, zein-alpha 19B1 (Zm00001d048848) and zein-alpha A30 (Zm00001d048850), were found almost exclusively expressed in the floury endosperm of inbred line W056. Their expression level and Log2FC values of W056 vs. W042 were far more than that of other genes (Figures 9, 10). Both genes function as source genes in the expression regulation of other genes (Figure 11).


[image: image]

FIGURE 11. Visualization of co-expression gene network of hub genes by Cytoscape. Key hub genes identified by WGCNA indicated by larger and green circles.




CONCLUSION

In this study, floury endosperm corn was identified in contrast to normal flint corn. The corn with floury endosperm was filled with the small, loose and scattered irregular spherical shape starch granules and contained higher amino acid content. Dynamically comparative transcriptome analysis combined with weighted gene co-expression network analysis of endosperm at 20, 25, and 30 DAP, a total of 806 genes and six modules were identified. And the turquoise module with 459 genes was proved to be the key module closely related to the floury endosperm formation. Nine zein genes in turquoise module were identified closely related the floury endosperm formation. Both zein-alpha 19B1 (Zm00001d048848) and zein-alpha A30 (Zm00001d048850) function as source genes with the highest expression level in floury endosperm and the maximum values of Log2FC (W056 vs. W042).
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Genes are subject to birth and death during the long evolutionary period. Here, young and old duplicate genes were identified in Vernicia fordii. We performed integrative analyses, including expression pattern, gene complexity, evolution, and functional divergence between young and old duplicate genes. Compared with young genes, old genes have higher values of Ka and Ks, lower Ka/Ks values, and lower average intrinsic structural disorder (ISD) values. Gene ontology and RNA-seq suggested that most young and old duplicate genes contained asymmetric functions. Only old duplicate genes are likely to participate in response to Fusarium wilt infection and exhibit divergent expression patterns. Our data suggest that young genes differ from older genes not only by evolutionary properties but also by their function and structure. These results highlighted the characteristics and diversification of the young and old genes in V. fordii and provided a systematic analysis of these genes in the V. fordii genome.
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INTRODUCTION

Like all organisms, genes also undergo birth and death during the long evolutionary period. Following a gene duplication event, two identical copies of the ancestral gene perform exactly the same function, which may result in the death of some genes (Ota and Nei, 1994; Nei et al., 1997). According to the order of genes generation, they can be classified as old genes and young genes. Young genes retention may be closely related to the accommodation of environmental changes compared to old genes (Kaessmann, 2010; Song et al., 2019). Gene retroposition, horizontal transfer, duplication, recombination, or originating from non-genic sequences may be the source of these genes (Long et al., 2003, 2013; Kaessmann, 2010). So far, many researchers have studied the relationship between expression patterns and evolutionary patterns of young and old genes. Compared to old genes, young genes have a higher intrinsic structural disorder (ISD), shorter gene length, lower histone modification, lower gene expression level, more relaxed purifying selection, and faster evolutionary rate (Wolf et al., 2009; Capra et al., 2010; Vishnoi et al., 2010; Cui et al., 2015; Wang et al., 2016; Banerjee and Chakraborty, 2017; Wilson et al., 2017; Song et al., 2019). Old genes usually play an important role in the growth and development of organisms. In contrast, most young genes may not be necessary for plant growth and development, but a few of them may acquire new essential functions in the survival of new environments (Chen et al., 2010, 2012). Young genes tend to evolve more quickly and experience weaker purifying selection than old genes. Additionally, for young genes, duplicates experience weaker stronger translational selection than singletons and old genes (Yin et al., 2016).

So far, although there are many studies on the characteristics of young and old genes, both of function and characteristics of young and old duplicate genes produced by gene duplication events are still excluded. Compared with animals, plants have experienced one or more whole-genome duplication (WGD) events (Schranz et al., 2012). In addition, some plants have also undergone small-scale duplication (SSD) events along with their growth and development (Conant and Wolfe, 2008; Cao et al., 2019c). In general, duplicates that are retained by SSD are mainly involved in cell death, stress response, and metabolism, while duplicates formed by WGD participate in signal transduction, kinases, and development (Maere et al., 2005; Pareek et al., 2006; Corrochano et al., 2016). Although the genes produced by WGD and SSD may differ in their function, gene duplication events will produce new copies (i.e., young genes) that cause subfunctionalization or neofunctionalization to promote adaptive evolution and increase relative fitness in plants (Gottlieb, 1982; Flagel and Wendel, 2009; Van De Peer et al., 2017).

Vernicia fordii, as a unique industrial oil tree species in China, is a monecious plant with wide distribution and many varieties (Cao et al., 2019b). There are great differences in the yield of tung oil among different V. fordii varieties. Young and old duplicate genes may plant a significant role in this process. Previous researchers have sequenced the whole genome and RNA-seq of V. fordii (Chen et al., 2016; Cui et al., 2018; Liu et al., 2019), so we analyzed the characteristics of young and old duplicating genes in V. fordii. According to the synonymous substitution ratio (Ks) value for V. fordii, the young and old duplicate gene pairs were classified in the present study. We also compared gene complexity, gene expression patterns, and evolutionary patterns between young and old duplicate genes in V. fordii. This study may help us to further understand the functional divergence and evolution of duplicate genes in V. fordii.



MATERIALS AND METHODS


Identification of Young and Old Duplicate Genes in Vernicia fordii

To identify the duplicate genes in V. fordii, we used the strict evaluation criteria as follows: (1) E-value ≤ 10–10, (2) identity >80%, and (3) length of aligned sequences >80% of the length of each sequence, as described by Clevenger et al. (2016) and Song et al. (2019). The young and old duplicate genes from V. fordii using a method described in Song et al. (2019). Briefly, the top and bottom 25% of Ks values for gene pairs were defined as old and young duplicate gene pairs, respectively (Song et al., 2019).



Chromosomal Location, Gene Ontology, Sequence Complex, and Substitution Rates

The chromosomal location of V. fordii genes was obtained from the V. fordii genomic annotation file. According to the sequencing name, the chromosomal location of each young and old duplicate gene was determined in V. fordii genome. The gene ontology for each young and old duplicate gene pair was generated using Blast2GO software against the NR database (Conesa et al., 2005). Ka/Ks (non-synonymous to synonymous substitution ratio), Ka, and Ks were determined using the aligned CDS in the Codeml procedure PAML software (version 4.4) all alignment gaps were deleted (Yang, 2007). Polypeptide length and Fop (frequency of optimal codons), for the young and old duplicate gene pairs were calculated using CodonW software (version 1.4.2).1 GC1 (GC content at the first codon site), GC2 (GC content at the second codon site), and GC3 (GC content at the third codon site) were estimated using an in-house Perl script. The IUPred2A online tool was used to estimate ISD with default parameters (Mészáros et al., 2018).



RNA-Seq Data

The raw sequences for 17 different tissues (PRJNA483508 and PRJNA445068) were filtered using the cutadapt software (version 1.8.1) (Martin, 2011). The high-quality reads were mapped to the V. fordii genome using HISAT2 software (version 2.1.0) with default parameters (Pertea et al., 2016). The StringTie software (version 2.0) was used to obtain FPKM (fragments per kilobase of exon model per million reads mapped) values for all young and old duplicate genes (Pertea et al., 2015, 2016). Gene-expression breadth is a measure of the number of tissues where a gene matched at least one tissue, and this value was also calculated in V. fordii (Jordan et al., 2005; Cao et al., 2019a).

The raw sequences for V. fordii root tissue infected by Fusarium wilt into three periods, including 2 dpi (i.e., the early stage), 8 dpi (i.e., the subsequent stage), and 13 dpi (i.e., the final stage), each with three biological replicates, obtained from NCBI Gene Expression Omnibus with accession number GSE80228 (Chen et al., 2016). The DESeq package was used to determine the differentially expressed transcription factors (DETs) with a fold-change ≥ 2 and p-value ≤ 0.05 (Love et al., 2014).




RESULTS


Comparison of Young and Old Duplicate Genes in Vernicia fordii

According to the Ks values, we considered 463 and 465 duplicate gene pairs to be old duplicate genes (Ks: 1.3860–1.9935) and young duplicate genes (Ks: 0.0077–0.9489). Zhang et al. (2019) clarified that Jatropha curcas and V. fordii divergence occurred about 34.55 million years ago (Mya) (Ks = 0.52). These data suggested that young duplicate genes in V. fordii were formed before the divergence of J. curcas and V. fordii, and old duplicate genes in V. fordii were formed after the divergence of J. curcas and V. fordii.

Subsequently, we investigated gene complexity, gene expression, and evolution patterns between young and old duplicate gene pairs, and found that these parameters differed between these genes. Young duplicate genes were expressed at higher levels in most tissues than old duplicate genes, and the gene expression breadth of young duplicate genes was also greater than old duplicate genes (Table 1). For codon usage bias, we found that there were similarities between young and old duplicate genes. The GC1 and GC3 content of young duplicate genes was found to be lower than that of old duplicate genes, and the polypeptide length of young duplicate genes was shorter than that of old duplicate genes. For ISD of proteins, the average ISD value of young duplicate genes was less than old duplicate genes (Figure 1). When Ka, Ks, and Ka/Ks were compared between young and old duplicate gene pairs, the values of Ka and Ks were higher for old duplicate gene pairs than for young duplicate gene pairs. However, the value of Ka/Ks for young duplicate gene pairs was higher than that of old duplicate gene pairs.


TABLE 1. Comparison of gene expression levels between old and young duplicate genes in Vernicia fordii.
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FIGURE 1. Comparison of intrinsic structural disorder (ISD) between young and old duplicate genes in Vernicia fordii. IUPred2A was used to estimate the ISD value with default parameters.


Previous studies have confirmed that there are different correlations among the gene complexity, expression pattern, and Ka and Ks between young and old duplicate genes (Song et al., 2019). To further understand this phenomenon in V. fordii, we performed a correlation analysis between young and old duplicate genes (Table 2 and Supplementary Figure 1). In young duplicate genes, there was no correlation between Ka, Ks, Ka/Ks, and the gene expression level of 17 different tissues. However, Ka and Ka/Ks have negatively correlated the gene expression level of 17 different tissues in old duplicate genes. We also noted that there are positive correlations among gene expression levels of 17 different tissues, and codon usage bias, gene expression breadth and GC3, and were negatively correlated GC2 in young duplicate genes. In old duplicate genes, the gene expression levels in 17 different tissues were positively correlated with gene-expression breadth, and were negatively correlated with GC2. However, codon usage bias, GC1, and GC3 were only positively correlated with the gene-expression level in partial tissues.


TABLE 2. Comparison of gene complexity and substitution rate between young and old duplicate genes in Vernicia fordii.
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Comparison of Gene Ontology Between Old and Young Duplicate Genes

Gene ontology terms are currently widely used by many researchers to understand the function and biological significance of genes (Botstein et al., 2000; Song et al., 2019). To gain insight into the potential functional divergence between young and old duplicate genes, we performed GO analyses of these genes in V. fordii. Compared to the old duplicate genes, the young duplicate genes contained more numbers of GO terms. We also noted that the GO types in young duplicate genes were more than that in old duplicate genes (Supplementary Figure 2 and Supplementary Tables 1–3). In the cellular component, young duplicate genes included more GO-specific terms associated with “membrane,” while old duplicate genes contained more GO-specific terms associated with “protein complex.” In the biological processes, young duplicate genes were more likely to mainly participate in “multi-organism cellular process,” but old duplicate genes were more mainly involved in “transport regulation” and “stress response.” In the molecular function, young duplicate genes preferentially carried out the “catalytic activity” function, while old duplicate genes are mainly involved in the “molecular adaptor” or “cyclin-dependent protein kinase activity” function (Supplementary Tables 1–3). Taken together, the analysis of GO terms suggests that young and old duplicate genes contain potential functional divergence during evolution.



Location and Expression Divergence Analyses of Old and Young Duplicate Genes in Vernicia fordii

To further understand the chromosomal location of young and old duplicate genes, we obtained the GFF3 annotation file and performed location analysis in V. fordii (Figure 2). Our study suggested that young and old duplicate genes were mainly located in the end and beginning of chromosomes. In young and old duplicate genes, we found that 437 and 450 duplicate gene pairs were distributed among different chromosomes in V. fordii, respectively. Remarkably, a higher density of young and old duplicate genes was found on some chromosomes, such as chromosome 5 contained the highest number of duplicate genes (260), followed by chromosome 0 (214). In young duplicate genes, the highest number of old duplicate genes were mainly located in chromosome 5 (123) and chromosome 0 (106), respectively. However, old duplicate genes were located in chromosome 5 (137) and chromosome 9 (110), respectively.
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FIGURE 2. The location and expression analyses of young and old duplicate genes in Vernicia fordii. The green and orange represent the positional information of old and young duplicate genes on chromosomes in V. fordii, respectively. Blue and red represent the low and high expression levels of duplicate genes under Fusarium wilt disease, respectively. The outermost ring indicates F3, followed by F2, F1, and F0.


To further understand the degree of expression similarity between young and old duplicate genes, we analyzed the Pearson’s correlation coefficient (r) of each duplicate genes during V. fordii different tissues and/or development stages (Figure 3). The expression correlations for young duplicate genes demonstrated that the average value was r = 0.048, ranging from −0.069 to 1.000. By way of contrast, the correlations of old duplicate genes demonstrated a relatively low average value of 0.039 within a broad range of −0.119 to 1.000. However, the Mann–Whitney U-test found no significant difference between the two average r values (p = 0.55), which may be due to the relatively small number of samples. These data may further reflect some degree of ongoing functional divergence between duplicate genes during the long evolutionary period.
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FIGURE 3. Expression divergence analyses of young and old duplicate genes during Vernicia fordii different tissues and/or development stages. The divergence and similarity between expression profiles of duplicate genes by using pearson’s correlation coefficient (r).




Differential Gene Expression Between Young and Old Duplicate Genes Under Fusarium Wilt Disease

Vernicia fordii can produce biomass diesel, which is a promising industrial crop (Zhang et al., 2014; Liu et al., 2016). However, Fusarium wilt has caused devastating damage to V. fordii tress (Chen et al., 2016). To further understand the role of young and old duplicate genes in the resistance to Fusarium wilt, we performed a transcriptome analysis. A total of 72.79% (674/926) young and 82.80% (770/930) old genes expressed in the resistance to Fusarium wilt, indicating that these genes might play important roles in the resistance to Fusarium wilt (Figure 2). Compared to the young duplicate genes, the number of old duplicate genes was large, indicating that these genes involved in resistance to Fusarium wilt were not rapid expanded by duplication events during evolution.

To determine the young and old genes with differential gene expression (DGE) during stages under Fusarium wilt disease, a significance threshold of 0.01 was applied using DESeq package. We revealed the differential expression modes between the young and old duplicate genes (Figures 4, 5). For old genes, we found that 25 and 58 genes were repressed and upregulated, respectively, at the early stage (F1 vs. F0), subsequent stage (F2 vs. F0), and finally stage (F3 vs. F0) after infection. However, for young genes, only 13 and 19 genes were repressed and induced, respectively, at the early stage (F1 vs. F0, F2 vs. F0, and F3 vs. F0) after infection. These results suggested that old genes might play a more important role in the resistance to Fusarium wilt than young genes. Remarkably, no young duplicate genes were observed in any three time periods. However, four old duplicate genes were detected at least one time period. Further, a divergent expression pattern was found in these old duplicate genes. The divergent expression patterns indicated that young and old duplicate genes contain different regulatory mechanisms in response to Fusarium wilt infection. Taken together, our study suggested that asymmetric function was found in young and old duplicate gene pairs under Fusarium wilt infection.
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FIGURE 4. Young duplicate genes involved in response to Fusarium wilt disease stress. The same color font suggests that a duplicate gene was simultaneously involved in Fusarium wilt disease stress over more than one periods.
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FIGURE 5. Old duplicate genes involved in response to Fusarium wilt disease stress. The same color font suggests that a duplicate gene was simultaneously involved in Fusarium wilt disease stress over more than one periods.





DISCUSSION


Characteristics of the Young and Old Genes in Vernicia fordii

Surprisingly, there are few studies focused on young and old duplicate genes in plant genomes. Previous studies indicated that gene expression patterns are correlated with evolutionary patterns between young and old genes (Wolf et al., 2009; Cui et al., 2015; Gossmann et al., 2016). Unlike these studies, our analyses focused on gene complexity, expression profiles, functional divergence, and evolutionary patterns of young and old duplicate genes in V. fordii. In the present study, we found some interesting phenomena, including: (1) Young duplicate genes contained lower gene-expression levels than old duplicate genes; (2) Young duplicate genes possessed shorter polypeptide length than old duplicate genes; and (3) Young duplicate genes had relaxed purifying selection and lower ISD value than old duplicate genes. These data suggested that young and old duplicate genes differ not only in evolutionary patterns but also in expression profiles, selection pressure, and gene complexity, consistent with the results of articles published in animals, fungi and plants (Arendsee et al., 2014; Cui et al., 2015; Banerjee and Chakraborty, 2017; Wilson et al., 2017). For example, Song et al. (2019) found that there are no correlation between selective pressure and gene expression level, but selective pressure negatively correlated with the gene-expression level of old genes.

Previous studies have shown that the old genes were mainly influenced by natural selection, but young genes undergone multiple selection pressures (Vishnoi et al., 2010; Yin et al., 2016). Additionally, young genes were unstably expressed, while old genes were stably expressed and played essential functions in organisms (Chen et al., 2010, 2012; Hanada et al., 2018). Compared to the young genes, old genes have undergone strong purifying selection, which may help them maintain protein structure stability. In the present study, Ka and Ka/Ks of old duplicate genes negatively correlated with the gene expression, but no correlation was found between Ka, Ks, Ka/Ks, and the gene expression level in young duplicate genes. Remarkably, we found that the gene expression level of young duplicate genes was positively correlated with Fop, while was not correlated with Fop of old duplicate genes. These data suggested that although we used Ks values to classify young and old genes, most of the characteristics of these genes were consistent with previous studies, further confirming that the use of Ks values was a relatively reliable method for identification of young and old duplicate genes.



Functional Analysis of the Young and Old Genes in Vernicia fordii

As a hemi-biotrophic root pathogen, F. oxysporum infects manly plants, such as Musa nana, Solanum lycopersicum, cotton, and V. fordii (Michielse and Rep, 2009). Tung wilt disease caused by F. oxysporum is considered to be the most deadly disease of V. fordii. To determine the potential function of young and old genes in the resistance to Fusarium wilt, a transcriptome analysis was performed during pathogen infection. In the young genes, most genes (72.79%, 674/926), especially transcription factors, are expressed in the resistance to Fusarium wilt. This phenomenon also exists in the old genes (82.80%, 770/930), which might indicate strong positive selection to maintain transcription factors. The comparative analysis revealed that the majority of duplicated genes, whether the young or old genes, presented similar expression patterns, and only a few duplicate genes presented divergent expression trends during pathogen infection. These data indicated that the most duplicate genes shared a similar function in resistance to pathogen infection, and only a few genes play the decisive roles by showing divergent expression trends.

Compared to young duplicate genes, the number of old duplicate genes was relatively small. However, the old duplicate genes were preferentially responded to biotic stress by GO terms results. The transcriptome analysis also suggested that old duplicate genes are involved in the response to Fusarium wilt. Previous studies showed that V. fordii has undergone only an ancient WGD, while not experienced a recent WGD event (Tang et al., 2016; Cao et al., 2019b). In the present study, old duplicate genes were mainly produced in an ancient whole genome duplication event. The climate of the earth has undergone tremendous changes in ancient times. The changing environment has increased biodiversity, including the number of parasites and microorganisms. In this case, plants adapt to parasites or pathogenic infections by increasing the resistance of the resistant biotic genes. In the present study, more old duplicate genes were authenticated during stages under Fusarium wilt disease. We propose that these genes that respond to biotic stress were increasingly produced in V. fordii, which was supported by the finding that old duplicate genes have participated in response to Fusarium wilt.




CONCLUSION

In the present study, the properties of young and old duplicate genes were analyzed in V. fordii for the first time. Firstly, we generated a systematic investigation of young and old genes in V. fordii, which revealed common properties between our results and previous published papers. Next, we performed GO terms and examined the expression patterns of young and old duplicate genes in V. fordii, which suggested most young and old duplicate genes contained asymmetric function. These results will contribute to reveal the evolution and functional divergence of duplicate genes in V. fordii, and the identified important duplicate genes will provide key information to reveal targets for controlling wilt disease in V. fordii.
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Supplementary Figure 1 | Correlation analysis of gene complexity, gene expression breadth, gene expression level, and substitution rate between young and old duplicate genes in Vernicia fordii. The figure was constructed using the gplots package in R. 10_WAF, 15_WAF, 20_WAF, 25_WAF, and 30_WAF represent 10, 15, 20, and 25 weeks after flowering, respectively. C1, C2, C3, and C4 represent 30, 20, 10, 1 days before female flowering, respectively. X1, X2, X3, and X4 represent 30, 20, 10, 1 days before male flowering, respectively. CX means hermaphrodite.

Supplementary Figure 2 | Comparisons of the number of gene ontology (GO) terms between young and old duplicate genes in Vernicia fordii.

Supplementary Table 1 | Specific gene ontology terms for cell components between young and old duplicate genes in Vernicia fordii.

Supplementary Table 2 | Specific gene ontology terms for molecular functions between young and old duplicate genes in Vernicia fordii.

Supplementary Table 3 | Specific gene ontology terms for biological processes between young and old duplicate genes in Vernicia fordii.
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Potato is an important food crop that occupies lesser area but has greater production than rice and wheat. However, potato production is affected by numerous biotic and abiotic stresses, among which Fusarium dry rot is a disease that has significant effect on potato production, storage, and processing. However, the role of DNA methylation in regulating potato response to Fusarium toxin deoxynivalenol (DON) stress is still not fully understood. In this study, we performed DNA methylome and transcriptome analyses of potato tubers treated with five concentrations of DON. The global DNA methylation levels in potato tubers treated with different concentrations of DON showed significant changes relative to those in the control. In particular, the 20 ng/ml treatment showed the largest decrease in all three contexts of methylation levels, especially CHH contexts in transposon regions. The differentially methylated region (DMR)-associated differentially expressed genes (DEGs) were significantly enriched in resistance-related metabolic pathways, indicating that DNA methylation plays an essential role in potato response to DON stress. Furthermore, we examined lesions on potato tubers infested with Fusarium after treatment. Furthermore, the potato tubers treated with 5 and 35 ng/ml DON had lesions of significantly smaller diameters than those of the control, indicating that DON stress may induce resistance. We speculate that this may be related to epigenetic memory created after DNA methylation changes. The detailed DNA methylome and transcriptome profiles suggest that DNA methylation plays a vital role in potato disease resistance and has great potential for enhancing potato dry rot resistance.

Keywords: DNA methylation, transcriptome, potato, dry rot disease, deoxynivalenol


INTRODUCTION

Potato (Solanum tuberosum L.) is an important non-cereal food crop that has been cultivated for more than 8,000 years and has great potential to ensure food security in developing countries. It has an annual global production of 388 million tons cultivated in an area of 19 million hectares (FAOSTAT, 2019). Recent study showed that the potato genome consists of 66% repetitive sequences, of which long terminal repeat retrotransposons are the most abundant class (Pham et al., 2020). The water content of potato tubers exceeds 70%, rendering them vulnerable to rotting during handling, transportation, and storage after harvest; rot severely affects the quality of tuber flesh. There are two major types of rot: soft rot and dry rot. Potato dry rot, a devastating fungal disease caused by Fusarium species, can cause losses of up to 25% with infections as high as 60% during storage (Fiers et al., 2012; Bojanowski et al., 2013). In addition to being pathogenic, Fusarium can produce mycotoxins in plant species (Bojanowski et al., 2013; Perincherry et al., 2019). Some of these mycotoxins also act as pathogenic factors in the development of rot in tubers while affecting food safety. Therefore, dry rot is a threat to potato production and processing.

Treatment of plants with plant pathogens or elicitors can activate basal defense systems and generate induced resistance to pathogens as well as to future pathogen challenges (Reimer-Michalski and Conrath, 2016; Mauch-Mani et al., 2017). This induced resistance can be maintained over generations (Slaughter et al., 2012; Iwasaki and Paszkowski, 2014). For example, bacterial species such as Bacillus spp. and Pseudomonas spp. can stimulate defense responses and help plants acquire disease resistance (Van Peer et al., 1991; Ongena et al., 2005). The priming agent β-amino-butyric acid (BABA) treatment of common bean (Phaseolus vulgaris L.) also enhanced plant resistance against bacterial pathogens (Pseudomonas syringae pv. Phaseolicola; Ramírez-Carrasco et al., 2017). Treatment of Arabidopsis thaliana with low concentrations of T-2, a type-A monoterpene produced by Fusarium, induced resistance to Fusarium (Nishiuchi et al., 2006). Notably, low concentrations of T-2 treated potato tubers induced an increased abundance of reactive oxygen species (ROS) and new phenylpropanoid metabolites, enhancing resistance against dry rot (Xue et al., 2019). Epigenetic analyses have demonstrated that DNA methylation is not only involved and regulated in plant resistance responses but is also associated with the establishment of induced resistance (Lämke and Bäurle, 2017; He and Li, 2018).

DNA methylation is an epigenetic marker conserved in plants and plays a vital role in regulating gene expression, stabilizing the genome, plant development, and environmental adaptation (Mendizabal and Yi, 2016; Kumar et al., 2017, 2018). In plants, DNA methylation can occur in three sequence contexts: CG, CHG, and CHH (H for A, T, or C; Lister et al., 2008). DNA methylation patterns are the result of the coordination of three processes in plants: de novo DNA methylation, maintenance, and demethylation. In Arabidopsis, de novo DNA methylation involves the RNA-directed DNA methylation (RdDM) pathway, which utilizes small interfering RNAs (siRNAs), scaffold RNAs, and several accessory proteins (Law and Jacobsen, 2010; He et al., 2011; Matzke and Mosher, 2014). Maintenance of DNA methylation in the three cytosine contexts is catalyzed by different enzymes that are regulated by different mechanisms. CG cytosine methylation is performed by METHYLTRANSFERASE (MET1), whereas CHG methylation is mainly catalyzed by the DNA methyltransferase CHROMOMETHYLASE 3 (CMT3) and to a much lesser extent by CMT2 (Lindroth et al., 2001; He et al., 2011; Stroud et al., 2014). Moreover, asymmetric CHH methylation is maintained by CMT2 or DOMAINS REARRANGED METHYLTRANSFERASE 2 (DRM2). DRM2 maintains CHH methylation through the RdDM pathway at shorter transposons and repeat sequences in euchromatic regions (Zemach et al., 2013; Zhang et al., 2018). However, CMT2 mediates CHH methylation of longer TEs in the pericentromeric region (Gouil and Baulcombe, 2016). Additionally, these two enzymes can methylate cytosines in three sequence contexts. DNA demethylases are involved in the base excision repair pathway and initiate active demethylation. In Arabidopsis, the DNA demethylase family comprises four main proteins: REPRESSOR OF SILENCING 1 (ROS1), DEMETER (DME), DEMETER-LIKE PROTEIN 2 (DML2), and DML3 (Gehring et al., 2006; Ortega-Galisteo et al., 2008). DNA methylation is associated with the transcriptional regulation of genes in response to plant stress (Secco et al., 2015; Xu et al., 2015; Satgé et al., 2016; Liu et al., 2017). In general, the methylation status of plant genomic regions is relatively conserved. TEs are usually heavily methylated in three sequence contexts, whereas CG methylation usually occurs in the gene body (Zemach et al., 2010; Mirouze and Vitte, 2014). Increasing evidence suggests that environmental stress can lead to alterations in plant DNA methylation at individual gene loci or across the entire genome. For example, RdDM pathway-mediated DNA methylation dynamically regulates the expression of numerous heat stress-responsive genes in Arabidopsis (Popova et al., 2013). Drought stress induces changes in DNA methylation levels, thereby altering the expression patterns of several drought stress-related genes (Liang et al., 2014). In addition, stress memory in higher plants may be stored in an epigenetic form resulting in greater resilience when encountering sudden environmental changes in the future (Sanchez and Paszkowski, 2014; Wibowo et al., 2016). For instance, treatment of rice with MeJA can alter genome-wide DNA methylation levels, establishing a chromatin-based memory of the stress (Laura et al., 2018).

Deoxynivalenol (DON), a type B trichothecene, is a well-known virulence factor that promotes Fusarium spread within wheat spikes (Lemmens et al., 2005) and has also been detected in dry rot of potato tubers (Xue et al., 2013). In a previous study, we found that treating potato tubers with DON also affected resistance to dry rot caused by Fusarium sambucinum. However, the effects of mycotoxins on DNA methylation in potato tubers and the relationship between DNA methylation and transcriptional changes have not been described. In this study, we combined single-base resolution bisulfite sequencing (BS-seq) and used to determine the DNA methylation patterns in potato tubers treated with five concentrations of DON, with transcriptome analysis to explore the regulatory effects of DNA methylation in response to DON stress. We found local changes in DNA methylation after treatment with different concentrations of DON through comparative analysis. This study demonstrates the critical role of DNA methylation in the potato response to DON stress and its possible role in the development of induced resistance.



MATERIALS AND METHODS


Plant Materials and Strain

In this study, the plant material Atlantic potato cultivar was provided by the Heilongjiang Provincial Academy of Agricultural Sciences. F. sambucinum, the causal strain of dry rot, was stored at the Botany Laboratory of Northeast Agricultural University. F. sambucinum was cultured on PDA medium for 15 days at the homothermal condition of 25°C under dark conditions and then inoculated with potatoes. The vomitoxin (DON) was purchased from FERMENTEK.



Whole-Genome Bisulfite Sequencing and Analysis

DNA was extracted from potato tubers treated with different concentrations of DON using the Qiagen DNeasy Plant Mini Kit and BS-seq libraries were prepared using the TruSeq Nano DNA LT Kit (Illumina). Two biological replicates corresponding to two libraries were constructed for each treatment concentration, and 150-bp paired-end reads were obtained using the HiSeq X Ten System (Illumina) according to the manufacturer’s instructions. Raw data were trimmed using Trimmomatic to retain clean reads. The S. tuberosum (v6.1; Pham et al., 2020) genome downloaded from the Phytozome database was used as the reference genome. We used BSMAP (v2.90; Xi and Li, 2009) to map clean data to the reference genome, allowing for four mismatches per 100 bp read length and retaining uniquely mapped reads for further analysis. The methylation information for each cytosine site was extracted after removing the duplicate reads. The methyl-cytosines were evaluated by the binomial test with false discovery rate (FDR) < 0.01. Conversion rates were calculated based on DNA methylation levels from the lamdba genome. Metaplots were generated using the average weighted DNA methylation levels for the gene and TE regions, which contained regions flanking the 2 kb region. DMRs were identified using MethylKit, a comprehensive R package (Akalin et al., 2012). For CG-, CHG-, and CHH-DMRs, the absolute methylation level differences between treatments and controls were required to be at least 0.4, 0.2, and 0.1, respectively. The methylation level of a genomic region was visualized using IGV (v2.11.9).



RNA Sequencing and Analysis

RNA-seq libraries (three biological replicates per concentration) were constructed using the RNA-seq Library Prep Kit for Illumina. Each library was sequenced using the Illumina HiSeq X Ten System to obtain paired-end 150-bp reads. For RNA-seq data, clean reads were obtained by QC of raw reads using FastQC (v0.11.8) and Trimmomatic (v0.36) and were mapped to the potato reference genome using Hisat2 version 2.2.1.1 Expression levels were quantified by Stingtie version 1.3 (Pertea et al., 2016) and were normalized using the TPM (transcripts per kilobase per million mapped reads).2 DEGs were identified using DESeq2 (v1.22.2; Love et al., 2014) with default parameters. DEG identification was based on a cutoff value of fold change > 2. GO annotation and enrichment analysis of DMR-associated DEGs using GOATOOLS with a q-value < 0.05 was used to identify the enriched GO terms (Klopfenstein et al., 2018).3 Heatmap, and GO enrichment plot of DEGs were made using R software version 3.5.4



Fusarium Infestation Experiment

Potato tubers treated with different concentrations of DON were perforated, and Fusarium was inoculated in the holes (1 cm diameter). The potato tubers were incubated at 25°C for 10 days and then cut open to determine the size of the spots using the crossover method. The measurements were repeated three times for each group of 30 potatoes.




RESULTS


Characteristics of DNA Methylation in Different Concentrations of DON

DNA methylation is widely involved in plant stress responses (Liu and He, 2020). To characterize the DNA methylation patterns in potato tubers treated with DON, genome-wide methylation profiles at single-base resolution were generated using BS-seq for five concentrations of DON (0, 5, 20, 35, and 50 ng/ml), and each treatment was sequenced in two biological replicates. Each library produced at least 180 million reads (read length: 150 bp), forming a total of approximately 300 GB of data (Supplementary Table 1). The reads were mapped to the potato reference genome using BSMAP (Xi and Li, 2009); ~58% of the reads were uniquely mapped to the reference genome, and ~78% of all cytosines in the reference genome were covered by at least four different reads (0 ng/ml as an example, Supplementary Figure 1). The average genome coverage of all sequenced methylation data was ~30-fold, and the average bisulfite conversion rate of the methylated libraries was assessed using lambda DNA sequences, which showed that the average conversion rate of unmethylated cytosine (C) to thymine (T) exceeded 99% (Supplementary Table 1). We assessed the reproducibility of BS-seq data by calculating the Pearson correlation coefficients between two biological replicates of each sample, and the results showed that the Pearson’s correlation coefficients between two biological replicates were ranged from 0.9 to 0.95, indicating a high reproducibility of our methylation data (Supplementary Figure 2). The quality of the methylation data was comparable to that previously reported for Arabidopsis and tomato (Lister et al., 2008; Lang et al., 2017), indicating that our single-base resolution DNA methylation data were sufficient for subsequent analysis.

The proportion of methylated cytosines varies across plant species. The genome-wide methylated cytosines of potato tubers treated with different concentrations of DON were defined using binomial tests, as described previously (Huang et al., 2019). In potato, ~37% of the total cytosines were methylated after 0 ng/ml DON treatment, which is higher than that in tomato (22%). Among them, cytosines in the CHH (~38%) context were lower than those in the CG (63%) and CHG (48%) contexts. The proportion of methylated cytosines in potato tubers after 35 and 50 ng/ml DON treatments was 1% higher than that after 0 ng/ml. The number of CG- and CHG-methylated cytosines barely changed at different DON concentrations (Figure 1A). In contrast, the number of CHH methylated cytosines showed a slight increase at 35 and 50 ng/ml compared to that at the other treatments. We then investigated the genome-wide average CG, CHG, and CHH methylation levels and found that the DNA methylation levels in potato tubers were very similar after treatment with different concentrations of DON (Supplementary Figure 3), in contrast to rice, which showed a slight increase in DNA methylation levels during Magnaporthe oryzae infestation (Cui et al., 2021). We divided the whole genome into 200 bp regions and calculated the average methylation levels of CG, CHG, and CHH for each region. The results showed that the methylation levels were mainly distributed between 60% and 90%; and the CG methylation levels in these regions were notably higher than those in CHG and CHH. Although there was no significant difference in the distribution of the average methylation levels of the three sequence contexts for all 200 bp regions after DON treatment, the methylation levels of the four concentrations (5, 20, 35, and 50 ng/ml) showed significant variation compared with the control (0 ng/ml; Mann–Whitney test, p < 0.001, Figure 1B), suggesting that treatment of potato tubers with DON altered the DNA methylation levels across the entire genome.
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FIGURE 1. Characteristics and comparison of DNA methylation of potato treated with different DON concentrations. (A) The number of methyl-cytosine of CG, CHG and CHH context of each sample. (B) Distribution of methylation levels in 200 bp windows after five DON concentration treatments (Mann–Whitney test p < 0.001). (C,D) Metaplot showing CG, CHG, and CHH methylation levels and patterns of gene (C) and TE (D) regions after different DON concentration treatments.


To investigate the patterns of methylation in different genomic structures, we analyzed the DNA methylation profiles of genes and TE regions and found no significant changes in the three contexts of genes and flanking regions after DON treatment, which was consistent with the global pattern of DNA methylation (Figure 1C). However, CHH methylation in the TE and flanking regions was significantly lower with DON treatment at 20 ng/ml compared to that at the other treatments (Figure 1D). In angiosperms, LTR-RTs (Copia and Gypsy) constitute the largest proportion of genomes, and different types of transposons are regulated by various DNA methylation pathways (Ji et al., 2019; Mhiri et al., 2022). We investigated the changes in CHH methylation in three types of TEs and flanking regions after treatment with five concentrations of DON (Supplementary Figure 4) and found that the methylation patterns of LTR-RTs (Copia and Gypsy) were consistent with all TEs, suggesting that the changes in CHH DNA methylation in potato tubers after treatment with 20 ng/ml DON occurred mainly in the LTR-RT regions. In summary, although different concentrations of DON treatment caused slight changes in genome-wide methylation levels in potato tubers, these methylation variations occurred mainly in the transposon regions, especially the LTR-type TEs.



Association Between DNA Methylation and Gene Expression

Previous studies have demonstrated that DNA methylation associated with genes occurs in the proximal or gene body regions and regulates gene expression (Jones, 2012; Wang et al., 2015). Generally, DNA methylation in the upstream region is negatively correlated with gene expression. However, some cases showed a positive correlation between the methylation of upstream regions and gene expression levels (Lang et al., 2017; Zhang et al., 2018). In contrast to the role of promoter region methylation in gene expression, the role of gene body methylation remains unclear. In plants, genes with high methylation levels in gene body regions are always expressed at high levels, with moderately expressed genes having higher methylation levels than lowly and highly expressed genes (Jones, 2012; Wang et al., 2015; Shi et al., 2021). To investigate the regulation of potato gene expression by DNA methylation after treatment with different concentrations of DON, we divided all genes into five groups according to their expression levels, from low to high expression, and calculated the average methylation level of each group. The results showed that the CG methylation level in the coding region of the fourth group was higher than that in the other groups, which is consistent with previous studies (Figure 2A). In contrast, non-CG methylation levels in the gene body regions were negatively correlated with expression levels, and the group of genes with the highest expression levels (fifth group) had the lowest non-CG methylation levels, indicating that non-CG methylation in the gene body regions may inhibit gene expression (Figures 2B,C).
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FIGURE 2. Correlation analysis between gene expression and DNA methylation. (A–C) Comparative analysis between gene expression and DNA methylation for the CG (A), CHG (B), and CHH (C) sequence contexts. The expressed genes were equally divided in to four groups according to the expression value from low to high, except for the first group of genes whose expression value was 0. (D,E) The distribution of CG (D) and CHG (E) methylation levels of the 100 bp upstream of TSS. (F) The distribution of CHH methylation levels of 200–800 bp upstream of TSS. (G) The average CG and CHG methylation levels of the 100 bp upstream of TSS, and the average CHH methylation levels of the 200–800 bp upstream of TSS after five DON concentration treatments.


Apart from the gene body region, the CG and CHG methylation levels decreased sharply 100 bp upstream of the transcriptional start site (TSS), with the fifth group showing the largest decrease in this region and the first group showing only a small decline, suggesting that the methylation levels in this region were negatively correlated with gene expression in the potato tubers (Figures 2D,E). However, CHH methylation levels rose and then fell 200–800 bp upstream of the TSS in all five groups, and the most drastic changes in CHH methylation levels were observed in the fifth group of genes (Figure 2C). Further analysis revealed that CHH DNA methylation levels in the upstream 200–800 bp region were positively correlated with gene expression levels, suggesting that CHH methylation in the upstream region may also promote gene expression (Figure 2F). In addition, we examined the correlation between DNA methylation and gene expression in the upstream region across different concentrations of DON treatment and found that the correlation was consistent at all five DON concentrations (Figure 2G). Taken together, non-CG DNA methylation in the gene body regions and methylation levels in the upstream region near the TSS were negatively correlated with gene expression. Additionally, CHH methylation was positively correlated with gene expression in the upstream region (200–800 bp) of the TSS, implying that CHH methylation in the upstream region may play a role in promoting gene expression.



Identification of Differential Methylation Regions After DON Treatment at Different Concentrations

The above analysis revealed the dynamic changes in DNA methylation in potato tubers treated with different concentrations of DON. As an unbiased and comprehensive assessment of DNA methylation changes, we identified differential methylation regions (DMRs) in the control (0 ng/ml) and four other concentrations (5, 20, 35, and 50 ng/ml). The number of DMRs was similar among the four different concentrations of DON, of which CHH-DMRs were the most abundant, followed by CHG and CG (Figure 3A; Supplementary Figure 5; Supplementary Table 2). The number of CG-DMRs was less than 300 in the different treatments, indicating that methylation changes in the CG type were very limited. In contrast, the number of CHH-DMRs was at least 177,000, implying that CHH methylation plays a more important role than CG and CHG methylation in potato response to different concentrations of DON. Except for CHG- and CHH-DMRs at 20 ng/ml DON and CHG DMRs at 35 ng/ml DON, 45%–55% of the total DMRs were hypermethylated at all other concentrations and sequence contexts (Figure 3B; Supplementary Figure 6). This result indicates that the proportion of hypermethylated and hypomethylated regions after DON treatment at different concentrations was similar. This is different from the findings for rice during blast infection (Cui et al., 2021).
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FIGURE 3. Differential methylation regions (DMRs) after treatment with different DON concentrations. (A) The number of DMRs at five DON concentrations. Zero nanogram per milliliter was taken as a reference to assess DNA methylation changes. (B) The density of differential methylation regions of CG, CHG, and CHH contexts. (C) Overlapped genomic features of DMRs. Genome was divided into upstream, exon, intron, TEs, downstream, and intergenic regions. (D–F) Venn diagram shows the number of concentration-specific and common DMRs of three contexts.


We further analyzed the distribution of DMRs in the genome. Based on the annotation information of the potato genome (Pham et al., 2020), we examined the overlap between DMRs and different genomic structures, such as 2 kb upstream of the TSS, 2 kb downstream of the TES, exons, introns, transposons, and intergenic regions. We found that the majority of DMRs were enriched in intergenic regions, especially CHH-DMRs, with more than 67% of DMRs located at intergenic regions in the 5 ng/ml treatment (Figure 3C). The proportion of CG-DMRs located in the gene and flanking regions was greater than that of non-CG DMRs, and the proportion of CHH-DMRs distributed in exonic regions was extremely small. Moreover, this phenomenon was consistent across different concentrations of DON.

We found that the characteristics of DMRs were relatively similar across different concentrations of DON. Next, we investigated the specificity of DMRs induced by DON treatment at different concentrations in the potato genome. Unexpectedly, at least 70% of the CG- and CHG-DMRs were concentration-specific, and the concentration-specific CHH-DMRs were > 55% (Figures 3D–F). This finding indicates a high concentration specificity of DNA methylation changes across different concentrations of DON. The percentages of hypomethylation and hypermethylation, as well as the distribution of concentration-specific DMRs, were consistent among all the analyzed DMRs (Supplementary Figure 7). In summary, extensive changes in CHH methylation occurred mainly after DON treatment. The high proportion of concentration-specific DMRs implied that DNA methylation may participate in different biological pathways in response to DON stress.



DMRs Associated With Transcriptional Changes

To investigate the transcriptional changes in potato tubers treated with different concentrations of DON, we performed RNA-seq of the same samples as those used for BS-seq. Two biological libraries were sequenced for each sample and at least 40 million clean reads were obtained for each library, with more than 85% of the reads mapped to the reference genome (Supplementary Table 3). To assess the reproducibility of the RNA-seq data, we calculated the Pearson correlation coefficient between two biological replicates for each sample. The results showed that the Pearson correlation coefficient between two biological replicates ranged from 0.9 to 0.95 (Supplementary Figure 8), indicating a high reproducibility of our transcriptome data. We identified thousands of differentially expressed genes (DEGs) between the control group (0 ng/ml) and the other treatments (Figure 4A). We found that most DEGs were identified at 35 ng/ml treatment (1,280), followed by 50 ng/ml (1,109), 5 ng/ml (960), and 20 ng/ml (528). At 20 ng/ml, the number of upregulated and downregulated DEGs was similar (256 vs. 272; Figure 4A; Supplementary Table 4). However, at the other three concentrations (5, 35, and 50 ng/ml), the total number of DEGs was approximately twice that at 20 ng/ml, and the number of upregulated DEGs was more than twice as high as the number of downregulated DEGs, indicating that these three concentrations of DON induced dramatic changes in expression in potato tubers.
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FIGURE 4. Characterization of differential methylation regions (DMRs)-associated differentially expressed genes (DEGs). (A) The number of DEGs after different DON concentration treatments, 0 vs. 5, 20, 35, and 50 ng/ml. (B) The number of DMR and concentration-specific DMRs-associated DEGs. (C) The Venn diagram shows the number of specific DMRs-associated DEGs. (D) Enriched gene ontology (GO) terms for DMR associated DEGs after different DON concentration treatments. (E,F) Snapshots of CHH DMR-associated DEGs at different concentrations of DON.


The above analysis showed that potato had dynamic changes in gene expression and DNA methylation under different concentrations of DON. To investigate the relationship between DNA methylation changes and DEGs, we identified DMR-associated genes from the overlap of DMRs with gene regions (including the gene body and flanking 2 kb regions). We found that at least 70% of DEGs overlapped with DMRs at each treatment concentration, with the number of CHH-DMR-associated genes accounting for at least 97% of the total number of DMR-associated genes (Figure 4B; Supplementary Figure 9). Further analysis showed that ~70% of the DMR-associated DEGs were concentration-specific DMRs: 5 ng/ml (488/686), 20 ng/ml (265/379), 35 ng/ml (621/894), and 50 ng/ml (542/778; Figure 4B). We also observed a high concentration specificity of DMR-associated DEGs at different concentrations of DON (Figure 4C). These results suggest that CHH methylation plays a key role in regulating the transcriptome dynamics of potato tubers in response to DON treatment. We performed GO (Gene Ontology) enrichment analysis to identify enriched functional categories for DMR-associated DGEs for each DON concentration. DMR-associated DEGs of DON treatment at 5 ng/ml and 35 ng/ml concentrations were mainly involved in plant stress resistance, such as oxidation–reduction, sulfur synthesis, and phenylpropanoid synthesis. Moreover, the DMR-associated DEGs at 35 ng/ml were significantly enriched in salicylic acid and abscisic acid metabolism pathways (Figure 4D; Supplementary Table 5). Accumulating evidence has shown that transcription factors play an important role in the stress response of plants, thus affecting the ability of plants to tolerate stress (Gibbs et al., 2015; Li et al., 2018). Strikingly, we found that many transcription factors were differentially expressed after treatment with DON at 5 and 35 ng/ml relative to that at 0 ng/ml (Supplementary Table 6). Soltu.DM.03G027000, a WRKY-type transcription factor, plays a role in the basal defense of tomato and Arabidopsis (Bhattarai et al., 2010). We found that it was highly expressed under 5 ng/ml and 35 ng/ml concentrations and overlapped with CHH-DMRs at its upstream region (Figure 4E). Another example is Soltu.DM.05G022070, which was highly expressed under 5 ng/ml and 35 ng/ml concentrations and also contained a CHH-DMR at the promoter region (Figure 4F).

Nucleotide-binding sites-leucine-rich repeat (NLR) proteins are the most important resistant proteins that play an important role in plant disease resistance (Meyers et al., 1999). Changes in the expression of these genes are key factors in stress-induced responses of plants. To investigate the functional roles of NLR genes under the different treatment concentrations, we identified 421 NLR genes in the potato genome using a similarity search (Supplementary Table 7). In total, 27 of these genes were DEGs across the different treatments, of which 20 were DMR-associated DEGs (Supplementary Table 8). This finding suggests that DNA methylation is involved in the regulation of NLR gene expression. Collectively, we found numerous DEGs accompanied by altered methylation levels in the 5 ng/ml and 35 ng/ml treatments. In particularly, many of these genes were involved in stress resistance pathways. However, the other concentrations affected the genes involved in stress response, but not as strongly as those in the 5 and 35 ng/ml treatments. The mechanism for this remains unclear, warranting further research.



Effect of Different Concentrations of DON Treatment on the Area of Fusarium Infestation Lesion

It has been shown that DNA methylation changes occurring in response to environmental stress can create stress memory in plants, thus, producing a faster and stronger stress resistance response to the same or similar stresses (Song et al., 2020). From the above analysis, we found that 5 and 35 ng/ml DON treatments may have produced resistance responses in potato tubers, and numerous DMRs were found to be associated with these resistance responses. As DON is a secondary metabolite of Fusarium infestation of potato tubers and a virulence factor that aids Fusarium infestation, we hypothesized that methylation changes in these regions might create epigenetic memory and establish induced resistance (IR), which enhances the resistance of potato tubers to dry rot. We used F. sambucinum to inoculate potato tubers that had been treated with five different concentrations of DON for 6 h. By 10 days after Fusarium inoculation, we examined the diameters of lesion on potato tubers. As shown in Figure 5, the lesion area varied greatly under different treatments. Potato tubers treated with 5 ng/ml DON had the smallest lesion diameter, which was 92% lower than that of the control group. Similarly, 35 ng/ml DON treatment also significantly reduced lesion diameter relative to the control (p < 0.05), but the lesion diameter was slightly larger than that of the 5 ng/ml treatment. Unexpectedly, when the treatment concentration was 20 ng/ml, the potato tuber lesion diameter was close to that of the control and greater than that of 5 ng/ml and 35 ng/ml DON treatments. At a concentration of 50 ng/ml, the lesion diameter reached 1.5 cm, implying that the whole potato was almost completely rotten. In conclusion, treatment with 5 ng/ml and 35 ng/ml DON significantly enhanced potato resistance to dry rot, probably due to the establishment of IR.
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FIGURE 5. Potatoes treated with different DON concentrations were inoculated with Fusarium sambucinum. Comparative analysis of potato tuber lesion diameters after different DON concentration treatments.





DISCUSSION

Potato dry rot caused by Fusarium is a major threat to potato production and consumption worldwide. Fusarium infection is not only associated with rotting tubers but also the accumulation of mycotoxins, raising additional health concerns for consumers. The limited number of resistant varieties and emergence of currently available fungicide-resistant breeds make it an even greater threat to potato cultivation and trade. IR in plants, triggered by the stimulation of certain biotic or abiotic factors, enhances plant resistance and adaptation to environmental changes. DNA methylation plays important roles in the regulation of gene expression (Meng et al., 2016), biotic and abiotic stress responses (Alonso et al., 2019; Eriksson et al., 2020; Kumar et al., 2020), and environmental adaptation (Gáspár et al., 2019; Varotto et al., 2020). In recent years, researchers have suggested that plant immunity is regulated by DNA methylation (Luna et al., 2012). Our laboratory found that DON can induce enhanced resistance to dry rot in potatoes. To explore the regulatory mechanisms of DNA methylation that induce resistance to dry rot, we constructed DNA methylation profiles at a single-base resolution and transcriptome profiles of potato tubers treated with different concentrations of DON. We found slight changes in DNA methylation after DON treatment relative to that in the control. However, we identified thousands of differentially methylated regions across different treatments, suggesting that DNA methylation responds to DON treatment through local variation. Similarly, inorganic phosphorus starvation mainly resulted in CHH hypermethylation in localized regions of the rice genome (Secco et al., 2015), whereas global DNA methylation levels were similar in untreated rice and rice infected with rice blasts (Cui et al., 2021). Additionally, DNA demethylation plays an important role in cold stress tolerance in Arabidopsis (Conde et al., 2017a,b).

Recent studies showed that DON treatments induced the expression of defense genes and the production of reactive oxygen species (ROS) in wheat (Ansari et al., 2007; Desmond et al., 2008; Walter et al., 2008). Meanwhile, DON also induced upregulation of genes involved in the phenylpropanoid and detoxification pathway in barley (Tucker et al., 2021). After treatment with DON at 5 ng/ml and 35 ng/ml, we found that DMR-related DEGs were enriched in plant stress-related pathways, such as phenylpropanoid synthesis and oxidation–reduction, suggesting that DON stress elicited a defense response in potato. We found that 5 ng/ml and 35 ng/ml DON enhanced resistance to dry rot in potato tubers through integrated multi-omics and Fusarium infestation experiments, but there were differences in the disease spots after Fusarium infestation. We found that DMR-associated DEGs were functionally enriched in hormonal metabolic pathways, such as salicylic acid (SA) metabolism. Choudhury et al. (Heil and Bostock, 2002) described systemic acquired resistance (SAR) and induced systemic resistance (ISR) as two different forms of induced resistance based on the nature of elicitors and regulatory pathways. SAR has been identified as an SA-dependent plant defense characterized by the accumulation of SA and activated expression of pathogenesis-related (PR) genes. Therefore, we hypothesized that these two concentrations of DON induce different forms of IR and that this process is regulated by DNA methylation. In addition, treatment with 50 ng/ml DON reduced resistance to dry rot, implying that high concentrations of DON could promote Fusarium infestation in potato. Overall, different concentrations of DON (virulence factor) induced different response pathways in potato, indicating that the dosage of elicitors is a key factor when using elicitors to induce disease resistance in plants.

Plant stress memory involves a variety of physiological, proteomic, transcriptional, and epigenetic changes, and the important role of epigenetic modifications in plant memory has been confirmed in numerous studies (Lämke and Bäurle, 2017). Consequently, we consider that the enhanced resistance of potatoes to Fusarium may be due to DNA methylation changes induced by DON. DON at 5 ng/ml induced the strongest resistance and was below the lowest standard of DON limit in cereals set by China (1 mg/kg), which is within the safe level and can be used directly for disease defense. Compared with chemical and biological controls, it has the characteristics of rapid response and low cost. Treatment of Arabidopsis with flagellin, an inducer of plant defense, resulted in epigenetic changes that are stable for at least four generations (Molinier et al., 2006). However, it has been suggested that maintaining epigenetic changes across multiple generations depends on repeated exposure to stress and that these epigenetic changes are stable within only one generation (Boyko et al., 2010). For example, in A. thaliana, induced DNA methylation changes can be partially transmitted to the next generation under high salinity stress. However, if the progeny are not continuously exposed to stress, the inherited epigenetic state gradually resets. Thus, this may be a promising new approach for further understanding the mechanisms of epigenetic memory in plant responses to stress.

In conclusion, DNA methylation plays an important role in numerous biological processes, including biotic and abiotic stress responses, and environmental adaptations. In this study, we found that DNA methylation is involved in the regulation of the response of potato tubers to different concentrations of DON stress and may be associated with the establishment of IR in potato. Our results strongly suggest that DNA methylation has great potential for application in plant disease resistance and future breeding studies.
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Potassium is important for plant growth and crop yield. However, the effects of potassium (K+) deficiency on silage maize biomass yield and how maize shoot feedback mechanisms of K+ deficiency regulate whole plant growth remains largely unknown. Here, the study aims to explore the maize growth, transcriptional and metabolic responses of shoots to long-term potassium deficiency. Under the K+ insufficiency condition, the biomass yield of silage maize decreased. The transcriptome data showed that there were 922 and 1,107 differential expression genes in DH605 and Z58, respectively. In the two varieties, 390 differently expressed overlapping genes were similarly regulated. These genes were considered the fundamental responses to K+ deficiency in maize shoots. Many stress-induced genes are involved in transport, primary and secondary metabolism, regulation, and other processes, which are involved in K+ acquisition and homeostasis. Metabolic profiles indicated that most amino acids, phenolic acids, organic acids, and alkaloids were accumulated in shoots under K+ deficiency conditions and part of the sugars and sugar alcohols also increased. It revealed that putrescine and putrescine derivatives were specifically accumulated under the K+ deficiency condition, which may play a role in the feedback regulation of shoot growth. These results confirmed the importance of K+ on silage maize production and provided a deeper insight into the responses to K+ deficiency in maize shoots.

Keywords: silage maize, potassium, biomass yield, metabolome, transcriptome


INTRODUCTION

Potassium (K+) is one of the essential macronutrients required for plant growth and development, such as photosynthesis, osmoregulation, enzyme activation, protein synthesis, and ion homeostasis (Kanai et al., 2011; Hafsi et al., 2014). A large area of cropland has low levels of K+, and crops cannot efficiently utilize the mineral elements in the soil (Perry et al., 1972; Hafsi et al., 2014). Adding K+ fertilizer can increase crop yield, but the intensified use of K+ fertilizer in agriculture gives rise to environmental pollution (Römheld and Kirkby, 2010). From the year 1961 to 2015, the estimated K+ utilization efficiency of cereal crops was only 19%, underscoring the need to conserve this non-renewable natural resource (Dhillon et al., 2019). Therefore, improving the K+ utilization efficiency of crop plants is crucial for optimizing fertilizer use, improving crop yield, and reducing environmental pollution. To optimize the K+ utilization of specific crop species, it is important to investigate the response and adaptations of crops to K+ deficiency and its underlying mechanisms.

The potassium is absorbed by plant roots and transported to the aboveground tissues, in which K+ transporters and channels play important roles in absorbing and transporting potassium (Jia et al., 2008). Under K+ deficiency conditions, plants change their root structure and modify their root hairs to absorb more nutrients (Jia et al., 2008). Recently, the transcriptome profiles of plant roots under K+ deficiency conditions have been analyzed in rice, wheat, soybean, cotton, and tomato (Ma et al., 2012; Ruan et al., 2015; Singh and Reddy, 2017; Zhao et al., 2018; Yang et al., 2021). Genes involved in metabolic pathways, such as carbohydrates, plant hormones, and kinases, play indispensable roles in maintaining plant growth under K+ deficiency conditions, and transcription factors (Hyun et al., 2014; Zhao et al., 2018; Yang et al., 2021). Moreover, the shoot can feedback on regulating the uptake of mineral nutrients (such as nitrogen and phosphate) from roots (Bari et al., 2006; Tabata et al., 2014). Regulators, such as high-affinity K+ transporter, were identified to be associated with shoot regulation of root K+ uptake in response to its deficiency in cotton (Wang Y. et al., 2019). Thus, it is important to analyze how the plant shoots adapt under K+ deficiency as well.

Maize (Zea mays L.) is an important multi-functional crop in food, animal feed, and energy production (Schnable, 2012). Besides, maize can be used as silage maize, which is an important feed for intense ruminant production, exhibiting high biomass production, and relatively low input demand (Baghdadi et al., 2018). The growth of maize relies heavily on the use of chemical fertilizers, besides potassium (Baghdadi et al., 2018). Potassium deficiency puts abiotic stress on crops, which restricts their yield (Zorb et al., 2014; Qin et al., 2019). Plants would respond to potassium deficiency at different levels (Hafsi et al., 2014). Low potassium levels would induce lateral root growth in maize, in which genes associated with nutrient utilization, hormones, and transcription factors are involved (Zhao et al., 2016; Ma et al., 2020). Although the root system underlies potassium absorption, it is unclear how low K+ concentration induces the expression of related genes and metabolites in maize shoots to maintain its shoot growth and promote root absorption to accommodate K+ deficiency.

In this study, the growth of silage maize was analyzed with K+ treatment in the hydroponic experiment. Furthermore, transcriptional and metabolic profiles of shoots were investigated for their effects on maize development under the K+ deficiency condition. The study was to determine the primary effects of K+ deficiency on the growth of silage maize and to explore the potential transcriptional and metabolic responses in shoots. This study helps to understand the physiological adaptation mechanisms of corn silage development under K+ deficiency conditions and provides a theoretical basis for improving the nutrient utilization efficiency of silage maize in breeding.



MATERIALS AND METHODS


Plant Growth and Sample Collection for Hydroponic Experiment

For the hydroponic experiment, two varieties (DH605 and Z58) were used to investigate their responses to K+ deficiency. DH605, a common local maize variety grown in China, is used as a grain and forage maize. The inbred line Z58 has a high general combining ability and is suitable for breeding and preparing hybrids. Maize seeds were surface sterilized in 10% H2O2 for 20 min, rinsed, and then germinated in coarse quartz sand until two leaves were visible. The seedlings were grown in the chamber for 3 days (16 h light/8 h dark, 25°C, 60% relative humidity) and cultured with modified Hoagland solution (Zhao et al., 2012). The seedlings were transferred to a nutrient treatment solution containing either 0.1 mM KCl (K+ deficiency; LK) or 4 mM KCl (K+ sufficiency; CK) to assess their response. The solution was refreshed every 3 days and the treatment lasted for 12 days. There were three biological replicates. Plant shoots used for K+ concentration, metabolic and transcriptional analyses were immediately frozen in liquid nitrogen and then stored at −80°C until use.



The Photosynthetic Rate in Leaves and Measurement of Soluble K+ Concentration

The photosynthetic rate of the uppermost newly and fully expanded leaves was measured with an LI-6800 portable photosynthesis system (LI-COR Inc., Lincoln, NE, USA) after 12 days of treatment. The photosynthetically active radiation was set to 800 μmol.m−2.s−1. The freeze-dried and powered shoot samples (0.2 g) were used to analyze the K+ concentration using a flame photometer (Model 410, Sherwood Scientific Ltd, Cambridge, UK) following the previously described H2SO4-H2O2 decoction method (Kanai et al., 2007).



RNA Isolation, QPCR, and Transcriptome Analysis

Total RNA was isolated using Trizol reagent (Invitrogen, Carlsbad, CA, USA) and RNA quality and integrity were determined using Nanodrop 2000 (Thermo, Waltham, Massachusetts, USA). For RNA sequencing (RNA-seq) library synthesis, three biological replicates per treatment were sequenced with an Illumina HiSeq-PE150 instrument. Gene expression levels were normalized by calculating reads per kilo base of transcript per million fragments mapped (RPKM) using HISAT2 2.0.5 after mapping to the B73 reference genome sequences (Zm-B73-REFERENCE-NAM-5.0; https://ftp.ncbi.nlm.nih.gov/genomes/all/GCF/902/167/145/GCF_902167145.1_Zm-B73-REFERENCE-NAM-5.0/). The absolute value of log2 (fold change) ≥ 1 (treatment/control) (p ≤ 0.05) was defined as differentially expressed gene transcripts (DEGs). DEGs were also employed for Gene Ontology (Go) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis.



Metabolite Measurements

To analyze the metabolite under K+ deficiency, metabolite abundances were extracted and quantified at Wuhan MetWare Biotechnology Co., Ltd. (www.metware.cn) (Wang S. et al., 2019). The maize shoots were freeze-dried, powdered, and then extracted with 70% v/v aqueous methanol at 4°C. The extractions were centrifugated at 12,000 g for 10 min and then filtered (0.22 μm pore size). The obtained supernatants were analyzed using a UPLC-MS/MS system (UPLC, SHIMADZU Nexera X2; MS/MS, Applied Biosystems 4500 QTRAP). Principal component analysis (PCA) was used to analyze the differential accumulated metabolites (DAMs) between samples of K+ treatments. The relative importance of metabolites was checked with the parameter of variable importance in the project (VIP). Metabolites with VIP ≥ 1 and an absolute value of log2 (fold change) ≥ 1 (treatment/control) were considered as DAM.



Data Analysis

Data on plant stem diameter, fresh weight, yield, K+ concentration, and photosynthetic rate were examined using SPSS software. Significance was defined as the probability level of the Student's t-test at p ≤ 0.05.




RESULTS


Effect of K+ Deficiency on Maize Growth

To investigate the mechanism of K+ deficiency for maize growth, two varieties (DH605 and Z58) were used to investigate their responses to K+ deficiency (0.1 mM) in the hydroponic experiment. The results showed that K+ deficiency significantly decreased the shoot height and root length of both varieties and their stems were slender (Figures 1A–D). Moreover, the fresh weight of shoots significantly decreased by 57.5 and 65.5% in DH605 and Z58, respectively, under K+ deficiency conditions and the root fresh weight also showed a similar trend (Figure 1E). The K+ deficiency in the hydroponic solution resulted in a larger reduction in the K+ content of shoots, with the K+ concentration reduced by 80.16 and 83.54% in DH605 and Z58, respectively (Figure 2A). Under the K+ deficiency condition, maize's net photosynthetic rate displayed a dramatic reduction in both varieties compared to plants grown under the K+ sufficiency condition (Figure 2B).


[image: Figure 1]
FIGURE 1. Effect of K+ deficiency on maize growth. (A,B) Showed phenotypes of maize DH605 and Z58 under K+ treatment for 12 days, respectively. (C–E) showed the variations of average stem diameter, plant height, and plant fresh weight under K+ deficiency condition for 12 days, respectively. Two maize varieties, DH605 and Z58, were analyzed to K+ deficiency, respectively. CK and LK represent K+ sufficiency (4 mM) and K+ deficiency (0.1 mM). Scale bars in (A,B) represent 10 cm. The experiments were repeated three times. * and ** on histograms mean the significant difference at the p≤0.05 and p≤0.01 level, respectively. Bars mean SD.
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FIGURE 2. Shoot potassium content (A), differential expression genes (B), leaf net photosynthetic rate (C), and stomatal conductance (D) of maize DH605 and Z58 under K+ deficiency treatment. CK and LK represent K+ sufficiency (4 mM) and K+ deficiency (0.1 mM), respectively. The experiments were repeated three times. ** on histograms mean the significant difference at the p ≤ 0.05 and p ≤ 0.01 level, respectively. Bars mean SD.




Global Transcriptional Changes in Response to K+ Deficiency

To obtain a global overview of the transcriptome relevant to K+ deficiency in maize, RNA-seq libraries from shoot samples of DH605 and Z58 were set up after 12 days of treatment under the K+ deficiency condition. After the removal of low-quality reads, an average of 4.5 × 107 clean reads were obtained for each sample, and the total length of the clean reads reached above 6.2 × 109 nt. For each sample, 97.5% of the clean reads were mapped to the maize reference transcriptome (Supplementary Table 1). A total of 35,733 genes were mapped to the genome. The DEGs were 922 in DH605, including 676 upregulated and 246 downregulated genes (Figure 2C, Supplementary Table 2a). In total, 1,106 DEGs were detected in Z58, including 922 upregulated and 184 downregulated genes (Figure 2C, Supplementary Table 2b). Moreover, 352 genes were upregulated in both DH605 and Z58, and the number of co-downregulated genes was only 38 (Figure 2C). Among the co-regulated DEGs, the expression of specific K+ transporters-related genes was induced in a K+ deficient environment (Table 1). The expression levels of two high-affinity K+ transporters (HAK) genes (LOC100502520-HAK1 and LOC100384472-HAK5) were up-regulated under the K+ deficiency condition. Gene encoding inward potassium channels (LOC100281406-AKT2) was also upregulated to promote uptake of K+ both in maize shoots. But, HAK10 and HAK11 were downregulated under the K+ deficiency condition. Moreover, ten genes encoding ABC transporters were also upregulated for both two varieties, which are reported to be involved in the transport of mineral and organic ions, amino acids, oligosaccharides, lipids, and metal ions (Table 1; Xie et al., 2020).


Table 1. Genes encoding transporters showed differential expression in response to K+ deficiency (0.1 mM).

[image: Table 1]

To gain a general understanding of the responses to K+ deficiency, GO and KEGG pathway enrichment analyses were performed (Figure 3, Supplementary Table 3). Among the induced pathways under the K+ deficiency condition, the top 15 pathways of significant enrichment are shown in Figure 3C. Most of the pathways were co-regulated in DH605 and Z58, associated primarily with regulatory processes, transport, and primary and secondary metabolism, including “ABC transporters,” “MAKP signaling pathway,” “Plant hormone signaling transduction,” “amino sugar and nucleotide sugar metabolism,” “biosynthesis of amino acids,” “starch and sucrose metabolism,” “glutathione metabolism,” and “glycerophospholipid metabolism” (Figure 3).


[image: Figure 3]
FIGURE 3. KEGG pathway analysis of DEGs under K+ deficiency treatment in DH605 and Z58. (A) KEGG pathway enrichment of DEGs under K+ deficiency treatment in DH605. (B) KEGG pathway enrichment of DEGs under K+ deficiency treatment in Z58. (C) The top-level pathways of DEGs under K+ deficiency treatment in DH605 and Z58 (p ≤ 0.05).


Transcription factors (TFs) also play pivotal roles in regulating related genes in response to stress in plants (Ulm et al., 2004). In this study, 38 transcription factors were identified for both DH605 and Z58 (Supplementary Table 4). These TFs belonged to diverse families, including AP2/ERF (2), bZIP (2), WRKY (9), MYB and MYB-related (5), NAC (3), bHLH (3), zinc finger (2), PLATZ (3), HB-HD-ZIP (2), GARP-G2-like (1), SRS (1), Tify (1), HSF (1), LOB (1), GNAT (1), and MBF1(1). Among them, the number of WRKY genes accounted for 23.6% of the total regulated TFs.



Metabolic Responses to K+ Deficiency Treatment

Primary metabolites were profiled by UPLC-MS/MS to gain insight into the possible molecular metabolic mechanism of maize under K+ deficiency treatment, and a total of 893 kinds of metabolites were detected. Principal component analysis (PCA) was conducted on a total of 273 and 120 differential accumulated metabolites (DAMs) in DH605 and Z58, respectively (Supplementary Table 5). The PCA results showed a trend of separation among the groups (Supplementary Figure 1).

Profiled metabolites can be classified into seven categories, including amino acids, organic acids, phenolic acids, nucleotides and derivatives, sugars and sugar alcohols, alkaloids, and lipids. In general, levels of most amino acids, alkaloids, phenolic acids, and nucleotides and derivatives increased with K+ stress in both DH605 and Z58 (Table 2, Supplementary Table 5). The accumulated amino acids in both varieties include Ser, Val, Asn, Thr, and homoserine, as well as the non-proteinogenic amino acids such as γ-amino-butyric acid (GABA). The saccharide, like raffinose, also accumulated in shoots. Carbohydrates, such as galactinol, sucrose, maltose, and trehalose, were decreased in DH605 shoots (Supplementary Table 5a). Part of the organic acids level (L-homoserine, 4-guanidinobutyric acid, citric acid, and isocitrate) increased, while organic acids like methylene succinic acid and shikimic acid decreased in both varieties. The lipids decreased with K+ stress. Sugars and sugar alcohol levels, such as turanose, nicotinate D-ribonucleoside, D-glucosamine, and raffinose, increased under K+ stress in both varieties, whereas gluconic acid and D-saccharic acid decreased. Other sugars and sugar alcohols showed a variation under the K+ deficiency treatment of DH605 and Z58 shoots.


Table 2. Heat-map of metabolite profiles.
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Arginine Metabolism Under K+ Deficiency

Remarkably, the top 30 pathways of different accumulated metabolites included “ABC transporters,” “biosynthesis of amino acids,” “glycine, serine, and threonine metabolism,” “carbon metabolism,” “2-Oxocarboxylic acid metabolism,” and “Aminoacyl-tRNA biosynthesis” (Figure 4). Based on the above metabolome results, metabolites in arginine metabolism and the related metabolites were of interest due to their accumulation under K+ deficiency treatment (Figure 5). The related arginine metabolites, such as omithine, agmatine, N-Acetyl-putrescine, 4-Acetamidobutyric acid, and γ-Aminobutyric acid, were also accumulated both in DH605 and Z58 (Figure 5). Also, putrescine derivatives were accumulated as N-Caffeoyl putrescine, N-p-Coumaroyl-N'-feruloyl putrescine, p-Coumaroyl putrescine, and N-Acetyl putrescine (Table 2). Additionally, the expression of arginine decarboxylase genes (ADC, LOC100193626, and LOC103638134), mainly responsible for putrescine synthesis, were both upregulated in maize under the K+ deficiency condition, which was consistent with the accumulation of putrescine in maize shoots (Figure 5, Supplementary Table 2).


[image: Figure 4]
FIGURE 4. KEGG analysis of DAMs and DEGs under K+ deficiency treatment in DH605 (A) and Z58 (B) (p ≤ 0.05).
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FIGURE 5. The metabolites that varied significantly in DH605 and Z58 after exposure to K+ deficiency. The first and second box of each metabolite indicates the varied metabolites of DH605 and Z58 after exposure to K+ deficiency, respectively. The first and second triangle of each gene indicates the varied genes of DH605 and Z58 after exposure to K+ deficiency, respectively.





DISCUSSION

Fertilizer is important for plant growth and development and the related studies have been focused on different levels besides morphology, transcriptome, and metabolism (Pettigrew, 2008; Hafsi et al., 2014; Mo et al., 2019; Ma et al., 2020; Ding et al., 2021). In the study, the K+ deficiency showed a significant decrease in maize aboveground biomass production in hydroponic experiment. The transcriptome and metabolism changes under long-term K+ deficiency treatment were further analyzed in the hydroponic experiments. Most DEGs were classified as associated with regulatory processes, transport, and primary and secondary metabolism. DAMs induced by K+ deficiency were mostly involved in primary and secondary metabolism, such as amino acids and derivatives, sugars and sugar alcohols, organic acids, phenolic acids, alkaloids, and nucleotides and derivatives. The results indicated that genes related to signal transduction, including the MAKP signaling pathway and plant hormone signaling transduction, may play an important role as feedback to K+ limitation from the shoot to the root.


Developmental Responses to K+ Deficiency

The K+ deficiency showed a significant decrease in silage maize grain yield and whole plant biomass and the application of K+ fertilizer can increase total silage maize biomass, which indicated that K+ directly affects maize biomass yield (Perry et al., 1972). As for maize, most studies have focused on K+ in maize growth and its effects on grain yield rather than plant growth (Amanullah et al., 2016; Ul-Allah et al., 2020). Due to K+ deficiency, plant height and stem diameter were reduced in maize, thus significantly limiting the plant growth, manifested as a decrease in fresh plant weight (Figure 1). The physiological response to K+ deficiency was consistent with previous studies (Kanai et al., 2007; Ma et al., 2020). K+ plays important role in the process of photosynthesis by converting radiant energy into chemical energy through the production of ATP, and severe K+ deficiency can reduce photosynthesis (Tester and Blatt, 1989; Kanai et al., 2011). Less efficient absorption of K+ in the root dramatically reduces its content in shoots (accounts for only 16–20% of the control), which reduces photosynthesis and inhibits plant growth (Figures 1, 2; Battie-Laclau et al., 2014; Ma et al., 2020). Moreover, the leaves and stems act as the sink of K+ and carbon assimilation in plant growth, and the retardation of plant growth is a feedback signal to K+ deficiency (Kanai et al., 2007). Similar responses to K+ deficiency were observed in tomato and sugarcane, as well as in wood plants Eucalyptus grandis (Hartt, 1969; Kanai et al., 2007; Ployet et al., 2019). Therefore, it is important to apply potassium fertilizer to improve maize biomass production in agriculture, as well as to improve the plant K+ utilization efficiency in breeding.



Transcription Responses to K+ Deficiency

Several transcriptome profiles have been studied on plant responses to K+ deficiency (Ma et al., 2012, 2020; Ruan et al., 2015; Zhao et al., 2018; Ployet et al., 2019; Yang et al., 2021). The study analyzed the transcription changes of shoots in maize under K+ deficiency conditions, and a total of 1,638 DEGs were identified in two varieties. Many of the previously reported transcriptional K+ stress responses, such as K+ transporters and ABC transporters, were tracked in DEGs of maize shoots. K+ transporters play crucial roles in translocation and cell growth in various plant species (Wang and Wu, 2013). There are mainly three families in K+ transporters: the K+ uptake permeases (KT/HAK/KUP), the K+ transporter (Trk/HKT) family, and the cation proton antiporters (Gierth and Maser, 2007). There are 27 HAK genes in maize and the expression levels of HAK1 and HAK5 were both up-regulated under the K+ deficiency condition (Qin et al., 2019). The AKT2 was also upregulated in the shoots of DH605 and Z58. The up-regulation of K+ transporter genes can increase K+ mobilization and promote the K+ uptake in the root as well, which would be important to redistribute and feedback the hungry status of potassium (Pilot et al., 2003; Qin et al., 2019). However, part of the HAK genes, like HAK10 and HAK11, were downregulated in shoots. Further studies need to evaluate why the responding trend of HAK genes was different under K+ deficiency in maize shoots. Additionally, the expression of several ABC transporters was also significantly induced in shoots, indicating that ABC transporters might be important for K+ and its related metabolism transport in plants under low K+ concentrations (Xie et al., 2020). Since yellow or brown edges and tips of leaves are typical symptoms of K+ deficiency, DEGs involved in aging and leaf senescence were also detected (Supplementary Table 3). In addition to the above-mentioned genes, DEGs also include those involved in the biological process such as amino acid transport, amino sugar catabolic process, and response to nitrogen compounds. The shortage of K+ supply limits plants leaf growth, probably due to sugar starvation in sink tissues such as stem and leaves (Hafsi et al., 2014).

Transcription factors have been identified to be indispensable in biotic and abiotic stresses (Ma et al., 2012; Zhang et al., 2017). The number of differentially expressed TFs for both varieties is 38 under the K+ limitation condition, which included members from MYB, WRKY, bZIP, and PLATZ families (Supplementary Table 4). Part of the TFs was predicted with the MAPK signaling pathway and plant hormone signal transduction (Supplementary Table 4). The MAPK signaling pathway, which can be activated under stress conditions, was co-regulated in two varieties. It has been reported that the MAPK signaling pathway is associated with senescence and apoptosis, which could explain the leaves with yellow or brown edges and tips under K+ deficiency conditions (Sun et al., 2015). Besides the MAPK signaling pathway, plant hormone signal transduction was also regulated in maize under K+ stress. The results showed that brassinosteroid-related genes, TCH4 (LOC100283318 and LOC100284736), were downregulated in both varieties, which played important roles in cell elongation (Takahashi et al., 2005). Besides, a gene related to zeatin biosynthesis, like type-B ARR genes (LOC107522107 and LOC100280246), were upregulated (Argyros et al., 2008). Genes involved in plant hormone signal transduction would affect plant hormone content and distribution to regulate plant growth (Ma et al., 2020). Therefore, the MAPK signaling pathway and plant hormone signal transduction, along with the regulated TFs, may serve as critical regulators in how maize shoots respond to K+ deficiency.



Metabolic Responses to K+ Deficiency

The responding metabolites of K+ stress comprised a broad range of metabolite classes, such as “ABC transporters,” “biosynthesis of amino acids,” “glycine, serine, and threonine metabolism,” “carbon metabolism,” “2-Oxocarboxylic acid metabolism,” “Aminoacyl-tRNA biosynthesis,” and so on. Of the metabolites, sugars, such as raffinose, turanose, and D-glucosamine, were accumulated, which were also detected in P deficiency and cold stress (Cook et al., 2004; Ding et al., 2021). Free amino acids (such as Asn, Thr, Val, Ser, Orn) increased in both varieties, while part of other amino acids (such as Arg, His, Leu, Pro) was only accumulated in either DH605 or Z58. K+ can activate enzymes and play important roles in protein synthesis (Hafsi et al., 2014). The content of amino acids increased during the K+ deficiency condition, while the protein content was reduced in cotton (Wang et al., 2012). Accumulation of free amino acids was also observed under P deficiency in plants (Hernandez et al., 2007; Pant et al., 2015; Mo et al., 2019; Ding et al., 2021). The results indicated that the deficiency of macronutrients in plants would suppress their carbon metabolism and affect the accumulation of amino acids. In addition, the amino acid transport-related genes responded to K+ deficiency, accompanied by an upregulation of genes involved in xenobiotic transmembrane transporter activity and xenobiotic transmembrane transport ATPase activity (Supplementary Table 3). However, the number of DAMs in DH605 (273) was much more than that in Z58 (120). The reason would be that DH605 are more sensitive to K+ deficiency and shows a severe deficiency status under 0.1 mM K+ treatment. Of the two varieties, which were grown on the same day in the chamber, DH605 showed a faster growing speed than Z58, with higher plant height, thicker stem diameter, and higher fresh shoot weight, also sensitive to K+ deficiency, the shoot K+ concentration.



Comparative Transcriptome and Metabolite Responses to K+ Deficiency

A comparative analysis of transcriptional and metabolic responses to K+ deficiency showed that biosynthesis of amino acids and ABC transporters were the top two pathways regulated under K+ deficiency treatment. An increasing level of free amino acids indicates that plants are being damaged under low K+ stress, which would regulate the cellular content of K+ contributing to osmotolerance (Cuin and Shabala, 2007). Significantly, changes in ABC transporter genes and the accumulation of the related metabolites indicated that ABC transporters are important for K+ uptake and transport in maize shoots under K+ deficiency (Xie et al., 2020). Among the metabolites, 4-amino-butyric acid (GABA), putrescine, and putrescine derivative were significantly accumulated under K+ deficiency (Figure 5). Additionally, the arginine decarboxylase gene, the key gene responsible for putrescine synthesis, was upregulated under K+ limited conditions (Figure 5). Putrescine accumulation is one of the metabolic markers in response to K+ deficiency in plants, which could reduce fast-activating vacuolar (FV) channel activity under stress (Richards and Coleman, 1952; Bruggemann et al., 2002). Thus, the increased putrescine concentration and FV channel activity would maintain the cytosol K+ concentration (Walker et al., 1996). Putrescine is also been shown to be correlated with other stresses such as salinity and cold, as well as plant growth (Kou et al., 2018; Guo et al., 2019).




CONCLUSION

This study represents a multi-level study of maize shoots' responses to K+ deficiency. The results suggest that the variation in transcription supports the physiological and developmental acclimation and adaptation to K+ deficiency. Since potassium plays important role in maize biomass yield, it is dispensable to improve the plant K+ utilization efficiency. The identification of differential transcriptomes and metabolomes under K+ deficiency and further research will be a foundation for future work in improving K+ utilization efficiency in the breeding program.
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Polyploids generated by the replication of a single genome (autopolyploid) or synthesis of two or more distinct genomes (allopolyploid) usually show significant advantages over their diploid progenitors in biological characteristics, including growth and development, nutrient accumulation, and plant resistance. Whereas, the impacts of genomic replication on transcription regulation and chromatin structure in pak choi have not been explored fully. In this study, we observed the transcriptional and genomic structural alterations between diploid B. rapa (AA) and artificial autotetraploid B. rapa (AAAA) using RNA-seq and Hi-C. RNA-seq revealed 1,786 differentially expressed genes (DEGs) between the diploids and autotetraploids, including 717 down-regulated and 1,069 up-regulated genes in autotetraploids. Of all the 1,786 DEGs, 23 DEGs (10 down-regulated DEGs in autotetraploids) were involved in Compartment A-B shifts, while 28 DEGs (20 up-regulated DEGs in autotetraploids) participated in Compartment B-A shifts. Moreover, there were 15 DEGs in activated topologically associating domains (TADs) (9 up-regulated DEGs in diploids) and 80 DEGs in repressed TADs (49 down-regulated DEGs in diploids). Subsequently, eight DEGs with genomic structural variants were selected as potential candidate genes, including four DEGs involved in photosynthesis (BraA01003143, BraA09002798, BraA04002224, and BraA08000594), three DEGs related to chloroplast (BraA05002974, BraA05001662, and BraA04001148), and one DEG associated with disease resistance (BraA09004451), which all showed high expression in autotetraploids. Overall, our results demonstrated that integrative RNA-seq and Hi-C analysis can identify related genes to phenotypic traits and also provided new insights into the molecular mechanism of the growth advantage of polyploids.

Keywords: RNA-seq, Hi-C, A/B compartment, TADs, autopolyploid, growth advantage, pak choi (Brassica rapa ssp. chinensis)


INTRODUCTION

Polyploids have three or more intact sets of chromosomes per nucleus, which are produced by intraspecific genome doubling (autopolyploid) or merging genomes of distinct species by hybridization (allopolyploid) (te Beest et al., 2012). Polyploidization takes an essential part in the process of biological evolution, about 70% of angiosperms have undergone one or more polyploidization in their evolutionary history (Fawcett and Van De Peer, 2010). Meanwhile, polyploids have a variety of superior advantages over their diploid ancestors, which exhibit in phenotypic and physiological characteristics, including stronger tolerance, higher content of active compounds, increased organic synthesis rate, and enlarged organs (Fawcett et al., 2009). For instance, the fruit sizes of the autotetraploid kiwifruit and grape are significantly increased (Wu et al., 2012), and the fruit quality is elevated in autotetraploid watermelons (Jaskani et al., 2005). With the chromosome doubling, the number of alleles per locus on the chromosome doubles, resulting in changes in the quality and quantity of gene expression (Hegarty et al., 2008). Research has shown that polyploidization may affect the expression of various functional genes, but the frequency of genes involved in cell defense and senescence, plant hormone regulation, and metabolism is relatively high, indicating that the effect of polyploidization on gene expression is not random (Wang et al., 2006).

Chromosomes in eukaryotes composed of histones together with highly compressed and folded linear DNA are not randomly packaged in the nucleus (Tanay and Cavalli, 2013). The importance of chromatin arrangement in transcription regulation has been gradually revealed (Vergara and Gutierrez, 2017). As currently the most comprehensive and high-throughput technology, Hi-C (Lieberman-Aiden et al., 2009) can divide interaction frequencies between almost any pair of genomic sites, which has been used to investigate genome architecture in three dimensions in various plant species, including Arabidopsis (Feng et al., 2014), maize (Sun et al., 2020), rice (Liu et al., 2017; Dong et al., 2018), cotton (Wang et al., 2018), and tomato (Wang et al., 2020). The majority of eukaryote genomes are structured into hierarchical layers, including chromosome A/B compartments at the megabase scale, topologically associating domains (TADs) at the sub-megabase scale (Rao et al., 2014; Wang et al., 2016). Each layer is not static, but all exhibit remarkable flexibility and inherent property to dynamically reorganize. Compartment A/B can distinguish the expression levels of genes in cells under different conditions. In general, the A compartment contains highly transcribed genes with active histone modifications. Analogously, the B compartment contains inactive genes with histone modifications indicating transcriptional repression (Lieberman-Aiden et al., 2009). The conversion of Compartment A to B may cause the gene to change from active expression to gene silencing, and vice versa (Dixon et al., 2015). For example, Compartment A/B shifts between diploid and autotetraploid Arabidopsis resulted in a transcriptional change (Zhang et al., 2019). The genome multiplication of watermelon resulted in 108 A-to-B and 626 B-to-A compartment shifts that contained stress-related and growth-related genes (Garcia-Lozano et al., 2021).

The TAD (topologically associating domain) is the basic organization of the genome in spatial structure and shows a significant similarity in different species (Le Dily et al., 2014). TADs are generally referred to as “squares” of interaction with “specific biological functions,” where the contact between two nearby regions is far less often than interaction within the region (Ulianov et al., 2016). TAD boundary is enriched with insulator-binding protein CTCF, a housekeeping gene, tRNA, and adhesion protein, which contributes to the structural and functional stability of TAD. The change of this boundary will cause a disorder in gene regulation (Nora et al., 2012). Wang et al. (2021) discovered that polyploidization in soybean could cause TAD architecture changes and that subsequent diploidization altered TADs around chromosome-rearrangement sites. Additionally, altered TADs in autotetraploid cotton affected the transcriptional activity of a large number of genes compared to diploids (Wang et al., 2018).

As a member of the Brassica family, non-heading Chinese cabbage (Brassica rapa ssp. chinensis), also known as pak choi, is one of the most popular vegetable crops and is commonly grown in East Asia with high nutritional and commercial values (Song et al., 2020). A previous study has revealed that autotetraploid pak choi possess greater organs than their diploid progenitor (Zhang et al., 2020). Notwithstanding numerous studies that have evaluated the impacts of transcriptomic changes resulting from genome duplication in other species (Adams et al., 2003; Roulin et al., 2013; Hovav et al., 2015), little is known in terms of pak choi. To shed light on this problem, we conducted an RNA-seq of diploid and autotetraploid pak choi to obtain whole transcriptome expression profiles and Hi-C sequencing was used to characterize the three-dimensional genomic structure. Taken together, this study provides novel insights into not only 3D genome architecture but also the identification of candidate genes in plants, as well as the comprehension of how autotetraploidy enhances plant development performance.



MATERIALS AND METHODS


Plant Materials, Growth Conditions, and Sample Collection

The diploid non-heading Chinese cabbage of B. rapa (AA) accessions, “Wuyueman” (WYM 2, an elite cultivar in Yangzi River of China), and its colchicine-induced stable autotetraploid of B. rapa (AAAA) accessions “Wuyueman” (WYM 4), were cultivated in the greenhouse of Nanjing Agricultural University in plastic pots with peat fertilizer and soil at a ratio of 1:1. A fully expanding young leaf (3rd upper leaf of a plant) was respectively collected from each individual seedling of the two species with three biological replicates and immediately immersed in liquid nitrogen, then stored at −80°C for following experiments.



RNA-Seq Libraries Preparation and Sequencing

The total RNA of six samples was extracted from the frozen leaves of WYM 2 and WYM 4 using an RNAprep Pure Plant kit (Tiangen, Beijing, China) in accordance with the manufacturer’s procedure. RNA quality and purity were verified using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, United States), and RNA integrity was assessed by 1% agarose gel electrophoresis. The creation of cDNA libraries and transcriptome sequencing were conducted by Novogene Biotechnology Co., Ltd on the Illumina Novaseq platform and 150 bp paired-end reads were obtained. Following quality assurance, the screened clean reads were then aligned to the reference genome (B. rapa genome), which was obtained from the BRAD database1 using the HISAT2 (version 2.1.0) (Kim et al., 2015). Cufflinks was used to assess the amount of gene expression. FPKM (fragments per kilobase of exon per million fragments mapped) was used to quantify gene expression (Trapnell et al., 2012).



Functional Enrichment Analysis of Differentially Expressed Genes

DESeq2 R software was used to do differential gene expression analysis. The thresholds for identifying DEGs were established at the false discovery rate (FDR) < 0.01 and | log2 FC| > 1 and adjusted P-value < 0.05. The Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) databases were searched for annotation to determine probable biological functions and pathways for the DEGs. The GO enrichment analysis of DEGs was carried out in R using the GOseq package (Young et al., 2010). The cluster Profiler R program (Yu et al., 2012) was employed to investigate the enrichment of DEGs in KEGG pathways.



qRT-PCR Analysis

The RNA-seq data was confirmed by qRT-PCR analysis of fifteen DEGs selected randomly. cDNA was synthesized from 1 μg of total RNA by Evo M-MLV RT Mix Kit with gDNA Clean for qRT-PCR [AG11728, Accurate Biotechnology (Hunan) Co., Ltd], then analyzed by qRT-PCR using Hieff® qPCR SYBR® Green Master Mix (High Rox Plus) (Cat No. 11203ES08; Yeasen, Shanghai, China) on StepOnePlus system (Applied Biosystems, United States). BrActin (Bra028615) was used as a quantitative reference (Dheda et al., 2004). Primer 6.0 software (Premier, Ottawa, Canada) was used to design the corresponding primers, which are listed in Supplementary Table 3. Each 20 μL PCR reaction comprised 10 μL of 2× SYBR Green Master Mix, 0.4 μL of 10 μM primers, 2 μL of cDNA template, and 7.2 μL of ddH2O. qRT-PCR was as follows: 95°C 5 min, 95°C 10 s, 60°C 30 s, 40 cycles. Each sample had three biological and three technical duplicates. The 2–ΔΔCt approach was applied to quantify relative gene expression levels (Schmittgen and Livak, 2008).



Hi-C Library Construction and Sequencing

Creating Hi-C libraries and completing the Illumina sequencing were conducted by Novogene Company in China. The library construction was prepared according to the standard protocol described previously with certain modifications (Van Berkum et al., 2010). After the completion of the sample of crosslinking and cell lysis, the samples were digested with DPN II. Then marked the end with biotinylated nucleotides and added the connection. Protease K and SDS were added to reversely cross-linked. Subsequently, ligated DNA was purified and fragmented into 300 bp size on average. Finally, Illumina HiSeq was used for sequencing after the constructed library was qualified by library quality control.



Processing Hi-C Data for Construction of Hi-C Interaction Maps

The output data of Hi-C sequencing was first quality controlled by filtering out the paired reads including sequences with adapter contamination, unidentified nucleotides “N” ratio >10%, and more than 50% base with Q <5. Next, the qualified reads of Hi-C data were processed by following the HiCUP pipeline (v0.57) (Wingett et al., 2015). Simply, after the qualified reads were truncated with the DpnII restriction enzyme, the resulting trimmed reads were then, respectively, aligned against the B. rapa genome (v2.5) (Cai et al., 2017) by employing the Bowtie 2 (v2.2.3) program (Langmead and Salzberg, 2012) with default parameters and obtain Hi-C contact matrices. The MDS algorithm of PASTIS software (Szałaj et al., 2016) was employed to imitate the 3D position of chromatin.



A/B Compartment and Topologically Associating Domains Analysis

Principal component analysis (PCA) of interaction maps with a resolution of 100 Kb was used to identify chromosomal compartments (Imakaev et al., 2012). The “runHiCpca.pl” script of the HOMER Package was used to perform PCA analysis (Niskanen et al., 2018). In order to examine distance normalized contact normalization, we began by determining the optimal background model. Then we constructed contact matrices on every chromosome as well as calculated the correlation coefficient between each region and other regions. Lastly, based on the correlation matrix, we calculated the first principal component whose eigenvalues were used to divide the compartments into two types. Positive and negative eigenvalues indicate compartments A and B, respectively.

TadLib (hitad 0.1.1-r1) software was applied to estimate the TAD topology at a 40 Kb resolution with default parameters. RNA-seq was performed on the genes in TADs, and we classified TADs into three categories based on the proportion of genes with positive and negative FC in each TAD of AA vs. AAAA: activated TADs, repressed TADs, and other TADs.




RESULTS


Overview of RNA-Seq Data of Diploid (AA) and Artificial Autotetraploid (AAAA) B. rapa

As shown in Figure 1A, autotetraploids had a greater overall plant size and single leaf area than diploids. A previous study has revealed that the whole plant height, weight, stomatal size, flower, pod, and seed size of autotetraploid pak choi were all more significant than diploids. Furthermore, autotetraploid pak choi exhibited enhanced specific leaf weight (SLW), indicating a faster rate of photosynthesis (Zhang et al., 2020). In view of the results of the previous study, we performed RNA-seq on the diploid (AA) and artificial autotetraploid (AAAA) pak choi. 40.96 Gb raw reads of six cDNA libraries in total were generated for RNA-seq. After filtering adapter and low-quality reads, for each library, the proportion of clean reads was greater than 98% and GC ratios ranged from 46.14 to 47.27%. The Q30 was ≥93.03% and Q20 was ≥97.56%, which informs the sequencing quality was quite high (Supplementary Table 1). Subsequently, the clean reads were aligned against the B. rapa genome, with alignment efficiency ranging from 85.58 to 87.34%. The unique map ratio was between 78.91 and 80% (Supplementary Table 2). The correlation coefficient between replicates within each AA or AAAA was all above 92%, showing high reproducibility between replicates (Supplementary Figure 1). Consequently, 1786 significant changed genes were identified, which included 717 up-regulated and 1,069 down-regulated genes in diploids (Supplementary Table 4). In addition, the proportion of low expressed genes was higher in autotetraploids (Supplementary Figure 2). Volcano plots (Figure 1B) were generated to summarize the significant DEGs.
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FIGURE 1. RNA-seq analysis of diploid (AA) and autotetraploid (AAAA) pak choi. (A) Phenotypic differences. Scale bar = 10 cm. (B) Volcano map of DEGs. Red points denote up-regulated genes; blue points denote down-regulated genes; gray points denote non-differentiated genes. (C) The top 20 enriched KEGG pathways of DEGs. The pathway label is on the vertical axis, the Rich factor is on the horizontal axis, the size of the dots represents the number of DEGs in the pathway, and the color of the dots represents the distinct Q-value levels. (D) The most enriched GO terms with all DEGs. The ordinate is the enriched GO term, the abscissa is the number of DEGs in the term, and GO terms with “*” are significantly enriched. (E) The most enriched GO terms with up-regulated DEGs and down-regulated DEGs.




Gene Ontology and Kyoto Encyclopedia of Genes and Genomes Analysis of the Differentially Expressed Genes

To functionally annotate the DEGs, we used the GO and KEGG databases to align all of the DEGs with a Q value <0.05. There were 39 statistically significant enrichment GO terms among the DEGs (Supplementary Table 5). Figure 1D showed the top 30 enriched GO terms. In the biological process group, DEGs were significantly enriched in terms related to metabolic pathway, among which the “small molecule metabolic process” (GO: 0044281, 109 DEGs) was enriched with the most DEGs, followed by “oxoacid metabolic process” (GO: 0043436, 76 DEGs) and “organic acid metabolic process” (GO: 0006082, 76 DEGs). Within the cellular component, terms associated with thylakoid, such as “thylakoid” (GO: 0009579, 40 DEGs) and “thylakoid par” (GO: 0044436, 40 DEGs) were enriched. In terms of the molecular function category, “isomerase activity” (GO: 0016853, 30 DEGs) was prominently represented. These findings point to a high proportion of transcriptome changes following polyploidization, besides, activated genes are more than repressed (Figure 1E).

According to KEGG enrichment analysis, there were 1,303 DEGs mapped to 110 KEGG pathways in total (Supplementary Table 6). Figure 1C shows the top 20 enriched pathways assigned to our DEGs. Most of the DEGs participated in “Metabolic pathways” (258 DEGs, ath01100) and “Biosynthesis of secondary metabolites” (122 DEGs, ath01110), followed by “Carbon metabolism” (47 DEGs, ath01200), “Biosynthesis of amino acids” (44 DEGs, ath01230), “Ribosome” (42 DEGs, ath03010), and “Photosynthesis” (37 DEGs, ath00195).



Transcriptome Analysis of Differentially Expressed Genes Related to Photosynthesis

Photosynthesis is associated with plant growth and biomass accumulation, which plays an important role in polyploids. Based on the p-value, the photosynthetic pathway was the most significantly enriched pathway. Subsequently, we picked 35 DEGs in the photosynthetic pathway, of which only 2 were downregulated in autotetraploids and 16 DEGs involved in photosystem I and 15 DEGs in photosystem II as well as four other DEGs (Supplementary Table 7). The DEGs involved in photosystem I contained psaN, psaG, psaE, psaF, psaH, and psaO. While the DEGs that participated in photosystem II included PsbQ, PsbW, PsbP, PsbY, PsbR, and Psb28.



Genome-Wide Interaction Matrices of AA and AAAA

We used Hi-C experiments on AA and AAAA to explore the dynamics of 3D genome structure during B. rapa polyploidization, then 114 and 206 Gb raw data were generated, respectively (Supplementary Table 8). After mapping against the B. rapa (Cai et al., 2017) genome, we got 755 and 1,369 million valid reads for 3D genome construction and the unmappability of the reads was 15.65 and 16.88% for diploids and autotetraploids, respectively (Supplementary Table 9).

The notion of “chromosome territory,” in which each chromosome has its own private nucleus territory, was supported by genome-wide simulation images, which revealed that chromosomes were positioned in a limited volume (Tanabe et al., 2002; Figure 2A). At a resolution of 1 Mb, both contact maps revealed that intrachromosomal interactions were more pervasive than interchromosomal interactions (Supplementary Figure 3). It also turned out that autotetraploid pak choi had a higher ratio of inter-/intrachromosomal (trans/cis) contacts than diploid pak choi (Supplementary Figure 5 and Supplementary Table 10). Thus, the greater number of chromosomes in autotetraploids compared to diploids appeared to increase the frequency of interactions. Each chromosome’s space in the nucleus might be altered as a result. For further understanding of the interaction patterns within chromosomes, the interaction matrix of 10 chromosomes in the whole genome interaction matrix of AA and AAAA (Supplementary Figure 4) was constructed at 40 Kb resolution. Take chromosome 8 (Figure 2B) for example, the dark red color of the diagonal indicated the strongest interaction within the same chromosome. With rising horizontal distance, the occurrence of intrachromosomal interactions was reduced. Additionally, more delicate components like TADs could also be found (Figure 2C). Each diagonally distributed triangle corresponded to a topologically associated domain (TAD) (Figure 2F). Meanwhile, there was no significant difference in the distribution of compartments (Figure 2D) and gene expression (Figure 2E) between AA and AAAA.
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FIGURE 2. Hi-C analysis of chromatin contacts in diploid and autotetraploid pak choi. (A) 3D model of whole chromosomes. Each chromosome is represented by a different hue. (B) Intrachromosomal interactions of the chromosome at 40 Kb resolution. (C) Each diagonally spread triangle corresponds to a TAD. (D) First principal component values show the type of A/B compartment. (E) Gene expression level based on RNA-seq. (F) Distributions of TADs.




Identification of A/B Compartment Shifts

In general, Compartments A are euchromatin transcriptional active regions, while Compartments B are heterochromatin transcriptional repressed regions. Gene expression is affected by the conversion between Compartments A and B: Compartments B-to-A shift usually boosts gene expression, and vice versa. Each chromosome’s A/B compartment distribution of AA and AAAA was shown in Figure 3A. In total, 37595 A (80.70%) and 8,989 B (19.30%) compartments were identified in diploids, whereas 37,514 A (80.54%) and 9,065 B (19.46%) compartments were identified in autotetraploids (Figure 3B and Supplementary Table 11). Compared to the B compartments, the A compartments had higher gene intensity, lower GC content (Supplementary Table 8), and a considerable increase in transcription of both two samples (Figure 3C), which was consistent with earlier compartment pattern research in Arabidopsis (Grob et al., 2014).
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FIGURE 3. The analysis of the A/B compartments in diploid and autotetraploid pak choi. (A) The distributions of the A/B compartment on each chromosome. With the y-axis 0 scale line as the reference, above is Compartment A and below is Compartment B. (B) The number of genes contained in the A and B compartments. (C) Box plots representing the gene expression on the A and B compartments. (D) The percentage of the A/B compartment shifts between diploid and autotetraploid pak choi.


Following genome doubling, there were 1,776 A/B compartment shifts overall, with 926 (1.99%) A-to-B shifts and 850 (1.82%) B-to-A shifts, while a considerable number of compartments remained stable (78.71% conserved A compartments and 17.47% conserved B compartments) (Figure 3D). Combined with transcriptome data, 23 and 28 DEGs were identified in A-to-B shifts and B-to-A shifts, respectively. Screening the 51 DEGs associated with A/B compartment shifts identified 20 (71.43%) DEGs upregulated in the B-to-A compartment and 10 (43.48%) DEGs downregulated in the A-to-B compartment (Supplementary Table 12). The inconsistent relationship suggests that the uncoupling of compartmental variation and gene expression resembles the results in Drosophila (Ghavi-Helm et al., 2019).



Identification of Different Kinds of Topologically Associating Domains

Topologically associating domains are defined as continuous regions, the frequency of interaction within the region is significantly higher than that of the two adjacent regions (Dixon et al., 2012), and they have been proved to affect transcriptional regulation in various ways (Gibcus and Dekker, 2013; Bonev and Cavalli, 2016). We identified 167 and 157 TADs in AA and AAAA, respectively, of which 109 were conserved (Figure 4A). In this study, we did not detect the difference in the TAD boundary region, so we used previous methods (Le Dily et al., 2014) to predict and classify conserved TADs according to the change in gene expression in TADs after genome doubling. Figure 4B showed that activated TAD had a greater percentage of fold change (AA/AAAA) >1 than repressed TAD. Moreover, the expression change of activated TAD was higher than repressed TAD (Figure 4C). As a result, 10 activated TADs, 11 repressed TADs, and 88 other TADs were identified (Supplementary Table 13). Besides, 15 DEGs were recognized in activated TADs (9 up-regulated DEGs in diploids) and 80 DEGs were identified in repressed TADs (49 down-regulated DEGs in diploids) (Supplementary Table 14).
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FIGURE 4. The analysis of TADs in diploid and autotetraploid pak choi. (A) Venn diagram of TADs detected in AA and AAAA. (B) Proportional stacking maps of genes with different expression levels in different TADs. For each gene contained in the TADs, the change in expression level was calculated for both sets of samples, and the percentage of all genes corresponding to that TAD with Fold Change greater than 1. The percentages were divided into four categories, including 0–25%, 25–50%, 50–75%, and 75–100%. The results for the different categories of TADs were presented in the form of bar charts. (C) Gene expression of the three types of TADs.




Growth Advantage Gene Candidates and Validation of qRT-PCR

The study’s main goal was to uncover the underlying molecular mechanisms of autotetraploid growth advantage by identifying differences between genomic and spatial features. An integrative study of RNA-seq and Hi-C data was used to screen the DEGs that were influenced by 3D reorganization or disarray (Supplementary Table 15). There were 88 DEGs altogether in A/B compartment shifts and activated and repressed TADs (Figure 5). Interestingly, BraA02002549 and BraA04002191 were both in A/B compartment and TADs. Furthermore, potential candidate genes were found in eight DEGs with genomic structural variants, including four DEGs involved in photosynthesis, three DEGs related to the chloroplast, and one DEG associated with disease resistance, which may contribute to autotetraploid growth advantage (Table 1). To validate the accuracy of RNA-seq data, qRT-PCR was performed on the 15 DEGs, consisting of seven random DEGs and eight candidate genes. The two methods (qRT-PCR and RNA-sequencing) revealed similar trends in the expression profiles of those 15 DEGs (Figure 6A), and the correlation coefficient of R2 = 0.8257 (Figure 6B), indicating the high reliability of the applied RNA-seq analysis.
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FIGURE 5. The validation of RNA-seq data. (A) qRT-PCR validation of 15 DEGs. X-axis: Gene ID; Y-axis: log2 (FC), FC (Fold change) represents the ratio of gene expression between AA and AAAA, the logarithm to its base 2 is log2 (FC). (B) qRT-PCR and RNA-seq data correlation analysis.



TABLE 1. The candidate genes for growth advantage screened through a comprehensive RNA-seq and Hi-C analysis.
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FIGURE 6. The heat map of gene expression screened by the integrative analysis of RNA-seq and Hi-C. (A) The gene expression heatmap of down-regulated DEGs in autotetraploid pak choi involved in A-to-B compartment and up-regulated DEGs involved in B-to-A compartment. (B) The gene expression heatmap of down-regulated DEGs in diploid pak choi in repressed TADs and up-regulated DEGs in activated TADs.





DISCUSSION

Polyploidization is a rather typical occurrence in plant evolution, and it is also an important way to form new species. Previous studies on polyploids have shown the progeny of polyploid plants typically possess larger organs, higher yields, increased toughness, and other excellent agronomic characteristics relative to their diploid parents (Mu et al., 2012; Tsukaya, 2013). Nevertheless, the underlying molecular mechanisms of the autotetraploid growth advantage are complex and need to be elucidated further. With the rapid development of high-throughput sequencing and plant genome sequencing technologies, it’s more efficient to study transcriptional and regulatory effects across the genome. Many polyploid plants have been studied using RNA-seq, including polyploid Arabidopsis, Brassica napus, cotton, wheat, and other species (Akhunova et al., 2010; Flagel and Wendel, 2010; Kim and Chen, 2011; Higgins et al., 2012). The genome duplication in pak choi occurs along with changes in gene expression and potential transcriptome modifications. The accurate regulation of gene expression in several layers is dependent on the three-dimensional (3D) structure of chromatin (Bonev and Cavalli, 2016). In this work, we evaluated the 3D genome of diploid and autotetraploid pak choi and combined Hi-C and RNA-seq data.

The GO analysis showed that DEGs were mostly enriched in terms related to photosynthesis and thylakoid. Moreover, the number of activated DEGs was more than inhibited after genome duplication, which indicated that genome duplication promoted the expression of genes for photosynthesis, leading to an autotetraploid growth advantage. To a certain extent, it verified and explained the previous studies (Zhang et al., 2020). According to KEGG significance enrichment analysis, DEGs were mainly active in photosynthesis and photosynthesis antenna proteins, indicating that they played a key role in autotetraploid plant development.

It’s now clear that phenotypic characteristics aren’t determined solely by DNA sequence and the different hierarchies of the 3D genome have the potential to regulate the expression of genes with various levels of regulatory control (Kong and Zhang, 2019). Our results revealed that autotetraploid pak choi had a reorganization of interactions within chromosomes and between different chromosomes, which was studied hierarchically. Furthermore, TADs and compartment condition were proved to be extremely stable between diploid and autotetraploid B. rapa. Yet we also found that only 43.48% of DEGs in the A-to-B compartment were repressed in autotetraploid pak choi, illustrating that the majority of this remodeling at the local level is not directly related to changes in gene expression. This finding is in line with recent research indicating that changes in transcription aren’t always accompanied by changes in genomic structure (Ghavi-Helm et al., 2019).

A total of 87 DEGs were revealed by integrative analysis of Hi-C and RNA-seq in this study. It was shown that polyploidy made genes that help the plant grow, develop, and respond to stress more active in pak choi, and the majority of them were concerned with photosynthesis and chloroplasts. As a result, autotetraploid pak choi showed improved carbon fixation and photosynthesis. Finally, we screened eight potential genes that might play a role in the growth advantage from the compartment A/B shifts and the repressed TADs, including four DEGs involved in photosynthesis, three DEGs related to chloroplast, and one DEG associated with disease resistance. Among these DEGs, BrLHCA3 (BraA01003143), LHCB5 (BraA09002798), and BrPSBW (BraA04002224) are related to the photosystem. The Calvin cycle (CC), photosystem I (PSI), photosystem II (PSII), and the light-harvesting complex (LHC) are the four primary gene networks that mediate photosynthesis, and whole-genome duplications revealed that dosage sensitivity drives photosystem gene family evolution (Coate et al., 2011). Light-harvesting chlorophyll a/b binding protein (LHC) is an important functional protein in the photosynthetic system, which is located on the chloroplast thylakoid membrane (Raghavendra, 2000). In higher plants, LHC gene families include LHCA and LHCB subfamilies, which encode proteins that constitute light collection complexes for light systems I and II (Jansson, 1999). Many studies have shown that LHCA and LHCB genes play an important role in the adaptation of plants to environmental stress. Fan et al. (2011) found that LHCA gene expression was significantly up-regulated in salt-tolerant plants. Cold pressure stimulates the activation of the Lhcb1*3 gene in Arabidopsis seedlings cultivated in the dark (Capel et al., 1998). In moss, the absence of LHCB5 led to disordered thylakoid structure, reduced granular membranes, and increased starch granules (Peng et al., 2019). In Arabidopsis thaliana, LHCB5 knock-out led to decreased energy-transfer efficiency from the LHCII (light-harvesting complex II) to the PSII reaction center (Chen et al., 2018). PsbW is a nuclear-encoded protein expressed in the chloroplast’s thylakoid membrane (Shi and Schröder, 1997). The loss of PsbW in Arabidopsis destroyed the stability of PSII supramolecular structure, which led to a slight decrease in the chlorophyll fluorescence parameter FV/FM, a significant decline in the phosphorylation of the PSII core protein, and a modification of the plastoquinone (PQ) pool’s redox state in leaves that have acclimated to darkness (García-Cerdán et al., 2011). As mentioned, previous studies comparing polyploids to diploids in pak choi observed higher photosynthetic rates in polyploids (Zhang et al., 2020), which we speculated may be related to the three candidate genes. However, we do not yet clearly know how these candidate genes work in B. rapa, and further studies are needed. In addition, the correlative findings require experimental validation, such as genome editing, to confirm potential relationships among genome alterations, the 3D genome, and gene expression regulation in genome duplication.



CONCLUSION

It is possible that the rebuilding of 3D genomic architectural maps, as well as the location of variably available chromosomal domains between diploid and autotetraploid pak choi could help further develop a similar comprehension of other traits in other plants by combining the Hi-C method with RNA-seq technology in the future. In the post-genomic era, recognizing the layout of the chromosome in the nucleus, as well as its functional consequences, has emerged as an important priority (Kong and Zhang, 2019). In our work, we discovered that gene expression can be controlled through genetic changes and changes in spatial organization, as well as the identification of candidate genes that play a role in polyploid growth, which will help us breed B. rapa more effectively.
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Saline-alkali soils pose an increasingly serious global threat to plant growth and productivity. Much progress has been made in elucidating how plants adapt to salt stress by modulating ion homeostasis. Understanding the molecular mechanisms that affect salt tolerance and devising strategies to develop/breed salt-resilient crops have been the primary goals of plant salt stress signaling research over the past few decades. In this review, we reflect on recent major advances in our understanding of the cellular and physiological mechanisms underlying plant responses to salt stress, especially those involving temporally and spatially defined changes in signal perception, decoding, and transduction in specific organelles or cells.
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INTRODUCTION

Food production must increase by 70% worldwide by 2050 to meet the demands of the ever-increasing human population (High-Level Expert Forum, FAO, October 20091). Thus, attaining food security and developing strategies to improve crop productivity and quality have become urgent aims. A major obstacle to improving crop productivity is soil salinization and alkalization, as salt stress severely restricts the germination rates, growth, development, and biomass accumulation of plants. Crop loss due to soil salinity poses an increasing threat to modern agriculture (Munns and Tester, 2008; Zhu, 2016; Yang and Guo, 2018a). In addition to rising levels of groundwater with high salt levels and increased evaporation due to drought, the increase in soil salinization is also caused by overirrigation and climate change (Rengasamy, 2006). Approximately one-fifth of irrigated lands worldwide are affected by soil salinization (Morton et al., 2019). Thus, the sustainable use of saline land resources and improving the agricultural output of saline soils are of paramount importance for global food security.

In contrast to halophytes, which can grow at high salt concentrations (>200 mM NaCl) (Munns and Tester, 2008; Flowers and Colmer, 2015), glycophytes are sensitive to high salinity. Most crops are glycophytes and are not suitable for growth in saline lands. An effective strategy for increasing crop yields in salinized agricultural lands is to design and breed salt-tolerant crop varieties. To achieve this goal, we must better understand (1) how to reduce soil salinity via phytoremediation or by improving agricultural practices; (2) the mechanisms by which high salinity leads to reduced water availability; (3) the toxic effects of sodium and chlorine ions on plants. Recent achievements in deciphering the underlying salt stress sensing and tolerance mechanisms in plants will greatly facilitate the breeding of salt-tolerant crop varieties. In this review, we briefly summarize recent progress in our understanding of salt stress sensing and signal transduction, focusing on how plants sense salt stress and transmit and decode salt stress signals to alter the gene expression and/or protein stability/activity in response to salt stress.



SENSORY MECHANISMS OF SALT STRESS

The process of salt stress is divided into osmotic stress (early stage) and ionic toxicity (later stage) (Munns and Tester, 2008). To tolerate salt stress more effectively, plants have evolved various regulatory mechanisms that quickly perceive changes in Na+ concentrations and osmotic pressure caused by salt stress (Figure 1). NaCl or mannitol stimuli induce rapid increases in cytosolic Ca2+ levels within seconds (Knight et al., 1997), perhaps due to the strong coupling relationship between osmotic stress receptors and calcium channels. The increase in Ca2+ levels first occurs in roots (Tracy et al., 2008) and has been detected in several different cell types (Kiegle et al., 2000; Martí et al., 2013).
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FIGURE 1. Salt stress signal transduction in plants. The SOS pathway, consisting of SOS3, SCaBP8, SOS2, and SOS1, is essential for decoding salt-induced calcium signals and maintaining ionic homeostasis in the plant cell. 14-3-3, GIGANTEA (GI), ABI2, and BIN2 proteins negatively regulate SOS pathway activity by directly interacting with SOS2 and repressing its kinase activity. PKS5-mediated phosphorylation of SOS2 enhances its interaction with 14-3-3, thereby inhibiting and maintaining basal levels of SOS2 activity under normal conditions. Arabidopsis K+ TRANSPORTER 1 (AKT1) activity is repressed by SCaBP8. GIPCs might function as monovalent-cation sensors that bind to Na+ and initiate calcium influx, which further activates the SOS pathway. AtANN4, a putative calcium-permeable transporter, might also generate calcium influx to activate the SOS pathway under salt stress. OSCA1 functions as an osmosensor to generate osmotic Ca2+ signaling in response to osmotic stress. Feedback regulation of AtANN4 by the SOS pathway is required to fine-tune the formation and duration of salt-induced calcium influx and long-term salt stress responses. Phosphatidylinositol (PI) directly binds to the C-terminus of the plasma membrane (PM) H+-ATPase AHA2 to repress its activity. PI is converted into phosphatidylinositol 4-phosphate (PI4P) to release the inhibition of AHA2 under salt stress. PI4P binds to and activates the PM Na+/H+ antiporter SOS1. PIP3 and RLK7 accumulate under salt stress, and the PIP3-RLK7 interaction contributes to the activation of RLK7, resulting in the activation of MPK3/6 to transduce stress signals. MAP kinase cascades are involved in regulating salt stress signal transduction. RAFs are required for the phosphorylation and activation of SnRK2s in response to salt-induced osmotic stress, and SnRK2 activity is amplified by auto-phosphorylation. In the nucleus, several specific transcription factors that are downstream targets of MPKs and SnRK2s bind to and activate the expression of salt stress-responsive genes. In the vacuole, NHXs, CAX1, the vacuolar Ca2+/H+ antiporter and vacuolar H+-ATPase (VHA) exclude Na+ from the cell. The dashed lines indicate regulatory roles under normal conditions.


Exogenous expression of Arabidopsis thaliana HISTIDINE KINASE 1 (AtHK1) suppressed the lethality of the temperature-sensitive and osmosensing-defective yeast mutation sln1-ts (Urao et al., 1999; Tran et al., 2007; Wohlbach et al., 2008), suggesting that AtHK1 functions in osmo-sensing. However, a subsequent study showed that the hk1 mutant exhibits significant physiological responses to osmotic stress (Kumar et al., 2013), indicating that some other unknown proteins must be responsible for sensing osmotic stress. Based on these findings, Kurusu et al. (2013) proposed that hyper-osmotic stress is sensed by a mechanical Ca2+ channel, which was described as a mechano-osmotic sensory modality (Kurusu et al., 2013). The osca1 (reduced hyperosmolality-induced [Ca2+]i increase 1) mutant was isolated in Arabidopsis using calcium imaging-based unbiased forward genetic screening. Similar to the osmosensor TRPV4 in animals (Liedtke et al., 2000), OSCA1 is involved in osmotic stress-induced rapid signal transduction, intermediate cellular responses, and prolonged growth and development (Yuan et al., 2014). OSCA1 was identified as a plasma membrane hyperosmolality-gated calcium-permeable channel and a putative osmosensor required for osmotic stress-induced Ca2+ signatures (Yuan et al., 2014; Zhang et al., 2020).

Using the same strategy, a genetic screen for mutants impaired in intracellular calcium concentration ([Ca2+]cyt) increases specifically induced by sodium (Na+) was performed in Arabidopsis. This led to the identification of the moca1 (monocation induced Ca2+ increases 1) mutant, which shows reduced cytosolic [Ca2+]cyt spikes in response to salt treatment (Jiang et al., 2019). The increases in [Ca2+]cyt in response to K+ or Li+ were also reduced in moca1, but it showed nearly wild type responses to H2O2, cold stress, and high external Ca2+ stimuli, indicating that moca1 is mainly sensitive to monovalent cations. Furthermore, moca1 only exhibits attenuated growth under Na+ stress, indicating that MOCA1 specifically regulates Na+ signaling (Jiang et al., 2019). MOCA1, an inositol phosphorylceramide glucuronosyltransferase also known as IPUT1, was also classified as PLANT GLYCOGENIN-LIKE STARCH INITIATION PROTEIN 6 (PGSIP6) in glucuronosyltransferase subfamily 8 (GT8) (Rennie et al., 2012, 2014). IPUT1 functions as an enzyme that transfers a glucuronic acid (GlcA) residue from UDP-GlcA to the precursor inositol phosphorylceramide (IPC) to form glycosyl inositol phosphorylceramide (GIPC) (Rennie et al., 2014). Indeed, moca1 plants contained higher levels of IPCs but lower levels of GIPCs than wild type plants. It appears that GIPC directly binds Na+ on the cell surface, thereby preventing the subsequent depolarization of the cell membrane potential that gates Ca2+ channels (Jiang et al., 2019).

Based on the mechano-osmotic sensory modality, salt stress and osmotic stress have long been regarded as mediating the mechanical properties of the cell wall, which then senses and transduces the salt stress signal. Accumulating evidence suggests that the receptor-like kinase FERONIA (FER) (Feng et al., 2018), ANNEXINs (Laohavisit et al., 2013; Ma et al., 2019), plastid K+ exchange antiporters (KEAs) (Stephan et al., 2016), the mechanosensitive ion channel MscS-like (MSL) (Hamilton et al., 2015a,b), MID1-COMPLEMENTING ACTIVITY (MCA) (Kurusu et al., 2012a,b, 2013), and two-pore calcium channel family proteins (Choi et al., 2014) sense osmotic stress or salt stress by mediating salt-induced Ca2+ signaling or by perceiving salt stress-induced turgor or changes in cell structure.

Feronia functions as a sensor of cell wall softening and induce cell-specific calcium transients to maintain cell wall integrity under salt stress (Feng et al., 2018). Salt stress induces the processing and secretion of mature RAPID ALKALINIZATION FACTOR 22/23 (RALF22/23), which in turn interact with the cell wall-localized leucine-rich repeat extensins LRX3, LRX4, and LRX5, together with FER, to sense and transduce salt stress signals by monitoring cell wall integrity (Zhao C. et al., 2018). AtANN1 is an important regulator of calcium signaling and adaptive root growth that mediates reaction oxygen species (ROS)-induced increases in cytosolic calcium concentration ([Ca2+]cyt) under salt stress. The atann1 mutant shows enhanced Na+ influx and K+ efflux at root epidermal cells and impaired root growth under saline conditions (Laohavisit et al., 2013). AtANN4, another calcium-dependent membrane-binding protein, and putative calcium-permeable transporter, is required for the salt stress response and salt-induced increases in [Ca2+]cyt and is also essential for salt overly sensitive (SOS) pathway activation (Ma et al., 2019).

Pioneering studies demonstrated that KEA1 and KEA2 are targeted to the inner envelope membrane of the chloroplast, whereas KEA3 is targeted to the thylakoid membrane, and that these transporters are required for plasmid ion homeostasis and osmoregulation (Kunz et al., 2014; Stephan et al., 2016). Mutation of KEA1, KEA2, or KEA3 leads to reduced rapid osmotic stress-induced calcium spikes, suggesting that Arabidopsis KEA1/2/3 function as osmotic sensors, endowing plants with the ability to sense the intensity of water limitation in response to osmotic stress (Stephan et al., 2016).

The rapidly reduced turgor pressure caused by high salinity is perceived by MSL and MCA family proteins. MSL10 is required for potentiating the [Ca2+]cyt increase and ROS accumulation in response to cell swelling (Basu and Haswell, 2020), suggesting that MSL10 might function as a membrane-based sensor that perceives cell swelling. Pollen-localized MSL8, a membrane tension-gated ion channel, is required for the survival of pollen and full male fertility under hypo-osmotic shock due to rehydration (Hamilton et al., 2015a), and MSL2 and MSL3 have been implicated in osmotic homeostasis in chloroplasts (Haswell and Meyerowitz, 2006; Wilson et al., 2011; Veley et al., 2012). MCA1 is also required for cell wall integrity (Denness et al., 2011; Wormit et al., 2012) and for promoting Ca2+ influx upon mechanical stimulation (Nakagawa et al., 2007). Plasma membrane-localized OsMCA1 regulates Ca2+ influx and ROS generation in rice (Oryza sativa) under hypo-osmotic stress conditions (Kurusu et al., 2012a).

High salinity stress rapidly triggers H2O2 bursts in plant cells, which function as important stress signals (Wang W. et al., 2020). The leucine-rich-repeat (LRR) receptor kinase HYDROGEN-PEROXIDE-INDUCED CA2+ INCREASES1 (HPCA1) functions as a hydrogen peroxide sensor that perceives the stress-induced extracellular H2O2 burst and generates increased [Ca2+]cyt under stress stimuli (Wu et al., 2020). The Arabidopsis Na+/H+ antiporter SOS1 may perform other activities in addition to its antiporter activity; its long cytoplasmic tail likely confers its salt stress sensing activity (Shi et al., 2002; Zhu, 2002). Plant harbors abundant proteins that can act as salt stress sensor(s) and sensing mechanisms operate in parallel will allow plants to decode the stress signals and adapt to salt stress more efficiently.



MECHANISMS OF OSMOTIC AND IONIC SIGNALING IN RESPONSE TO SALT STRESS

During the long evolutionary process, plants have evolved a series of physiological, biochemical, and molecular regulatory mechanisms to respond to and resist salt stress (Figure 1), including the selective absorption, accumulation, or excretion of ions, the regionalization of Na+ in the cytoplasm through the membrane system, and the induction of stress tolerance gene expression (Roy et al., 2014; Zhu et al., 2016; Yang and Guo, 2018a; van Zelm et al., 2020). The cell surface-localized receptors rapidly sense external environmental stimuli (hypersaline stress), and second messengers such as Ca2+, ROS, and phytohormones are generated in a spatiotemporal-specific manner. These signals are decoded by diverse Ca2+-dependent proteins, including calmodulins (CaM), calmodulin-like proteins (CMLs), calcium-dependent protein kinases (CDPKs), CBL-interacting protein kinases (CIPKs)/SOS2-like protein kinases (PKSs) and calcineurin B-like proteins (CBLs)/SOS3-like calcium-binding proteins (SCaBPs) (Dodd et al., 2010). Finally, the Ca2+ signatures are translated into protein-protein interactions, protein phosphorylation/de-phosphorylation, phospholipid metabolism, or gene expression (Hashimoto and Kudla, 2011).

In Arabidopsis, the evolutionarily conserved SOS pathway is essential for plant adaptation to salt stress by exporting excess Na+ (Zhu, 2016; Yang and Guo, 2018a,b; van Zelm et al., 2020; Zhao et al., 2020). The classical SOS pathway includes three major components: the Na+/H+ antiporter SOS1; the serine/threonine-protein kinase SOS2, which harbors an N-terminal kinase domain similar to that of SUCROSE NON-FERMENTING 1 (SNF1)/AMPK; the helix E-loop-helix F hand (EF-hand) calcium-binding proteins SOS3 and SCaBP8/CBL10 (Zhu et al., 1998; Halfter et al., 2000; Liu et al., 2000; Shi et al., 2000; Qiu et al., 2002; Quan et al., 2007; Lin et al., 2009). The calcium sensors SOS3 and SCaBP8 perceive the salt-induced [Ca2+]cyt to release the self-inhibition of SOS2 and promote its activity via interactions with its FISL motif (A, F, I, S, L, and F are absolutely conserved). These calcium sensors then recruit the activated SOS2 to the plasma membrane (Halfter et al., 2000; Guo et al., 2001; Quan et al., 2007). SOS3 primarily functions in roots, whereas SCaBP8 primarily functions in shoots in response to salt toxicity. The salt-hypersensitive phenotype of sos3 was partially rescued by ScaBP8 overexpression, but overexpressing SOS3 failed to complement the salt-sensitive phenotype of scabp8, indicating that the functions of SOS3 and ScaBP8 are only partially redundant, and each plays additional and unique roles in plant responses to salt stress (Quan et al., 2007). ENDOSOMAL SORTING COMPLEX REQUIRED FOR TRANSPORT-I (ESCRT-I) subunit VPS23A VACUOLAR PROTEIN SORTING 23A (VPS23A) interacts with and assists in targeting SOS2 to the plasma membrane, which enhances the SOS2-SOS3 interaction on the plasma membrane (Lou et al., 2020). The plasma membrane-localized SOS2, with high levels of kinase activity, further phosphorylates and activates the Na+/H+ antiporter SOS1 (Quan et al., 2007; Lou et al., 2020).

Salt overly sensitive 1 (SOS1) is a key systemic determinant of Na+ extrusion from the cytosol to the apoplast, and its functional mutant sos1-1 displays the exceptional sensitivity to salt stress (Shi et al., 2000, 2002; Qiu et al., 2002; Quintero et al., 2002, 2011). SOS1 forms a homodimer folded into an N-terminal transmembrane and a cytosolic, autoinhibitory C-terminal tail (Quintero et al., 2011; Núñez-Ramírez et al., 2012), which is activated when the amino acid residues (serine 1036 and serine 1038) at its C-terminus are phosphorylated by SOS2 (Quintero et al., 2011). Overexpression of SOS1 C terminus leads to increased salt tolerance by the sequestration of inhibitory 14-3-3 proteins (Duscha et al., 2020). SOS1 is also involved controlling long-distance Na+ transport from root to shoot (Shi et al., 2002; El Mahi et al., 2019). Besides SOS1, several Na+ transporters from different transporter protein families have been identified, for example, the HIGH-AFFINITY K+ TRANSPORTER 1 (HKT1) family transporter and the HAK-type Na+-selective ion transporter. HKT1 is responsible for promoting shoot Na+ exclusion by retrieving Na+ from xylem vessels (Ren et al., 2005; Møller et al., 2009). The AtHKT1 loss-of-function mutation was able to confer enhanced salt tolerance in both sos1, sos2, and sos3 mutants by limiting the accumulation of cytosolic Na+ and mitigating the root-shoot Na+ translocation, indicating the interplays between HKT1 and SOS pathway is essential for modulating Na+ homeostasis in plant cells (Rus et al., 2001, 2004; Pabuayon et al., 2021). The HAK Na+ transporter is responsible for modulating root-to-shoot Na+ translocation and root Na+ content (Zhang et al., 2019; Wang et al., 2020). Salt stress-induced Ca2+ binds to ZmNSA1 and triggers its degradation, then promotes the transcription of Maize PM-H+-ATPases (MEAs) to enhance root H+ efflux, thus promoting the pump activity of SOS1 in maize (Cao et al., 2020). Numerous studies have revealed how plants adjust Na+ transporters and SOS pathway activities to balance plant growth and salt tolerance to facilitate adaptation to the ever-changing environment.

In the absence of salt stress, the kinase activity of SOS2 is inhibited by several regulators, including BRASSINOSTEROID-INSENSITIVE 2 (BIN2; Li et al., 2020), SOS2-LIKE PROTEIN KINASE 5 (PKS5; Yang Z. et al., 2019), 14-3-3 proteins (Zhou et al., 2014) and GIGANTEA (GI; Kim et al., 2013), all of which interact with SOS2 to repress its kinase activity. The protein phosphatase 2C ABA INSENSITIVE 2 (ABI2) interacts with SOS2 and might also negatively regulate its kinase activity (Ohta et al., 2003). The protein phosphatase interaction (PPI) motif in SOS2, a protein domain of 37 amino acid residues, is sufficient and necessary for the ABI2-SOS2 interaction (Ohta et al., 2003).

GIGANTEA and 14-3-3 proteins physically interact with SOS2 and suppress its kinase activity under normal conditions. Under salt stress conditions, GI and 14-3-3 are degraded by the 26S proteasome degradation pathway, resulting in the release of SOS2 from SOS2-GI/14-3-3 complexes and the activation of SOS2 (Kim et al., 2013; Zhou et al., 2014). 14-3-3 proteins are a family of conserved regulators that are considered to be phosphoserine binding proteins due to their ability to bind to numerous, functionally diverse phosphorylated signaling proteins, including kinases, phosphatases, and transmembrane receptors (reviewed in Fu et al., 2000). Phosphorylation of the amino acid residue (serine 294) in SOS2 enhanced its binding affinity to 14-3-3. PKS5 is responsible for phosphorylating SOS2 at this amino acid residue to promote the SOS2-14-3-3 interaction, thereby limiting SOS2 activity to basal levels in the absence of salt stress (Yang Z. et al., 2019). Salt stress represses the kinase activity of PKS5 by promoting the PKS5-14-3-3 interaction, thereby releasing the inhibition of SOS2 (Yang Z. et al., 2019).

The glycogen synthase kinase 3 (GSK3)-like kinase BIN2 phosphorylates and inhibits SOS2 activity to negatively regulate plant salt tolerance (Li et al., 2020). During the rapid recovery phase after salt stress, SOS3 and SCaBP8 promote the membrane distribution of BIN2, where BIN2 phosphorylates SOS2 at threonine 172 (T172) to represses its kinase activity. Meanwhile, downstream targets such as BES1 (BRI1-EMS-SUPPRESSOR 1) and BZR1 (BRASSINAZOLE RESISTANT1) are released to promote plant growth, indicating that BIN2 functions as a molecular switch between salt tolerance and growth recovery (Li et al., 2020).

Upon salt stress, not only are negative regulators of the salt stress response de-activated but positive regulators of this process are also activated. The key regulatory step in the activation of the SOS pathway is the amplification of SOS2 kinase activity in response to salt stress. As mentioned above, AtANN4 plays a critical role in mediating Ca2+ transients, which are essential for the activation of SOS2 kinase in Arabidopsis (Ma et al., 2019). In addition, the feedback regulation of AtANN4 fine-tunes the formation and duration of salt stress-induced Ca2+ transients, thereby optimizing SOS2 kinase activity in response to long-term salt stress (Ma et al., 2019). The salt-induced Ca2+ signature is decoded by 14-3-3 proteins, resulting in the increased repression of PKS5 activity, reduced SOS2Ser294 phosphorylation, and thus reduced repression of SOS2 activity by 14-3-3 proteins (Yang Z. et al., 2019). The SCaBP1/CBL2-PKS5 module and the calcium sensor SCaBP3/CBL7 all negatively regulate plasma membrane H+-ATPase activity under normal conditions, and PKS5 activity is repressed to release the H+-ATPase activity under salt stress (Fuglsang et al., 2007; Yang et al., 2010; Yang Y. et al., 2019). Together, these findings indicate that the salt-induced calcium signature is decoded by 14-3-3 and SOS3/SCaBP8 to activate or suppress SOS2 and PKS5 to further mediate plasma membrane Na+/H+ antiporter and H+-ATPase activity, respectively (Yang et al., 2010; Yang Z. et al., 2019). In the presence of salt stress, BIN2 dissociates from the plasma membrane, whereas SOS2 accumulates on the plasma membrane, also leading to the release of SOS2 inhibition and the activation of SOS1 (Quan et al., 2007; Li et al., 2020).

Besides the activation of the SOS pathway, plants have evolved an array of strategies that help them withstand salt stress, including the accumulation of protective metabolites, such as polyols, betaine, trehalsose, ectoine, proline, soluble sugars, polyamines (PAs), free unsaturated fatty acids, phosphatidylinositol, phosphatidic acid, and Late Embryogenesis Abundant (LEA) proteins, that buffer the negative effects of toxic ions (Hasegawa et al., 2000; Thole and Nielsen, 2008; Liu et al., 2015; Yang et al., 2021). Overexpression of P5CS1, encoding the rate-limiting proline biosynthesis enzyme Δ1-pyrroline-5-carboxylate synthetase 1, increased proline contents and osmotolerance in transgenic plants (Yoshiba et al., 1999; Székely et al., 2008; Szabados and Savouré, 2010). The plasma membrane-localized L-type amino acid transporter LAT1 (also known as PUT3) exhibits a polyamine transport activity (Fujita et al., 2012; Fujita and Shinozaki, 2014; Shen et al., 2016). SOS2 and SOS1 physically and genetically interact with PUT3 to modulate its polyamine transport activity in response to high salt conditions (Chai et al., 2020).

Free unsaturated fatty acids play an essential role in salt stress tolerance (Zhang et al., 2012) by activating the plasma membrane H+-ATPase by directly binding to its C-terminus (Han et al., 2017). Phosphatidylinositol (PI) directly binds to the C-terminus of the plasma membrane H+-ATPase AHA2 and inhibits its activity. PI is converted into phosphatidylinositol 4-phosphate (PI4P) under salt stress to mediate the removal of AHA2 inhibition, while the accumulated PI4P positively regulates salt tolerance by interacting with and activating SOS1 (Yang et al., 2021). NaCl treatment leads to increased PA levels and the increased production and enzymatic activity of phospholipase D (Yu et al., 2010; Wang et al., 2019). In turn, PA activates MITOGEN-ACTIVATED PROTEIN KINASE 6 (MPK6), which phosphorylates and activates SOS1 to improve plant salt tolerance (Yu et al., 2010).

Several other protein kinases are also involved in regulating salt stress responses. GEMINIVIRUS REP-INTERACTING KINASE 1 (GRIK1) and GRIK2 phosphorylate SOS2 at amino acid residue threonine 168 (T168), thereby increasing its kinase activity (Barajas-Lopez et al., 2018). The grik1-2 grik2-1 mutant is sensitive to both glucose and high salt, indicating that GRIKs are not only involved in sugar/energy-sensing but also in salinity signaling pathways (Barajas-Lopez et al., 2018). CIPK8, another CIPK protein family member and a close homolog of SOS2, interacts with CBL10 and activates SOS1 to form the CBL10-CIPK8-SOS1 module, which extrudes excess Na+ (Yin et al., 2020). In addition, OsMKK1 transcription and OsMKK1 kinase activity are markedly increased by salt treatment in rice. OsMKK1 then targets OsMPK4 to constitute a signaling pathway that positively regulates salt tolerance (Wang F. et al., 2014).

Arabidopsis MKK2 is activated by salt and cold stress, but not heat stress, hydrogen peroxide, or the flagellin-derived bacterial peptide elicitor flg22. Activated MKK2 specifically phosphorylates and activates MPK4 and MPK6, which induce the expression of cold- or salt stress-responsive genes (Teige et al., 2004). The mkk2 mutant is hypersensitive to cold and salt stress, whereas plants overexpressing MKK2 show increased salt and cold tolerance (Teige et al., 2004). MPK3/6 integrates cytokinin signaling by inducing the degradation of Arabidopsis RESPONSE REGULATOR 1 (ARR1), ARR10, and ARR12, thereby promoting salt tolerance (Yan et al., 2021).

By contrast, some MAP kinases play negative roles in salt stress tolerance. For example, the overexpression of OsMAPK33 and MKK9 led to increased salt sensitivity in rice and Arabidopsis, respectively (Xu et al., 2008; Lee et al., 2011). A T-DNA insertion mutant of MKK9 displayed insensitivity to 150 mM NaCl during seed germination, along with increased expression of the stress-related genes RESPONSIVE TO DEHYDRATION 22 (RD22) and RD29 (Alzwiy and Morris, 2007). Moreover, the Arabidopsis mapkkk20 knockout mutant showed enhanced tolerance to salt stress (Gao and Xiang, 2008), and the mpk9 mpk12 double mutant showed reduced water loss compared to the wild type (Jammes et al., 2009). In addition, five MPK genes (MPK9, MPK10, MPK11, MPK17, and MPK18), two MKK genes (MKK7 and MKK9), and four MEKK genes (MEKK3, MEKK5, MEKK6, and MEKK7) were induced by treatment with 200 mM NaCl (Moustafa et al., 2008), indicating that the MAP kinase signaling pathway plays a fundamental role in mediating plant salt tolerance. Raf-like protein kinases (RAFs) were classified as mitogen-activated protein kinase kinase kinases (MAPKKKs) in plants (Ichimura et al., 2002; Rao et al., 2010). Mutants of Raf-like kinase family members, such as ctr1, raf10, and raf11, are insensitive to ABA (Beaudoin et al., 2000; Lee et al., 2015), while the raf5 and sis8 mutants are hypersensitive to salt stress (Gao and Xiang, 2008). Plasma membrane-localized receptor-like kinases (RLKs) are also essential in sensing and transducing the salt stress signals (Li et al., 2014; Zhao X. et al., 2019; Zhou et al., 2022). The Lectin RLKs (LecRLKs) is reported to play critical roles in mediating plant salt stress and ABA responses (Vaid et al., 2013). The SALT INTOLERANCE 1 (SIT1) encodes a putative LecRLK and mediates salt sensitivity by activating MPK3/6 and promoting ethylene production and ROS accumulation in rice (Li et al., 2014). The salt-induced kinase activity of SIT1 is constrained by PP2A regulatory subunit B’κ-mediated dephosphorylation in its activation loop (Li et al., 2014; Zhao J. et al., 2019). In addition, the phosphorylation of RECEPTOR-LIKE KINASE 7 (RLK7) is enhanced with NaCl treatment, which positively regulates salt stress response by activating downstream MPK3/6 in Arabidopsis (Zhou et al., 2022). Understanding the specific mechanisms of salt stress signal transduction is essential for exploiting the potential of molecular and genetic markers/tools to create/breed salt-resilient crops.



EPIGENETIC REGULATION

Epigenetic regulation, including DNA methylation, histone modifications, histone variants, and some non-coding RNAs, plays essential roles in regulating plant adaptation to abiotic stress (Kinoshita and Seki, 2014; Chang et al., 2020; Wu et al., 2022). HKT1 is a salt tolerance determinant that mediates Na+ entry and high-affinity K+ uptake in roots (Rus et al., 2001). A putative small RNA target region of the HKT1 promoter is heavily methylated. The RNA-directed DNA Methylation (RdDM) component RDR2 is responsible for the methylation and expression of HKT1, indicating that the RdDM pathway functions in the salt stress response by negatively regulating HKT1 expression (Baek et al., 2011; Kumar et al., 2017). RDM16, another component of the RdDM pathway, regulates the overall methylation of transposable elements and the regions surrounding genes by influencing Pol V transcript levels (Huang et al., 2013). The rdm16 mutant is hypersensitive to salt stress and ABA, pointing to a tight connection between salt stress responses and DNA methylation (Huang et al., 2013).

In addition to DNA methylation, changes in histone modifications are also involved in regulating salt stress tolerance (Kim et al., 2015). Several ABA- and salt stress-responsive genes showed increased histone H3K9K14 acetylation and H3K4 trimethylation but decreased H3K9 dimethylation after ABA or salt treatment, indicating that the expression of stress-responsive genes is associated with changes in histone modifications (Chen et al., 2010). A higher-order mutant of HISTONE DEACETYLASE 6 (HDA6) showed decreased expression of ABA- and abiotic stress-responsive genes, thereby showing a salt-hypersensitive phenotype (Chen et al., 2010). The histone deacetylase HD2C interacts with HDA6 to repress the expression of ABI1 and ABI2 via histone modifications, and the hd2c mutant also showed increased sensitivity to ABA and salt stress (Luo et al., 2012).

The floral initiator SKB1 (SHK1 KINASE BINDING PROTEIN1) perceives salt stress and disassociates with chromatin to decrease H4R3sme2 (symmetric dimethylation of histone4 arginine3) levels to induce the transcription of FLOWERING LOCUS C, thereby regulating flowering time in Arabidopsis under salt stress (Zhang et al., 2011). Both transcriptomic changes and alternative mRNA splicing play vital roles in regulating the salt stress response (Barbazuk et al., 2008; Kornblihtt et al., 2013; Kong et al., 2014). The expression of linker histone variants is dependent on indicated environmental stimuli, for example, H1.S of tomato (Scippa et al., 2004) and HIS1-3 of Arabidopsis (Ascenzi and Gantt, 1997) could be induced by drought stress, and ABA treatment. However, the expression of HIS1-3 could be inhibited by salt stress (Wu et al., 2022). HIS1-3 negatively regulates plant salt stress response through the SOS pathway and the higher-order mutant of HIS1-3 confers plants’ enhanced salt tolerance in Arabidopsis (Wu et al., 2022). Arabidopsis SERRATE (SE) interacts with HYPONASTIC LEAVES 1 (HYL1) and CHR2 to facilitate microRNA biogenesis and fine-tune primary-microRNA processing (Lobbes et al., 2006; Yang et al., 2006; Wang Z. et al., 2018). High salinity represses the expression of SE at both the mRNA and protein levels, and the se mutant is hypersensitive to salt stress (Mou et al., 2021). SE positively regulates plant salt stress tolerance by modulating the pre-mRNA splicing of salt stress-responsive genes (Mou et al., 2021).

A study comparing the small RNA (sRNA) transcriptomes of the mangroves Bruguiera gymnorrhiza and Kandelia candel found that mangroves exhibit distinct sRNA expression patterns and regulatory networks that differ from those of glycophytes, indicating that changes in sRNA expression and sRNA-regulatory networks during evolution are essential for salt stress adaptation in plants (Wen et al., 2016). Salt stress decreases the accumulation of 24-nt siRNAs in Arabidopsis, thereby altering the expression of the transcription factor gene AtMYB74 to help the plant adapt to high salinity conditions (Xu et al., 2015). Indeed, overexpressing AtMYB47 led to hypersensitivity to salt stress during seed germination (Xu et al., 2015).



PHYTOHORMONE SIGNALING PATHWAYS

Phytohormones, including ABA, jasmonic acid (JA), gibberellin (GA), brassinosteroids (BRs), and ethylene are essential for plant growth and development and mediate biochemical and physiological responses to environmental stress (Figure 2), such as osmotic, salt, drought, cold and pathogen stress (Peleg and Blumwald, 2011; Yu et al., 2020). ABA, a 15-carbon sesquiterpenoid, plays important role in regulating plant growth, osmolyte accumulation, stomatal closure, leaf senescence, and root growth under abiotic stress. ABA also acts as an endogenous messenger involved in salt and drought stress signal transduction to initiate downstream gene expression (Finkelstein, 2013; Zhu, 2016).


[image: image]

FIGURE 2. Phytohormone-mediated salt stress responses. ABA, one of the most important stress response hormones, plays a crucial role in salt stress tolerance. ABA-activated SnRK2s regulate stomatal closure, osmotic homeostasis, and gene expression. Salt stress negatively regulates the accumulation of bioactive GAs, and the reduced GAs levels or inactivated GAs promote plant salt tolerance following germination. JA levels increase and JA signaling is activated by high salinity stress. JA is required for the inhibition of primary root growth, which may be an adaptive strategy for survival under salt stress. BR, a growth-promoting phytohormone, accumulates upon salt stress to positively regulate plant salt tolerance. BR induces the formation of the BRI1-BAK1 heterodimer, which then initiates the phosphorylation relay cascades among BSKs, BSU1, and BIN2, ultimately remodeling gene expression via the regulation of BZR1 and BES1. Ethylene also accumulates under salt stress in plants. The components involved in ethylene homeostasis or the ethylene signaling pathway play either positive or negative roles in salt stress responses. ABA, abscisic acid; GA, gibberellin; JA, jasmonic acid; BR, brassinosteroid; ETH, ethylene.


The expression of ABA biosynthetic genes is strongly induced in certain tissues in response to salinity or water deficit, including ABA DEFICIENT genes (ABAs), ALDEHYDE OXIDASE 3, and NINE-CIS-EPOXYCAROTENOID DIOXYGENASE genes (NCEDs) (Barrero et al., 2006; Endo et al., 2008). NCED3, encoding a key enzyme for ABA biosynthesis, is induced in leaves under water-deficient stress (Iuchi et al., 2001; Tan et al., 2003; Endo et al., 2008). NCED5, which encodes a rate-limiting enzyme in ABA biosynthesis, is also rapidly induced under salt stress (Huang et al., 2019). The root-derived CLE25 (CLAVATA3/EMBRYO-SURROUNDING REGION-RELATED 25) protein transmits water-deficiency signals from the vascular system in roots to leaves, where it is sensed by BAM (BARELY ANY MERISTEM), indicating that the CLE-BAM module functions as a long-distance signaling pathway in response to dehydration stress (Takahashi et al., 2018). The application of CLE25 to roots induces NCED3 expression and the accumulation of ABA in leaves, leading to a level of stomatal closure similar to that induced by ABA application. Consistently, the CLE25 CRISPR-Cas9-derived knockout mutant cle25 and the bam1-5 bam3-3 double mutant are hypersensitive to both dehydration and salinity stress (Takahashi et al., 2018).

A very rapid and massive increase in ABA levels is observed in both roots and shoots under stress conditions (Jia et al., 2002; Fricke et al., 2004). This increase is sensed by the PYRABACTIN RESISTANCE 1 (PYR1)/PYR1-like (PYL)/REGULATORY COMPONENT OF ABA RECEPTORS (RCAR) family (PYLs) receptors (Ma et al., 2009; Park et al., 2009; Vlad et al., 2009). Once the PYLs bind to ABA, their conformation changes, allowing them to interact with protein phosphatase 2Cs (PP2Cs) and inhibit their activities, thus releasing SNF1-RELATED PROTEIN KINASE 2s (SnRK2s) from repression (Ma et al., 2009; Park et al., 2009). The released SnRK2s phosphorylate multiple downstream anion efflux channels and transcription factors, leading to decreased turgor pressure, stomatal closure, and gene expression reprogramming (Uno et al., 2000; Mustilli et al., 2002; Furihata et al., 2006; Fujii et al., 2007; Negi et al., 2008; Chen K. et al., 2020; Lin et al., 2020; Takahashi et al., 2020).

All 10 members of the SnRK2 family except SnRK2.9 are activated by osmotic stress (Boudsocq et al., 2004; Zhu, 2016), and the snrk2.1/2/3/4/5/6/7/8/9/10 decuple mutant is hypersensitive to osmotic stress (Fujii et al., 2011). The activation of SnRK2s induced by ABA (but not osmotic stress) is abolished in ABA insensitive 1 (abi1-1) or in higher-order mutants of PYR/PYL/RCAR ABA receptors (Vlad et al., 2010; Zhao Y. et al., 2018). Raf-like kinases (RAFs, especially B2, B3, and B4 RAFs) are required for the phosphorylation and activation of SnRK2s in response to early osmotic stress (Lin et al., 2020). The activated SnRK2s then trans-phosphorylate other SnRK2s to amplify the response (Lin et al., 2021). Higher-order mutants of RAFs are hypersensitive to osmotic stress induced by mannitol, NaCl, or polyethylene glycol treatment (Lin et al., 2020).

Abscisic acid-activated SnRK2s are also involved in regulating starch content in response to salt stress. SnRK2s phosphorylate and activate AREB/ABF transcription factors, which bind to the promoters of β-AMYLASE1 (BAM1) and α-AMYLASE3 (AMY3) and activate their expression (Thalmann et al., 2016). BAM1 and AMY3 mediate the degradation of starch to release sugar and sugar-derived osmolytes (Thalmann et al., 2016). The Arabidopsis amy3 bam1 double mutant is hypersensitive to osmotic and salinity stress (Thalmann et al., 2016). When environmental stress subsides or in the absence of stress conditions, the target of rapamycin (TOR) kinase phosphorylates PYLs to negative regulate their activity, resulting in the disassociation of the PYL-ABA-PP2C complex and the inactivation of ABA and stress signaling, which is sufficient to promote growth recovery (Wang P. et al., 2018). ABI2 is involved in modulating salt tolerance by suppressing the SOS pathway via the ABI2-SOS2 interaction (Ohta et al., 2003).

Emerging evidence points to the coordination between the JA pathway and salt stress signal transduction (Kazan, 2015; Delgado et al., 2021). Analysis of the root transcriptome of sweet potato revealed the upregulation of JA-biosynthesis genes under salt stress; the intensity of upregulation was much greater in a salt-tolerant variety vs. a salt-sensitive line. The JA signaling pathway is also involved in regulating the expression of salt stress-responsive genes. Therefore, the JA signaling pathway is essential for salt tolerance (Ma et al., 2006; Wang J. et al., 2020). A high-order mutant of LIPOXYGENASE3 (LOX3) exhibited salt hypersensitivity, which was rescued by treatment with methyl jasmonate, indicating that JA plays a positive role in salt tolerance (Ding et al., 2016).

The transcription factor MYC2, the regulatory hub of the JA pathway, also plays an essential role in salt tolerance (Abe et al., 2003; Chini et al., 2016; Valenzuela et al., 2016; Zander et al., 2020). MYC2 binds to the promoter of RD22 and activates its expression in response to NaCl or ABA treatment (Iwasaki et al., 1995; Abe et al., 2003). However, the salt stress-mediated activation of the JA signaling pathway inhibits cell elongation in the root elongation zone, and JA-related mutants (aos, col1, jaz3, myc2/3/4) exhibit longer primary roots than wild type plants under salt stress (Valenzuela et al., 2016). Finally, RICE SALT SENSITIVE3 (RSS3) interacts with Class-C bHLH transcription factors and JASMONATE ZIM-DOMAIN (JAZ) proteins (which negatively regulate JA signaling) to promote root cell elongation in rice in response to salt stress (Toda et al., 2013). Overexpressing OsJAZ9 and OsJAZ8 increased plant tolerance to soil salinity (Wu et al., 2015; Peethambaran et al., 2018). Therefore, the JA signaling pathway is required to inhibit root growth under high salinity conditions. Together, these findings suggest that JA has dual functions in plant responses to salt stress.

The phytohormone GA also plays an essential role in regulating plant growth under salt stress (Khan et al., 2012; Colebrook et al., 2014). Several GA-metabolism-related proteins positively regulate the salt stress response. Conversely, salt stress usually reduces bioactive GA levels and increases the accumulation of DELLA proteins, resulting in dwarfism and enhanced stress tolerance (Achard et al., 2006; Qin et al., 2011). For instance, microarray data indicate that several genes encoding GA deactivation enzymes are upregulated by high salinity, including GA2-oxidase 1 (GA2ox1), GA2ox2, GA2ox4, GA2ox6, and GA2ox8 (Kilian et al., 2007; Magome et al., 2008). GA2ox7, encoding a C20-GA deactivation enzyme, is also strongly induced by salt stress. A higher-order GA2ox mutant showed higher sensitivity to salt stress than the wild type (Magome et al., 2008). Consistently, a quadruple-DELLA mutant lacking GAI, RGA, RGL1, and RGL2 (Cheng et al., 2004) shows less salt-triggered inhibition of root growth and flowering than the wild type but is hypersensitive to salt-induced death (Achard et al., 2006), indicating that DELLA proteins play a central role in the trade-off between growth limitation and survival under salt stress.

Brassinosteroids are plant growth-promoting steroid hormones that play critical roles in plant growth, development, and stress responses (Nolan et al., 2019; Planas-Riverola et al., 2019). BR signaling is essential for plant salt tolerance (Cui et al., 2012; Zhao X. et al., 2019). BRs such as 24-epibrassinolide (eBL) binds to the receptor BR INSENSITIVE1 (BRI1) (Friedrichsen et al., 2000; He et al., 2000) or its homologs BRI1-LIKEs (BRLs) (Caño-Delgado et al., 2004; Kinoshita et al., 2005) and the coreceptor BAK1 to initiate the BR signaling pathway, leading to a phosphorylation relay cascade among BAK1, BRASSINOSTEROID-SIGNALING KINASEs (BSKs), BRI1 SUPPRESSOR 1 (BSU1) and BRASSINOSTEROID-INSENSITIVE 2 (BIN2) (Li and Nam, 2002; Russinova et al., 2004; Hohmann et al., 2018). BIN2 activity is inhibited by the activated BSU1, thereby promoting BR-induced gene expression and inhibiting BR-repressed gene expression via the regulation of the transcription factors BZR1, BES1, and other transcription factors or cofactors (Nolan et al., 2019; Planas-Riverola et al., 2019).

Under high salinity, the activity of the ethylene biosynthesis enzyme ACS (1-aminocyclopropane-1-carboxylate synthase) is enhanced by BR pretreatment, resulting in ethylene accumulation and better adaptation to salt stress (Tao et al., 2015; Zhu et al., 2016). Conversely, shutting down ethylene production represses BR-induced antioxidant enzyme activity and decreases salt tolerance (Tao et al., 2015; Zhu et al., 2016). High salinity strongly inhibits roots growth due to reduced accumulation of BZR1 in the nucleus and the repression of BR signaling (Geng et al., 2013). However, exogenous BR application partially rescued salt-induced growth inhibition (Zeng et al., 2010; Liu et al., 2014; Zhu et al., 2016). OsSERK2 localizes to the plasma membrane in rice and interacts with the BR receptor OsBRI1 to facilitate BR signaling. Notably, the CRISPR/Cas9 edited osserk2 mutant is impaired in BR signaling and shows hypersensitivity to salt stress (Dong et al., 2020). Finally, BIN2 is a negative regulator of the SOS pathway, which functions partially independently of the BR signaling pathway to balance plant growth and stress responses (Li et al., 2020). All of these findings demonstrate that the sensing and signaling of phytohormone pathways contribute to salt stress tolerance.



SALT STRESS RESPONSES IN VARIOUS ORGANELLES

The plant cell wall consists of cellulose, pectins, hemicellulose, and various glycoproteins that help modulate cell wall extensibility. This property determines cell shape and size via the mechanical control of cell enlargement and expansion, thereby governing tissue and organ morphology (Cosgrove, 2005; Le Gall et al., 2015). Accumulating evidence demonstrates the important roles of the cell wall in plant responses to abiotic stress (Le Gall et al., 2015; Reviewed in Endler et al., 2015). The cell wall is a sensor of salt stress, and salt stress perception-to-signaling cascades mainly function at the cell wall-plasma membrane interface (Kacperska, 2004; Hou et al., 2005; Feng et al., 2018; Zhao C. et al., 2018). The nuclear-localized Agenet domain-containing protein SWO1 (SWOLLEN 1) functions together with importin α IMPA1 and IMPA2 to maintain cell integrity in Arabidopsis under salt stress (Wang et al., 2021). Several receptor-like protein kinases (RLKs) are regarded as sensors that perceive salt stress signals, such as the wall-associated kinases (WAKs) and FER (Baluska et al., 2005; Hou et al., 2005; Kohorn and Kohorn, 2012; Feng et al., 2018). WAK-LIKE KINASE 4 (WAKL4) but not WAK1 is highly induced under high salinity conditions (Hou et al., 2005), suggesting that WAKs play different roles in response to different stress conditions. The receptor-like kinase FER binds to RALF, senses salt-induced cell wall damage, and transduces the signals to downstream targets to maintain cell wall integrity under salt stress (Feng et al., 2018). The cell wall leucine-rich repeat extensins (LRX) 3/4/5 function together with the FER-RALF module to transduce cell wall signals to mediate plant growth and salt tolerance (Zhao C. et al., 2018).

In addition to sensing salt stress signals, the cell wall also plays a significant role in protecting the cell from salt stress-induced ionic toxicity. Several mutants with defective cell wall integrity are hypersensitive to salt. For instance, mutants of SOS6, encoding the cellulose synthase-like protein AtCSLD5, show reduced levels of arabinose, rhamnose, and galacturonic acid, which normally confer salt/osmotic stress tolerance. Thus, the sos6 mutant exhibits elevated ROS contents and a salt-hypersensitive phenotype under salt stress (Zhu et al., 2010). Membrane-localized cellulose synthase (CesA) complexes are required to synthesize cellulose, the main component of the cell wall (McFarlane et al., 2014). CESA1, CESA3, and CESA6 are required for primary cell wall synthesis (Arioli et al., 1998; Fagard et al., 2000), while CESA4, CESA6, and CESA8 are required for secondary cell wall synthesis (Taylor et al., 2003; Endler and Persson, 2011). The sustained cellulose synthesis conferred by CESA1, CESA6, and CELLULOSE SYNTHASE-INTERACTIVE PROTEIN 1 (CSI1) is important for salt tolerance in Arabidopsis (Kang et al., 2008; Gu et al., 2010; Li et al., 2012; Zhang et al., 2016), as knocking out either CESA1, CESA6 or CSI1 conferred increased sensitivity to salt stress. Two plant-specific components of the cellulose synthase complex, CC1 (COMPANION OF CELLULOSE SYNTHASE 1) and CC2 interact with CesA proteins and microtubules to promote the CesA activity and microtubule dynamics required for hypocotyl growth under salt stress (Endler et al., 2015).

The endoplasmic reticulum (ER) is the main site for the modification or folding of secretory and membrane proteins to achieve their native structures. In addition, the ER is a fundamental organelle involved in signal transduction that allows plants to adapt to diverse environmental stresses (Vitale and Boston, 2008; Liu and Howell, 2010; Jin and Daniell, 2014). The accumulation of unfolded or misfolded proteins is induced by various biotic and abiotic stresses, ER stress (Liu et al., 2007; Ye et al., 2011; Zhang and Wang, 2012). The cell has developed several important strategies to alleviate ER stress, including the accelerated degradation of misfolded proteins through the ER-associated degradation (ERAD) pathway (Vembar and Brodsky, 2008; Chen Q. et al., 2020). Numerous misfolded proteins accumulate in the ER under salt stress, which is recognized by the ERAD pathway and ubiquitinated and degraded through the ubiquitin/26S proteasome system (Liu et al., 2011), indicating that the ERAD pathway is essential for plant survival under high salinity conditions.

Plants also alleviate salt stress by activating the expression of ER chaperones. HRD3A, the functional homolog of the yeast HRD1/HRD3 complex, is an active component of the ERAD complex in Arabidopsis. The hrd3a mutant exhibits an enhanced unfolded protein response under ER stress and increased sensitivity to salt stress (Liu et al., 2011). Accumulating evidence indicates that the ERAD complex plays a positive role in the salt stress response. For example, the ERAD complex mutants mns4/mns5, atos9, and hrd1a/hrd1b are hypersensitive to salt stress (Hüttner et al., 2012, 2014; Su et al., 2012). In addition, a defect in UBC32, a salt stress-induced functional ubiquitin conjugation enzyme (E2) required for the activation of the ERAD complex in Arabidopsis, confers increased tolerance to salt stress via a BR-dependent pathway (Cui et al., 2012). SES1 (SENSITIVE TO SALT 1), an ER-localized chaperone, protects plants from salt stress by alleviating salt-induced ER stress. The salt-sensitive phenotype of ses1 is due to the over-activation of the unfolded protein response. In addition, the ER stress sensor bZIP17 directly binds to the promoter of SES1 to activate its transcription under salt stress (Guan et al., 2018). Finally, a recent study demonstrated that the Arabidopsis receptor-like kinase SIMP1 (SALT-INDUCED MALECTIN-LIKE DOMAIN-CONTAINING PROTEIN 1) positively modulates plant salt tolerance by interacting with and stabilizing the putative proteasome maturation factor UMP1A, thus leading to enhanced proteasome maturation and ERAD efficiency, resulting in the mitigation of salt stress-induced ER stress (He et al., 2021).



REGULATION OF CROSSTALK BETWEEN SALT STRESS AND OTHER SIGNALING PATHWAYS

Accumulating evidence points to a tight connection between the salt signaling pathway and other signal transduction pathways. For instance, light signaling plays a vital role in shaping the salt stress response. The localization of CONSTITUTIVE PHOTOMORPHOGENIC1 (COP1) is tightly controlled by light signals (von Arnim and Deng, 1994), whereas salt treatment promotes the translocation of COP1 to the cytosol (Yu et al., 2016). Light signaling is involved in regulating the salt-induced transcriptional memory response of P5CS1 to proline (Feng et al., 2016). In addition, PHYTOCHROME-INTERACTING FACTOR4 (PIF4), a negative regulator of photomorphogenesis, negatively regulates plant salt tolerance by directly modulating the expression of diverse salt-responsive genes (Leivar and Quail, 2011; Lee and Choi, 2017; Sakuraba et al., 2017). Moreover, the regulation of the salinity stress response depends on diurnal cycles and the circadian clock via modulating the expression of RD29A and SOS1. The abundance of SOS1 protein also appears to occur in a diurnal cycle (Park et al., 2016). Finally, low levels of NaCl in the soil severely inhibit shade-induced hypocotyl elongation via the BR and ABA signaling pathways (Hayes et al., 2019).

Genetic and molecular studies have implicated pattern recognition receptors (PRRs) in salt stress tolerance. Arabidopsis PROPEP3 functions in the plant immune system (Huffaker et al., 2006) and positively regulates the salt stress response (Nakaminami et al., 2018). PROPEP3 is highly induced under salinity stress conditions, and both PROPEP3 overexpression and Pep3 application enhance salt stress tolerance via PEP-RECEPTOR l (Nakaminami et al., 2018). Similarly, PAMP-INDUCED SECRETED PEPTIDE 3 (PIP3) functions together with RLK7, a leucine-rich repeat receptor-like kinase (LRR-RLK), to further activate MPK3/6, therefore conferring salt tolerance (Zhou et al., 2022). All of these findings suggest that the sensing and signaling of damage-associated molecular patterns contribute to salt stress tolerance.



FUTURE PERSPECTIVES

Soil salinity severely threatens plant growth, crop productivity, and food security worldwide (Yang and Guo, 2018a,b; van Zelm et al., 2020). Identifying and characterizing the determinants and regulatory mechanisms of salt stress signaling represents the most effective way to breed salt-tolerant crops and improve agricultural development. In the last two decades, many new advances have been made in elucidating the key components of the salt stress response. In addition, several genetic loci involved in salt tolerance have been identified and the underlying genes cloned, representing candidate targets for designing the next generation of crop varieties. Studies of the SOS pathway have clearly demonstrated the mechanism of sodium ion (Na+) efflux and ion homeostasis. However, continuous efforts leading to substantial new discoveries are needed to better understand and further improve salt tolerance in plants.

Although GIPCs were characterized as potential monovalent-cation sensors (Jiang et al., 2019), the identification of other sodium sensors or receptors is still the most important goal of plant salt stress signaling research. As salt stress severely inhibits or destroys chloroplast development and photosynthesis, it is important to investigate whether salt sensors are present in different organelles, such as the chloroplast, ER, and vacuole. In addition, salt stress induces rapid calcium signaling in the cytosol (Knight et al., 1997; Zhu et al., 2016; Ma et al., 2019), and the long-distance transmission of Ca2+ waves from root to shoot is channeled through the cortex and endodermal cell layers, which is dependent on the vacuolar ion channel TPC1 (Choi et al., 2014). Therefore, it is critical to understand how the local salt stress signal in roots is sensed by different tissues and how plants integrate tissue-specific signals to confer stress tolerance throughout the plant.

The evolutionarily conserved SOS pathway primarily mediates Na+ homeostasis through the activation of the SOS3/SCaBP8-SOS2-SOS1 module under high salinity stress. Higher-order mutants of SOS2 and SOS1 exhibit severely reduced primary and lateral root growth under salt stress. As root system architecture is not only shaped by salt stress signals but also by plant nutrient status, whether and how the SOS pathway integrates different signal pathways (such as nutrient signaling and salt stress signaling) to balance plant root growth and stress tolerance needs to be explored in the future.
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Dendrobium officinale Kimura et Migo is a famous Chinese herb. D. officinale grows on rocks where the available phosphorus is low. The SPX family plays a critical role in maintaining Pi homeostasis in plants. In this paper, 9 SPX family genes were identified in the genome of D. officinale. Bioinformatics and qRT-PCR analysis showed that DoSPXs were involved in response to −Pi stress and had different expression patterns. DoSPX4, which had a unique expression pattern, was clustered with AtSPX4 and OsSPX4. Under −Pi treatment, the expression level of DoSPX4 reached a peak on 5 d in roots, while showing a downward trend in the aboveground parts. DoSPX4 was located on the cell membrane. Overexpression DoSPX4 promoted Pi content in the stem and the expression level of NtPHT1/2 in Nicotiana tabacum. The results of Yeast two-hybrid showed that DoSPX4 could interact with Phosphate High-Affinity Response factor (DoPHR2). These results highlight the role of DoSPX4 in response to low phosphorus, which provides a theoretical basis for further study on the response mechanism of −Pi in D. officinale.
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INTRODUCTION

Phosphorus (Pi) plays an essential role in plant growth (Chen and Liao, 2017). The low content of available Pi in the soil is difficult to meet the Pi requirements accompany with plant growth. Plants increase effective Pi utilization by sensing and absorbing Pi in the soil, then adapt to low Pi environment in molecular and physiological levels.

Dendrobium officinale is a perennial herb which has a variety of pharmacological effects. It can grow on tree trunks, rocky cliffs, or fern surfaces in natural conditions. It is subjected to various environmental stresses in the harsh growth environment, among which low Pi stress is the main factor affecting its growth and development (Liu N. et al., 2018). The previous research found that D. officinale could respond to −Pi and accumulate effective active components in low phosphorus. The expression of the key genes in the secondary metabolism were significantly correlated with Pi concentration, while the early response genes to −Pi in D. officinale have not been reported (Liu L. et al., 2021).

Proteins, containing the SPX domain, have been identified as early response factors which participate in Pi signal transduction in plants (Zhou et al., 2021). The N-terminal of plant SPX protein contains a highly conserved SPX domain, named by the first letter of SYG1, PHO81, and XPR1 genes (Secco et al., 2012). At present, SPX has been classified into four subfamilies by the C-terminal domains of the protein. The four subfamilies are SPX (containing only one SPX domain), SPX-EXS (containing SPX and one EXS domain), SPX-MFS (containing SPX and MFS domain), and SPX-RING (containing ring-type star finger domain) (Wang et al., 2004; Chen et al., 2009; Chiou and Lin, 2011; Lin et al., 2013; Su et al., 2015; Wang et al., 2015; Liu J. et al., 2016; Zhang et al., 2016; Yue et al., 2017; Yang et al., 2018). Among them, the SPX subfamily plays an important role in the early stage of Pi signal recognition.

Generally, SPX can respond to Pi signals and then interact with MYB to change the transcriptional activation of downstream PSI genes. At present, Phosphorus-related MYB includes PHR (MYB-CC) and several R2R3-MYB. In Arabidopsis, AtSPX1/2/3/4 proteins are upstream regulators of AtPHR1 (Duan et al., 2008). AtSPX1 and AtSPX2 had functional redundancy. Both of them could regulate AtPHR1, and the extent of this interaction was affected by AtSPX3 (Puga et al., 2014). In stem, AtSPX4 was a repressor of AtPHR1 (Osorio et al., 2019). In Oryza sativa, there were 6 SPXs (OsSPX1–OsSPX6). Under Pi deficiency, the expression of OsSPX4 was downregulated, while the other five OsSPX genes showed an upward trend (Secco et al., 2012; Lv et al., 2014). OsSPX1/2/4 could interact with OsPHR2 and affect the regulation of OsPHR2 on downstream PSI genes (Shi et al., 2014; Wang et al., 2014). OsSPX3, OsSPX5, and OsSPX6 were homologous genes, which were involved in functional redundancy in response to phosphorus. OsSPX3 and OsSPX5 could form homodimers and participate in complex regulation in O. sativa (Shi et al., 2014). OsSPX4 was rapidly degraded by the proteasome pathway under low phosphorus, which had unique subcellular localization (Lv et al., 2014). These studies showed that SPX played an important role in phosphate response in plants, and SPX4 (OsSPX4 in O. sativa and AtSPX4 in A. thaliana) may have a different regulatory pattern from other SPXs.

Among them, gene prediction based on similarity comparison through published genome sequence has become the main method to screen key genes and analyze molecular mechanisms (Bhatt et al., 2021). It has become the main method to screen key genes and analyze molecular mechanism that gene prediction based on similarity comparison. The previous studies showed that low phosphorus could promote the accumulation of effective active substances in D. officinale (Liu L. et al., 2021). However, the molecular mechanism of D. officinale response to −Pi has not been reported. In this study, the bioinformatics analysis of the early Pi response factor DoSPX was carried out. The expression pattern of DoSPX in D. officinale was analyzed by qRT-PCR. DoSPX4 had a unique expression pattern, which was subcellular localization was further investigated. The interaction between DoSPX4 and DoPHR2 was studied by Yeast two-hybrid. The function of DoSPX4 to plant low phosphorus was verified by heterologous overexpression of DoSPX4 in N. tabacum.



MATERIALS AND METHODS


Treatment and Preservation of Plant Materials

The D. officinale tissue culture seedlings used in the experiment were from the Anhui Provincial Engineering Technology Research Center for Development and Utilization of Regional Characteristic Plants, School of Life Sciences, Anhui Agricultural University. The seedlings of D. officinale with uniform size, shape, and color were cultured in the plant tissue culture room under a constant temperature of 25°C at 8L:16D photoperiod. The tissue culture seedlings were cultured on Murashige and Skoog medium (MS) for 8 months, then put into MS medium with different Pi concentrations. The 5 levels of KH2PO4 are used to set different Pi concentrations on MS medium (2.5, 1.25, 0.625, 0.0625, and 0 mM), and K+ in different Pi concentration media were supplemented with different concentrations of KCl. Samples were taken on 0, 1, 5, 10, and 40 days after treatment and put into a 10-ml centrifuge tube and immediately froze in liquid nitrogen and store it in the refrigerator at −80°C for standby. The three biological replicates were set for each treatment.



Identification of SPX Gene Family in Dendrobium officinale

By reference SPX protein sequences in Oryza sativa (Supplementary Table 1) and Arabidopsis thaliana (Supplementary Table 1), SPX proteins in D. officinale genome (Supplementary Table 1) sequence were selected with a threshold of E-value < 1E–5. Then the obtained sequences were submitted to CD-HIT1 (Fu et al., 2012) to remove the redundant sequence. Finally, the candidate sequences are submitted to SMART2 (Letunic et al., 2021) and PFAM3 (Mistry et al., 2021) to identify the conserved motifs. The basic information of protein sequence was obtained online by the ExPasy website4 (Gasteiger et al., 2003).



Construction of DoSPXs Phylogenetic Tree

The 7 SPX sequences in D. officinale were compared with the SPX protein sequences of 27 A. thaliana, 12 O. sativa and 12 Phalaenopsis equestris by ClustalW (Thompson et al., 1994). A phylogenetic tree was constructed using the MEGA7.0 NJ method with the bootstrap = 1,500 and beautified with ITOLS online website5 (Letunic and Bork, 2021). The names of the gene name and accession numbers of SPX can be found in Supplementary Table 2.



Cis-Acting Element Analysis

The TBTOOLS (Chen et al., 2020) was used to extract the promoter region of the genome sequence by using the genome annotation file of D. officinale. The 1,500 bp upstream sequences of SPX CDS was submitted to PLANTCARE6 (Lescot et al., 2002) and NEWPLACE7 (Higo et al., 1999) online websites to analyze the possible cis-acting elements of the promoter. Use TBTOOLS for drawing.



Subcellular Localization

In order to understand the subcellular localization of DoSPX4, the recombinant plasmid pCAMBIA1305-DoSPX1-GFP was constructed by amplifying the fragment of DoSPX4 by sense and antisense primers (Supplementary Table 3). The recombinant plasmid was introduced into Agrobacterium tumefaciens EHA105. EHA105 Infect tobacco leaves and DoSPX4 is transiently expressed in Nicotiana benthamiana leaf epidermal cells. A confocal laser microscope was used to observe the GFP fluorescence signal.



Yeast Two-Hybrid

In order to verify the interaction of DoSPX4 with DoPHR2, the AD-DoSPX4 recombinant vector was constructed by amplifying DoSPX4 open reading frame into AD, and the DoPHR2-BD recombinant vector was constructed by amplifying the DoPHR2 fast-play reading frame into BD, the primers were shown in Supplementary Table 3. The constructed AD-DoSPX4 and DoPHR2-BD were used to transform AH109 jointly, and the successfully transformed clones were screened on SD-WL, and the clones were screened on SD-HAWL. The X-α-Gal is used to identify positive interactions (SD-WL indicates the SD medium without Leu and Trp, and SD-HAWL means the SD medium without Ade, His, Leu, and Trp).



Nicotiana tabacum Transformation

In order to understand the function of DoSPX4, the recombinant plasmid pCAMBIA1305-DoSPX4 was constructed by amplifying the fragment DoSPX4 by sense and antisense primer (Supplementary Table 3), pCAMBIA1305-DoSPX4 transformed into A. tumefaciens GV3101. The GV3101 was transformed into N. tabacum leaf discs via an A. tumefaciens-mediated leaf disc procedure (Topping, 1988). Regenerated plants are obtained by inducing callus, budding, rooting, and transplanting. The positive strain is screened and selected by using 50 mg/L Hygromycin B and 200 mg/L antibacterial Cefotaxime. The transgenic N. tabacum were cultured in MS medium with 1.25 mM Pi concentration (HP) and 0.0625 mM Pi concentration (LP) for 7 days.



Determination of Available Pi Content

The content of available Pi in plants was determined by the ammonium molybdate method (Nanamori et al., 2004). To determine the Pi concentration of the transgenic N. tabacum, the transgenic N. tabacum was ground with liquid nitrogen and 10% (w/v) perchloric acid (PCA). The supernatant was centrifuged after 10 times dilution with 5% (w/v) PCA. The working solution [sulfuric acid-ammonium molybdate (solution A) and ascorbic acid solution (solution B) were mixed in proportion (6:1)] extracts the available Pi from the supernatant. The absorbance was measured at 820 nm by a UV spectrophotometer.



Quantitative Real-Time PCR Analysis

The RNA was extracted from the Liquid nitrogen quick-frozen plant tissues using a Plant Total RNA Isolation Kit (Sangon Biotech, Shanghai, China). A One Step RT-qPCR Kit (BBI Life Science, Shanghai, China) was used to obtain cDNA. 2× TaqMan Fast qPCR Master Mix (BBI Life Science, China) was used to execute qRT-PCR. Reaction conditions were performed according to Liu’s method (Liu L. et al., 2021). The qRT-PCR primers were designed using NCBI PRIMER-BLAST8 (Supplementary Table 3). Each experiment was set up with three biological replicates, and the results were calculated using 2–ΔΔCT method.



The Temporal Expression Patterns Analysis of DoSPXs

The transcriptome data of 8 D. officinale tissues (root, stem, leaf, flower buds, column, lip, and sepal) were downloaded from the NCBI SRA database (PRJNA348403). Trimmomatic (Bolger et al., 2014) is used to filter and trim data. A retrieval file of D. officinale genome was established by HISAT2 (Pertea et al., 2016), and high-quality reads were compared to D. officinale genome. Samtools (Li et al., 2009) was used for sorting and format conversion to obtain BAN format files. Finally, StringTie (Pertea et al., 2016) was assembled for sequence, and transcript abundance was estimated. TBOOLS (Chen et al., 2020) is used for the visualization of results.




RESULTS


Identification of SPX Family Genes in Dendrobium officinale

By blasting the published genome sequences of D. officinale using the conserved SPX sequences reported in O. sativa and A. thaliana, the possible DoSPX sequences were obtained, and the redundancy of the sequences with high similarity was removed, then verified these sequences with SMART and PFAM, the result was shown in Table 1. Seven possible DoSPX sequences were obtained, all of which contain SPX conserved domains. Combining with the naming method of A. thaliana, two of them contain EXS domains named DoSPX-EXS1 and DoSPX-EXS2. One sequence contains the MFS sequence, named DoSPX-MFS. A sequence containing the RING field, called DoSPX-RING. The three sequences containing only the SPX domain were named DoSPX1, DoSPX3, and DoSPX4. The amino acid sequence analysis showed that the size of all proteins was 2.75–10.12 kDa and the isoelectric point was 5.08–9.22. The average hydrophilic coefficient (GRAVY < 0) shows that the other six are hydrophilic proteins except for DoSPX-MFS.


TABLE 1. Analysis of amino acid sequence encoded by DoSPXs.
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System Evolution Analysis of DoSPXs

Through CLUSTERW alignment, the phylogenetic trees of D. officinale, P. equestris, O. sativa, and A. thaliana were established by the NJ method of MEGA7.0. The result was shown in Figure 1. It was found that all sequences were divided into four subclasses. The sequences of each subclass of SPX in D. officinale were well classified from those in O. sativa and A. thaliana. DoSPX1 is clustered with AtSPX1, 2, and OsSPX1; DoSPX3 were clustered with OsSPX3, 5, 6, and AtSPX3; while DoSPX4 is clustered with AtSPX4, OsSPX4. DoSPX-EXS1, DoSPX-EXS2, DoSPX-MFS, and DoSPX-RING are well clustered with the three subfamilies reported in O. sativa and A. thaliana.


[image: image]

FIGURE 1. Phylogenetic analysis of SPX proteins in Dendrobium officinale, Phalaenopsis equestris, Oryza sativa, and Arabidopsis thaliana. The neighbor-joining (NJ) tree was created with 9 D. officinale, 12 P. equestris, 12 O. sativa, and 27 A. thaliana SPX protein sequences.




Analysis of DoSPXs Cis-Acting Elements

By analyzing the upstream promoter sequence of DoSPXs, many cis-acting elements necessary for plant growth, development, and stress response were excavated. The result was shown in Figure 2. In these elements, MSA like, CAT-box and BOX-4 related to plant growth and development; ERE and TGACG-motif were involved in response to hormones; TC-rich repeat were involved in response to abiotic stress. These results suggested that DoSPXs may participate in the growth, development, and stress response of D. officinale.


[image: image]

FIGURE 2. Analysis of the cis-acting elements in DoSPXs of D. officinale. (A) The number in each cell represents the number of cis-acting elements in different SPX genes. (B) Each bar diagram represents a different type of cis-acting element. (C) The pie chart represents the proportion of promoters in other groups.




Expression Pattern Analysis of DoSPXs

In order to understand the expression patterns of the DoSPXs in D. officinale, the expression level of the DoSPXs in different tissues was analyzed. The results were presented in heat map form in Figure 3. DoSPX1 and DoSPX4 showed similar expression patterns in various tissues and had high expression levels in D. officinale. DoSPX3 had high expression level in sepals, showed that DoSPX3 played an important role in the sepals. DoSPX-EXS1 had high expression level in the root tips and stem. DoSPX-EXS1, DoSPX-RING, and DoSPX-MFS had low expression levels in all eight tissues.


[image: image]

FIGURE 3. Expression profiles of DoSPX genes in 8 tissues of D. officinale. Blue to red indicates low to high expression levels of the gene.


In order to understand the response of DoSPXs to −Pi stress, D. officinale was taken at 1, 5, 10, and 40 days after the −Pi treatment and determined the expression level of DoSPXs. The results were shown in Figure 4. Under the −P, the transcript abundance of most PSI genes increased. However, each gene showed its unique expression pattern at 0 day of the −P treatment. In D. officinale buds, the expression levels of DoSPX-EXS1, DoSPX-MFS, and DoSPX-RING reached the highest at 1 day after the −P treatment, DoSPX1 and DoSPX3 reached the highest at 5 day after the −P treatment; DoSPX-EXS2 peaked at day 10. In roots, DoSPX1-DoSPX4, DoSPX-EXS1, DoSPX-EXS2, and DoSPX-MFS reached the highest expression level at day 5 after the −P treatment; their expression level increased with the increase of −Pi treatment time. These results suggested that DoSPXs mostly reached a high expression level in the early stage of −P stress, while DoSPX4 showed different changes from other genes in the buds under the −P stress. The expression of DoSPX4 reached its highest level at 0 day of −P treatment, and the expression down-regulated with −Pi treatment time.
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FIGURE 4. (A) Temporal and spatial expression patterns of PSI gene in shoot and roots under −P stress in D. officinale. The actin was used as an internal reference gene to regulate gene expression (B) SPX genes expression in shoot and root of D. officinale. Treated with −Pi for 5 day. Green, yellow, and red indicate low, medium, and high expression.




Subcellular Localization of DoSPX4

The CDS region without the stop codon of the DoSPX4 gene was cloned into the pCAMBIA1305.1-GFP vector, and the subcellular localization of DoSPX4 in epidermal cells of N. tabacum was observed by a laser confocal microscope. The results showed that DoSPX4-GFP recombinant protein had a fluorescence signal on the cell membrane, while GFP was distributed in the whole cell (Figure 5).


[image: image]

FIGURE 5. Subcellular localization of DoSPX4 protein in Nicotiana tabacum epidermal cells. The results were observed by confocal laser microscopy. The pictures show a green fluorescent field, a bright field and an overlay of two fields (merge). The numerical reading of the red ruler is 20 μm.




DoSPX4 Interact With DoPHR2 by Y2H

To identify the interaction between DoSPX4 and DoPHR2, the CDS of DoSPX4 was cloned into pGADT7, and the segment (C192aa-225aa) of DoPHR2 without transcriptional activation domain was cloned into the pGBKT7 vector. AD-DoSPX4 and BD-DoPHR2192aa–225aa were transformed into yeast strain AH109. The yeast strain could grow normally on SD/-Trp-Leu-His-Ade medium, indicating that DoSPX4 was tender enough to interact with DoPHR2192aa–225aa (Figure 6).
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FIGURE 6. The DoSPX4 interacts with DoPHR2. The pGADT7 and pGBKT7 were used as the negative control. SD-WL indicates the SD medium without Leu and Trp, and SD-HAWL means the SD medium without Ade, His, Leu, and Trp.




Overexpression DoSPX4 in Nicotiana tabacum

To analyze the function of DoSPX4 in plants, we obtained transgenic N. tabacum overexpression DoSPX4. As shown in Figure 7, through −Pi treatment, the length of leaves and root in OE-DoSPX4 N. tabacum plants decreased significantly, and the root–shoot ratio was 1.97 times than that of the empty vector (EV) group.
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FIGURE 7. Transgene analysis. (A) Phenotypic difference of OE-DoSPX4 transgenic N. tabacum. (B) Identification of positive transgenic N. tabacum lines by PCR (M represent DL2000 DNA marker, a represent EMPTY VECTOR, b represent OE-DoSPX4). (C) The leaf number of OE-DoSPX4 transgenic N. tabacum. (D) The root length of OE-DoSPX4 transgenic N. tabacum. (E) The root–shoot ratio of OE-DoSPX4 transgenic N. tabacum. Each sample included at least three replicates, and the values are the means ± SDs. *Indicates that the difference is significant, **Indicates that the difference is very significant.


To understand the function of DoSPXs on Pi absorption and utilization, the available Pi contents of transgenic N. tabacum under + P and −P culture were measured (Figure 7). Under the −P stress, P content in the aboveground part of OE-DoSPX4 N. tabacum was significantly higher than that in the EV group. These results indicated that the DoSPX4 overexpression promoted the Pi accumulation in the shoot.

The expression levels of Pi response genes (NtPHRs and NtPTs) in OE-DoSPX4 N. tabacum were also detected (Figure 8). Under + P, the expression levels of NtPHR1 and NtPHR2 were significantly lower in OE-DoSPX4 N. tabacum than those in the control group. Under the −P condition, the expression levels of NtPHR1 and NtPHR2 were significantly up-regulated except the NtPHR2 in the aboveground of OE-DoSPX4 N. tabacum. NtPT1 and NtPT2 were basically induced in OE-DoSPX4 N. tabacum, especially under the −Pi stress. These results suggested that DoSPX4 may play a negative regulatory role in the expression of NtPHR1 and NtPHR2, and then affect the process of Pi transport from N. tabacum roots to shoot.
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FIGURE 8. Determination of indices in transgenic N. tabacum. (A) The available Pi concentration in shoot in OE-DoSPX4 N. tabacum. (B) The available Pi concentration in root in OE-DoSPX4 N. tabacum. (C) The expression analysis of NtPHR1/2 and NtPT1/2 in shoot in OE-DoSPX4 N. tabacum. (D) The expression analysis of NtPHR1/2 and NtPT1/2 in root in OE-DoSPX4 N. tabacum. Each sample included at least three replicates, and the values are the means ± SDs. *Indicates that the difference is significant, **Indicates that the difference is very significant.





DISCUSSION

The organic Pi that plants can absorb in the environment cannot satisfy the need of plants (Grennan, 2008). Medicinal plants have also evolved complex mechanisms to adapt to the −Pi responses (Liu L. et al., 2016, 2018; Wang et al., 2020). The proteins, containing the SPX domain, participate in the molecular regulatory network of plant response to Pi stress (Liu N. et al., 2018). Through the genome analysis of D. officinale, we obtained seven DoSPX proteins. DoSPX proteins have strong homology in P. equestris and D. officinale, suggesting that the regulatory network of plants responding to −Pi stress may be conserved. Through phylogenetic analysis and conservative motif analysis, we found that seven DoSPXs belong to 4 subfamilies (SPX, SPX-MFS, SPX-EXS, and SPX-RING) and have homology with O. sativa and A. thaliana.

The cis-acting elements of DoSPXs promoter region include MSA-like elements involved in cell cycle regulation and CAT-box elements involved in meristem development, which indicates that DoSPXs may be involved in the growth of D. officinale. In addition, the promoter region contains ERF, TGACG-motif, TC-rich, and ARE elements, which can respond to ethylene, plant hormones, plant defense and stress (Feng et al., 2020; Huo et al., 2021; Zhang et al., 2022). These results indicated that DoSPXs may involve in abiotic stress such as invasion and drought.

Tissue special expression showed that DoSPXs had different expression patterns, which indicates that DoSPXs may play different functions. The expression level of DoSPX1 and DoSPX3 was induced in the roots and shoot of D. officinale under −P and reached the peak at day 5, which indicated that DoSPX1 and DoSPX3 may participate in the early response of D. officinale to −P, this was similar to the expression pattern of AtSPX1/2/3 (Duan et al., 2008; Puga et al., 2014) and OsSPX1/2/3/5/6 (Wang et al., 2009; Shi et al., 2014).

Under the −P, DoSPX4 had a different expression pattern compared to DoSPX1 and DoSPX3. According to homology comparison analysis, DoSPX4 had high homology with OsSPX4 (Lv et al., 2014) and AtSPX4 (Duan et al., 2008). In A. thaliana, the localization of AtSPX4 is different from AtSPX1 and AtSPX3, which shows the uniqueness of the function of AtSPX4 in A. thaliana Pi response. The subcellular localization analysis indicates that DoSPX4 is located on the membrane, which is consistent with AtSPX4 and OsSPX4. These results imply that DoSPX4 may have similar functions to AtSPX4 and OsSPX4, but this still needs a lot of experimental to prove.

It has been reported that SPX can interact with MYB-CC transcription factor PHR and then affect the downstream PSI genes (Lv et al., 2014). InsPs can promote the interaction between SPX and the MYB-CC domain of PHR (Duan et al., 2008). The C-terminal of DoPHR2 contains the MYB-CC domain. At Yeast two-hybrid test showed that DoSPX4 interacted with the C-terminal of DoPHR2. The results indicated that DoSPX4 worked by DoPHR2 in −P. However, the recognition of SPX protein conserved domain by InsPs and the regulation of DoPHR2 at the protein level need an in-depth study.

The DoSPX4 was overexpressed in N. tabacum, which can observe the changes in the root system, Pi content, and Pi transporter expression levels. In OE-DoSPX4 N. tabacum, the root–shoot ratio increased, which was conducive to the absorption of Pi from the environment. the qRT-PCR analysis found that the expression of NtPHR1/2 and NtPT1/2 in OE-DoSPX4 transgenic N. tabacum shoot and root increased. The effective Pi content decreased in the root, while the effective Pi content increased in the aboveground part. It is speculated that DoSPX4 is involved in the induction of NtPT1/2 by NtPHR1/2. NtPT1/2 is a high-affinity phosphate transporter responsible for the long-distance transport of Pi in plants. The high expression of NtPT1/2 promotes the transport of Pi from root to aboveground part in vivo, which increases the Pi content of aboveground parts. The absorption and utilization efficiency of Pi in N. tabacum was improved (Figure 9).
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FIGURE 9. Possible DoSPX4 impact mechanism. DoSPX4 promoted the expression of NtPHR1/2 in roots, induced the expression of NtPT1/2 and high-affinity phosphate transporter in roots and shoot, and promoted the transportation of Pi from roots to stems in transgenic N. tabacum in low phosphorus.




CONCLUSION

In this study, seven SPX family proteins were identified from D. officinale. The qRT-PCR analysis showed the SPX family had different expression patterns. The DoSPX4 was located in the cell membrane and had the ability to interact with DoPHR2. The heterologous expression of N. tabacum showed that DoSPX4 could activate NtPHR1/2, increase the expression of NtPT1/2 in roots and stems, and promote the transport of Pi from roots to shoot. These results provide an experimental basis for further study on the adaptation mechanism of D. officinale to low phosphorus.
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Brassica napus as both oilseed and vegetable, is widely cultivated in China. The purple leaf of B. napus is rich in anthocyanins and can provide valuable nutrients. Although several high-anthocyanin cultivars have been reported, the molecular mechanism underlying anthocyanin biosynthesis in B. napus remains lesser-known. Therefore, in this study, we conducted integrative metabolome and transcriptome analyses in three B. napus cultivars with different leaf colors. Overall, 39 flavonoids were identified (including 35 anthocyanins), and 22 anthocyanins were differentially accumulated in the leaves, contributing to the different leaf colors. Cyanidin-3,5,3’-O-triglucoside was confirmed as the main contributor of the purple leaf phenotype. Meanwhile, other anthocyanins may play important roles in deepening the color of B. napus leaves. A total of 5,069 differentially expressed genes (DEGs) and 32 overlapping DEGs were identified by RNA-sequencing; hence, the correlation between anthocyanin content and DEG expression levels was explored. Two structural genes (DFR and ANS), three GSTs (homologous to TT19), and 68 differentially expressed transcription factors (TFs), especially MYB-related TFs and WRKY44, were identified in three B. napus varieties characterized by different leaf color, thereby indicating that these genes may contribute to anthocyanin biosynthesis, transport, or accumulation in B. napus leaves. The findings of study provide important insights that may contribute to gaining a better understanding of the transcriptional regulation of anthocyanin metabolism in B. napus.
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INTRODUCTION

Anthocyanins are water-soluble pigments that provide color to specific organs, such as flowers, fruits, seeds, and leaves in almost all vascular plants (Landi et al., 2015), thereby conferring diverse colors, including orange, red, violet, and blue (Khoo et al., 2017). In addition to providing beautiful pigmentation to plant organs and attracting pollinators, anthocyanins may protect photosynthetic tissues from oxidative stress induced by UV or visible light (Glover and Martin, 2012). Indeed, plants can induce anthocyanin production under stress conditions, such as wounding, chilling, sulfur limitation, pathogen attack, or nutrient deficiency (Weese et al., 2015). Several studies have revealed that foods rich in anthocyanins provide beneficial health effects in the context of specific disease conditions, such as cancer and cardiovascular diseases, owing to their high antioxidant activity (Khoo et al., 2017; Mattioli et al., 2020).

Anthocyanins are a subclass of flavonoids that contribute to the formation of various color tones. There are six major classes of anthocyanidins, i.e., pelargonidin, cyanidin, peonidin, delphinidin, petunidin, and malvidin (Tanaka and Brugliera, 2013). The biosynthetic pathways of anthocyanins have been well-characterized and are relatively conserved among seed plants (Glover and Martin, 2012). The anthocyanin biosynthetic enzymes belong to various enzyme families, including the first committed enzyme chalcone synthase (CHS), chalcone isomerase (CHI) for flavanones formation, flavanone 3-hydroxylase (F3H) for hydroxylation of the C-ring at the 3-position, flavonoid 3′-hydroxylase (F3′H) and flavonoid 3′,5′-hydroxylase (F3′5′H) which determine the hydroxylation pattern of the B-ring of flavonoids and are necessary for cyanidin and delphinidin production respectively, dihydroflavonol 4-reductase (DFR) for leucoanthocyanidin biosynthesis, and the last one enzyme—anthocyanidin synthase (ANS) for synthesizing the corresponding colored anthocyanidins. Currently, most known anthocyanins are methylated, acylated, or anthocyanidin glycosylated at multiple positions by methyltransferases (MT), acyltransferases (AT), and glucosyltransferases (GT), respectively (Tanaka and Brugliera, 2013). After various modifications, anthocyanins are processed on the cytosolic surface of the endoplasmic reticulum and subsequently sequestered into vacuoles by anthocyanin transporters, such as glutathione S-transferases (GSTs) (Zhao, 2015; Mattioli et al., 2020). Moreover, the final color of anthocyanins depends on vacuolar pH, cell shape, light, and other environmental factors (Enaru et al., 2021).

Anthocyanin biosynthesis is primarily controlled at the transcriptional level. In Arabidopsis, the spatial and temporal expression of structural genes involved in anthocyanin biosynthesis is determined by individual R2R3-MYB transcription factors (MYB11, MYB12, and MYB111) or a protein complex comprising R2R3-MYB (production of anthocyanin pigment 1 [PAP1], production of anthocyanin pigment 2 [PAP2], MYB113, and MYB114), basic helix–loop–helix (bHLH) (glabrous, [GL3], enhancer of glabrous [EGL3], and transparent testa 8 [TT8]), and WD40-type (transparent testa glabrous [TTG1]) transcription factors and their interactions (Ramsay and Glover, 2005; Gonzalez et al., 2008). Not all three components of the MYB-bHLH-WD40 (MBW) complex are required for anthocyanin biosynthesis in any species (Katia and Chiara, 2011). For instance, MYB111, TT8, and one transporter gene (TT19) may be responsible for anthocyanin biosynthesis in the high-anthocyanin cultivars Brassica napus that is resynthesized by crossing the rich-anthocyanin Brassica rapa and Brassica oleracea (Goswami et al., 2018). Whole-genome and comparative expression analyses have shown that the upregulation of TT8, along with its target genes, plays an important role in the formation of purple leaf at the early development stage of B. napus (He et al., 2021b). However, the regulation of the flavonoid pathway in B. napus and the molecular basis for the different leaf colors of B. napus are not fully understood.

Herein, we detected and quantified the composition and content of anthocyanins in three different colored leaves of B. napus while also elucidating the regulatory network underlying anthocyanin biosynthesis in B. napus using an integrated metabolome and RNA-sequencing (RNA-seq) strategy. In this study, we identified candidate genes associated with regulating the mechanism of purple leaf formation in B. napus, thereby providing a foundation for metabolic engineering of anthocyanin biosynthesis in B. napus leaves.



MATERIALS AND METHODS


Plant Materials

The original B. napus mutant with purple leaves (ZH) was found in Huazhong Agricultural University. Female ZH were reciprocally crossed with a male green leaf B. napus line (Zhongshuang 11, ZS) to produce F1 progeny (ZH × ZS) with reddish-green leaves. The [(ZH × ZS) × ZS] BC1 population was obtained by backcrossing F1 and ZS; the [(ZH × ZS) × ZS] BC7F2 population was obtained by backcrossing the individuals with reddish-green leaves with ZH for seven times and by self-pollinating. Individuals with reddish-green leaves from the BC7F2 population were self-pollinated to [(ZH × ZS) × ZS] BC7F2S1, which produced purple leaf type (PLT), reddish-green leaf type (RGLT), and green leaf type (GLT) individuals. The seedlings of PLT, RGLT, and GLT of B. napus were planted in a plastic greenhouse at Shaoguan University (24.8° N and 113.7° E, China), in which temperature ranged between 10 and 20°C and the plants were exposed to natural solar radiation. After 45 d of sowing, the seedlings of B. napus had reached the four- to five-leaf stage. Amongst these, we collected 20 fully expanded healthy 2nd and 3rd leaves from 10 plants between 09:00 and 11:00, which were subsequently pooled to give a composite sample. For each B. napus variety, we assessed three biological replicates. Each composite sample was subsequently divided into three portions for total anthocyanin content, metabolome and RNA-seq analyses, respectively. All samples were immediately frozen in liquid nitrogen and stored at –80°C.



Measurement of the Total Anthocyanin Content

The total anthocyanin content of three B. napus leaves was extracted in a mixture of 95% methanol and 1.5 mol L–1 HCl (85:15, v/v) and quantified according to a method described by Li et al. (2016). For each B. napus variety, we assessed three biological replicates. Data were analyzed using a t-test and P < 0.01 was considered significant.



Metabolite Extraction and Profiling

Sample preparation, extract analysis, metabolite identification and quantification were performed at Wuhan Metware Biotechnology Co., Ltd. (Wuhan, China). The freeze-dried samples (oilseed leaves stored at –80°C) were crushed using a mixer mill with a zirconia head (MM400, Retsch) at 30 Hz for 1.5 min; 50 mg of powder was weighted and extracted with 0.5 mL 70% methanol at 4°C for overnight. The extract was then ultrasonicated for 5 min and centrifugation at 12,000 × g under 4°C for 10 min. The supernatants were collected and filtered through a microporous membrane (0.22 μm) before liquid chromatography (LC)-mass spectrometry (MS) analysis, performed with an ultra-performance liquid chromatography system (Shim-pack UFLC Shimadzu CBM30A) and a tandem MS system (Applied Biosystems 6500 Q TRAP), equipped with an ESI Turbo Ion-Spray interface. The conditions of LC-ESI-MS/MS system were as described by Dong et al. (2019) and Yang et al. (2020). Metabolite data analysis was conducted with the Analyst 1.6.3 software (AB Sciex, ON, Canada). For each B. napus variety, we assessed three biological replicates.

Metabolites were identified by comparing the mass/charge (m/z) values, retention time, and fragmentation patterns with the standards hosted on the database curated by Metware Biotechnology Co., Ltd. The supervised multivariate method, orthogonal projections to latent structures-discriminant analysis (OPLS-DA), was used to maximize the metabolome differences between the sample pairs. Differentially accumulated metabolites (DAMs) with variable importance in the project (VIP) ≥ 1 and fold change ≥ 2 or ≤ 0.5 were considered as significantly changed metabolites (Jiao et al., 2020; Fu et al., 2021).



RNA Extraction and RNA-Seq

All leaves were ground on dry ice to extract the total RNA with a TaKaRa MiniBEST Plant RNA Extraction Kit (No. 9769; Takara Bio, Tokyo, Japan). The quality and integrity of the total RNA were then assessed using the RNA Nano 6000 Assay Kit of the Bioanalyzer 2100 system (Agilent Technologies, CA, United States).

Three micrograms RNA per sample were used as input material for the RNA sample preparations. Sequencing libraries were generated using NEBNext® Ultra™ RNA Library Prep Kit for Illumina® (NEB, MA, United States) following manufacturer’s recommendations, and index codes were added to attribute sequences to each sample. Custering of the index-coded samples was performed on a cBot Cluster Generation System using the TruSeq PE Cluster Kit v3-cBot-HS (Illumina, CA, United States), according to the manufacturer’s instructions. After cluster generation, the libraries were sequenced on an Illumina Hiseq™ platform, and 125 bp/150 bp paired-end reads were generated. For each B. napus variety, we assessed three biological replicates.



RNA-Seq Data Analysis and Annotation

Raw data (raw reads) in fastq format were first processed through in-house Perl scripts. In this process, clean data (clean reads) were obtained by removing reads containing adapter, ploy-N and low-quality reads from raw data. The Q20, Q30, and GC contents of the clean data were simultaneously calculated. All downstream analyses were based on high quality clean data. The clean reads were mapped to the reference genome (Chalhoub et al., 2014) using HISAT 2.2.4 (Kim et al., 2015). The mapped reads of the three sample groups were assembled by StringTie v1.3.1, and the fragments per kilobase of transcript per million mapped reads (FPKM) value was evaluated to quantify expression (Pertea et al., 2016). All transcripts were annotated from the Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG), NCBI non-redundant (Nr), Swiss-Prot, and Pfam databases. KEGG and GO enrichment analyses were performed using Omicshare.1 Genes with a false discovery rate (FDR) < 0.05, absolute fold change ≥ 2, and fold change ≤ 0.5 were considered differentially expressed genes (DEGs). DEGs among the three group samples were identified by DESeq2 for subsequent analyses (Love et al., 2014). A heatmap of DAMs or DEGs was constructed using TBtools, in accordance with the protocol described by Chen et al. (2020).



Validation of RNA-Seq Using Quantitative Real-Time PCR

The cDNA from different samples were synthesized with GoScript™ Reverse Transcription Mix (Promega, Beijing, China). Quantitative real-time (qRT) PCR was performed using SYBR® Premix Ex Taq™ (TaKaRa Bio) on the CFX Connect Real-Time PCR System (Bio-RAD, CA, United States). The primer pair sequences were listed in Supplementary Table 1. The expression of six anthocyanin biosynthetic genes, one anthocyanin transport gene, and two regulatory genes was evaluated using qRT-PCR of RNA-seq samples to validate the results of RNA-seq. ACTIN7 (BnaA02g00190D) and GAPDH (BnaC03g33610D) were used as internal controls. Relative gene expression was calculated using the 2–ΔΔCT method (Livak and Schmittgen, 2001). All experiments involved three biological replicates.




RESULTS


Total Anthocyanin Content in Brassica napus Leaves

Compared with GLT, both RGLT and PLT exhibited higher levels of anthocyanin accumulation in leaves, whereas that in PLT was higher than that in RGLT (Figures 1A–C). In fact, the total anthocyanin content of PLT was 3.11- and 8.53-fold higher than that of RGLT and GLT, respectively (Figure 1D). Anthocyanin primarily accumulated on the adaxial epidermis of leaves, not on the abaxial side (Figures 1A–C).
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FIGURE 1. Leaf morphology and total anthocyanin content in three B. napus varieties. (A) Upper epidermis of green leaf type (GLT), reddish-green leaf type (RGLT), and purple leaf type (PLT). Scale Bars = 2 cm. (B) Lower epidermis of GLT, RGLT, and PLT. (C) Transverse section of GLT, RGLT, and PLT. Scale Bars = 500 μm. (D) Total anthocyanin contents in GLT, RGLT, and PLT. The different capital letters indicate significant differences at P ≤ 0.01.




Anthocyanin Metabolites in the Leaves of Brassica napus

The data obtained using the API 6500 QTRAP UPLC/MS/MS system were analyzed to compare the anthocyanin metabolites that were differentially expressed among GLT, RGLT, and PLT. A total of 39 different anthocyanin metabolites, including cyanidin, delphinidin, petunidin, peonidin, pelargonidin, and malvidin, were identified in the leaves of three B. napus cultivars (Supplementary Table 2). A heatmap of the metabolites was created using R software after unit variance scaling; hierarchical cluster analysis was performed on the accumulation pattern of metabolites among different samples. As shown in Figure 2, the 39 anthocyanin metabolites were classified into seven categories, namely, cyanidins (10), pelargonidins (8), peonidins (7), delphinidins (4), flavonoids (4), petunidins (4), and malvidins (2). The three B. napus varieties exhibited different compositions and percentages of anthocyanin metabolites; cyanidins accounted for 31.40–48.68% of the total anthocyanins in RGLT and PLT, and 1.11% in GLT, whereas delphinidins and petunidins accounted for 40.55–53.22% of the total anthocyanins in GLT and 17.66–38.32% in RGLT and PLT (Figure 2 and Supplementary Table 2).
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FIGURE 2. Heatmap of anthocyanin metabolites in the three different colored leaves of B. napus. PLT, purple leaf type; GLT, green leaf type; RGLT, reddish-green leaf type. GLT, green leaf type; RGLT, reddish-green leaf type; PLT, purple leaf type.


Among these metabolites, 22 DAMs exhibited significant differences in the leaves of the three B. napus cultivars. Venn diagram analysis showed that GLT vs. PLT shared nine DAMs with GLT vs. RGLT and nine with RGLT vs. PLT. Moreover, four DAMs were shared among GLT vs. PLT, GLT vs. RGLT, and RGLT vs. PLT (Figure 3A). The cluster heatmap of the DAMs were presented shown in Figure 3B. Except for naringenin, the remaining 21 monomeric anthocyanins in PLT were significantly more abundant than that in GLT, especially cyanidin-3-O-sophoroside, kaempferol-3-O-rutinoside, cyanidin-3-O-5-O-(6-O-coumaryl)-diglucoside, cyanidin-3-(6-caffeylsophoroside)-5-glucoside, cyanidin-3,5,3’-O-triglucoside, and cyanidin-3-O-(coumaryl)-glucoside (Log2FC > 5.0; Supplementary Figure 1A). Similarly, the levels of naringenin were lower and those of other monomeric anthocyanins were higher in RGLT than in GLT (Figure 3B and Supplementary Figure 1B). The relative content of overlapping DAMs between GLT vs. PLT and GLT vs. RGLT was detailed in Figure 3C. Anthocyanin classification results showed that most DAMs were cyanidin glucosides, in particular cyanidin-3,5,3’-O-triglucoside, whereas others were peonidin or pelargonidin glucosides (Figure 3B). Hence, the content and composition of these monomeric anthocyanins likely contribute to the differences in B. napus leaf color.
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FIGURE 3. Metabolome analysis of differentially accumulated metabolites (DAMs). (A) Venn diagram analysis among GLT vs. PLT, GLT vs. RGLT, and RGLT vs. PLT. (B) Cluster heat map of DAMs among GLT, RGLT, and PLT. (C) The relative content of overlapping DAMs (four anthocyanins) in the leaves of the three B. napus cultivars.




RNA-Seq and Mapping of Transcripts

To analyze genome-wide gene expression and the changes responsible for pigment formation and accumulation we performed RNA-seq analysis on GLT, RGLT, and PLT. After removing low-quality reads, 46,556,414–47,880,324 clean reads were obtained. The percentages of Q20 and Q30 values of each library were 96.86–97.21% and 91.65–92.51%, respectively; the GC content of each sample ranged from 46.49 to 47.69% (Supplementary Table 3), indicating that the quality of RNA-seq data was high. To identify genes corresponding to the reads in each library, the clean reads were mapped to the B. napus cv. Darmor-bzh reference genome (Chalhoub et al., 2014) using HISAT2.2.4. A total of 91.68–92.47% of the clean reads matched to either a unique or multiple genomic positions, and more than 86.19% uniquely matched reads were used for gene expression analysis of each library (Supplementary Table 4). Most of the uniquely mapped reads were distributed in the exon region (approximately 95.47–96.39%) and intergenic region (2.90–3.79%) with a few in the intron region (0.67–0.90%; Supplementary Table 5). Finally, the sequence and expression information of 101,040 genes was obtained for subsequent analysis.



Screening of Differentially Expressed Genes

The correlation between the sample groups and biological replicates was closer to 1.00; thus, Supplementary Figure 2A directly reflected the significant difference between the three groups, indicating clear groupings. DEGs were analyzed using DESeq2 (|Log2FC| ≥ 2 and FDR ≤ 0.05), and 5,069 genes were identified as differentially expressed. Compared with the GLT group, 2456 and 713 DEGs were upregulated, 1,601 and 364 DEGs were downregulated in the PLT and RGLT groups, respectively; whereas 713 and 364 DEGs with upregulated and downregulated in the PLT group in comparison to the RGLT group (Figures 4A–C and Supplementary Figure 2B). Furthermore, compared with the RGLT group, 623 DEGs were upregulated and 748 DEGs were downregulated in PLT group (Figure 4C and Supplementary Figure 2B). The results showed that the number of DEGs was the highest in the GLT vs. PLT group, whereas the number of DEGs in the RGLT vs. PLT group was higher than that in the GLT and RGLT group (Figures 4A–C).
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FIGURE 4. Volcano map and Venn diagram analysis of differentially expressed genes (DEGs) in the different colored leaves of B. napus. Red dots indicate upregulated DEGs, green dots indicate downregulated DEGs, and blue dots indicate genes that were not differentially expressed. (A–C) Volcano map of DEGs among GLT vs. PLT, GLT vs. RGLT, and RGLT vs. PLT. (D) Venn diagram analysis of DEGs among GLT vs. PLT, GLT vs. RGLT, and RGLT vs. PLT.


In detail, there were 4,057 DEGs between the PLT and GLT groups, 1077 DEGs between the RGLT and GLT groups, and 1,371 DEGs between the RGLT and PLT groups, comprising 904 overlapping genes (872 DEGs between GLT vs. PLT and RGLT vs. PLT groups, and 32 DEGs among GLT vs. PLT, GLT vs. RGLT, and RGLT vs. PLT groups; Figure 4D). Hence, the formation of different colored leaves of B. napus might be regulated by these DEGs.



Functional Annotation and Expression Patterns of Differentially Expressed Genes

To further assess the biological functions of DEGs in the three different colored leaves of B. napus, GO and KEGG enrichment analysis of the 32 overlapping DEGs were performed. More specifically, the 32 DEGs were mapped to the GO database and classified into three categories: biological process, cellular component, and molecular function. In the molecular function and biological process categories, 78.13% (25 DEGs) and 56.25% (18 DEGs) of DEGs were enriched, respectively. In the molecular function category, DEGs were enriched in binding (16/25, 64.00%) and catalytic activity (10/24, 40.00%) terms. In the biological process category, approximately 88.89% of DEGs were mapped to metabolic and cellular processes. Only three DEGs were enriched in cellular processes (Figure 5A). Among all DEGs, the proportion involved in GO terms was similar to that of the 32 overlapping DEGs (Supplementary Figure 3A). The KEGG annotation of the overlapping DEGs showed a similar result (Supplementary Figure 3B).
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FIGURE 5. GO and KEGG analysis and gene expression heatmap of the 32 overlapping DEGs in the different colored leaves of B. napus. (A) GO analysis of the 32 overlapping DEGs. (B) KEGG enrichment analysis of the 32 overlapping DEGs. (C) The gene expression heatmap of the 32 overlapping DEGs.


The KEGG annotation showed that the 32 overlapping DEGs of the three groups were enriched in eight KEGG pathways, of which the five genes with 71.34% enrichment included BnaC07g37670D (ANS), BnaC09g17150D (DFR), BnaC09g40740D (GST), BnaC05g01540D (GST), and BnaA03g52320D (UDP-sulfoquinovose synthase, SQD1) (Figures 5B,C and Supplementary Table 6). The BnaC07g37670D (ANS) and BnaC09g17150D (DFR) genes were enriched in the biosynthesis of flavonoid and secondary metabolites. Two GSTs (BnaC09g40740D and BnaC05g01540D) were enriched in glutathione metabolism, BnaA03g52320D (SQD1) was enriched in glycerolipid metabolism, as well as amino sugar and nucleotide sugar metabolism, BnaAnng04290D (ferredoxin, FD2) and BnaA03g20180D (calcium-binding protein CML, CML5) were enriched in photosynthesis and plant-pathogen interaction (Figures 5B,C and Supplementary Table 6). The KEGG annotation of the total DEGs among the GLT vs. PLT, GLT vs. RGLT, and RGLT vs. PLT showed similar results (Supplementary Figure 3B). DEGs in the three groups were primarily enriched in metabolic pathways (147–455 DEGs, 53.40–55.68%), biosynthesis of secondary metabolites (91–259 DEGs, 31.21–36.05%), and flavonoid biosynthesis (4 –13 DEGs, 1.52–3.40%; Supplementary Figure 3B). KEGG annotation showed that the most enrichment pathway were metabolic pathways (i.e., biosynthesis of secondary metabolites, flavonoid biosynthesis, etc.), which might contribute to the formation of the B. napus leaf colors.



Identification of Transcription Factors Related to Anthocyanin Biosynthesis

To better understand the regulatory networks involved in anthocyanin biosynthesis, differentially expressed TFs were identified. A total of 5,986 TFs in RNA-seq were identified by BLAST analysis of the B. napus genome sequence. We found that 68, 24, and 48 TFs were differentially expressed in the GLT vs. PLT, GLT vs. RGLT, and RGLT vs. PLT groups, respectively (Figure 6A). Ten major TF families modulated the gene expression levels among the three B. napus varieties (Figures 6B,C). The most TFs were found in the GLT vs. PLT group, while the fewest were observed in the GLT vs. RGLT group, similar to the DEG results among the three varieties (Figure 4A). Among the detected TFs, the members of MYB, ERF, NAC, and bHLH families were more involved in regulating gene transcription (Figures 6B,C). In the GLT vs. PLT, GLT vs. RGLT, and RGLT vs. PLT groups, Log2(FC) values of BnaC05g00840D, BnaA10g00780D (MYB-related TFs), BnaCnng36390D (ERF), BnaC04g08020D (WRKY), and BnaA07g03200D (NAC) were similar to those presented in the heatmap (Figure 5). Furthermore, the genes BnaC06g32180D (MYB-like 2, MYBL2), BnaC01g01660D (MYB73), BnaA07g29170D (bHLH), BnaA05g01050D (circadian clock associated 1, CCA1) and BnaC06g30680D (NAC) were strongly upregulated in the GLT vs. PLT, GLT vs. RGLT, and RGLT vs. PLT groups. BnaAnng06940D (ERF104) and BnaA10g30200D (ERF106) were significantly upregulated in GLT vs. PLT and RGLT vs. PLT, whereas exhibiting no obvious difference in the GLT vs. RGLT group (Figure 6C). These differentially expressed TFs may play key roles in regulating the structural genes involved in the leaf coloration of B. napus.
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FIGURE 6. Distinct expression patterns of transcription factors (TFs). (A) Number of differentially expressed TFs in the GLT, RGLT, and PLT groups. (B) Overview of the enriched TF family. The histograms show the number of genes belonging to each TF family or in each B. napus variety. (C) Heatmaps represent the expression fold change (Log2FC) of TFs among GLT, RGLT, and PLT groups.




Key Differentially Expressed Genes Responsible for the Anthocyanin Biosynthesis Pathway

To explore the differences in anthocyanin accumulation among the leaves of the three B. napus cultivars, DEGs involved in anthocyanin biosynthesis and transport pathways were identified. A total of 27 DEGs were enriched in the anthocyanin synthesis pathway, including BnPAL, Bn4CL, BnC4H, BnDFR, BnANS, and BnUGTs, and 20 GSTs were differentially expressed in GLT vs. PLT, GLT vs. RGLT, or RGLT vs. PLT group comparisons (Figure 7). The transcriptional levels of PAL, C4H, DFR, ANS, and UGTs were significantly upregulated, whereas those of 4CL and two UGT members (BnaC05g50780D and BnaA09g29790D) were significantly downregulated in the GLT vs. PLT and RGLT vs. PLT groups. The expression levels of DFR (BnaC09g17150D), ANS (BnaC07g37670D), and UGT75C1 (BnaA08g07620D) were higher in RGLT than in GLT (Figure 7). Twelve GSTs were significantly upregulated, whereas eight were significantly downregulated in the GLT vs. PLT, GLT vs. RGLT, or RGLT vs. PLT groups. Three GSTs (BnaC09g40740D, BnaC05g01540D, and BnaC08g00080D) were significantly upregulated in RGLT and PLT groups, compared with the GLT group (Figure 7). Hence, these DEGs may play important roles in the purple leaf formation in B. napus, including the regulation of anthocyanin biosynthesis and transport.
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FIGURE 7. Candidate structural genes related to the anthocyanidin biosynthesis pathway. Heatmap shows the expression levels of GLT, RGLT, and PLT from left to right, respectively. The color change of the heatmap from green to red indicates the expression levels ranging from low to high. △, □, and ○ indicate the differential expressed levels in GLT vs. PLT, GLT vs. RGLT, and RGLT vs. PLT groups, respectively.


To further confirm the DEGs involved in the anthocyanin biosynthesis pathway in B. napus leaf, correlation analysis was performed for the DEGs and DAMs in three different colored leaf cultivars. For the correlation analysis, genes with coefficients of |r| ≥ 0.8 were selected. A total of 4,187 DEGs were associated with 39 metabolites, of which 1,578–1,598 (37.69–38.17%) were significantly associated with naringenin-7-O-glucoside, pelargonidin-3-O-sophoroside-5-O-(malonyl)-glucoside, petunidin-3-O-(coumaryl)-glucoside, pelargonidin-3-(6-caffeyl sophoroside)-5-glucoside, and peonidin-3-(caffeoyl-glucosyl-glucoside)-5-glucoside (Supplementary Table 7). A total of 1,327 DEGs correlated with all five metabolites, indicating that these metabolites have a similar accumulation tendency (Supplementary Figure 4).

The correlation network was then used to select the regulatory correlation between metabolites and genes involved in flavonoid and anthocyanin biosynthesis pathways (Figure 8). This result indicated that DEGs were strongly correlated with metabolites. MYB, WRKY, bHLH TFs, and key structural genes (DFR and UGT75C1) were significantly and positively correlated with metabolites. Moreover, certain TFs (ERF, HD-ZIP) and structural genes (PAL, C4H, ANS) were significantly and negatively correlated with naringenin, naringenin-7-O-glucoside, or pelargonidin-3-O-galactoside. This result demonstrated that these TFs and structural genes may play important roles in flavonoid and anthocyanin biosynthesis.
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FIGURE 8. Correlation network of 30 metabolites and 14 key genes involved in flavonoid and anthocyanin biosynthesis in B. napus leaves. Blue circle and pink diamond represent genes and metabolites, respectively. The degree represents the number of genes or metabolites. Relation represents the correlations with the coefficient value ≥ 0.80 (positive) or ≤ –0.80 (negative). Cya-3-O-xyl, cyanidin-3-O-xyloside; Cya-3-O-(coumaryl)-glu, cyanidin-3-O-(coumaryl)-glucoside; Cya-3-O-5-O-(6-O-coumaryl)-diglu, cyanidin-3-O-5-O-(6-O-coumaryl)-diglucoside; Cya-3-O-sam, cyanidin-3-O-sambubioside; Cya-3-sam-5-glu, cyanidin-3-O-sambubioside-5-O-glucoside; Cya-3-(6-caf-sop)-5-glu, cyanidin-3-(6-caffeylsophoroside)-5-glucoside; Cya-3-O-xyl, cyanidin-3-O-xyloside; Cya-3-O-sop, Cyanidin-3-O-sophoroside; Cya-triglu, cyanidin-3,5,3’-O-triglucoside; Del-3-rut-5-glu, delphinidin-3-rutinoside-5-glucoside; Kaempferol-3-O-rut, kaempferol-3-O-rutinoside; Mal-3-O-(6-O-malonyl)-glu, malvidin-3-O-(6-O-malonyl-beta-D-glucoside); Pel-3-O-sop-5-O-(malonyl)-glu, pelargonidin-3-O-sophoroside-5-O-(malonyl)-glucoside; Pel-3-O-gal, pelargonidin-3-O-galactoside; Pel-3-(6-caf-sop)-5-glu, pelargonidin-3-(6-caffeylsophoroside)-5-glucoside; Pel-3-O-sop, pelargonidin-3-O-sophoroside; Pel-3-O-5-O-(6-O-coumaryl)-diglu, pelargonidin-3-O-5-O-(6-O-coumaryl)-diglucoside; Pel-triglu, pelargonidin-3,5,3’-O-triglucoside; Pel-3-O-rut-5-O-glu, pelargonidin-3-rutinoside-5-glucoside; Peo-3,5-O-diglu, peonidin-3,5-O-diglucoside; Peo-3-O-ara, peonidin-3-O-arabinoside; Peo-3-(caf-glucosyl-glu)-5-glu, peonidin-3-(caffeoyl-glucosyl-glucoside)-5-glucoside; Pet-3-O-(coumaryl)-glu, petunidin-3-O-(coumaryl)-glucoside; Naringenin-7-O-glu, naringenin-7-O-glucoside; Peo-3-O-sop, peonidin-3-O-sophoroside; Peo-triglu, peonidin-3,5,3’-O-triglucoside; Peo-3-O-glu, peonidin-3-O-glucoside; Pel-3-O-glu, pelargonidin-3-O-glucoside; Peo-3-O-(6-O-p-coumaryl)-glu, peonidin-3-O-(6-O-p-coumaryl)-glucoside.




Gene Expression Analysis of RNA-Seq by qRT-PCR

To validate the credibility of the RNA-seq data, we subjected nine DEGs to qRT-PCR. Most of these genes were highly expressed in PLT, while only two genes were highly expressed in GLT or RGLT (Figure 9). Among them, the expression of BnaC02g05070D (CHS), BnaA09g15710D (DFR), BnaA08g07620D (UGT75C1), BnaA01g12530D (ANS), and BnaC09g40740D (TT19) were markedly up-regulated in PLT. Similarly, the expression of two TFs (BnaC06g32180D and BnaA07g29170D), which are the member of MYB and bHLH families, respectively, was markedly enhanced in PLT. In contrast, BnaA05g19780D (4CL) and BnaA04g04230D (F3H), which are involved in the phenylpropanoid pathway or the early flavonoid biosynthetic stages, were significantly down-regulated in PLT. Correlation analysis of the expression levels of these genes was significantly correlated with the results of RNA-seq (R > 0.88), validating the sequencing results. Taken together, these results indicate that RNA-seq data accurately assessed and identified genes involved in anthocyanin biosynthesis in B. napus.
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FIGURE 9. The qRT-PCR analysis of the expression patterns for genes involved in B. napus anthocyanin biosynthesis. Green, red, and purple represent the expression levels of genes in GLT, RGLT, and PLT, respectively.





DISCUSSION


Anthocyanin Identification in the Purple Leaves of Brassica napus

Anthocyanins, the key metabolites for determining the coloration of fruits, leaves, or petals, can promote health in humans and protect plants against environmental stress (Jaakola, 2013). Breeding functional food and feeding crops rich in anthocyanins has been an ongoing global objective (Asem et al., 2015). In our previous study, we obtained three different colored leaf B. napus varieties from green to purple, the coloration of which was primarily caused by anthocyanins (Li et al., 2016). The anthocyanin content in B. napus leaves was determined and found to correspond with color intensity, which was 7.66–65.34 mg 100 g–1FW in the green to purple leaves of B. napus (Figures 1A–C). Furthermore, anthocyanin was accumulated on the adaxial surface of B. napus leaves (Figures 1A,B), which is consistent with results of a previous study on B. napus (He et al., 2021b), however, inconsistent with those related to B. juncea (Heng et al., 2020b) and B. rapa (Song et al., 2020b). The marked difference in anthocyanin accumulation and distribution may be due to differences in cultivars and heredity (He et al., 2021b).

Metabolome and transcriptome sequencing have been used as powerful tools to study the molecular mechanisms underlying different biological processes (Wang et al., 2020). In this study, transcriptome and anthocyanins metabolome analysis were used to elucidate anthocyanin biosynthesis in green to purple leaves of B. napus. A total of 4 flavonoids and 35 anthocyanins were identified in B. napus leaves using the API 6500 QTRAP UPLC/MS/MS system (Figure 2 and Supplementary Table 2). The 35 anthocyanins comprised 10 cyanidins, 8 pelargonidins, 7 peonidins, 4 delphinidins, 4 petunidins, and 2 malvidins. It is well-known that cyanidin, delphinidin, pelargonidin, peonidin, petunidin, and malvidin are common anthocyanin pigments (Jaakola, 2013). In general, cyanidin and peonidin are classified as red pigments, delphinidin, petunidin, and malvidin are categorized as blue pigments (Song et al., 2020b), and pelargonidin as an orange and red pigment (Khoo et al., 2017). Purple color is produced by combining red and blue pigments (Song et al., 2020b). In the present study, six anthocyanin aglycones were detected, however, the three B. napus varieties presented different compositions and ratios of anthocyanins. The main forms of anthocyanins were cyanidin and petunidin in PLT and RGLT, whereas delphinidin and petunidin predominated in GLT (Figure 2 and Supplementary Table 2). These results indicate that cyanidin may be main component of purple leaves in B. napus, which is consistent with the results of Zhang and Jing (2020), who found that the major anthocyanins in Brassica vegetables are derivatives of cyanidin 3-diglucoside-5-glucoside.

Differences in tissue color are typically caused by different anthocyanin types and contents, with higher anthocyanin content in tissues often resulting in a darker shade (Fu et al., 2021). In this study, 22 DAMs among GLT vs. PLT, GLT vs. RGLT, and RGLT vs. PLT were identified according to anthocyanin content, indicating that these 22 anthocyanins contribute to different leaf colors in B. napus. Venn diagram analysis and relative anthocyanin content showed that cyanidin-3-O-sambubioside-5-O-glucoside, cyanidin-3-(6-caffeylsophoroside)-5-glucoside, cyanidin-3,5,3’-O-triglucoside, and cyanidin-3-O-(coumaryl)-glucoside were shared among all three groups, in which cyanidin-3,5,3’-O-triglucoside was not detected in GLT; its content was 2.03-fold higher in RGLT vs. PLT group, and was higher than that of other anthocyanins in PLT (Figures 3A,B). This result indicated that cyanidin-3,5,3’-O-triglucoside could be the main form of anthocyanin in PLT, supporting the results of Zhang and Jing (2020). Moreover, malvidin-3-O-(6-O-malonyl-beta-D-glucoside), petunidin-3-O-(coumaryl)-glucoside, pelargonidin-3-(6-caffeylsophoroside)-5-glucoside, pelargonidin-3-O-sophoroside-5-O-(malonyl)-glucoside, and peonidin-3-(caffeoyl-glucosyl-glucoside)-5-glucoside were absent in RGLT and GLT (Figures 3A,B), suggesting that these anthocyanins play important roles in deepening the color of B. napus leaves.

Petunidin, delphinidin, pelargonidin, cyanidin, peonidin, and malvidin were present in GLT. The contents of petunidin-3-O-galactoside and delphinidin-3-O-glucoside were nearly equal in the GLT, RGLT, and PLT groups (Figure 2 and Supplementary Table 2), which is consistent with the results of Salvia miltiorrhiza flowers reported by Jiang et al. (2020) and turnip skins reported by Zhuang et al. (2019). However, the pigments detected in purple flowers of alfalfa were absent in the cream flowers (Duan et al., 2020). In plants, color is based on the number of pigments, metal ions, or different molecular conformations of anthocyanins (Jiang et al., 2020). These pigments are typically present in small quantities in the green leaves of B. napus, thereby indicating that structural genes of anthocyanin metabolic pathways may be expressed at the low levels in the green leaves of B. napus.



Key Structural Genes of Anthocyanin Biosynthesis in Leaves of Brassica napus

Many structural and regulatory genes participate in anthocyanin biosynthesis in plants. A single dominant gene controls purple leaf formation in B. napus (Li et al., 2016) and B. juncea (Heng et al., 2020a). In B. napus, the purple leaf formation is controlled by a candidate incomplete dominant gene BnAPR2, which encodes adenosine 5′-phosphosulfate reductase (Li et al., 2016). In B. oleracea, the purple leaf trait is controlled by a single dominant gene BoPr, which is homologous of DFR gene in Arabidopsis (Liu et al., 2017). These findings suggest that the purple leaf gene involved in the molecular mechanism of anthocyanin biosynthesis may be different in plants, even in closely related species.

Since the discovery of the anthocyanin biosynthesis pathway by Holton and Cornish (1995), the functions of the key structural genes involved in anthocyanin biosynthesis have been explored in plants. Previous studies have reported that early biosynthesis genes (CHS, CHI, and F3H) and late biosynthesis genes (F3′H, F3′5′H, DFR, ANS, and UFGT) are required for anthocyanin biosynthesis (Goswami et al., 2018; Liu et al., 2018). Furthermore, the late biosynthesis genes and anthocyanin content have been consistently observed in many vegetables (Liu et al., 2018). However, in late biosynthesis genes, FLS1, DFR, ANS, and UGT75C1 are putative candidates responsible for anthocyanin accumulation in high-anthocyanin resynthesized B. napus (Goswami et al., 2018). In this study, 32 DEGs overlapped among the GLT vs. PLT, GLT vs. RGLT, and RGLT vs. PLT comparisons, including ANS (BnaC07g37670D), DFR (BnaC09g17150D), and three GSTs (BnaC05g01540D, BnaC08g00080D, and BnaC09g40740D) (Figures 5B,C and Supplementary Table 6). The expression levels of most PAL, C4H, DFR, ANS, UGTs and GSTs were significantly upregulated in the GLT vs. PLT and RGLT vs. PLT groups, in which the expression levels of DFR (BnaC09g17150D) and ANS (BnaC07g37670D) in PLT were higher than those in GLT and RGLT (Figure 7). Correlation analysis for the DEGs and DAMs, further revealed that the structural genes DFR (BnaC09g17150D) and UGT75C1 (BnaA08g07620D) were significantly and positively correlated with anthocyanin metabolites, whereas ANS (BnaC07g37670D) was positively correlated with most anthocyanins, except pelargonidin-3-O-galactoside (Figure 8). DFR and ANS were significantly upregulated in RGLT and PLT, which might have resulted in anthocyanin accumulation in the purple leaves of B. napus. DFR catalyzes the biosynthesis of leucoanthocyanidin, and ANS catalyzes the conversion of leucoanthocyanidins to colored anthocyanidins (Wang et al., 2018). The lack of DFR and ANS activities can lead to anthocyanin accumulation in tobacco (Jiao et al., 2020). UGT75C1 belongs to the phylogenetic group of anthocyanin 5-O-glucosyltransferases and is non-redundant in Arabidopsis; its mutant (ugt75c1) does not accumulate anthocyanin 5-O-glucosides (Tohge et al., 2005; Si et al., 2022). This result was consistent with the finding that UGT75C1 is important for anthocyanin biosynthesis in Acer truncatum, as reported by Si et al. (2022). Therefore, we speculated that UGT75C1, along with other structural genes of anthocyanin biosynthesis, plays an important role in purple leaf formation in B. napus. Interestingly, the expression of 4CL and F3H was clearly down-regulated in PLT (Figure 9). In addition, to catalyze p-coumaric acid to form 4-coumaroyl-CoA, 4CL plays an important role in lignin biosynthesis pathway (Jiang et al., 2019). The lower transcript level of 4CL in PLT may be caused by the decrease of lignin biosynthesis. F3H is one of the nuclear enzymes, catalyzing naringenin to dihydroflavonols. It has been reported that the high expression of F3H is associated with the accumulation of flavonols in safflower, whereas its low expression does not affect the increased accumulation of flavonols (Tu et al., 2016). It may imply that other F3H genes or transposable elements may positively regulate the accumulation of flavonols and anthocyanins in PLT.

Anthocyanin accumulation in vacuoles is related to anthocyanin transport (Zhao, 2015; Mattioli et al., 2020). In this study, 20 GSTs were detected in DEGs of three different colored leaves of B. napus cultivars, of which three GSTs (BnaC09g40740D, BnaC05g01540D, and BnaC08g00080D) were significantly upregulated in GLT vs. PLT, GLT vs. RGLT, and RGLT vs. PLT (Figure 7). BnaC09g40740D encodes an anthocyanin transporter protein, the homologue of TT19 is significantly and positively correlated with the expression of structural genes in B. napus (Goswami et al., 2018). Other homologous genes of TT19 (BnaA02g03440D, BnaC02g07110D, and BnaA10g17440D) were significantly expressed in GLT vs. PLT and GLT vs. RGLT groups (Figure 7). Therefore, we speculate that the differential expression of DFR, ANS, and TT19 contributes to leaf color diversity in B. napus.



Transcription Factors Related to Anthocyanin Biosynthesis

In addition to the key structural genes, flavonoid and anthocyanin biosynthesis is regulated by TFs such as MYB, bHLH, WD40, and MADS-box (Jaakola, 2013). In plants, MYB members are the key TFs regulating anthocyanin biosynthesis. In Arabidopsis, MYB75 controls anthocyanin biosynthesis as a master regulator (Solfanelli et al., 2006). MYB111 is a positive regulator of flavonoid biosynthesis, binding to specific cis-elements in the promoters of CHS, F3H, and FLS (Li et al., 2019). In B. juncea, the R2R3-MYB TF (BjPur) controls the purple leaf formation, and it has been established that a 1,268-bp insertion in the first intron of the BjPur gene substantially reduces the expression level of BjPur in the green leaves of B. juncea (Heng et al., 2020a). In this study, ten, two, and four MYB or MYB-like TFs were significantly regulated in GLT vs. PLT, GLT vs. RGLT, and RGLT vs. PLT, respectively, especially BnaC05g00840D, BnaA10g00780D (MYB-related TFs), the homologous of late elongated hypocotyl 1 (LHY1) in Arabidopsis, and BnaA05g01050D (CCA1) (Figure 6C). It is generally known that CCA1 and LHY1 act as master regulators of the central loop of the circadian clock, which comprises three loops, a central loop and two side loops (Ding et al., 2007; Nguyen and Lee, 2016). Furthermore, the expression of the genes involved in anthocyanin biosynthesis, such as CHS, CHI, and DFR, are regulated by a circadian rhythm (Deikman and Hammer, 1995). In Arabidopsis, an MYB-related gene (MYB-like domain, MYBD) which belongs to the CCA1-like group, functions as a positive regulator of anthocyanin biosynthesis (Nguyen and Lee, 2016). In this study, we found that two LHY1 genes (BnaC05g00840D, BnaA10g00780D) and CCA1 (BnaA05g01050D) were significantly upregulated in PLT (Figure 6C). According to this correlation, the expression of BnaC06g32180D (MYBL2) and BnaC01g01660D (MYB73) exhibited the positive correlation coefficient with anthocyanins metabolites (Figure 7). Nevertheless, MYBL2 functions as a negative regulator of flavonoid biosynthesis (Dubos et al., 2008), and MYBD increases anthocyanin accumulation via repression of MYBL2 expression in Arabidopsis (Nguyen and Lee, 2016), while MYB73 interacts with UV-B photoreceptor UVR8 to regulate auxin responses and lateral root development (Yang et al., 2019). We speculated that one or several MYB-related genes may act as regulators of anthocyanin biosynthesis by the circadian clock in purple leaf of B. napus. This speculation still requires further studies to validate it.

Furthermore, MYB interacts with bHLH and WD40 to form the ternary complex MBW, to regulate anthocyanin biosynthesis in plants (Xu et al., 2015). However, the MBW complex is not indispensable for anthocyanin biosynthesis in apple (An et al., 2012). In this study, one bHLH gene (BnaA07g29170D) was upregulated in the RGLT and PLT groups (Figure 6); any annotated expression of the WD40 gene was not detected among three B. napus varieties (Figure 6). Similar results have been reported in turnip (Zhuang et al., 2019) and in a high-anthocyanin resynthesized B. napus (Goswami et al., 2018). Therefore, the functions of these MYB-related TFs in the regulation of anthocyanin biosynthesis requires further study.

Additionally, WRKY TFs have been established to play important roles in the transcriptional regulation of anthocyanin biosynthesis. Previous studies have reported that WRKY75 can regulate anthocyanin accumulation by activating the promotors of DFR, UFGT, or MYB in pear (Cong et al., 2021), whereas WRKY44, as the hub gene, has been demonstrated to regulate the accumulation of anthocyanin in kiwifruit (Peng et al., 2020) and eggplant (He et al., 2021a). In the present study, we found that BnaC04g08020D, a homologous of AtWRKY44 in Arabidopsis, was differentially expressed among three assessed B. napus varieties (Figures 5C, 6C). In Arabidopsis, WRKY44 functioning in conjunction with the MBW complex, has been shown to regulate the anthocyanin and proanthocyanin pathway (Lloyd et al., 2017). We accordingly speculated that BnaC04g08020D might regulate anthocyanin pathway by interacting with MYB, MBW, or other TFs in B. napus. Additionally, ERF members were the most differentially expressed TFs in the three B. napus varieties; and that NAC, DBB, ZIP, and MADS TFs also showed significantly different levels of expression among these three cultivars (Figure 6). Moreover, the expression of these TFs was found to be closely correlated with the occurrence of anthocyanin metabolites (Figure 8). Consequently, we speculate that these differentially expressed TFs may play roles in anthocyanin biosynthesis or transport in the purple leaves of B. napus, and accordingly, further studies should ideally focus on identifying and verifying the key candidate gene(s) or TF(s) controlling the purple leaf formation in B. napus. Gene IDs of these candidate genes in B. napus cv. Zhongshuang11 (ZS11) genome V2.0 (Sun et al., 2017; Song et al., 2020a) were shown in Supplementary Table 8.




CONCLUSION

In this study, metabolome and transcriptome analyses were used to identify key anthocyanins and candidate genes responsible for the formation of purple leaves in B. napus. A total of 35 anthocyanins were detected, including ten cyanidins, eight pelargonidins, seven peonidins, four delphinidins, four petunidins, and two malvidins. Cyanidins, especially cyanidin-3,5,3’-O-triglucoside, as well as other anthocyanins, may represent the main components in purple leaves that contribute to the deepening color of B. napus leaves. Moreover, two structural genes (DFR and ANS) in the anthocyanin biosynthesis pathway, three GSTs (the homology of TT19), and differentially expressed TFs (MYB, bHLH, WRKY, and ERF) were identified as candidate regulators contributing to anthocyanin biosynthesis or transport in B. napus leaves. The findings of this study will provide valuable information and new insights for further investigations of the regulatory network underlying the accumulation of anthocyanin in B. napus.
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Supplementary Figure 1 | Log2(FC) of DAAs among GLT vs PLT, GLT vs RGLT, and RGLT vs PLT. (A) Log2(FC) of DAAs in GLT vs PLT. (B) Log2(FC) of DAAs in GLT vs RGLT. (C) Log2(FC) of DAAs in RGLT vs PLT.

Supplementary Figure 2 | Sample correlation analysis and comparative analysis of DEGs. (A) Pearson correlation coefficient among GLT, RGLT, and PLT. (B) The numbers of differently up-regulated and down-regulated genes among GLT vs PLT, GLT vs RGLT, and RGLT vs PLT.

Supplementary Figure 3 | GO, KEGG analysis, and gene expression heatmap of the total DEGs in different color leaves of B. napus. (A) GO analysis of the total DEGs. (B) KEGG enrichment analysis of the total DEGs.

Supplementary Figure 4 | The Venn analysis of DEGs correlation with overlapping 5 DAMs in three cultivars of B. napus leaves.
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DAMs, differentially accumulated metabolites; DEGs, differentially expressed genes; FC, foldchange; TF, transcription factor; PAL, phenylalanine ammonialyase; 4CL, 4-coumaryol CoA ligase; C4H, cinnamate 4-hydroxylase; CHS, chalcone synthase; CHI, chalcone isomerase; DFR, dihydroflavonol 4-reductase; F3H, flavanone 3-hydroxylase; F3′H, flavonoid 3′-hydroxylase; F3′5′H, flavonoid 3′,5′-hydroxylase; ANS, anthocyanidin synthase; GST, glutathione S-transferases; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GT, glucosyltransferases; AT, acyltransferases; MT, methyltransferases; ER, endoplasmic reticulum; bHLH, basic helix–loop–helix; TT8, transparent testa 8; RNA-seq, RNA sequencing; GO, Gene Ontology; MYBD, MYB-like Domain transcription factor; MYBL2, MYB-like 2; CCA1, circadian clock associated 1; LHY1, late elongated hypocotyl 1.
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Dendrobium officinale is both a traditional herbal medicine and a plant of high ornamental and medicinal value. Alkaloids, especially terpenoid indole alkaloids (TIAs), with pharmacological activities are present in the tissues of D. officinale. A number of genes involved in alkaloid biosynthetic pathways have been identified. However, the regulatory mechanisms underlying the precursor and methyl jasmonate (MeJA)-induced accumulation of alkaloids in D. officinale are poorly understood. In this study, we collected D. officinale protocorm-like bodies (PLBs) and treated them with TIA precursors (tryptophan and secologanin) and MeJA for 0 (T0), 4 (T4) and 24 h (T24); we also established control samples (C4 and C24). Then, we measured the total alkaloid content of the PLBs and performed transcriptome sequencing using the Illumina HiSeq 2,500 system. The total alkaloid content increased significantly after 4 h of treatment. Go and KEGG analysis suggested that genes from the TIA, isoquinoline alkaloid, tropane alkaloid and jasmonate (JA) biosynthetic pathways were significantly enriched. Weighted gene coexpression network analysis (WGCNA) uncovered brown module related to alkaloid content. Six and seven genes related to alkaloid and JA bisosynthetic pathways, respectively, might encode the key enzymes involved in alkaloid biosynthesis of D. officinale. Moreover, 13 transcription factors (TFs), which mostly belong to AP2/ERF, WRKY, and MYB gene families, were predicted to regulate alkaloid biosynthesis. Our data provide insight for studying the regulatory mechanism underlying TIA precursor and MeJA-induced accumulation of three types of alkaloids in D. officinale.
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Introduction

Dendrobium officinale Kimura et Migo, belonging to the Orchidaceae family, is a rare perennial herb that has antiaging and hypoglycemic properties and is very effective in the treatment of gastrointestinal diseases (Guo et al., 2020). D. officinale is listed separately in the Chinese Pharmacopeia (2010 edition), indicating that it is nationally recognized for its medicinal value (Tang et al., 2017). Several active ingredients, including polysaccharides and alkaloids, reportedly make major contributions to the excellent medicinal effect of D. officinale (Xu et al., 2013). To date, most research has focused on the characterization of polysaccharides, and few studies have examined alkaloids due to their complex chemical compositions and diversity. Some previous studies have shown that the main types of D. officinale alkaloids are pyridines, isoquinolines, purines, amides, and terpenoid indole alkaloids (TIAs) (Mou et al., 2021), with TIAs, such as sempervirine, glycoperine, carapanaubine, and quinine, being the most abundant (Jiao et al., 2018; Cao et al., 2019).

TIAs are a group of natural products with important biological activities. More than 4,000 such alkaloids have been derived from plants in the families Apocynaceae, Rubiaceae, Loganiaceae, and Nyssaceae (Huang et al., 2016). Although the structure of TIAs is complex, they all originate from a common intermediate, strictosidine, which is a product of the condensation of two intermediates, tryptamine and secologanin, catalyzed by the enzyme strictosidine synthase (STR) (Liu et al., 2021). The TIA content in medicinal plants is often low, and the extraction of these compounds is difficult. Moreover, the shortage of natural medicinal plant resources seriously affects the development and utilization of medicinal plants. Adding exogenous substances, such as precursors, elicitors, nutrient elements, and signal molecules, to plant tissue culture systems is an effective method to improve the plant TIA content (Jeet et al., 2020). For example, the accumulation of vinblastine was improved by treatment with tryptophan (Trp) in multiple shoot and callus cultures of Catharanthus roseus (Sharma et al., 2019), and MeJA and JA can be used as signal molecules to regulate the biosynthesis of plant secondary metabolites, such as nicotine, anthocyanin, artemisinin, and TIAs (Wasternack and Strnad, 2019).

In the last few years, transcriptomic technology has become a widely used tool to investigate the biosynthesis and regulatory mechanisms of secondary metabolites. The first transcriptomic analysis paper focused on D. officinale was published in 2013. It revealed several putative alkaloid biosynthetic genes and transcription factor (TF) genes in D. officinale (Guo et al., 2013). To date, a large number of genes involved in alkaloid biosynthesis in D. officinale have been identified by transcriptomic analysis (Shen et al., 2017; Chen et al., 2019; Wang et al., 2020, 2021); however, the regulatory mechanism underlying the accumulation of alkaloids, especially TIAs, in TIA precursor and MeJA-treated D. officinale is largely unknown. In this study, the D. officinale protocorm-like bodies (PLBs) were treated with TIA precursor and MeJA. Then, total alkaloid content of treated and non-treated PLBs was measured, and we used RNA sequencing (RNA-Seq) analysis to study variation in gene expression between the treatment group and control group. Furthermore, WGCNA was used to screen the key modules involved in alkaloid biosynthesis, and the expression of related genes, including key enzymes and TFs, was predicted and analyzed. This work may provide important insights into alkaloids biosynthesis, and reveals the regulation mechanism under precursor and MeJA treatment in D. officinale.



Materials and methods


Plant materials and experimental design

PLBs of D. officinale with basically the same growth trend were used to inoculate 40 mL of 1/2 MS (Murashige and Skoog) + 0.1 mg/L NAA (α-naphthalene acetic acid) + 30 g/L sucrose + 0.1 g/L lactalbumin hydrolysate (pH 5.8) liquid medium in conical bottles, adding 7.0 g of PLBs to each bottle (Figure 1A). Based on our preliminary experimental results, 9 μmol/L Trp, 6 μmol/L secologanin (S) and 100 μmol/L MeJA were added to the liquid medium (Jiao et al., 2018). PLBs without any treatment were used as the control (CK). Samples were collected at 0, 2, 4, 8, 12, and 24 h after treatment (Ge et al., 2015; Chen et al., 2019). Sampling at each time point was performed for three biological repeats. After collection, the PLBs were cleaned under running water and divided into two groups. One group was dried at 60°C for determination of the total alkaloid content. The other group was quickly frozen with liquid nitrogen and stored at −80°C for subsequent RNA extraction and quantitative real-time polymerase chain reaction (qRT-PCR) analysis. The reagents including tryptophan, secologanin and MeJA were all purchased from Sigma-Aldrich (St. Louis, MO, United States). Other reagents, such as MS, NAA, sucrose and lactalbumin hydrolysate, were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
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FIGURE 1
Determination of total alkaloid content in D. officinale PLBs under Trp + S + MeJA treatment. (A) The PLBs used for Trp + S + MeJA treatment. (B) The total alkaloid content in PLBs treated with TIA precursors and MeJA for 0, 4 and 24 h. Data represent means ± SD from three biological replicates. Asterisks shows significant differences based on the Student’s t-test (*p < 0.05).




Extraction and determination of the total alkaloid content

For alkaloid extraction, samples were soaked with ammoniated chloroform. The total alkaloid content was determined according to our previously reported method (Jiao et al., 2018).



RNA extraction, library preparation and RNA sequencing analysis

The total RNA of D. officinale PLBs was extracted according to the manufacturer’s protocol for the Plant Total RNA Isolation Kit (Sangon, Shanghai, China). The concentration and quality of the extracted RNA were tested using Agilent 2100 bioanalyzer with a RNA Nano 6000 Assay Kit (Agilent, CA, United States). Four key enzyme-encoding genes that may be involved in the biosynthesis of TIAs in D. officinale were identified in the National Center for Biotechnology Information (NCBI) database: 1-deoxy-d-xylose 5-phosphate reductase (DoDXS, GenBank accession number: KF803334), strictosidine synthase (DoSTR, GenBank accession number: KX068707), secologanin synthase (DoSLS, GenBank accession number: XM_020846499.2) and tryptophan decarboxylase (DoTDC, GenBank accession number: MK625691.1). To determine their expression levels in PLBs at the six different treatment times mentioned above, we further selected suitable sampling points (0, 4 and 24 h) for transcriptome sequencing analysis. The qRT-PCR primers for DoDXS, DoSTR, DoSLS and DoTDC are listed in Supplementary Table 1.

Transcriptome sequencing, sequence assembly, and data analysis are provided by Biomarker Biotechnology Co., Ltd. (Beijing, China). The mRNA from these samples collected at the three sampling time points was enriched using Oligo (dT) magnetic beads. Then, the mRNA was fragmented and used as a template for reverse transcription to synthesize cDNA. The purified cDNA was then subjected to end repair and A-tailing, followed by the attachment of a sequencing adapter. A cDNA library was then obtained by PCR amplification and enrichment. Then, the sequencing was executed on an Illumina HiSeq 2,500 platform, and 150 bp paired-end reads were produced. The sequences were further processed with a bioinformatic pipeline tool, BMKCloud13 online platform. Raw data of fastq format were firstly processed through in-house Perl scripts. The raw data were filtered to remove the linker sequences and low-quality reads to obtain high-quality clean data. The Q20, Q30, and GC content of the clean data were calculated.

The clean data were mapped to the genome of D. officinale (version number ASM160598v2).1 HISAT2 software was used to align the obtained clean data to the reference genome, and the comparison efficiency was calculated to evaluate the assembly quality of the selected reference genome. StringTie software was used to assemble the aligned reads, and the obtained unigenes were quantitatively analyzed (Pertea et al., 2016).



Identification and annotation of differentially expressed genes

Gene expression levels were determined using the fragments per kilobase of transcript per million mapped reads (FPKM) method (Florea et al., 2013). Differential expression analysis of two samples was performed using DESeq2 (version 1.24.0) software (Rapaport et al., 2013). The differentially expressed genes (DEGs) were screened with the threshold false discovery rate (FDR) ≤ 0.01 and | log2FC (fold change)| ≥ 1. Heat maps were generated using TBtools software (version 0.66837) to display genes with significantly altered expression. All the assembled unigenes and DEGs were searched against the NCBI non-redundant protein (NR),2 Gene Ontology (GO),3 Clusters of Orthologous Groups (COG),4 Kyoto Encyclopedia of Genes and Genomes (KEGG)5 and Swiss-Prot databases using a cutoff E-value of 10-5 (Lv et al., 2022).



Weighted gene coexpression network analysis

A weighted gene coexpression network was built using the WGCNA R package to identify modules of high correlated genes based on the FPKM data (Langfelder and Horvath, 2008). Before performing WGCNA analysis, selected gene sets were filtered to remove low quality genes according to median absolute deviation (MAD) value. The soft thresholding power β of 14 was selected to make the networks exhibit an approximate scale-free topology (Supplementary Figure 1). The adjacency matrix was then converted to a topological overlap (TO) matrix using the TOMsimilarity algorithm (Zhan et al., 2015). All genes were hierarchically clustered based on TOMsimilarity, and a gene dendrogram was produced. The Dynamic Hybrid Tree Cut algorithm was used to cut the hierarchal clustering tree and defined modules as branches from the tree cutting. It had a module with default settings: minModuleSize was 30 and the minimum height of the combined module was 0.25 (Li et al., 2021). Modules whose eigengenes were highly correlated (correlation > 0.8) were merged. In order to screen the modules related to alkaloid biosynthesis, Pearson’s correlation between the eigengenes of each module and the alkaloid content were further analyzed. The coexpression network illustration was conducted with Cytoscape software (version 3.8.0).



Quantitative real-time polymerase chain reaction validation

To confirm the reliability of the RNA-Seq data, the expression levels of 16 candidate genes related to alkaloid biosynthesis and metabolic regulation were checked using qRT-PCR. The primers of the 16 selected unigenes are listed in Supplementary Table 1. cDNAs were reverse-transcribed from total RNA using the PrimeScript RT Reagent Kit (Takara, Tokyo, Japan). All reactions were carried out in a QuantStudio 6 Flex real-time PCR system (Thermo Fisher, Waltham, MA, United States). Each reaction contained 2 μL of diluted cDNA, 1 μL of each primer, 8 μL of SYBR Premix Ex Taq II, and 8 μL of RNase-free double-distilled water (ddH2O). The cycling conditions used for qRT-PCR were as follows: 95°C for 3 min, followed by 40 cycles of 95°C for 10 s, 52°C for 15 s and 72°C for 30 s. A housekeeping gene (β-actin) was used as a reference, and the relative expression level of each gene was calculated using the 2–Δ Δ CT method (Fan et al., 2016).



Statistical analysis

Three biological replicates were prepared and analyzed in this work, and the data were presented as means ± standard deviations (SD). Student’s t-test and Pearson correlation analysis were performed in SPSS statistical software (version 26.0). Values of p < 0.05 and p < 0.01 were considered to be the significant differences and extremely significant differences, respectively.




Results


Selection of transcriptome sequencing samples

Four structural genes, namely, DXS, STR, SLS, and TDC, are involved in the TIA biosynthetic pathway (Liu et al., 2021). To screen additional DEGs, the expression patterns of these four key enzyme-encoding genes (DoDXS, DoSTR, DoSLS, and DoTDC) in D. officinale PLBs were analyzed. The expression of the four genes was significantly increased under the TIA precursor and MeJA treatment (Figure 2). DoDXS, DoSLS and DoTDC, but not DoSTR, showed strong induction by the precursors and MeJA. The expression of DoDXS and DoSLS peaked after 4 h of treatment; however, DoTDC expression peaked after 8 h of treatment. The expression pattern of DoSTR was different, with a first peak observed after 4 h of treatment, followed by a second peak after 24 h. These results suggested that the expression levels of DoDXS, DoSTR, DoSLS, and DoTDC were markedly increased in the samples treated for 4 and 24 h compared with the control samples. Therefore, we selected PLBs that were treated for 0, 4 and 24 h and grew normally up to 4 and 24 h as the transcriptome sequencing samples.
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FIGURE 2
Expression patterns of four key genes involved in the TIA biosynthetic pathway of D. officinale PLBs under precursor and MeJA treatment.




Total alkaloid content in Dendrobium officinale under precursor and methyl jasmonate treatment

As alkaloids are the main bioactive constituents in D. officinale, their levels in the control (CK) and Trp + S + MeJA-treated PLBs were measured. We observed no significant differences in total alkaloid content between PLBs treated after 24 h and non-treated samples. However, the total alkaloid content increased significantly from 189 to 319 μg/g DW after 4 h of treatment (Figure 1B). These data indicated an important role of the precursors and MeJA in the accumulation of alkaloids in D. officinale.



Transcriptome sequencing analysis

To further understand the transcriptional regulatory mechanism of the precursors and MeJA in TIA biosynthesis in D. officinale, 15 cDNA libraries from D. officinale PLBs treated for different durations (0, 4 and 24 h) were constructed and sequenced. Five groups of cDNA libraries (treated after 0 h: T0_1, T0_2, T0_3; treated after 4 h: T4_1, T4_2, T4_3; treated after 24 h: T24_1, T24_2, T24_3; not treated after 4 h: C4_1, C4_2, C4_3; not treated after 24 h: C24_1, C24_2, C24_3) were separately prepared. The raw reads of the libraries were deposited in the NCBI SRA database. The quality of the RNA-Seq data is summarized in Table 1. The average Q20, Q30, and GC content were 97.30, 92.85, and 47.65%, respectively. Correlation analysis revealed that the 15 samples could be divided into five groups and that the replicates had a strong positive correlation (Supplementary Figure 2), indicating high reproducibility and reliability of the transcriptome data. In addition, 89.84% of the clean reads were mapped to the reference genome, suggesting that the selected reference genome assembly could meet the needs for information analysis.


TABLE 1    Summary of the sequencing quality of 15 cDNA libraries of D. officinale.
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Functional annotation and classification of unigenes

A total of 32,727 unigenes were obtained, of which 29,149 were from the genome of D. officinale and 3,578 were new genes. These unigenes were annotated in public databases, including the NR, GO, COG, Swiss-Prot, and KEGG databases. Among them, 31,979 unigenes were annotated in at least one database.

GO classification was used to classify unigene functions based on the NR annotation. Of the 31,797 assembled unigenes, 12,078 unigenes were successfully assigned to one or more GO terms and classified into three main GO categories and 50 groups (Supplementary Figure 3A). Within the “biological process” (BP) domain, the most evident matches were in the terms “metabolic process” (5,783 unigenes), “cellular process” (5,276 unigenes), and “single-organism process” (3,535 unigenes). In the “cellular component” (CC) domain, most of the unigenes were assigned to the terms “cell” (5,376 unigenes) and “cell part” (5,355 unigenes). In the “molecular function” (MF) domain, the assignments were mostly enriched in the term “catalytic activity” (5,769 unigenes).

All the unigenes were also subjected to a search against the COG database for functional product information and classification. A total of 9,047 unigenes were assigned a COG functional classification and divided into 25 categories (Supplementary Figure 3B). Among them, the most common group was “general function prediction only” (1,003 unigenes, 11.09%), followed by “signal transduction mechanisms” (906 unigenes, 10.01%) and “translation, ribosomal structure and biogenesis” (870 unigenes, 9.62%). Notably, 525 unigenes were annotated in the “secondary metabolites biosynthesis, transport and catabolism” group, suggesting that these unigenes may be related to alkaloid biosynthesis in D. officinale PLBs.

Then, KEGG pathway analysis was performed to functionally classify biochemical pathways associated with the unigenes. A total of 4,783 unigenes were assigned to five KEGG categories with 120 subcategories: “metabolism,” “genetic information processing,” “environmental information processing,” “cellular processes” and “organismal systems” (Supplementary Figure 4). A summary of the findings is presented in Supplementary Table 2. Of the KEGG secondary metabolic pathways, 311 unigenes were assigned to “flavonoid biosynthesis,” “flavone and flavonol biosynthesis,” “phenylpropanoid biosynthesis,” “isoquinoline alkaloid biosynthesis” and “tropane, piperidine and pyridine alkaloid biosynthesis.” The metabolic pathways annotated in the KEGG database, such as “phenylalanine, tyrosine and tryptophan biosynthesis” (ko00400) and “terpenoid backbone biosynthesis” (ko00900), were related to the TIA biosynthesis pathway.



Identification and functional annotation of the differentially expressed genes between the control and treated protocorm-like bodies in Dendrobium officinale

To identify the differentially expressed unigenes between these samples, we used FDR < 0.01 and | log2FC (fold change)| ≥ 1 as the selection parameters. Here, the comparison of C4 vs. T4 and C24 vs. T24 yielded 3,538 and 4,160 DEGs, respectively. A volcano plot was constructed to illustrate the distribution of DEGs in these two comparison groups (Figure 3A). Among the detected DEGs, the C4 vs. T4 group had 2,049 upregulated and 1,489 downregulated genes, and the C24 vs. T24 group had 1,831 upregulated and 2,329 downregulated genes (Figure 3B). In particular, 1,815 DEGs were present in both comparison groups, 1,723 DEGs were present in only the C4 vs. T4 group, and 2,345 DEGs were present in only the C24 vs. T24 group (Figure 3C). In addition, among the 2,731 upregulated DEGs, 1,149 were shared by the two comparison groups, 900 were present in only the C4 vs. T4 group, and 682 DEGs were present in only the C24 vs. T24 group. There were 3,216 downregulated DEGs in the two comparison groups, among which 602 were present in both comparison groups, 887 were present in only the C4 vs. T4 group, and 1,727 DEGs were present in only the C24 vs. T24 group (Figure 3D).
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FIGURE 3
Differentially expressed genes (DEGs) identified by RNA-Seq analysis in Trp + S + MeJA-treated and control samples after induction for 4 and 24 h. (A) Volcano plot of the RNA-Seq data showing DEGs in red and green. The x-axis indicates the fold change in C4 vs. T4 and C24 vs. T24. The y-axis represents the negative -log10-transformed p-values (FDR < 0.01) for differences between the samples. (B) DEG numbers in the C4 vs. T4 and C24 vs. 24 groups. (C) Venn diagram of all DEGs in the C4 vs. T4 and C24 vs. T24 groups. (D) Venn diagram of upregulated and downregulated DEGs in the C4 vs. T4 and C24 vs. T24 groups.


To further understand the biological functions of the DEGs, we compared these DEGs against the GO and KEGG databases. The 2,731 upregulated and 3,216 downregulated DEGs in the above two comparison groups (C4 vs. T4 and C24 vs. T24) were analyzed by GO and KEGG enrichment analysis. In the GO analysis, the “single-organism process,” “biological regulation,” “localization,” “signaling,” “multi-organism process,” “transporter activity,” and “nucleic acid binding transcription factor activity” subcategories contained mainly upregulated DEGs, whereas the other subcategories contained mainly downregulated DEGs (Figure 4). In the KEGG analysis, upregulated DEGs were mainly enriched in alkaloid biosynthesis pathways, including “isoquinoline alkaloid biosynthesis,” “tropane, piperidine and pyridine alkaloid biosynthesis,” and “phenylalanine, tyrosine and tryptophan biosynthesis” (Figure 5A). Some upregulated DEGs were also significantly enriched in “plant hormone signal transduction” and “α-linolenic acid metabolism” (endogenous JA biosynthesis pathway). The downregulated DEGs were mainly related to plant growth and development, fatty acid metabolism, and amino acid and energy metabolism pathways, such as “photosynthesis-antenna proteins,” “carbon fixation in photosynthetic organisms,” “pyrimidine metabolism” and “cutin, suberine and wax biosynthesis” (Figure 5B).
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FIGURE 4
GO enrichment of DEGs in Trp + S + MeJA-treated and non-treated PLBs of D. officinale. The x-axis indicates the percentage of DEGs in the subcategories of each main category. The y-axis indicates the number of DEGs in each subcategory.
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FIGURE 5
KEGG enrichment analysis of DEGs in Trp + S + MeJA-treated and non-treated PLBs of D. officinale. (A) KEGG enrichment analysis of upregulated DEGs. (B) KEGG enrichment analysis of downregulated DEGs. The y-axis and x-axis represent the KEGG pathways and the enrichment factors, respectively. The greater the enrichment factor is, the more obvious the enrichment level of DEGs in the pathway. The color of the block represents the q-value, and the q-value is the p-value corrected by multiple hypothesis tests. The smaller the q-value is, the more reliable the enrichment of DEGs in this pathway is. The size of the circle indicates the number of genes enriched in the pathway.




Identification of modules associated with alkaloid biosynthesis in Dendrobium officinale protocorm-like bodies by weighted gene coexpression network analysis

To identify the genes associated with alkaloid biosynthesis under precursor and MeJA treatment, a WGCNA was performed with all 9,248 genes, resulting in 24 coexpressed modules (Figure 6A). The largest module (“blue”) contained 4,044 genes, while the smallest module (“paleturquoise”) contained 37 genes (Figure 6B). Subsequently, the total alkaloid content was used as a phenotype for correlation analysis with the obtained modules. The “brown” module contained 885 genes was significantly positively correlated with alkaloid, with correlation coefficient (r) of 0.82 (p = 2 × 10–4).


[image: image]

FIGURE 6
Weighted gene coexpression network analysis (WGCNA) and modules related to alkaloid biosynthesis in D. officinale PLBs. (A) Dendrogram with color annotation. (B) Pearson correlation coefficient (r) and the p-value for alkaloid content and each module. The color scale on the right shows module-trait correlation from −1 (blue) to 1 (red).


Based on the functional annotation and WGCNA results, the genes involved in the TIA biosynthesis [mevalonate (MVA) pathway, 2-C-methyl-D-erythritol 4-phosphate (MEP), seco-iridoid pathway, shikimate pathway and TIA downstream biosynthetic pathway], isoquinoline alkaloid biosynthesis, tropane alkaloid biosynthesis and JA biosynthesis (α-linolenic acid metabolism) were further analyzed. Finally, we identified 125 unigenes annotated as 36 enzymes involved in alkaloid biosynthesis (Supplementary Table 3).

Furthermore, the transcriptomic analysis showed that 35 unigenes exhibited differential expression, and most of them were highly expressed in the Trp + S + MeJA-treated groups (4 and 24 h treated PLBs) compared to the non-treated groups (Figure 7). Of these DEGs, 23 were related to TIA biosynthesis, and 15 showed upregulation under Trp + S + MeJA treatment after 4 or 24 h; these DEGs encode putative HDS (Dca013365), FPS (Dca007721), G10H (Dca009687 and Dca027610), 7DGT (Dca019145), 7DLGT (Dca028752 and Dca029204), DHS (Dca004228 and Dca021396), DHQS (Dca008449), EPSP (Dca016200), CS (Dca015447), AS (Dca008461), TBS (Dca012193) and STR (Dca003087) proteins. However, the expression of DoSLS and DoSK, important genes in the seco-iridoid and shikimate pathways, respectively, decreased after Trp + S + MeJA treatment. Twelve DEGs were identified as being involved in isoquinoline and tropane alkaloid biosynthesis, all of which were upregulated by Trp + S + MeJA treatment except DoADH (Dca009999). The increased expression of these genes subsequently induced alkaloid accumulation, suggesting that the precursors and MeJA could stimulate secondary metabolism via the main biosynthesis pathways and enhance the alkaloid content of PLBs in D. officinale.
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FIGURE 7
Expression patterns of genes putatively involved in the biosynthesis of alkaloids in D. officinale PLBs under precursor and MeJA treatment. The enzymes are marked in red, indicating that genes encoding the enzymes showed different expressions in the C4 vs. T4 or C24 vs. T24 groups. The genes marked in red in the heat map indicates the DEGs identified from the C4 vs. T4 or C24 vs. T24 groups. Blue numbers in brackets represent the correlation coefficient which analyzed between alkaloid content and biosynthesis-related genes. **p < 0.01 and —r— > 0.8. The red triangle indicates that the gene was found in the brown module.


JA derivatives, including jasmonoyl-isoleeucine (JA-ile) and MeJA, are known to promote alkaloid accumulation in various plants (Wasternack and Strnad, 2019). Therefore, we next analyzed the key genes in the JA biosynthesis pathway. As shown in Figure 8A and Supplementary Table 4, we identified 45 unigenes that encoded nine enzymes involved in the biosynthetic pathway of JA. The majority of the genes functioning in this pathway were upregulated, with 18 DEGs in the C4 vs. T4 or C24 vs. T24 group (Figure 8B). Further analysis showed that their expression patterns were similar to those of the DEGs in the alkaloid biosynthesis pathway at different treatment times. Strikingly, the differential expression was more significant at 4 h than at 24 h after Trp + S + MeJA treatment. For example, 29.45- and 1625.08-fold increases in DoLOX (Dca020949) and DoOPR (newGene_9791) expression were observed after 4 h of treatment, but the expression levels increased only 14.56- and 158.31-fold, respectively, at 24 h.
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FIGURE 8
Expression pattern analysis of genes involved in JA biosynthesis in D. officinale PLBs under the precursor and MeJA treatment. (A) JA biosynthesis pathway. The enzymes are marked in red, indicating that genes encoding the enzymes were differentially expressed in the C4 vs. T4 or C24 vs. T24 groups. (B) Heat map of genes associated with JA biosynthesis. The genes marked in red in the heat map indicates the DEGs identified from the C4 vs. T4 or C24 vs. T24 groups. Blue numbers in brackets represent the correlation coefficient which analyzed between alkaloid content and JA biosynthesis-related genes. **p < 0.01 and —r— > 0.8. The red triangle indicates that the gene was found in the brown module.


A correlation analysis between alkaloid content and the transcriptional abundance of key genes involving the TIA, isoquinoline alkaloid, tropane alkaloid and JA biosynthesis pathways was further conducted. As shown in Figures 7, 8B, the alkaloid content was highly correlated with the expression of nine and eight genes associated with alkaloid biosynthetic pathway and JA biosynthesis pathway, respectively, (|r| > 0.8 and p < 0.01). In particular, six genes involved in alkaloid biosynthesis, such as DHS (Dca021396), DoADH (Dca025688), DoTYDC (Dca021379), and DoTR (Dca000522, Dca027425, and Dca000521), and seven genes related to JA bisynthesis, including DoLOX (Dca023278), DoAOS (Dca022684) and DoOPR (newGene_9791, newGene_13686, Dca023268, Dca001807, and Dca000910) were also found in the brown module. The above results indicated that these genes were very relevant to alkaloid biosynthesis in D. officinale.



Transcription factors related to alkaloid biosynthesis in Dendrobium officinale protocorm-like bodies

Various TFs have been reported to participate in the biosynthesis of secondary metabolites in plants. In our study, 1,438 unigenes belonging to 48 major TF families were identified in D. officinale PLBs (Supplementary Table 5). Members of the MYB, C2H2, AP2/ERF, NAC, and bHLH families constituted the top five classes, each with more than 80 unigenes, and the MYB family was the largest family, containing 170 members. However, members of the CSD, LIM, Whirly and LFY families had < 4 unigenes.

To systematically study the regulatory networks of alkaloid biosynthesis-related genes and TFs, a total of 66 TFs were found in the brown module, and their expression patterns are presented in Figure 9A. Most of these TFs exhibited similar expression patterns; their expression levels were significantly upregulated at 4 h and remained high at 24 h. As shown in Figure 9A, these TFs belonged to 18 TF families, including AP2/ERF (10), MYB (9), WRKY (9), bHLH (6), Tify (5), bZIP (4), NAC (3), Trihelix (3), MADS-box (3), C3H (2), OFP (2), GRAS (2), C2H2 (2), LOB (2), HSF (1),TCP (1), GRF (1), and GeBP (1). Among them, the expression of 24 TFs were positively correlated with the total alkaloid content (r > 0.8 and p < 0.01). The interaction network diagram analyzed with Cytoscape showed that 13 of the above-mentioned TFs were highly coexpressed with DoFPS (Dca007721), DoDHQS (Dca008449), DoDHS (Dca021396 and Dca004228), DoCS (Dca015447), DoCM (Dca012195), DoTYDC (Dca021379), DoADH (Dca025688), DoTR (Dca027425), DoAOS (Dca022684 and Dca000659), and DoOPR (Dca023268) (Figure 9B), which further illustrated that they play a vital role in the regulation of alkaloid biosynthesis in D. officinale.
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FIGURE 9
Coexpression network of TFs and structure genes related to alkaloid biosynthesis pathway in D. officinale PLBs under the precursor and MeJA treatment. (A) Heat map displaying the expression of 66 TFs in different samples. (B) Construction of regulatory networks of TFs and structure genes related to alkaloid biosynthesis. **p < 0.01 and |r| > 0.8.




Quantitative real-time polymerase chain reaction validation analysis of differentially expressed genes

To verify the accuracy of the transcriptomic data, the expression levels of five DEGs related to TIA biosynthesis: DoFPS (Dca007721), Do7DGT (Dca019145), Do7DLGT (Dca028752), DoTBS (Dca012193), and DoAS (Dca008461); two DEGs related to isoquinoline alkaloid: DoTYDC (Dca021379) and DoNCS (Dca007610); one DEG related to tropane alkaloid: DoTR (Dca000521); two terpene synthase DEGs: DoLIS (Dca005188) and DoTPS (Dca020940); one DEG involved in JA biosynthesis: DoAOS (Dca022684); and five TFs regulating alkaloid biosynthesis: DoMYC2 (Dca025360), DoAP2/ERF (Dca016049), DoWRKY (Dca028175), DoMYB (Dca025582) and DobZIP (Dca013831) were checked using qRT-PCR, with three biological replicates tested. The relationship between the RNA-Seq and qRT-PCR in different samples was also analyzed based on Pearson’s correlation analysis. Results showed that the relative expression trend of most genes was basically consistent with the RNA-Seq data, and some correlation values were higher than 0.8 (Figure 10), which further demonstrated the reliability of the transcriptome data. These results confirmed that our transcriptome data could serve as a foundation for further research on related genes associated with other medicinal components of D. officinale.
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FIGURE 10
qRT-PCR validation of DEGs related to alkaloid biosynthesis and metabolic regulation in D. officinale PLBs. The left y-axis represents the relative expression levels corresponding to the histogram. The right y-axis represents expression levels calculated by the FPKM method corresponding to the line plots. The relationship between the RNA-Seq and qRT-PCR in T0, C4, T4, C24, and T24 samples was analyzed based on Pearson’s correlation analysis and r represents correlation coefficients. *p < 0.05, **p < 0.01.





Discussion


Identification of genes involved in the biosynthetic pathways of three types of alkaloids

D. officinale is well known as one of the most important traditional herbs in China, and its alkaloids are its main medicinal components. However, the regulatory mechanism underlying the precursor and MeJA-induced accumulation of alkaloids in D. officinale PLBs is still unknown. To date, a number of transcriptomic analyses have been performed for different reasons, such as the identification of genes associated with the biosynthesis of bioactive components (polysaccharides, flavonoids, alkaloids, and terpenes) (Ren et al., 2020; Wang et al., 2020; Li et al., 2021), flower development (He et al., 2020; Chen et al., 2021), and environmental responses (Jiang et al., 2020; Zhang et al., 2021). In this study, D. officinale PLBs treated with TIA precursors (Trp and S) and MeJA were used for transcriptome sequencing on the Illumina HiSeq platform. Genes associated with the biosynthesis of three types of alkaloids, namely, TIAs, isoquinoline alkaloids and tropane alkaloids, were annotated in the transcriptomic data. This result was also consistent with our metabonomic analysis (Jiao et al., 2018), which further confirmed that these three types of alkaloids exist in D. officinale PLBs.




Precursors and methyl jasmonate induce the transcription of genes related to alkaloid biosynthesis in Dendrobium officinale protocorm-like bodies

Generally, precursors and MeJA can regulate the expression of biosynthetic genes in the TIA pathway (Wei, 2010; Pan et al., 2018; Sharma et al., 2019). The transcriptomes of D. officinale PLBs treated with TIA precursors and MeJA for 4 and 24 h were compared with those of PLBs grown normally for 4 and 24 h, respectively. We found that the TIA precursors and MeJA could positively regulate the transcription of most genes of the TIA, isoquinoline alkaloid and tropane alkaloid biosynthesis pathways to promote the accumulation of alkaloids. Genes in the MVA/MEP pathway (DoHDS and DoFPS), seco-iridoid pathway (DoG10H, Do7DGT, and Do7DLGT), shikimate pathway (DoDHS, DoDHQS, DoEPSP, DoCS, DoAS, and DoTBS) and a key enzyme-encoding gene (DoSTR) were all upregulated significantly (Figure 7). Therefore, it is speculated that the precursors and MeJA promote the accumulation of TIAs by regulating the transcription of genes related to the TIA biosynthesis pathway in Dendrobium officinale PLBs.

A similar phenomenon was also observed for isoquinoline and tropane alkaloid biosynthetic genes, including DoADH, DoCM, DoTYDC, and DoNCS in the isoquinoline alkaloid biosynthetic pathway and DoTR in the tropane alkaloid biosynthetic pathway, which showed a significant upward trend at the transcriptional level. As reported previously, transcriptome analysis of Papaver somniferum treated with MeJA showed that the expression of PsNCS, which belongs to the isoquinoline alkaloid biosynthesis pathway, was significantly upregulated (Gurkok et al., 2015). This result is consistent with our study. Thus, we speculate that precursors and MeJA can promote the biosynthesis of isoquinoline alkaloids (such as xanthoplanine, which was identified in our previous study) by positively regulating the expression levels of DoADH, DoCM, DoTYDC, and DoNCS. Tropinone reductase (TR), a stereospecific NADPH-dependent reductase, is a key enzyme involved in the metabolism of tropinone (Kohnen-Johannsen and Kayser, 2019). TR has been found in Dendrobium huoshanense and Dendrobium nobile, and its expression was also induced by MeJA (Wang et al., 2020). In our study, the expression of DoTR was significantly upregulated after Trp + S + MeJA treatment (Figure 7). This indicated that DoTR was involved in regulating the biosynthesis of tigloidine (a type of tropane alkaloid found in our previous study) in D. officinale PLBs.

Exogenous MeJA can induce the expression of genes related to the endogenous JA biosynthesis pathway to improve the level of endogenous JA in plants, which constitutes the self-activation of JA biosynthesis (Wasternack and Strnad, 2019; Griffiths, 2020). Here, our transcriptomic analysis showed that the expression levels of endogenous JA biosynthesis pathway-related genes, such as DoLOX, DoAOS, DoOPR, and DoJMT, increased significantly in Trp + S + MeJA-treated D. officinale PLBs. It is speculated that treatment with TIA precursors and MeJA leads to the upregulation of the transcription of genes related to the JA biosynthesis pathway to improve the expression of α-linolenic acid and the endogenous JA levels (Jiao et al., 2018).

WGCNA was used to analyze the correlation between physiological indicators and genes (Yang et al., 2021). This method has been applied to study the regulatory networks of the triterpene saponin biosynthesis in tea (Camellia sinensis) (Chen et al., 2022), anthocyanin accumulation in apple (Malus domestica) (Song et al., 2019), and lignin metabolism in pomelo (Citrus maxima) (Li et al., 2022). In our study, WGCNA was also used to further analyze the association between the coexpressed gene modules formed by all genes and the alkaloid content. The brown module was highly positively correlated (0.82) with the alkaloid content and contained 885 genes, indicating these genes might play an important role in alkaloid biosynthesis (Figure 6B). In the brown module, a total of six genes involved in alkaloid biosynthesis, such as DoDHS, DoADH, DoTYDC, and DoTR, and seven genes related to JA bisynthesis, such as DoLOX, DoAOS, and DoOPR, were significantly correlated with the alkaloid content and may play a vital role in the alkaloid biosynthesis of D. officinale.


Transcription factors are involved in regulating the alkaloid biosynthesis in Dendrobium officinale protocorm-like bodies

As reported previously, the TFs involved in regulating the biosynthesis of TIAs or isoquinoline alkaloids are mainly bHLH, AP2/ERF, WRKY, MYB, and bZIP family members (Zhou and Memelink, 2016). In C. roseus, it has been suggested that CrMYC1 and CrMYC2 (bHLH TFs), CrORCA1, CrORCA2, and CrORCA3 (AP2/ERF TFs), CrWRKY1 (a WRKY TF), CrBPF1 (an MYB TF), and CrGBF1, and CrGBF2 (bZIP TFs) can regulate the expression of genes related to the TIA biosynthesis pathway (Sibéril et al., 2001; Zhou and Memelink, 2016). Furthermore, CjWRKY1 and CjbHLH1 TFs, which can regulate the biosynthesis of isoquinoline alkaloids, have been found in Coptis japonica (Kato et al., 2007). Besides, JAZ proteins, belonging to the plant-specific Tify family, also play important regulatory role in alkaloids biosynthesis (Yamada and Sato, 2021). In this study, a total of 66 TFs, which mostly belonged to AP2/ERF, MYB, bHLH, WRKY, bZIP, and Tify families, were obtained after WGCNA analysis, and their expression were almost positively related to the alkaloid content. Moreover, 13 of the above TFs might control alkaloid biosynthesis by transcriptionally regulating DoFPS (Dca007721), DoDHQS (Dca008449), DoDHS (Dca021396 and Dca004228), DoCS (Dca015447), DoCM (Dca012195), DoTYDC (Dca021379), DoADH (Dca025688), DoTR (Dca027425), DoAOS (Dca022684 and Dca000659), and DoOPR (Dca023268) (Figure 9B). So far, the knowledge on the TFs to alkaloid biosynthesis in D. officinale are still limited. More studies are needed to further explore the regulatory network of alkaloid metabolism in D. officinale.




Conclusion

In this study, we compared the total alkaloid content in treated (Trp + S + MeJA) and non-treated D. officinale PLBs, and a comparative transcriptomic analysis was performed. The total alkaloid content in 4 h-treated PLBs was much higher than that in 4 h-non-treated samples. 13 genes encoding DoDHS, DoADH, DoTYDC, DoTR, DoLOX, DoAOS, and DoOPR enzymes, might be the key genes involved in alkaloid biosynthesis. In addition, most of the 13 TFs belonging to AP2/ERF, WRKY, and MYB gene families, were predicted to be associated with alkaloid accumulation by WGCNA, and deserve to be further investigated as key regulators of alkaloid metabolism. This study will facilitate future research on transcriptional regulation mechanisms in D. officinale and other traditional Chinese medicinal plants.
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Polygonatum cyrtonema Hua is one of the most useful herbs in traditional Chinese medicine and widely used in medicinal and edible perennial plant. However, the seeds have the characteristics of epicotyl dormancy. In this study, the molecular basis for relieving epicotyl dormancy of P. cyrtonema seeds under exogenous 6-benzylaminopurine (6-BA) treatment was revealed for the first time through transcriptome and metabolomics analysis. We determined the elongation of epicotyl buds as a critical period for dormancy release and found that the content of trans-zeatin, proline, auxin and gibberellin was higher, while flavonoids and arginine were lower in the treatment group. Transcriptome analysis showed that there were significant differences in gene expression in related pathways, and the expression patterns were highly consistent with the change of metabolites in corresponding pathways. Co-expression analysis showed that cytokinin dehydrogenase of P. cyrtonema (PcCKXs) and pelargonidin in flavonoid biosynthesis, as well as L-proline, L-ornithine, and L-citrulline in arginine and proline metabolism form network modules, indicating that they have related regulatory roles. Above all, our findings provide new insight into the exogenous 6-BA relieving epicotyl dormancy of P. cyrtonema seeds.
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Introduction

Polygonatum cyrtonema Hua (P. cyrtonema) is a medicinal food homology perennial plant (Huang et al., 2018; Wang et al., 2019), which is distributed in the northern hemisphere temperate regions, such as China, Russia, Europe, and North America (Li et al., 2015; Liu et al., 2017; Zhao et al., 2018). It is an important traditional Chinese herb for treating diabetes and asthma (Ma et al., 2020) and contains flavonoids and polysaccharides, which have the effects of anti-fatigue and treatment of diabetes (Wdsa et al., 2021).

Polygonatum macranthum seeds have the characteristics of “double dormancy,” that is, radicle dormancy and epicotyl dormancy (Lekamge et al., 2020). The epicotyl dormancy is that when the seed dormancy is released, the radicle breaks through the seed to germinate, and then continues to grow and gradually develop into a corm. After that, P. cyrtonema seeds enter dormancy again. Therefore, under natural conditions, P. cyrtonema seeds need to undergo two winters to emerge smoothly, and the breeding cycle is very long, which greatly limits the large-scale planting. Plant hormones play an important role in plant dormancy release. And cytokinin can promote cell division, bud differentiation and break dormancy (Kieber and Schaller, 2014). 6-Benzylaminopurine (6-BA), the first synthetic cytokinin, is commonly used to relieve dormancy in plants. Adding exogenous 6-BA could relieve the dormancy of Danfeng seeds breaking the epicotyl (Ren et al., 2019) and promotes the growth of apple axillary buds (Tan et al., 2019). Meanwhile, CKX, a cytokinin oxidase gene, regulates plant cytokinin homeostasis by degrading cytokinin (Liu L. M. et al., 2021). Abscisic acid (ABA) promotes the induction and maintenance of dormancy and inhibits seed germination (Sano and Marion-Poll, 2021), while cytokinin and ABA show antagonistic effects (Huang et al., 2018).

In addition, other metabolites also play an important role in dormancy release. Research shows that SlAN11 regulates flavonoid biosynthesis and seed dormancy by interacting with bHLH protein in tomato (Gao et al., 2018). Arginine content has a significant effect on dormancy release. Previous studies have reported that arginine regulates seed dormancy and its dephosphorylation promotes seed germination (Zhou et al., 2019). Proline contributes to osmotic balance between cytoplasm and vacuole, and the relative level of free proline in apple bud is higher. Proline contributes to the osmotic balance between cytoplasm and vacuole. The relative level of free proline in grape buds is higher (Mujahid et al., 2020), which indicates that proline promotes dormancy release.

Seeds of Polygonatum cyrtonema have characteristics of epicotyl dormancy (Feilong et al., 2017). This has seriously affected the cultivation of Polygonatum cyrtonema. Epicotyl dormancy is a type of dormancy that the radicle develops into roots and the hypocotyls do not elongate, and shoot emergence always delay after radicle protrusion (Yang et al., 2017). Seed dormancy can be relieved by low temperature treatment (Zhang K. et al., 2019), and 6-BA can also make P. cyrtonema emergence but 0–500 mg/L GA3 can not (Chen et al., 2017). But the molecular mechanism of epicotyl dormancy in P. cyrtonema seeds remains unclear. In this study, we use transcriptomics and metabolomics to analyze the differences in P. cyrtonema seeds after exogenous 6-BA treatment. We identified the elongation of epicotyl buds as a critical period for dormancy release and identified the genes and metabolites related to epicotyl dormancy release, which provided a basis for the molecular regulation of epicotyl dormancy release and seedling emergence of P. cyrtonema seeds. We hope to make a preliminary exploration on the molecular mechanism of exogenous 6-BA relieving epicotyl dormancy of P. cyrtonema seeds through this study, so as to provide theoretical support for the promotion and development of Polygonatum industry.



Materials and methods


Plant materials and treatments

Polygonatum cyrtonema seeds in this study were collected in Sanyi Village, Chizhou, Anhui Province, China in September 2020 and identified by Professor Cai Yongping of Anhui Agricultural University. However, mature seeds were placed in wet sand at 4°C for 60 days. We remove the seeds from the sand and select the well-rounded seeds to sow in seedling trays with soil, then culture it in an artificial climate chamber (25°C, dark) and water it regularly. After 30 days, 200 mg/L 6-BA was sprayed on cormel with 0.1–0.2 cm bud length of epicotyl, and water was used as control. Seeds were collected at 0 day, 12, 24, 48, and 72 h, 7, 14, 21, 28, and 35 days. Collected seeds were cleaned surface impurities and quickly placed in liquid nitrogen for snap freezing, then stored in a −80°C freezer for further experiment analysis. The seed germination rate was counted every 5 days. The root length and bud length of P. cyrtonema seeds were measured with a ruler, and the emergence rate of P. cyrtonema seeds was counted by taking the first true leaf as the emergence. Three biological replicates per treatment, and 100 seeds per replicate.



Determination of morphological indexes

Germination rate of P. cyrtonema seeds was counted every 5 days after sowing, with 100 seeds per replicate and three biological repetitions per period. Seed germination was regarded as the length of radicle breaking through the seed coat exceeding the length of the seed itself (Fu et al., 2017).



Transcriptome sequencing

To identify the key genes regulating the differential stages, we performed high-throughput mRNA transcriptome sequencing on seeds of P. cyrtonema in three different stages. The seeds that grew into corms after sowing for 30 days were treated with 200 mg/L 6-BA, and the seeds at 12 h, 7 and 28 days after treatment were sampled (three biological replicates). The sampled seeds were frozen in liquid nitrogen and then preserved. RNA extraction from seeds by CTAB (QIAGEN, Germany), and a total of 21 RNA samples were processed using an Illumina NovaSeq 6000 (Illumina, United States) platform (Novogene, Beijing, China), which generated ∼4.2 Gb of sequencing data with 150-bp paired-end reads for each sample (Zhang Z. H. et al., 2019). A total of 225,180 unigenes were obtained and annotated in seven major databases. Data of RNA-Seq in this study have been deposited in the National Center for Biotechnology Information Gene Expression Omnibus (GEO) database (accession no: PRJNA833273).



Identification and characterization of differentially expressed genes

The Illumina RNA-seq clean reads for 21 samples were separately mapped onto the above-mentioned transcript sequences using the Bowtie2 program in the RSEM software (Zhang Z. H. et al., 2019). The mapped read count of each transcript was calculated and further transformed into FPKM values, which were used as the expression levels in different samples. The DEGs between the two compared stages were determined using the DESeq R package (1.10.1), with the following criteria: | log2 (fold-change)| ≥ 1 and adjusted p-value < 0.05. The GO and KEGG enrichment analyses of the DEGs were performed using the GOseq R package (version 1.10.1) and the KOBAS software (version 2.0), respectively. The significance of the enriched GO terms and enriched KEGG pathways were separately assessed with the Wallenius non-central hypergeometric distribution test and the hypergeometric distribution test. An adjusted p-value < 0.05 was set as the threshold for significance (Liao et al., 2021).



Quantitative real-time PCR assays

RNAprep pure plant kit (Biofit, Chengdu, China) was used to isolate total RNA from fresh sample (100 mg). According to the manufacturer’s instructions, RNA (1 μg) was used to synthesize cDNA using PrimeScript™ RT kit with gDNA eraser (January, Perfect Real Time, Takara, Tokyo, Japan). Using QuantStudio 6 Flex real-time PCR system (Thermo Fisher Scientific, Waltham, MA, United States) and SYBR® Premix Ex Taq™ II (2x) (Japan, Takara), the gene expression level was detected by qRT-PCR. We used NCBI-BLAST online software to design fluorescent quantitative primers for the key genes in the zeatin and flavonoids biosynthesis pathways (Supplementary Table 1). The reaction steps are 50°C 2 min, 95°C 30 s, 95°C 5 s, 60°C 34 s, 40 cycles, and 72°C for 10 min. GAPDH were used as a reference gene to calculate the relative expression level of each target gene through the formula of 2–ΔΔCT, and the experiment was repeated three times (Li et al., 2021).



Metabolomic analysis

For the metabolomics analysis, metabolic profiling of materials is to be sampled simultaneously with transcriptome (three biological replicates). The freeze-dried samples were crushed with a mixer mill for 60 s at 60 Hz. 50 mg aliquot of individual samples were precisely weighed and were transferred to an Eppendorf tube, after the addition of 700 μL of extract solution (methanol/water = 3:1, precooled at −40°C, containing internal standard). After 30 s vortex, the samples were homogenized at 35 Hz for 4 min and sonicated for 5 min in an ice-water bath. Repeats homogenize and sonicate for three times. Then the samples were extracted overnight at 4°C on a shaker. Then centrifuged at 12,000 rpm [RCF = 13800 (×g), R = 8.6 cm] for 15 min at 4°C. The supernatant was carefully filtered through a 0.22 μm microporous membrane, then the resulting supernatants were diluted five times with methanol/water mixture (v:v = 3:1, containing internal standard) and vortexed for 30 s and transferred to 2 mL glass vials, and take 30 μL from each sample and pooling as QC samples. Store at −80°C until the UHPLC-MS analysis. SCIEX Analyst Workstation Software (Version 1.6.3) was employed for MRM data acquisition and processing. MS raw data (.wiff) files were converted to the TXT format using MSconventer. In-house R program and database were applied to peak detection and annotation. The identification and structural analyses of the primary and secondary spectral data of the metabolites detected by mass spectrometry were based on the BIOTREE PWT database of Shanghai BIOTREE Biological Technology Co., Ltd. (Shanghai, China).



Co-joint analysis of the transcriptome and metabolome

The DEGs and DEMs were mapped onto the KEGG pathways at the same stages. We performed correlation analysis on the screened DEGs and DEMs. The Corson program in R was used to calculate Pearson correlation coefficient. Networks were visualized by Cytoscape software v 3.9.1.



Statistical analysis

Integrative analysis (such as significance, PCA analysis) of metabolome and transcriptome was carried out using R software (version 4.1.2, United States). Finally, visualization of Physiological Index Graph using GraphPad Prism (version 8, United States). Other graphics were visualized by Adobe Photoshop CC2021 (ADOBE, United States).




Results


Effects of 6-benzylaminopurine treatment on appearance and morphological indexes of P. cyrtonema seeds

The germination rate of P. cyrtonema seeds was increased with the extension of culture time and reached over 50% at 25 days after sowing. When the germination rate reached 60% (30 days), it was sluggish and had a tendency to be more consistent (Figure 1A). After that, the seeds stopped growing and entered epicotyl dormancy (Liao et al., 2021). This study found, to release the epicotyl dormancy of P. cyrtonema seeds, the application of a certain concentration of 6-BA could significantly increase the emergence rate then relieved the dormancy of seeds (Figure 1B). It can be seen that the application of 6-BA concentration at 100–300 mg/L can improve the emergence rate of P. cyrtonema seeds, but the emergence rate decreases when the concentration is higher than 200 mg/L.
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FIGURE 1
Determination of morphological indexes of seed germination and emergence of P. cyrtonema. (A) Germination rate of P. cyrtonema seeds at different times after sowing. (B) Effect of 6-BA treatment on seed germination rate of P. cyrtonema. Different letters indicated significant differences (p < 0.05) among different concentrations. (C) The emergence rate at different times after sowing. (D) The changes in bud length and root length of seeds after 200 mg/L 6-BA treatment. The concentration of 6-BA was 200 mg/L, and T represents the treatment group while C represents the control group in the same period. T-bud and T-root, respectively, represent the bud length and root length after 6-BA treatment; C-bud and C-root, respectively, represent the bud length and root length of the control group in the same period. “**” indicates that the difference is very significant.


Moreover, based on our previous experiments, seeds that sprouted out of cormel 30 days after planting were chosen and sprayed with 200 mg/L 6-BA to evaluate the physiological process of seed dormancy alleviation. The seeds were collected after treatment. In the meantime, water was applied as the control (CK). According to the emergence rate (Figure 1C), despite being treated for 7 days, the seeds failed to germinate. In the treatment group of 14 days the seeds successively emerged and the emergence rate reached over 60% after 28 days, while, in CK of the same period, a small number of seeds germinated from 21 days, but the emergence rate was always below 10%. Statistical results indicated that the bud length and root length (Figure 1D), there had no significant difference in the bud length of epicotyl within 72 h after treatment. From 7 days, the epicotyl buds in the treatment group obviously lengthened and continued to grow. But the buds in CK grew slowly. They did not exceed 1 cm in bud length when most of the seeds in the treatment group had already emerged, consistently maintaining a dormant state. At the same time, no significant differences in the root length could be observed within 7 days. From 14 days the root length in CK increased continuously, while it showed slow growth in the treated group. So, it can be seen that P. cyrtonema seeds exhibited a significantly higher emergence rate, faster bud growth, and were more susceptible to elongation and thus emergence. Unlike this, the growth of roots was relatively slowly.



Metabolic profile of P. cyrtonema during seed germination

To understand the metabolic level differences in the process of epicotyl dormancy release in P. cyrtonema seeds, we selected seeds that grew into cormel 30 days after sowing (C0), and took materials, respectively, at the following stages: a short stage within 12 h after the application of exogenous 6-BA (T1), a stage that the elongation of epicotyl buds after 7 days (T2), seedling emergence stage after 28 days (T3), as well as the water controls in the same periods (C1, C2, and C3) (Supplementary Figure 1). Changes in 21 sample metabolites were identified by LC/MS/MS. The PCA analysis indicated that samples were all at the 95% confidence intervals, and intergroup differences in the samples were obvious (Figures 2A–C). A total of 1000 metabolites were detected in the samples, including 229 differential metabolites (DEMs). Among these identified DEMs, there were 61 DEMs that existed only in T1 vs. C1, mainly including 19 flavonoids, 7 alkaloids, and 6 phenolic, etc. 80 DEMs only existed in T2 vs. C2, which mainly included 24 flavonoids, 13 amino acids, and their derivatives and 4 carboxylic acids and their derivatives. There were 54 DEMs present only in T3 vs. C3, which mainly included 21 flavonoids, 4 alkaloids, and 3 aerobic compounds. In addition, Diosmin, a flavonoid, was the DEMs common to all stages (Figure 2D and Supplementary Table 2).
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FIGURE 2
Metabolomics analysis on dormancy release of epicotyl in P. cyrtonema seeds. (A) PCA analysis of T1 vs. C1. (B) PCA analysis of T2 vs. C2. (C) PCA analysis of T3 vs. C3. (D) Venn diagram of metabolite distributions across different stages. (E) KEGG analysis of T1 vs. C1. (F) KEGG analysis of T2 vs. C2. (G) KEGG analysis of T3 vs. C3.


Orthogonal partial least squares-discriminant analysis (OPLS-DA) was used to study the identified metabolites. In the comparison combinations of T1 vs. C1, T2 vs. C2, and T3 vs. C3, based on VIP 1.0 together with P-value 0.05 as thresholds for significant differences, Q2Y were 0.78, 0.794, and 0.782, respectively. OPLS-DA scores showed very distinct results for the two groups, which all fell within the 95% confidence interval. We identified 85 DEMs (20 upregulated and 65 downregulated) in the comparisons between T1 and C1. Meanwhile, we identified 112 DEMs (30 upregulated and 82 downregulated) in the comparisons between T2 and C2. In addition, we identified 67 DEMs (31 upregulated and 36 downregulated) in the comparisons between T3 and C3 (Supplementary Figure 2).

We performed a KEGG functional annotation analysis for the DEMs in different stages and based on pathway analysis to further understand their biological functions. 25, 33, and 5 metabolic pathways were labeled in treated and control groups at 12 h, 7 and 28 days (Figures 2E–G). Enrichment analysis of DEMs revealed that a total of 38 DEMs were detected in T1 vs. C1, and significantly enriched pathways were flavonoid biosynthesis, nicotinate and nicotinamide metabolism, arginine and proline metabolism, and zeatin biosynthesis. While, in T2 vs. C2, a total of 60 DEMs were detected. Significantly enriched pathways were flavonoid biosynthesis, arginine and proline metabolism, and zeatin biosynthesis. In T3 vs. C3, a total of nine DEMs were detected. Significantly enriched pathways were flavone and flavonol biosynthesis, sphingolipid metabolism, and arginine and proline metabolism. It can be seen that the flavonoid biosynthetic pathway was significantly enriched in three stages, and a total of 37 metabolites were identified as flavonoids, seven of which were localized in the KEGG pathway, which were pelargonidin, naringenin, eriodictyol, naringenin chalcone, luteolin, kaempferol, and cyanidin. Meanwhile, arginine and proline were also the significantly enriched metabolism pathway in three stages, and a total of 37 metabolites were identified as arginine or proline, and four were localized in the KEGG pathway, which was citrulline, L-aspartic acid, hydroxyproline and L-glutamine, respectively. Moreover, zeatin biosynthesis was also significantly enriched in the first two stages (Supplementary Table 3), indicating that these metabolic pathways or metabolites were tightly related to dormancy release.



Transcriptome analysis of P. cyrtonema seeds in different stages

To further investigate the potential regulatory molecular mechanisms of exogenous 6-BA relieving epicotyl dormancy of P. cyrtonema seeds, 21 cDNA libraries were constructed from the same samples used for metabolite data analysis and subjected to high-throughput RNA-seq analysis. With the comparison of three different stages, we obtained a total of 31,533 differentially expressed genes (DEGs). 3,486, 2,928, and 9,293 DEGs found to be the upregulated genes, while, 3,213, 5,221, and 7,392 DEGs belonged to the downregulated genes, respectively (Figure 3A). There were 2718, 4544, and 6795 DEGs that were differentially expressed only in the intergroup comparisons of T1 vs. C1, T2 vs. C2, and T3 vs. C3, respectively (Figure 3B).


[image: image]

FIGURE 3
Transcriptomics analysis of P. cyrtonema seed at different stages. (A) Number of DEGs per comparison (both upregulated and downregulated). (B) Venn diagram showing the DEGs in the three comparison combinations. (C) GO annotation of DEGs of comparison group T1 vs. C1. (D) GO annotation of DEGs of comparison group T2 vs. C2. (E) GO annotation of DEGs of comparison group T3 vs. C3. (F) KEGG annotation of DEGs of comparison group T1 vs. C1. (G) KEGG annotation of DEGs of comparison group T2 vs. C2. (H) KEGG annotation of DEGs of comparison group T3 vs. C3.


In the comparison group at T1 vs. C1, we found a total of 11,586 DEGs, of which 4,590 were upregulated and 6,996 were downregulated (Supplementary Table 4). GO analysis of DEGs showed that biological processes affected included carbohydrate metabolic process. Molecular functions of DEGs associated with dormancy release included oxidoreductase activity, hydrolase activity, acting on glycosyl bonds, transferase activity, transferring glycosyl groups, and peptidase activity (Figure 3C and Supplementary Table 5). KEGG pathway analysis showed that the DEGs related to the dormancy release were mainly involved in stilbenoid, diarylheptanoid, and gingerol biosynthesis, zeatin biosynthesis, arginine, and proline metabolism, and flavonoid biosynthesis (Figure 3F and Supplementary Table 10).

In the comparison group at T2 vs. C2, we found a total of 18,058 DEGs, of which 7,127 were upregulated and 10,931 were downregulated (Supplementary Table 6). GO analysis of DEGs showed that biological processes affected included ribosome biogenesis, translation, photosynthesis, carbohydrate metabolic process and biosynthetic process. Molecular functions of DEGs associated with dormancy release included structural constituent of ribosome, structural molecule activity, oxidoreductase activity and hydrolase activity, acting on glycosyl bonds (Figure 3D and Supplementary Table 7). KEGG pathway analysis showed that the DEGs related to the dormancy release were mainly involved in stilbenoid, diarylheptanoid and gingerol biosynthesis, zeatin biosynthesis, flavonoid biosynthesis, arginine and proline metabolism (Figure 3G and Supplementary Table 11).

In the comparison group at T3 vs. C3, we found a total of 29,132 DEGs, of which 14,421 were upregulated and 14,711 were downregulated (Supplementary Table 8). GO analysis of DEGs showed that biological processes affected included ribosome biogenesis, translation, photosynthesis, carbohydrate metabolic process, and biosynthetic process. Molecular functions of DEGs associated with dormancy release included structural constituent of ribosome, structural molecule activity, oxidoreductase activity, hydrolase activity, acting on glycosyl bonds, and DNA binding transcription factor activity (Figure 3E and Supplementary Table 9). KEGG pathway analysis showed that the DEGs related to the dormancy release were mainly involved in photosynthesis, carotenoid biosynthesis, flavonoid biosynthesis, zeatin biosynthesis, and arginine and proline metabolism (Figure 3H and Supplementary Table 12).



Changes of genes and metabolites in flavonoid biosynthesis, arginine and proline metabolism, and zeatin biosynthetic pathways during epicotyl dormancy release of P. cyrtonema seeds

In the analysis of transcriptome and metabolome, we found that the flavonoid biosynthesis, arginine and proline metabolism, and zeatin biosynthetic pathway was significantly enriched in all stages. Therefore, we further analyzed the expression patterns of genes and metabolites of the these three pathway (Figure 4). Compared with CK of the same period, at 12 h most genes involved in the flavonoid biosynthetic pathways including PAL, CYP73A, 4CL, and F3’H, were significantly downregulated, and metabolites such as pelargonidin, kaempferol, luteolin, naringenin, and eriodictyol were also significantly decreased, indicating that most of genes and metabolites of the flavonoid biosynthetic pathway were significantly decreased at this time. But at 7 days, all genes except PAL and CYP73A showed a significant decrease in expression, and significant decreases were observed in all metabolites except naringenin chalcone, cyanidin, kaempferol, and vitexin, which means that most genes and metabolites of the flavonoid biosynthetic pathway were significantly decreased at this time. At 28 days, except for F3’H and FLS, all other genes were significantly upregulated. All metabolites except naringenin chalcone, aureusidin 6-O-glucoside and cyanidin rose significantly, indicating that most genes and metabolites of the flavonoid biosynthetic pathway rose significantly at this time.
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FIGURE 4
Integrated transcriptomics and metabolomics analysis of flavonoid biosynthesis, arginine and proline metabolism, and zeatin biosynthetic pathways. (A) The DEGs and DEMs involved in the flavonoid biosynthesis, arginine and proline metabolism, and zeatin biosynthetic pathway at different stages. The color gradient, ranging from blue, through yellow, to red represents low, middle and high FPKM of genes. The color gradient, ranging from purple, through yellow, to red represents low, middle and high relative abundance of metabolites. T, Treatment group; C, Control group. (B–G) Verification of related genes in transcriptome by qRT-PCR. IPT, isopentenyl transferases gene; CYP735A, cytokinin hydroxylase gene; CKX, cytokinin degrading enzyme gene; CHS, chalcone synthase gene; C4H, cinnamate-4-hydroxylase; DFR, dihydroflavonol 4-reductase; “*” indicates that the difference is significant, “**” indicates that the difference is very significant.


Further analysis showed that the metabolites involved in arginine metabolism, including L-arginine, continued to increase in three stages, but were significantly lower than the CK of the same period, except L-glutamine and L-aspartic acid. Studies have shown that the arginine in coniferous pines in overwintering dormancy accumulates significantly while glutamine maintains low levels (Durzan, 2009). In this study arginine content during dormancy relief of P. cyrtonema seeds was low in the treatment group while glutamine was maintained at a high level throughout. This illustrates from the side that P. cyrtonema seeds could use arginine to accelerate amino metabolism, thereby promoting the relief of dormancy. While in the proline metabolism, compared with the CK of the same period genes and metabolites involved in proline biosynthesis metabolic showed a tendency to increase first but then decrease in the three stages of the treatment group, and were more abundant at 7 days. Whereas the proline content in CK was consistently elevated and was higher than that in the treated group at 28 days. At 7 days, the proline content in the treated group was higher than that in the CK. In contrast to the proline synthesis pathway, 4-hydroxyproline, a catabolite of proline, showed a tendency to decrease first and then increase in the three stages in the treated group and was lower than the control group at 7 days. While P4HA, a proline catabolic gene, showed the same trend with metabolites. Proline had a significant rise in both its biosynthetic gene and metabolites at 7 days, but its catabolic genes and metabolites had a significant decline at 7 days. Proline plays an important role in the release of plant dormancy. Research shows that proline had an important role in the process of grape bud dormancy release (Mujahid et al., 2020). Therefore, proline was found to be elevated at 7 days during the epicotyl dormancy release of P. cyrtonema seeds and may have promoted this process. At 28 days, the proline content was lower than in the CK of the same period, which is similar to that at 12 h, indicating that the elongation of the epicotyl bud of P. cyrtonema seeds may be the critical period for dormancy release.

Zeatin was the first plant natural cytokinin to be discovered, and we analyzed the expression patterns of genes and metabolites of the zeatin biosynthetic pathway. Compared with the CK of the same period the genes involved in zeatin biosynthesis, IPT (adenosine phosphates isopentenyltransferase) and CYP735A (cytokinin trans hydroxylase), as well as their metabolites, were significantly upregulated at 12 h and 7 days, and downregulated at 28 days. And cytokinin dehydrogenase (CKX) is a negative regulatory enzyme of zeatin in zeatin metabolism, which regulates the content of zeatin by degrading the metabolic product of the first step of zeatin synthesis. It can be seen that at 12 h, the zeatin and adenine content increased, the metabolite of zeatin catabolism was also increased. At 7 days, there was a general increase in zeatin content and a decrease in CKX expression. At 28 days, zeatin content was generally reduced while CKX expression began to rise. Overall, during the first 7 days genes and metabolites involved in zeatin synthesis pathway were generally increased, and after 28 days, the associated genes and metabolites had a general decrease. Being exactly opposite to the synthetic pathway, the genes involved in zeatin metabolism predicted the essential role of cytokinin dehydrogenases as negative regulatory enzymes of zeatin in the regulation of cytokinin levels.

To verify the credibility of the transcriptome information, six genes related to zeatin and flavonoid biosynthesis were selected for validation by qRT-PCR. The qRT-PCR results showed that the expression of these genes were very similar to the RNA-seq results (Figures 4B–G).



Changes of genes and metabolites in plant hormone pathway during epicotyl dormancy release of P. cyrtonema seeds

Phytohormones played an important role in the process of plant dormancy release, of which comparatively important are indole acetic acid (IAA), gibberellic acid (GA), abscisic acid (ABA), and cytokinin (CTK) (Ito et al., 2021). In the result of 2.4, we have analyzed the expression patterns of genes related to the zeatin biosynthetic pathway of CTK. And then we counted DEGs in plant hormone pathway, and finally enriched them in GA, ABA and IAA metabolic pathways.

GA pathways, including GA biosynthesis, metabolism and signal transduction (Figure 5A), were all significantly downregulated at 12 h compared with the CK in the same period. The genes GIBBERELLIN INSENSITIVE DWARF1 (GID1), DELLA protein (DELLA), and phytochrome-interacting factor 4 (PIF4) of GA signal transduction pathway were also significantly downregulated. At 7 days, PIF4 as well as gibberellin 2-beta-dioxygenase (GA2ox), which is part of the GA catabolic pathway, were significantly upregulated. At 28 days, gibberellin 3-beta-dioxygenase (GA3ox) was upregulated and DELLA was downregulated, indicating the promotion of GA pathway on dormancy release. ABA pathways, including ABA biosynthesis, metabolism and signal transduction (Figure 5B), compared with the CK in the same period several genes involved in ABA biosynthesis and signal transduction were upregulated in the three stages, reflecting the importance of the ABA signaling pathway for dormancy release and emergence from P. cyrtonema seeds. Genes related to ABA degradation including CYP707A (abscisic acid 8’-hydroxylase) were upregulated in the first 7 days and significantly downregulated at 28 days. IAA pathways, including IAA biosynthesis, metabolism and signal transduction (Figure 5C), many biosynthetic and signal transduction genes were significantly downregulated at 12 h compared with the CK of the same period. YUCs function as flavin-containing monooxygenases (FMO) catalyzing the rate-limiting irreversible oxidative decarboxylation of indole-3-pyruvate acid (IPyA) to form indole-3-acetic acid (IAA) (Cao et al., 2019). However, YUCCA in the transcriptome rose significantly at 7 days, indicating a regulatory role of the IAA pathway in this process.
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FIGURE 5
Expression patterns of genes related to GA, ABA, and IAA biosynthesis, inactivation and signal transduction pathways in transcriptome. (A) Heat map of gene expression related to GA pathway. (B) Heat map of gene expression related to ABA pathway. (C) Heat map of gene expression related to IAA pathway. The color gradient, ranging from blue, through white, to red represents low, middle and high expression of genes. Log2(FC) ranges from –1 to 1.




Association analysis of flavonoid biosynthesis, arginine and proline metabolism, and zeatin biosynthetic pathways

Our previous results illustrated that it might be the critical period for dormancy release in the elongation of epicotyl buds of P. cyrtonema seeds, in which genes and metabolites of flavonoid biosynthesis, arginine and proline metabolism, and zeatin biosynthesis pathways play important roles. Therefore, we performed an association analysis between DEGs and DEMs in three pathways in T2 vs. C2 (Figure 6). We could found that L-citrulline, L-glutamine and L-ornithine in the arginine and proline metabolism pathway were significantly correlated with most genes. Furthermore, we noticed that in the zeatin biosynthetic pathway genes involved in cytokinin dehydrogenases (PcCKXs) of P. cyrtonema were active in three stages, which showed significant positive correlations with pelargonidin in the flavonoid pathway and negative correlations with L-proline, L-ornithine, and L-citrulline in arginine and proline metabolism. Previous studies illustrated that genes and metabolites of the flavonoid, arginine and proline metabolic pathways were significantly under-expressed during the first 7 days, meaning that they could negatively regulate dormancy release. It means that PcCKXs are significantly associated with them. This suggests that PcCKXs were closely related to flavonoid pathway, arginine and proline metabolism pathway, and affected the dormancy release P. cyrtonema seeds.
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FIGURE 6
Correlation analysis of flavonoid biosynthesis, arginine and proline metabolism, and zeatin biosynthesis pathways. Orange blocks represent genes, blue blocks represent metabolites, and pink blocks represent PcCKXs. Red line represents positive correlation and blue line represents negative correlation.





Discussion

Seed dormancy is the result of natural evolution of plants in response to adverse environments, but it is not conducive to agricultural production for human beings (Agrawal et al., 2021). Seed dormancy is regulated by temperature, light, hormones and other factors, and affects mRNA splicing, translation and chromatin remodeling (Chen D. L. et al., 2020; Tognacca and Botto, 2021). P. cyrtonema seeds began to enter the epicotyl dormancy after the bulb appeared. The dormancy state can be broken effectively by alternating temperatures (Liao et al., 2021). However, other studies have shown that exogenous phytohormones can also relieve dormancy (Yang et al., 2017). Interestingly, many studies have reported that exogenous GA3 can relieve seed dormancy (Ghannad et al., 2022), but it can not relieve epicotyl dormancy of P. cyrtonema seeds (Chen et al., 2017). In this study, morphological observation showed that the seeding emergence rate of P. cyrtonema seeds after 30 days of sowing was significantly improved after exogenous 6-BA hormonal treatment. When the concentration of 6-BA was 100–300 mg/L, the effect was obvious, and the optimum concentration was 200 mg/L. This indicated that exogenous 6-BA could relieve the epicotyl dormancy of P. cyrtonema seeds. At the same time, the roots gradually elongated to complete the uptake of external nutrients. But from the same period of the water control group, after entering the epicotyl dormancy, the epicotyl bud elongation was not obvious, but the root was growing rapidly and was longer than the treatment group after 14 days.

Metabolomics and transcriptomics were used to analyze the epicotyl dormancy release process of P. cyrtonema seeds. PCA and Venn diagram analysis showed that there were significant differences between the treatment group and the control group, among which flavonoid substances were significantly different. GO analysis showed that the activities of oxidoreductase, hydrolase, mRNA processing and peptidase were active during dormancy release. Research shows that storage proteins are degraded to provide nutrients and energy required, inter alia, for the translation of stored mRNA and biosynthesis of new proteins with defined function in the imbibition phase of seed germination. Proteasome activity is required for germination, which plays central roles in cellular amino acids homeostasis. In the DEG part they only mentioned peptidase (Liu et al., 2019). In the KEGG pathway enrichment analyses of transcriptome and metabolome, we also found that the flavonoid biosynthetic pathway was always enriched in each period, indicating that it might be play an important role in the epicotyl dormancy release of P. cyrtonema seeds. From the differential expression profiles of genes and metabolites in flavonoid biosynthetic pathway, it could be seen that within 7 days after dormancy release, exogenous 6-BA treatment made most of them lower than those in the control group at the same time. Studies have shown that flavonoids play a regulatory role in flower buds differentiation, which is embodied in the decrease of flavonoids contents during flower buds differentiation (Ma and Zu, 2009). Therefore, flavonoids have a certain inhibitory effect on flower bud differentiation of plants. In addition, flavonoids represented by quercetin and kaempferol which were significantly increased in dormant buds of sweet cherry (Michailidis et al., 2018). This indicated that 6-BA treatment inhibited the synthesis of flavonoids, thereby relieving the inhibitory effect on epicotyl bud differentiation of P. cyrtonema seeds, and the seeds could complete bud differentiation. At 28 days, 6-BA treatment made the seeds grow into seedlings, while the control group took root without emergence. Most studies have shown that flavonoids are auxin transport inhibitors (Brown et al., 2001),and auxin has the function of accelerating cell elongation to participate in root growth regulation. Therefore, at 28 days, the genes and metabolites of the flavonoid biosynthetic pathway in the treatment group increased, which inhibited the transportation of auxin and made the seeds more seeding rather than rooted. In the transcriptome analysis, we found that auxin synthesis gene YUCCA and signal transduction gene ARF were significantly downregulated, indicating that the increase of flavonoid content after 6-BA treatment inhibited the expression of auxin synthesis genes. In summary, in the process of 6-BA treatment to relieve epicotyl dormancy of P. cyrtonema seeds, the inhibition on bud differentiation was relieved by inhibiting the genes and metabolites of flavonoid biosynthesis pathway in the first 7 days, and the expression of auxin-related genes were promoted, thereby promoting the elongation of epicotyl buds. In the later stages, the expression of auxin synthesis genes was inhibited by promoting flavonoid related genes and metabolites, which further inhibited root growth and promoted the transformation of seeds to seeding emergence. But there are also reports that flavonoids accumulate during seed germination (Liu R. et al., 2021). This indicated that the molecular mechanisms of epicotyl dormancy release and germination of P. cyrtonema seed were different.

Arginine and proline play important roles in plant dormancy release. We note that most of the genes and metabolites involved in arginine biosynthesis were downregulated in three stages. Research shows that ornithine and L-asparagine showed consumption patterns during rice germination according to our results (Guo et al., 2021). This indicates that arginine was always used as a donor to provide proline during the dormancy release of epicotyl of P. cyrtonema seeds. Proline contents were significantly upregulated at 7 days, and downregulated at 12 h and 28 days. Research shows that in the treatment of dormant grape bud, when proline accumulates, it protects the cells against oxidative stress and upregulates the oxidative pentose phosphate pathway causing a series of events that lead to the release of dormancy (Mujahid et al., 2020), this suggests that proline promotes dormancy release. Similarly, free proline content in roots of alfalfa with low fall dormancy was significantly higher than that of alfalfa with high fall dormancy (Liu et al., 2007). This further indicates that proline plays an important role in plant dormancy release. Therefore, the genes and metabolites in the proline metabolic pathway were significantly upregulated at 7 days, which was an important period for promoting dormancy release, because proline had a positive regulatory effect on dormancy release. The content of proline decreased in the early and late stages, which may be that proline did not maintain a high level to promote bud elongation in these two stages, so the content of proline was lower than that of the control group. Therefore, we believe that proline significantly increased in the elongation of epicotyl buds, the epicotyl dormancy release plays an important role.

Furthermore, we discovered that plant hormones play a crucial role in dormancy release. During seed dormancy, cytokinin antagonizes ABA to induce dormancy release (Huang et al., 2018). Seed dormancy is mainly controlled by abscisic acid ABA and GA, and ABA decreased and GA increased during seed dormancy release in Arabidopsis (Chen H. et al., 2020). However, NCED of ABA biosynthetic pathway were upregulated in the three stages of treatment groups, and during the development of P. cyrtonema seed from corm to seedling emergence, the development of embryo needed to transport nutrients from endosperm to new corm tissue and cold stratification before seedling establishment (Liao et al., 2021). This means that seeds are still not fully mature, and there is a direct correlation between ABA excess production and fruit maturity (Monribot-Villanueva et al., 2022). So the genes of the ABA biosynthetic pathway always upregulated in three stages may be to complete the seed maturation. However, in ABA catabolism, CYP707A was significantly upregulated at 12 h and 7 days and downregulated at 28 days in the treatment group. ABA catabolism plays an important role in the regulation of active hormone levels during seed development. In Arabidopsis cyp707a mutant, enhanced dormancy and ABA accumulation has further proven the important contribution of CYP707A1 and CYP707A2, which transcripts are highly accumulated at early and late maturation stages, respectively (Sano and Marion-Poll, 2021). In cereals, ABA catabolism by CYP707A family members has also been described to regulate ABA levels in developing seeds (Tuan et al., 2018). In addition, when CYP707A was overexpressed, the dormancy release of pear is accelerated (Li et al., 2018), which means that CYP707A plays an important role in regulating ABA homeostasis and relieving plant dormancy. GA pathway can indirectly regulate seed dormancy solution (Cao et al., 2020), and the CPS, KS, GA3ox of GA biosynthesis pathway genes were downregulated in the 12 h treatment group, which may be due to the antagonism of GA to ABA (Ye and Zhang, 2012). But with the release of epicotyl dormancy, GA-related genes began to be upregulated, promoting bud elongation. The change in IAA pathway was similar to that of GA pathway. The key enzyme gene YUCCA of IAA biosynthesis pathway which was upregulated at 7 days. Research showed that low concentration of 1-naphthaleneacetic acid (NAA) or 2,4-dichlorophenoxyacetic acid (2,4-D) could promote seed germination assayed by cotyledon greening (He et al., 2012). This was consistent with our study, which further indicated the key role of the elongation of epicotyl buds in the dormancy release of P. cyrtonema seeds. It was worth noting that the zeatin biosynthetic pathway belonging to cytokinin also played an important role in the epicotyl dormancy release of P. cyrtonema seeds. IPT is a rate-limiting enzyme for zeatin biosynthesis pathway (Frébort et al., 2011; Chen K. et al., 2020). Cytokinin trans-hydroxylase (CYP735A) catalyzes the production of the previous step to form trans-zeatin, which is one of the main active forms of cytokinin in plants.

In this study, at 12 h and 7 days after exogenous 6-BA treatment, the gene expression levels of IPT and CYP735A were significantly lower than those in the control group at the same time. However, in the analysis of metabolic data, it was observed that the contents of major cytokinin such as trans-zeatin and trans-zeatin riboside were significantly higher than those in the control group. From the perspective of cytokinin catabolism, cytokinin degrading enzyme gene CKX increased significantly at 12 h and decreased significantly at 7 days. We can speculate that CKX gene was significantly downregulated at 7 days, which reduced the degradation of cytokinin in the treatment group, and thus the content of cytokinin was higher than that in the control group. Exogenous cytokinin increased endogenous cytokinin content in P. cyrtonema seeds in a short time. Therefore, the expression of cytokinin biosynthesis genes IPT and CYP735A decreased, while the expression of cytokinin degradation pathway gene CKX increased. This indicates that in the early stage of dormancy release of P. cyrtonema seeds, especially on the 7 days, it inhibited the degradation of cytokinin by reducing the expression of CKX, so that cytokinin was higher in the treatment group. The genes of CKX played an important role in cytokinin catabolism. Studies have shown that specific expression of CKX in maize roots leads to greater root formation (Ramireddy et al., 2021). In potatoes, the tubers overexpressing CKX showed a long dormancy period, indicating the negative regulatory role of CKX in dormancy release (Hartmann et al., 2011). In the transcriptome, the expression of PcCKXs were significantly downregulated at 7 days, which further confirmed our previous hypothesis that the elongation of epicotyl buds is a critical period for dormancy release. From the results of correlation analysis, PcCKXs were significantly positively correlated with flavonoid biosynthesis pathway, while negatively correlation with arginine and proline metabolism pathway, indicating that PcCKXs has a negative regulatory role in the process of dormancy release of P. cyrtonema.

In summary, we determined the elongation of epicotyl buds as a critical period for dormancy release of P. cyrtonema seeds by applying exogenous 6-BA, and preliminarily explained the related mechanisms through transcriptome and metabolomics (flavonoid biosynthesis, arginine and proline metabolism, zeatin biosynthesis) (Figure 7). In this model, exogenous 6-BA treatment promotes GA biosynthesis and signal transduction pathway, and induce the release of epicotyl dormancy of P. cyrtonema seeds. At the same time, exogenous 6-BA treatment may increase the content of endogenous cytokinin in the elongation of epicotyl buds by inhibiting the expression of cytokinin dehydrogenase gene (PcCKXs). In addition, exogenous 6-BA treatment may increase auxin content and decrease flavonoid content, and ultimately induce the release of epicotyl dormancy of P. cyrtonema seeds. Otherwise, exogenous 6-BA treatment promotes decomposition of arginine, and induces proline metabolism and reduces proline metabolism gene expression, and further induces the release of epicotyl dormancy of P. cyrtonema seeds. At the seed emergence stage (28 days), the change trend of these pathways was basically the same as that of 7 days, but the genes of flavonoid synthesis pathway were different from those in the earlier stage, and their gene expression was significantly upregulated. Future research will focus on the functional role of these key factors in the dormancy release of P. cyrtonema seeds.
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FIGURE 7
Schematic model showing the changes of a metabolic pathway in the critical period of epicotyl dormancy release of P. cyrtonema seeds. The red box and blue box indicate upregulated and downregulated genes in this pathway, respectively.




Conclusion

In this study, we explored the molecular mechanism of exogenous 6-BA treatment on the dormancy release of epicotyl of P. cyrtonema seeds. The results showed that exogenous 6-BA treatment could significantly promote the shoot length of epicotyl and increase the emergence rate of P. cyrtonema seeds. During the dormancy release of epicotyl of P. cyrtonema seeds, the contents of trans-zeatin, proline, auxin and gibberellin was higher, while the contents of flavonoids and arginine were low in the treatment group. Cytokinin dehydrogenase gene PcCKXs has a key correlation with pelargonidin in flavonoid biosynthesis and L-proline, L-ornithine and L-citrulline in arginine and proline metabolism, these results provided a new insight into the molecular mechanism of exogenous 6-BA relieving epicotyl dormancy of P. cyrtonema seeds.
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Dendrobium officinale, an important orchid plant with great horticultural and medicinal values, frequently suffers from abiotic or biotic stresses in the wild, which may influence its well-growth. Heat shock proteins (Hsps) play essential roles in the abiotic stress response of plants. However, they have not been systematically investigated in D. officinale. Here, we identified 37 Hsp20 genes (DenHsp20s), 43 Hsp70 genes (DenHsp70s) and 4 Hsp90 genes (DenHsp90s) in D. officinale genome. These genes were classified into 8, 4 and 2 subfamilies based on phylogenetic analysis and subcellular predication, respectively. Sequence analysis showed that the same subfamily members have relatively conserved gene structures and similar protein motifs. Moreover, we identified 33 pairs of paralogs containing 30 pairs of tandem duplicates and 3 pairs of segmental duplicates among these genes. There were 7 pairs in DenHsp70s under positive selection, which may have important functions in helping cells withstand extreme stress. Numerous gene promoter sequences contained stress and hormone response cis-elements, especially light and MeJA response elements. Under MeJA stress, DenHsp20s, DenHsp70s and DenHsp90s responded to varying degrees, among which DenHsp20-5,6,7,16 extremely up-regulated, which may have a strong stress resistance. Therefore, these findings could provide useful information for evolutional and functional investigations of Hsp20, Hsp70 and Hsp90 genes in D. officinale.
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Introduction

Plants are commonly exposed to biotic and abiotic stresses, e.g., drought, heat, and various pathogens, which could cause adverse effects on their growth and development (Zhang et al., 2022). To overcome these difficulties, plants have evolved their own “stress tolerance system,” which attracted intense attention from botanists, leading to numerous functional genomic studies related to plant stress tolerance published, particularly in temperature stresses (Dangi et al., 2018). For example, Heat shock proteins (Hsps) help newly synthesized proteins to fold, or to protect proteins that might misfold and thereby lose their potential functional conformation during a heat stress event. However, stresses in nature rarely come alone. Heat stress is commonly associated with high light and drought, but also promotes the spreading of pathogens and pests, leading to serious harm to plants (Jacob et al., 2017). Thus, Hsps, which were proved to be involved in multiple stress resistance, especially in abiotic stresses, have an important effect on thermomorphogenesis (Lin et al., 2022). Heat shock proteins, originally only described in relation to heat shock (Ritossa, 1962), were actually induced by a wide variety of stresses, including exposure to cold, osmotic, drought, salt, UV, high light, wound healing, tissue remodeling, or biotic stresses (Lindquist and Craig, 1988; Vierling, 1991; Boston et al., 1996). Therefore, Hsps play a great role in alleviating the injury caused by stresses.

According to previous studies, Hsps can be grouped into six families including Hsp100s/ClpB, Hsp90s, Hsp70s/DnaK, Hsp60s, Hsp40s/DnaJ and Hsp20s based on their molecular weight and sequence homology (Wang et al., 2004; Waters, 2013). Among them, three gene families of Hsp20, Hsp70 and Hsp90 are the most important in plants. Hsp20, the most variable and diversified family in plants, was considered the most produced protein under heat stress conditions in many higher plants (Vierling, 2003; Charng et al., 2006; Basha et al., 2012). Hsp70, the most abundant heat shock proteins in eukaryotic cells, was expressed and accumulated under many stresses, such as drought stress (Cho and Choi, 2009), high-salinity stress (Wang et al., 2008), heavy metal stress (Tukaj et al., 2011) and virus stress (Aparicio et al., 2005), suggesting that Hsp70 can increase the resistance of plants to various biotic or abiotic stresses. Unlike Hsp20 and Hsp70 genes, which mainly play a role in plant growth and development and response to environmental stress, Hsp90s play essential roles in plant immunity (Shirasu, 2009; Kadota and Shirasu, 2012). For example, Wang et al. (2011) have found that wheat plants over-expressing the TaHsp90.2 and TaHsp90.3 from Hsp90 genes showed significant resistance to stripe rust. In rice, a chaperone complex consisting of cytosolic Hsp90 and its co-chaperone Hop/Sti1 participates in chitin responses and anti-fungal immunity (Chen et al., 2010).

In recent years, as more plant genomes have been assembled and reported, the Hsp20, Hsp70 and Hsp90 gene family were identified across many plant species, such as Arabidopsis thaliana (Krishna and Gloor, 2001; Lin et al., 2001; Scharf et al., 2001), Oryza sativa (Ouyang et al., 2009; Sarkar et al., 2012; Xu et al., 2012) and Triticum aestivum (Muthusamy et al., 2017; Lu et al., 2020; Lai et al., 2021). Dendrobium officinale Kimura et Migo, an endangered orchid endemic to China, has great horticultural and medicinal values (Niu et al., 2018; Zhu et al., 2018; Li et al., 2020). It grows in adverse conditions, e.g., epiphytic on cliffs or tree trunks, and distributed at high altitudes above 1,200 m. Moreover, D. officinale is susceptible to pests and diseases such as anthracnose, blackspot and phytophthora mealybug, which may have a negative influence on its well-growth. However, even in such harsh habitats, D. officinale still can grow well and accumulate important medicinal substances. Therefore, it is important to make clear the mechanism of its stress resistance, especially the response of Hsp genes to adversity. However, to date, the evolution and functions of Hsp20, Hsp70 and Hsp90 gene family in D. officinale still remains unclear. With the availability of chromosome-level genome sequence of D. officinale (Niu et al., 2020), it is now possible to conduct full study the three Hsp gene families in D. officinale.

Here, we used bioinformatics methods to identify Hsp20, Hsp70 and Hsp90 genes from D. officinale genome and uncover their sequence features, chromosomal positions, phylogenetic relationships, gene duplication events and syntenic analysis. Moreover, cis-elements, expression profiles, the protein three-dimensional (3D) structures and their protein–protein interaction (PPI) networks were all predicted to explore the possible biological functions of Hsp genes. The results would provide valuable information for further investigations of the Hsp20, Hsp70 and Hsp90 gene family in D. officinale.



Materials and methods


Identification of Hsp20, Hsp70 and Hsp90 genes in Dendrobium officinale genome

The Hidden Markov models (HMMs) profiles of Hsp20 (PF00011), Hsp40 (PF00226), Hsp70 (PF00012) and Hsp90 (PF00183), were downloaded from the protein family database (Pfam).1 This analysis was used for the search to recognizing candidate proteins with an E-value of 1e-5 by HMMER v3.2.1. Meantime, Hsp20, Hsp40, Hsp60, Hsp70, Hsp90 and Hsp100 protein sequences of A. thaliana and O. sativa from Scharf (Krishna and Gloor, 2001; Lin et al., 2001; Scharf et al., 2001), Ouyang (Ouyang et al., 2009; Sarkar et al., 2012; Xu et al., 2012) and (Ratheesh et al., 2012)2 were used as queries to search for D. officinale proteins using BLASTP. Ultimately, the protein sequences were integrated by both the above methods. Here, we chose Hsp20, Hsp70 and Hsp90 gene family in D. officinale for further analysis. So, the output putative DenHsp20s, DenHsp70s and DenHsp90s were submitted to Pfam (see Footnote 1), NCBI-CDD3 and SMART4 to confirm conserved domains. In addition, the protein molecular weight (kDa), aliphatic index (AI), theoretical isoelectric point (pI) and grand average of hydropathicity (GRAVY) were estimated with ExPASy software (Wilkins et al., 1999). The chromosome locations were analyzed and displayed by TBtools v1.6 (Chen et al., 2020).



Phylogenetic relationship, gene structure and motifs and domains

Multiple sequence alignments of Hsp20, Hsp70 and Hsp90 full-length amino acid sequences derived from D. officinale, A. thaliana and O. sativa were performed with MAFFT v7.487 software (Katoh and Dtandley, 2013). And the maximum likelihood phylogenetic trees were constructed by RAxML v1.3 with a bootstrap value of 1,000. The conserved motifs were determined by MEME,5 with default parameters, except that the number of motifs of 20 was specified. Additionally, the exon-intron structure of each sequence was displayed by GSDS software online.6 The different characteristic domains of the three gene families were aligned with previous studies (Krishna and Gloor, 2001; Lin et al., 2001; Scharf et al., 2001) and visualized by DNAMAN_9 software.



Gene duplication, syntenic analysis and non-synonymous and synonymous calculation

Firstly, the genomic DNA sequences of the Hsp20, Hsp70 and Hsp90 genes of D. officinale were aligned using BLASTN with an E-value of 1e-20. Then the gene duplications were identified with MCScanX using BLASTN results. The duplication events of these genes were visualized with Circos (Krzywinski et al., 2009). Besides, the syntenic blocks between D. officinale and other plant genomes were detected and displayed with MCScanX (cscore≥0.7). KaKs_Calculator 2.0 (Wang et al., 2010) was used to estimate Non-synonymous (Ka), synonymous (Ks) and Ka/Ks ratios. Commonly, Ka/Ks > 1 indicates positive selection, Ka/Ks < 1 indicates negative selection, and Ka/Ks = 1 indicates neutral selection (Wang et al., 2010).



Promoter analysis

The upstream 1,500 bp genomic DNA sequences of Hsp20, Hsp70 and Hsp90 genes were extracted as putative promoters. Then they were submitted to online PlantCare database7 to analyze the putative cis-elements. FIMO (Noble, 2011) in MEME software toolkit was used to predict heat shock responsive elements (HSEs) using sequence module nTTCnnGAAnnTTCn or nGAAnnTTCnnGAAn (Sarkar et al., 2009; Lopes-Caitar et al., 2013). Total cis-elements in promoter sequences were visualized by TBtools v1.6 software (Chen et al., 2020).



Expression profiles

To analyze the expression patterns of these identified genes in D. officinale, we searched the NCBI SRA database8 for RNA-sequence data from four different tissues (root, stem, leaf, and flower) with the accession IDs SRR2014227, SRR2014230, SRR2014236, SRR2014246, SRR2014297, SRR2014325, SRR2014396, and SRR2014476 (Chen et al., 2017). Firstly, the download RNA-sequence data were converted to fastq format via fastq-dump of SRA toolkit.3.0.0. Then the clean reads were aligned to the D. officinale genome, and mapping by Hisat2 v2.2.1. And the data were sam to bam by SAMtools v1.14. The FPKM value of DenHsp20s, DenHsp70s and DenHsp90s were calculated by StringTie v2.2.0 to estimate the transcript abundances. The heat map was constructed by the pheatmap package in RStudio v1.4.1717 to visualize the expression.



Quantitative real-time PCR analysis

Total RNA was extracted by an EASY spin Plant RNA Kit (Aidlab, China). First–strand cDNAs were synthesized using HiScript® III–RT SuperMix for qPCR (Vazyme, China). Primers (Supplementary Table S6) were designed using Snapgene software. qRT-PCR was performed using ABI-7500 Connect Real-Time PCR Detection System. cDNAs were diluted to 200 ng with 1 μl template in a reaction volume of 20 μl, run in three technical replicates. PCR amplification programs were used as follows: 95°C for 30 s followed by 40 cycles of 95°C for 10 s, 60°C for 30 s, and 60°C for 15 s. The expression data were calculated by the 2-∆∆CT method (Livak and Schmittgen, 2002).



Three-dimensional protein structure prediction and protein–protein interaction network

The tertiary structures of Hsp20, Hsp70 and Hsp90 proteins in D. officinale were predicted with SWISS-MODEL.9 The Hsp20, Hsp70 and Hsp90 protein sequences were aligned to STRING database10 online to predict the relationships. Cytoscape v3.7.2 software (Shannon et al., 2003) was used to visualize the regulatory networks.




Results


Identification and distribution of Hsp20, Hsp70 and Hsp90 genes in Dendrobium officinale

A total of 165 Hsp genes, with 37 Hsp20 genes, 70 Hsp40 genes, 7 Hsp60 genes, 43 Hsp70 genes, 4 Hsp90 genes and 4 Hsp100 genes, were identified from D. officinale genome sequence using HMMER and BLASTP method. Here, we chose Hsp20, Hsp70 and Hsp90 gene family in D. officinale for further analysis (Table 1; Supplementary Table S1). The characters among the three kinds of Hsp genes were variable. For example, Hsp70 proteins contains more variable amino acid numbers (from 45 of DenHsp70-21 to 657 of DenHsp70-8) than Hsp20 (from 73 of DenHsp20-14 to 294 of DenHsp20-10) and Hsp90 (from 428 of DenHsp90-4 to 510 of DenHsp90-3). The protein molecular weight (MW) of Hsp70 ranged from 5.1 kDa (DenHsp70-14) to 73.4 kDa (DenHsp70-8), higher than Hsp20 (from 8.4 kDa of DenHsp20-14 to 33.3 kDa of DenHsp20-10) and Hsp90 (from 49.4 kDa of DenHsp90-4 to 59.3 kDa of DenHsp90-3). In contrast, the isoelectric point (PI) of Hsp90 (from 78.98 of DenHsp90-2 to 84.95 of DenHsp90-4) was higher than that of Hsp70 (from 4.4 of DenHsp70-9 to 8.99 of DenHsp70-25) and Hsp20 (from 4.92 of DenHsp20-12 to 9.34 of DenHsp20-11; Table 1; Supplementary Table S1).



TABLE 1 The characteristics of Hsp20, Hsp70 and Hsp90 members identified in Dendrobium officinale.
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Among the 19 assembled chromosomes of D. officinale, DenHsp20s, DenHsp70s and DenHsp90s were distributed on 13 chromosomes, 13 chromosomes and 4 chromosomes, respectively. As shown in Figure 1, most Hsp20 genes were located on Chr2 and Chr11. Chr12 contained the most Hsp70 genes, although it was not the longest chromosome. Gene clusters could be observed on Chr2, Chr11 and Chr12. Remarkably, most Hsp genes belonging to the same subfamilies were mapped on the same chromosome. This shows that tandem duplication events played an important role during the expansion of the Hsp family in D. officinale.

[image: Figure 1]

FIGURE 1
 Chromosomal distributions of the identified Hsp20, Hsp70 and Hsp90 genes in Dendrobium officinale. Red, blue, purple colors represent Hsp20, Hsp70 and Hsp90 genes, respectively. Three lines represent three tandem duplicate pairs.




Phylogenetic analysis of the Hsp20s, Hsp70s and Hsp90s

To explore the evolutionary relations of Hsp genes of D. officinale, phylogenetic trees of Hsp20, Hsp70 and Hsp90 genes were constructed, respectively, with Hsp genes from A. thaliana and O. sativa as outgroups (Figure 2).

[image: Figure 2]

FIGURE 2
 (A–C) represent the phylogenetic relationships of Hsp20, Hsp70 and Hsp90 genes in D. officinale, A. thaliana and O. sativa, respectively. Three maximum likelihood phylogenetic trees were constructed by RAxML with 1000 bootstraps. Orange, green, purple colors represent Hsp20, Hsp70 and Hsp90 protein sequences from D. officinale (Den), A. thaliana (At) and O. sativa (Os), respectively. Different subfamilies are shaded with different colors.


The 37 DenHsp20s were classified into 8 distinct subfamilies, including 13 CIs, 8 CIIs, 4 CIIIs, 1 CV, 2 ERs, 1 MI, 2 Ps, 2 Pos, and 4 unclassified, which were consistent with the results of previous studies where CI was the largest subfamily (Figure 2A). In addition to being consistent with the theory that the CIV subfamily exists only in dicotyledons as confirmed by previous studies, the CVI and CVII subfamilies of out phylogenetic tree also exist only in the dicotyledonous plant A. thaliana. The 43 DenHsp70s were classified into four subfamilies according to Wolf and CELLO subcellular localization prediction, 35 DenHsp70s in Cytoplasm/ Nucleus, 2 in Chloroplast, 3 in Mitochondrion, and 3 in Endoplasmic reticulum (Figure 2B). The DenHsp90s were divided into the same four subfamilies by the same method as DenHsp70s, and the four DenHsp90s were present in only two of these subfamilies, three in the Cytoplasm/ Nucleus and one in the Chloroplast (Figure 2C). By comparison, AtHsp90s was present in all four subfamilies, while OsHsp90s was present in three subfamilies except Chloroplast. Overall, the cytoplasm has the largest number of Hsp genes and is probably the main working region for heat shock proteins.



Gene structure and motif analysis of DenHsp20s, DenHsp70s and DenHsp90s

A phylogenetic tree was constructed from 84 amino acid sequences of DenHsp20s, DenHsp70s and DenHsp90s (Figure 3A). To resolve the motif composition of DenHsp20s, DenHsp70s and DenHsp90s, the 84 sequences were submitted to the MEME website. A total of 20 motifs were predicted with length ranging from 15 to 50 amino acids (Figure 3B). According to the detailed motif sequence, we found that the DenHsp20s, DenHsp70s and DenHsp90s had different motifs (As shown in Supplementary Figure 1). (i) Among the 20 motifs, Motif 2 and Motif 6 were widespread on almost all the DenHsp20s. Motif 14 and Motif 16 were specific to subfamilies CI and CII. (ii) The DenHsp70s had the most conserved motifs. Motif 3, Motif 5, Motif 8 and Motif 13 were widely widespread on the DenHsp70s.(iii) Motif 19 was widespread on all the DenHsp90s. (iiii) Especially, Motif 13 was on the DenHsp20-20 and DenHsp20-32 in addition to DenHsp70s.

[image: Figure 3]

FIGURE 3
 Phylogenetic relationships (A), conserved motifs (B) and exon-intron structures (C) of Hsp20, Hsp70 and Hsp90 genes in Dendrobium officinale. (A) Blue, red, orange colors represent Hsp20, Hsp90 and Hsp70 genes. (B) The conserved motifs of 84 proteins were identified using MEME and visualized by TBtools. Different colors represent 20 different motifs. (C) Yellow and blue boxes are, respectively, indicating CDS and UTR. And the black lines indicate introns.


Exon-intron structure provides an important clue for gene’s functional diversification. We investigated the exon-intron pattern of the 37 DenHsp20s, 43 DenHsp70s and 4 DenHsp90s according to D. officinale genome annotation information (Figure 3C). The results showed that the DenHsp20s were intron-less. It was obvious that genes in the same subfamily showed similar gene structures. Most members in subfamily CII of DenHsp20s had no introns. These results indicated that the structures of DenHsp20s were more conserved than those of DenHsp70s and DenHsp90s.

The basic structure of Hsps is conserved throughout the eukaryotic kingdom. Domain analysis helps to better understand different Hsp genes (Supplementary Figure 2). The Hsp20 sequences contain the central conserved domain, the α-crystallin domain (ACD). Hsp70 is composed of two domains: the ATPase domain, also referred as nucleotide binding domain, NBD (Flacherty et al., 1990), and the substrate binding domain (SBD; Zhu et al., 1996). Eukaryotic Hsp90 proteins contain 2 highly conserved domains: the adenosine triphosphate (ATP)-binding domain at the N-terminus and the highly charged (glutamic acid-rich) linker region (Xu et al., 2012).



Gene duplication and syntenic analysis of DenHsp20s, DenHsp70s and DenHsp90s

Synteny analysis was conducted to the DenHsp20s, DenHsp70s and DenHsp90s using BLASTN and MCScanX to investigate gene duplication events. A total of 20 and 13 pairs of paralogous genes were detected among DenHsp20s and DenHsp70s, respectively (Figure 4A). Among them, there were 3 pairs of segmental duplications from DenHsp70s located on the D. officinale chromosomes (i.e., Chr2, Chr8, Chr10 and Chr15). While the remaining 30 pairs of tandem duplicates, with 20 pairs from DenHsp20s and 10 pairs from DenHsp70s, were focused on Chr2, Chr11 and Chr12 (Supplementary Table S3).

[image: Figure 4]

FIGURE 4
 Schematic representations of the gene duplications of Hsp20, Hsp70 and Hsp90 genes from three different plants. (A–C) represent the syntenic gene pairs in D. officinale, A. thaliana and O. sativa, respectively.


Ka/Ks values of DenHsp20s’ and DenHsp70s’ duplicate gene pairs were calculated to evaluate the driving force underlying the HSP gene’s evolution. The results showed that Ka/Ks values of DenHsp20 duplicate genes ranged from 0.001 ~ 0.624, indicating that Hsp20 family was under negative selection during the evolution process (Supplementary Table S2). Among DenHsp70s paralogs, 7 pairs, DenHsp70-24 and DenHsp70-26, DenHsp70-26 and DenHsp70-27, DenHsp70-28 and DenHsp70-32, DenHsp70-28 and DenHsp70-33, DenHsp70-31 and DenHsp70-32, DenHsp70-31 and DenHsp70-33, DenHsp70-32 and DenHsp70-33, were positively selected, and the remaining pairs of genes experienced a negative selection (Table 2).



TABLE 2 Ka, Ks and Ka/Ks values for duplication gene pairs in Dendrobium officinale.
[image: Table2]

To further understand the replication event of the DenHsp20s and DenHsp70s, the replication events were compared between D. officinale and two other species (A. thaliana and O. sativa). The analysis also demonstrated that segmental duplication Hsp20 and Hsp70 gene pairs were found in genomes of A. thaliana (6 pairs) and O. sativa (12 pairs; Figures 4B,C).

Moreover, we analyzed the collinearity of Hsp20, Hsp70 and Hsp90 genes between D. officinale and four other plants (Figure 5). Collinearity analysis showed that the homologous genes between D. officinale and D. chrysotoxum were the most abundant, with 37 homologous gene pairs, followed by Vanilla planifolia (15 homologous gene pairs), O. sativa (15 homologous gene pairs) and A. thaliana (6 homologous gene pairs). DenHsp20-35 existed syntenic genes across the four species, and it is speculated that the gene may have originated from a common ancestor before the divergence of monocotyledons and dicotyledons with conserved and important functions. Excluding the dicotyledonous plant A. thaliana, DenHsp70-36, existed across the other three monocotyledons, may have been relatively conserved during monocotyledon evolution. In the collinearity analysis between D. officinale and D. chrysotoxum, the gene KAH0459475 of D. chrysotoxum had homologous pairs with three HSP70 genes (DenHsp70-17, DenHsp70-28, DenHsp70-31) in D. officinale, indicating that there was a duplication of the DenHsp70s.

[image: Figure 5]

FIGURE 5
 Collinearity analysis of Hsp20, Hsp70 and Hsp90 genes between Dendrobium officinale and four other plants, including A. thaliana, O. sativa, V. planifolia and D. chrysotoxum. Gray lines indicate the collinear blocks. Syntenic genes of Hsp20, Hsp70 and Hsp90 gene family are exhibited with red, pink and blue lines, respectively.




Analysis of DenHsp20s, DenHsp70s and DenHsp90s promoter

To better understand the potential function of DenHso20s, DenHsp70s and DenHsp90s, the cis-acting elements in the promoter regions were identified and analyzed. After removing non-functional terms, a total of 1,477 cis-acting elements in the promoter regions of DenHsp20s, DenHsp70s and DenHsp90s were classified into three categories of cis-elements, which are linked to plant growth and development (meristem expression, zein metabolism regulation, circadian control, etc.), stress responsiveness (light, anaerobic, low-temperature, drought, heat stress wound, and defense and stress), and phytohormone responsiveness (MeJA, abscisic acid, auxin, gibberellin and salicylic acid; Figure 6; Supplementary Figure 2; Supplementary Table S3).

[image: Figure 6]

FIGURE 6
 Information of cis-acting elements in Hsp20, Hsp70 and Hsp90 genes of Dendrobium officinale. (A) The gradient orange colors and numbers in the grid indicate the number of different cis-elements. (B) The different colors histogram indicates the number of cis-elements in each category. (C) The ratio of different cis-acting elements in Hsp20, Hsp70 and Hsp90 genes is shown as pie charts.


In DenHsp20s, most of the cis-elements were related to the stress responsiveness category (389/608), followed by the phytohormone responsiveness category (173/608) and plant growth and development category (46/608). The proportion of three categories in DenHsp70s and DenHsp90s were similar to those in DenHsp20s. Notably, 20 HSEs (accounting for 1.42%) were distributed across 3 DenHsp20s, 7 DenHsp70s and 3 DenHsp90s, most of which were located in DenHsp70s. As shown in Supplementary Figure 2, light responsive elements were the most abundant, accounting for 46.55% of all elements, which were related to the special photosynthetic pathway of D. officinale. MeJA responsive elements were the second abundant, accounting for 13.27% of all the cis-elements. In addition, there were a large number of stress responsive elements in drought, low-temperature and other stress environment. These results suggested that the ubiquitous cis-elements could be involved in DenHsp20s, DenHsp70s and DenHsp90s expression regulation in response to multiple abiotic stresses.



Expression analysis of DenHsp20s, DenHsp70s and DenHsp90s in different tissues and MeJA treat

The tissue-specific expression of DenHsp20s, DenHsp70s and DenHsp90s were analyzed to further studying gene functions. (Figure 7A). Among the 84 Hsp genes of D. officinale, 45 genes were expressed, including 24 DenHsp20s, 18 DenHsp70s and 3 DenHsp90s. While these genes were expressed in different tissue. The results showed a diversified tissue-specific expression, e.g., most genes were highly expressed in flowers and leaves, lowly expressed in roots and stems of D. officinale. DenHsp70-36 was ubiquitously and highly expressed in every tissue, which was speculated that it may play a significant role in plant growth and development.
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FIGURE 7
 Expression analysis of DenHsp20s, DenHsp70s and DenHsp90s in different tissues and MeJA treat. (A) Expression profiles of Hsp20, Hsp70 and Hsp90 genes of Dendrobium officinale in different tissues including root, stem, leaf and flower. Z-score transformed FPKM values. (B) Relative expression levels of DenHsp20s, DenHsp70s and DenHsp90s under MeJA treatments.


Analysis of cis-elements indicated that most of Hsp genes in D. officinale contained MeJA response elements. To investigate the potential role of DenHsp20s, DenHsp70s and DenHsp90s under MeJA treatment, we determined the expression pattern by qRT-PCR (Figure 7B). Among them, 19 genes were significantly up-regulated, 24 were downregulated, and the remaining genes had no significant change. Moreover, in these 19 up-regulated genes, the relative expression levels of 4 genes (DenHsp20-5, DenHsp20-6, DenHsp20-7 and DenHsp70-4) were extremely up-regulated (more than 3-fold) under MeJA treatment, which may play a more important role in plant resistance to abiotic stresses.



Three-dimensional protein structure of Hsp20, Hsp70 and Hsp90 proteins in Dendrobium officinale

Three-dimensional (3D) protein structures of DenHsp20 proteins, DenHsp70 proteins and DenHsp90 proteins were predicted with SWISS-MODEL. Subsequently, 62 successful models were defined by at least 30% identity of the target to a template, including 26 Hsp20 proteins, 16 Hsp70 proteins and 4 Hsp90 proteins (Supplementary Table S4). Compared with Hsp20 proteins (QMEAN DisCo Global from 0.60 to 0.78, GMQE from 0.42 to 0.78) and Hsp90 proteins (QMEAN DisCo Global from 0.74 to 0.78, GMQE from 0.75 to 0.82), the 3D structure models of Hsp70 proteins (QMEAN DisCo Global from 0.58 to 0.86, GMQE from 0.55 to 0.91) were of higher quality (Supplementary Table S4). A total of 46 different 3D structures, 26 for Hsp20 proteins, 4 for Hsp90 and 16 for Hsp70, were detected among Hsps, which indicated the diversified biological functions for Hsp genes in D. officinale.



Protein–protein interaction network of Hsp20, Hsp70 and Hsp90 proteins in Dendrobium officinale

To better understand the biological functions, the PPI networks were further analyzed to detect interactions among Hsp20 proteins, Hsp70 proteins and Hsp90 proteins and related proteins with the STRING website (Figure 8). Totally, 49 proteins and 661 connections were identified. Among the 661 connections, the Hsp90 proteins had the closest interaction with others, especially for the proteins of Hsp83. As shown in Supplementary Table S5, most of the proteins that interacted with Hsp proteins were the mediator of RNA polymerase II transcription subunits, such as MED14 and MED17. In addition, we also found that Hsp proteins may interact with stress-related transcription factors such as CYP and plant growth proteins like TCP. These results indicated that Hsp proteins of D. officinale have severe vital roles in multiple functions.

[image: Figure 8]

FIGURE 8
 Protein–protein interaction (PPI) networks of Hsp20, Hsp70 and Hsp90 proteins in Dendrobium officinale. Blue, green and orange circles represent Hsp20, Hsp70 and Hsp90 proteins, respectively. The gradient circle size indicates the different degrees of importance.





Discussion


Genome size, gene duplication and different evolution patterns may responsible for the quantity variance of Hsps

The Hsp family, which plays an important role in the mechanism of plants responding to stresses and resisting the damage, is essential for plant species (Jiang et al., 2021). Though the sequences of Hsp genes were relatively conserved, the gene numbers of Hsp family varied greatly among plant lineages. For example, 17 genes of Hsp20 family were detected in A. thaliana (Scharf et al., 2001), while 39 and 117 genes were detected in O. sativa (Ouyang et al., 2009) and T. aestivum (Wang et al., 2017), respectively. In this study, a total of 84 Hsp genes, with 37 DenHsp20s, 43 DenHsp70s and 4 DenHsp90s, were identified from the chromosome-level genome sequences of D. officinale. We believed that three reasons may be responsible for the differences of different species and different Hsp families. Firstly, the varied gene number of Hsp family is correlated with the genome size variation. For example, A. thaliana, with a small genome size (125 Mb; Scharf et al., 2001) contained the lowest gene number (17 Hsp20 genes) of Hsp20 gene family, while T. Aestivum with large genome size (6.3 Gb; Wang et al., 2017), achieved the largest gene number (117 Hsp20 genes) of Hsp20 gene family. Secondly, gene duplication, which could multiply increase the quantity of genes, may be responsible to the gene number variation of Hsp gene family. In this study, a total of 30 gene duplications were investigated from the genome sequence, which increased the number of genes in the Hsp family by 25%. Moreover, genome expansion, especially for the expansion raised by WGD events may also cause the gene variation of the Hsp family. For example, the two rounds of WGD events that occurred in D. officinale have resulted in 3 genes increasing, which led to the number increase of the Hsp gene family. Compared with segmental duplications and tandem duplications accounted for a larger proportion in D. officinale, WGD was likely to enhance plant resistance by massively increasing the number of Hsp70 genes. Thus, we speculated that this may improve its adaption to environmental stresses. Thirdly, the different evolution patterns in different plant lineage may also resulted in the quantity variance. For example, in monocotyledonous plant lineage, Hsp20 genes undergone separate evolution after the divergence of monocots and dicots. As concluded from previous studies, the Hsp20 genes of A. thaliana can be divided into 12 subfamilies (CI, CII, CIII, CIV, CV, CVI, CVII, MI, MII, P, Po, ER; Scharf et al., 2001; Ma et al., 2006; Siddique et al., 2008). In this study, there were no CIV, CVI, CVII and MII subfamilies detected in D. officinale. The CIV subfamily was only present in dicotyledons in previous studies, which may lead to changes in the number of Hsp genes (Siddique et al., 2008; Zhao et al., 2018; Yao et al., 2020). Moreover, this could be a proof for the different evolutionary relationships in monocotyledons and dicots (Cui et al., 2021). We speculated that monocotyledons may require more Hsp20 genes to cope with environmental pressures. Therefore, genome size, gene duplication and different evolution patterns may be responsible for the quantity variance of Hsps.



Protein structures, distribution and tissue-specific expression patterns and interactions of Hsps resulted in the diversity of biological functions

Previous studies have shown that heat shock proteins play a critical role in the molecular mechanisms such as plant development and defense against abiotic (Jiang et al., 2021). However, different Hsp gene families have different functions. Even the same gene family has different functions. For instance, Hsp90 has been reported as a key regulator of normal growth and development in Nicotiana benthamiana and A. thaliana (Queitsch et al., 2002; Liu et al., 2004; Sangster and Queitsch, 2005; Sangster et al., 2007). While Zhang et al. (2013) analyzed the Hsp90 genes of Populus trichocarpa and found that Hsp90 proteins expression was observed in most organisms in response to stress. Inferred from our comparative analysis, we believed that protein structures, distribution and tissue-specific expression patterns and interactions of Hsps resulted in the diversity of biological functions.

Protein conformation is closely related to their biological functions. The diversity of protein structures may indicate the diversity of biological functions. In this study, a total of 46 different 3D structures among Hsp genes were detected, which indicated the diversified biological functions of Hsp genes. Moreover, the diversified distribution of Hsp genes, widely in the cytoplasm, nucleus and different organelles, may also be responsible for their diversified gene function. For example, previous studies have shown that (i) Hsps are mainly located in the cytoplasm and respond to abiotic and biotic stresses (Park and Seo, 2015). (ii) Hsp90C functions in a chaperone complex of the chloroplast matrix, facilitating membrane transport during protein entry into organelles (Inoue et al., 2013). (iii) Mitochondrial heat shock protein 70 (mtHsp70) functions in the unfolding, translocation, and folding of imported proteins (Voisine et al., 1999). In this study, in D. officinale, according to the result of subcellular localization, DenHsp20s were located in the cytosol, ER, mitochondria and chloroplast. While, DenHsp70s and DenHsp90s were located in Cytosol, ER, nucleus, mitochondria and chloroplast. These results implied that Hsp genes had various functions in D. officinale. For instance, we found that Hsp genes present tissue-specific expression patterns in D. officinale. Most Hsp genes were highly expressed in flowers and leaves, while they were rarely expressed in roots and stems.

Additionally, there are interactions between different proteins. For example, Hsp90 physically interacts with many cochaperones, including different Hsp families, to recruit and interact with diverse substrate proteins, leading to alteration of cellular processes. As expected, in this study, the integrated PPI network found that the majority of the Hsp20, Hsp70 and Hsp90 proteins were enriched. Among them, Hsp proteins were closely related to each other and might share biological functions. In addition to the Hsp proteins, some MED proteins and stress-related proteins were also enriched in the networks, which resulted in the diversity of biological functions.

Therefore, these results indicated that Hsps had various functions in D. officinale. Moreover, these also provided ideas for further research on the biological functions of Hsp genes.



Adverse habitat, special photosynthetic pathway and heat dissipation possibility influence the evolution of DenHsp70s

Hsp genes were highly conserved in their gene sequences, especially for Hsp70 (Sharma and Masison, 2009). Thus, we evaluated that the evolution rate of protein coding genes of Hsp genes to see if they were undergone adaptive selection. Indeed, there were 6 gene pairs of DenHsp70s under positive selection (Ka/Ks > 1). We speculated that three reasons may possibly influence the evolution of DenHsp70s.

Firstly, previous studies showed that Hsp70 was the main and highly conserved protein activated by stress in living organisms, which could help the cells to withstand extreme stress (Usman et al., 2017). D. officinale grows in an adverse habitat, such as epiphytic on cliffs or tree trunks, and distributed at high altitude above 1,200 m (Yu et al., 2020). In extreme environments, plants often need Hsp70s to respond to stress quickly, so Hsp70s is often subjected to stronger selection pressure to maintain the stability of its protein structure.

Secondly, the special photosynthetic pathway of D. officinale may responsible to the adaptive evolution of DenHsp70s. D. officinale is a facultative CAM plant and the C3 pathway can be induced by controlling the growing environment (Zhang et al., 2014). Due to the importance of cis-elements in gene promoters for plant responses to environmental stresses (Yamaguchi-Shinozaki and Shinozaki, 2005), we further identified them in the putative promoter regions of DenHsp70s, and found that light-responsive elements were the most abundant. Since light is an important condition for photosynthesis, we believed that Hsp70s plays an important role in D. officinale photosynthesis, leading to the adaptive evolution of DenHsp70s.

Thirdly, it may partly enhance the heat dissipation capacity of plants. In previous studies, most of eleven chloroplast genome-encoded ndh genes (cp-ndh), which contribute to plant heat dissipation, were independently lost in D. officinale (Lin et al., 2017). However, Hsp70B has shown its abilities in the molecular protection of the photosystem reaction centers during photoinhibition and in the process of photosystem repair (Schroda et al., 1999). Moreover, a significant positive relationship between Hsp70 expression and the acquisition of thermotolerance has been identified (Lee et al., 2009), leading to increased heat and drought stress tolerance in plants (Alvim et al., 2001). Therefore, we speculated that Hsp70 genes play a more important role in adverse habitat, special photosynthetic pathway and heat dissipation.




Conclusion

In this study, a total of 37 Hsp20 genes (DenHsp20s), 43 Hsp70 genes (DenHsp70s) and 4 Hsp90 genes (DenHsp90s) were identified and confirmed in D. officinale genome. The DenHsp20s, DenHsp70s and DenHsp90s were randomly localized on different chromosomes, and they were classified into 8,4 and 2 subfamilies, respectively, based on the phylogenetic analysis and cellular locations. Moreover, gene structure, molecular evolution, interaction network and expression profiles were comprehensively reported. 13 duplicate gene pairs were identified in DenHsp70s, 7 of them were positively selected. These findings provided important information on the evolution of Hsp70 genes in D. officinale. The interaction network and expression profiles were analyzed to provide information on the function in stress response. This work would aid in elucidating the further functional characterizations of DenHsp20s, DenHsp70s and DenHsp90s in the future.
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Multiple sequence alignment of members of the D. officinale Hsp20, Hsp70 and Hsp90 family. The multiple alignment was generated using DNAMAN_9. The positions of conserved functional domains are named above the align sequences.
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Cis-acting elements in the promoter regions of Hsp20, Hsp70 and Hsp90 genes in D. officinale and statistical summary. (A) Cis-elements with similar functions are displayed in the same color. (B) The detailed percentages of each type of cis-elements. (C) The percentage of three kinds of cis-elements.
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The Ilex L. (hollies) genus of Aquifoliaceae shows high species diversity in tropical and subtropical regions of Asia and South America. Throughout the range of the genus, Ilex species have been widely used in beverage and medicine production and as ornamentals. Here, we assembled a high-quality, chromosome-level genome of Ilex latifolia, which has extremely high economic value because of its useful secondary metabolite production and the high ornamental value of its decorative red berries. The 99.8% genome sequence was anchored to 20 pseudochromosomes, with a total length of 766.02 Mb and a scaffold N50 of 33.45 Mb. Based on the comparative genomic analysis of 14 angiosperm species, we recovered I. latifolia as the sister group to all other campanulids. Two whole-genome duplication (WGD) events were identified in hollies: one shared ancient WGD in the ancestor of all eudicots and a recent and independent WGD in hollies. We performed a genome-wide search to screen candidate genes involved in the biosynthesis of pentacyclic triterpenoid saponins in I. latifolia. Three subfamilies of CYP450 (CYP71A, CYP72A, and CYP716A) appear to have expanded. The transcriptomic analysis of I. latifolia leaves at five developmental stages revealed that two CYP716A genes and one CYP72A gene probably play important roles in this biosynthetic pathway. In addition, we totally identified 12 genes in the biosynthesis pathways of pelargonidin and cyanidin and observed their differential expression in green and red fruit pericarps, suggesting an association between pelargonidin and cyanidin biosynthesis and fruit pericarp color change. The accumulation of pelargonidin and cyanidin is expected to play an important role in the ornamental value of I. latifolia. Altogether, this study elucidated the molecular basis of the medicinal and ornamental value of I. latifolia, providing a data basis and promising clues for further applications.

KEYWORDS
Aquifoliales, whole-genome sequencing, genome evolution, pentacyclic triterpenoid saponins, anthocyanidins biosynthesis genes, holly


Introduction

Ilex L. (the hollies) is a genus of trees, shrubs, and (rarely) climbers within the Aquifoliaceae family that contains more than 600 species with an irregular cosmopolitan distribution, in which most species occur in tropical and subtropical regions of South America and Asia (Loizeau et al., 2016). Hollies have high economic and ornamental value. The leaves of over 60 species of this genus are used in beverages (Loizeau et al., 2016) such as Paraguay tea (mate tea) made from Ilex paraguariensis A. St.-Hil., which is drunk throughout South America (Bracesco et al., 2011), and the black drink, or “Cassena,” made from Ilex vomitoria Aiton, which has been used by certain native North Americans (Folch, 2021). Many Ilex species (e.g., American holly, Ilex opaca Aiton; Japanese holly, Ilex crenata Thunb.; and Ilex purpure Hassk. in China) are widely grown in parks and gardens throughout the world for their foliage and decorative berries (e.g., on Christmas trees) and hold an important position in gardens worldwide. However, genetic research on holly species has mainly focused on evaluating their genetic diversity by identifying molecular markers, determining phylogenetic relationships, and revealing speciation and lineage diversification until now (Gottlieb et al., 2005; Selbach-Schnadelbach et al., 2009; Manen et al., 2010; Shi et al., 2016; Xu et al., 2021; Yao et al., 2021). The weak foundation of genome-wide research not only for the entire family Aquifoliaceae but also for the order Aquifoliales is not equal to the importance of these groups.

Ilex latifolia Thunb. is a subtropical evergreen tree native to China and Japan (Figure 1A). In addition to its ornamental functions, the tender leaves of this plant can be processed into a specific kind of tea known as Kudingcha (Sun et al., 2011). Kudingcha has a slight bitter taste, and its Chinese name clearly reflects its bitter flavor; it is known as a very healthy drink and is a traditional Chinese medicine with a long history in southern China because the young leaves of I. latifolia contain pentacyclic triterpenoid saponins and flavonoids, which have blood lipid- and blood pressure-lowering, detoxification and cancer-combating effects (Li et al., 2013; Yang et al., 2015). Because of these benefits to human health, Kudingcha has become the plant-based beverage with the highest production in China, second only to tea [from young leaves of Camellia sinensis (L.) Kuntze]. However, the genome of I. latifolia has not been sequenced, and candidate genes associated with some important active ingredients of Kudingcha and the ornamental traits of the genus have yet to be identified. The lack of transcriptional and genomic information on I. latifolia has greatly limited genetic and breeding research on this species and its closely related congeners in the genus. Therefore, more detailed molecular and genomic resources are still needed to investigate the genomic signatures of holly species.
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FIGURE 1
Morphology and high-quality genome assembly of Ilex latifolia. (A) Fruiting branches of I. latifolia showing its ornamental berries. (B) The genome features across 20 chromosomes of I. latifolia. From outermost to innermost, the circles show chromosome ideograms; TE, transposable element (long and short interspersed nuclear elements) density; gene density; GC content and colinear blocks in the genome.


Recently, Yao et al. (2022) assembled the first holly genome of a deciduous species [Ilex polyneura (Hand.-Mazz.) S.Y. Hu] and performed a population genomics study to clarify biogeographic ambiguities but did not focus on the molecular mechanisms underlying the medicinal and ornamental value of hollies. In this study, we therefore sequenced and assembled a chromosome-level genome for I. latifolia using Nanopore technology combined with Hi-C scaffolding and analyzed its evolutionary and genomic features. In addition, we performed a transcriptomic analysis of its leaves at multiple developmental stages to identify critical genes involved in the biosynthesis of pentacyclic triterpenoid saponins. Candidate genes associated with fruit anthocyanin biosynthesis were also identified via a combined analyses of transcriptomic data at two different developmental stages. This study provides the second comprehensive Ilex genome reported to date and provides insight into the biosynthesis of pentacyclic triterpenoid saponins and the coloration of fruits in economic and ornamental tree plants.



Materials and methods


Sample collection and Illumina and Nanopore sequencing

In this study, all materials used for genome sequencing were collected from an adult I. latifolia plant growing on the campus of Nanjing Forestry University. Approximately 500 mg of tissue was dissected and stored in liquid nitrogen until it was delivered in dry ice. Total genomic DNA extraction was performed by using a sodium dodecyl sulfate (SDS)-based method before purification with chloroform for Illumina and Nanopore sequencing. For Illumina sequencing, DNA was sonicated to a fragment size of 500 bp with an ultrasonicator, and the library was then prepared by using an NEB Ultra DNA library prep kit (NEB, United Kingdom) according to the manufacturer’s instructions. The paired-end sequencing of the libraries was performed on a NovaSeq 6000 system. A total of 88.62 Gb of raw data were obtained, and unpaired reads, low-quality reads, connector contamination, and duplicated reads were filtered to obtain clean data (Supplementary Table 1).

For Nanopore sequencing, 2 μg of gDNA was repaired using the NEB Next FFPE DNA Repair Mix kit (M6630, United States) and subsequently processed using the ONT Template prep kit (SQK-LSK109, United Kingdom) according to the manufacturer’s instructions. The large-segment library was premixed with loading beads and then pipetted into a previously used and washed R9 flow cell. The library was sequenced on the ONT PromethION platform with the corresponding R9 cell and ONT sequencing reagent kit (EXP-FLP001.PRO.6, United Kingdom) according to the manufacturer’s instructions.



Estimation of genome size, heterozygosity, and repeat content

Before genome assembly, the read information obtained by sequencing was subjected to K-mer analysis. The occurrence of k-mers was counted with Jellyfish (Marçais and Kingsford, 2011). The general features of the genome, including its repeat contents, heterozygosity rates, and genome size, were estimated with GenomeScope (Vurture et al., 2017).



De novo genome assembly of Nanopore reads and assembly assessment

Nanopore reads were initially corrected using Canu (Koren et al., 2017) and then used as input data for SMARTdenovo1 assembly. After completing the initial assembly, Racon (Vaser et al., 2017) and Pilon (Walker et al., 2014) were used to calibrate and polish the assembled reference genome by using Nanopore and Illumina data. In addition, CEGMA v2.5 (Parra et al., 2007) and BUSCO v2.0 (Simão et al., 2015) were used to assess the genome completeness and gene set completeness of the draft genome sequences (Supplementary Tables 2, 3).



Hi-C chromosome assembly

The adapter sequences of the raw Hi-C reads were trimmed, and low-quality paired-end reads were removed to obtain clean data. Then, the clean reads were aligned to the assembled results using BWA v0.7.10-r789 (Li and Durbin, 2009). Invalid read pairs, including dangling-end, self-circularized, religated and dumped products, were filtered, and valid interaction read pairs were identified and retained from the uniquely mapped paired-end reads with HiC-Pro v2.8.12 (Servant et al., 2015). These corrected scaffolds were then clustered, ordered, and oriented onto chromosomes using LACHESIS (Belton et al., 2012) with the following parameters: CLUSTER_MIN_RE_SITES = 5, CLUSTER_MAX_LINK_DENSITY = 2, CLUSTER NONINFORMATIVE RATIO = 2, ORDER MIN N RES IN TRUNK = 5, ORDER MIN N RES IN SHREDS = 100. Finally, placement and orientation errors exhibiting obvious discrete chromatin interaction patterns were manually adjusted. The total length of pseudochromosomes consisted of 93.25% of all genome sequences (Supplementary Figure 1 and Supplementary Tables 4, 5).



Genome annotation

The I. latifolia genome was annotated using genomic sequences as well as repeated sequences, gene structure information, non-coding RNAs, pseudogenes, and gene function information. For repeated sequences, a de novo repeat library was initially constructed using LTR FINDER v1.05 (Xu and Wang, 2007) and Repeat Scount v1.0.5 (Price et al., 2005). The repeat library was classified by PASTEClassifier (Hoede et al., 2014) and then merged with Repbase (Jurka et al., 2005). Repeated sequence annotation was conducted according to the homolog method by RepeatMasker (Chen, 2004) using the merged database (Supplementary Table 6). De novo repeat annotation was performed using RepeatModeller (Flynn et al., 2020). Three methods were selected to annotate gene structures. First, Genscan (Burge and Karlin, 1997), AUGUSTUS (Stanke et al., 2006), GlimmerHMM (Majoros et al., 2004), Gene ID (Alioto et al., 2018), and SNAP (Korf, 2004) were applied for de novo prediction according to the I. latifolia genome. Second, the protein sequences of three related species were selected for homologous annotation using GeMoMa (Keilwagen et al., 2019). Third, transcript annotations were performed based on the RNA sequencing results using HISAT (Kim et al., 2015), StringTie (Pertea et al., 2015), TransDecoder, GeneMarkS-T (Tang et al., 2015), and PASA (Campbell et al., 2006). Finally, all acquired data based on the three predictions were combined and revised using EVidenceModeler (EVM) (Haas et al., 2008) and PASA (Campbell et al., 2006; Supplementary Figure 2 and Supplementary Tables 7, 8). The annotations of the non-coding RNAs included microRNAs (miRNAs), ribosomal RNAs (rRNAs), and transfer RNAs (tRNAs). Infenal v1.1 (Nawrocki and Eddy, 2013) was used to annotate miRNAs and rRNAs based on the miRbase (Kozomara et al., 2019) and Rfam (Griffiths-Jones et al., 2005) databases, respectively. tRNAscan-SE (Lowe and Eddy, 1997) with the “-E -H” option was applied to detect the tRNA sequences. Pseudogene homolog sequences were subjected to BLAST searches using GenBlastA (She et al., 2009). The non-mature termination codes and frameshift mutations of pseudogenes were analyzed and annotated using GeneWise (Birney et al., 2004). Gene functions were annotated via protein databases, including the NCBInr, euKaryotic Orthologous Groups (KOGs) (Koonin et al., 2004), Gene Ontology (GO) (Ashburner et al., 2000), Kyoto Encyclopedia of Genes and Genomes (KEGG) (Kanehisa and Goto, 2000), and SWISS-PROT/TrEMBL (Boeckmann et al., 2003) databases, using protein sequences whose structures had been annotated (Supplementary Table 9).



Comparative genomics and genome evolution analyses

Orthologous gene clusters of I. latifolia and 13 other angiosperms were identified using OrthoFinder (Emms and Kelly, 2019) with the default parameters. A total of 13,615 homologous groups were identified in I. latifolia, and 1,002 low-copy orthologous genes were identified in this set. The protein sequences of low-copy orthologous genes were aligned using MUSCLE v3.8.31 (Edgar, 2004) and were then used to build a highly supported maximum likelihood (ML) tree of 14 angiosperm species with the JTT + F + R5 best-fit model using IQ-TREE v1.6.11 (Nguyen et al., 2015). To further estimate the divergence times of I. latifolia and the other 13 angiosperm species, the MCMCTree program included in PAML v4.9i (Yang, 2007) was applied to calculate their divergence times. Four calibration points were selected from TimeTree3 as normal priors to reduce age, referencing speciation times of 168–194 Mya for the split of I. latifolia and Amborella trichopoda, 148–173 Mya for that of I. latifolia and Piper nigrum, 110–124 Mya for that of I. latifolia and Arabidopsis thaliana, and 88–106 Mya for that of I. latifolia and Panax notoginseng.

The analysis of the expansion and contraction of orthologous gene families in I. latifolia and 13 other angiosperm species was performed using the software CAFE 5 (Mendes et al., 2021). WGD software (Zwaenepoel and Van de Peer, 2019) was used for the analysis of synonymous substitutions per synonymous site (Ks) value-based paralog age distributions. All potential paralogs were detected via all-vs.-all protein sequence BLAST searches using BLASTP with an e-value cut-off of 10–10, and the MCL package was then used for gene family construction. MAFFT (Rozewicki et al., 2019) was used to align each family. Then, gene families (with n members) of n*(n-1)/2 > “max pairwise” were removed, and a phylogenetic tree was built for each gene family using FastTree (Price et al., 2009). Ks values were calculated using the maximum-likelihood method in the CODEML program of the PAML v.4.4c package (Yang, 2007). Finally, we performed mixture modeling for all possible WGD inferences using the BGMM method. The JCVI (Tang et al., 2008) and Minimap packages (Li, 2018) were used for syntenic visualization. The WGDI package (Sun et al., 2021) was used for collinear anchor pair identification and analysis. All syntenic blocks were identified using the improved collinearity pipeline in WGDI with the “p-value = 0.05” setting, and the Ks value for each anchor pair gene located in a syntenic block was calculated using the Ks pipeline in WGDI. The Ks dotplot of all anchor pairs was obtained by applying the block pipeline in WGDI. The KsPeaks pipeline in WGDI was used for the distribution analysis of the Ks median value for each syntenic block. Finally, all of the above results from the Ks distributions were summarized in one picture by plotting with the ggplot2 package.



Transcriptome sequencing and evolutionary analysis of gene families in Ilex

The leaves of I. latifolia and I. cornuta at five developmental stages and the fruits of I. latifolia at two developmental stages (green and red) were collected from plants cultivated on the campus of Nanjing Forestry University. Three replicate samples were selected for each stage. All samples were frozen in liquid nitrogen immediately after harvesting. The RNA of the samples was extracted using the RNA Plant Plus Kit (Tiangen, DP473) according to the manufacturer’s protocol. Illumina RNA-Seq libraries were prepared and sequenced on a HiSeq 2500 system following the manufacturer’s instructions (Illumina, United States). Raw reads were trimmed to remove adaptors, and short reads (<100 bp after trimming) were discarded. The TopHat2 package (Kim et al., 2013) was used to map clean reads to the genome with the default parameters. Transcripts were assembled using Cufflinks (Trapnell et al., 2012), and TransDecoder software4 was used for annotation. Gene expression levels were calculated and normalized using the FPKM method, followed by the application of RSEM software (Li and Dewey, 2011). Gene expression heatmaps were generated using TBtools (Chen et al., 2020).

HMMER (Finn et al., 2011) and BLASTP (Camacho et al., 2009) were used to identify putative P450 gene families from the protein sequences of I. latifolia and I. cornuta. The Hidden Markov Model (HMM) database with the seed file (PF00067) of the P450 genes and the P450 family proteins of Arabidopsis thaliana were obtained from the Arabidopsis Information Resource (TAIR).5 The filtered sequences were further subjected to BLAST searches using the NCBI database6 with a cut-off E-value of 10–5. Sequences annotated as P450 members in I. latifolia and I. cornuta were collected and aligned with those from Amborella trichopoda, Arabidopsis thaliana, Oryza sativa, and Panax notoginseng using the ClustalW program (Oliver et al., 2005). An unrooted maximum-likelihood phylogenetic tree was then constructed using IQ-TREE (Nguyen et al., 2015) and visualized using Figtree7 and iTOL (Letunic and Bork, 2021). The identification of genes in the anthocyanin synthesis pathway following the same methods applied to the P450 gene family.




Results


Genome sequencing, assembly, and annotation

In this study, 71,218,217,963 k-mers were produced, and the peak depth of the k-mers was 89 (Supplementary Figure 3). The whole-genome size was approximately 772.55 Mb, which was close to the genome size estimated from flow cytometry (Su et al., 2020). The calculated repeat and heterozygosity rates were 47.59 and 0.85%, respectively (Supplementary Table 10). To obtain a high-quality genome, a combination of 88.6 G Illumina paired-end reads (120×), 82.4 G Nanopore single-molecule long reads (N50 = 33.1 Kb, 108×), and 83.8 G of Hi-C sequencing data (110×) were used for assembly. After genome assembly, polishing, and redundancy elimination, an initial assembly of 765.94 Mb with 844 contigs was obtained for the I. latifolia genome (contig N50 = 1.46 Mb), which was further assembled into 344 scaffolds (scaffold N50 = 33.4 Mb) (Supplementary Table 11). Altogether, 764.44 Mb (99.8%) of the assembly could be anchored to 20 pseudochromosomes (Figure 1B), and the genome-wide interaction heatmap showed high-quality grouping and ordering results based on the Hi-C data (Supplementary Figure 1).

Genome annotation indicated that the I. latifolia genome contained 406 Mb (53.0%) of repetitive sequences, among which LTR elements were the most abundant components (29.4%) (Supplementary Table 6). Regarding protein-coding genes, ab initio predictions incorporating the homology-based method and transcriptome data identified 35,218 genes in the I. latifolia genome, with an average coding-sequence length of 1.55 Kb and an average of 5.2 exons per gene. Among all annotated genes, 24,498 (69.6%) were supported by transcriptomic data, and 30,586 (86.8%) genes could be functionally annotated (Supplementary Figures 4, 5). Our annotation captured 1,328 (92.22%) complete benchmarking universal single-copy ortholog (BUSCO) genes, suggesting that our assembly achieved a high level of genome completeness. In addition to protein-coding genes, we identified 448 transfer RNAs, 314 ribosomal RNAs, and 127 microRNAs.



Phylogenetic position of Aquifoliales and whole-genome duplications in Ilex latifolia

Aquifoliales was stably recovered as the first diverging lineage of campanulids based on plastid data (Moore et al., 2010; Li et al., 2019); however, it repeatedly fell within lamiids in phylogenies reconstructed based on nuclear genes (Zeng et al., 2017; Yang et al., 2020). To resolve the phylogenetic position of Aquifoliales, we extracted 1,002 low-copy orthologous nuclear genes from 14 angiosperm species and reconstructed a highly supported phylogenetic tree (Figure 2A). Our results showed that the overall relationships of those 14 species were nearly identical to the backbone Angiosperm Phylogeny Group IV (APG IV, 2016), and I. latifolia was placed at the basal position of campanulids as the sister group to all other campanulids (BS = 100%), supporting the hypothesis that Aquifoliales belongs to campanulids. The divergence of Aquifoliales represent the initiation of campanulid differentiation, which was estimated to have started approximately 78 million years ago. Among all protein-coding genes, 6,644 gene families were shared by all 14 angiosperms, and 6,971 gene families were specific to I. latifolia (Figure 2B). In addition to the specific gene families, 2,991 gene families were found to have significantly expanded in I. latifolia, whereas 1,781 gene families significantly contracted (p < 0.05, Figure 2A). The specific and expanded gene families may have contributed to the development of the species-specific properties of this plant, leading to its distinct morphological, physiological, and genetic characteristics. GO analysis shows that the specific and expanded gene families in holly are associated with secondary metabolic processes, auxin catabolic process and other activities (Supplementary Figure 6), notably, KEGG analysis shows that both specific and expanded gene families related to terpene skeleton biosynthesis (Supplementary Figure 7).
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FIGURE 2
Genome evolution analysis of Ilex latifolia. (A) Expansion and contraction of gene families and phylogenetic relationships and divergence times between I. latifolia and other plant species. The light green numbers represent the numbers of expanded gene families, and the red numbers represent the numbers of contracted gene families. (B) The shared and unique gene families were compared between I. latifolia and 13 other angiosperm species. Each number represents the number of gene families. (C) Ks distribution and WGD events in I. latifolia. The Ks distribution of I. latifolia shows two peaks, one at approximately 0.3 (WGD 2) and another at approximately 1.4 (WGD 1).


Whole-genome duplication (WGD) events have commonly occurred among flowering plants (Van de Peer et al., 2017). To identify potential WGD events during the course of I. latifolia evolution, we calculated the Ks values of paralogs located in syntenic blocks of the I. latifolia genome. The resulting Ks distribution of I. latifolia showed two distinct peaks, one at approximately 0.3 (WGD 1) and the other at approximately 1.4 (WGD 2), suggesting that the ancestors of I. latifolia underwent at least two WGD events (Figure 2C and Supplementary Figures 8, 9). As studies of the other available genome from this genus, I. polyneura, have also identified two WGDs, with a similar Ks distribution pattern (Yao et al., 2022), we can speculate that the two WGDs likely occurred in the common ancestor of the two Ilex species. The more ancient WGD (WGD2) showed a peak before the divergence of I. latifolia and coffee, which would therefore correspond to the polyploidy event shared by all eudicots. The synteny analysis between I. latifolia and grape verified this conclusion by showing a 2:1 ratio of syntenic blocks (Supplementary Figure 9), which is expected to be a result of WGD1 in I. latifolia, and I. latifolia and grape should also share WGD2. The observation that the WGD2 peak of I. latifolia did not coincide with the peak in coffee can likely be explained by the differential evolutionary rates of the two species. For WGD1, although Panax notoginseng also showed a peak at 0.3, this Araliaceae species likely experienced an independent WGD, different from that in I. latifolia, because P. notoginseng and I. latifolia diverged earlier than the two independent WGDs. These findings suggest the occurrence of frequent and independent polyploidization events among different angiosperm lineages and the intensive occurrence of such events at certain geological times during angiosperm evolution.



Biosynthesis of pentacyclic triterpenoid saponins

Triterpenes constitute a large and structurally diverse class of natural products with considerable industrial and pharmaceutical value. The biosynthetic process involves a series of enzymes. To date, the biosynthesis of precursors and the corresponding enzymes have been identified (Sawai and Saito, 2011; Miettinen et al., 2017). However, the final steps are much more complicated among different taxa. Three types of enzymes–Oxidosqualene cyclases (OSC), cytochrome P450 monooxygenases (CYP450) and uridine diphosphate-dependent glycosyltransferases (UGT) are considered to be involved in the final steps, among which, CYP450-catalyzed structural modifications are the most critical and determine the diversification and functionalization of the triterpene scaffolds (Ghosh, 2017). CYP450 is the largest family of enzymes involved in plant metabolism, and some of its members can catalyze the formation of derivatives from basic triterpene skeletons with modified structures and various functions. The members of the CYP51H, CYP71A, D, CYP72A, CYP81Q, CYP87D, CYP88D, L, CYP89A, CYP93E, CYP705A, CYP708A, and CYP716A, C, E, S, U, and Y subfamilies are reported to be responsible for the biosynthesis and structural modification of triterpenes and related derivatives (Miettinen et al., 2017; Zheng et al., 2019).

To identify CYP450 genes involved in the biosynthesis of pentacyclic triterpenoid saponins in I. latifolia, we performed a genome-wide search for CYP450 genes in I. latifolia, Amborella trichopoda, Arabidopsis thaliana, Oryza sativa, and P. notoginseng by using BLAST and HMMER and conducted a phylogenetic analysis using the identified genes. The phylogenetic analysis indicated that all CYP450 genes could be classified into four monophyletic groups (i, ii, iii, and iv). The I. latifolia genome encodes 417 CYP450 genes, including four subfamilies with possible relationships to triterpene biosynthesis—CYP71A, CYP72A, CYP89A, and CYP716A—distributed in Groups i, ii, and iii (Figure 3A). Among the four subfamilies, three appear to have expanded compared with their numbers in P. notoginseng (another campanulid species): CYP71A (10 members), CYP72A (10 members), and CYP716A (22 members) (Supplementary Table 12). We further sequenced the transcriptomes of I. latifolia leaves at five developmental stages (three replicates for each stage) and examined the expression of these CYP450 genes using transcriptomic data. We found that two CYP716A genes (Ila16G023040.1 and Ila16G023050.1) and one CYP72A gene (Ila16G010270.1) were always highly expressed at all five stages, suggesting that they probably play important roles in the biosynthetic pathway of the I. latifolia pentacyclic triterpenoid saponins (Figure 3B).
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FIGURE 3
Transcriptomes of Ilex latifolia leaves at five developmental stages reveal the biosynthesis of pentacyclic triterpenoid saponins. (A) Phylogeny of 395 putative functional CYP450 genes from I. latifolia. (B) Heatmap of CYP450 gene expression related to triterpenoid synthesis. (C) A simplified CYP450 phylogenetic tree for Amborella trichopoda, Arabidopsis thaliana, I. latifolia, I. cornuta, and Oryza sativa. (D) Sub-network for three highly expressed CYP450 genes lla16G023040.1, lla16G023050.1, and lla16G010270.1.


Ilex latifolia is preferentially used as the material for making Kudingcha over other species because of the higher levels of pentacyclic triterpenoid saponins levels in its leaves, and our metabolomics study also identified higher pentacyclic triterpenoid saponin concentrations in I. latifolia than in its close relative I. cornuta (Supplementary Figure 10). We infer that this difference should be attributed to both different CYP450 gene numbers and their differential expression in the two species (Supplementary Figure 11). There were significantly fewer CYP71A (5 members), CYP72A (3 members) and CYP716A (3 members) genes in I. cornuta (Supplementary Table 12) than in I. latifolia, and detailed observations revealed that no orthologs of the highly expressed I. latifolia CYP72A (Ila16G010270.1) and CYP716A (Ila16G023040.1) genes were detected in any of the I. cornuta transcriptomes (Figure 3C), suggesting the absence of these critical genes in I. cornuta. Therefore, it is likely that the absence of critical CPY450 genes in I. cornuta is responsible for the low pentacyclic triterpenoid saponin concentration in this species and explains why the leaves of I. latifolia are favored for the production of Kudingcha over other species in the same genus.

Coexpression analysis using the WGCNA approach was then conducted to identify more potential genes involved in the process. According to the observed expression patterns, I. latifolia genes were classified into 44 modules (Supplementary Figure 12). The highly expressed CYP716A and CYP72A genes were classified into two modules (black and light green). The two modules comprised 886 (black) and 369 (light green) genes showing similar expression patterns to CYP716A and CYP72A genes, respectively (Figure 3D). The GO analysis indicated that 41 genes in the black module were related to oxidoreductase activity, acting on paired donors with the incorporation or reduction of molecular oxygen (Supplementary Figure 13), and there were 47 genes in the light green module associated with metal ion binding (Supplementary Figure 14). Therefore, these genes are also likely to be involved in the biosynthesis of pentacyclic triterpenoid saponins.



The biosynthesis of anthocyanidins regulates the red fruit color of I. latifolia and determines its ornamental value

Red fruits are the most appreciated ornamental characteristic of I. latifolia. The red color of fruit pericarp is usually regulated by the synthesis of anthocyanidins, specifically the elevated synthesis of pelargonidin and cyanidin. To examine whether the green-to-red color change in I. latifolia fruits was related to the increased production of pelargonidin and cyanidin, we identified genes in the biosynthesis pathway of pelargonidin and cyanidin and examined their expression in green and red fruit pericarps, respectively. Most genes showed higher expression in red fruit pericarps than in green pericarps (Figure 4A and Supplementary Figure 15). To more precisely determine the expressional differences in these genes in the green and red fruit pericarps, we conducted an qRT–PCR analysis, and the results showed an average 1.07-fold increase in the expression of genes in the biosynthesis pathway of pelargonidin and cyanidin (Supplementary Figure 16), among which F3H (Ila10G001350.1) and F3’H (Ila14G014210.1) showed the largest increases in the red pericarp (>1.4-fold) (Figure 4B). These results indicate that the synthesis of pelargonidin and cyanidin plays an important role in the I. latifolia fruit pericarp color change.
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FIGURE 4
Anthocyanidin biosynthesis pathways in the Ilex latifolia fruit pericarp. (A) Genes in the biosynthesis pathway of pelargonidin and cyanidin and their expression in green and red fruit pericarps, respectively. (B) The expression of F3H (Ila10G001350.1) and F3’H (Ila14G014210.1) genes in the biosynthesis pathway of pelargonidin and cyanidin in the red (indicated by red histograms) and green (indicated by green histograms) pericarp using qRT–PCR analysis. (C) GO functional enrichment analysis of genes with significantly differential expression in I. latifolia. (D) KEGG analysis of genes with significantly differential expression in I. latifolia.


In addition to the genes in the biosynthesis pathway of pelargonidin and cyanidin, other genes may also be related to the fruit pericarp color change in I. latifolia. We identified 161 genes with significantly differential expression in the transcriptomes of green and red fruit pericarps. GO analysis indicated that genes related to the “monocarboxylic acid metabolic process” term were the most enriched in the “biological process” category; “lysosome,” “lytic vacuole,” and “extracellular space” were most enriched terms in the “cellular component” category; and “oxidoreductase activity, acting on paired donors, with incorporation or reduction of molecular oxygen,” “heme binding,” “tetrapyrrole binding,” and “tetrapyrrole binding” were the most significant terms in the “molecular function” category (Figure 4C). KEGG analysis indicated that the maturation of the fruit pericarp is most tightly connected with the improvement of pathogen immunity, followed by metabolism, including cysteine and methionine metabolism, diterpenoid biosynthesis, tryptophan metabolism, and glycolysis/gluconeogenesis, suggesting a complex process of fruit pericarp development (Figure 4D).




Discussion

The rapid development of genome sequencing technology has created the opportunity to acquire higher-quality genomes of important woody plant species with important ornamental and economic value. However, most of the angiosperm genomes sequenced to date have come from herbaceous plants (Kersey, 2019). Reference genomes for most woody plant families, which usually include important ornamental and economic tree species, are still lacking. Hollies, comprising more than 600 species worldwide, constitute one of the largest woody genera in Aquifoliaceae (Loizeau et al., 2016). However, research on these plants is currently hampered by the lack of reference genomes. In this study, we provide a chromosome-level assembly for I. latifolia, a species that can be used for beverage production, medicinal and ornamental purposes, and we used these data combined with multiomics data to explore the molecular basis underlying these features.

Ilex latifolia has multiple uses: its young leaves are employed for making healthy tea known as Kudingcha, and its evergreen leaves and red fruits are employed for ornamental purposes. The high-quality assembled genome of I. latifolia could provide much information for exploring questions related to the evolution of this species, the biosynthesis of the key components of Kudingcha, and the mechanism underlying its ornamental characteristics. Systematically, I. latifolia belongs to Aquifoliales, and this order mainly comprises woody trees and shrubs with sawtooth leaves and drupes. Our phylogenetic analysis recovered I. latifolia as the first diverging lineage of campanulids, consistent with the inferences made based on plastid genes (Moore et al., 2010; Li et al., 2019) but incongruent with the results based on nuclear genes (Zeng et al., 2017; Yang et al., 2020). Nevertheless, the branches splitting campanulids and lamiids are very short, suggesting that the campanulid-lamiid divergence was likely a rapid process and that Aquifoliales originated early, shortly after this divergence, as reflected in its own short branch length. Therefore, the plastid-nuclear conflict in the positioning of Aquifoliales should imply ancient hybridizations upon the early evolution of asterids, and the incongruence between our result and other studies based on nuclear genes may suggest potential incomplete lineage sorting. Hence, further evidence, such as genomic structures or phylogenies based on mitochondrial genes, is still required to conclusively determine the phylogenetic position of Aquifoliales.

The health care and medicinal effect of Kudingcha can likely be mainly attributed to the enrichment of pentacyclic triterpenoid saponins in the leaves of I. latifolia. Although the synthesis pathway of triterpenes has been well studied, the enzymes responsible for further modification leading to the generation of pentacyclic triterpenoid saponins remain poorly understood (Miettinen et al., 2017; Zheng et al., 2019). In this study, we screened potential enzymes based on a combination of genome-wide identification, phylogenomic analysis, and comparative transcriptomic approaches. Three members of the CYP450 superfamily belonging to the 72A and 716A subfamilies were suggested to be the most promising candidates according to phylogenomic clues and expressional patterns. Using the three candidate genes as hub genes, we performed WGCNA to identify more potential genes involved in the biosynthesis of pentacyclic triterpenoid saponins through coexpression networks. Our analytical strategy successfully identified two critical genes and a series of genes potentially involved in the biosynthesis of pentacyclic triterpenoid saponins. These identified genes will provide valuable information and will serve as targets for functional characterization in the future. Our study will greatly accelerate the elucidation of the whole biosynthesis pathway of this important metabolic product in I. latifolia and generate more interest in Kudingcha.

Anthocyanins found in plant organs commonly play an important role as an indicator of the ornamental value of plants (Li et al., 2020). As a fruit plant included in gardens, I. latifolia bears multiple red decorative berries in its ripening season and contributes to a very beautiful landscape. However, the mechanism of color change in I. latifolia fruit pericarps is still unknown. Therefore, the genes in the biosynthesis pathway of pelargonidin and cyanidin were identified in this study, and their expression in green and red fruit pericarps was examined. Interestingly, most of these genes were more highly expressed in red fruit pericarps than in green pericarps. This finding revealed that the synthesis of pelargonidin and cyanidin also plays an important role in the process of I. latifolia fruit pericarp color change. In addition, there were 161 genes with significantly differential expression in the transcriptomes of the two developmental stages of the fruit pericarp. Both GO and KEGG analyses indicate that fruit pericarp development is a complex process, and more studies are still needed to reveal the mechanism of fruit pericarp development.

In summary, the high-quality I. latifolia reference genome combined with transcriptome data provided insights into genome evolution, the biosynthesis of the pentacyclic saponin triterpenes found in Kudingcha, and the biosynthesis of anthocyanidins in the fruit pericarp of I. latifolia. The genome and transcriptome data obtained in this study will also be useful for studies concerning the production of holly teas and medicines, the mechanisms underlying the formation of important ornamental traits and molecular breeding in I. latifolia and other Ilex species.
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Growth-regulating factors (GRFs) play crucial roles in plant growth and stress response. To date, there have been no reports of the analysis and identification of the GRF transcription factor family in alfalfa. In this study, we identified 27 GRF family members from alfalfa (Medicago sativa L.) “Xinjiang Daye”, and analyzed their physicochemical properties. Based on phylogenetic analysis, these MsGRFs were divided into five subgroups, each with a similar gene structure and conserved motifs. MsGRFs genes are distributed on 23 chromosomes, and all contain QLQ and WRC conserved domains. The results of the collinearity analysis showed that all MsGRFs are involved in gene duplication, including multiple whole-genome duplication or segmental duplication and a set of tandem duplication, indicating that large-scale duplication is important for the expansion of the GRF family in alfalfa. Several hormone-related and stress-related cis-acting elements have been found in the promoter regions of MsGRFs. Some MsGRFs were highly expressed in young leaves and stems, and their expression decreased during development. In addition, the leaf size of different varieties was found to vary, and MsGRF1 to 4, MsGRF18 to 20, and MsGRF22 to 23 were differentially expressed in large and small leaf alfalfa varieties, suggesting that they are critical in the regulation of leaf size. The results of this study can benefit further exploration of the regulatory functions of MsGRFs in growth and development, and can identify candidate genes that control leaf size development.
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Introduction

Growth-regulating factors (GRFs) are plant-specific transcription factors (TFs), that regulate plant growth and development (Kim et al., 2003; Kim and Lee, 2006; Baucher et al., 2013; Omidbakhshfard et al., 2015). The first GRF, named OsGRF1, was discovered 15 years ago in deep-water rice (Oryza sativa). OsGRF1 was identified as the gene responding to gibberellin and differentially expressed in the internode meristems of deep-water rice (van der Knaap et al., 2000). GRFs have two conserved domains: QLQ (Gln-Q, Leu-L, Gln-Q) and WRC (Trp-W, Arg-R, Cys-C), in the N-terminal region. The QLQ domain contains sites for interaction with GRF-interacting factors (GIFs) (Kim and Kende, 2004), while the WRC domain contains a DNA-binding motif and a nuclear localization signal (Choi et al., 2004). The QLQ domains are more conservative than the WRC domains (van der Knaap et al., 2000). All eukaryotes contain QLQ; however, WRC is a plant-specific domain. In the C-terminal region of GRFs, the types and number of amino acid residues vary greatly; thus, the similarity within the family is low. Owing to the diversity of C-terminal domains, GRF proteins have functional diversity. In addition, the length of the C-terminal region determines the protein size.

Initial studies suggested that GRFs only play a role in leaf and stem development. However, recent studies have discovered that GRFs not only regulate flowering, seed, and root development, but also regulate plant longevity and participate in abiotic stress response (Hewezi et al., 2012; Kim et al., 2012; Liang et al., 2013; Debernardi et al., 2014; Liu et al., 2014). In Arabidopsis thaliana, GRF-overexpressed plants have larger leaves than wild-type plants, while the leaves of grf mutant plant are smaller than wild-type plant (Kim et al., 2003). AtGRF1, 2, and 3 control leaf size by regulating cell expansion (Kim et al., 2003), while AtGRF1, 2, 3, 4, 5, and 9 control leaf development through cell proliferation (Horiguchi et al., 2005; Kim and Lee, 2006; Arvidsson et al., 2011; Debernardi et al., 2014). grf1/2/3/4 quadruple mutant plants lack shoot apical meristems (Kim and Lee, 2006). GRF genes are weakly expressed in mature tissues, but are highly expressed in young tissues, such as seeds, shoots, and young leaves (Liang et al., 2013). GRF genes encode transcription factors that bind to sequence-specific DNA, which interacts with the transcriptional cofactor GRF-INTERACTING FACTOR (GIF) to form functional transcriptional complexes that regulate cell proliferation to control leaf size (Kim et al., 2003, 2022; Kim and Kende, 2004; Horiguchi et al., 2005; Lee et al., 2009; Wang et al., 2011; Debernardi et al., 2014; Lee and Kim, 2014; Lu et al., 2020). GRF is negatively regulated by microRNA (miR396), and its expression is suppressed by miR396 after transcription (Wang et al., 2011; Baucher et al., 2013; Debernardi et al., 2014; Liu et al., 2014, 2021; Li et al., 2019; Szczygiel-Sommer and Gaj, 2019; Liebsch and Palatnik, 2020; Beltramino et al., 2021; Lu et al., 2021; Pegler et al., 2021; Kim et al., 2022). GRF/GIF has a universal growth-promoting effect on inflorescences and flower organs of several species. The miR396-GRF/GIF module is involved in the separation of cotyledons and flower organs (Lee et al., 2018), as well as multiple processes of flower organ growth and reproductive development (Nagai et al., 2001; Hewezi et al., 2012; Kim et al., 2012; Baucher et al., 2013). In addition, loss of GRF and GIF function usually leads to varying degrees of sterility in plants, flower organ fusion, and disturbances in the number of flower organs (Wu et al., 2014; Zan et al., 2020). Some GRFs also play an important role in abiotic stress response, including cold and salt stress (Kim et al., 2012; Khatun et al., 2017; Wallace et al., 2017; Shang et al., 2018; Li et al., 2019, 2021; Cao et al., 2020; Pegler et al., 2021). In soybean, the transcription of all GRFs was affected by shading. Under shade stress, almost all expressions of GRFs are significantly downregulated to varying degrees (Chen et al., 2019).

The identification and function of the GRF gene family has been studied in a variety of plants, including Arabidopsis (9) (Kim et al., 2003), soybean (22) (Chen et al., 2019), rice (12) (Choi et al., 2004), apple (16) (Zheng et al., 2018), mulberry (10) (Rukmangada et al., 2018), wheat (8) (Zan et al., 2020), and foxtail millet (Chen and Ge, 2022). However, studies on the GRF gene family in alfalfa are limited. As a widely used forage, alfalfa is a popular feed for livestock and poultry owing to its high yield, good forage quality, and rich nutrition. Leaves and stems, as the main harvest organ, are limiting factors for the yield and quality of alfalfa. Therefore, it is essential to study the control mechanism of leaf size during leaf development to cultivate and select germplasm resources of alfalfa with high quality.



Results


Identification of MsGRFs

In this study, we identified 27 MsGRFs in the alfalfa genome using hmmscan and verified them with Pfam1 and Conserved Domain Database (CDD) for the presence of QLQ and WRC domains. According to their chromosomal position, they were named MsGRF1- MsGRF27 (Table 1). The coding sequence (CDS) length of MsGRFs varied slightly from 754°bp to 1,932 bp. The shortest GRF proteins were MsGRF20 and MsGRF21, which contained 251 amino acids, whereas the longest, MsGRF1, 2, and 4, had 643 amino acids. Concurrently, the physicochemical properties of MsGRF proteins were predicted. The theoretical molecular weight (MW) of MsGRFs ranged between 28,577.5 Da (MsGRF20 and MsGRF21) and 69,891.83 Da (MsGRF1, MsGRF2, and MsGRF4), and the isoelectric point (pI) ranged from 6.71 to 10.18. MsGRF proteins are rich in basic amino acids, with 92.59% of MsGRFs proteins having an isoelectric point greater than 7 (Table 1).


TABLE 1    Characterization of the MsGRF family in alfalfa.

[image: Table 1]




Phylogenetic analysis of MsGRFs

To clearly demonstrate evolutionary relationships, we constructed a phylogenetic tree with protein sequences of 27 GRFs from alfalfa, 22 GRFs from soybean, and 9 GRFs from Arabidopsis using by MEGA 64 with the Neighbor-Joining (NJ) method. 58 GRFs were divided into six subgroups (I–VI) (Figure 1). Subgroup I contained only one gene, AtGRF9, and subgroups II–VI contained 8, 10, 12, 13, and 14 GRFs, respectively. Twenty-seven MsGRFs were assigned to subgroups II-VI: MsGRFs 8-10 with AtGRF7-8 and GmGRF4-5 were assigned into subgroup II; MsGRFs 1- 4 belonged to subgroup III with AtGRF1-2, GmGRF18-19, and GmGRF21-22; MsGRFs 18-23 comprised subgroup IV along with AtGRF3-4, GmGRF3, 9, 12, and 20; subgroup V only contained MsGRFs11-17 and GmGRF (1 to 2, 8, 10, and 13) proteins; MsGRFs 5, 6, and 24-27 formed subgroup VI with AtGRF 5- 6, GmGRF6, 7, and 14-17. As the functions of many Arabidopsis GRFs have been studied, the function of MsGRF clustered with the GRFs from soybean and Arabidopsis can be inferred from previous research. From the phylogenetic tree, it can be concluded that MsGRFs are more closely related to GmGRFs than to AtGRFs, which may be because both soybean and alfalfa are legumes.
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FIGURE 1
Phylogenetic analysis of growth-regulating factors (GRFs) from Medicago sativa L. (Ms), Glycine max (Gm) and Arabidopsis thaliana (At). MEGA 7.0 software was employed to construct a neighbor-joining phylogenetic tree with 1,000 bootstrap replications. Subgroups are highlighted with different colors.




Sequence and structural analysis of MsGRFs

Gene sequences of MsGRFs showed that the conserved QLQ and WRC domains existed in the N-terminal region of all MsGRFs (Supplementary Figure 1). To further study gene structure and evolutionary relationships, a phylogenetic tree was constructed using the protein sequences of MsGRFs, and their gene structure and motif characteristics were analyzed (Figures 2A–C). The homology of the MsGRF genes was relatively high and the motif distribution was similar, particularly in the same subgroup. Ten conserved motifs were identified using the MEME online program and renamed motifs 1–10 (Supplementary Table 1). All MsGRFs contained different numbers of motifs, ranging from 3 to 10. All MsGRFs had motif 1 and motif 2, annotated by NCBI CDD2 as WRC and QLQ, respectively, which are GRF-specific domains. Four members of subgroup III (MsGRF1, MsGRF2, MsGRF3, and MsGRF4) contained all ten motifs (Figures 1, 2B). Two MsGRFs (MsGRF20 and MsGRF21) contained the least number of motifs. All MsGRFs contained motif 6, however, the distribution on the genes differed (Figure 2B).
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FIGURE 2
Analysis on phylogenetic relationships, motifs, and gene structure of growth-regulating factor genes from Medicago sativa. (A) Phylogenetic tree of 27 MsGRFs in alfalfa. (B) Conserved motif arrangements of MsGRFs. The motifs are indicated in different colored boxes with different numbers. Motifs 1 and 2 represent WRC and QLQ domains, respectively. (C) Exon-intron organizations of MsGRFs. Blue boxes indicate exons; black lines indicate introns.


Exon–intron structures clearly showed that the MsGRFs contained two to four introns (Figure 2C). In all, 18 of the 27 MsGRFs contained three introns; five MsGRFs (MsGRF1, 2, 4, 19, and 23) contained four introns; four genes (MsGRF14, 15, 16, and 17) contained two introns. Genes that were closely related in the phylogenetic tree had approximately the same distribution area of exons and introns. The members of each subgroup in the phylogenetic tree were similar in size and contained similar genetic structures (Figures 1, 2C). All the members of each subgroup contained the same number and similar length of exons. The length of each MsGRF differed depending on the length of the intron. The length of the CDS of MsGRF23 was only 813°bp, while its full length genomic DNA was the longest. In general, motif distribution and gene structure indicate the evolutionary relationship between MsGRFs.



Gene duplication and collinearity analysis

All MsGRFs were unevenly distributed on 23 chromosomes of alfalfa (Figure 3), and were not identified on the nine other chromosomes of alfalfa (2n = 4x = 32). Chromosome 7.4 (chr7.4) contains five MsGRF genes. Only one MsGRF gene was found on chr1.1, chr1.2, chr1.3, chr1.4, chr2.2, chr2.4, chr3.1, chr3.2, chr3.3, chr3.4, chr4.2, chr4.3, chr4.4, chr5.1, chr5.2, chr5.3, chr5.4, chr7.2, chr8.1, chr8.2, chr8.3, and chr8.4. For chromosomes 1, 3, 5, and 8, each allele chromosome had one MsGRF gene, whereas on chromosomes 2 and 7, only allele chromosomes x.2 and x.4 had MsGRF genes. On chromosome 4, only allele chromosome 4.1 had no MsGRF gene. On chromosome 6, the MsGRF gene has not yet been identified in each chromosome allele.
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FIGURE 3
The distribution of MsGRFs on alfalfa chromosomes. The green bars represent each chromosome, and the black lines label the position of each MsGRF gene.


Gene duplication is considered as one of the primary driving forces in the evolution of genomes and genetic systems. To study the gene duplication relationship of the alfalfa GRF family, collinearity analysis of MsGRFs was performed using Tbtools (Figure 4). All MsGRFs are involved in the duplication process, including tandem duplication, whole-genome duplication (WGD) or segment duplication. MsGRF19-MsGRF23 is a set of tandem duplications located on chr7.4. Other duplicated gene pairs are genome-wide duplication or segment duplications. The non-synonymous substitution rates (Ka) and synonymous substitution rates (Ks) for each duplicated gene pair were calculated (Supplementary Table 2). The Ka/Ks values of all gene pairs were less than 1, indicating that the MsGRF gene family is subject to purifying selection.
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FIGURE 4
Synteny analysis of MsGRFs genes in alfalfa. Red lines indicate the replicated MsGRFs gene pairs in alfalfa.




Cis-acting elements analysis of MsGRFs

The online cis-element database PlantCARE was used to analyze the promoter sequences (upstream 2,000 bp) of MsGRFs. Conserved core elements TATA-box and enhancement elements CAAT-box in the promoter sequences were observed, which conformed to the basic structural characteristics of eukaryotic gene promoters. The promoter sequence also contained many elements related to hormonal and abiotic stress responses (Figure 5). Hormone-responsive elements include jasmonic acid-responsive elements (CGTCA-motif and TGACG-motif), salicylic acid cis-acting element (TCA-element), gibberellin-responsive elements (GARE motif, P-box and TATC-box), abscisic acid-responsive elements (ABRE), and auxin-responsive elements (AuxRR-core, TGA-element). Abiotic stress response elements include the anaerobic inducible element (ARE), disease resistance and stress response element (TC-rich repeats), low temperature responsive cis-acting element (LTR), and MYB binding site involved in drought-inducibility (MBS). In addition, we found certain unique cis-acting elements in the promoter sequence: CAT-box (cis-acting regulatory element related to meristem expression), MSA-like (cis-acting element involved in cell cycle regulation), and HD-Zip 1 (element involved in differentiation of the palisade mesophyll cells). Each MsGRF contains at least one hormone-related cis-element and one stress-related cis-acting element, however, the types vary.
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FIGURE 5
The cis-acting element contained in the 2 kb promoter sequence of the MsGRF gene. Different cis-elements are indicated by different colored rectangles and placed in the matching position on the promoter.




Expression analysis of MsGRFs in different developmental stages

To analyze the expression of MsGRFs at different developmental stages of stems and leaves, the expression levels of 27 genes at different growth and developmental stages were verified by qRT-PCR, and the results were visualized as heatmaps (Figures 6A,B and Supplementary Table 3). Each stem internode, from the apex to base of the stem, is used as a developmental stage, labeled as S1 to S8. The first leaf that has not fully unfolded is regarded as the first stage of leaf development (L1), and is then divided into L1 to S4 according to leaf position (Supplementary Figure 2).
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FIGURE 6
Expression profiling of MsGRFs. (A) Expression profiles of MsGRFs at different developmental stages of stem internodes. Each stem internode starting from the apex is used as a developmental stage, labeled as Stem-1 to 8. (B) Expression profiles of MsGRFs at different developmental stages of leaves clustered into A to F six clades. L1 to L4 indicates the leaf development according to leaf position, and the first leaf that has not fully unfolded is regarded as the first stage of leaf development (L1). (C,D) qRT-PCR quantification of gene expression levels of selected MsGRF genes from (A,B) displayed in a column chart. The different letters (a, b, c, etc.) indicate the significant difference at P < 0.05 by Student’s t-test analysis.


The expression of MsGRFs in stems is shown in the Figure 6A. According to the expression patterns at different developmental stages of the stem, most of the GRF family genes were weakly expressed. Compared with other MsGRF genes, the expression levels of MsGRF1 to 4 were significantly higher. These four genes were most strongly expressed in the S1 stage, followed by the S2 stage, and weakly expressed in the stems at other developmental stages. The qRT-PCR results in column chart showed clearly that the expression levels of these four MsGRFs decreased dramatically from the first period, increased a little in the S5 period, and then decreased gradually (Figure 6C). Overall, the expression of the four MsGRFs gradually decreased during stem growth and development. In conclusion, it is speculated that MsGRFs1-4 plays an important role in regulating stem development.

In the expression profile of leaves (Figure 6B), MsGRFs can be clustered into six clades, denoted by A-F. The MsGRF genes of cluster F were negligibly expressed. Cluster D and E expression was weak, but the expression level of cluster E increased slightly at the L3 and L4 stage. In contrast, cluster A was strongly expressed in leaves, especially at the L1 stage. The expression levels of clusters B and C were higher in the early stages of leaf development, and differed significantly from those in the other stages (Figure 6B). The expression of MsGRFs1-6 was the strongest in the L1 stage, fluctuated in the L2, L3, and L4 stages, and showed a downward trend in general, revealed by qRT-PCR analysis in column chart (Figure 6D). The expression of MsGRFs18 to 23 reached the summit at the L1 stage, and then decreased significantly during leaf development (Figure 6D). In summary, the expression of MsGRFs was high in the early stages of leaf development and weak in mature leaves. These results indicate that MsGRF1-6 and MsGRF18-23 play important roles in the leaf development.



Identification of large and small leaf alfalfa varieties and growth-regulating factor gene expression analysis

To analyze GRF function on leaf development, the small leaf, and large leaf alfalfa varieties was investigated. The leaves of “Xinjiang Daye” were larger than those of the “Nei 1 × Nei 2” varieties (Figure 7A). To clarify whether the development of alfalfa leaf size was regulated by cell proliferation or expansion, the number of lower epidermal cells of the L4 stage leaves from the two varieties under a microscope and the average cell area of a single epidermal cell was investigated (Figures 7A,B). The average area of a single lower epidermal cell in “Xinjiang Daye” is larger than “Nei 1 × Nei 2” (Figure 7C). The average cell number of a single leaf in “Xinjiang Daye” is much higher than that in “Nei 1 × Nei 2” (Figure 7D). These results implied that leaf size is regulated by both cell proliferation and expansion. According to the expression of MsGRFs at different developmental stages of leaves (Figure 6D), we selected MsGRFs with high expression at L1 stage for qRT-PCR analysis to verify their expression in large leaves (“Xinjiang Daye”) and small leaves (“Nei 1 × Nei 2”) alfalfa varieties. The selected MsGRFs were highly expressed in these two varieties, but they had differences in the expression levels. It was found that the expression levels of MsGRF1 to 4, MsGRF18 to 20, and MsGRF22 to 23 were much higher in “Xinjiang Daye” than that in “Nei 1 × Nei 2” (Figure 8).
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FIGURE 7
Leaf morphology and lower epidermal cells observed under microscope. (A) Morphological observation of large (X, “Xinjiang Daye”) and small (N, “Nei 1 × Nei 2”) leaves. Scale bar, 1 cm. (B) Epidermal cells of large (X, “Xinjiang Daye”) and small (N, “Nei 1 × Nei 2”) leaves under microscope. Scale bar, 50 μm. (C) The average area of a single epidermal cell in the leaf of “Xinjiang Daye” and “Nei 1 × Nei 2”. (D) Estimates of the average total cells number in a single leaf of “Xinjiang Daye” and “Nei 1 × Nei 2”. The letters (a, b) indicate the significant difference at P < 0.05 by Student’s t-test. The L4 stage leaves were used for the observation.
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FIGURE 8
Quantification of the expression levels of selected MsGRFs in the leaves of X, “Xinjiang Daye” and N, “Nei 1 × Nei 2” using qRT-PCR. Vertical bars indicate standard deviation. The asterisk (*) indicates the significant difference at P < 0.05 by Student’s t-test.





Discussion

The GRF family, as a class of plant-specific transcription factors, plays an important role in plant growth and development (Kim et al., 2003; Kim and Lee, 2006; Baucher et al., 2013; Omidbakhshfard et al., 2015). The GRF gene family has been identified and studied in many species, but has not been reported in alfalfa. Existing studies have confirmed that the GRF family can regulate the development of roots, stems, leaves, flowers, and fruits, the maintenance of shoot apical meristems, regulate plant longevity and respond to abiotic stresses (van der Knaap et al., 2000; Kim et al., 2003; Kim and Kende, 2004; Horiguchi et al., 2005; Kim and Lee, 2006; Marcotrigiano, 2010; Wang et al., 2011; Hewezi et al., 2012; Baucher et al., 2013; Debernardi et al., 2014; Lee and Kim, 2014; Wu et al., 2014; Tao et al., 2016; Beltramino et al., 2018; Lee et al., 2018; Lockhart, 2018; Zhang D. et al., 2018; Lu et al., 2020; Kim et al., 2022). In Arabidopsis, GRF genes regulate leaf size via cell proliferation and expansion (Kim et al., 2003; Kim and Kende, 2004; Horiguchi et al., 2005; Wang et al., 2011; Debernardi et al., 2014; Beltramino et al., 2018; Shimano et al., 2018). The leaves are the main site of photosynthesis (Tsukaya, 2014), and the main harvesting organ in alfalfa. Therefore, it is essential to study the regulatory mechanisms of the GRF gene family in the development of alfalfa leaf size. In this study, we performed bioinformatic analysis of 27 GRF gene family members identified in alfalfa variety “Xinjiang Daye”, and predicted the physicochemical properties and cis-acting elements of MsGRFs. To clarify the evolutionary relationship of the GRF gene family, a phylogenetic tree was constructed and its gene structure and motif distribution were studied. The replication relationship between genes was analyzed using chromosomal location and collinearity analysis. The expression patterns of MsGRFs at different growth and developmental stages of the leaves and stems were quantitatively analyzed by qRT-PCR.

The GRF family contains QLQ and WRC conserved domains at the N-terminus, and the WRC region contains DNA-binding motifs and nuclear localization signal regions, which can combine with the cis-acting regions of downstream genes to regulate the expression of such genes (Kim and Kende, 2004). The QLQ domain can combine with GIF to form a transcriptional activator and play a regulatory role (Choi et al., 2004). These 27 genes were verified to contain QLQ and WRC domains (Supplementary Figure 1); therefore, they were finally identified as GRF family members. The protein lengths of MsGRFs ranged from 251 to 643 amino acids. Subsequently, the physicochemical properties of the MsGRFs were predicted, including isoelectric point and molecular weight. The theoretical MW of MsGRFs was between 28,577.5 Da and 69,891.83 Da, and the isoelectric point (pI) was between 6.71 and 10.18 (Table 1).

Phylogenetic analysis showed that 27 MsGRFs were divided into six subgroups according to their phylogenetic relationships (Figure 1). AtGRF1, 2, 3 have been shown to regulate leaf size through cell proliferation and expansion (Kim et al., 2003; Kim and Kende, 2004; Horiguchi et al., 2005; Hewezi et al., 2012; Beltramino et al., 2018), therefore, the function of MsGRFs in the same subgroup can be inferred according to clustering in the evolutionary tree, which provides a foundation for future studies on the mechanism of GRFs that control leaf size development. The gene structure and motif distribution were consistent with the phylogenetic results, which confirmed the phylogenetic relationship among MsGRF genes (Figure 2). Members of the same subgroup contain similar gene structures and conserved motifs. Studies have shown that most genes in the GRF family contain three introns (Wang et al., 2014; Shang et al., 2018; Zhang J. et al., 2018), which is consistent with our results of gene structure analysis (Figure 2C).

Gene duplication is considered to be one of the primary driving forces in the evolution of genomes and genetic systems. Tandem duplication events and large-segment duplication events are considered the main reasons for the expansion of gene families in the genome (Levasseur and Pontarotti, 2011). MsGRFs were distributed on 23 chromosomes, and no GRF family members were identified in any of the copies of chr 6.1–6.4 (Figure 3). According to sequence alignment, the sequences of the MsGRFs on each chromosomal copy were highly homologous. The results of the collinearity analysis showed that the MsGRF gene family was expanded by large segment duplication. The MsGRFs in alfalfa were involved in gene duplication events (Figure 4). Chromosome 7.4 contains five genes identified as tandem repeats of MsGRFs, which are arranged in neighboring positions, and form a gene cluster with similar sequences. In other species, such as soybean, wheat, and foxtail millet, duplication events of the GRF gene family have also been demonstrated, (Chen et al., 2019; Zan et al., 2020; Chen and Ge, 2022). The Ka/Ks of all replicating gene pairs was less than 1 (Supplementary Table 2), and most of the non-synonymous substitutions were harmful, indicating that the environmental selection pressure during the evolution process was negative, and the MsGRF genes were selected for purification.

Cis-acting elements are DNA sequences that exist upstream of a gene and participate in the regulation its expression. They do not encode any protein but only provide a binding site for action (Hernandez-Garcia and Finer, 2014). In this study, we predicted that cis-acting elements located 2,000 bp upstream of the promoter using PlantCARE (Figure 5). The promoter sequences of MsGRFs contain hormone-related cis-acting elements and stress-related cis-acting elements, among which ARE is the most widely distributed, followed by ABRE. In addition, only MsGRF6 contained HD-Zip 1 (an element involved in differentiation of the palisade mesophyll cells), and MsGRF12 contained CAT-box (cis-acting regulatory element related to meristem expression) and MSA-like (cis-acting element involved in cell cycle regulation) element. Each MsGRF contained abiotic stress-related cis-acting elements, indicating that these genes responded to different stresses. Based on these results, candidate genes are provided for studies related to abiotic stress.

The expression of MsGRFs in various tissues plays an important role in growth and development. It has been demonstrated in previous studies that the GRF gene family is strongly expressed in young tissues and weakly expressed in mature tissues (Zhang et al., 2008; Khatun et al., 2017; Zheng et al., 2018; Zhou et al., 2018; Zan et al., 2020; Tang et al., 2021). In this study, the expression patterns of the MsGRF family were similar in leaves and stems, with high expression in young stems and leaves, which decreased with growth and development (Figure 7). MsGRFs1-4 were significantly expressed in leaves and stems, indicating that these genes play an important role in regulating their growth and development. By observing the lower epidermal cells of different sizes of leaves from different varieties, we found that the size of alfalfa leaves was controlled by cell proliferation and expansion (Figure 7). The expression of several MsGRF genes was significantly different in large and small leaf alfalfa varieties, such as MsGRF1 to 4, MsGRF18 to 20, and MsGRF22 to 23 (Figure 8), which may be related to the regulation of leaf size. As the main site of photosynthesis, the leaves are also the main harvesting organs of alfalfa. Studying the control mechanism of leaf size is crucial to understanding the ecology and increasing production of alfalfa (Liu et al., 2012, 2021). According to the expression of MsGRF genes in different developing leaves, many candidate genes have been identified, and the key genes controlling leaf size need to be further investigated.



Conclusion

In this study, 27 GRF family members in alfalfa were identified and their basic characteristics and functions were subjected to preliminarily analysis. QLQ and WRC are two domains unique to the GRF gene family that helped us identify MsGRFs in alfalfa. To study the evolutionary relationships between GRFs, a phylogenetic tree was constructed and divided into six subgroups. Members of the same subgroup have similar gene structures and motif distributions. In alfalfa, there are 23 chromosomes with GRF family genes, among which chr7.4 contains five genes and the other chromosomes only contain one gene. All MsGRFs are involved in gene duplication events including tandem duplication, whole-genome duplication, and segment duplication. The results of the collinear analysis showed that gene duplication facilitated the expansion of MsGRFs. The upstream regions of the promoters of MsGRFs all contain one or more hormone or stress-related cis-acting elements. MsGRF1-4 were strongly expressed in young stems and leaves, whereas MsGRF5, 6 and MsGRF18-23 were only highly expressed in young leaves and not in stem. The expression of MsGRF1-4, MsGRF18-20, and MsGRF22-23 were significantly different in large and small leaf alfalfa varieties. In conclusion, these results lay a foundation for us to further study the function and regulatory mechanism of the alfalfa GRF gene family in leaf development and screen the key genes for controlling leaf size.



Materials and methods


Identification of MsGRFs

The “Xinjiang Daye” genome used in this article is publicly available in the NCBI database under project PRJNA540215, and the genome assembly files are available at https://figshare.com/projects/whole_genome_sequencing_and_assembly_of_Medicago_sativa/66380 (Chen et al., 2020). Alfalfa protein sequences and genome annotations were downloaded from the Alfalfa Breeder’s Toolbox.3 Transcription factor prediction and blast analysis were performed using Majorbio Cloud Platform.4 Analysis of transcription factors was performed using hmmscan with parameter E-value ≤ 1e–5 (Lozano et al., 2015). Finally, sequences were verified with Pfam(see text footnote 1) and CDD.5 The genes containing the WRC and QLQ domains were considered to be MsGRFs. The ExPASy proteomics server6 was used to predict the physicochemical properties of each MsGRF protein, including the molecular weight (MW) and theoretical isoelectric point (pI) (Wilkins et al., 1999).



Sequence and phylogenetic analysis

Full-length amino acid sequences of GRF in alfalfa were aligned using MEGA 7.0 (Kumar et al., 2016). Conserved motifs for predicted MsGRFs protein sequences were identified using the MEME online program7 with default settings, except that the motif number was set as 10 (Bailey et al., 2009). Gene structure and motif distribution were visualized using the TBtools software (Chen et al., 2018). Nine Arabidopsis GRF sequences from The Arabidopsis Information Resource (TAIR)8 and 22 GRF sequences of soybean from Phytozome v139 were used to construct a phylogenetic tree (Supplementary Table 5). MEGA 7.0 was used to construct phylogenetic trees using the neighbor-joining method with Poisson model, pairwise deletion, and 1,000 bootstrap replications (Kumar et al., 2016). The cis-acting elements in the 2,000 bp upstream sequences of the promoter of MsGRFs were predicted using PlantCARE10 (Lescot et al., 2002), and TBtools was used to visualize the cis-acting elements.



Chromosome distribution, gene duplication, and collinearity analysis

The chromosomal location of the alfalfa GRF gene was obtained from the genome assembly files,11 and the chromosomal distribution was mapped using TBtools. Collinearity analysis of 27 MsGRFs gene was performed using TBtools software to detect gene duplication events. Based on the results of the collinearity analysis, calculation of non-synonymous (Ka) and synonymous (Ks) substitutions for each pair of duplicated genes were made using TBtools. The ratio of Ka/Ks was used to do the analysis of selection pressure.



Quantitative real-time polymerase chain reaction analysis

To investigate the expression patterns of MsGRFs, total RNA from different tissues were used for qRT-PCR (Schmittgen and Livak, 2008). Total RNA was extracted using the Takara MiniBEST Plant RNA Extraction Kit (Takara Bio Inc., Kusatsu, Japan), and the RNAs were reverse transcribed into cDNAs using HiScript III® RT SuperMix for qRT-PCR (+ gDNA wiper) (Vazyme Biotech Co., Ltd., Nanjing, China). ChamQ SYBR Color qRT-PCR MasterMix (Vazyme Biotech Co., Ltd., Nanjing, China) was used for qRT-PCR, and the MsUBC Q-2F gene was used as a reference gene, each of which had three technical replicates. Beacon Designer 7.9 was used to design real-time quantitative primers, and the sequences of the primers used for qRT-PCR was listed in Supplementary Table 4.



Plant material and growth condition

In this experiment, we used cultivated “Xinjiang Daye” and “Nei 1 × Nei 2” alfalfa as plant material. The alfalfa seeds were placed in a petri dish containing H2O and then placed in a germination bag. After seven days, the germinated seedlings were transferred to 1/2 Hoagland’s nutrient solution for growth and cultivation, during which the nutrient solution was changed every 3 days. Plants were placed in an artificial climate incubator with a 16-hour photoperiod, day and night temperature of 25°C/22°C, and relative humidity of 60–70%. The plant materials used for the morphological observation were “Nei 1 × Nei 2” and “Xinjiang Daye” alfalfa cultivated in the same environment.

To analyze the expression patterns in different growth stages, the leaves and stems of 30-day-old alfalfa were selected. The leaves were divided into four developmental stages (L1, L2, L3, and L4), and the stems of the same plant were divided into eight developmental stages (S1 to S8) according to the order of stem nodes from the apex to base (Supplementary Figure 2). All samples were immediately frozen in liquid nitrogen and stored at −80° until use.
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SUPPLEMENTARY FIGURE 1
Protein sequence alignment of 27 MsGRFs and conserved domains of QLQ and WRC.

SUPPLEMENTARY FIGURE 2
Different developmental stages of stems and leaves in alfalfa. L1 represents the first leaf that is not fully expanded, then L2, L3, and L4 are defined according to leaf position. From top to bottom in the stem, each stem node is used as a developmental stage, represented by S1–8.


Footnotes

1     http://pfam.xfam.org

2     https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi

3     https://www.alfalfatoolbox.org/

4     www.majorbio.com

5     https://www.ncbi.nlm.nih.gov/cdd

6     https://web.expasy.org/protparam/

7     http://meme-suite.org/tools/meme

8     http://www.arabidopsis.org

9     https://phytozome-next.jgi.doe.gov

10     http://bioinformatics.psb.ugent.be/webtools/plantcare/html/

11     https://figshare.com/projects/whole_genome_sequencing_and _assembly_of_Medicago_sativa/66380
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Seed germination is precisely controlled by a variety of signals, among which light signals and the phytohormones abscisic acid (ABA) and gibberellin (GA) play crucial roles. New findings have greatly increased our understanding of the mechanisms by which these three signals regulate seed germination and the close connections between them. Although much work has been devoted to ABA, GA, and light signal interactions, there is still no systematic description of their combination, especially in seed germination. In this review, we integrate ABA, GA, and light signaling in seed germination through the direct and indirect regulation of ABSCISIC ACID INSENSITIVE5 (ABI5), the core transcription factor that represses seed germination in ABA signaling, into our current understanding of the regulatory mechanism of seed germination.
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Introduction

Seed germination is the first step in the growth of flowering plants, and its precise regulation is important for selecting appropriate conditions for seed development (Finch-Savage and Leubner-Metzger, 2006; Rajjou et al., 2012). Among the various factors that regulate seed germination, the phytohormones ABA and GA are considered to be the most important endogenous signals, and the balance between ABA and GA is considered to be the decisive factor in determining seed dormancy or germination (Shu et al., 2016; Vishal and Kumar, 2018). Among the external environmental factors, light is considered to be one of the key factors affecting seed germination (Kami et al., 2010; Li et al., 2011). Light-mediated regulation of seed germination involves the control of both GA and ABA signals (Kim et al., 2008; Gabriele et al., 2010). Although many articles have described the cooperation between ABA and GA (reviewed by Vishal and Kumar, 2018) or ABA and light signaling (reviewed by Bulgakov and Koren, 2022), there are no works focused on the network of ABA, GA, and light signaling, especially in seed germination, in which all three signals play crucial roles. Therefore, the analysis of the cooperation among these three signals is very important for us to fully understand the signal regulatory network of seed germination.

However, ABA, GA, and light signals have been widely studied, and a large number of regulatory factors have been discovered, so their integration has been difficult. The core transcription factor ABI5 in ABA signaling plays crucial roles in regulating seed germination, and its function and regulatory mechanisms have been extensively studied (reviewed by Yu et al., 2015; Skubacz et al., 2016; Collin et al., 2021). Multiple signals participate in ABA- and GA-mediated seed germination by regulating ABI5 and using ABI5 as a final repressor of seed germination (Hu et al., 2019; Ju et al., 2019; Zhao et al., 2019). In this paper, we selected ABI5 as the key for integrating ABA, GA, and light signals into our current understanding of the signal network of seed germination.



ABI5: The crucial regulator of ABA-mediated seed germination inhibition

ABA is an important phytohormone that regulates numerous developmental processes and responses to the environment (Cutler et al., 2010; Chen et al., 2020). In recent decades, the core components of ABA signaling have been extensively studied. Fourteen START-domain-containing proteins, such as pyrabactin resistance1 (PYR1)/pyrabactin resistance1-like (PYL)/regulatory components of ABA receptor (RCAR), have been shown to function as ABA receptors. SNF1-related protein kinase 2s (SnRK2s) serve as the key positive regulators. Upon binding to ABA, PYR1/PYL/RCARs interact with type 2C protein phosphatases (PP2Cs) and form a stable complex, leading to the release of SnRK2s from PP2C-SnRK2 complexes (Cutler et al., 2010). Activated SnRK2s subsequently phosphorylate downstream transcription factors such as AREB/ABF and ABI5 to regulate the expression of ABA-responsive genes (Fujii et al., 2009; Vishwakarma et al., 2017).

The bZIP transcription factor ABI5 plays a critical role in ABA-mediated seed germination and postgermination growth inhibition (Finkelstein and Lynch, 2000). ABI5 mutation causes insensitivity to ABA-dependent seed germination and vegetative growth arrest, and overexpression of ABI5 results in enhanced sensitivity to ABA. ABI5 directly binds to the ABA-responsive element (ABRE) within the promoters of target genes, such as EARLY METHIONINE-LABELED 1 (EM1) and EM6, to activate their expression (Carles et al., 2002). SnRK2s activate the transcriptional activity of ABI5 through phosphorylation (Nakashima et al., 2009).


Regulation of ABI5 at the transcript and translation levels in ABA signaling

High levels of ABI5 transcript and protein accumulate in seeds but sharply decline during seed germination. ABA induces high expression and protein accumulation of ABI5 to repress seed germination. Given the important role of ABI5 in ABA signaling, the regulation of ABI5 has been extensively studied (reviewed by Yu et al., 2015; Skubacz et al., 2016; Collin et al., 2021). At the transcriptional level, the AP2/ERF transcription factor ABI4 and MADS-Box transcription factor AGL21 positively regulate ABI5 expression, while WRKY transcription factors, including WRKY40, WRKY18, and WRKY60, function as the main repressors of ABI5 expression (Bossi et al., 2009; Liu et al., 2012; Yu et al., 2017). In addition, ABI5 can directly promote its own expression (Xu et al., 2014a).

At the protein level, ubiquitination and 26S proteasome-mediated protein degradation play a critical role in the regulation of ABI5 stability. ABI5 can shuttle between the cytosol and nucleus, and cytoplasmic degradation of ABI5 is mediated by the RING-type E3 ligase KEEP ON GOING (KEG). KEG directly interacts with and ubiquitinates ABI5 to maintain ABI5 protein at low levels. ABA enhances ABI5 stability by inducing the self-ubiquitination and proteasomal degradation of KEG (Liu and Stone, 2010). The stability of ABI5 in the nucleus is modulated by CUL4-based (CULLIN 4) E3 ligases. DWD HYPERSENSITIVE TO ABA 1/2 (DWA1/2) and ABD1, which serve as the substrate receptors for CUL4 E3 ligase, interact with ABI5 to promote the degradation of ABI5 (Lee et al., 2010; Seo et al., 2014). S-nitrosylation of ABI5 at Cys-153 facilitates its degradation through CULLIN4-based and KEG E3 ligases (Albertos et al., 2015). Sumoylation of ABI5 by SIZ1, a small ubiquitin-related modifier (SUMO) E3 ligase, protects ABI5 from degradation. However, sumoylation negatively regulates ABI5 activity and prevents the degradation of ABI5 through the ABI5 location in alternative nuclear bodies (Miura et al., 2009).



Regulation of ABI5 by its binding proteins

In addition to diverse posttranslational modifications, cofactors also seem to be very important in regulating ABI5 function. ABI3 was first identified as an interaction partner that activates ABI5 to regulate the ABA response during seed germination (Nakamura et al., 2001). The VQ motif-containing transcriptional regulators VQ18 and VQ26 physically interact with ABI5. VQ18 and VQ26 negatively modulate the ABA response during seed germination via repression of ABI5 transcriptional activity (Pan et al., 2018). The Mediator subunits MED25 and MED16 have been found to interact with ABI5. The combination of MED25 with ABI5 prevents the binding of ABI5 to the promoter of ABA-responsive genes (Chen et al., 2012). MED16 acts as a positive regulator of the ABA response opposite MED25. MED16 competes with MED25 to interact with ABI5 to regulate the ABI5-mediated expression of ABA-responsive genes (Guo et al., 2021).

Factors involved in controlling ABI5 stability have also been identified. ABI five binding protein 1 (AFP1) attenuates ABA signals by interacting with ABI5 and promoting its proteasomal degradation (Lopez-Molina et al., 2003). The transducin/WD40 repeat-like superfamily protein XIW1 is a nucleocytoplasmic shuttling protein and Arabidopsis exportin 1 (XPO1), an importin-β-like nuclear transport receptor (NTR), mediates the nuclear export of XIW1. XIW1 mainly localizes to the cytoplasm under normal conditions, and ABA facilitates the nuclear retention of XIW1. XIW1 interacts with and maintains the stability of ABI5 in the nucleus, thus playing a positive role in ABA responses (Xu et al., 2019).

As the key regulator in the ABA-mediated inhibition of seed germination, ABI5 also acts as a connection point for other signals involved in the regulation of seed germination. The bHLH transcription factor INDUCER OF CBF EXPRESSION1 (ICE1), which plays a central role in the cold response, and BRINSENSITIVE1 (BRI1)-EMS-SUPPRESSOR1 (BES1), a key transcription factor in the BR signaling pathway, as well as JAZ proteins, pivotal repressors of the JA signal, were found to participate in ABA-mediated seed germination inhibition by directly interacting with ABI5 and repressing its transcriptional activity (Hu et al., 2019; Ju et al., 2019; Zhao et al., 2019).




ABI5: The final common repressor of germination in response to ABA and GA

GA is a phytohormone that regulates plant development and participates in processes including seed germination, seedling growth, and flowering (Xu et al., 2014b; Wu et al., 2021). GA is another critical phytohormone that controls seed germination, and antagonism between GA and ABA is the decisive factor in regulating seed germination. Exogenous application of GA can help seeds break dormancy, while application of the GA synthesis inhibitor paclobutrazol (PAC) can inhibit the germination of seeds (Shu et al., 2016). The GA-deficient mutant gibberellic acid-requiring1 (ga1) is unable to germinate without exogenous GA (Sun and Kamiya, 1994). The GA receptor GID1 interacts with DELLA proteins, which act as key repressors in the GA signaling pathway. The combination of GA promotes GID1 to interact with SCF E3 ubiquitin ligase SLEEPY1 (SLY1), leading to the degradation of DELLA proteins, such as REPRESSOR OF ga1-3 (RGA) and RGA-like 2 (RGL2), and the release of GA signaling (Dill et al., 2004; Ueguchi-Tanaka et al., 2005; Davière and Achard, 2013, 2016; Claeys et al., 2014).


DELLAs-ABI5 module: The hub that connects ABA and GA signaling in seed germination

RGL2 has been identified as a core negative regulator of seed germination. As mutation of RGL2 can rescue the germination phenotype of ga1 without GA application under light conditions (Lee et al., 2002; Tyler et al., 2004). Other DELLA proteins, including GA insensitive (GAI), RGA and RGL1, also participate in seed germination regulation by enhancing the function of RGL2 (Cao et al., 2005; Piskurewicz et al., 2009). RGL2 functions as an important hub for the crosstalk between GA and ABA signaling, as the function of RGL2 in seed germination depends on ABI5 (Figure 1). The expression and stability of ABI5 were dramatically induced under low-GA conditions, but all these effects were repressed in the rgl2 mutant. Overexpression of ABI5 restores the insensitivity of rgl2 to PAC treatment (Piskurewicz et al., 2008), demonstrating that ABI5 functions genetically downstream of RGL2 in controlling seed germination. Indeed, RGL2 can directly bind to the promoter of ABI5 to promote its expression, and the interaction between RGL2 and NUCLEAR FACTOR-Y C (NF-YC) proteins enhances their ability to activate ABI5 expression (Liu et al., 2016). In addition, the DELLA protein GAI and RGA physically interact with ABI5 to enhance the expression of transcription factor SOMNUS (SOM), which activates the genes responsible for ABA biosynthesis but represses that for GA biosynthesis (Kim et al., 2008; Lim et al., 2013).
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FIGURE 1
 The phyB-PIFs module integrates the light, ABA and GA signaling in seed germination. ABI5 inhibits seed germination through the promotion of ABA-responsive genes. ABA activates the transcriptional activity of ABI5 through the phosphorylation mediated by SnRK2s. MYB30 directly interacts with ABI5 to repress its transcriptional activity. DELLA protein RGL2 interacts with NF-YC transcription factors to enhance the expression of ABI5 through direct binding to ABI5 promoter. GA promotes the degradation of RGL2 through its receptor GID1 and ubiquitin E3 ligase SLY1. The photoreceptor phyB perceives and transduces the light signal through its downstream transcription factors. PhyB interacts with PIF transcription factors to promote their degradation through ubiquitination. PIF1 directly enhances the expression of ABI3, ABI5, RGA, and GAI. ABI3 acts as a activator of ABI5 by its interaction with ABI5. RGA, GAI and PIF1 can interact with both ABI3 and ABI5 to coregulate the expression of SOM, which controls the GA and ABA metabolism. PhyB interacts with MYB30 and enhances the expression and stability of MYB30 under light, while MYB30 directly activates the expression of PIF4 and PIF5, and increases their stability through repressing the interaction between PIF4/5 and phyB. PIF4 and PIF5 bind to ABI5 promoter and enhance ABI5 expression to activate the ABA signaling in the dark. Another MYB transcription factor, RVE1, mediates the light signaling transduce of phyB. RVE1 interacts with PIF1 and enhances its binding to ABI3 promoter. RVE1 also interacts with RGL2 and protects RGL2 from degradation through inhibiting the interaction between RGL2 and SLY1.


DELLA proteins interact with different transcription factors to activate or inhibit their transcriptional activity, thereby controlling a variety of plant development processes (Claeys et al., 2014). However, it is unclear whether DELLA proteins affect the transcriptional activity of ABI5, although both of them can activate the expression of SOM and repress the expression of GASA6 (Lim et al., 2013; Zhong et al., 2015). In addition, how DELLA proteins regulate the stability of ABI5 is still unclear. In germinated seeds of the sly1 mutant, which is responsible for degrading DELLA proteins, although the protein content of RGL2 remained high, the ABI5 protein decreased significantly with germination time, indicating that there is a more complex mechanism for the regulation of ABI5 stability by RGL2 (Piskurewicz et al., 2008).

In contrast to GA, ABA stimulates RGL2 expression and enhances its stability. The rgl2 mutant also shows insensitivity to ABA, which can be recovered by the expression of ABI5 (Piskurewicz et al., 2008; Liu et al., 2016). However, the underlying mechanism by which ABA regulates RGL2 to antagonize GA signaling remains largely elusive. In the ABA signaling pathway, the ABA receptor PYLs affects the stability of ABI5, while ABI5 positively regulates the expression of PYLs (Zhao et al., 2020). Considering that ABA also dramatically enhances the expression and stability of ABI5 and that RGL2 has a close connection with ABI5, the regulation of RGL2 by ABA may be related to ABI5. At the protein level, as the major regulator of RGL2 protein stability, SLY1 is a good candidate for this purpose. As SLY1 is also involved in ABA-mediated seed germination repression, sly1 mutant seeds show increased sensitivity to ABA (Strader et al., 2004). Studying how ABA regulates RGL2 will help us to understand the balance of GA and ABA signaling during seed germination.




Light integrates ABA and GA signaling during seed germination

Light is a primary environmental cue that guides seed germination (Kami et al., 2010; Li et al., 2011). In Arabidopsis, far-red light inhibits seed germination, whereas red light promotes seed germination. The phytochrome photoreceptors that absorb red/far-red light are essential for triggering light-mediated seed germination. Among the five phytochromes, phytochrome B (phyB) plays a dominant role in the initial phase of seed germination, and mutation of phyB prevents seeds from germinating under red light (Shinomura et al., 1994, 1996; Seo et al., 2009). Upon far-red light exposure, phytochromes become inactivated (Pr) and are located in the cytosol. After absorbing red light, phytochromes are converted to their activated (Pfr) forms and translocate into the nucleus, where they transduce light signaling by interacting with many transcription factors (Li et al., 2011).


PIFs: The communication hub for light, ABA, and GA signaling

The bHLH transcription factors PHYTOCHROME-INTERACTING FACTORs (PIFs), which can directly interact with phyB (Leivar and Quail, 2011), play crucial roles in repressing photomorphogenesis and seed germination (Figure 1). PIF1, also known as PIF3-LIKE5 (PIL5), is a key negative regulator of phytochrome-mediated seed germination. Overexpression of PIF1 represses germination under red light, and mutation of PIF1 can partially rescue germination inhibition in the phyB mutant (Oh et al., 2004). Red light activates phyB to promote the degradation of PIF1 (Oh et al., 2006; De Wit et al., 2016). PIF1 indirectly regulates the expression of GA and ABA biosynthesis and catabolic genes via the activation of DOF AFFECTING GERMINATION 1 (DAG1) and SOM (Kim et al., 2008; Oh et al., 2009; Gabriele et al., 2010). In contrast, PIF1 directly binds to the promoters of RGA and GAI to promote their transcription and repress GA signaling (Oh et al., 2007). Moreover, PIF1 induces the expression of ABI3 and ABI5 to stimulate ABA signaling, and PIF1 can directly bind to the G-box motifs in the ABI5 promoter to activate the transcription of ABI5 under ABA treatment in the dark (Oh et al., 2009; Qi et al., 2020). On the other hand, ABI5 can directly interact with PIF1 to enhance the binding ability of PIF1 to its targets, and ABI3, the enhancer of ABI5, interacts with PIF1 to collaboratively activate the expression of SOM (Park et al., 2011; Kim et al., 2016). AP2/ERF transcription factors ERF55 and ERF58 directly bind to the promoters of PIF1, SOM and ABI5, and induced their expression. While phyA and phyB interact with ERF55/58 to inhibit their DNA-binding activity, thus modulating light-mediated regulation of germination (Li et al., 2022).

In addition to light-associated seed germination, PIFs, including PIF1, PIF3, PIF4, and PIF5, also participate in ABA signaling by regulating the expression of ABI5 in the dark (Qi et al., 2020). The quadruple mutant pifq (pif1 pif3 pif4 pif5) seeds show significant insensitivity to ABA during seed germination. In addition to PIF1, PIF3, PIF4 and PIF5 also activate the transcription of ABI5 by directly binding to its promoter (Qi et al., 2020). Additionally, PIFs can physically interact with the ABA receptors PYL8 and PYL9, and this interaction promotes PIF4 protein accumulation in the dark and enhances PIF4 binding to the ABI5 promoter but negatively regulates PIF4-mediated ABI5 activation (Qi et al., 2020). Considering that ABI5 can directly enhance the expression of PYLs during seed germination (Zhao et al., 2020), PYLs, PIFs and ABI5 seem to form a regulatory loop to modulate the ABA signaling in seed germination.

PIF3 and PIF4 are also important hubs for the connection between light and GA signals. DELLA proteins interact with PIF3/4 and block their binding to target genes to regulate photomorphogenesis (de Lucas et al., 2008; Feng et al., 2008). In the absence of GA, DELLA proteins interact with PIF3 and repress its DNA-binding activity, thus blocking PIF3-mediated hypocotyl elongation. In the presence of GA, GID1 proteins promote ubiquitination and proteasome-mediated degradation of DELLA proteins, therefore releasing PIF3 from the repression of DELLA proteins (Feng et al., 2008). Considering the functions of DELLA proteins, PIF3 and PIF4 in seed germination, the DELLAs-PIFs module may also be an important hub for the coordinated regulation of light, GA, and ABA signaling.



MYB transcription factors: The connection between phyB and its downstream response

In addition to PIFs, phyB also transduces light signaling through other transcription factors. Among them, MYB transcription factors play an important role in the integration of different signals (Figure 1). REVEILLE1 (RVE1) and RVE2, two MYB-like transcription factors, suppress phyB-mediated seed germination by directly controlling GA biosynthesis and catabolism (Jiang et al., 2016). RVE1 physically interacts with PIF1 and their interaction enhances the abilities of PIF1 to activate ABI3 and RVE1 to repress GA3ox2. PIF1 and RVE1 directly bind to each other’s promoters to activate expression, thus forming a transcriptional feedback loop to coordinately inhibit seed germination (Yang et al., 2020a). In addition, RVE1-mediated inhibition of seed germination is dependent on the DELLA protein RGL2. RVE1 interacts with RGL2 and protects RGL2 from proteasome-mediated degradation by repressing the interaction between RGL2 and its ubiquitin E3 ligase SLY1 (Yang et al., 2020b).

MYB30, another MYB transcription factor, interacts with phyA and phyB and mediates their function in photomorphogenesis. phyA and phyB induce the expression of MYB30 under light conditions, and mutation of MYB30 can repress the long hypocotyl phenotypes of phyA and phyB mutants under FR and R/W light. The function of MYB30 in photomorphogenesis is dependent on PIF4 and PIF5 proteins. MYB30 directly induces PIF4 and PIF5 expression by binding to their promoters, and MYB30 enhances their stability by inhibiting the interaction of PIF4 and PIF5 with phyB. Furthermore, MYB30 physically interacts with PIF4 and PIF5, thus acting additively to repress photomorphogenesis (Yan et al., 2020). In addition to its function in photomorphogenesis, MYB30 is also a critical repressor of ABA-mediated seed germination (Zheng et al., 2012). MYB30 interacts with ABI5 and interferes with its transcriptional activity to restrict the function of ABI5 during seed germination (Nie et al., 2022). The ubiquitin E3 ligase MIEL1 interacts with and ubiquitinates MYB30 and ABI5, thus mediating the turnover of MYB30 and ABI5 during seed germination. ABA represses the function of MIEL1 by inducing its degradation and repressing its interaction with MYB30 and ABI5. The MIEL1-MYB30 repression module precisely regulates ABI5, thus ensuring the restriction of ABA signaling during seed germination (Nie et al., 2022).



COP1: The regulator that controls ABI5 expression and stability

The E3 ubiquitin ligase CONSTITUTIVELY PHOTOMORPHOGENIC1 (COP1) functions as a central switch in light signaling and links photoreceptors with downstream factors to coordinate the light response (Lau and Deng, 2012; Han et al., 2020). COP1 interacts with SUPPRESSOR OF PHYAs (SPAs) to promote the degradation of positive regulators of light signaling by the 26S proteasome (Hoecker, 2017). The substrates of the COP1/SPA E3 ligase mainly include phyA and phyB (Seo et al., 2004; Jang et al., 2010), the critical photomorphogenesis-promoting transcription factor ELONGATED HYPOCOTYL5 (HY5; Osterlund et al., 2000) and its homolog HYH (Holm et al., 2002), and a series of B-BOX (BBX) proteins (Xu et al., 2016; Lin et al., 2018). COP1 localizes to the nucleus in the dark; upon light exposure, COP1 migrates from the nucleus to the cytosol, thus allowing the nuclear accumulation of photomorphogenesis-promoting factors (such as HY5) and the initiation of photomorphogenesis (Lau and Deng, 2012; Hoecker, 2017; Han et al., 2020).

In addition to its pivotal role in regulating seedling photomorphogenesis, COP1 is also involved in seed germination and seedling growth, which is closely linked to the ABI5 protein (Figure 2). During postgermination stage, COP1 facilitates the binding of ABI5 to its target promoters to arrest seedling development (Yadukrishnan et al., 2020). In addition, COP1 positively regulates ABA-inhibited seedling growth by enhancing the stability of ABI5 in the dark. COP1 physically interacts with ABD1, a substrate receptor of the CUL4-based E3 ligase responsible for ABI5 degradation, and ubiquitinates ABD1 to facilitate its degradation. ABA induces nuclear accumulation of COP1 in the dark, thus activating COP1-mediated ABD1 degradation and ABI5 protein accumulation (Peng et al., 2022). In contrast, COP1 negatively regulates ABA-mediated seed germination inhibition, as the cop1 mutant shows hypersensitivity to ABA under both light and dark conditions (Chen et al., 2022; Peng et al., 2022). Under light conditions, ABA promotes COP1 enrichment in the cytoplasm, leading to the accumulation of HY5 and ABI5 proteins in the nucleus and increased ROS levels in seeds (Chen et al., 2022). But how COP1 regulates ABI5 during seed germination under dark is still unclear.
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FIGURE 2
 The integration of light and ABA signaling through COP1. In the dark, COP1 localizes in nucleus and ABA induces the nuclear accumulation of COP1 in darkness. COP1 enhances the stability of PIFs, thus leading to the activation of ABI5 expression by PIFs. ABA receptors PYL8 and PYL9 interact with PIF4 to enhance its stability but repress its transcriptional activity. ABI5 enhances its own expression by directly binding to its promoter. ABI5 also activates the expression of PYLs during seed germination, which may in turn regulate the function of PIFs. During seedling growth in darkness, COP1 protects ABI5 from degradation by targeting ABD1 for 26S proteasome-mediated degradation. COP1 interacts with transcription factors HY5 and BBX21 and promotes their proteasome-mediated degradation. Light and ABA promote COP1 export from the nucleus, thus inhibiting its function in nucleus. HY5 directly activates the expression of ABI5. While BBX21 interacts with HY5 and ABI5 to repress their ability of binding to ABI5 promoter. However, BBX21 enhances HY5 expression by directly binding to HY5 promoter.


The transcription factor HY5 is also involved in the ABA response. The hy5 mutants are hyposensitive to ABA in terms of seed germination, postgermination growth and plant lateral root growth. HY5 can directly bind to the ABI5 promoter to activate the expression of ABI5 (Chen et al., 2008). The B-box protein BBX21, a positive regulator of seedling photomorphogenesis, negatively regulates ABA signaling by interacting with HY5 and ABI5 to interfere with their binding to the ABI5 promoter (Xu et al., 2014a). In addition, BBX21 recruits the chromatin remodeler protein HRB2 to the ABI5 promoter to repress ABI5 expression (Kang et al., 2018). In contrast, BBX19 suppresses seed germination by activating ABI5 transcription (Bai et al., 2019). It is worth noting that HY5 and BBX21 are the direct substrates of COP1. COP1 targets both HY5 and BBX21 for 26S proteasome-mediated degradation (Xu et al., 2016). COP1 may also participate in the ABI5-mediated ABA response process by regulating HY5 and BBX21.

PIFs are also important for the connection between COP1 and ABI5, as COP1 positively regulates PIF protein levels in the dark. Overexpression of PIF1, PIF3, PIF4 and PIF5 suppresses cop1 phenotypes in the dark (Pham et al., 2018a). The COP1-SPA complex enhances PIF3 stability by repressing the kinase activity of BIN2, which induces PIF3 degradation via the 26S proteasome (Ling et al., 2017). COP1-SPA stabilizes PIF5 in the dark but promotes the degradation of PIF5 in response to red light through ubiquitination (Pham et al., 2018b). In addition, SPA1 can directly interact with and phosphorylate PIF1, leading to the ubiquitination and degradation of PIF1. PhyB interacts with SPA1 and enhances the recruitment of PIF1 for phosphorylation (Paik et al., 2019). Considering the activation of ABI5 by PIFs, COP1 may also participate in seed germination by PIF-mediated ABI5 regulation.



Other light factors that regulate ABI5

Moreover, a variety of components that regulate light signals have been identified to participate in ABA signaling through the regulation of ABI5. As positive regulators of far-red signaling, the transcription factors ELONGATED HYPOCOTYL3 (FHY3) and FAR-RED IMPAIRED RESPONSE1 (FAR1) can activate ABI5 expression by directly binding to its promoter (Tang et al., 2013). The light-mediated development protein DET1 physically interacts with FHY3 and represses FHY3-mediated activation of ABI5. DET1 physically interacts with histone deacetylase HDA6 and recruits HDA6 to the ABI5 promoter, leading to the repression of ABI5 expression by the enrichment of H3K27ac and H3K4me3 modifications (Xu et al., 2020). In addition, DET1 can enhance the stability of PIF1 and PIF4, which can activate the expression of ABI5 (Shi et al., 2015; Gangappa and Kumar, 2017). However, DET1 interacts with COP1 and promotes COP1-mediated degradation of HY5, which acts as a positive regulator of ABI5 expression, suggesting a more complicated role of DET1 in regulating ABI5 (Cañibano et al., 2021).




Concluding remarks

Seed germination is one of most important physiological processes, which determines the time when the plant starts to grow. Since plant growth is severely restricted by the environment, the precise regulation of germination helps plants grow in a more favorable environment. In the last two decades, many new advances have been made in elucidating the key components in seed germination control. Although the regulation of seed germination is a very complex process, there is increasing evidence that ABI5 can act as a final inhibitor of various signals regulating seed germination, including not only ABA, GA, and light signals but also auxin, BR and JA and other signals (Skubacz et al., 2016). In this paper, we present the current understanding of ABA, GA, and light signaling networks in regulating seed germination through the regulation of the important hub, ABI5. At the same time, DELLA proteins, PIF transcription factors and COP1 E3 ligase also play critical roles in this signaling crosstalk. Although the regulatory mechanisms of seed germination have been widely studied, there are still problems to be solved. First, how is GA and ABA signaling balanced by the DELLAs-ABI5 module? RGA and GAI can interact with ABI5, but whether RGL2 can participate in the regulation of seed germination through direct interaction with ABI5, similar to RGA and GAI, is still unknown. How ABA regulates DELLA proteins, especially RGL2, to inhibit GA signaling also needs to be further investigated. The regulation of ABI5 under the crosstalk of GA and ABA seems to be a key to unlock these questions. Second, both PIF and DELLA proteins can regulate the expression of ABI5, and they can directly physically interact each other in the regulation of photomorphogenesis, but it is not known whether they coordinately regulate seed germination, especially through the control of ABI5 expression. COP1 can affect the stability of both DELLA and PIF proteins, but it is still unclear whether COP1 participates in seed germination through the regulation of their functions. The function of these core light signaling components in seed germination still needs to be integrated. Finally, the downstream targets of ABI5 are still poorly understood, the revealing of ABI5 function is very important for our comprehensive understanding of the regulatory mechanism of seed germination.
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There is currently international interest in applying DNA barcoding as a tool for plant species discrimination and identification. In this study, we evaluated the utility of four candidate plant DNA barcoding regions [rbcL, matK, trnL-F, and internal transcribed spacer (ITS)] in seven genera of Gramineae including Agropyron, Bromus, Elymus, Elytrigia, Festuca, Leymus, and Lolium. Fourteen accessions were analyzed, and matK and ITS showed the highest species, subspecies, and variety discriminatory power, each resolving 11 accessions. Species discrimination using rbcL and trnL-F was lower, resolving 7 and 8 accessions, respectively. Subspecies and variety discrimination using rbcL and trnL-F could not identify 4 accessions of Agropyron. A technical system can be established using the proposed DNA barcode to rapidly and reliably identify the seven genera of Gramineae. This study serves as a “useful reference” for identifying the genetic diversity of grass germplasm resources. DNA barcoding can be utilized to uncover the relatives of different species within the same family or between different families. It can also be used to determine the related groups of important herbage, turfgrass, and crops and provide crucial background information for discovering excellent genes and improving existing crop varieties.
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DNA barcoding, haplotype, rbcL, matK, trnL-F, ITS


Introduction

Canadian taxonomist Paul Hebert first proposed the concept of DNA barcoding in 2003 (Hebert et al., 2003a). It involves using one or several standard and universal DNA fragments of the genome to identify species. Because of its rapid, simple, and accurate features, DNA barcoding has been adopted worldwide to facilitate DNA recognition and species identification (Hebert et al., 2003b; Kress et al., 2005; Hollingsworth et al., 2011; Miller, 2011). Species identification is an important foundation in taxonomy, diversity management, conservation biology, and other fields. The traditional species identification methods mainly relied on morphological characterization. However, morphological identification of species is time-consuming, laborious, and prone to error. Thus, the emergence of DNA barcoding technology was a breakthrough in species identification as it can be used to precisely identify an organism at the species level (Savolainen et al., 2005).

Research on DNA barcoding for animals has seen tremendous progress since its inception. Paul Hebert utilized mitochondrial gene COI to characterize 11 animal phylum and identified 13,320 species based on sequence analysis. Thus, COI gene was selected as the general DNA barcode for identifying animal species. So far, several new animal species have been identified using the COI barcode, including butterflies (Astraptes fulgerator) (Hebert et al., 2004), Mactra spp. (Chetoui et al., 2022), and Protaphorura spp. (Sun et al., 2017). Notably, mitochondrial genes evolve at a relatively slow rate in land plants and thus are not suitable for DNA barcoding in plants. Several studies have been conducted to find ideal DNA barcodes from chloroplast and nuclear genomes of plants (Cho et al., 2004; Chase et al., 2005). At the Third International Conference on DNA Barcoding held in Mexico in 2009, participants agreed that the chloroplast genome fragments rbcL and matK would serve as the core barcode for plant DNA barcoding, and the chloroplast genome fragment trnH-psbA and nuclear gene fragment ITS would serve as the supplementary barcode for plant DNA barcoding.

Plant species identification is the basis of botanical research and application. In plant taxonomy, applying plant DNA barcoding can aid in the identification of some cryptic species, as well as new species (Besse et al., 2021). Liu et al. (2011) analyzed Taxus from Eurasia using four chloroplast gene fragments and one nuclear gene fragment and identified 11 species and four new taxa. DNA barcoding has also been extensively applied to identify plant germplasm resources. For example, three DNA barcodes were used to identify six species and seven easily confused plants of the genus Sabia, and the sequence difference rate between the Sabia species and the easily confused plants was as high as 24.5% (Sui et al., 2011). For instance, by analyzing the DNA barcodes of 274 plant species belonging to 87 genera, 77 plant species were found to be misidentified (China Plant BOL Group et al., 2011).

Grassland is an important green ecological barrier on China’s land, and a vital source of livelihood for farmers and herders. It is also a primary foundation for high-quality development of pastoral areas, which occupies the largest area in the northern grassland, accounting for 40.72% of the country’s total grassland area (Dong et al., 2015). Gramineae grasses are the dominant and constructive species in China’s northern grasslands. The grasses are rich in genetic information, but with the enhancement of human activities, their genetic diversity has been gradually declining; therefore, protecting the grass germplasm resources is essential (Liu et al., 2021). Species identification is the prerequisite and basis for the protection of grass germplasm resources. DNA barcoding is a potential and effective method for identification and it gets rid of the obstacle that traditional morphological identification methods rely on long-term experience (Yang et al., 2022). The application of DNA barcoding to the identification of grass species will be an innovation in the methodology of grass resource identification. Thus, DNA barcoding can be utilized for grass germplasm identification, which is critical for the protection of the diversity of grass germplasm resources. In this study, we established a DNA barcode database and uncovered the genetic relationship of 14 accessions of gramineous grasses. The aim of the present study was to determine the best DNA barcode sequences for grass accessions that are common in China’s northern grasslands and our findings provide a “useful reference” for identifying genetic diversity of grass germplasm resources.



Materials and methods


Plant material and DNA extraction

Seeds of 14 accessions of gramineous forage grass used in this study were provided by the Pratacultural Science Institute, Heilongjiang academy of agricultural sciences, Harbin, China (Table 1). The plant samples were grown in the greenhouse under 16 h of light (390 μE m–2 S–1) and 8 h of darkness per day at 25°C (Figure 1). Four weeks later, the shoots of three plants (representing one sample) were harvested. Subsequently, total genomic DNA was extracted from each sample using the CTAB method (Doyle, 1987). Four pairs of primers were designed using DNAMAN, according to the sequences of three chloroplast genes (matK, rbcL, and trnL-F) and one nuclear region (ITS) of Agropyron, Bromus, Elymus, Elytrigia, Festuca, Leymus, and Lolium.


TABLE 1    Details of the 14 grass accessions used in this study.
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FIGURE 1
The seven genera of Gramineae.




DNA barcode amplification and sequencing

The DNA sequences of the chloroplast and nuclear regions of the various grasses were obtained from the Gene Bank (Table 2). The primers were synthesized by Sangon Biotech (Shanghai) Co., Ltd. Polymerase chain reactions were then conducted in a 25-μL tube containing 1 μL genomic DNA (100 ng/μL), 1 μL of each primer (10 μmol/μL), 10 μL Takara Taq DNA polymerase master mix and water to a final volume of 20 μL. ITS gene was amplified under the PCR conditions of 95°C for 3 min (initial denaturation), followed by 30 cycles of denaturation at 95°C for 30 s, annealing at 55°C for 15 s, and extension at 72°C for 1 min, and a final extension at 72°C for 10 min. Meanwhile, the three chloroplast genes were amplified at 95°C for 3 min, then 30 cycles at 95°C for 30 s, annealing at 53°C for 15 s, extension at 72°C for 30 s, and a final extension step at 72°C for 5 min (Di et al., 2015). Subsequently, sequencing reactions were performed by Sangon Biotech (Shanghai) Co., Ltd.


TABLE 2    Primer sequences.
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Genetic diversity analysis and species delimitation

Haplotype analysis of the 11 species was performed by comparing the sequence matrices of the inland, coastal, and total samples using MEGA X to obtain a K2P genetic distance matrix (Kumar et al., 2018). Haplotype analysis was performed using DNAsp v6.12.03 (Rozas et al., 2017) for the sequences of ITS, matK, rbcL, and trnL-F, respectively. The number of haplotypes showed included ITS, matK, rbcL, and trnL-F. The species delimitation was based on the sequence length and haplotype of DNA barcodes.



Evolutionary relationships of taxa

Evolutionary analysis of the plants belonging to seven genera of Gramineae was conducted using MEGA X. Sequence alignment was initially performed using Clustal W (Kumar et al., 2018). The evolutionary history was inferred using the Neighbor-Joining method (Saitou and Nei, 1987). The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (1,000 replicates) are shown next to the branches (Felsenstein, 1985). The evolutionary distances were computed using the number of differences method (Nei and Kumar, 2000) and expressed as the number of base differences per sequence. The rate variation among sites was modeled with a gamma distribution (shape parameter = 1). The proportion of sites where at least 1 unambiguous base is present in at least 1 sequence for each descendent clade is shown next to each internal node in the tree. All ambiguous positions were removed for each sequence pair (pairwise deletion option). The evolutionary analyses involved 8, 8, and 11 nucleotide sequences, as well as 706, 1,479, and 2,201 positions in the ITS, cpDNAs, and 4-DNA dataset, respectively.




Results


Sequencing and haplotype analysis

The primer sequences of ITS, matK, trnL-F, and rbcL were designed to allow amplification within the target regions and did not need any modification (Table 2). A total of 56 sequences were obtained from the 14 processed specimens (14 from each target gene). The size of the sequences ranged from 682 to 701 bp for ITS, 395 to 408 bp for matK, 444 to 473 bp for trnL-F, and 572 bp for rbcL (Tables 3–5). Haplotype analysis showed that 8 haplotypes were included in ITS, matK, and rbcL of 8 grass genera, and 7 haplotypes were included in trnL-F of 8 grass genera (Table 3). Between different species or subspecies of the same genus, 4 haplotypes were included in ITS and matK, 1 haplotype was included in rbcL, and 2 haplotypes were included in trnL-F (Table 4). Between the different varieties of Lolium perenne, 1 haplotype was included in ITS, matK, rbcL, and trnL-F (Table 5).


TABLE 3    Database of DNA barcoding for eight species grasses.
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TABLE 4    Database of DNA barcoding for four samples of Agropyron species.
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TABLE 5    Database of DNA barcoding for four varieties of Lolium perenne.
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Generating DNA barcoding database

A DNA barcoding database was generated based on the differences in base number and haplotype of 4 gene fragments of ITS, matK, trnL-F, and rbcL in 8 grass varieties. The results showed that DNA barcodes of different species of the same genus were different (Table 3). Also, DNA barcodes of different subspecies of the same species were different (Table 4). However, the DNA barcodes of different varieties of the same species were the same (Table 5). Notably, DNA barcoding did not reveal any differences within species, but large differences among species were observed, enabling identification.



Evolutionary relationships of taxa

The ITS-based phylogenetic tree of the 8 grass varieties on the 706-bp alignment is shown in Figure 2A. The optimal tree with the sum of branch length being equal to the 170.97 was generated. The results showed that all the 8 grass varieties formed a monophyletic clade with a high bootstrap value. Elymus sibiricus and Elytrigia repens clustered within the same subclade, suggesting that they may have closer genetic relationships than E. sibiricus and E. dahuricus. Festuca rubra and Lolium perenne also clustered within the same subclade and were separated from the other six species, suggesting that they are more closely related in evolution.


[image: image]

FIGURE 2
Topology resulting from Neighbor-Joining analysis of ITS and 3-cpDNA in the seven genera of Gramineae. One ITS dataset (A), 3-cpDNA dataset (matK, rbcL, and trnL-F) (B).


The 3-cpDNA tree of Melilotus based on 1,479-bp of concatenated plastid sequences (rbcL, matK, and trnL-F) is shown in Figure 2B. Similar to the ITS tree for the 8 grass varieties, the 3-cpDNA tree indicated that all the 8 grass varieties formed a monophyletic clade with a high bootstrap value. E. sibiricus and E. repens also clustered within the same subclade, confirming that they may have closer genetic relationships than E. sibiricus and E. dahuricus. Meanwhile, F. rubra and L. perenne clustered within the same subclade with a single clade. The only difference compared to the ITS tree is a single subclade of Bromus inermis and Leymus chinensis, suggesting that the two are more closely related.

The 4-gene tree of 11 forage species yielded 2,998 bp of four concatenated genes (rbcL, matK, trnL-F, and ITS) (Figure 3). The results showed that the two variants of Agropyron clustered in the same subclade, and the 4 species of Agropyron clustered together. Notably, the evolutionary relationship of the other grasses was similar to that of the ITS tree and the 3-cpDNA tree.
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FIGURE 3
Topology resulting from Neighbor-Joining analysis of one 4-gene dataset using MEGA X. Neighbor-Joining analysis of one 4-gene dataset of 14 samples of grass belonging to Gramineae (A), neighbor-Joining analysis of one 4-gene dataset in 4 samples of Agropyron species (B).





Discussion

Comparison of the genetic diversity of grass germplasm resources in different regions can reveal the distribution rules of different taxa, determine the center of diversity distribution, and provide guidance for the collection and conservation of grass germplasm resources. Chloroplast genes matK and rbcL were proposed as the candidate sequences for plant DNA barcoding by The Plant Working Group of the Consortium for the Barcode of Life (CBOL) (Kress and Erickson, 2007; CBOL Plant Working Group, 2009). However, in large scale studies, matK and rbcL provide a discriminatory efficiency at the species level of 72 and 49.7%, respectively, and they often fail to differentiate closely related species (Kress and Erickson, 2007; Ferri et al., 2009; Li et al., 2009; China Plant BOL Group et al., 2011; Hollingsworth et al., 2011; Liu et al., 2011; Peterson et al., 2014).

matK is characterized by rapid evolution and a high ability of interspecific identification, but the primer is not universal (Arca et al., 2012). Meanwhile, rbcL has high generality, easy amplification, and comparability, but its discriminatory efficiency at the species is not efficient. As a result, other chloroplast regions such as trnH-psbA, trnL, trnL-F (Fazekas et al., 2008; Arca et al., 2012) and the nuclear ribosomal Internal Transcribed Spacer (ITS) region are routinely used as supplementary barcodes alongside matK and rbcL (Sass et al., 2007; Fazekas et al., 2008).

Diversity is key in the protection of grass germplasm resources. Evaluation of genetic diversity is crucial for the protection of grass germplasm resources and plays a guiding role in formulating the next protection objects and methods. Current genetic diversity evaluations mainly focus on understanding the genetic diversity within species by analyzing DNA markers such as RFLP (Restriction Fragment Length Polymorphism), AFLP (Amplified Fragment Length Polymorphism), RAPD (Random Amplification Polymorphic DNA), and SSR (Simple Sequence Repeats) (Brummer et al., 1995). However, a unified appraisal evaluation system has not been formulated because of the diversification of detection methods and the lack of universality of inter-species data.

Plant DNA barcodes are suitable for classification levels above species. However, significantly different populations within species can also be identified with high versatility in some taxa. Analyzing the genetic diversity of grass germplasm resources using DNA barcodes can reveal the genetic relationship between different species within a family and between different families. Moreover, DNA barcoding can be used to determine the relative groups of important pastures, turfgrass, and crops and uncover important background information for the discovery of excellent genes and superior varieties. Comparing the genetic diversity of grass germplasm resources in different regions can reveal the distribution rules of different groups, determine the diversified distribution center, and provide guidance for collecting and protecting grass germplasm resources.

Previous studies showed that the barcodes matK and rbcL had about 50% correct assignment rate (CAR) in grasses (Li et al., 2015; Loera-Sánchez et al., 2020). The low CARs for grass DNA barcodes could be due to various factors. Some grass species, such as Poa spp., are notoriously hard to discriminate morphologically and their phylogeny is subject to controversy. This could have resulted in misidentified reference sequences (Loera-Sánchez et al., 2020). Another factor is the high genetic similarity between some grass taxa. This may result in a higher proportion of incorrect taxonomic assignments for such grass species (Meyer and Paulay, 2005; Loera-Sánchez et al., 2020). Our results showed that the highest CAR for grasses was 100% with matK followed by rbcL (87.5%; Table 6). ITS, matK, rbcL, and trnL-F genes were make for good candidate for large-scale DNA barcoding of some grasses. However, further work is needed to produce reference sequences in more grass species of Gramineae.


TABLE 6    Species-level assignment success by barcode.
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In this study, we utilized highly conserved universal primers to obtain ideal DNA barcoding sequences. ITS, matK, rbcL, and trnL-F genes were selected and used in combination to identify gramineous forages. The bases of the four gene fragments and the haplotype combination of the marker sites constituted the DNA identification code. Each forage has its own specific DNA. The identification success rate at the genus and species levels was 100%. However, this combination method could not identify different varieties of the same grass species. For example, the four perennial ryegrass varieties, including Medalist Gold, Pickwick, Taya, and Ascend have a common DNA identification code.



Conclusion

In this study, eight forage species were identified through polymorphic locus analysis, haplotype delineation, and different haplotype combinations of marker loci. The K2P model was used to construct a phylogenetic tree, which classified the eight forage species into different clades. Combining ITS, matK, rbcL, and trnL-F had a significantly higher identification effect than using a single fragment. The monophyly of each species of Gramineae was verified based on auxiliary analysis of the phylogenetic tree. Our results meet the requirements of DNA barcoding to locate species in a taxonomic system (family, genus, etc.) with sufficient phylogenetic information.
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The deficiency of available phosphate significantly limits plant growth and development. This study sought to investigate how alfalfa (Medicago sativa), a high-yielding and high-quality forage widely cultivated worldwide, responds to phosphate deficiency stress by integrating transcriptional and post-transcriptional data. In this study, 6,041 differentially expressed genes (DEGs) were identified in alfalfa roots under phosphate deficiency conditions. Furthermore, psRNATarget, RNAhybrid, and TargetFinder were used to predict the target genes of 137 differentially expressed miRNAs (DEMs) in the root. In total, 3,912 DEGs were predicted as target genes. Pearson correlation analysis revealed 423 pairs of miRNA-mRNA regulatory relationships. MiRNA negatively regulates mRNA involved in regulatory pathways of phosphate deficiency responses in alfalfa. miR156e targeted squamosa promoter-binding-like protein 13A (SPL13), miR160c targeted auxin response factor 18 (ARF18), and miR2587a controlled glycolysis and citrate cycle via Phosphoenolpyruvate carboxykinase (ATP) (PCKA). Novel-miR27 regulated SPX domain-containing protein that controls phosphate transport in alfalfa root, novel-miR3-targeted sulfoquinovosyl transferase SQD2 controlled sulfolipid synthesis and glutathione S-transferase (GST; mediated by miR169j/k and novel-miR159) regulated glutathione metabolism. miR399l regulated auxin-responsive protein SAUR72 involved in IAA signal transduction, while abscisic acid receptor PYL4 (regulated by novel-miR205 and novel-miR83) participated in ABA signal transduction. Combined miRNA-mRNA enrichment analysis showed that most miRNAs regulate the phosphate starvation response of alfalfa by modulating target genes involved in carbohydrate metabolism, sulfolipid metabolism, glutathione metabolism, and hormone signal transduction. Therefore, this study provides new insights into the post-transcriptional regulation mechanism of phosphate deficiency responses and new perspectives on phosphate assimilation pathways in alfalfa and other legumes.
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Introduction

Phosphorus is an essential macronutrient for plants and participates in various physiological processes of plant metabolism, growth, development, and reproduction (Lopez-Arredondo et al., 2014). Orthophosphate is the sole form of phosphate (Pi) absorbed and utilized by plants in the field. However, about 70% of the global arable land including acidic and alkaline calcareous soils, is deficient in available Pi (Kirkby and Johnston, 2008). Otherwise, orthophosphate is rapidly converted to insoluble and organic phosphorus, and depletes available Pi in the soil, exposing plants to Pi deprivation stress (Lopez-Arredondo et al., 2014; Liu, 2021). Conversely, plants have evolved highly controlled mechanisms to maintain Pi homeostasis and promote phosphorus circulation in vivo (Rouached et al., 2010). For example, plants enhance Pi availability from the soil through remodeling root architecture, inducing Pi transporters, secreting organic acids and phosphatases, symbiosis with arbuscular mycorrhizal fungi (AMF), storing phosphate, remobilizing phosphate, and optimizing the metabolic process of phosphate utilization (Rouached et al., 2010; Lopez-Arredondo et al., 2014; Lambers, 2022).

Plants acquire more Pi by suppressing the development of the primary root and increasing the length and density of lateral roots and root hairs, resulting in a root system with a larger surface area (Lynch, 2011; Liu, 2021). Similarly, alfalfa (Medicago sativa) adapts to Pi deficiency by increasing the number and length of root hairs (Vance et al., 2003; Li et al., 2022). Pi transporters including PHT1, PHT2, PHT3, and PHT4 are abundantly expressed under Pi deprivation conditions, thus promoting the uptake and transport of Pi by roots (Liu et al., 2011). MtPT6, a member of the PHT1 family gene from M. truncatula, effectively improves Pi acquisition in transgenic Arabidopsis (Cao et al., 2020).

Plant roots also secrete organic acids, which enhance Pi absorption (Liu, 2021). The ALMT (Al-activated malate transporter) and MATE (multi-drug and toxic compound extrusion) enhance plant tolerance to aluminum toxicity by regulating the exudation of malate and citrate (Liu et al., 2009; Tokizawa et al., 2015). Plants also exude phosphatase into the soil under Pi deficiency conditions to activate organic phosphorus and induce the expression of acid phosphatase (ACP) and ribonuclease genes (Dong et al., 2004; Zhang et al., 2014b). The M. truncatula purple acid phosphatase encoding gene MtPAP1 effectively improves phytate absorption, which was the sole source of phosphorus in Arabidopsis cultivated under phosphate-deficient conditions (Xiao et al., 2006). GmACP1 overexpression increased Pi uptake efficiency in soybean root hairs by about 11%–20% (Zhang et al., 2014a).

MicroRNAs (miRNAs) are a kind of small RNAs, endogenously synthesized non-coding RNAs (~22 nucleotides long) that play critical roles in a wide variety of biological processes (Chen, 2009). miRNA complementarily combines with target genes and dissociates from the single phosphodiester bonds present in the target mRNA molecules (Brodersen et al., 2008; Khraiwesh et al., 2012). Consequently, the target gene with potential silencing is induced by spliced transcription or suppressed translation by loading through RNA-induced silencing complex (RISC) onto ARGONAUTE (AGO; Ha and Kim, 2014). miRNAs play essential roles in maintaining Pi homeostasis in plants (Fujii et al., 2005; Kuo and Chiou, 2011; Lei et al., 2016; Kumar et al., 2017). Some studies have shown that miRNAs are involved in the response of Arabidopsis (Hsieh et al., 2009), white lupin (Lupinus alba; Zhu et al., 2010), common bean (Phaseolus vulgaris; Valdés-López et al., 2010), soybean (Glycine max; Zeng et al., 2010; Xu et al., 2013), M. truncatula (Jagadeeswaran et al., 2009) and other plants to Pi starvation stress. The response of certain miRNAs (such as miR399, miR827, miR156, miR2111, miR396, miR319, and miR1507) to Pi-deficiency stress in plant has been clarified (Fujii et al., 2005; Hackenberg et al., 2013; Paul et al., 2015; Lei et al., 2016; Kumar et al., 2017). miR399 is specifically expressed under low Pi conditions and can regulate the protein degradation of two Pi transporters (PHO1 and PHT1) by cleaving the ubiquitin-binding E2 enzyme encoding PHO2 mRNA (Aung et al., 2006; Bari et al., 2006). Therefore, miR399 is involved in Pi uptake and root-to-shoot transport in plants (Chiou et al., 2006; Liu et al., 2012).

Alfalfa is a high-quality forage crop widely used globally. In China, alfalfa is mainly distributed in the northwest where most soils are alkaline and calcareous (Guo et al., 2021). Consequently, Pi deficiency and drought limit alfalfa productivity in these soils (Fan et al., 2015). Most studies have separately investigated miRNA and mRNA regulation mechanisms under Pi deprivation at the transcriptional level (Hsieh et al., 2009; Zhu et al., 2010; Wang et al., 2014; Li et al., 2018, 2022; Ding et al., 2021). However, integrating transcriptional and post-transcriptional datasets to uncover the co-regulatory mechanisms is currently an important research focus. A few studies have reported on the combined miRNA and mRNA regulatory mechanisms of responding to Pi starvation in crops, except for alfalfa. This study analyzed the complex response pathways regulated by miRNA and mRNA to obtain a comprehensive mechanism for improving the efficiency of Pi acquisition, recovery, and recycling in roots. Therefore, it provides a reference for assessing the miRNA-mediated regulation mechanism of Pi deficiency response in alfalfa and a foundation for improving the efficiency of Pi absorption and utilization in alfalfa.



Materials and methods


Plant material and growth conditions

Alfalfa (M. sativa cv. Magnum Salt) was used in this study. Alfalfa seedlings were transferred to a nutrient solution after 8-days of seeds germination and cultured as previously described (Li et al., 2018). Briefly, the seedlings were cultured in normal nutrient solution for 15-days to ensure growth uniformity. The seedlings were then cultured under normal Pi condition (NP, 500 μmol/L KH2PO4) or Pi deficient condition (LP, 5 μmol/L KH2PO4) for 20 days. KOH was added to the nutrient solution to adjust the pH to 5.8–6.0. KCl was added in Pi deficient solution to sustain enough K nutrient. Root samples were collected for subsequent mRNA and miRNA transcriptome sequencing analysis. Each treatment had three biological replicates.



mRNA and miRNA transcriptome data obtained under Pi deprivation conditions

Mid-vegetative alfalfa seedlings subjected to normal or Pi deficiency treatment for 20 days were used for sequencing analysis. Sequencing of small RNA transcriptome data was conducted as previously described (Li et al., 2018). Then, the small RNA transcriptome data were downloaded from the GEO database (NCBI accession number: SRP110842). The mRNA transcriptome data were obtained from the same root sample as the small RNA data. The sequencing and analysis were conducted by Shanghai Majorbio Technology Co Ltd.1 Briefly, total RNA was extracted, and its integrity was validated before further analysis. A library was constructed using RNA for each sample. Then, the cDNA libraries were sequenced on the Illumina Hiseq2500/Miseq system (2 × 150 bp), and the obtained sequences were uploaded to the NCBI database (accession number: SRP133551).



Transcriptomic analysis of alfalfa root under Pi deficiency conditions

Fastp2 was used to remove sequencing adapters, low-quality sequenced bases, poly-N sequences, and unknown bases from the raw data. HISAT23 was used to align the clean reads to the reference genome of M. sativa cv. Xinjiang Daye (Chen et al., 2020b). RSEM was used to quantify the expression levels of the transcripts (Zhou et al., 2016). The expression quantification results were normalized to transcripts per million (TPM) reads. The DESeq2 was used for differential expression analysis. Differentially expressed genes (DEGs) were identified at a threshold of log|fold change (LPR/NPR)| > 1 and p < 0.05. The DEGs were annotated using the related databases including NCBI-NR,4 Swiss-Prot,5 GO (Gene Ontology),6 and KEGG (Kyoto Encyclopedia of Genes and Genomes).7 The functional classification of the DEGs, including GO functional enrichment and MapMan8 (Usadel et al., 2009) classification, was also conducted.



Prediction of miRNA target gene

The candidate target genes to be predicted were DEGs obtained from the same samples. Target genes were predicted using psRNATarget9 (Dai et al., 2018), RNAhybrid10 (Rehmsmeier et al., 2004), and TargetFinder11 (Allen et al., 2005). The target genes from the three prediction gene sets were selected as the candidate miRNA-targeted genes of the corresponding miRNA. The distribution of the predicted miRNA-targeted genes was analyzed using TBtools (Chen et al., 2020a).



Construction of miRNA-mRNA regulatory network

The correlation between miRNA and mRNA expression was analyzed using Pearson correlation to further determine the regulatory relationship between miRNAs and their target genes (Bylesjo et al., 2007). Negatively co-expressed miRNA-target gene pairs were obtained using the value of miRNA-mRNA at a threshold of correlation < −0.8 and p < 0.05 (Fan et al., 2021). Cytoscape (version 3.9.1) was used to selectively construct the miRNA-mRNA regulatory network (Shannon et al., 2003). Furthermore, the miRNA-regulated target mRNAs were subjected to GO, KEGG, and MapMan enrichment analyses. The biological processes related to the miRNA-regulated target genes involved in the regulation mechanism of Pi uptake or pathways response to Pi deficiency were also determined. Subsequently, the enriched metabolic pathways or biological processes were visualized.



Expression validation of miRNA and mRNA using qRT-PCR

In this study, alfalfa seedlings were cultivated with strict adherence the conditions for RNA-seq as described by Li et al. (2018). The root tissue of the seedlings was used for total RNA extraction after they were subjected to 20 days of phosphate deficiency. The total RNA extracted was further used for qRT-PCR assay. Reverse transcription of miRNA was performed by stem-loop method as described in miRNA 1st Strand cDNA Synthesis Kit (by stem-loop; MR101, Vazyme, Nanjing, China). The specific primers for miRNAs reverse transcription and qRT-PCR assay were designed using miRNA Design V1.01 software (Vazyme, China). The U6 spliceosomal RNA of M. truncatula was used as internal reference for detection of miRNA expression. The universal reverse primer mQ-Primer-R and miRNA Universal SYBR qPCR Master Mix (MQ101, Vazyme) was used for qRT-PCR detection of miRNAs. The process of reverse transcription of mRNA was performed as described in the cDNA Synthesis Kit (R212, Vazyme). qPCR master mix (Q411, Vazyme) was used for qRT-PCR. β-actin was used as internal reference. The specific primers for genes were designed by Primer-BLAST.12 The primers used in this assay listed in Supplementary Table 1. In this assay, each sample contained three biological replicates, each comprising three technical replicates.




Results


mRNA sequencing data overview

More than 6G of clean reads were obtained in each library by transcriptome sequencing. After filtering out low-quality reads and sequencing adapters, the Q30 values were greater than 90.92%. About 83.89%–86.38% of the reads were mapped to the alfalfa genome, and 40.29%–42.17% were uniquely mapped (Supplementary Table 2). The principal component analysis (PCA) of the mRNA expression data showed that the first principal component contributed 41.40% of the difference between the two groups (Figure 1A). Moreover, the wide distance between transcriptional data in root under normal Pi treatment (NPR) and under deficient Pi treatment (LPR) indicated low similarity and obvious differences in transcriptome patterns (Figure 1A). The DEGs were determined at a threshold of p-adjusted <0.05 and log|fold change (FC)| > 1. A total of 6,041 DEGs contained 3,944 upregulated genes and 2,097 downregulated genes were in the roots (Figures 1C,E; Supplementary Table 3A).
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FIGURE 1
 The profiles of differentially expressed genes (DEGs) and differentially expressed miRNAs (DEMs)under Pi deficiency conditions. (A) The principal component analysis (PCA) of DEGs under normal and Pi deficient conditions. (B) The PCA of DEMs under normal and Pi deficient conditions. (C) The volcano of DEGs. (D) The volcano of DEMs. (E) The profiles of DEGs in different libraries. NPR represents alfalfa seedlings roots under normal phosphate treatment. LPR represents alfalfa seedlings roots under phosphate deficiency treatment. Red or blue box indicates increase or decrease in the fold change value. Full red indicates ≥ 2-fold change. Full blue indicates ≤ −2-fold change.




Functional classification of differentially expressed genes

The obtained DEGs were further annotated using NCBI-NR, GO, Swiss-Prot, and other databases. GO functional enrichment, and MapMan analyses were used to classify the DEGs. The DEGs were divided into several categories involved in Pi assimilation (phosphate ion homeostasis, GO:0055062; cellular response to phosphate starvation, GO:0016036; phosphate ion transport, GO:0006817), carbohydrate metabolism (starch biosynthetic process, GO:0019252; glycolytic process, GO:0006096), lipid metabolism (phospholipid catabolic process, GO:0009395; sulfolipid biosynthetic process, GO:0046506), cell growth, flavonoid and isoflavonoid metabolism (chalcone metabolic process, GO:0009714; flavonoid biosynthetic process, GO:0009813), and stress resistance (response to extracellular stimulus, GO:0009991; response to oxidative stress, GO:0006979) based on GO annotation (Figure 2; Supplementary Table 3B).
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FIGURE 2
 Gene ontology enrichment of differentially expressed genes. Different color represents different functional groups.


The expression of E2 ubiquitin-conjugating enzyme 24 (UBC24)/PHO2, involved in phosphate ion homeostasis (Bari et al., 2006), decreased by 1.19–1.44-fold in this study (Supplementary Table 3A). The expression of SPX domain-containing proteins 1 (SPX1) to SPX3, involved in the cellular response to Pi starvation (Aung et al., 2006), was increased by 2.67–10.08-fold. The expression of inorganic phosphate transporters 1–4 involved in Pi transport involved in Pi transport increased by 2.65–7.08-fold. The expression of inorganic phosphate transporters 1–3 was increased by 1.37–2.83-fold (Supplementary Table 3A). Moreover, the expression of inorganic pyrophosphatases 1 (PPA1) and PPA2, and purple acid phosphatases 1 (PAP1) and PAP27 increased by >2.77-fold and >1.24-fold, respectively. The expression of acid phosphatase (ACP) also increased. These results indicate that Pi deficiency significantly affect the activities of phosphorus-related enzymes. Furthermore, the expression of protein phosphatase 2C decreased (Supplementary Table 3A), indicating that Pi deficiency stress may inhibit protein phosphorylation. The expression of phosphate response regulator like 5 (PHL5), a MYB family transcription factor involved in phosphorus assimilation, was decreased by 1.07–2.89-fold (Supplementary Table 3A).

The expression of phosphoinositol synthase-related gene encoding type I inositol-1,4,5-trisphosphate 5-phosphatase was decreased, while the expression of phosphoinositol-forming enzyme inositol-3-phosphate synthase was increased (Supplementary Table 3A). Phosphorus is also stored in plants as inositol phosphate, mostly in the form of inositol hexaphosphate. However, some high-valence phosphoinositides contain more phosphorus than inositol phosphate (Hefferon, 2019). Phytic acid is synthesized via continuous sequential phosphorylation of the starting substrate glucose-6-phosphate (G-6-P; Raboy, 2001). Glycolysis-related genes were upregulated by 1.49–3.71-fold (fructose bisphosphate aldolase), 1.27–1.72-fold (glyceraldehyde-3-phosphate dehydrogenase), 1.44–2.95-fold (pyruvate kinase 1), 1.76–3.29-fold (pyruvate decarboxylase) and more than 3.07-fold (putative glycerol-3-phosphate transporter 1; Supplementary Table 3A), indicating enhanced glycolysis.

Furthermore, the expression of genes involved in response to Pi deficiency stress, including MLP-like protein 28 (1.34–5.89-fold), pathogenesis-related proteins (2.86–7.13-fold), and most peroxidases, were increased. The expression of several genes involved in glutathione metabolic process, peroxidase activity, and the metabolic process of reactive oxygen species were also induced. The expression of most genes related to the synthesis of chalcone, isoflavonoids, naringenin-chalcone, and anthocyanin was also induced (Supplementary Table 3B).

MapMan enrichment analysis was used to further assess the functions of the DEGs and their related biological processes. The results showed that the DEGs were involved in plant growth regulation, oxidative protection, hormone synthesis and signal transduction, and protein ubiquitination (Supplementary Figure 1; Supplementary Table 3C). Meanwhile, some DEGs were involved in plant growth (cell design, cycle, and development), abiotic stress responses (including heat shock, cold, drought, wounding, and other abiotic stresses), and plant hormone signal transduction (including auxin, ethylene, cytokinin, jasmonate, and salicylic acid). Transcription factor families were also identified, including ERF, WRKY, bHLH, and NAC (Supplementary Figure 1; Supplementary Table 3C).



Target gene prediction analysis

For the miRNA data, the contribution rate of the first principal component to the difference between the two groups was 59.53%, indicating that the two groups of miRNA data were significantly different (Figure 1B). Based on the previous result (Li et al., 2018), the DEMs were screened only at p < 0.5 (Figure 1D), and the results showed that 137 DEMs in the roots, including 86 known miRNAs and 51 novel miRNAs were detected (Supplementary Table 4).

The target genes of DEMs were predicted using RNAhybrid, psRNATarget, and TargetFinder. The results showed that 1,423, 2,818, and 965 target genes were predicted by RNAhybrid, psRNATarget, and TargetFinder, respectively (Figure 3A; Supplementary Table 5). The intersection of the three sets of results was used to determine the maximum predicted target genes. About 64.76% (3,912) of the DEGs were predicted as target genes, of which 2,516 were upregulated and 1,396 downregulated (Figure 3B).
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FIGURE 3
 Distribution of miRNA-targeted genes. (A) Target genes predicted by RNAhybrid, psRNATarget, and Targetfinder. (B) miRNA-targeted mRNAs accounting for total differentially expressed mRNAs.




Combined expression analysis of miRNA and mRNA

Expression correlation analysis between DEMs and target mRNAs in alfalfa roots was performed to identify potential miRNA-mRNA pairs associated with response to Pi deprivation stress. miRNAs negatively regulate the expression of their target mRNAs through mRNA cleavage or translational repression. Herein, miRNA and mRNA had a mutual regulation relationship if: (a) there was a targeting relationship between miRNA and mRNA; (b) the expressions of miRNA and mRNA were negatively correlated with a correlation coefficient < −0.8 and value of p <0.05. A total of 423 miRNA-mRNA pairs were identified, of which 187 known miRNA-mRNA pairs and 125 novel miRNA-mRNA pairs were correlated (Supplementary Table 6; Supplementary Figure 2). The combined analysis showed that a miRNA regulated several mRNAs, and several miRNAs also targeted one miRNA. Cytoscape was used to construct miRNA-mRNA regulatory network consisting of negatively correlated miRNA and mRNA pairs involved in Pi starvation response (Figure 4).
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FIGURE 4
 Regulatory network of differentially expressed miRNAs and differentially expressed genes. Diamond and square represent miRNA and mRNA, respectively. Green diamond and yellow diamond represent downregulated and upregulated miRNA, respectively. Line represents negatively regulatory relationship between miRNA and its target. Red or blue square indicates increase or decrease in the fold change value. Full red indicates ≥ 2-fold change. Full blue indicates ≤ −2-fold change. GST, Glutathione S-transferase; LTP2, non-specific lipid-transfer protein 2; TKT2, probable 1-deoxy-D-xylulose-5-phosphate synthase 2; F-box, F-box protein; IOMT9, isoflavone-7-O-methyltransferase 9; SAUR72, auxin-responsive protein SAUR72; WRKY65, WRKY transcription factor 65; CEX15, carboxylesterase 15; DnaJ, chaperone DnaJ-like protein; TPPJ, trehalose-phosphate phosphatase J; PCKA, phosphoenolpyruvate carboxykinase (ATP); RBCMT, ribulose-1,5 bisphosphate carboxylase/oxygenase; COPT6, copper transporter 6; PYL4, abscisic acid receptor PYL4; SPL13, squamosa promoter-binding-like protein 13A; ARF18, auxin response factor 18 isoform X1; AP2, AP2-like ethylene-responsive transcription factor TOE3; PHO1L, phosphate transporter PHO1-like protein; HSP70, heat shock 70 kDa protein; SUC8, sucrose transport protein SUC8; NRT3.1, high-affinity nitrate transporter 3.1; GRAS, GRAS family transcription factor; NSP2, nodulation-signaling pathway 2 protein-like; ITPK1, inositol-tetrakisphosphate 1-kinase 3; SQD2, sulfoquinovosyl transferase SQD2.


Among the known miRNAs, miR156g-5p targeted isoflavone-7-O-methyltransferase 9 (IOMT9), cytochrome P450 monooxygenase CYP72A65, non-specific lipid-transfer protein 2 (LTP2) and other genes (Figure 4). Meanwhile, miR156e targeted squamosa promoter-binding-like protein 13A (SPL13), whereas miR166a targeted Peroxidase 12-like protein. miR160c targeted auxin response factor 18 (ARF18), miR2587a targeted Phosphoenolpyruvate carboxykinase (ATP; PCKA), whereas miR399l targeted WRKY transcription factor 65 (WRKY65) and auxin-responsive protein SAUR72 (Figure 4).

Among the novel miRNAs, novel-miR110 targeted high-affinity nitrate transporter 3.1 (NRT3.1), novel-miR153 targeted NPS2 protein-like, novel-miR159 targeted glutathione S-transferase (GST) and purple acid phosphatase 22 (PAP22; Figure 4). Meanwhile, novel-miR205 targeted chaperone DnaJ-like protein and abscisic acid receptor PYL4 (PYL4), novel-3 targeted sulfoquinovosyl transferase SQD2 (SQD2), novel-miR60 regulated inositol-tetrakisphosphate 1-kinase 3 (ITPK1), while novel-miR83 targeted the GRAS family transcription factor (GRAS), PYL4, and heat shock 70 kDa protein (HSP70; Figure 4). Some unannotated genes also formed a negative regulatory relationship with miRNAs (Supplementary Table 6).



The role of miRNA-targeted genes involved in Pi starvation response

Functional enrichment analyses of miRNA-mediated genes, including GO and KEGG enrichment analyses, were performed to integrate the miRNA and mRNA transcriptional datasets of alfalfa roots under Pi deprivation conditions. The miRNAs and their targets involved in the biological processes of responding to Pi deficiency were summarized based on the enrichment of miRNA-targeted DEGs. The GO enrichment analysis showed that Pi is involved in metabolic processes, including cellular response to phosphate starvation (GO:0016036) and phosphate ion transport [GO:0006817 contained putative SPX domain-containing protein (MS.gene066027, MS.gene71427, MS.gene004826, and MS.gene52979; Supplementary Table 7A; Supplementary Figure 3)]. Novel-miR27 targeted SPX domain-containing protein, also known as phosphate transporter PHO1-like protein (PHO1L) in M. truncatula. In the KEGG pathways, glycolysis (map00010), glycerolipid metabolism (map00561), glutathione metabolism (map00480), plant hormone signal transduction (map04075), vitamin B6 metabolism (map00750), flavonoid and isoflavonoid biosynthesis (map00941 and map00943), and other pathways were enriched (Supplementary Table 7B; Supplementary Figure 4).

miRNA-mRNA regulatory pathways were obtained using KEGG functional enrichment analysis. The results showed that miR5232 negatively regulates PPA and controls the conversion of pyridoxamine 5-phosphate to pyridoxamine, pyridoxal 5-phosphate to pyridoxal, and pyridoxine 5-phosphate to pyridoxine (Figure 5). More phosphorus is released from the organism through such regulatory mechanisms. Novel-miR3 positively regulates SQD2, thus influencing sulfolipid formation, representing how membrane lipids are converted under deficient phosphate conditions (Figure 5). Indole acetic acid (IAA) and abscisic acid (ABA) pathways were enriched in plant signal transduction. The miR399l-downregulated auxin-responsive protein SAUR72 is involved in IAA signal transduction (Figure 5). Novel-miR159 and novel-miR83 downregulated the abscisic acid receptor PYL4 and participated in ABA signaling. Novel-miR159 converts glutathione (GSH) into RS-glutathione, which is then converted into glutamate and RS-cysteinyl-glycine. Mtr-miR169j/k negatively regulated GST to regulate the glutathione pathway (Figure 5). miR2587a downregulates PCKA, and possibly participates in glycolysis and citrate cycle (TCA cycle) by affecting the conversion of oxaloacetate to phosphoenol-pyruvate (Figure 5). Novel-miR93 downregulated chalcone-flavonone isomerase (CHI), thus affecting the synthesis of pinocembrin, liquiritigenin, butin, and naringenin. miR156g-5p upregulated IOMT9, further regulating the synthesis of isoformononetin and prunetin (Figure 5). The expression of miRNA and mRNA is referenced in Table 1.
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FIGURE 5
 Regulatory pathways of combined miRNA-mRNA responses to Pi deficiency stress in alfalfa roots. Green miRNA represents decreased expression. Red miRNA represents increased expression. Arrows indicate positive regulation. NRT3.1, high-affinity nitrate transporter 3.1; ARF, auxin response factor 18 isoform X1; SAUR72, auxin-responsive protein SAUR72; PYL4, abscisic acid receptor PYL4; PP2C, Protein phosphatase 2C; SnPK2, serine/threonine-protein kinase SAPK2; ABF, abscisic acid-insensitive; SPX, SPX domain protein; PHO1, phosphate transporter; SPL13, squamosa promoter-binding-like protein 13A; PPi, pyrophosphoric acid; PPA2, Inorganic pyrophosphatase 2; OAA, Oxaloacetate; PCKA, phosphoenolpyruvate carboxykinase (ATP); PEP, Phosphoenolpyruvate; SQD2, sulfoquinovosyl transferase SQD2; SQDG, sulfoquinovosyl-diacylglycerol; GSSG, Glutathione disulfide; GST, glutathione S-transferase; IOMT9, isoflavone-7-O-methyltransferase 9; CHI, Chalcone—flavonone isomerase.




TABLE 1 The correlation of miRNA and its target mRNA.
[image: Table1]



qRT-PCR validation of the key miRNA-mRNA pairs

To verify the key miRNA-mRNA pairs involved in phosphate deficiency in roots, we utilized qRT-PCR to analyze the relative expression of miRNA and its target mRNA in alfalfa roots after 20 days of phosphate deficiency treatment. Six miRNA-mRNA pairs were detected. As shown in Figure 6, the expression of miR156g-5p and miR160c decreased by 2.09- and 2.61-fold, whereas the expression of its target gene, IOMT9 and ARF18 increased by 0.75- and 0.37-fold. The increased miR156e and miR2587a were negatively correlated with their target genes SPL13 and PCKA, respectively (Figure 6). Notably, the novel miRNAs and their target genes were also detected. Novel-miR110 and novel-miR27 exhibited 1.93- and 2.25-fold increase expressions, whereas their target genes, NRT3.1 and SPX, exhibited 0.84- and 0.90-fold decrease expressions (Figure 6). These results indicated that the expressions of miRNAs were negatively correlated with the expression of their target genes. The results further verified that the expression of miRNA or mRNA shares a more similar trend with miRNA-seq data or mRNA-seq data.

[image: Figure 6]

FIGURE 6
 Quantitative real-time PCR validation of miRNA-mRNA interaction pairs in alfalfa roots responding to phosphate deficiency. Blue and red boxes represent the miRNAs and their target mRNA, respectively. Each column represents an average of three replicates, and error bars indicate the standard deviations. IOMT9, isoflavone-7-O-methyltransferase 9; SPL13, squamosa promoter-binding-like protein 13A; ARF18, auxin response factor 18; PCKA, Phosphoenolpyruvate carboxykinase (ATP); NRT3.1, high-affinity nitrate transporter 3.1; SPX, SPX domain-containing protein.





Discussion

Pi deficiency stress conditions for plants are divided into light, mild and severe (Liu, 2021). Severe and mild Pi deficiency significantly inhibits the growth of plant roots. Mild Pi deficiency (200 μM) increased the total root length, while severe Pi deficiency (20 μM) inhibited root growth of switchgrass (Panicum virgatum; Ding et al., 2021). A study also analyzed stress-related mRNAs in alfalfa (M. sativa cv. Wudi) after 12 days of Pi deficiency treatment and found some overlapping DEGs (Li et al., 2022). Previous studies have shown that Pi deficiency regulates the expression of miRNA and lncRNA at the transcriptional level in M. sativa, M. truncatula, and soybean (Wang et al., 2017; Li et al., 2018; Zhang et al., 2021). These findings confirm the presence of phosphate deficiency responding mRNAs and miRNA, thus providing a foundation for identifying key mRNAs related to the regulation of Pi assimilation and Pi starvation response.

In this study, several key genes were detected in alfalfa under Pi deprivation conditions. UBC24 encodes a binding ubiquitination E2 enzyme, which can affect the expression of low-Pi responding genes and regulate Pi assimilation (Aung et al., 2006; Wang et al., 2020). In this study, E2 UBC24 was downregulated. Phosphate response regulator (PHR1), a key MYB transcription factor, is also induced under low Pi conditions to maintain phosphorous in plants. SPX protein enhances plant response to Pi deficiency, thus maintaining Pi homeostasis (Wang et al., 2014; Wild et al., 2016; Zhao et al., 2018). PHR regulates hypophosphatemia response by modulating the expression of various Pi starvation-responsive genes (Rubio et al., 2001; Wang et al., 2014). PHR1, PHR1-LIKE 1 (PHL1), MYB2, and several other Pi starvation-responsive genes are upstream regulators of miR399, PHO2, PHTs, and other Pi-deficiency-responsive genes (Bari et al., 2006; Lopez-Arredondo et al., 2014; Pant et al., 2015). In this study, PHL5 was decreased by 1.07–2.89-fold, indicating that it potentially participates in Pi deficiency response. SPX1–SPX3 are abundantly expressed in alfalfa under Pi deficiency conditions to regulate the Pi starvation response (Li et al., 2022). SPX1 and SPX2 interact with PHR2 to regulate the PSI genes (Wang et al., 2014). SPX regulates Pi uptake, and MtPT improves Pi acquisition in M. truncatula (Cao et al., 2020). Herein, the aluminum-activated citrate transporter enhanced the secretion of citric acid and the proportion of available Pi (Furukawa et al., 2007; Liu et al., 2009). Notably, the expression of aluminum-activated citrate transporter isoform A was increased in this study. Pi deprivation inhibits the absorption of nitrogen, and NRT3.1 facilitate nitrogen absorption (Okamoto et al., 2006). In the present study, the expression of NRT3.1 was inhibited, indicating the inhibition of nitrate absorption in alfalfa roots.

GO terms such as carbohydrate metabolism, lipid metabolism, glutathione metabolism, response to stimuli, hormones signal transduction and flavonoid metabolism were enriched under Pi deficiency stress (Rico-Resendiz et al., 2020; Ding et al., 2021; Li et al., 2022). In the present study, phosphate ion homeostasis, flavonoid biosynthetic process, cellular response to external stimulus, glutathione metabolic process, and stress response were enriched under low Pi conditions.

The response of certain miRNAs (such as miR399, miR827, miR156, miR160, miR172, miR2111, miR396, miR319, miR1507) to deficient-Pi stress in plants has been clarified (Fujii et al., 2005; Rouached et al., 2010; Hackenberg et al., 2013; Paul et al., 2015; Lei et al., 2016; Kumar et al., 2017). However, most studies have analyzed miRNA transcription and mRNA transcription separately. Combined analysis can accurately reflect the biological processes related to miRNA-mediated mRNAs. In this study, a complex regulatory network was detected based on conjoint analysis. miR399 is specifically expressed under Pi deprivation conditions, and regulates two groups of Pi transporters (PHO1 and PHT1) by cleaving the ubiquitin-binding E2 enzyme PHO2 mRNA and enhancing root-to-shoot plant Pi transport and uptake (Chiou et al., 2006; Liu et al., 2012). PHR1 and PHL1 may play an upstream regulatory role by binding to the promoter of P1BS, thereby inducing the expression of miR399 (Bari et al., 2006; Zeng et al., 2013). Herein, miR399l targeted the SAUR gene, which may represent a mode of action. Novel-miR205 is similar to miR3991, with only two-base differences. Moreover, novel-miR205 has a similar role to miR399, and may be a member of the miR399 family. Novel-miR27, acting on putative SPX domain-containing protein, may be involved in Pi absorption and metabolism.

miR160 acts on the ARF gene, and has been detected in alfalfa (Li et al., 2018). Furthermore, miR160 targets ARF18 in peanuts, and is involved in response to salt stress (Tang et al., 2022). In this study, miR160c-ARF18 was detected in alfalfa and potentially participated in response to Pi deprivation stress. Hofferek et al. (2014) reported that miR171h and nodulation signaling pathway (NSP) have a negative regulatory relationship based on western blot and qRT-PCR. NSP2 positively regulates MtPT4 and participates in Pi absorption in the mycorrhizal roots of M. truncatula (Hofferek et al., 2014). Herein, novel-miR153 targeted the NSP2 protein-like, suggesting that it may be involved in Pi absorption in alfalfa.

Furthermore, miRNAs that regulate root growth and development also play an important role in Ammopiptanthus mongolicus and Arabidopsis thaliana, along with miR156, miR160, miR167, miR172, miR319, and other miRNAs (Kuo and Chiou, 2011; Gao et al., 2016). The miR172-AP2 domain protein module is involved in response to N, -P, -K, -NPK stresses in sorghum (Zhu et al., 2021). Overexpression of miR172 in common bean promoted the formation of root hairs and lateral roots by modulating APETALA2-1 (AP2-1; Nova-Franco et al., 2015). In the present study, AP2 was the target gene of miR172, and its expression was negatively regulated by Pi deficiency stress. miR169 is a potential long-range signal transmitting shoot apical Pi status to roots. miR169 and miR399 have similar roles (Pant et al., 2009). Therefore, miR169 potentially mediates alfalfa response to Pi starvation.

Pi deficiency increases the accumulation of non-phosphorus sugars, such as sucrose and starch (Lin et al., 2014). Sucrose may promote auxin transport and increase root sensitivity to auxin under Pi starvation (Karthikeyan et al., 2007). Secondary system signals (Pi, sucrose, and miR399) are generated in shoots and transported to roots via the phloem under Pi starvation. Systematic sensors in the roots sense the shoot-derived system signals (Karthikeyan et al., 2007; Chiou and Lin, 2011). Phospholipids are released from phospholipid reserves through hydrolysis, then converted to sulfolipid or galactolipid during phospholipid deficiency (Pant et al., 2015). Sulfolipid synthesis is controlled by SQD2 (Yu et al., 2002). The expression of SQD2 was increased in the present study. Moreover, novel-miR3 regulated SQD2, which might control sulfolipid synthesis in alfalfa roots. In the present study, the expression of monogalactosyldiacylglycerol synthase 2 (MGD2) was also increased.

The glutathione metabolic pathway is crucial in plant signal transduction and stress resistance. It also enhances plant response to biotic and abiotic stresses (Cheng et al., 2015). GSH is a thiol-containing bioactive tripeptide with the general structure containing glutamic acid (Glu), cysteine (Cys), and glycine (Gly) linked by peptide bonds (Noctor et al., 2012). GSH scavenges ROS by regulating the activity of the antioxidant enzyme GST (Noctor et al., 2012). Therefore, plants can counteract the excess ROS generated during stress by increasing GSH content in cells. Glutathione is converted to r-s-glutathione via glutathione s-transferase (Noctor et al., 2012; Kapoor et al., 2019). The results of this study are consistent with the study results of potatoes (Solanum tuberosum) under cadmium stress (Yang et al., 2021). Herein, miR169 negatively regulated GST under Pi starvation, inducing a negative effect on glutathione in alfalfa. Glycerol metabolism has a certain regulatory strategy for alfalfa to adapt to Pi deprivation environment.

Signal transduction translates upstream signals into complex downstream reactions. AUX/IAA proteins regulate the transcription of downstream genes by directly inhibiting auxin-responsive transcription factors (ARFs), thus regulating the IAA signaling pathway (Salehin et al., 2015). In this study, the expression of ARF18 in the auxin signaling pathway was upregulated. Moreover, miR160c inhibition induced ARF18 expression. In addition, miR399l and one downstream gene in the auxin pathway inhibited SAUR expression. SAUR expression was also downregulated, thus affecting auxin signaling. Salt and abscisic acid (ABA) treatments induce miR399f expression, confirming that miR399f participates in plant responses to salt and drought stress (Baek et al., 2016). In this study, novel-miR205 regulated PYL4, which is involved in ABA signal transduction. The novel-miR205 was structurally similar to miR399l, differing in only two bases, and thus it may belong to the miR399 family. This study also revealed that miRNA might be involved in response to Pi deficiency through the ABA pathway. Therefore, miR399 may also respond to Pi starvation through other pathways.

Most previous bioinformatics analyses and verifications were based on the M. truncatula reference genome. In this study, the genome of M. sativa cv. Xinjiang Daye was referenced, greatly complementing previous findings (Li et al., 2018). Therefore, this study provides new insights into understanding the miRNA-mRNA regulatory network of low Pi response. Six key miRNA-mRNA pairs were further verified by qRT-PCR, which confirmed the reliability of the RNA-seq data. Notably, the miRNAs and mRNAs founded in this study may be the key nodes enhancing alfalfa response to Pi deficiency stress. Therefore, the interaction and function of miRNAs and mRNAs should be further verified based on reverse genetics.



Conclusion

The deficiency of available Pi significantly reduces forage yield and quality in agriculture production. The global analysis of mRNA and miRNA in alfalfa roots under Pi-deficient conditions revealed that candidate genes and related miRNAs are involved in the regulation of Pi deficiency response. miRNA negatively regulates mRNA involved in metabolism pathways. miR2587a targets PCKA to regulate glycolysis and TCA cycle metabolisms. Novel-miR3 influences sulfolipid synthesis by regulating SQD2. MiR399l-regulated IAA signaling by targeting SAUR72. Novel-miR205 and novel-miR83 regulate ABA signaling of PYL4. miR169j/k and novel-miR159 mediate GST regulation of glutathione metabolism. Novel-miR27 directly affects Pi transport in alfalfa by targeting SPX. PPA enhances the release of Pi from pyrophosphoric acid (PPi) through miR5232. Furthermore, the key pairs of miR156e targeted SPL13 and miR160c targeted ARF18 were found. Combined miRNA-mRNA co-regulation results also showed that alfalfa mainly regulates carbohydrate metabolism, sulfolipid metabolism, hormone signal transduction, glutathione metabolism and Pi assimilation under Pi starvation stress conditions. Therefore, this study provides a basis for exploring the mechanism of miRNA-mediated Pi absorption and assimilation in alfalfa and other legumes.
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Chrysanthemum indicum var. aromaticum (CIA) is an endemic plant that occurs only in the high mountain areas of the Shennongjia Forest District in China. The whole plant, in particular the flowers of CIA, have intense fragrance, making it a novel resource plant for agricultural, medicinal, and industrial applications. However, the volatile metabolite emissions in relation to CIA flower development and the molecular mechanisms underlying the generation of floral scent remain poorly understood. Here, integrative metabolome and transcriptome analyses were performed to investigate floral scent-related volatile compounds and genes in CIA flowers at three different developmental stages. A total of 370 volatile metabolites, mainly terpenoids and esters, were identified, of which 89 key differential metabolites exhibited variable emitting profiles during flower development. Transcriptome analysis further identified 8,945 differentially expressed genes (DEGs) between these samples derived from different flower developmental stages and KEGG enrichment analyses showed that 45, 93, and 101 candidate DEGs associated with the biosynthesis of phenylpropanoids, esters, and terpenes, respectively. Interestingly, significant DEGs involved into the volatile terpenes are only present in the MEP and its downstream pathways, including those genes encoding ISPE, ISPG, FPPS, GPPS, GERD, ND and TPS14 enzymes. Further analysis showed that 20 transcription factors from MYB, bHLH, AP2/EFR, and WRKY families were potentially key regulators affecting the expressions of floral scent-related genes during the CIA flower development. These findings provide insights into the molecular basis of plant floral scent metabolite biosynthesis and serve as an important data resources for molecular breeding and utilization of CIA plants in the future.
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Introduction

Floral scent is a critical phenotypic trait for flowering plants in terms of their reproductive and ecological success (Gang, 2005). In ornamental horticulture, floral fragrance has an important effect on customer choice and has great aesthetic and economic values (Oliva et al., 2015). Floral scent derives from a series of volatile secondary metabolites with low molecular weights and boiling points, including terpenoids, benzene/phenylpropanoids, fatty acid derivatives, and sulfur and nitrogen compounds (Kutty and Mitra, 2019; Maiti and Mitra, 2019). To date, about 2000 floral volatile compounds have been identified in plants, and many of them have been widely used in medicinal and cosmetic products, including perfumes and food flavorings (Knudsen et al., 2006).

The biosynthetic pathways of some floral volatile compounds have been studied in plants (Pichersky and Dudareva, 2007; Maeda and Dudareva, 2012; Kumari et al., 2013; Zhu et al., 2019). Terpenes synthesis occurs through two independent pathways, including the cytoplasmic mevalonate (MVA) pathway and the plastid 2-C-methyl-D-erythritol 4-phosphate (MEP) pathway, and the formation of various terpenes is directly catalyzed by diverse terpene synthases (TPSs) and further modified by tailoring enzymes to diversify scaffolds (Dudareva et al., 2013; Karunanithi and Zer Be, 2019). Benzene/phenylpropanoid compounds are synthesized by the cinnamic acid pathway (Dudareva and Pichersky, 2000). The formation of fatty acid derivatives generally uses membrane lipids as precursors, and hydroperoxides are further produced through the activity of lipoxygenase (LOX) on linolenic and linoleic acids. Finally, the formation of 6-carbon and 9-carbon aldehydes is catalyzed by hydroperoxidase lyase (HPL; Feussner and Wasternack, 2002), and the corresponding alcohols are formed through the catalysis of ethyl alcohol dehydrogenase (ADH; Feussner and Wasternack, 2002; Schwab et al., 2008). Additionally, transcription factors (TFs), such as those from ethylene resposive factor (ERF), basic helix–loop–helix (bHLH), and v-myb avian myeloblastosis viral oncogene homolog (MYB) families, are also crucial to regulate the biosynthesis of floral volatiles (Jian et al., 2019; Ramya et al., 2019).

The complex biochemical pathways of floral aroma synthesis are dominated by a variety of internal and external stimuli, such as the circadian clock, the environment, and different stages of flower development, leading to controlled emissions of volatile compounds (Van et al., 2009; Abbas et al., 2017). To maximize pollination opportunities and minimize the chances of injury, flowers tend to start producing fragrance when they are ready to receive pollen and when potential pollinators are most active. In most plants, floral fragrance gradually diminishes and disappears after the flowers have been pollinated (Yakir et al., 2010). Environmental factors including illumination and temperature can also affect the presence of floral scent. Plant 5-phosphate deoxyxylulose reductive allosterase (DXR) only participates in the phosphodeoxyxylulose (DXP) pathway in the light, and illumination can therefore affect the activity of this pathway and the accumulation of monoterpenes (Lichtenthaler et al., 1997). The release of volatiles in Trifolium repens flowers was significantly lower at 10°C than at 15 and 20°C, suggesting that an increase in temperature could accelerate volatile release (Olsen, 1994). Among different flower developmental stages, scent emission is generally higher in half-open and fully open flowers (Mohd-Hairul et al., 2010). For example, in Polianthes tuberosa, low levels of benzenoids and terpenes were detected in green flower buds, but their presence increased at flower anthesis (Fan et al., 2018a).

Chrysanthemum indicum var. aromaticum (CIA) is a plant that naturally occurs in the high-altitude (>2000 m above sea level) mountains of the Shennongjia Forest region in Hubei Province, China (Liu et al., 1983; Liu and Zhang, 1983). It is a variety of C. indicum (CI) and morphologically closely related to CI, but there are clear differences between both taxa. Compared with CI, CIA is relatively small in plant size, given its long-term adaptation to high-altitude environments, and the whole CIA plant, especially the flowers, releases an intense fragrance. The aroma substances in CIA have been widely studied by gas chromatography–mass spectrometry (GC–MS), and terpenes are the main volatile components (Lin et al., 2016; Fan et al., 2018b). The essential oil and concrete extracted from CIA have already been used as additives in perfumes, cosmetics, and health products (Zhu et al., 2012). Moreover, CIA is an ideal germplasm material for breeding aromatic cultivars of both ornamental and medicinal chrysanthemums (Wang et al., 2021). Despite progress in investigating the volatile components, little is known about the transcriptional regulation and emission in CIA floral scent at different flower developmental stages.

In recent years, the integration of metabolome and transcriptome analyses has become a powerful way to characterize the specialized metabolism network of volatile organic compounds in vegetables and flowers (Zhu et al., 2019; Kutty et al., 2021). In this study, to determine the emission patterns of scent volatiles in relation to flower development, we analyzed the volatile compound profiles of CIA flowers from three developmental stages by headspace solid-phase microextraction gas chromatography–mass spectrometry (HS-SPME-GC–MS), and investigated the expression patterns of floral scent-related genes by RNA-seq. We revealed the dynamic changes of aroma substances during CIA flower development and characterized the expression pattern of genes associated with key differential metabolite. The results improve the understanding of the molecular mechanisms of CIA aroma compounds and the breeding and product development of CIA.



Materials and methods


Plant materials

All CIA plants used in the present study were planted in the same place of the Shennongjia Forestry district of Hubei Province, China (110°23′57″E, 31°28′7″N). Based on the bloom stage of CIA flowers, samples of flower buds (calyx dehiscent, outer whorl petals involute; FB), initial flowers (only the outer 3–4 layers of petals unfolded, the remaining petals still wrapped tightly; IF) and blooming flowers (ligulate flowers all in full bloom; BF) were collected in October 2020 (Supplementary Figure 1). For each flower development stage investigated, three replicates were immediately frozen in liquid nitrogen and stored at −80°C for transcriptome profiling by RNA-seq, and six replicates were stored at −20°C for analysis of volatile compounds by HS-SPME-GC–MS.



HS-SPME-GC–MS

We used the SPME cycle of the PAL rail system; the incubation temperature was 60°C, the preheating time 15 min, the incubation time 30 min, and the desorption time 4 min. GC–MS analysis was performed using an Agilent 7,890 gas chromatograph system coupled with a 5977B mass spectrometer. The system utilized a DB-Wax column injected in splitless mode. Helium was used as the carrier gas, the front inlet purge flow was 3 ml/min, and the gas flow rate through the column was 1 ml/min. The initial temperature was kept at 40°C for 4 min, then raised to 245°C at a rate of 5°C/min and held for 5 min. The injection, transfer line, ion source, and quad temperatures were 250, 250, 230, and 150°C, respectively. The energy was −70 eV in electron impact mode. The mass spectrometry data were acquired in scan mode with an m/z range of 20–400 and a solvent delay of 0 min. NIST08 library was used to identify volatiles based on comparing the mass spectrometry and retention indices of the compounds detected with existing data available in it.



Metabolome data analysis

The filtered data were submitted to Simca-P software (version 13.0, Umetrics AB, Umea, Sweden) for unsupervised principal component analysis (PCA) and orthogonal partial least squares-discriminant analysis (OPLS-DA). Hierarchical clustering analysis of the metabolites between the samples was carried out with TBtools software.1 To identify differentially accumulated metabolites (DAMs), |log2FoldChange| ≥ 1 and variable importance in projection (VIP) ≥ 1 were used as the screening criteria.



RNA extraction, cDNA library preparation, and RNA sequencing

Total RNA was isolated from the FB, IF, and BF samples with an RNA extraction kit (Cat. No. RP3202, BioTeke Corporation, Beijing, China). RNA degradation and contamination were monitored on 1% agarose gels. RNA purity was checked using a NanoPhotometer spectrophotometer (IMPLEN, CA, United States). RNA integrity was assessed using the RNA Nano 6,000 Assay Kit with a Bioanalyzer 2,100 system (Agilent Technologies, CA, United States). A total amount of 1 μg RNA per sample was used as input material for RNA library preparation. Sequencing libraries were generated using the NEBNext Ultra RNA Library Prep Kit for Illumina (NEB, United States) following the manufacturer’s recommendations, and index codes were added to associate sequences with specific samples. To preferentially select cDNA fragments 250–300 bp in length, the library fragments were purified with the Ampure XP system (Beckman Coulter, Beverly, United States). Then 3 μl USER Enzyme (NEB, United States) was used with size-selected, adaptor-ligated cDNA at 37°C for 15 min, followed by 5 min at 95°C before PCR. PCR was performed with Phusion High-Fidelity DNA polymerase, Universal PCR primers, and Index (X) Primer. PCR products were purified (Ampure XP system), and library quality was assessed on the Agilent Bioanalyzer 2,100 system. Finally, the libraries were sequenced on the Illumina NovaSeq platform to generate 150-bp paired-end reads.



Transcriptome analysis

Clean reads were obtained by removing reads that contained adapters, reads that contained poly-N, and low-quality reads (>50% bases with Qphred ≤20). All downstream analyses were performed using the high-quality, clean data. Clean reads were assembled using Trinity2 (Grabherr et al., 2011). The longest cluster sequence was obtained by Corset hierarchical clustering and used in subsequent analyses3 (Davidson and Oshlack, 2014). Statistics were calculated for the lengths of the transcripts and cluster sequences. The prediction of coding sequences was carried out by performing alignment according to the priority order of NR protein library and Swissprot protein library. If the alignment result is available, the ORF coding frame information of the transcript was extracted and the coding region sequence was translated into amino acid sequence according to the standard codon list (in the order of 5′→3′). The Estscan (3.0.3) software was used to predict their ORF of unalignment or unpredicted sequences. To obtain comprehensive gene function information, gene annotations were obtained from seven databases: Nr (NCBI non-redundant protein sequences), Nt (NCBI non-redundant nucleotide sequences), Pfam (Protein family), KOG/COG (Clusters of Orthologous Groups of proteins), Swiss-prot (a manually annotated and reviewed protein sequence database), KEGG (Kyoto Encyclopedia of Genes and Genomes), and GO (Gene Ontology). Fragments per kilobase of exon model per million mapped fragments (FPKM) was calculated to estimate the level of gene expression in the sample (Trapnell et al., 2010). Differential expression analysis between samples was performed using the DESeq2 R package (1.16.1; Love et al., 2014), and DEGs were identified based on the threshold of |log2 foldchange| ≥ 1 and FDR (false discovery rate) ≤ 0.05. DEGs were subjected to GO and KEGG enrichment analysis using the clusterProfiler R package (Minoru et al., 2008; Young et al., 2010). Venn diagrams were drew online4 and R package were used to plot the expression heatmaps (Yu et al., 2012). Pearson’s correlation between the levels of TFs expression and the content of differential metabolites and was analyzed by using R (version 4.0.3). The correlation network was plotted by Cytoscape (v3.8.2).



Gene expression validation by qRT-PCR

The frst-strand cDNA was synthesized from the total RNA of the same samples used in RNA-seq. The TranScript One-Step gDNA Removal and cDNA Synthesis SupperMix (TransGen, China) were used. The qRT-PCR was performed on a LightCycler96® Instrument (Roche Diagnostics GmbH) with 20 μl reaction consisited of 10 μl of 2X Universal SYBR Green Fast qPCR Mix(SYBR Green I; ABclonal, China), 0.4 μl of 10 μM Primer F, 0.4 μl of 10 μM Primer R, 1 μl of cDNA template and 8.2 μl ddH2O. The amplification program was as follows: pre-denaturation at 95°C for 3 min, followed by 42 cycles of denaturation at 95°C for 5 s, renaturation at 60°C for 30 s, and extension at 72°C for 10 s. The chrysanthemum CmEF1α (GenBank ID, KF305681.1) was used as a reference gene, and the relative expression levels were calculated according to 2−ΔΔCt method (Lalitha, 2000). Three biological replicates were used and the primers used for these validations were shown in Supplementary Table 1. The statistical value of p was generated by the Student’s t-test. The statistical significance was defined as p < 0.05.




Results


Variation in volatile metabolites during CIA flower developmental stages

CIA flower samples from three developmental stages of FB, IF, and BF were collected for investigating volatile compound profiling using HS-SPME-GC–MS. In total, 370 volatile metabolites were identified, including 292 compounds commonly presented across all sampled stages, and 9, 10, and 8 compounds uniquely presented in FB, IF, and BF samples, respectively (Figure 1A; Supplementary Table 2). These metabolites can be categorized into 15 classes, with the main classes of terpenoids (34.87%), followed by esters (24.32%) and others (8.92%; Figure 1B; Supplementary Table 3). For the volatile terpenoids identified, both sesquiterpenoids (17.3%) and monoterpenoids (15.14%) are the majority.
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FIGURE 1
 Characterization of volatile compounds identified in Chrysanthemum indicum var. aromaticum (CIA) flowers. (A) Venn diagram of volatile compounds in CIA flowers. (B) General classification of volatile substances. (C) OPLS-DA score plots showing clusters of CIA flower samples (n = 3). (D) Trends in the release of volatile metabolites during flower opening at the flower bud (FB), initial flower (IF), and blooming flower (BF) stages.


Differential metabolites between three different flower development stages were analyzed by using orthogonal partial least squares-discriminant analysis (OPLS-DA). When a volatile metabolite has a variable importance in projection (VIP) value ≥1, it is considered as a key differential metabolite between samples. A total of 89 key differential metabolites were identified, including 26, 78, and 17 presented between FB and IF, FB and BF, and IF and BF samples, respectively (Supplementary Tables 4–7). These differential metabolites clustered into three groups on the OPLS-DA plate, suggesting the difference between the volatile metabolite profiles of stage samples (Figure 1C). Comparative analysis showed that the relative contents of some floral scent compounds decreased as the flowers gradually opened, whereas others showed the opposite pattern (Figure 1D). For example, we found 44 volatile compounds which presented relatively high contents in the FB samples, but were less present in the IF samples, and some were even not detected in the BF samples (Figure 2 I). Similarly, five volatile compounds present mainly in the IF samples, and 19 compounds with increased emission in the BF stage (Figure 2 II–III; Supplementary Tables 4–7).
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FIGURE 2
 Hierarchical clustering heat map of 89 differential volatile metabolites at three floral developmental stages of Chrysanthemum indicum var. aromaticum.


We further filtered 39 major differential compounds with their relative contents >1% in at least one of the three investigated stages (Supplementary Table 8). During the flower development stages, the contents of 22 major compounds, including 6 esters, 4 monoterpenoids, 2 alcohols, 1 ketone, 1 aldehyde, 1 phenylpropanoid, 2 benzenes, and 1 alkene, gradually decreased, while only those of linalool and 3-decyn-2-ol gradually increased. Interestingly, the emission of butanoic acid, 2-methyl-, 2-phenylethyl ester, methyl salicylate, 1-(1-cyanocyclopentyl)pyrrolidine, and benzene, 1-methyl-3-(1-methylethyl)- decreased from FB to IF stages, but slowly increased at the BF stage. On the contrary, the contents of 11 compounds such as (1R,2R,5S)-5-methyl-2-(prop-1-en-2-yl)cyclohexanol, butanoic acid, 2-methyl-, phenylmethyl ester, 2-cyclohexen-1-ol, methyl alcohol, tetramethylbicyclo[7.2.0]undeca-2,6-diene, junenol, cyclobutanone, and 2-Propenoic acid, 3-phenyl-, methyl ester, (E)-, increased from the FB to the IF stages, but decreased at the BF stage. Collectively, these results suggested that the main floral volatile metabolites changed during CIA flower development, including some stage-specific compounds.



Transcriptome assembly and functional annotation

RNA sequencing (RNA-seq) was performed to profile the global transcriptome of CIA flower samples from three developmental stages. A total of 19.55 Gb, 20.07 Gb, and 19.79 Gb clean Illumina reads were retained from the FB, IF, and BF samples, respectively (Supplementary Table 9). The percentages of bases with quality >20 (Q20) and >30 (Q30) were over 97 and 91.9%, respectively. The percentages of the GC contents of the clean reads ranged from 41.65 to 41.87%. These results indicated the high quality of the transcriptome data which was suitable for the next analysis. After de novo assembly, a total of 321,942 transcripts and 104,394 unigenes were obtained. Among them, 33.96% of the unigenes were 300–500 bp in length, 32.87% of the transcripts were 500–1,000 bp in length, and 133,571 transcripts (41.49%) and 35,472 unigenes (33.98%) were > 1 kb in length (Figure 3A).
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FIGURE 3
 Annotation and functional analysis of unigenes from Chrysanthemum indicum var. aromaticum flowers. (A) The length distribution of transcripts and unigenes. (B) Species annotations of unigene homologs. (C) Gene ontology terms of unigenes. (D) Unigenes annotated in the KEGG pathways.


A total of 55,737 (53.39%) unigenes were functionally annotated, including 6,028 (5.77%) were annotated in nine RNA-seq databases, and 65,106 (62.36%) were annotated in at least one database (Supplementary Table 10). According to the matched species distribution in different databases, the top five species were Artemisia annua (41,587, 74.6%), Helianthus annuus (3,341, 6.0%), Cynara cardunculus var. Scolymu (2,725, 4.9%), Lactuca sativa (2,388, 4.3%), and Chrysanthemum × morifolium (327, 0.6%), suggestting their close relationships with CIA (Figure 3B). Gene Ontology (GO) analysis of these unigenes further revealed 1,321 GO terms which belong to different “biological process,” “cellular component,” or “molecular function” categories (Figure 3C). “Cellular process” was the most abundant term in the “biological process” category, “cellular anatomical entity” was associated with the highest number of unigenes in the “cellular component” category, and “binding” was the top-ranked term in the “molecular function” category (Figure 3C; Supplementary Table 11).

Furthermore, 18,347 unigenes were divided into five branches and 34 metabolic maps according to the KEGG database. The “metabolism” branch had 10,797 unigenes, followed by the “organismal systems” and “genetic information processing” branches (6,269 and 5,206, respectively). Within the “metabolisms” branch, “carbohydrate metabolism” (1,503, 13.92%) contained the highest number of unigenes (Figure 3D; Supplementary Table 12). These unigenes were related to several secondary metabolite biosynthesis pathways, such as phenylpropanoid biosynthesis (258 unigenes), terpenoid backbone biosynthesis (125 unigenes), sesquiterpenoid and triterpenoid biosynthesis (66 unigenes), and isoquinoline alkaloid biosynthesis (60 unigenes; Supplementary Table 12).



Gene expression and identification of DEGs

A total of 104,165 expressed genes (FPKM>0.3) were surveyed, including 93,304 genes expressed in the FB samples, 94,159 in the IF samples, and 96,882 in the BF samples. Amongst, 83,236 genes (79.9%) were expressed commonly among the flower samples from three development stages, and 1,592, 926, and 4,703 genes were specifically expressed at the FB, IF, and BF stages, respectively (Figure 4A). Pairwise comparative analysis between these stage samples revealed 8,945 significantly differentially expressed genes (DEGs), including 647 DEGs presented between the FB and IF samples, 8,597 DEGs between the FB and BF samples and 2,705 DEGs between the IF and BF samples, respectively (Figure 4B). Comparatively, more DEGs were upregulated in the three comparisons during CIA flower development from FB to BF stages (Figure 4C; Supplementary Table 13). Moreover, the relative expression profiles of DEGs appear to be diverse, with FB and IF samples clustered preferentially (Supplementary Figure 2).
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FIGURE 4
 Gene expression and functional classification of DEGs in Chrysanthemum indicum var. aromaticum flowers. (A) Venn diagram of genes expressed at three different flower developmental stages. (B) Venn diagram of differentially expressed genes from three comparisons between different floral development stages. (C) Histogram of up- and downregulated genes with the latter as the reference in three comparisons. (D) KEGG enrichment analysis of DEGs from three comparisons.


KEGG enrichment analyses were performed to functionally classify these DEGs (Figure 4D; Supplementary Table 14). Seven biosynthesis pathways related to floral fragrance were identified, including “terpenoid backbone biosynthesis” (TBB: ko00900), “sesquiterpenoid and triterpenoid biosynthesis” (STB: ko00909), “monoterpenoid biosynthesis” (MB: ko00902), “phenylpropanoid biosynthesis” (PB: ko00940), “flavonoid biosynthesis” (FB: ko00941), “fatty acid biosynthesis” (FAB: ko00061), and “biosynthesis of unsaturated fatty acids” (BUFC: ko01040). Clearly, the DEGs in the three stage comparisons were distinct (Figure 4D; Supplementary Figures 3–5; Supplementary Table 14). For example, DEGs in relation to the TBB (9), MB (6), STB (15), PB (63), FB (20), FAB (33), and BUFC (19) pathways were more widely presented in the FB vs. BF comparison than those in the IF vs. BF comparison (Supplementary Figures 3, 4; Supplementary Table 14), while less related DEGs were presented in the FB vs. IF comparison (Supplementary Figure 5; Supplementary Table 14). Interestingly, the numbers of these floral fragrance-related DEGs are consistent with those of differential floral scent volatiles identified between different CIA flowers developmental stages, suggesting that these DEGs are potentially key genes responsible for the production of differential volatile metabolites.



Genes involved in volatile terpenes biosynthesis

Terpenes are the main components of CIA flower volatiles, and the biosynthesis of their upstream precursors occurs through the terpenoid backbone pathway (ko00900), including the MVA and MEP pathways. No significant DEGs were detected in the MVA pathway. In the MEP pathway, one 4-diphosphocytidyl-2-C-methyl-D-erythritol kinase gene (ISPE, Cluster-15110.69196) and two 4-hydroxy-3-methylbut-2-en-1-yl diphosphate reductase genes (ISPH, Cluster-15110.25969 and Cluster-15110.41634) were identified, and their expression levels increased as the CIA flowers gradually bloomed. In the downstream biosynthetic pathway of terpenes, 17 and nine DEGs were functionally annotated and associated with sesquiterpene and monoterpene biosynthesis, respectively.

The transcript abundance of one farnesyl diphosphate synthase gene (FPPS, Cluster-15110.30808), and five (−)-germacrene D synthase genes (GERD, Cluster-15110.10761, Cluster-15110.10884, Cluster-15110.17454, Cluster-3197.0, and Cluster-8673.0) showed high levels in flower buds but decreased after flower opening, consistent with the relative high presence of (E)-atlantone, kessane, and neointermedeol in flower buds (Figure 2). Conversely, the expression levels of four GERDs (Cluster-15110.54962, Cluster-15110.54963, Cluster-15110.8505, and Cluster-25797.0) were consistent with the high content of 3-buten-2-one,4-(4-hydroxy-2,2,6-trimethyl-7-oxabicyclo[4.1.0]hept-1-yl)- in blooming flowers. For monoterpene biosynthesis, the expression of one geranylgeranyl diphosphate synthase gene (GPPS, Cluster-15110.50692) and three (+)-neomenthol dehydrogenase genes (ND, Cluster-15110.28505, Cluster-15110.47193, and Cluster-15110.47332) increased as the flowers gradually bloomed and maintained high expression levels in blooming flowers, consistent with the contents of 3-isopropenyl-trans-8a-methyl-6-oxo-perhydro-trans-4a-naphthol, 6-octen-1-ol, 7-methyl-3-methylene-, albene, bicyclo[2.2.1]heptane, 7,7-dimethyl-2-methylene-, and citronellol in BF flowers.

Terpene synthases (TPSs) are key drivers for the generation of terpene scaffold diversity. In the present study, three linalool synthase genes (TPS14, Cluster-11861.0, Cluster-15110.40813, and Cluster-15110.62774) were identified, and each of them was significantly upregulated at three different flowering stages. The expression levels of one TPS14 gene (Cluster-11861.0) were consistent with the accumulation of linalool at the BF stages (Figures 2, 5; Supplementary Tables 2, 15). Comparatively, more DEGs were involved in the biosynthesis of sesquiterpenes rather than monoterpenes, consistent with more sesquiterpenes were indentified during the three CIA flower developmental stages (Supplementary Table 3).
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FIGURE 5
 Expression heatmaps of genes associated with terpenoid biosynthesis in Chrysanthemum indicum var. aromaticum flowers at three developmental stages.




Genes relating to volatile phenylpropanoids and esters biosynthesis

Based on gene functional annotations, 70 DEGs encoding 14 known enzymes were assigned to the phenylpropanoid biosynthesis pathway (Figure 6; Supplementary Table 16). The expression patterns of these genes were variable across the different flower developmental stages. 11 genes showed significantly higher expression levels in the FB samples but decreased expression in both IF and BF samples, consistent with the changed trend in the contents of some esters such as benzenepropanoic acid and eugenol. By contrast, 16 DEGs showed higher expression levels in the BF samples, consistent with the relatively high content of 2-propenoic acid, 3-phenyl-, methyl ester in this stage (Figures 2, 6A; Supplementary Table 2). In general, genes with significantly high expression levels were mainly concentrated in both the CIA flowers buds and blooming flowers.
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FIGURE 6
 Expression heatmaps of candidate genes involved in volatile metabolite biosynthesis in flowers of Chrysanthemum indicum var. aromaticum. (A) Phenylpropanoid-related pathway. (B) Ester metabolic pathway (purple and green).


Similar gene expression trends were observed for unsaturated fatty acid and fatty acid biosynthesis pathways, in which significantly upregulated genes were less abundant at the IF stage (Figure 6B; Supplementary Tables 12–14). For the unsaturated fatty acid biosynthetic pathway, seven genes in flower buds clearly showed higher expression levels, and 11 genes showed increased expression levels in blooming flowers (Supplementary Table 17). For the fatty acid biosynthesis pathway, 20 genes showed higher expression levels in flower buds, and nine genes showed increased expression in blooming flowers (Supplementary Table 18).



Transcription factors involved in the biosynthesis of aroma compounds

We calculated the Pearson’s correlation coefficients between the 89 key differential metabolites narrated above and 399 TFs, which were significantly differential expression across the three different flower developmental stages of CIA (Supplementary Table 19). There were 24 TFs whose correlation coefficients were 0.36–0.98 and significantly positively related to 58 differential metabolites (Supplementary Table 20). These TFs belong to the families of MYB (9), bHLH (8), AP2/EFR (5), WRKY (2), and they had significantly high expression levels in FB flowers.

A correlation network was further plotted to discover the potential regulatory mechanisms between the 24 TFs and the related structural genes which contributed to the biosynthesis of volatile compounds. There were 20 TFs whose correlation coefficients were greater than 0.9 (Figure 7). Most of these TFs are highly related to genes involved into the biosynthesis of terpenes, phenylpropanoids, unsaturated fatty acids, and fatty acids. For example, the expressions of two MYB (Cluster-15110.25731 and Cluster-15110.25733) and one MYB (Cluster-15110.59650) genes are related to those of one ISPH (Cluster-15110.25969) and GPPS (Cluster-15110.50692) genes, respectively. Four MYB (Cluster-15110.25731, Cluster-15110.25733, Cluster-15110.316, and Cluster-15110.50760), four bHLH (Cluster-15110.10527, Cluster-15110.19430, Cluster-15110.3839, and Cluster-15110.72013), and one AP2/EFR (Cluster-15110.64766) genes are highly related to three ND (Cluster-15110.28505, Cluster-15110.47193, and Cluster-15110.47332) genes. These genes are thus the potential regulators contributing to the biosynthesis of terpenes.
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FIGURE 7
 Correlation network between transcription factors (TFs) and structural genes in the biosynthesis of terpenes, phenylpropanoids, unsaturated fatty acids, and fatty acids. Outer circle: structural genes; inner circle: TFs; color of nodes: gene types; width of edges: correlation coefficient (0.9–1).




Real time-quantitative PCR validation of representative DEGs

To examine the expression level of selected genes involved in floral scent and flavonoid production, 9 DEGs were chosen from the RNA-seq data for qRT-PCR analysis. As a result, the relative expression trends of these genes examined by qRT-PCR were found to be highly consistent with the RNA-seq analysis (Supplementary Figure 6). FPPS (Cluster-15110.30808), TPS14 (Cluster-15110.62774), and 4CL (Cluster-15110.17441), showed a similarly high levels in flower buds that decreased after flower opening. Conversely, the transcript level of TPS14 (Cluster-11861.0) was similar to those of COMT (Cluster-15110.38458), 4CL (Cluster-15110.38585), FATB (Cluster-15110.39474), and fabH (Cluster-15110.38469), with significantly higher expression during the BF stage. These qRT-PCR results suggested that the gene expression profiles from RNA-Seq data were reliable and reproducible.




Discussion


Main volatile compounds of CIA fresh flowers

The intense, whole-plant fragrance of CIA is a key characteristic that distinguishes it from other chrysanthemums, including its original variety, C. indicum. In this study, a total of 337 volatile secondary metabolites were identified from fresh flower samples of CIA at three different developmental stages (Supplementary Table 2). The majority of these volatiles were terpenes and esters, similar to those previously investigated in essential oils of CIA (Lin et al., 2016). However, the total number of volatile compounds identified in the present study is much more than those in previous studies. For example, using the same GC–MS method, an analysis of volatile compounds in the essential oils of CIA identified 44 volatile metabolites, which accounted for over 43% of the total volatile oil (Lu and Li, 2002). The main constituents in the essential oils were monoterpenes, sesquiterpenes, and oxygen-containing derivatives, such as verbenol, (−)zingiberene, β-sesquiphellandrene, farnesene, trans-chrysanthenyl acetate, and caryophyllene (Lu and Li, 2002). Further analysis of hydro-distillation oil from dried flowers of CIA identified 50 volatile compounds, including sabinol (14.3%), carveol (8.9%), and β-patchoulene (5.9%; He et al., 2000). Similarly, a parallel study identified 52 volatile organic compounds in CIA buds and flowers (Xie et al., 2011).

The main aroma substances of fresh CIA samples also differ from those of essential oils and dried flowers. Lin et al. established a GC–MS fingerprinting method for volatile oils extracted from CIA flowers and detected 23 main characteristic components (Lin et al., 2016). The content of acetic acid oxidized linalool ester was as high as 20%, and it was the most significant index compound in the volatile oils of CIA flowers (Lin et al., 2016). Another study showed that the chemical constituents of CIA dried flower oils consisted mainly of fatty acid derivatives, monoterpenes, sesquiterpenes, and oxygen-containing compounds, and the content of oxygen-containing compounds was much larger than that of non-oxygen-containing compounds (Wang et al., 1986). By comparison, the main aroma components in the fresh CIA samples investigated here were benzene,1-methyl-3-(1-methylethyl)-, azacyclotridecan-2-one, linalool, caryophyllene, α-thujone, and β-thujone (Supplementary Table 19).



Changes in floral scent during different flower developmental stages

The release of floral fragrance can continuously change over the course of flower opening (Li et al., 2006). For example, a study of the aroma component emission pattern of Osmanthus fragrans ‘Boye Jingui’ showed that the most intense release of floral fragrance occurred at the initial bloom stage (Shi et al., 2018). In the present study, most of the volatiles were released at the bud stage of CIA flowers, and the composition and release of volatiles changed as the flowers bloomed. As the flowers gradually opening, the release of most volatile substances, including lipids, aldehydes, alcohols, ketones, and terpenes, showed a decreasing trend. This result was similar to an analysis of aroma compounds and their release from different flowering stages of the Chrysanthemum cultivar ‘Jinba’ (Jin et al., 2012).

The characteristic floral fragrance components of CIA also changed across flower developmental stages. The skeleton types of esters in CIA flowers are abundant and diverse; the main types at the BF stage are alkane skeleton esters, whereas benzene ring skeleton esters are present mainly at the IF stage (Figure 2B). Among the terpenes, monoterpenes are predominant at the BF stage, whereas sesquiterpenes are predominant at the IF stage. Some volatiles appear only in the flower buds of CIA; some others are synthesized from the flower buds, and most of them are released during the flowering stages. Watanabe and Moon studied the dynamic changes in glycoside precursors in the aroma of jasmine flowers; they reported that the release of benzyl alcohol, linalool, methyl anthranilate, and other substances occurred 1–12 h after flowering, then decreased slightly to 24 h after flowering (Moon et al., 1994; Watanabe et al., 2014). The decline in aroma release may be related to the rapid decrease in enzyme activity during flower wilting.

Floral volatiles are significant in biotic interactions, especially for pollinators attractions and defense functions (Muhlemann et al., 2014). Of which, benzenoids mostly serve in pollinator-attracting whereas terpenoids and benzenoids predominantly mediate prevention of damage to their reproductive structures (Schiestl, 2010; Nagegowda and Gupta, 2020). To maximize reproductive successs, plant flowers generally employed several strategies of adaptive mechanisms to balance attracting and preventing functions of floral volatiles, lean heavily on amount, composition, context, and timing of their emission (Theis and Adler, 2012; Muhlemann et al., 2014). For instance, within the petunia floral volatiles, methylbenzoate have been described as involving in pollinator-attracting whereas some compounds particularly mediate infestation from florivores (i.e., isoeugenol and benzylbenzoate; Andrews et al., 2007; Kessler et al., 2013). In this study, the release of five monoterpenes and three sesquiterpenes showed a decreasing trend during flower blooming, and 4-isopropyl-1-methylcyclohex-2-enol, (1S,1aS,1bR,4S,5S,5aS,6aR)-1a,1b,4,5a-tetramethyldecahydro-1,5-methanocyclopropa[a]indene, and benzaldehyde, 4-(1-methylethyl)- were not even detected at the FB stage. We found that the concentration of 17 aromatic substances increased significantly with flower blooming. Although the concentrations were generally low, they were highly recognizable, enabling CIA flowers to fully prepare for attraction of potential insect pollinators and also to resist pathogens.



Expression pattern of floral scent-related genes in CIA

The formation and release mechanism of floral fragrance is complex and depends on the biosynthetic pathway of aroma compounds and the activities of related enzymes (Pichersky and Dudareva, 2007; Maeda and Dudareva, 2012). In this study, 104,165 expressed genes were identified from CIA flower–derived transcriptome data, and 8,945 DEGs were identified between samples from different flower developmental stages (Figure 4B). Pairwise comparisons showed that the number of upregulated DEGs was higher than that of downregulated DEGs (FB vs. IF: 568 up/79 down; IF vs. BF: 1423 up /1282 down; FB vs. BF: 5006 up /3591 down), suggesting that the diversity and production of fragrance compounds during different flower developmental stages are related to the activation/ inhibition of these DEGs.

For the terpene biosynthesis pathway, no DEGs were detected in the MVA upstream pathway, whereas two and 16 DEGs were identified in the DXP/MEP upstream and downstream pathways, respectively. The expression levels of five GERD genes (Cluster-15110.10761, Cluster-15110.10884, Cluster-15110.17454, Cluster-3197.0, and Cluster-8673.0) were consistent with the present levels of (E)-atlantone, kessane, and neointermedeol, which were abundant in flower buds but decreased following flower opening. Conversely, the expression patterns of four other GERD genes (Cluster-15110.54962, Cluster-15110.54963, Cluster-15110.8505, and Cluster-25797.0) were consistent with the levels of 3-buten-2-one and 4-(4-hydroxy-2,2,6-trimethyl-7-oxabicyclo[4.1.0]hept-1-yl)-, which were detected mainly in blooming flowers. This result suggests that different GERD homologues may have divergent functions and expression levels, leading to the production of different compounds. A similar phenomenon was observed in grapevine (Vitis vinifera): VvGERD genes had lower transcript levels in open, pre-anthesis flowers, flowers after anthesis, or at the early onset of fruit development, highlighting the regulatory role of VvGERDs in sesquiterpene production during flower and fruit development in grapevine (Lücker et al., 2004). The activity of GPPS also affects the synthesis of other products in the isoprene pathway (Kumari et al., 2013). Our transcription data revealed one GPPS gene (Cluster-15110.50692) and three ND genes (Cluster-15110.28505, Cluster-15110.47193, and Cluster-15110.47332) that were similar to ISPE and ISPH; they reached maximum expression levels at the BF stage, consistent with the contents of 3-isopropenyl-trans-8a-methyl-6-oxo-perhydro-trans-4a-naphthol, 6-octen-1-ol, 7-methyl-3-methylene-, albene, bicyclo[2.2.1]heptane, 7,7-dimethyl-2-methylene-, and citronellol. In Hedychium coronarium, HcGPPS also showed an expression trend similar to that of some monoterpenes, demonstrating an important regulatory role for GPPS in monoterpene biosynthesis during flower development (Yue et al., 2015). In addition, endo-borneol showed the highest emission rate in the borneol chemotype of Cinnamomum camphora owing to the high expression of ND, which displayed seasonal regulation (Tian et al., 2021). Therefore, GPPS and ND may also play an important developmental regulatory role in the synthesis of monoterpenes in CIA.

Many terpenes in floral compounds are direct products of TPS, while others are formed by hydroxylation, dehydrogenation, acylation, and other reactions based on the formation of terpenoids catalyzed by TPSs (Aharoni et al., 2006). In this study, the transcript abundance of one TPS14 (Cluster-15110.62774) decreased as flowers gradually bloomed, yet the expression of another TPS14 (Cluster-11861.0) showed the opposite pattern, with higher expression levels in blooming flowers, consistent with the accumulation of linalool in different flowering stages (Figures 2B, 5; Supplementary Table 1). Among the four chemotypes of C. camphora, the linalool chemotype showed the highest emission rate of monoterpenes in the same month, owing to the high expression of genes in the MEP pathway, an α-terpineol synthase gene (E4.2.3.111) and TSP14, which were possibly responsible for the generation of volatile monoterpenes (Tian et al., 2021). Therefore, TPS plays an important role in the biosynthesis of volatile terpenes in CIA flowers.

Polyphenols, an abundant population of secondary metabolites in plants, are derived from the phenylpropanoid pathway (Dudareva and Pichersky, 2000). This pathway is a rich source of plant metabolites and the starting point for the production of a variety of important plant compounds, including flavonoids, coumarin, and lignans (Negre, 2005). The profile and concentration of phenylpropanoids vary in different tissues, different stages of growth and development, and even in different eco-geographical groups of the same species. Several studies have found that PAL, C3H, C4H, and 4CL are the key enzymes for the biosynthesis and accumulation of phenylpropanoids (Boatright et al., 2004; Zhao et al., 2017). In the present study of flower buds, the expression of 11 DEGs involved in the biosynthesis of phenylpropanoids and flavonoids, including one PAL, two CYP98A/C3Hs, and one 4CL, decreased as the flowers gradually bloomed. By contrast, increased expression levels of 15 DEGs were observed in blooming flowers, including two 4CL. These observations suppose that the diverse expression of these DEGs in branches of the phenylpropanoid pathway may mainly leading to the production of scent in the CIA during flower development (Zvi et al., 2012). Fatty acid derivatives are mainly formed through three processes: α oxidation, β oxidation, and the lipoxygenase pathway. C18 fatty acids (linoleic acid and linoleic acid) are transformed into hydroperoxidates in the presence of lipoxygenase (LOX; Schwab et al., 2008). The high content of 28 esters in flower buds may be related to the upregulated expression of 26 DEGs involved into the biosynthesis of saturated and unsaturated fatty acids, and the relatively high content of seven esters in blooming flowers may be related to the upregulated expression of 20 DEGs.

In this study, we found 20 TFs were positively related to the expressions of genes involved into the biosynthesis of terpenes, phenylpropanoids, unsaturated fatty acids, and fatty acids (Figure 7). Morever, many of these TFs were also highly related to the presence of the relative contents of these compounds in different CIA flower developmental stages (Supplementary Table 19). In rose flowers, production of anthocyanin pigment1 (PAP1) was confirmed to regulate the synthesis of terpenoids and benzenoid compounds (Zvi et al., 2012). These TFs herein may interact with promoters of synthase genes of related compounds or regulate upstream compounds to affect metabolic flow. These results further suggest that the activity of these DEGs and TFs may contribute to the diversity and release of floral substances at different flowering stages of CIA. The specific sources of characteristic aroma compounds and regulatory mechanism require further study.




Conclusion

We performed integrative metabolome and transcriptome analyses to investigate the molecular mechanisms underlying the production of volatile metabolites by CIA flowers at three different developmental stages. The presented metabolic profile showed clearly developmental stage-specific patterns, in which both volatile terpenes and esters are highly enriched and varied across different flower developmental stages.Moreover, a number of DEGs revealed a similar pattern, in which the expressions of different genes were significantly upregulated or downregulated from FB to BF stages, and many of them came from the pathways responsible for the biosynthesis of terpenoids, esters, and phenylpropanoids. TFs, including those from MYB, bHLH, AP2/EFR and WRKY families, were also found to be involved into the regulation for generating CIA floral scent. The results presented in this study will facilitate floral scent-related gene discoveries and help to enable the molecular breeding and metabolic engineering of chrysanthemum plants. Moreover, because CIA is a valuable resource plant, these results will further promote its agricultural, medicinal, and industrial applications in the future.
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SUPPLEMENTARY FIGURE 1 | CIA flowers from different developmental stages: flower bud (FB), initial flower (IF), and blooming flower (BF).

SUPPLEMENTARY FIGURE 2 | Expression heatmaps of genes detected in flowers of Chrysanthemum indicum var. aromaticum.

SUPPLEMENTARY FIGURE 3 | KEGG enrichment analyses of DEGs identified in the FB vs. IF dataset.

SUPPLEMENTARY FIGURE 4 | KEGG enrichment analyses of DEGs identified in the FB vs. BF dataset.

SUPPLEMENTARY FIGURE 5 | KEGG enrichment analyses of DEGs identified in the IF vs. BF dataset.

SUPPLEMENTARY FIGURE 6 | qRT-PCR analysis of 12 DEGs chosen from the Chrysanthemum indicum var. aromaticum RNA-seq data.



Footnotes

1https://github.com/CJ-Chen/TBtools/releases

2http://trinityrnaseq.github.io
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Quercus gilva is an ecologically and economically important species of Quercus section Cyclobalanopsis and is a dominant species in evergreen broad-leaved forests in subtropical regions of East Asia. In the present study, we reported a high-quality chromosome-scale genome assembly of Q. gilva, the first reference genome for section Cyclobalanopsis, using the combination of Illumina and PacBio sequencing with Hi-C technologies. The assembled genome size of Q. gilva was 889.71 Mb, with a contig number of 773 and a contig N50 of 28.32 Mb. Hi-C scaffolding anchored 859.07 Mb contigs (96.54% of the assembled genome) onto 12 pseudochromosomes, with a scaffold N50 of 70.35 Mb. A combination of de novo, homology-based, and transcript-based predictions predicted a final set of 36,442 protein-coding genes distributed on 12 pseudochromosomes, and 97.73% of them were functionally annotated. A total of 535.64 Mb (60.20%) of repetitive sequences were identified. Genome evolution analysis revealed that Q. gilva was most closely related to Q. suber and they diverged at 40.35 Ma, and Q. gilva did not experience species-specific whole-genome duplication in addition to the ancient gamma (γ) whole-genome triplication event shared by core eudicot plants. Q. gilva underwent considerable gene family expansion and contraction, with 598 expanded and 6,509 contracted gene families detected. The first chromosome-scale genome of Q. gilva will promote its germplasm conservation and genetic improvement and provide essential resources for better studying the evolution of Quercus section Cyclobalanopsis.
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Introduction

The genus Quercus, comprising approximately 450 species, is one of the most dominant woody genera throughout Asia, Europe, and America (Plomion et al., 2018; Zhou et al., 2022). Classifying Quercus genus has been historically challenging due to low interspecific differentiation and high intraspecific genetic variation partly caused by hybridization and introgression (Hipp, 2015). According to the recent molecular evidence provided by nuclear ribosomal internal transcribed spacer (ITS), restriction fragment length polymorphism (RFLP), and genomics datasets, the species in genus Quercus have been grouped into two subgenera Quercus and Cerris (Manos et al., 2001; Denk and Grimm, 2010; Denk et al., 2017; Deng et al., 2018; Hipp et al., 2020). Subgenus Quercus, which is primarily distributed in North America, includes five sections: Lobatae, Ponticae, Protobalanus, Quercus, and Virentes. Subgenus Cerris, of which the major distribution region is Eurasia, consists of Cerris, Cyclobalanopsis, and Ilex sections (Denk et al., 2017).

Quercus section Cyclobalanopsis is mainly distributed in subtropical and tropical regions of Asia (Denk and Grimm, 2010). Approximately 90 species have been recognized in section Cyclobalanopsis and are well-adapted to warm and humid climates. Due to their ecological importance, the phylogeny of Cyclobalanopsis species has been investigated using both phenotypic and molecular data over the past ten years (Denk and Grimm, 2010; Deng et al., 2013; Deng et al., 2014; Deng et al., 2018; Hipp et al., 2020), which helped us to better understand the evolutionary history of section Cyclobalanopsis. In the latest study, Deng et al. (2018) utilized restriction-site associated DNA sequencing (RAD-seq) data to resolve phylogenetic relationships of 34 Cyclobalanopsis species, inferring two major lineages that are compound trichome bases (CTB) lineage and single-celled trichome bases (STB) lineage. RAD-seq is a fractional genome sequencing strategy that usually only samples a small proportion of the genome (Davey and Blaxter, 2010; Lowry et al., 2017). Moreover, the RAD-seq approach relies on enzymes to isolate restriction site fragments; the polymorphic sites occurring at restriction sites consequently lead to missing information, resulting in potential bias in the phylogenetic estimation (Ai et al., 2022). The genome-wide sequencing data of white oaks (e.g., Q. robur, Q. lobata, Q. mongolica) have contributed significantly to resolving phylogenetic relationships within section Quercus (Plomion et al., 2018; Ai et al., 2022; Sork et al., 2022). Therefore, the availability of whole-genome sequencing data for Cyclobalanopsis species is essential to the phylogenetic inference of section Cyclobalanopsis. However, none of Cyclobalanopsis species have available genome-wide data yet.

Quercus gilva (2n=2x=24) is a representative species of section Cyclobalanopsis in East Asia, including southern and southeastern China, Japan, and Jeju Island of South Korea (Zeng et al., 2019; Han et al., 2020) (Figure 1A). Q. gilva is a native and dominant species in evergreen broad-leaved forests in subtropical areas of East Asia. In China, Q. gilva naturally distributes in mixed and secondary forests from 106°-122°E to 22°-29°N at altitudes of 300-1500 m (Zeng et al., 2019). It provides essential ecological services, including water conservation, soil protection, and carbon sequestration. Besides, its red, hard, and well-textured heartwood provides quality materials for high-end furniture and fine artware production (Zeng et al., 2019) (Figures 1B–D). Q. gilva has been therefore considered to be ecologically and economically valuable. However, the once widespread Q. gilva populations have greatly diminished as a consequence of human disturbance (e.g., large-scale logging and regional development) (Deng et al., 2018). Limited studies have been conducted on Q. gilva, which focused on its identification (Ohyama et al., 2001; Noshiro and Sasaki, 2011), marker development (Sugiura et al., 2014), genetic diversity (Sugiura et al., 2015), and potential distributions (Han et al., 2020). Although a chloroplast genome of Q. gilva was reported (Zeng et al., 2019), nuclear genome information is not available for Q. gilva.




Figure 1 | Distribution and characteristics of Quercus gilva. (A) Distribution of Q. gilva based on specimen records, literature, and field survey, (B) trunk, (C) leaves, and (D) fruits of Q. gilva, (E) individual of the sampled 12-year-old Q. gilva.



We herein report the first chromosome-scale genome assembly and reveal the genome evolution of Q. gilva. This high-quality reference genome will promote germplasm conservation and genetic improvement of Q. gilva and provide essential resources for better understanding the phylogenetic relationships of Quercus section Cyclobalanopsis.



Materials and methods


Plant materials and DNA extraction

Fresh leaf tissues were sampled from a 12-year-old Q. gilva individual growing in Yuchi State-Owned Forest Farm (113.0697°E, 28.5965°N), Hunan Province, China (Figure 1E). Leaves were immediately stored in liquid nitrogen until being transported back to the laboratory and stored at -80°C. The genomic DNA extraction from leaf tissues was performed using DNeasy Plant Mini Kit (QIAGEN, Valencia, CA, USA). The quality and quantity of genomic DNA were assessed by NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, USA), 0.8% agarose gel electrophoresis, and Qubit 3.0 fluorometer (Life Technologies, CA, USA).



DNA sequencing and data processing

Three different approaches were adopted to perform genomic DNA sequencing. Illumina libraries were constructed with ~350 bp inserts and sequenced on a NovaSeq 6000 platform (Illumina, San Diego, CA, USA) with paired-end reads of 150 bp (PE 150 bp). Paired-end adapters were removed from raw data using FastUniq v1.1 (Xu et al., 2012). Raw data were then filtered according to the following criteria: (a) duplicate read pairs; (b) reads with unknown bases ≥ 10%; (c) reads of which ≥ 50% bases with Phred quality score ≤ 5. BWA-MEM v0.7.12 (Li and Durbin, 2009) was used to filter out contamination reads. After quality control, Illumina clean reads were obtained and utilized to perform a genome survey.

PacBio library was prepared using the “Procedure & Checklist – Preparing HiFi SMRTbell® Libraries using the SMRTbell Express Template Prep Kit 2.0” protocol (Pacific Biosciences of California, Inc., CA, USA). HiFi sequencing was carried out on a PacBio Sequel II (Pacific Biosciences of California, Inc., CA, USA) with circular consensus sequencing (CCS) mode using Sequel II Binding Kit 2.2 and Sequel II Sequencing Kit 2.0. After removing adapters and low-quality reads using the PacBio SMRT Analysis module in SMRT Link v11.0, HiFi CCS clean data were obtained and used for subsequent analyses.

A Hi-C library was generated following the approach described by Lieberman-Aiden et al. (2009). Briefly, chromatin was fixed, extracted, and digested. Subsequently, DNA was purified from protein, then randomly sheared into fragment sizes of 100-500 bp, and sequenced using PE 150 bp mode on a NovaSeq 6000 platform. Data were cleaned and processed in the same manner as described in the genomic DNA sequencing for the genome survey.



RNA extraction and sequencing

Total RNA was extracted from root, leaf, and branch tissues of the same Q. gilva individual that was used for genome sequencing using RNAprep Pure Plant Kit (Tiangen, Beijing, China). RNA Nano 6000 Assay Kit of Agilent Bioanalyzer 2100 system (Agilent Technologies, CA, USA) and NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, USA) were then used to examine RNA quality and quantity. A mixture of total RNA from three tissues was used for library construction, performed by Hieff NGS Ultima Dual-mode mRNA Library Prep Kit for Illumina (Yeasen Biotechnology, Shanghai, China) and sequenced using an Illumina NovaSeq 6000 platform with PE 150 bp mode.



Genome survey, assembly and assessment

Before de novo genome assembly, the genome size, repeated sequences, and heterozygosity were estimated using K-mer analysis with Illumina clean reads. The iterative selection of 19 bp base sequences (K-value=19) was used for K-mer analysis. K-mer frequency distribution was tallied and the K-mer depth distribution curve was calculated, which were then used to evaluate genome size, the percentage of repeated sequences, and heterozygosity ratio as described by Li et al. (2019).

HiFi CCS clean reads were initially assembled using Hifiasm v0.15.4 (Cheng et al., 2021) with parameters -z20 to trim both ends of reads by 20 bp. BWA-MEM v0.7.12 (Li and Durbin, 2009) was then used to align the Hi-C clean data onto the assembled genome. The read pairs were independently mapped to the genome assembly and only read pairs that were uniquely mapped were used in subsequent analyses. Valid interaction paired-end reads were used to cluster, sort, and correct the contigs into 12 pseudochromosomes using 3D-DNA (Dudchenko et al., 2017) and manual inspection was performed with Juicebox v1.22 (Robinson et al., 2018).

The quality of the assembled Q. gilva genome was assessed from four aspects. First, Illumina clean reads and CCS clean reads were re-aligned onto the final assembly by BWA-MEM v0.7.12 (Li and Durbin, 2009) and Minimap2 v2.24 (Li, 2018), respectively. Second, BUSCO v5.2.2 assessment (Simão et al., 2015) was performed using the embryophyta_odb10 dataset and default parameters. Third, the long terminal repeat (LTR) Assembly Index (LAI) was applied to assess the assembly continuity as described previously (Ou et al., 2018). Finally, the occurrence of telomeric tandem repeat ((TTAGGG/CCCTAA)n) was examined on both edges of 12 pseudochromosomes to assess the completeness and accuracy of our chromosomal assembly.



Genome annotation

The repetitive sequences that include tandem repeats and transposable elements (TEs) in the Q. gilva genome were identified. Tandem repeats were annotated using MISA v2.1 (Thiel et al., 2003). TEs in the assembled genome were identified using de novo and homology-based approaches. A de novo repetitive sequence library of the Q. gilva genome was constructed using RepeatModeler v2.0 (http://www.repeatmasker.org/RepeatModeler/) and TEs were subsequently identified using RepeatMasker v4.0.5 (Tarailo-Graovac and Chen, 2009). For the homology-based approach, the assembled Q. gilva genome was aligned against the Repbase database v20.05 (Bao et al., 2015) using RepeatMasker v4.0.5 with default parameters for TEs identification. Results from these two approaches were merged to yield final TEs in the assembled Q. gilva genome.

A combination strategy of de novo, homology-based, and transcript-based predictions was applied to predict protein-coding genes. De novo prediction was performed using AUGUSTUS v3.3.3 (Stanke et al., 2004) on the repeat-masked sequences. In homology-based prediction, the protein sequences of Quercus aquifolioides, Quercus lobata (Sork et al., 2022), Quercus mongolica (Ai et al., 2022), Quercus robur (Plomion et al., 2018), and Quercus suber (Ramos et al., 2018) were aligned against the Q. gilva assembly using TBLASTN v2.60 (Gertz et al., 2006). GeMoMa v1.8 (Keilwagen et al., 2016) was then employed to predict protein-coding genes based on homologous sequences. In the transcript-based approach, RNA sequencing clean data were mapped to the Q. gilva genome by HISAT2 v2.2.0 (Kim et al., 2019), and transcripts were then assembled using StringTie v2.1.3 (Pertea et al., 2015). PASA v2.4.1 (Haas et al., 2003) was utilized to predict gene models. MAKER v3.1.2 (Cantarel et al., 2008) was used to integrate the results from de novo, homology-based, and transcript-based approaches to generate a consensus gene set.

Functional annotation of the predicted genes was performed by searching for the best matches of alignments in non-redundant (NR) (https://ftp.ncbi.nlm.nih.gov/blast/db/FASTA/), Swiss-prot (Boeckmann et al., 2003), and Eukaryotic Orthologous Groups (KOG) (Tatusov et al., 2003) using BLASTP v.2.7.1 (Camacho et al., 2009) with e-value ≤ 1e–5. Gene Ontology (GO) (Ashburner et al., 2000) terms were assigned to the predicted genes based on eggNog-mapper v2.1.6 (Cantalapiedra et al., 2021) annotation. Putative gene pathways were inferred based on the Kyoto Encyclopedia of Genes and Genomes (KEGG) databases using the BlastKOALA webservice (http://www.kegg.jp/blastkoala/) (Kanehisa et al., 2016). Protein domains and motifs were characterized using InterProScan v5.42-78.0 (Jones et al., 2014) with Pfam (Finn et al., 2014) database.

Non-coding RNAs (ncRNAs), which include ribosomal RNAs (rRNAs), transfer RNAs (tRNAs), micro RNAs (miRNAs), and small nuclear RNAs (snRNAs), were identified through sequence alignment to the Rfam database (Griffiths-Jones et al., 2005). The rRNAs were identified using RNAmmer v1.2 (Lagesen et al., 2007). The tRNAs were predicted using tRNAscan-SE v1.3.1 (Schattner et al., 2005) with eukaryote parameters. Infernal v1.1 (Nawrocki and Eddy, 2013) was used to detect miRNAs and snRNAs.



Phylogenetic analysis and divergence time estimation

Protein sequences of Arabidopsis thaliana, Betula platyphylla, Castanea dentata, Fagus sylvatica, Oryza sativa, Populus trichocarpa, Q. gilva, Q. lobata, Q. suber, and Ricinus communis were used to cluster the orthologous genes. For each gene, only the longest transcript was retained and protein sequences that are less than 50 amino acids in length or have internal stop codons were filtered. Gene family clustering analysis was then performed using OrthoFinder v2.5.2 (Emms and Kelly, 2019) with filtered protein sequences of the 10 species.

A phylogenetic tree on a basis of shared single-copy orthologous genes was generated for A. thaliana, B. platyphylla, C. dentata, F. sylvatica, O. sativa, P. trichocarpa, Q. gilva, Q. lobata, Q. suber, and R. communis. MAFFT v7.490 (Katoh and Standley, 2013) was used to independently perform the multiple sequence alignment for each gene, and Gblocks v0.91b (Talavera and Castresana, 2007) was then utilized to filter poorly aligned sequences. Protein sequences of all single-copy orthologous genes were concatenated, which was then used to construct a maximum-likelihood (ML) tree by RAxML v8.2.12 (Stamatakis, 2014) with PROTGAMMALGX model of sequence evolution.

Divergence times between Q. gilva and nine other species were estimated with MCMCTree in PAML v4.10.0 (Yang, 2007). Two calibration nodes were used in divergence time estimation. The first calibration was the divergence time between A. thaliana and O. sativa (152 Ma) obtained from the TimeTree database (http://www.timetree.org) (Kumar et al., 2017), which is widely used to estimate divergence times among plant species. The pollen fossil of a Quercus specimen (Hofmann et al., 2011) that has been commonly used to constrain the node of genus Quercus (Hipp et al., 2020; Zhou et al., 2022) was used to calibrate the stem node of Q. gilva, Q. suber, and Q. lobata with 56 (54-60) Ma.



Gene family contraction and expansion analysis

To examine gene family expansion and contraction between the ancestor and each species, gene family clustering and phylogenetic analysis results were inputted into CAFÉ v3.1 (De Bie et al., 2006). Significant gene family expansion and contraction were determined with P-value ≤ 0.05. Functional enrichment analysis was conducted to identify expanded and contracted gene families in the Q. gilva genome. GO term assignment and KEGG pathway analysis were performed using eggNog-mapper v2.1.6 (Cantalapiedra et al., 2021) and BlastKOALA webservice (Kanehisa et al., 2016), respectively.



Genome synteny and whole-genome duplication analysis

Colinear maps were generated by comparing genome sequences on 12 pseudochromosomes of Q. gilva with Q. lobata and Q mongolica genomes using MUMmer v4.0 (Marçais et al., 2018) to investigate the syntenic relationship between Q. gilva and these two oak genomes. Additionally, synteny analysis was performed between Q. gilva and Q. lobata genomes and between Q. gilva and Q. mongolica genomes using JCVI v1.1.19 (Tang et al., 2008) with following parameters: – cscore=.99, –minspan=30. The block comprising at least five sequential genes and with C-score≥0.99 was defined as the initial syntenic block and the syntenic blocks spanning more than 30 genes were displayed in the synteny map. According to the previous findings that Q. lobata does not undergo species-specific whole-genome duplication (WGD) events besides the ancient gamma whole-genome triplication (γ-WGT) event shared by core eudicot plants (Ai et al., 2022), Q. lobata and Q. suber were selected for the inference of WGD events in Q. gilva. Protein sequences of these species were compared with Q. gilva genome to identify syntenic blocks and syntenic genes using BLASTP v.2.7.1 (Camacho et al., 2009) (e-value ≤ 1e–5). Synonymous substitution rate (Ks) of the syntenic gene pairs within and among genomes was calculated using KaKs_Calculator 2.0 (Wang et al., 2010) and ParaAT v2.0 (Zhang et al., 2012), respectively. The probability density distribution curve of Ks was visualized using R software, and WGD events were inferred from the distribution peaks.




Results


Genome survey, assembly and assessment

A genome survey was performed to predict the genome size, repeated sequences, and heterozygosity of Q. gilva using K-mer analysis based on ~55.66 Gb of Illumina clean data (Supplementary Table 1). With a K-mer number of 47,492,571,457 and K-mer depth of ~54.86, the genome size was estimated to be ~865.75 Mb. A high level of heterozygosity ratio of 1.16% and ~48.17% of repeated sequences were observed (Supplementary Figure 1; Supplementary Table 2).

A total of ~30.76 Gb of HiFi CCS clean reads were produced by the PacBio Sequel II and used for the subsequent genome assembly (Supplementary Table 1). The contigs were then polished with HiFi CCS clean data, generating a genome assembly of 889.71 Mb, with a number of contigs of 773 and a contig N50 of 28.32 Mb (Table 1). The contig N50 of the assembled Q. gilva genome is ~11-fold and ~405-fold compared with Q. mongolica and Q. robur, respectively. In total, ~121.70 Gb of Hi-C data were obtained and connected to 12 pseudochromosomes (Supplementary Table 1). Finally, 859.07 Mb of sequences (96.54% of the genome assembly) were anchored onto 12 pseudochromosomes, ranging in sizes of 40.26-104.15 Mb (Figure 2; Supplementary Figure 2; Supplementary Table 3). The chromosome-scale genome assembly of Q. gilva was characterized by a scaffold number of 515 and a scaffold N50 of 70.35 Mb. The scaffold N50 of Q. gilva is similar to that of Q. mongolica (66.74 Mb) and Q. lobata (75.00 Mb) while ~53-fold than Q. robur (1.34 Mb).


Table 1 | Comparison of genome assembly and annotation between Quercus species.






Figure 2 | Features of the Quercus gilva genome. The outermost circle represents the 12 pseudochromosomes, with red dot at the end indicating telomeric repeat ((TTAGGG/CCCTAA)n) reached. From outer to inner circles: (A) sequence coverage by PacBio CSS clean reads; (B) LTR Assembly Index (LAI); (C) gene density; (D) GC content. (A–D) were drawn in 50 kb non-overlapping sliding windows. The intragenomic syntenic blocks were indicated by the innermost circle.



The quality of the Q. gilva genome assembly was assessed by four approaches. First, 100% of Illumina short reads and 99.85% of CCS clean reads were mapped to the assembled genome, which could cover 96.22% and 99.87% of the assembled genome sequence, respectively (Figure 2; Supplementary Table 4). Second, among 1,614 Benchmarking Universal Single-Copy Orthologs (BUSCO) genes, 98.6% of complete BUSCOs, including 93.5% of complete single-copy and 5.1% of complete duplicated, were detectable in our assembled genome (Supplementary Figure 3). Third, LAI of the Q. gilva genome assembly is 22.71 which is greater than the gold standard quality level of the assembly (LAI=20) (Ou et al., 2018) (Supplementary Figure 4). Additionally, our chromosomal assembly reached telomeric tandem repeats on both ends of six pseudochromosomes and on one end of six more (Figure 2). These results elucidated the high completeness and quality of our Q. gilva genome assembly.



Genome annotation

In total, 929,678 tandem repeats, including 663,186 mono-, 199,396 di-, 53,203 tri-, 10,358 tetra-, 2,064 penta-, and 1,471 hexa-nucleotide repeats, were identified in the Q. gilva genome, accounting for ~2.63% of the assembled genome (23.38 Mb) (Supplementary Table 5). Approximately 512.26 Mb (~57.57% of the genome) of TEs were identified via the combination of de novo and homology-based predictions, with 0.20% of short interspersed nuclear elements (SINEs), 3.89% of long interspersed nuclear elements (LINEs), 18.67% of long terminal repeats (LTRs), and 2.41% of DNA transposons. The percentage of TEs in Q. gilva is comparable to that of Q. lobata (54.4%) and Q. robur (53.3%).

A final set of 36,442 protein-coding genes distributed on 12 pseudochromosomes was predicted through a combination of de novo, homology-based, and transcript-based approaches, with average exons per gene of 4.5 (Table 1; Supplementary Figure 5; Supplementary Table 6). The average gene and CDS length were 3,724 and 980 bp, respectively. In total, ~97.73% of the predicted protein-coding genes (35,615 genes) were functionally annotated in the databases described above (Supplementary Figure 6; Supplementary Table 7). The ncRNAs were identified in the Q. gilva genome, which included 709 tRNAs, 1,798 rRNAs, 38 miRNAs, and 142 snRNAs.



Phylogenetic analysis

Gene family clustering analysis assigned 235,227 genes from Q. gilva and nine other species to 20,844 orthogroups. A total of 13,241 genes clustered into 9,259 gene families were revealed in Q. gilva genome through comparisons of protein sequences homologous between Q. gilva and nine other species (Supplementary Figure 7; Supplementary Table 8). In total, 1,244 single-copy orthologous genes were shared among Q. gilva and nine other species, which were used to construct a phylogenetic tree and to estimate species divergence time (Figure 3).




Figure 3 | Phylogenetic tree based on shared single-copy gene families among Quercus gilva and nine other species. Inferred maximum-likelihood (ML) phylogenetic tree was generated on the basis of 1,244 single-copy orthologous genes across 10 species. The numerical value at the right of each node shows the estimated divergence time in millions of years. Red dots indicate calibrated nodes. Numbers in green (+) and red (−) show the number of expanded and contracted gene families, respectively. The green, red, and blue portions of the pie charts indicate the percentage of gene families undergoing expansion, contraction, and rapidly evolving event, respectively.



The maximum-likelihood phylogenetic tree indicated that Q. gilva (in section Cyclobalanopsis) was most closely related to Q. suber (in section Cerris), with a divergence time at ~40.35 (13.40-50.81) Ma. The estimated divergence time of Q. lobata (species of subgenus Quercus) from the common ancestor of Q. gilva and Q. suber (members of subgenus Cerris) was ~47.45 (41.97-53.63) Ma. The estimated split between C. dentata and three Quercus species was ~51.75 (47.98-55.88) Ma.



Gene family contraction and expansion

In total, 598 expanded and 6,509 contracted gene families have been observed in the Q. gilva genome (Figure 3). Among them, 41 and 207 gene families were significantly expanded and contracted (P<0.05), respectively. The expanded gene families in the Q. gilva were significantly enriched in 565 GO terms (Q<0.01), which were primarily enriched in cellular component of cell (GO:0005623, 59 genes) and molecular function of catalytic activity (GO:0003824, 52 genes) (Supplementary Table 9). The contracted gene families showed significant enrichment in 398 GO terms, with major enrichment in biological process of cellular process (GO:0009987, 37 genes) and cellular component of cell part (GO:0044464, 37 genes) (Supplementary Table 10). KEGG enrichment analysis of expanded gene families revealed only two significantly enriched pathways (Q<0.01) (Supplementary Table 11). While the contracted gene families were found to be significantly enriched in 15 KEGG pathways, with the chief enrichment in plant-pathogen interaction (ko04626) (Supplementary Table 12).



Genome synteny and whole-genome duplication

Colinear maps were generated by comparing Q. gilva genome with Q. lobata (Figure 4A) and Q. mongolica (Figure 4B) genomes. Both maps showed a small proportion (6.4% between Q. gilva and Q. mongolica genomes and 12.2% between Q. gilva and Q. lobata genomes) of blue dots showing the identical sequence in the opposite orientation, which elucidated high similarity between Q. gilva and Q. lobata genomes and between Q. gilva and Q. mongolica genomes. Moreover, syntenic blocks were generated for Q. gilva versus Q. lobata genomes and Q. gilva versus Q. mongolica genomes (Figure 4C). In total, 174 and 104 syntenic blocks have been obtained from the comparison of Q. gilva versus Q. lobata genomes and Q. gilva versus Q. mongolica genomes, respectively. A one-to-one corresponding relationship of the 12 chromosomes was observed between Q. gilva and Q. lobata genomes and between Q. gilva and Q. mongolica genomes.




Figure 4 | Syntenic analysis through comparisons of the 12 pseudochromosomes of Q. gilva with Q. lobata and Q. mongolica. (A) Colinear map of the Q. gilva and Q. lobata genomes. (B) Colinear map of the Q. gilva and Q. mongolica genomes. Red and blue dots indicate the identical sequence in the same and opposite orientation, respectively. (C) Chromosome-level syntenic comparisons based on gene pairs between Q. gilva and Q. lobata and between Q. gilva and Q. mongolica. Syntenic blocks with more than 30 genes are connected by grey lines.



The distribution curves of Ks for Q. gilva and Q. lobata showed a peak at ~1.3 Ks units (Supplementary Figures 8, 9), indicating these two species shared a WGD event that is gamma whole-genome triplication (γ-WGT) event in the common ancestor of core eudicots. Another peak at low values of Ks (0.1-0.2) nearly fitted with exponential distribution was observed in three Quercus species, which indicated the recent burst of local gene duplications. The peak value of orthologous gene pairs of Q. gilva versus Q. lobata and Q. gilva versus Q. suber (Ks value of 1.1) was lower than the peak value of paralogous gene pairs of Q. gilva and Q. lobata, implying that the divergence between Q. gilva and two other Quercus species occurred later than the shared γ-WGT and Q. gilva did not experience species-specific WGD events.




Discussion

In the present study, a high-quality chromosome-scale genome assembly of Q. gilva was generated by employing a combination strategy of Illumina NovaSeq 6000, PacBio Sequel II, and Hi-C sequencing technologies. The assembled genome size of Q. gilva was ~890 Mb, with contig and scaffold N50 values of 28.32 and 70.35 Mb, respectively. Greater than 96% of the Q. gilva genome sequences (~859 Mb) were anchored onto the 12 pseudochromosomes that ranged in a size of 40.26-104.15 Mb. Consistent with Q. lobata and Q. mongolica genomes, the greatest number of genes were observed on chromosome 2 (4,774) among the 12 chromosomes of Q. gilva. However, differing from Q. lobata and Q. mongolica genomes that chromosome 2 was found to be the longest, chromosome 4 is slightly longer (104.15 Mb) than chromosome 2 (101.11 Mb) in our Q. gilva genome assembly. The increase in the length of chromosome 4 may be caused by the high level of transposable elements (TEs) (~69 Mb) present on it. Genome assembly of woody plants has been generally challenged due to high levels of duplication and heterozygosity. The level of repetitive elements, specifically TEs, was found to be constantly high in genus Quercus, for instance, 51.78% in Q. mongolica (Ai et al., 2022), 53.3% in Q. robur (Plomion et al., 2018), 54.4% in Q. lobata (Sork et al., 2022), and 57.57% in Q. gilva. The heterozygosity of Q. gilva was estimated at 1.16%, which is comparable to Q. mongolica (1.09%) (Ai et al., 2022) and Q. lobata (1.25%) (Sork et al., 2016). Although high levels of repetitive sequences and heterozygosity are present in Q. gilva genome, our assembled genome displays a high assembly quality, with 98.6% of complete BUSCOs detected in the genome assembly, an LAI score of 22.71, and telomeric tandem repeats reaching at both ends of six pseudochromosomes and at one end of six more. This Q. gilva genome is the first reference genome for Quercus section Cyclobalanopsis. It will provide essential information to better understand the evolution of this dominant lineage in East Asia.

Phylogenetic analysis revealed that Q. gilva was most related to Q. suber (section Cerris), with an estimated divergence time of 40.35 (13.40-50.81) Ma, and the estimated split time between two subgenus Cerris species (Q. gilva and Q. suber) and Q. lobata (subgenus Quercus) was 47.45 (41.97-53.63) Ma. The result is consistent with the phylogenetic structure resolved by previous reports that the divergence of section Cyclobalanopsis from sections Cerris and Ilex and the divergence between subgenera Cerris and Quercus occurred in the early Eocene (Hipp et al., 2020; Zhou et al., 2022). While our study suggested earlier divergences between Quercus species than those proposed by Deng et al. (2018), which may be due to the different fossil calibrations of genus Quercus used in this previous study. Analysis of WGD event based on Ks distribution elucidated that Q. gilva and Q. lobata only underwent the gamma whole-genome triplication (γ-WGT) that was shared by core eudicot plants with a Ks peak value of 1.3. A deviated peak value (Ks of 1.1) was observed in Q. suber, which supports the previous finding that this deviation may be caused by the low-quality assembly of Q. suber using second-generation sequencing (Ai et al., 2022). Moreover, Ks distribution curve elucidated that the divergence between Q. gilva and the other two Quercus species occurred later than the shared γ-WGT and Q. gilva did not experience species-specific WGD events since Ks peak value (1.1) of orthologous gene pairs of Q. gilva versus Q. lobata and Q. gilva versus Q. suber was lower than the peak value (1.3) of paralogous gene pairs of Q. gilva and Q. lobata. The WGD event could also be inferred from the high level of synteny between Q. gilva and the other two Quercus genomes. A one-to-one corresponding relationship of the 12 chromosomes was found between Q. gilva and Q. lobata and between Q. gilva and Q. mongolica. At the same time, fewer inversions occurred between Q. gilva and Q. mongolica genomes, which may be due to the use of PacBio Sequel II sequencing technology with higher accuracy in Q. gilva and Q. mongolica. Based on the previous findings that Q. lobata and Q. mongolica did not experience lineage-specific WGD besides γ-WGT (Ai et al., 2022) and the high collinearity between Q. gilva and these two species, we could confirm that no lineage-specific WGD occurred in Q. gilva.

Compared with Q. suber and Q. lobata, the Q. gilva genome experienced considerable gene family contraction, with genes related to the plant-pathogen interaction pathway significantly contracted in the Q. gilva genome. The previous study indicated that as the key component of plant-pathogen interaction, disease-resistance (R) genes strongly expanded in Q. robur (Plomion et al., 2018). Our study may not support this point, however, it is consistent with the finding observed on Q. mongolica that the gene families in the plant-pathogen interaction pathway of this Asian oak exhibited significant contraction and the R gene number in Q. mongolica was considerably lower compared with other oak species (Ai et al., 2022). In the East Asian environment, the absence of some pathogens may result in a reduced number of corresponding resistance genes from the standpoint of fitness cost, leading to the contraction of related genes (Tian et al., 2003).

In conclusion, we herein report a high-quality chromosome-scale genome assembly of Q. gilva, the first reference genome for Quercus section Cyclobalanopsis, and elucidate the genome evolution of this ecologically and economically important species. Our study will promote germplasm conservation and genetic improvement of Q. gilva and provide valuable resources for a better understanding of the evolution of Quercus section Cyclobalanopsis.
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Numerous studies have shown that plant long noncoding RNAs (lncRNAs) play an important regulatory role in the plant response to environmental stress. However, there are no reports on lncRNAs regulating and enhancing aluminum (Al) stress tolerance in legumes. This study analyzed the role of lncRNAs in response to Al stress in the legume model plant Medicago truncatula. A total of 219.49 Gb clean data were generated: 3,284 lncRNA genes were identified, of which 515 were differentially expressed, and 1,254 new genes were functionally annotated through database alignment. We further predicted and classified putative targets of these lncRNAs and found that they were enriched in biological processes and metabolic pathways such as plant hormone signal transduction, cell wall modification and the tricarboxylic acid (TCA) cycle. Finally, we characterized the functions of 2 Al-activated-malate-transporter-related lncRNAs in yeast. The recombinant plasmids of MSTRG.12506.5 and MSTRG.34338.20 were transformed into yeast, and these yeast exhibited better growth than those carrying empty vectors on medium supplemented with 10 μM AlCl3 and showed that they have biological functions affording Al stress tolerance. These findings suggest that lncRNAs are involved in regulating plant responses to Al stress. Our findings help to understand the role of lncRNAs in the response to Al stress in legumes and provide candidate lncRNAs for further studies.
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Introduction

Aluminum (Al) is one of the most abundant metal elements in the earth’s crust and is deprotonated to Al3+ in acidic soils with a pH < 5.0, while at pH > 5.0, Al usually exists in soil in the form of poorly soluble aluminosilicates or alumina that are nontoxic to plants (Kochian et al., 2004). Micromolar concentrations of Al3+ in the soil can inhibit plant root growth in a short period of time and cause the rapid accumulation of reactive oxygen species (ROS), hydrogen peroxide (H2O2) and hydroxyl radicals (-OH), resulting in Al toxicity (Poot-Poot and Hernandez-Sotomayor 2011). Approximately 40% of the world’s arable land is acidic, and Al toxicity is considered one of the main factors limiting crop yields in acidic soil (Liu et al., 1995; Von Uexküll and Mutert 1995). Previous studies found that Al stress caused severe damage to the structure and function of mitochondrial membranes in peanut (Arachis hypogaea), while increased mitochondrial antioxidant system activity reduced cellular damages under Al stress (Zhan et al., 2014). Many plant species have evolved complex mechanisms to cope with Al toxicity; one is the exclusion mechanism in which Al is prevented from entering the root tips (symplast and apoplast), and the other is internal tolerance, which depends on detoxification and sequestration of Al in apoplastic spaces (Lou et al., 2016). Among these mechanisms, the most important one is the apoplastic exclusion strategy, which is based on root-secreted organic acids that chelate Al. Some plants can produce complexes that chelate with Al ions in the soil through the secretion of organic acids such as malic acid, citric acid and oxalic acid from their roots, thereby reducing the effects of Al toxicity (Dissanayaka et al., 2021).

In the model plant species Arabidopsis thaliana, ALUMINUM-ACTIVATED-MALATE-TRANSPORTER 1 (AtALMT1) was identified as a key gene for Al tolerance, and root malate secretion was shown to be regulated by the transcription factor SENSITIVE-TO-PROTON-RHIZOTOXICITY 1 (STOP1), which mediates Al-induced expression of AtALMT1 and is critical for Al resistance of A. thaliana (Tokizawa et al., 2021). Studies have shown that the transcription factor WRKY47 regulates the expression of EXTENSIN-LIKE PROTEIN (ELP) and XYLOGLUCAN ENDOTRANSGLUCOSYLASE-HYDROLASE 17 (XTH17), which are responsible for cell wall modification, thereby balancing the Al distribution between the apoplast and symplast in the roots (Li et al., 2020).

Noncoding RNAs (ncRNAs) longer than 200 nucleotides are called long noncoding RNAs (lncRNAs), have relatively low protein-coding capacity and compose the largest class of ncRNAs (Wang et al., 2017; Yu et al., 2022). LncRNAs lack distinct open reading frames (ORFs), are mainly transcribed by RNA polymerase II, and exhibit tissue- and cell-specific expression patterns (Wang et al., 2015; Zhao et al., 2020). Based on their relative positions to protein-coding genes and genomic origin, lncRNAs can be further classified into lincRNAs, antisense-lncRNAs, intronic-lncRNAs, and sense-lncRNAs (Ponting et al., 2009). In plants, a large number of lncRNAs involved in the regulation of root development (Chen et al., 2018), flowering (Csorba et al., 2014), fruit ripening (Zhu et al., 2015), and responses to biotic (Cui et al., 2020) and abiotic stresses (Wang et al., 2017) have been characterized. Studies have shown that the bra-miR172a-lncRNA interaction is involved in the regulation of target genes associated with heat tolerance in Chinese cabbage (Brassica rapa ssp. chinensis) (Wang et al., 2019). Yu et al. (2022) found that lncRNAs play a role in the senescence of Medicago truncatula root nodules on the basis of their effects on the transport of transmembrane substances. Zhao et al. (2020) identified a set of lncRNAs responsive to cold treatment in M. truncatula seedlings and further analyzed the potential regulatory network of an CBF intergenic lncRNA (MtCIR1) and MtCBF, which play key roles in the cold stress response. However, lncRNA studies related to Al stress are rare.

To identify the lncRNAs corresponding to Al stress in M. truncatula, we performed high-throughput strand-specific RNA sequencing (RNA-seq) on root tip tissue under Al stress to study and characterize lncRNAs associated with the response to Al stress. Our findings provide new insights into the potential functions of lncRNAs during Al stress.



Materials and methods


Plant materials and treatments

The study was carried out in the laboratory of the College of Animal Science, Guizhou University. Seeds of M. truncatula A17 were surface-sterilized with 1% NaClO solution for 5 min, rinsed 5 times with distilled water, and germinated in the dark at 25°C for 3 days. Then, they were cultured in Hoagland nutrient solution (pH 5.8) at constant temperature (25°C, 16 h/8 h light/darkness) for 7 days, during which the nutrient solution was changed every 2 days (Bugbee 2004). Then, 240 same growthing seedlings were separated averagely into four groups, which included three Al-treatment time point groups (4, 24, and 48 h) in a 0.5 mM CaCl2 and 10 μM AlCl3 (pH 4.5) solution and one control (0 h) group, which was cultivated for 48 h in a 0.5 mM CaCl2 solution (pH 4.5). To reduce the circadian rhythm effects, the seedlings of control and 48 h groups were treated at the same time, and harvested after 48 h. For 4 h and 24 h treatment groups, their seedlings began to be treated 44 h and 24 h after the treat time of 48 h treatment group, respectively, and harvested at the same time as 48 h and control groups. Each 20 plants served as a replicate with three replicates per treatment. After the treatment, 1.5-cm-long root tips were taken, immediately frozen in liquid nitrogen, and stored at −80°C.



Physiological trait determination

Root length was measured using a digital Vernier caliper, and root activity was measured using the naphthylamine microplate method (TB1011, Beijing Leagene Biotechnology Co., Ltd., China). The malondialdehyde (MDA) content, peroxidase (POD) activity, superoxide dismutase (SOD) activity, catalase (CAT) activity, and soluble sugar (SS) content were measured using corresponding kits from Beijing Solarbio Science and Technology Co., Ltd. (MDA-BC0020, POD-BC0090, SOD-BC0170, CAT-BC0200, SS-BC0035, Solarbio, Beijing, China). Refer to manufacturer’s instructions for measurement method.



RNA extraction, cDNA library construction and sequencing

RNA extraction, quantitative measurements and quality assessments were performed according to the methods described by Liu et al. (2016). An Epicenter Ribo-zero™ rRNA Removal Kit (Epicenter, United States) was used to remove rRNA. The resulting libraries were sequenced by staff at Biomarker Co., Ltd. (BMKcloud, Beijing, China), on an Illumina NovaSeq 6,000 platform.

Clean reads were obtained by removing the inclusion adapters and low-quality reads from the raw data (Zhao et al., 2020). The reads were subsequently mapped to the M. truncatula reference genome MedtrA17_4.0 using Bowtie2 and TopHat2, after which they were assembled by StringTie (Pertea et al., 2015). LncRNAs were screened using the CPC, CNCI and Pfam platforms (Kong et al., 2007; Sun et al., 2013; Wang et al., 2013). All the transcripts were greater than 200 bp in length.



Analysis of differentially expressed lncRNAs

The DESeq R package v1.10.1 was used for lncRNA differential expression analysis (Anders and Huber 2010). LncRNAs or mRNAs for which p was <0.05 and the log2(fold-change) was ≥1.5 were considered differentially expressed (Frazee et al., 2015). TargetFinder (v1.0) was used to predict target lncRNAs of microRNAs (Fahlgren and Carrington 2010).



Annotation and functional analysis of DElncRNA target genes

The functions of the genes were determined on the basis of BLASTX alignment of the sequences to the contents of the NCBI nonredundant (Nr) protein sequence, Gene Ontology (GO), Clusters of Orthologous Groups of proteins (COG), Kyoto Encyclopedia of Genes and Genomes (KEGG) and SwissProt Protein databases (E-value < 10-5) (Yu et al., 2022). The TopGO R package and KOBAS software were used for GO enrichment analysis and KEGG pathway analysis, respectively (Mao et al., 2005). GO terms with corrected p-values < 0.05 were taken as the significantly enriched by differentially expressed genes.



Quantitative real-time PCR validation

Total RNA was extracted by TRIzol reagent, and random reverse primers were used for reverse transcription of lncRNAs and mRNAs. A SYBR Premix Ex Taq II Kit (TaKaRa, Dalian, China) and Power SYBR Green Master Mix (Applied Biosystems) in conjunction with an iQ 5 Multicolor Real-time PCR Detection System (Bio-Rad, USA) were used for qRT–PCR analysis, and the primers used are designed by Premier 5 (Supplementary Table S1). The relative gene expression levels were calculated using the 2–∆∆Ct method (Giulietti et al., 2001).



Al tolerance test of transgenic yeast

The full-length cDNA sequence of the genes were obtained via seamless cloning, the results of which are shown in Supplementary Table S2. Transformation was performed according to a method described previously (Kawai et al., 2010). pBI121 was used as an expression vector of yeast strain INVSc1 (Invitrogen, Carlsbad, USA). The Al stress tolerance was evaluated in SC-Ura media, and the yeast cells were incubated at 28°C while being shaken for 36 h. Serial dilutions were spotted onto SC-Ura agar plates supplemented with 10 μM AlCl3 and incubated at 28°C for 48 h, all of which was replicated 3 times.

In addition, transgenic yeast solution (1% inoculum) was inoculated into SCu/2% (w/v) glucose liquid media supplemented with 10 μM AlCl3, incubated at 28°C and 180 rpm for 24 h, and then analyzed spectrophotometrically to measure the OD600. The OD600 value of transgenic yeast grown in liquid media without AlCl3 was used as a control (Jiang et al., 2022).




Results


Physiological changes in seedlings under Al stress

To investigate the Al stress tolerance of M. truncatula and whether the redox system plays a role in the Al stress response, we measured the root length; root activity; POD, SOD and CAT activities; and SS and MDA contents. Root length and root activity had similar trends; both began to increase after 4 h of treatment, reached their highest values at 24 h, and then showed a decreasing trend (Figures 1A,B). Compared with that at 0 h, the POD activity at 4 h decreased significantly, increased and then leveled off at 24 h (Figure 1C). The SOD activity increased significantly at 4 h and decreased from 24 h to 48 h (Figure 1D), and The CAT activity increased significantly at 4 h and 24 h and decreased rapidly at 48 h (Figure 1E). The SS content significantly increased and peaked at 24 h, after which it decreased at 48 h (Figure 1F). The MDA content increased slightly after 4 h of treatment and decreased slightly at 24 h and 48 h (Figure 1G). SOD and CAT can scavenge oxides (ROS), hydrogen peroxide (H2O2) and hydroxyl radicals (-OH) accumulated in cells. The significant increase in SOD and CAT at 4 h after M. truncatula exposure to Al stress suggest that cell development and cellular antioxidant-reduction systems respond rapidly to stress.
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FIGURE 1
 Effects of Al treatment on physiological characteristics. (A–G) Changes in root length, root activity, POD activity, SOD activity, CAT activity, SS content and MDA contents in root samples harvested from plants treated for 0, 4, 24, and 48 h. 0 h represents control samples, and 4, 24, and 48 h represent 4-h, 24-h, and 48-h Al stress-treated samples. The error bar represent the SDs across 3 different biological duplicates (n = 3). The asterisks represent significant differences in acid Al-treated samples compared with the controls (*p < 0.05; **p < 0.01; ***p < 0.001).




Identification and characterization of lncRNAs

To identify M. truncatula lncRNAs involved in the Al stress response, 12 cDNA libraries were used for RNA sequencing. A total of 54,448,590 to 71,603,639 bp of clean reads were generated from each sample, with a mean GC content and number of bases of 42.65% and 1,828.97 Mb, respectively, and a mean Q30 of 94.00% (Supplementary Table S3). The average mapped reads, uniquely mapped reads and multiple-mapped reads constituted 87.70, 79.53 and 8.10% of all libraries, respectively, and the comparison efficiency of reads in each sample with the reference genome ranged from 73.13 to 93.17% (Supplementary Table S4). According to the statistics of the functional annotation results, the most new genes were annotated in the Nr and TrEMBL databases, 1,234 and 1,232, respectively (Supplementary Table S5). A total of 3,284 lncRNAs were obtained (Supplementary Figure 1A). The highest number of DElncRNAs were coexpressed at 0 h vs. 4 h, 0 h vs. 24 h and 0 h vs. 48 h (Figure 2A). Most lncRNAs were lincRNAs (2,125, 64.7%), followed by antisense (692, 21.1%), intronic (95, 2.9%) and sense (372, 11.3%) lncRNAs (Supplementary Figure 1B). The basal genomic features of 3,284 lncRNAs were characterized, the results of which revealed a uniform distribution of lncRNAs across chromosomes, with no apparent chromosomal preference (Figure 2B). The differences between lncRNAs and mRNAs were characterized by comparing the differences in transcript length, ORF length, exon number and isoform number between lncRNAs and mRNAs. The mean expression levels of mRNAs were higher than those of lncRNAs (Figure 2C). Most lncRNAs had transcript lengths <750 nt (60.38%; Supplementary Figure 1C) and ORF lengths ≤200 amino acids (aa) (Supplementary Figure 1E). The average length of mRNAs was >2,289.58 bp (Supplementary Figure 1D), and 61.38% of mRNAs had ORFs >100 aa (Supplementary Figure 1F). A total of 74.61% of lncRNAs had two exons (Supplementary Figure 1G), and 72.08% of mRNAs had more than three exons (Supplementary Figure 1H). The consistency of the boxplots for the expression of the 12 samples indicated that the gene expression level distributions of individual samples were generally consistent with a low degree of dispersion (Supplementary Figure 1I). The presence of one or both isoforms is the most common case for isoform distribution in lncRNAs and mRNAs (Supplementary Figure 1J). A total of 515 DElncRNAs were identified, and these lncRNAs clustered into 6 groups with similar expression patterns, namely, 4 groups whose members exhibited downregulated (2, 3, 4 and 6) patterns and 2 groups whose members exhibited upregulated (1 and 5) patterns (Figures 2D,E).
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FIGURE 2
 Genome-wide analysis identification and characterization of lncRNAs. (A) DElncRNA distribution in each group. (B) Circos plot of the lncRNA distribution across chromosomes. From outside to inside, lncRNA, genome feature list and linked information. (C) Expression levels of lncRNAs and mRNAs. (D) Heatmap of 515 DElncRNAs. (E) Coexpression cluster analysis of 515 DElncRNAs.




Functional analysis of DElncRNAs in response to Al stress

To determine whether DElncRNAs are functionally involved in the Al stress response process, the functions of DElncRNAs in different periods under Al stress were inferred by applying GO category enrichment analysis. According to the results of the GO enrichment analysis of all DElncRNAs, DElncRNAs were mostly enriched in ribosomes in terms of molecular functional category, followed by the oxidoreductase complex in the cellular component category and response to biotic stimulus in the biological process category (Figure 3B). In addition, 0 h vs. 48 h had the most DElncRNAs, among which DElncRNAs were most distributed in binding and catalytic activity of molecular functions, cell and cell part of cellular components, and metabolic process and cellular process of biological processes (Supplementary Table S6).
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FIGURE 3
 Top KEGG and GO enrichment analyses of all the DEGs. (A) Top 20 KEGG enrichment of all the DEGs. (B) Top 20 GO enrichment of all the DEGs.


To understand the metabolism of M. truncatula under Al stress, we mapped all DElncRNAs to the KEGG database contents to determine their involved metabolic enrichment pathways. Among them, ribosome, phagosome and fatty acid metabolism were the most abundant KEGG enrichment pathways (Figure 3B). We also observed that the tricarboxylic acid (TCA) cycle at 0 h vs. 48 h involves 21 target genes, mainly enriched in carbon metabolism (ko01200), glyoxylate and dicarboxylate metabolism (ko00630), malate dehydrogenase (ko00026) and other pathways (Supplementary Tables S7, S8).

To reveal the relationship between lncRNAs coexpressed and separated by less than 200 kb and protein-coding RNAs, the interaction network of ALMT-related mRNA (MTR_1g077670) and lncRNA (MSTRG.12506.5) was constructed using Cytoscape software (Figures 4A,B). The results show that there are both single nodes and complex networks with more than three nodes in the interactive network. For example, the ALMT-related mRNA MTR_1g077670 was regulated by 4 lncRNAs, while the lncRNA MSTRG.12506.5 may be involved in the regulation of 18 mRNAs. Thus, the network between these lncRNAs and mRNAs may play important roles in the response to Al stress and malate synthesis.
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FIGURE 4
 Representatives of predicted interaction networks among ALMT-related lncRNAs and protein-coding RNAs. (A) Interaction network of MTR_1g077670. (B) Interaction network of MSTRG.12506.5. The lncRNA and mRNA nodes are colored red and green, respectively.




Identification of lncRNAs related to the tricarboxylic acid cycle under Al stress

At 0 h vs. 48 h, we identified 15 mRNAs targeted by TCA cycle-related lncRNAs (Figure 5A; Supplementary Table S9). Among them, malate dehydrogenase mRNA (MTR_2g021700 and MTR_2g045010) related to malate metabolism was significantly more abundant at 24 h than it was in the other treatments, while citrate synthase mRNA (MTR_2g061630) related to citrate metabolism was significantly more abundant at 4 h than in the other treatments. It was suggested that the synthesis of citrate and malate may be regulated by lncRNAs with different expression patterns in response to Al stress.
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FIGURE 5
 Malate and citric acid metabolic pathways. (A) mRNA involved in the regulation of malate and citric acid metabolism. The colored blocks represent the aluminum stress treatment time, 0 h, 4 h, 24 h and 48 h from left to right. (B) Validation of lncRNAs. Bars represent RNA-Seq and yellow lines represent qRT-PCR.


To verify the results of RNA-seq, we randomly selected five DElncRNAs in the TCA cycle pathway (MSTRG.12506.5, Al-activated malate transporter 10; MSTRG.34338.24, Al-activated malate transporter 10; MSTRG.34338.35, Al-activated malate transporter 10; malate transporter 10; MSTRG.37528.1, Al-activated malate transporter family protein; MSTRG.37867.6, Al-activated malate transporter 10), and two mRNAs (MTR_2g061630, citrate synthase; and MTR_1g064070, isocitrate dehydrogenase) were measured by qRT–PCR. The expression trends of DElncRNAs were consistent with the results of RNA-seq, indicating the reliability of the expression analysis results (Figure 5B).



Determination of DElncRNA functions in transgenic yeast

To further investigate the relationship between the identified DElncRNAs and Al stress, two ALMT-related DElncRNAs (MSTRG.12506.5 and MSTRG.34338.20) were overexpressed in the Saccharomyces cerevisiae yeast strain INVSc1, and the growth characteristics of the transformants were observed. There was no difference in the growth rates of the yeast transformed with the empty and recombinant plasmids on plates of media without AlCl3 (Figure 6A). On plates with media supplemented with 10 μM AlCl3, the recombinant plasmid cells showed better growth than empty vector cells, and pBI121-MSTRG.12506.5 and pBI121-MSTRG.34338.20 could still grow at a 10−4 dilution, but the pBI121 transgenic yeast cells were barely able to grow at the 10−4 dilution (Figure 6A). In the liquid media that included 10 μM AlCl3, the OD600 of the transgenic yeasts pBI121-MSTRG.12506.5 and pBI121-MSTRG.34338.20 was significantly higher than that of the yeast harboring empty pBI121 vectors (Figure 6B). These results indicated that potential candidate genes with Al stress tolerance can be screened in these DElncRNAs, and the Al tolerance of legumes can be improved by molecular breeding.
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FIGURE 6
 Phenotypic growth assay and concentration assay of transgenic INVSc1 cells under Al stress. (A) Aliquots of serially diluted (1, 10−1, 10−2, 10−3, and 10−4) cultures on 10 μM Al SC-Ura media with the yeast containing a pBI121 empty vector, pBI121-MSTRG.12506.5, or pBI121-MSTRG.34338.20. (B) Yeast growth in SCu/2% (w/v) glucose liquid media supplemented with 10 μM Al.





Discussion


lncRNA is involved in the regulation of Al stress tolerance

Al in acidic soil is one of the main toxic metal ions that inhibits the growth and development of roots and aerial parts of crop species such as Triticum aestivum, Oryza sativa and Medicago sativa and, in severe cases, causes death (Chauhan et al., 2021; Jiang et al., 2022). Plants growing in acidic soils have evolved complex adaptive mechanisms to cope with Al stress. Understanding the molecular mechanisms of the Al stress response is important for Al-tolerant crop plants breeding programs. Studies have shown that ncRNAs play important roles in many important biological processes, among which lncRNAs have received increasing attention in regulating plant responses to biotic and abiotic stresses, such as drought stress in Zea mays and Pyrus spp. (Zhang et al., 2014; Wang et al., 2018) as well as cold stress and Pi stress in M. truncatula (Wang et al., 2017; Zhao et al., 2020). However, lncRNAs associated with Al stress have received little research attention. In this study, we identified 3,284 unique lncRNAs by strand-specific RNA-seq, the number of which was smaller than the number obtained during M. truncatula nodule senescence (4,576), salt stress (23,324) and cold stress (24,368) (Wang et al., 2015; Zhao et al., 2020; Yu et al., 2022). These discrepancies may be due to the different tissue sites, or different susceptibilities of M. truncatula to different biotic or abiotic stresses (Wang et al., 2015).



Hormonal signaling-related lncRNAs involved in the Al stress response

Plant hormones can be divided into two categories based on their response to the external environment. One category is “positive growth regulators,” which include hormones such as auxin (IAA), gibberellin (GA) and cytokinin (CK). Another category is “stress hormones,” which include hormones such as abscisic acid (ABA), ethylene (ET) and jasmonic acid (JA) (Ahres et al., 2021). IAAs are a class of hormones that regulate cell division and elongation in plants (Yan et al., 2022). Al inhibits the transport of IAA from plant shoots to root tips. A previous study found that the Al resistance of maize is mainly related to the distal transition zone (DTZ) 1–2 mm from the root tip, and the signaling pathway of the root tip can mediate Al signaling between the DTZ and the elongation zone (EZ) 2.5–5 mm from the apex through basipetal IAA transport, and exogenous indole-3-acetic acid to the EZ site can significantly alleviate the inhibition of root elongation induced by Al stress (Kollmeier et al., 2000). In the present study, after 48 h of Al treatment of M. truncatula, a total of 184 lncRNAs regulating plant hormone signal transduction were detected (Supplementary Table S10). Among them, 88 lncRNAs (8 upregulated, 80 downregulated) were related to IAA, and 9 (1 upregulated, 8 downregulated) were related to the synthesis of indole-3-acetic acid. These results suggest that the correlation between lncRNAs and mRNAs may exist in the regulation of IAA and indole-3-acetic acid synthesis and transport in response to Al stress. IAA response factors (ARFs) are transcription factors involved in IAA signaling downstream of TIR1/AFB in the IAA signaling pathway. IAA-regulated root growth inhibition induced by Al stress is mainly mediated by ARFs (Liu et al., 2022). We detected 62 ARF-related lncRNAs regulating 6 mRNAs (Supplementary Table S10). Furthermore, previous studies have shown that the downregulation of small IAA-upregulated RNA (SAUR)-related genes reflects a compensatory mechanism of plants in response to abiotic stresses such as cold, drought, and salt (Stortenbeker and Bemer 2019). In the current study, we identified 40 SAUR-related lncRNAs that regulate 16 mRNAs (Supplementary Table S10), of which 34 lncRNAs and 12 mRNAs were downregulated, suggesting that M. truncatula may also employ a similar compensatory mechanism under Al stress.



Function of the cell wall in Al stress tolerance

In plants, the cell wall is the first barrier against biotic or abiotic stress, and root tip cell walls are considered to be the main sites of Al toxicity and Al rejection (Nagayama et al., 2022). Studies have found that up to 90% of the Al3+ absorbed by plants is distributed in the apoplast of the cell, and pectin, the main cell wall polysaccharide of the apoplast, has many carboxyl groups and a strong affinity for Al3+ (Schmohl et al., 2000; Liu et al., 2022). This causes excess Al to bind to the cell wall, thereby altering the composition and structure of the cell wall and ultimately disrupting and inhibiting cell wall and root elongation. Polygalacturonase (PG), a type of pectin-digesting enzyme, belongs to glycosyl hydrolase family 28 (GH28) and plays a major role in the degradation of components of the pectin network (Wang et al., 2016; Kim et al., 2019). Overexpression of the MsPG4 gene in alfalfa can reduce the content of water-soluble pectin and chelator soluble pectin and effectively improve its cell wall extension and Al resistance (Fan et al., 2022). In this study, we detected 11 polygalacturonase-related DElncRNAs regulating 12 mRNAs, of which 4 were upregulated and 8 were downregulated (Supplementary Table S11). These DElncRNAs, which are upregulated under Al stress, may be involved in regulating the hydrolysis of the cell wall pectin network during root growth, reducing Al accumulation in the cell wall and contributing to cell wall elongation, thereby protecting roots from Al-induced elongation inhibition.



Malate synthesis and citric acid synthesis-related lncRNAs play important roles in the Al stress response

There are two main mechanisms of Al tolerance in plants: one is the exclusion mechanism, in which Al ions are prevented from entering the root tip cells through the apoplastic (cell wall) pathway; the other relies on the intracellular symplastic (cytosolic) pathway for detoxification and the mechanism of vacuolar sequestration (Kochian et al., 2004; Wang et al., 2020). Most monocots and dicots secrete organic acids such as malic acid, citric acid and oxalic acid from the roots to form chelates with Al3+ in the rhizosphere, thereby reducing the harm of Al toxicity. This mode is the most typical and effective Al exclusion mechanism (Dissanayaka et al., 2021). In plants, ALMT encodes the malic acid transporter, and the multidrug and toxic compound extrusion-related gene MATE encodes a citrate transporter. Al stress can significantly increase the expression of ALMT and MATE and promote the secretion of malic acid and citric acid from roots (Upadhyay et al., 2019; Liu et al., 2022). In A. thaliana, Al stress-induced AtALMT1 gene expression promoted root malate exudation (Magalhaes 2006). In this study, we detected 16 ALMT family-associated DElncRNAs involved in the regulation of 3 mRNAs and 3 MATE family-associated DElncRNAs involved in the regulation of 3 mRNAs (Supplementary Tables S12, S13). Further research found that STOP1, a C2H2-type transcription factor, plays an important role in plant Al stress tolerance. After sensing Al3+ signals, plants highly express STOP1 in their cells, thereby regulating the expression of ALMT1 and MATE (Liu et al., 2022). We detected 8 C2H2-type transcription factor-related DElncRNAs (Supplementary Table S14) involved in the regulation of 1 mRNA, but only 1 DElncRNA was upregulated at 48 h, and its relationship with Al3+ signaling remains unknown.

Our validation experiments further demonstrated that DElncRNAs related to ALMT families can regulate malate production. Under conditions of 10 μM AlCl3, by targeting the lncRNAs MSTRG.12506.5 and MSTRG.34338.20 predicted to target the regulatory mRNAs MTR_1g077660 and MTR_1g077670, we performed transgenic yeast validation experiments. The results showed that growth of the transformants was significantly better than that of the empty vector-transformed controls, indicating that lncRNAs could adapt to Al stress by regulating malate synthesis-related genes and increasing malate secretion.




Conclusion

We obtained a total of 219.49 Gn of clean sequence data from 12 paired-end library sequences and identified 3,284 lncRNAs. Through GO and KEGG enrichment of lncRNA targets in response to Al stress, we found that these lncRNAs are involved in the regulation of plant hormone signal transduction and the TCA cycle. We further demonstrated that the lncRNAs MSTRG.12506.5 and MSTRG.34338.20 are involved in the regulation of the malate synthesis network. These results provide new insights into the function of lncRNAs in response to Al stress.
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Orchidaceae, with more than 25,000 species, is one of the largest flowering plant families that can successfully colonize wide ecological niches, such as land, trees, or rocks, and its members are divided into epiphytic, terrestrial, and saprophytic types according to their life forms. Cellulose synthase (CesA) and cellulose synthase-like (Csl) genes are key regulators in the synthesis of plant cell wall polysaccharides, which play an important role in the adaptation of orchids to resist abiotic stresses, such as drought and cold. In this study, nine whole-genome sequenced orchid species with three types of life forms were selected; the CesA/Csl gene family was identified; the evolutionary roles and expression patterns of CesA/Csl genes adapted to different life forms and abiotic stresses were investigated. The CesA/Csl genes of nine orchid species were divided into eight subfamilies: CesA and CslA/B/C/D/E/G/H, among which the CslD subfamily had the highest number of genes, followed by CesA, whereas CslB subfamily had the least number of genes. Expansion of the CesA/Csl gene family in orchids mainly occurred in the CslD and CslF subfamilies. Conserved domain analysis revealed that eight subfamilies were conserved with variations in orchids. In total, 17 pairs of CesA/Csl homologous genes underwent positive selection, of which 86%, 14%, and none belonged to the epiphytic, terrestrial, and saprophytic orchids, respectively. The inter-species collinearity analysis showed that the CslD genes expanded in epiphytic orchids. Compared with terrestrial and saprophytic orchids, epiphytic orchids experienced greater strength of positive selection, with expansion events mostly related to the CslD subfamily, which might have resulted in strong adaptability to stress in epiphytes. Experiments on stem expression changes under abiotic stress showed that the CslA might be a key subfamily in response to drought stress for orchids with different life forms, whereas the CslD might be a key subfamily in epiphytic and saprophytic orchids to adapt to freezing stress. This study provides the basic knowledge for the further systematic study of the adaptive evolution of the CesA/Csl superfamily in angiosperms with different life forms, and research on orchid-specific functional genes related to life-history trait evolution.
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Introduction

Stored carbohydrates serve as a carbon and energy resource for land plant growth and against adverse and favorable conditions (Ranwala and Miller, 2008), and have contributed to drought resistance, frost resistance, salt tolerance, and penetration (Mattana et al., 2005; Rosa et al., 2009; Zhang et al., 2016). The cell wall, an important part of plant cells, consists of a basic skeleton of polysaccharides that constitutes the plant’s main carbon sink, which is ultimately maintained by the plant’s ability to fix carbon dioxide through photosynthesis (Lampugnani et al., 2018). Plants overcome the high intracellular osmotic pressure to a certain extent by assembling some photosynthetic carbohydrate products into cell wall polysaccharides, thereby increasing the strength and flexibility of terrestrial plant cell walls, enabling individual cells to withstand enormous swelling pressures, preventing the rupture of membrane and the structure that controls cell growth, and enabling plants to better cope with environmental stresses, such as drought, freezing, and osmosis (Sarkar et al., 2009). Therefore, the synthesis of plant cell wall polysaccharides plays an important role in the growth and adaptive evolution of plants with different life forms living in extreme or harsh natural habitats.

Studies have shown that mannan is one of the main components of the cell wall polysaccharide in plants. For example, mannan accounts for 58.3% of the dry weight of the crude polysaccharide of the orchid Dendrobium officinale (Xing et al., 2015). The key enzymes involved in the biosynthesis of mannan belong to the cellulose synthase (CesA) family (Lerouxel et al., 2006). The CesA family can be subdivided into one cellulose synthase family (CesA) and eight cellulose synthases-like (CslA-CslH), in which each subfamily is involved in regulating different life processes that are involved in cell wall polysaccharide synthesis (Richmond and Somerville, 2000; Suzuki et al., 2006; Little et al., 2018). The main function of CesA is to participate in primary and secondary cell wall synthesis (Hamann et al., 2004; Farrokhi et al., 2006). CslA mainly encodes β-1,4-mannan synthase (Yin et al., 2009). CslC is involved in catalyzing the formation of the xyloglucan skeleton (Kim et al., 2020). CslD is involved in the synthesis of cell wall polysaccharides, mainly xylan and galacturonan (Verhertbruggen et al., 2011; Yang et al., 2020). CslF and CslH mediate β-(1,3;1,4)-D-glucan synthesis (Burton et al., 2006; Doblin et al., 2009). The CslG gene family is generally considered to be involved in the synthesis of cell wall polysaccharides (Richmond and Somerville, 2000). However, the biological functions of CslB and CslE are unclear (Richmond and Somerville, 2000).

Orchidaceae is one of the largest and most widely distributed families of flowering plants with more than 25,000 species, accounting for approximately 10% of flowering plant species (Leitch et al., 2009). Orchids have unique flower morphologies and extraordinary lifestyle diversity and are distributed in almost every habitat on the Earth (Roberts and Dixon, 2008; Givnish et al., 2015, 2016). Orchids can successfully colonize terrestrial, epiphytic, or lithophytic ecological niches, and attach to trees or rocks; they are mainly divided into epiphytic, saprophytic, and terrestrial types, and utilize crassulacean acid metabolism (CAM) for growth under different environmental conditions (Cai et al., 2015; Zhang et al., 2016). Several studies showed that orchids especially those (e.g., Dendrobium genus) with fleshy stems are rich in various types of active polysaccharides in the cell wall, which are related to drought or cold stress adaptation to different environmental conditions (Xing et al., 2015; Jin et al., 2016; Zhang et al., 2016; Wan et al., 2018).

Over the past two decades, the number of sequenced species has increased exponentially with advances in genome-sequencing technology and genome-assembly algorithms. Sequences of more than 1,000 plant genomes have been published, representing more than 790 different species with highly diverse life histories (Marks et al., 2021; Sun et al., 2021). Since the release of the first orchid genome of Phalaenopsis equestris (Cai et al., 2015), other orchids, such as D. officinale (Zhang et al., 2016), D. huoshanense (Han et al., 2020), D. chrysotoxum (Zhang et al., 2021), Apostasia shenzhenica (Zhang et al., 2017), Cymbidium ensifolium (Ai et al., 2021), P. aphrodite (Chao et al., 2018), Vanilla planifolia (Hasing et al., 2020), and Gastrodia elata (Xu et al., 2021) have been sequenced. Among the above nine orchid species, D. officinale, D. huoshanense, D. chrysotoxum, P. equestris, and P. aphrodite are epiphytic; C. ensifolium, V. planifolia, and A. shenzhenica are terrestrial; and G. elata is saprophytic. These species differ in the composition of the cell wall membrane, which synthesizes various types of active polysaccharides by the expression and regulation of related CesA/Csl genes, while their life forms are divergent via adapting to their specific local environmental conditions (Zhang et al., 2016; Lan et al., 2019; Gao et al., 2020; Idris et al., 2021; Xi et al., 2021).

To date, few studies have conducted evolutionary studies of the gene families related to polysaccharide synthesis in plant congeners with different growth types or life forms regarding their adaptation to environmental stress. However, the available whole-genome sequences of orchids with different life forms provided a unique opportunity to identify and study the adaptive evolution of the CesA/Csl superfamily, which is involved in polysaccharide synthesis. Therefore, we used nine whole-genomes sequenced orchid species with three types of life forms (terrestrial, epiphytic, and saprophytic) and the genomes of Oryza sativa and Arabidopsis thaliana to compare the patterns of gene family divergence and construct the evolutionary pathways of the members of the CesA/Csl superfamily among the three types of life forms. Furthermore, the gene structure related to protein motifs and conserved domains, evolutionary selection pressures, gene collinearity among species were systematically analyzed, and the expression profiles detection and qRT-PCR validation in stem tissues under abiotic stress were conducted, to comprehensively study the adaptive evolution of CesA/Csl superfamily in species with different life forms in the orchid family.



Materials and methods


Data sources

Whole-genome and protein sequences were downloaded from the China National Gene Bank (CNGB),1 National Center for Biotechnology Information (NCBI),2 and RGAP3 databases for the studied Orchidaceae species (D. officinale, D. huoshanense, D. chrysotoxum, P. aphrodite, P. equestris, C. ensifolium, G. elata, V. planifolia, and A. shenzhenic) and O. sativa (Supplementary Table 1). Dendrobium officinale annotation was generated using the GETA annotation pipeline (Supplementary Table 1). The corresponding protein sequences of CesA and Csl were obtained from the Arabidopsis information resource (TAIR) database.4 The RNA-seq raw reads of the 10 species were downloaded from the NCBI sequence read archive (SRA) database5 (Supplementary Table 2).



Identification of CesA/Csl gene family members

Two methods were applied to identify the gene members in CesA/Csl superfamily in orchid genomes. First, the hidden Markov model (HMM) profiles of two domains Cellulose_synt (PF03552) and zf-UDP (PF14569) retrieved from the Pfam database were used against the protein database of 11 species using HMMER version 3.0, with a threshold of E < 1e-10 (Sun and Buhler, 2007; Finn et al., 2011). Second, the BLASTP (Mahram and Herbordt, 2015) search was performed using Ces/Csl protein sequences of A. thaliana and O. sativa as queries against the protein database of 11 species with the threshold E < 1e-10, and sequences with identity > 50% were retained. We extracted the common protein sequences identified by both hmmsearch and BLASTP searches and submitted them to the PfamScan website6 for domain alignment. Genes with E < 1e-20 and containing PF03552 and PF14569 domains were finally defined as members of the CesA/Csl family (Supplementary Table 3).



Phylogenetic tree construction

The protein sequences of CesA/Csl genes of the 11 species were used for multiple sequence alignment using the MUSCLE software (Edgar, 2004) with default parameters. The BMGE software (Criscuolo and Gribaldo, 2010) was used to filter non-conserved sequences before tree construction. The phylogenetic tree under the optimal model was constructed using IQtree2 (Minh et al., 2020) with the parameter -m MFP. According to the clustering relationships with A. thaliana and O. sativa, the CesA/Csl gene family members in the nine orchid species were classified into subfamilies, and the CesA/Csl family members of each species were renamed according to the classification of subfamilies.



Protein motif distribution and conserved domains

We used the MEME software7 to predict conserved motifs in the protein sequences of each subfamily. The maximum number of motifs was 20 and the other parameters were default values. Using NCBI conserved domains database,8 the “Pfam–18271 PSSMs” database was selected for conserved domain search for each subfamily. Additionally, we used TBtools (Chen et al., 2020a) to display the distribution and regularity of the protein motifs and conserved domains corresponding to each subfamily.



Selection pressure analysis and interspecies collinearity of CesA/Csl genes

After pairwise matching of the coding sequences (CDS) of the corresponding subfamilies of nine orchids, the KaKs_Calculator (Zhang, 2022) software was used to calculate the ratio of non-synonymous (Ka) and synonymous substitution rates (Ks) of CesA/Csl genes under different selection pressures; Ka/Ks > 1 represents positive selection, Ka/Ks < 1 denotes negative selection, and Ka/Ks = 1 indicates neutral evolution (Yadav et al., 2015). In addition, McscanX (Wang et al., 2012) was used to calculate inter-species CesA/Csl gene collinearity with a BLASTP threshold E < 1e-5. TBtools (Chen et al., 2020a) was used to display the collinearity of the CesA/Csl genes of A. shenzhenic with other orchid species to determine the contraction and expansion of the gene families.



Transcriptome analysis of CesA/Csl genes in nine orchid species

First, we used fastq-dump (Edwards and Edwards, 2019) to convert RNA-seq raw data (Supplementary Table 2) into fastq format and then used Trimmomatic (Bolger et al., 2014) for quality control of the sequences. The parameters were set as follows: ILLUMINACLIP: TruSeq3-SE:2:30:10, LEADING:3, TRAILING:3, SLIDINGWINDOW:4:15, and MINLEN:36. Thereafter, trim_galore9 was used to remove low-quality reads and linkers with the following parameters: –length, 75; quality, 25; stringency, 5. After indexing the genome and transcripts, the data were aligned to the reference genome using HISAT2 (Guo et al., 2022). The featureCounts software (Liao et al., 2014) was used to calculate the count value of the transcriptome data that matched the genome data. We extracted the length of the gene corresponding to the exon in the corresponding annotation file of each species and associated the total number of reads, count value, and gene length file on the mapping to obtain the FPKM gene expression matrix corresponding to each species. Finally, CesA/Csl gene expression levels in each species were represented in a heatmap to summarize the differences.



Real-time quantitative polymerase chain reaction

Dendrobium officinale, C. ensifolium, and G. elata were selected as representative orchid species for the three life forms (epiphytic, terrestrial, and saprophytic). After treatment with drought (20 days) and freezing (0 and 20°C as control), the stem parts were collected and immediately frozen in liquid nitrogen. Total RNA was extracted from each sample using a TIANGEN polysaccharide and polyphenol plant total RNA extraction kit [Tiangen Biotech (Beijing) Co., Ltd.], and cDNA was synthesized using a TaKaRa PrimeScript™ RT reagent kit with a gDNA Eraser (Perfect Real Time) kit. Primers were designed using the Primer Premier 5 software (Lalitha, 2000; Supplementary Table 5). Real-time quantitative reverse transcription polymerase chain reaction (RT-qPCR) was performed using the TB Green Premix Ex Taq™ II kit (Tli RNase H Plus) and the CFX connect™ Real-Time PCR Detection System. The reaction mixture (20 μl) included 10 μl of TB Green Premix Ex Taq II (Tli RNaseH Plus) (2X), 0.5 μl of PCR Forward Primer (10 μM), 0.5 μl of PCR Reverse Primer (10 μM), 2 μl of fivefold diluted cDNA template, and 7 μl of ddH2O. The reactions were performed according to the following cycling profile: Pre-denaturation at 95°C for 3 min; denaturation at 95°C for 10 s, annealing at 60°C for 30 s, and 40 cycles. Then, the temperature was slowly increased from 65 to 95°C for melting curve analysis. Three technical replicates were performed for each sample. Gene expression levels were calculated using the 2-ΔΔCT method as previously described (Livak and Schmittgen, 2001). We used the GraphPad prism8 software (Swift, 1997) to test the normal distribution of the data. Pairwise t-tests were performed to determine whether the differences in expression were significant.




Results


Identification of CesA/Csl gene family members in orchids

To identify the CesA/Csl genes extensively, we explored nine orchid genomes using the HMM profile of two domains [Cellulose_synt (PF03552) and zf-UDP (PF14569)] and BLASTP searches using 40 CesA/Csl protein sequences of A. thaliana and 45 CesA/Csl protein sequences of O. sativa as the query. A total of 349 CesA/Csl were identified in nine orchid species, with 51, 40, 40, 32, 36, 48, 24, 45, and 33 CesA/Csl genes in D. officinale, D. huoshanense, D. chrysotoxum, P. aphrodite, P. equestris, C. ensifolium, G. elata, V. planifolia, and A. shenzhenica, respectively (Table 1). While 45 and 40 CesA/Csl genes were identified in O. sativa and A. thaliana, separately. Among all the species, saprophytic orchid G. elata had the lowest (24) and epiphytic orchid D. officinale had the highest (51) number of CesA/Csl genes. The numbers of CesA/Csl genes in D. officinale, C. ensifolium, V. planifolia, and O. sativa were higher than that in A. thaliana, while the numbers of CesA/Csl genes in P. aphrodite, P. equestris, A. shenzhenica, and G. elata were less than that in A. thaliana, and the numbers of CesA/Csl genes in D. huoshanense and D. chrysotoxum were the same as that in A. thaliana. Within each type of the epiphytic, terrestrial, and saprophytic orchids, D. officinale (51), C. ensifolium (48), and G. elata (24) had the highest number of CesA/Csl genes, respectively. The results showed that the number distribution of CesA/Csl genes in the nine orchid species is quite varied and divergent within and among different life forms.


TABLE 1    Members of CesA/Csl gene family in nine orchid species, A. thaliana, and O. sativa.
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Phylogenetic analysis and subfamilies classification

To classify and detect the evolutionary relationship among CesA/Csl genes in Orchidaceae, a phylogenetic tree of CesA/Csl genes among nine orchids species was constructed (Figure 1). Based on the clustering relationships with A. thaliana and O. sativa, the typologies of the phylogenetic tree showed that CesA/Csl genes were classified into nine subfamilies: CesA, CslA, CslB, CslC, CslD, CslE, CslF, CslG, and CslH (Table 1). A comparison of subfamilies among different orchid species showed that the number of CesA genes ranged from the highest number in V. planifolia (15) to the lowest number in P. aphrodite (8). D. officinale had the highest number of each member in CslA (10), CslE (4), and CslG (7) subfamilies; while C. ensifolium had the highest number of each member in CslB (4) and CslH (3) subfamilies. CslH was found to be a unique subfamily in grasses (Farrokhi et al., 2006); however, it was identified in orchid species except for D. huoshanense and G. elata. The number of CslD subfamily members was highest (16) in D. huoshanense and lowest (6) in G. elata. Moreover, the CslF subfamily was lost in all orchid species. The distribution and divergence in the number of CesA/Csl subfamily members suggest that the CesA/Csl genes in the nine species with different life forms had undergone different evolutionary processes in Orchidaceae.
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FIGURE 1
Phylogenetic tree of CesA/Csl superfamily for nine orchid species as well as A. thaliana and O. sativa. CesA, CslA, CslB, CslC, CslD, CslE, CslF, CslG, and CslH are nine subfamilies. The different colored blocks represent the distribution of different subfamilies. The numbers on the branches represent the bootstrap value (60–100).




Protein motif distribution and conserved domain analysis

Totally, 20 motifs and seven domains were identified from the orchid CesA/Csl superfamily (Figure 2, Supplementary Figure 1, and Supplementary Table 4). A comparison of the motifs and conserved domains of orchid proteins revealed that the CesA/Csl genes were conserved within different subfamilies but varied among subfamilies. Among all subfamilies, the types of motifs in CesA and CslD were exactly the same, both of which contained motif 1∼15 and motif 17 with the highest number (16) among all the subfamilies. CesA/CslD both contain common conserved domains Cellulose synt, but with unique domain zf-UDP in CesA and unique domain zf-RING_4 in CslD, respectively. Moreover, there were the same number (8) and types of protein motifs in the CslA and CslC subfamily (Supplementary Table 4). Both CslA and CslC uniquely contained motifs 16, 18, 19, and 20, but lacked 12 motifs (1,4,6,7,8,9,10,11,12,13,14,17), which might lead to the major sequence structural differences of CslA/CslC from other subfamilies (Supplementary Table 4). The conserved domains of both CslA and CslC were Glyco_trans_2_3, Glycos_transf_2, Glyco_tranf_GTA_type, and Glyco_tranf_2_3, all of which were conserved domains of Csl (Figure 2). In the CslB subfamily, there was the lowest number of motifs (4) with Cellulose_syn as a conserved domain. The motif distributions of the CslE, CslG, and CslH subfamilies were varied but with a single conserved Cellulose_syn domain. Overall, the CesA and CslD/E/G/H subfamilies that constituted 69.1% (241/349) of CesA/Csl genes were highly conserved, with 12–17 motifs and conserved Cellulose_synt domain. The CslA and CslC subfamilies accounted for 28.9% (101/349) of the CesA/Csl genes, and contained eight common motifs with four conserved domains. By multiple sequence alignments of the common motifs (motif 3 and motif 5) among subfamilies, it showed that the sequence of motif 3 in CslA/CslC had a larger variation compared with those of CesA/CslD, while the sequence of motif 5 in CslA/CslC had higher variations followed by that in CslE/CslG/CslH, while in CslD and CesA, motif 5 has the lowest variation (Figure 2 and Supplementary Figure 1).
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FIGURE 2
Protein motifs, conserved domains, and amino acid sequences of represented motifs (Motif 3 and Motif 5) corresponding eight CesA/Csl subfamilies in nine orchid species. Nine orchids have 20 types of motifs (Motif 1-Motif 20) and six types conserved domains: Cellulose_synt, Glyco_trans_2_3, Glyco_tranf_2_3, Glyco_tranf_2, Glyco_tranf_GTA_type, and zf_UDP.




Selection pressure for CesA/Csl genes in orchids

The evolutionary selection pressure on CesA/Csl genes of the eight subfamilies among the nine orchid species was analyzed. Among all the gene-pairs comparisons, a total of 17 pairs of CesA/Csl genes with the Ka/Ks ratios > 1 (Figure 3). Five, five, one, two, and four gene pairs with Ka/Ks ratios > 1 were found in the CesA, CslD, CslA, CslE, and CslG subfamilies, respectively, indicating that members of these subfamilies underwent positive selection (Table 2). Among the members of the subfamilies subjected to positive selection, the CesA subfamily in D. huoshanense and D. chrysotoxum experienced the stronger positive selection, while the CslD subfamily in D. officinale had the highest number of positive selective genes. Additionally, the CslG subfamily in D. officinale and D. chrysotoxum experienced stronger positive selection. Moreover, the CslA subfamily in V. planifolia experienced positive selection; The positive selection pressure on the CslE subfamily in P. aphrodite was more than that in C. ensifolium and less than in D. chrysotoxum. The other four subfamilies, CslB, CslC, CslF, and CslH, had Ka/Ks ratios < 1, indicating that the members of these four subfamilies might have undergone purification selection. Overall, among the 17 CesA/Csl gene pairs that had undergone positive selection, 86% belonged to epiphytic orchids, 14% belonged to terrestrial orchids, while the saprophytic orchid G. elata did not undergo positive selection.
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FIGURE 3
The collinearity diagram between A. shenzhenica and each of other eight orchid species. Red lines highlight the homologous gene pairs of CesA/Csl genes, and gray lines represent genome-wide collinear gene pairs.



TABLE 2    Gene pairs with Ka/Ks > 1 in selection pressure analysis.
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Collinearity analysis of CesA/Csl gene family among orchids

Analysis of the collinearity relationship showed that the six Ces/Csl genes in the A. shenzhenica genome were collineated with eight homologous genes in the D. chrysotoxum genome (Figure 3). The AsCslD1 gene in the A. shenzhenica genome collineated with three CslD genes in the D. chrysotoxum genome. Three Ces/Csl genes in the A. shenzhenica genome had four homologous genes in the D. huoshanense genome. Furthermore, the five Ces/Csl genes of A. shenzhenica had six homologous genes in the D. officinale genome. Among these, the CslD subfamily had expanded into two genes in D. officinale collineated with the AsCslD1 gene in A. shenzhenica. The four Ces/Csl genes of A. shenzhenica had five homologous genes in the C. ensifolium genome, and the CslD subfamily genes in C. ensifolium had expanded into two genes collineated with AsCslD1. Moreover, three Ces/Csl genes in A. shenzhenica shared three homologous genes in the G. elata genome. P. aphrodite and A. shenzhenica had one pair of Ces/Csl homologous genes, while V. planifolia had four pairs of homologous genes with AsCslC1 and AsCslC3 contracted into one VpCslC4 gene. Taking the CesA/Csl genes in A. shenzhenica as the references, among the corresponding homologous genes, two to three CslD subfamily genes had expanded in epiphytic D. chrysotoxum, D. officinale, D. huoshanense, and terrestrial C. ensifolium. However, CesA/Csl genes did not expand in epiphytic P. aphrodite and saprophytic G. elata, suggesting that the expansion and contraction of the CslD subfamily may be related to adaptive evolution to the local environment of each species during the evolution of different life forms in Orchidaceae.



Genome-wide expression profiles of CesA/Csl genes in orchids

We observed diversified expression patterns of the identified CesA/Csl genes in the stems tissues of eight orchid species, as well as that of Arabidopsis and O. sativa, using the FPKM expression matrix normalized by the column shown in the heat map (Figure 4 and Supplementary Table 2). The CesA genes of the CesA subfamily were strongly higher expressed among all the subfamilies in seven orchid species with epiphytic and terrestrial life forms. However, the expression level of CesA subfamily genes in saprophytic orchid G. elata exhibited weakly higher expression levels among nine subfamilies. The expression levels of genes in CslA (DoCslA4 and DoCslA9) and CslD (DoCslD11 and DoCslD12) subfamilies were higher among nine subfamilies in epiphytic D. officinale. The genes belonging to the CslC and CslG subfamilies did not show obvious upregulation expression patterns among subfamilies in each orchid species except DhCslG1. The GeCslE1 in the CslE subfamily had the highest expression level among subfamilies in the saprophytic orchid G. elata. The genes in CslH subfamily were higher expressed among subfamilies in species P. equestris and V. planifolia. These results indicate that the CesA/Csl gene family has different biased expression patterns among subfamilies in orchid species, which implies that epiphytic, terrestrial, and saprophytic orchids had distinct adaptive expression regulation patterns related to cellulose synthase when adapting to different environments and stresses, of which CesA, CslA, and CslD subfamilies showed the most varied expression levels.
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FIGURE 4
Heatmap of expression profiles of CesA/Csl genes in stem tissues of nine orchid species. The color bar indicates the expression level (normalized FPKM values) of cellulose synthase genes, with the red color indicating a high expression level, while the blue color represents a low expression level. The gray block indicates NA with no gene. The gene expression was normalized by each column respectively. DOF, D. officinal; DCH, D. chrysotoxum; DHU, D. huoshanense; PAP, P. aphrodite; PEQ, P. equestris; ASH, A. shenzhenica; VPL, V. planifolia; GEL, G. elata; OSA, O. sativa; ATH, A. thaliana.




Effects of abiotic stress on expression levels of CesA/Csl genes in orchids

To detect the changes in expression patterns of CesA/Csl genes in orchids with three different life forms under abiotic stress, three species (D. officinale, C. ensifolium, and G. elata) were selected as representatives of epiphytic, terrestrial, and saprophytic orchids, respectively, and the genes of CesA, CslA, and CslD subfamilies were selected to detect the gene expression changes under drought and freezing stresses in each orchid using real-time reverse transcription quantitative PCR (qRT-PCR; Figure 5 and Supplementary Table 5). The results showed that gene expression patterns in stems were either upregulated or downregulated for orchids with different life forms in response to drought and freezing stress (Figure 5). In the epiphytic orchid D. officinale, the expressions of DoCslA2 and DoCesA2 were upregulated under drought stress (t-test, P < 0.05), whereas the DoCslD6 and DoCslA2 were significantly increased under freezing stress (t-test, P < 0.001). The expression of genes CeCslD8, CeCslA2, CeCslA3, CeCesA2 and CeCesA9 in terrestrial orchid C. ensifolium was significantly increased under drought stress (t-test, P < 0.05), whereas CeCesA9 strongly upregulated (t-test, P = 0.0003), and CeCslD1 and CeCslD8 slight downregulated (t-test, P < 0.05) under freezing stress. In the saprophytic orchid G. elata, the expression levels of GeCslD3, GeCslD4, GeCslA1, and GeCesA9 were significantly upregulations under drought stress (t-test, P < 0.001), and expression levels of almost all genes were significantly decreased under freezing stress except GeCslA5 (t-test, P < 0.05).
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FIGURE 5
Histogram of the expression changes of selected genes of D. officinale, C. ensifolium, and G. elata under drought and low-temperature stress validated by qRT-PCR. (A) Gene expression changes of D. officinale under drought stress (S means normal watering, D means drought stress for 20 days, same below). (B) Gene expression changes of D. officinale under freezing stress (20°C, 0°C, and same below). (C) Gene expression changes of C. ensifolium under drought stress. (D) Gene expression changes of C. ensifolium under freezing stress. (E) Gene expression changes of G. elata under drought stress. (F) Gene expression changes of G. elata under freezing stress. T-tests were performed to determine whether expression changes were significant with ****P ≤ 0.0001; ***P ≤ 0.001; **P ≤ 0.01; *P ≤ 0.05.





Discussion

Orchidaceae is one of the few families of angiosperms that can successfully colonize terrestrial, epiphytic, or lithophytic ecological niches, such as land, trees, or rocks (Roberts and Dixon, 2008; Givnish et al., 2015, 2016). They are mainly divided into terrestrial, epiphytic, and saprophytic types based on their life forms under different environmental conditions (Cai et al., 2015; Zhang et al., 2016). Polysaccharides are the basic skeleton of plant cell walls and form the first line of defense that determines plant development and growth and helps plants resist adverse stress (Lampugnani et al., 2018; Zhang et al., 2020). Several studies showed that orchids especially those (e.g., Dendrobium orchids) with fleshy stems are rich in various types of active polysaccharides that are related to drought or cold stress adaptation (Xing et al., 2015; Jin et al., 2016; Zhang et al., 2016; Wan et al., 2018). The CesA and Csl genes that synthesize the β-1,4-linked glycan backbone of cellulose and hemicellulose polysaccharides encode enzymes related to cellulose and hemicellulose polysaccharides (Daras et al., 2021). Therefore, the systematic study of the CesA and Csl genes superfamily based on nine published orchid genomes and transcriptomes data has great significance for exploring the distribution and adaptive evolution of CesA/Csl genes among orchids with different life forms.

In this study, we identified 349 CesA/Csl genes in nine whole-genome sequenced species with different life forms (epiphytic, terrestrial, and saprophytic) in Orchidaceae. The evolutionary analysis of nine orchid species showed that CesA/Csl gene family members can be divided into eight subfamilies: CesA, and CslA/B/C/D/E/G/H (Figure 1), among which the CslD subfamily was the largest, followed by CesA, and the number of CslB subfamily members was the lowest, indicating that expansion of the CesA/Csl gene family in orchid species mainly occurred in the CslD subfamily, which is similar to the results of Lan et al. (2019). Although CslF and CslH only exist in grasses, the CslF subfamily was not identified in orchids in this study; however, we found that the CslH subfamily evolved in orchids, thereby adding new information to the evolution of CslH in monocots (Farrokhi et al., 2006). The identification of CesA/Csl gene family members in orchids showed that epiphytic orchid D. officinale contained the highest number of CesA/Csl genes (51), followed by terrestrial orchid C. ensifolium (48) and saprophytic orchid G. elata (24). Because D. officinale is an epiphyte and G. elata is a saprophyte, the different numbers of CesA/Csl genes might be related to the different life forms of orchid species. In addition, the distribution of each subfamily greatly differed in different orchid species. The CesA/Csl genes of D. officinale, D. huoshanense, and V. planifolia had expanded in the CslD subfamily. CslD is involved in the synthesis of xylan and galacturonic acid (Vogel, 2008). The synthesis of cellulose or mannan in the tip growth cells is closely related to the synthesis of metabolic components, such as polysaccharides (Park et al., 2011; Yang et al., 2020). In addition, both D. officinale and D. huoshanense are rich in various active polysaccharide ingredients (Jin et al., 2016). The expansion of CslD genes in these species might have played an important role in the synthesis of active polysaccharides for adapting to different environmental stress.

Analysis of protein motifs and conserved domains showed that the motifs and domains were strongly conserved within subfamilies in orchids. The CesA and CslD/E/G/H subfamilies, which have been found in orchid species were highly conserved, contained 12–16 motifs and Cellulose_synt conserved domains, and were involved in the synthesis of UDP and (1,4-β-D-glucosyl)n + 1 (Glaser, 1958). In addition, the CslA and CslC subfamilies contain eight motifs and four conserved domains (Glyco_trans2_3, Glyco_tranf_2_3, Glyco_tranf_2, and Glyco_tranf_GTA_type), all of which belong to glucosyltransferases involved in the biosynthesis of bacterial capsules (Swartley et al., 1998). Research has shown that the structures of genes in CesA and CslD, CslB, CslE, CslG, and CslH subfamilies are very similar (Daras et al., 2021). The members of CslA and CslC uniquely contained four motifs, but lacked 12 motifs, leading to the major structural differences with the other six CesA/Csl subfamilies, which are consistent with the results obtained in Daras et al. (2021).

Selection pressure analysis revealed that among the 17 CesA/Csl gene pairs that had undergone positive selection in orchids, 86%, 14%, and none belonged to epiphytic, terrestrial, and saprophytic orchids, respectively. Positive selection is one of the bases of adaption for the plant population evolution under local specific environmental conditions (Eyre-Walker, 2006). In our study, the evolutionary effects of positive selection on CesA/Csl were the strongest in epiphytic orchids, followed by the terrestrial orchids, and the weakest in the saprophytic orchids. The CesA/Csl genes of epiphytic orchids might have experienced stronger positive selection under drought and cold stress conditions in epiphytic environments than that in other environmental conditions (Roberts and Dixon, 2008; Givnish et al., 2015, 2016).

The inter-species collinearity analysis showed that the CslD subfamily in epiphytic D. chrysotoxum, D. officinale, and D. huoshanense, as well as terrestrial C. ensifolium, but not in terrestrial P. aphrodite and saprophytic G. elata had expanded into two to three genes collineated with AsCslD1 gene in A. shenzhenica, suggesting that the expansion and contraction of the CslD subfamily might be related to adaptive evolution to environmental stress during the evolution of different life forms in Orchidaceae. Since CslD is located on the Golgi membrane and catalyzes the synthesis of 1,4-β-D-glucomannan from GDP glucose and GDP mannose (Huang et al., 2018; Yang et al., 2020). It is conserved in all terrestrial plants and is involved in various aspects of the plant life cycle, including polysaccharide synthesis (Zhang et al., 2016; Yu et al., 2018; Zhan, 2019), responses to environmental stimuli (Song et al., 2019), cell expansion and division (Yang et al., 2016; Peng et al., 2019), as well as plant development (Bernal et al., 2008; Luan et al., 2011; Yoo et al., 2012). Studies have shown that DcCslDs are differentially expressed in roots, stems, and leaves of D. catenatum using qRT-PCR (Xi et al., 2021). The drought-resistant recovery treatment was closely related to the expression level of DcCslD5, and low-temperature stress significantly affected the expression levels of DcCslD1, DcCslD2a, DcCslD2b, DcCslD3a, and DcCslD5 (Xi et al., 2021). In our study, the CslD gene mainly expanded in epiphytic and partly in terrestrial orchids, but not in saprophytic orchids, which indicated that expansion of the CslD gene, which mainly synthesizes polysaccharides, might have promoted the adaptation of epiphytic orchids to extreme environments under positive selection.

Previous studies showed that the expression levels of CesA/Csl genes in the various tissues are differentiation which is also related to the abiotic stress in different species, such as Arabidopsis, rice, and orchids (Hamann et al., 2004; Kilian et al., 2007; Wang et al., 2010; Zhu et al., 2010; Lan et al., 2019; Gao et al., 2020; Xi et al., 2021). Our transcriptome analysis of eight orchid species (Figure 4) suggested that different CesA/Csl subfamilies with distinctly biased expression patterns in stems might be related to their adaptive ability to different environmental stresses. Further qRT-PCR results showed that the effects of both drought and cold stresses on the expression patterns of CesA genes were different in orchids with different life forms (Figure 5). In epiphytic orchid D. officinale, the CesA/Csl genes responded significantly to both drought and low-temperature stress. The CslA and CesA genes positively responded to drought stress, while the CslD and CslA genes positively responded to freezing stress (Figure 5). In terrestrial orchid C. ensifolium, the CslA and CesA genes were significantly upregulated under drought stress, while only the CeCesA9 gene was significantly upregulated under freezing stress. The expression levels of CslD and CslA genes in saprophytic orchids G. elata were significantly upregulated under drought stress, but strongly downregulated under freezing stress, suggesting that saprophytic orchids were sensitive to both drought and cold stress by either up or down regulations of CesA/Csl genes. A previous study showed that the expression of A. thaliana CslA (CslA7 and CslA10) and CslD (CslD2 and CslD3) is induced under drought, cold, and osmotic stresses (Kilian et al., 2007; Zhu et al., 2010). The expression levels of DcCslD5 are upregulated under drought stress in D. catenatum, while DcCslD1, DcCslD2a, DcCslD2b, DcCslD3a, and DcCslD5 are influenced strongly by low temperature (Xi et al., 2021). Gao et al. (2020) showed that the promoter region of CslA genes contains cis-elements related to hormonal regulation, which play an important role in biosynthesis and accumulation of glucomannan that responds to stress in D. catenatum. Under different stress treatments, low temperatures induced the expression of DcCslA5 and inhibited the expression of DcCslA3 (Gao et al., 2020). Combining with previous studies as well as our studies of gene expressions and positive selection, we proposed that the CslA might be a key subfamily in orchids with different life forms in response to drought stress, while the CslD might be a key subfamily in epiphytic and saprophytic orchids to adapt to freezing stress.



Conclusion

In this study, 349 CesA/Csl genes were identified in nine orchid species with different life forms (epiphytic, terrestrial, and saprophytic) in Orchidaceae. The CesA/Csl superfamily in orchids was divided into eight subfamilies: CesA and CslA/B/C/D/E/G/H with conserved motifs and domains. Totally, 17 pairs of CesA/Csl homologous genes underwent positive selection, of which 86%, 14%, and none belonged to the epiphytic, terrestrial, and saprophytic orchids, respectively. Epiphytic orchids experienced greater strength of positive selection, with expansion events mostly related to the CslD subfamily, which might have resulted in strong adaptability to stress in epiphytes. Epiphytic, terrestrial, and saprophytic orchids had different adaptive expression patterns. CslA might be a key subfamily in orchids with different life forms in response to drought stress, whereas the CslD subfamily might be a key subfamily in epiphytic and saprophytic orchids to adapt to freezing stress. The novel findings in the study will provide the basic resource for further research on the adaptive evolution of the CesA/Csl superfamily in angiosperms, as well as the orchid-specific functional genes related to life-history trait evolution.
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The spicy taste and medicinal properties of Zanthoxylum bungeanum are imparted by several alkylamides. Although most studies have focused on their isolation and identification, few have reported their biosynthesis pathways. Among the differentially expressed genes (DEGs) reported in the numerous varieties of Z. bungeanum, some might contribute to alkylamide biosynthesis. However, they are not yet functionally validated. The present study explored the function of two genes, ZbFAD2 and ZbFAD3, in the alkylamide biosynthesis pathway, and their stable and transient expression in Arabidopsis thaliana and Nicotiana benthamiana were also analyzed. As compared with the wild-type (WT), the fatty acid content analysis indicated that ZbFAD2-A. thaliana transgenic seeds had lower oleic acid and higher linoleic acid contents, while the ZbFAD3-A. thaliana transgenic seeds showed lower linoleic acid and higher α-linolenic acid levels. Moreover, hydroxy-α-sanshool, a major alkylamide, was considerably higher in the ZbFAD2-N. benthamiana transgenic plants (0.2167 ± 0.0026 mg/g) than in the WT (0.0875 ± 0.0049 mg/g), while it was lower in the ZbFAD3-N. benthamiana transgenic plants (0.0535 ± 0.0037 mg/g). These results suggest that both ZbFAD2 and ZbFAD3 are vital alkylamide biosynthesis enzymes in Z. bungeanum. Our study not only helps to scale up the alkylamide production, but also establishes the role of the uncharacterized genes.
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Introduction

Zanthoxylum bungeanum Maxim. (genus: Zanthoxylum; family Rutaceae) has recently gained significant attention from researchers because of its applications in the pharmaceutical, food, and cosmetic industries (Sun et al., 2019). They are widely distributed in the tropical and subtropical regions, including China, Japan, Korea, India, etc (Sun et al., 2019). To date, over 250 species have been identified globally in this genus, with China harboring at least 45 species (Sun et al., 2019). It contains a variety of health-beneficial bioactive compounds. Numerous studies have focused on the chemical structure and bioactivity of different compounds, including flavonoids, alkaloids, amides, lignans, and coumarins. Among these, alkylamides are known for the pungent flavor and pharmaceutical properties of Z. bungeanum. Twenty-seven alkylamides have been identified and characterized as unsaturated fatty acid amides (Zhao et al., 2013). Alkylamides are formed through conjunction with phenylalanine or valine along with unsaturated fatty acids. These compounds have diverse properties such as antiviral, antifungal, antibacterial, antidiabetic, anti-inflammatory, analgesic, antinociceptive, antioxidant, antithrombotic, antimutagenic, anticancer, antimalarial, antitrypanosomal, psychopharmacological, androgenic, spermatogenic, and insecticidal. They also have valuable immunomodulatory and ethnomedicinal uses and are effective in the treatment of anesthesia, neurodegeneration, and skin disorders (Greger, 1984). Therefore, it is imperative to study the natural origin and production of alkylamides due to their numerous benefits in medicine, food, and cosmetics. To date, most studies have focused on the identification and isolation of these compounds, while very few studies have studied the molecular biology behind their biosynthesis. Deciphering the biosynthesis pathways will not only enhance the understanding of the mechanism of action, but also help to augment their production through metabolic engineering. To achieve this, it is necessary to elucidate the numerous biosynthesis pathways, primary precursors, and genes involved in alkylamide regulation and biosynthesis. Previously, a transcriptome analysis of three varieties of Z. bungeanum was carried out (Wu et al., 2020), and 49 genes were expressed differentially. These genes are speculated to have roles in the alkylamide biosynthesis pathways. Therefore, the present study aims to determine the role of the ZbFAD2 and ZbFAD3 genes in the alkylamide biosynthesis pathway.

Z. bungeanum seeds contain over 90% unsaturated fatty acids (Sun et al., 2016). These are essential fatty acids as they cannot be synthesized by the human body (Stoutjesdijk et al., 2000). Their α- linolenic acid and linoleic acid contents are as high as ~70%. Fatty acid desaturases are extremely important in alkylamide biosynthesis. They desaturate most glycerolipids in plants, either membrane-bound or soluble and are present in the endoplasmic reticulum (ER) and chloroplasts (Bryant and Mezine, 1999). FAD2 and FAD3 mostly desaturate extra-chloroplastic lipids that are found as integral ER membrane-bound proteins (Los and Murata, 1998). In the ER, FAD2 destaurates oleic acid (18:1) into linoleic acid (18:2), while FAD3 destaurates linoleic acid into γ-linolenic acid (C18:3, n6) (Bhunia et al., 2016). During fatty acid desaturation, stearoyl-ACP desaturase first converts stearic acid into oleic acid in advanced plants. Then, the fatty acid dehydrogenase converts the unsaturated bonds into an acyl chain at particular positions (Los and Murata, 1998; Bhunia et al., 2016). The sensation of pungency related to Z. bungeanum is conferred by aliphatic alkylamides with unsaturated fatty acid chains and N-terminal isobutyl structures. Numerous studies on alkylamides have demonstrated the taste and bioactivities of Z. bungeanum (Caterina et al., 1997; Story et al., 2003; Bhunia et al., 2016; Zhang et al., 2019). Hydroxy-ϵ-sanshool, hydroxy-α-sanshool, hydroxy-β-sanshool, hydroxy-γ-sanshool, bungeanool, and isobungeanool are the main sources of alkylamides in Z. bungeanum. However, hydroxy-sanshool has been reported to affect the intensity of pungency in Z. bungeanum (Jordt et al., 2004). The molecular mechanisms of some alkylamide bioactivities have been deciphered, e.g., they display anticancer properties by disrupting the mitochondrion-dependent apoptotic pathway, thereby inhibiting cell survival (Jordt et al., 2004; Sugai et al., 2005). These compounds also improve glucose and lipid metabolism by modulating the A δ mechanosensory nociceptor activity and the pathway of the adenosine monophosphate-activated protein kinase, thereby affecting diabetes (Tsunozaki et al., 2013). Hydroxy-sanshool has been shown to decrease the occurrence of skin wrinkles (Kawai et al., 2013). It can also improve memory and learning by modulating the brain’s neuronal terminals (Sugai et al., 2005; Riera et al., 2009).

Alkylamides are considered a combination of unsaturated fatty acids, valine, or phenylalanine. However, the alkylamide biosynthesis pathway, critical precursors, and their associated genes in Z. bungeanum are yet to be identified. Although alkylamide compounds have been proven to be the key components of Z. bungeanum, their biosynthesis pathways remain largely unknown. Hydroxyl-α-sanshool is considered an important alkylamide variant. Upon examining the transcriptomes of the three Z. bungeanum varieties with significantly different hydroxyl-α-sanshool levels, it was found that several DEGs were associated with the unsaturated fatty acid, valine, and leucine biosynthesis tended to affect alkylamide synthesis (Rong et al., 2016). Plants are the only organisms capable of de novo fatty acid synthesis in the plastids, which include acetyl-CoA, palmitic acid (16:0), stearic acid (18:0), and oleic acid (18:1△9). These are then further desaturated to form linoleic acid (18:2△9,12) and linolenic acid (18:3△9,12,15) via the prokaryotic pathway. However, the eukaryotic pathway occurs via the ER (Koo et al., 2007). In the ER, FAD2 catalyzes the first step of the polyunsaturated fatty acid biosynthesis, converting oleic acid to linoleic acid and linolenic acid by incorporating a double bond between carbon 12 and 13 at the sn-1 and sn-2 sites in phosphatidylcholine. Additionally, omega-6 FAD2 and omega-3 FAD (FAD3) convert oleic acid (C18:1Δ9) to linoleic acid, linoleic acid, and α-linolenic acid (C18:3Δ9,12,15). FAD3, a linoleate desaturase, regulates the amount of C18:3 in the seed oil by converting the phosphatidylcholine-bound linoleate to linoleate in the ER. However, there are limited studies on the relationship of biosynthetic pathways between polyunsaturated FADs and alkylamides in Z. bungeanum. Furthermore, the whole genome study of Z. bungeanum has shown that ZbFAD2 and ZbFAD3 are crucial genes in sanshool biosynthesis (You et al., 2015).

The present study aimed to functionally validate the ZbFAD2 and ZbFAD3 genes, as well as evaluate the correlation between unsaturated fatty acids and alkylamide compounds. The findings will provide a theoretical basis for the research on the cannabinoids biosynthesis pathway in Z. bungeanum. Furthermore, the molecular research on this pathway in Z. bungeanum provides technical support for the accumulation and directional regulation of the compounds in Z. bungeanum, which has both theoretical significance and economic value.



Materials and methods


Profiling of alkylamide compounds in different varieties of Zanthoxylum bungeanum

Three Z. bungeanum varieties with considerable differences in their alkylamide content, including Hancheng stingless, Fengxian Dahongpao, and Fugu Huajiao (Wu et al., 2020), were used for alkylamide profiling (Figure S1). In a previous study, transcriptome sequencing of all three varieties was conducted to study their gene expression profiles, and then correlated with the biosynthesis of alkylamide compounds (Wu et al., 2020). RT-PCR was used to confirm the expression of both FAD3 (c102796 graph_c0) and FAD2 (c99494 graph_c0) genes. The enzyme classes encoded by the ZbFAD2 and ZbFAD3 genes were identified using homologous sequence comparison (Wu et al., 2020).



Bioinformatics analysis of ZbFAD2 and ZbFAD3

The lengths of the open reading frames (ORF Finder program: https://www.ncbi.nlm.nih.gov/orffinder/) of both FAD genes were determined. ZbFAD2 and ZbFAD3 sequences were subjected to BLAST search using the Uniprot database. Based on the FAD protein sequences from 10 different plants, the phylogenetic tree of the target genes (ZbFAD2 and ZbFAD3) and their homologous sequences were constructed using the MEGA software (Tamura et al., 2011). Phylogenetic trees were constructed from the ZbFAD2 and ZbFAD3 protein sequences. Online analysis tools like PROSITE (http://us.expasy.org/prosite/) and InterPro method (http://www.ebi.ac.uk/interpro/) were used to analyze the domains of the protein sequence of the gene sequence of interest.



Analysis of the functions of ZbFAD2 and ZbFAD3 in Arabidopsis thaliana

The ORF coding regions of ZbFAD3 and ZbFAD2 were amplified from Z. bungeanum by PCR with the following M13-specific primers: forward: 5’-CCCAGTCACGACGTTGTAAAACG-3’; reverse: 5’-CAGGAAACAGCTATGAC-3’. The PCR products were digested with KpnI and BamHI, and then inserted into the 35S-pCAMBIA2300 vector. This construct was transformed into the Agrobacterium tumefaciens GV3101 strain containing the pSoup helper plasmid. This was then transformed into Arabidopsis ecotype Col-0 via Agrobacterium-mediated transformation (Clough and Bent, 1998). T1 seeds were plated on 1/2 Murashige and Skoog (MS) medium containing 1% sucrose and 50 mg/mL kanamycin, for the selection of transformants. Homozygous T3 seeds were sown on 1/2 MS medium and stratified at 4°C for 3 d. T3 seeds were germinated in a growth chamber under a 16-h light/8-h dark cycle at 22°C for an additional 7 d. Seven-day-old plants germinated on 1/2 MS medium were transferred into pots containing a soil mixture (vermiculite: nutrient soil = 4:1). After being grown under favorable moisture conditions for 14 d, the number of surviving plants was recorded. There were three replicated assays. After maturation, the seeds were collected, and the differences in fatty acid composition between WT and transgenic A. thaliana seeds were quantified using gas chromatography (GC). With glyceryl triheptadecanoate (C17:0) as an internal standard (Fan et al., 2019), the proportion of the corresponding fatty acids in the seed was determined based on the peak time for each fatty acid methyl ester in the GC. The significant differences between groups were compared using the t-test (*p < 0.05 and **p < 0.01).



Analysis of the function of ZbFAD2 and ZbFAD3 in Nicotiana benthamiana

The ORFs of ZbFAD3 and ZbFAD2 were amplified from Z. bungeanum by PCR with the M13 specific following primers: forward: 5’-CCCAGTCACGACGTTGTAAAACG-3’; reverse: 5’-CAGGAAACAGCTATGAC-3’. The KpnI and BamHI digested PCR products were inserted into the 35S-pCAMBIA2300 vector. This construct was transformed into the Agrobacterium tumefaciens GV3101 strain containing the pSoup helper plasmid. To further verify the functions of ZbFAD2 and ZbFAD3 in the biosynthesis of alkylamide compounds, 35S-pCAMBIA2300-ZbFAD2 and 35S-pCAMBIA2300-ZbFAD3 were transformed into N. benthamiana via the injection method (Luo et al., 2022). Moreover, high-performance liquid chromatography (HPLC) was conducted to detect the differences in alkylamide levels between the transgenic and WT plants.



RNA extraction and quantitative real-time PCR

Total RNA was isolated using the TransZol UP reagent (Transgen Biotech Co., Ltd., Beijing, China) according to the manufacturer’s instructions. First-strand cDNA was synthesized by reverse transcription of purified total RNA using FastQuant RT Kit (Tiangen, Beijing, China). The CFX96 Touch TM (BioRaD, USA) quantitative PCR instrument was used to carry out the quantitative real-time polymerase chain reaction assay. Reactions comprised a 20-μL volume containing 2 μL diluted cDNA, 1 uL forward primer, 1 uL revise primer, and 25 uL 5x UltraSYBR Mixture. Thermal cycler conditions were: 95°C for 10 min, followed by 40 cycles of 95°C for 10 s, 56°C for 30 s and 72°C for 32 s, and 72°C for 2 min. The specificity of each primer pair was verified by melting curve analysis. The N. benthamiana β-actin gene was used as an internal control. The 2−ΔΔCT method (Livak and Schmittgen, 2001) was used for quantification, and the variation in expression was estimated from three biological replicates. The primer pairs used for qRT-PCR analysis are listed in Supplemental Table 2.



Fatty acid analysis of Arabidopsis seeds

Ten milligrams of transgenic seeds were put into 2 mL of 5% H2SO4 (v/v) in methanol for methylesterification, and added to each sample 0.25 mL of n-hexane and 0.25 mg of internal standard triglyceride heptadecacarbonate (C17:0). The methylesterification reaction was carried out at 80°C for 2 h. After cooling to room temperature, 1 mL of n-hexane and 2 mL of 0.9% NaCl solution were added. The mixture was then centrifuged at 5000 rpm for 10 min and the supernatant was aspirated for loading. In a gas chromatograph, the fatty acid methylation products were determined using a flame ionization detector (FID) equipped with an AT-FFAP column (0.25 mm × 30 m, 0.25 µm). The GC conditions of the evaporation chamber and FID were set to 260°C and 280°C, respectively. The temperature of the column oven was 160°C/min, then heated to 240°C at 4°C/min, and held at this temperature for 9 min. Using the high-purity helium as the carrier gas, the gas flow in the column was 1.46 mL/min and the split ratio was 20:1 (Fan et al., 2019). Three biological replicates were performed for each sample.



High-performance liquid chromatography assays

Tobacco leaves were ground to powder, 2 mL of chromatographic methanol was added, and ultrasonic extraction was performed at 60°C for 1 h. After passing through a 0.22 um filter head, it was refrigerated at 4°C for use. Three parallel experiments were performed for each sample.

The mobile phase is comprised of water (A) and acetonitrile (B). Hydroxy-α-Sanshool Elution Program 0 - 20 min, B: 25% - 55%; 20 - 40 min, B: 55% - 90%; 40 - 45 min, 90% B kept constant, Hydroxy-α- Sanshool. The retention time of hydroxy-α-sanshool was 20.554 min. The injection volume was 20 μL, the mobile phase flow rate was 0.8 mL/min, and the detection wavelength was 254 nm (Chen et al., 2019).




Results


Profiling of alkylamide compounds in different varieties of Zanthoxylum bungeanum

No significant differences in the several morphological traits were found among the three varieties (Figure S2). All the candidate alkylamide biosynthesis genes were expressed in the three varieties, as shown in Figure 1. RT-PCR expression results revealed similar patterns in the DEG analysis. Among the candidate genes, several FAD genes showed obvious differences at the transcript levels, particularly the c99494 graph_c0 and c102796 graph_c0 sequences (Table S1). Our results are consistent with a previous study (Feng et al., 2021). Through homologous sequence comparison, we analyzed two full-length cDNA sequences in candidate FAD genes and identified them as unsaturated fatty acid dehydrogenases (now designated as ZbFAD2 and ZbFAD3).




Figure 1 | The expression levels of the DEGs related to the alkylamide biosynthesis pathway in Z. bungeanum. The highest expression of these genes was seen in Fugu (T07-T09), followed by Hancheng variety (T01-T03), with the lowest being in Fengxian (T04-T06).





Analysis of ZbFAD2 and ZbFAD3 

The ORFs of ZbFAD2 and ZbFAD3 were determined to be 1,167 bp and 1,152 bp long, respectively. The results showed that Z. bungeanum and Citrus were grouped together in the first place, however, farther than that between Quercus and Jute. An amino acid sequence analysis showed the following properties of ZbFAD2 protein: (1) 383 amino acids long, (2) 44.16 kDa molecular weight, (3) isoelectric point of 8.04, (4) grand average of hydropathicity index (GRAVY) of −0.013, and (5) instability index of 37.48. Meanwhile, the properties of ZbFAD3 protein were as follows: (1) 388 amino acids, (2) 44.79 kDa molecular weight, (3) isoelectric point of 8.76, (4) GRAVY of −0.116, and (5) instability index of 33.76 (Figure S3).



Analysis of the functions of ZbFAD2 and ZbFAD3 in Arabidopsis thaliana

No apparent morphological difference was observed between the WT and transgenic A. thaliana plants grown up to 150 days. As shown in Figure 2, the level of linoleic acid was higher in the ZbFAD2-A. thaliana transgenic seeds (30.47%) than the WT (27.79%), while that of oleic acid was lower in the transgenic seeds (12.83%) than the WT (15.4%). However, the changes in the levels of other fatty acids were not significant. On the contrary, the level of α-linolenic acid was higher in the ZbFAD3-A. thaliana transgenic seeds (19.86%) than in the WT (17.47%), while that of linoleic acid was lower (24.84%) in the transgenic seeds than in the WT (27.79%). However, the changes in the levels of other fatty acids were also not significant in the ZbFAD3-A. thaliana seeds. Therefore, we demonstrated that the recombinant ZbFAD2 and ZbFAD3 proteins had desaturase activity and could catalyze the unsaturated fatty acid dehydrogenation. Thus, both recombinant ZbFAD2 and ZbFAD3 proteins could convert oleic acid into linoleic acid, and linoleic acid into α-linolenic acid, respectively, thereby playing an important role in the unsaturated fatty acid biosynthesis pathway.




Figure 2 | Fatty acid profiles and fatty acid methyl ester levels in the transgenic and WT A. thaliana seeds.





Analysis of the function of ZbFAD2 and ZbFAD3 in Nicotiana benthamiana

We detected an increased expression for both ZbFAD2 and ZbFAD3 (Figure 3) via qRT-PCR assays on ZbFAD3 and ZbFAD2 injection method transgenic tobacco. Using the N benthamiana ZbFAD3 and ZbFAD2 gene as the internal reference gene, the relative expression levels of ZbFAD3 and ZbFAD2 genes in WT and two transgenic plants are shown in Fig 3, the results showed that the relative expression levels of these two genes were 10.69% and 17.45% higher in transgenic plants than WT, respectively. Simultaneously, the ZbFAD3 transgenic plants showed that ZbFAD3 gene expression amplified the expression of ZbFAD2 gene. In contrast, an opposite trend was observed in the ZbFAD2 transgenic plants, where the ZbFAD2 gene expression reduced the expression level of ZbFAD3 gene. Therefore, it shows that these two genes may affect cannabinoid synthesis by affecting the expression of other functional genes in the synthesis pathway.




Figure 3 | Expression analysis of the ZbFAD3 and ZbFAD2 genes using quantitative real-time PCR, of in the WT and transgenic N benthamiana plants.



The HPLC results indicated significantly higher hydroxy-α-sanshool levels in the ZbFAD2-transgenic N. benthamiana (0.2167 ± 0.0026 mg/g) plants as compared with the WT (0.0875 ± 0.0049 mg/g). Conversely, the level of hydroxy-α-sanshool was lower in the ZbFAD3-transgenic N. benthamiana (0.0535 ± 0.0037 mg/g) plants than in the WT (Figure 4). This is consistent with the previous findings that the expression of ZbFAD3 was down-regulated and ZbFAD2 was up-regulated in the transcriptome sequencing (Wu et al., 2020). Therefore, it can be inferred that these two candidate genes and unsaturated fatty acid biosynthesis are linked to alkylamide biosynthesis.




Figure 4 | HPLC results of hydroxyl-α-sanshool in the ZbFAD3- and ZbFAD2-transgenic N. benthamiana.






Discussion

In recent years, Z. bungeanum has increasingly been proven to be a valuable source of bioactive compounds, which endowed it with several human health beneficial properties. Along with the pharmaceutical industry, both the cosmetics and food industries have also benefited. In this regard, numerous classes of compounds, including alkylamides, from Z. bungeanum have been explored and characterized. Alkylamides not only have an extensive range of bioactivities and applications, but also impart a distinct tingling sensation onto mucosal surfaces post application (Tsunozaki et al., 2013). Sanshools are valuable natural alkylamides that cause tingling and paresthesia when applied to the skin or tongue. These belong to a family of polyunsaturated fatty acid amides and constitute an essential flavor and medicinal ingredient in Z. bungeanum, which can be used as metabolic markers to evaluate Z. bungeanum quality. It is important to analyze different plant varieties, their gene expression, and the genetic differences in the Z. bungeanum biosynthetic pathways (Bhatt et al., 2017) for screening and improving its germplasm. Most studies have focused on their biological activities, extraction, and separation, but fewer have studied their secondary metabolism pathway and the synthetic regulation of sanshools. Therefore, the sanshool biosynthesis pathways and the associated active players involved in it still remain obscure (Cortez-Espinosa et al., 2011; Ren et al., 2017; Wu et al., 2020). The transcriptome sequencing of Z. bungeanum helped identify 19 DEGs related to unsaturated fatty acid, isoleucine, leucine, and valine biosynthesis. Keeping this in mind, our study results confirmed the importance of the ZbFAD3 and ZbFAD2 proteins in the alkylamide biosynthesis pathway.

This is the first time that Arabidopsis thaliana has been used to express the ZbFAD2 and ZbFAD3 proteins. Although FAD2 and FAD3, which were previously thought to transform oleic acid into linoleic acid, had been studied in different plants, no reports were found on the cloning and subsequent characterization of these desaturases from Z. bungeanum. The current work is the first report on the isolation of FAD2 and FAD3 from this plant. We performed standard bioinformatics analyses to determine their role in the alkylamide biosynthesis pathways. Through phylogenetic analysis of both desaturases, and the results obtained from gene function verification, we found that these genes were closely associated with PtFAD2 and PeFAD2. This will be helpful in managing the demand pressure of alkylamides in the medicine, cosmetics, and food industry (Xue et al., 2017; Gazave et al., 2020; Feng et al., 2021).

Both desaturases (FAD2 and FAD3) are part of a larger family (FAD) of the membrane FADS-like superfamily. Five transmembrane helices, composed of a random coil, beta-turn, and alpha helix, were found in the secondary structures of FAD2 and FAD3. According to the transcriptomic study of Z. bungeanum, FAD5, FAD6, FAD7, and FAD8 were also involved in the biosynthesis of fatty acids. FAD2 and FAD6 converted oleic acid into linoleic acid via desaturation, whereas FAD3, FAD7, and FAD8 converted linoleic acid into α-linolenic acid through desaturation. This highlights the potential of using Z. bungeanum for synthesizing linoleic acid (Chen et al., 2014; Busch et al., 2020). Increasing linoleic acid content in plants is mainly achieved through their trait-directed breeding. The expression of FAD2 in Brassica napus and Brassica juncea increased their oleic acid content to 89% and 73%, respectively (Horiguchi et al., 2000). FAD3 gene has been successfully cloned in Arabidopsis (Arondel et al., 1992), tobacco (Shimada et al., 2000; Orlova et al., 2003), wheat (Horiguchi et al., 2000), flax (Vrinten et al., 2005), rapeseed and other plants. It has been found that inhibiting the expression of FAD3 in Arabidopsis thaliana or other plants, that is, inactivating and mutating it, will cause the content of 18:3 in the transgenic lines to decrease and the content of 18:2 to increase (Rahman et al., 1996). On the contrary, overexpression of FAD3 gene will increase the 18:3 content in transgenic lines (Shimada et al., 2000; Orlova et al., 2003; Shah and Xin, 1997).

Ectopic expression of FAD2 and FAD3 genes in the Arachis hypogaea, Sesamum indicum, Helianthusannuus, etc different plants have shown that these genes could convert oleic acid into linoleic acid and generate hexadecadienoic acid (16:2 Δ9,12), using palmitoleic acid (16:1Δ9) as a catalyzed substrate. This may be attributed to some specific substrate preference or varied transmembrane topologies found in the FAD2s and FAD3s (Huang et al., 2010; Fan et al., 2019).

Three Z. bungeanum varieties were subjected to transcriptomic analysis in a previous study (Wu et al., 2020). Based on the obtained data, we found that all alkylamide biosynthesis-related genes were expressed in the three varieties, with varying degrees of expression. However, some FAD genes exhibited differences in transcript levels, which were consistent with previous findings. Upon performing a homologous sequence comparison based on the cDNA sequences of these FAD genes, we identified them as belonging to the unsaturated fatty acid dehydrogenase family and subsequently designated them as ZbFAD2 and ZbFAD3. The lengths of the ORFs of these enzymes were determined to be 1,167 bp and 1,152 bp, respectively. By comparing the expression pattern and linoleic content, we found that the expression levels of ZbFAD2 and ZbFAD3 were positively correlated with the linoleic acid concentration of Z. bungeanum. The findings demonstrate that ZbFAD2 and ZbFAD3 significantly affect the accumulation and regulation of polyunsaturated fatty acids (PUFAs), by converting oleic acid to linoleic acid at different growth stages of Z. bungeanum.

Based on the results of bioinformatics analysis and prokaryotic expression, we found that ZbFAD2 and ZbFAD3 encoded ER-located-like FAD2 and FAD3 enzymes. The functional characterization of desaturases in A. thaliana tested the ability of ZbFAD2 and ZbFAD3 proteins in catalyzing linoleic acid synthesis. Our study provides proteomic data for the molecular regulation and coordination in Z. bungeanum with high linoleic acid content. Further characterization of ZbFAD2 and ZbFAD3 and their functional relationship may provide more information on the mechanisms controlling the fatty acid composition of Z. bungeanum, which may help in trait improvement via both genetic engineering and breeding.

The molecular weight of both purified proteins was very close to the bioinformatically-predicted value. Our findings showed that ZbFAD2 reacted with oleic acid (C18:1△9) to produce linoleic acid (C18:2△9,12), while ZbFAD3 potentially reacted with linoleic acid to produce α-linolenic acid (C18:3△9,12,15) (Figure 4). The homologous sequence analysis revealed that ZbFAD2 and ZbFAD3 could catalyze the conversion from oleic acid to linoleic acid, and the conversion from linoleic acid to α-linolenic acid, respectively. Therefore, both unsaturated fatty acid dehydrogenases function by introducing a second and third double bond to the fatty acid chain.

It was observed that the linoleic acid and oleic acid contents in the ZbFAD2-A. thaliana transgenic seeds were higher and lower than in the WT, respectively. However, the levels of α-linolenic acid and linoleic acid in the ZbFAD3-A. thaliana transgenic seeds were higher and lower than in the WT, respectively. Our results indicated that the recombinant ZbFAD2 and ZbFAD3 proteins functioned as desaturase enzymes and could catalyze unsaturated fatty acid dehydrogenation; which agreed with the prokaryotic expression analysis results, thereby confirming their roles in the unsaturated fatty acid biosynthesis pathway.

At present, both FAD2 and FAD3 genes have been successfully cloned in perilla, tobacco, Arabidopsis, wheat, flax, etc. The content of 18:3 in rice bran oil and roots increased significantly after the soybean FAD2 and FAD3 genes were transformed into rice, with the α-linolenic acid content in rice bran oil increasing significantly. These results show that overexpression of FAD2 and FAD3 genes can increase the α-linolenic acid content in plants. Therefore, we speculate that both ZbFAD2 and ZbFAD3 genes have an important role in the alkylamide biosynthesis pathway.



Conclusion

To sum up, the prokaryotic and eukaryotic expression vectors of ZbFAD2 and ZbFAD3 genes were constructed, and their functions were evaluated via substrate reactions. Furthermore, expressing them in A. thaliana and N. benthamiana could identify their functional roles in the alkylamide biosynthesis pathway. The difference in the levels of unsaturated fatty acids and hydroxy-α-sanshool indicated that the two target genes were involved in the alkylamide biosynthesis pathway, and fatty acid synthesis was correlated with alkylamide synthesis. Our transient assays on N. benthamiana leaves and stable transformation on A. thaliana demonstrated that the expression of ZbFAD2 and ZbFAD3 genes induced the expression of some key genes for the biosynthesis of hydroxy-α-sanshool. It was observed that Z. bungeanum possessed an updated pathway for hydroxyl-α-sanshool biosynthesis (Figure S4). Therefore, ZbFAD2 and ZbFAD3 are the crucial enzymes for regulating the alkylamide biosynthesis pathway in Z. bungeanum. These would lay the groundwork for further research of the sanshools in the plants. Nevertheless, future studies should investigate the relationship between the biosynthesis of fatty acids and alkylamide compounds in Z. bungeanum to gain further insights into the alkylamide biosynthesis pathway.
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Plant-specific TIFY [TIF(F/Y)XG] proteins serve important roles in the regulation of plant stress responses. This family encodes four subfamilies of proteins, JAZ (JASMONATE ZIM-domain), PPD (PEAPOD), ZML (Zinc-finger Inflorescence-like), and TIFY. In this work, a total of 16 JAZ, 3 PPD, 7 ZML, and 2 TIFY genes were found in cassava (Manihot esculenta Crantz) at the genome-wide level. The phylogenetics, exon-intron structure, motif organization, and conserved domains of these genes were analyzed to characterize the members of the JAZ, PPD, and ZML subfamilies. Chromosome location and synteny analyses revealed that 26 JAZ, PPD, and ZML genes were irregularly distributed across 14 of the 18 chromosomes, and 18 gene pairs were implicated in large-scale interchromosomal segmental duplication events. In addition, JAZ, PPD, and ZML gene synteny comparisons between cassava and three other plant species (Arabidopsis, Populus trichocarpa, and rice) uncovered vital information about their likely evolution. The prediction of protein interaction network and cis-acting elements reveal the function of JAZ, PPD, and ZML genes. Subsequently, expression patterns of JAZ, PPD, and ZML genes were validated by qRT-PCR as being expressed in response to osmotic, salt, and cadmium stress. Moreover, almost all JAZ subfamily genes were responsive to jasmonic acid (JA) treatment. In particular, MeJAZ1, MeJAZ13, and MeJAZ14, were highly up-regulated by three treatments, and these genes may deserve further study. This comprehensive study lays the groundwork for future research into TIFY family genes in cassava and may be valuable for genetic improvement of cassava and other related species.




Keywords: cassava, TIFY family, sequence analysis, abiotic stress, expression profile



Introduction

TIFY [TIF(F/Y)XG] gene family is a transcription factor family that is thought to play a key role in a range of biological activities, including plant defense and growth regulation (Shikata et al., 2004; Liu et al., 2020). TIFY family has a highly conserved motif (TIF[F/Y]XG) located in TIFY domain (Vanholme et al., 2007). Previous studies showed that TIFY subfamily, JAZ (JASMONATE ZIM-domain), ZIM/ZML (Zinc-finger Inflorescence Meistem: ZIM and ZIM-like), and PPD (PEAPOD) are the names of four subfamilies within this family based on their domain architecture and overall sequence (Vanholme et al., 2007; Bai et al., 2011). Aside from the TIFY subfamily, which only has the TIFY domain, the other three subfamilies have discrete and conserved domains. The JAZ subfamily comprises a C-terminal conserved domain designated as Jas (SLX2FX2KRX2RX5PY), whose sequence is identical to that of the CCT domain’s N-terminus (Staswick, 2008; Chung et al., 2009). PPD subfamily members have an N-terminal PPD domain, a TIFY domain, and a modified Jas domain missing proline-tyrosine in the C-terminus (Chung et al., 2009). All members of the ZIM/ZML subfamily contain TIFY domains, CCT domains (CONSTANS, CO-like, TOC1), and a C2C2-GATA DNA-BINDING domain (Vanholme et al., 2007; Chico et al., 2008; Staswick, 2008; Chung et al., 2009). To date, TIFY genes have been identified in numerous species, including 18 in Arabidopsis thaliana (Vanholme et al., 2007; Chung et al., 2009), 20 in rice (Oryza sativa) (Ye et al., 2009), 27 in maize (Zea mays) (Bai et al., 2011), 19 in grape (Vitis vinifera) (Zhang et al., 2012), 24 in Populus trichocarpa (Wang et al., 2017), 49 in wheat (Tricicum aestivum) (Ebel et al., 2018), and 36 in Brassica rapa (Saha et al., 2016).

Out of four subfamilies, the JAZ subfamily has gained a great deal of attention because of its critical involvement in the jasmonic acid (JA) signaling pathway. When plants respond to developmental or environmental cues, JA-coupled isoleucine (JA-ile) is identified by F-box CORONATINE INSENSITIVE 1 (SCFCOI1), which subsequently stimulates JAZs degradation by the 26S proteasome, causing the activation of JA-responsive genes for defense to occur (Yan et al., 2013). JAZ proteins inhibit TFs such as MYC2, which enhance JA-responsive gene transcription in plant cells that contain low levels of JA. The NINJA/TPS (new interactor for JAZ/TOPLESS) corepressor complex inhibits downstream genes as a molecular mechanism (Pauwels et al., 2010). Arabidopsis JAZ genes are degraded in the SCFCOI1 complex in response to an accumulation of JA, and the R2R3-MYB transcription factors MYB21 and MYB24 are then released to activate defense genes (Song et al., 2011).

The TIFY gene family is essential for plant growth and development, as well as stress responses. TIFY family genes are important in determining the development of plant organs and tissues such as the stem, leaf, and flower. AtZML1 and AtZML2 are transcriptional regulators of developmental events in Arabidopsis, and overexpression of AtZIM results in longer petioles and hypocotyls (Shikata et al., 2004). AtPPD1 and AtPPD2 play critical roles in leaf formation by regulating the arrest of DMC proliferation (White, 2006; Gonzalez et al., 2015; Baekelandt et al., 2018). Overexpression of JAZ1 or JAZ4 reduces Arabidopsis freezing stress responses by regulating jasmonate signaling pathway (Seo et al., 2011). Rice OsJAZ1 interacts with and represses OsbHLH148, reducing drought tolerance (Seo et al., 2011). GhJAZ2 interacts with and represses the GhbHLH171 basic helix-loop-helix (bHLH) transcriptional factors, reducing cotton’s resistance to Verticillium dahlia and insect herbivory (He et al., 2018). All of these observations imply that the TIFY gene family plays several regulatory functions in cell signaling and modulating plant responses to stressors, and hence may be a potential resource for stress-responsive genes.

Owing to its edible starch-rich storage root, cassava (2n = 36, Manihot esculenta Crantz), a woody Euphorbiaceae shrub, is recognized as the sixth most important food and economic crop in Africa, Asia, Latin America, and the Caribbean (Wilson et al., 2017). Furthermore, because of their high starch content, storage roots are promising candidates for bioethanol production, a critical alternative to fossil fuels (Jansson et al., 2009). Cassava’s extraordinary resistance to a wide range of unfavorable conditions, such as drought and poor fertility soils, making it a source of food security in locations where other food crop species would fail. As a result, for the genetic evolution of stress resistance in cassava and other crops, a deeper understanding of the molecular mechanisms underlying abiotic stress responses in cassava is necessary. TIFY proteins have critical roles in plant growth and stress response. However, there is limited information on the TIFY gene family in cassava. In the present study, genome-wide identification and investigation of the TIFY family genes were carried out from assembled cassava genomes. Phylogenetic, gene structure, conserved domain, chromosomal position, synteny, and cis-element research were carried out to provide insight into their evolutionary connections and putative functions. Furthermore, the expression patterns of TIFY genes in different tissues of different cassava varieties were investigated using published transcriptome data, and the expression patterns in cassava in response to osmotic, salt, and cadmium stressors, as well as exogenous JA treatments were investigated using quantitative real-time RT-PCR (qRT-PCR). Our research provides critical information that will aid in the future characterization of TIFY genes in cassava.



Materials and methods


Identification and annotation of TIFY family members from cassava

Cassava (Manihot esculenta v6.1) genome sequences and annotations were obtained from EnsemblPlants (http://plants.ensembl.org/index.html). TIFY family members in the cassava genome were discovered using two separate methods. First, 18 Arabidopsis (Vanholme et al., 2007) and 20 rice TIFY (Ye et al., 2009) amino acid sequences were used as queries in a cassava genomic library BLATP search with an E-value of 10-5. Second, TIFY domain (PF06200), Jas (PF09425), and CCT motifs (PF06203) HMM profiles were obtained from Pfam (http://pfam.xfam.org/) and used to screen proteins in HMM3.3.1 (http://hmmer.org/, E-value 0.01). (Liu et al., 2020). Thereafter, the two sets of candidates were pooled, redundant proteins were removed, and the Pfam database was used to select candidate proteins based on conserved domains. TIFY proteins’ MW (molecular weight) and pI (isoelectric point) were predicted using ExPASy (http://au.expasy.org/tools/pitool.html) (Gasteiger et al., 2003). The secondary structure of cassava TIFY proteins was estimated using the PRABI online tool (http://www.prabi.fr/). The gene ontology (GO) of cassava TIFY genes was analyzed using omicshare online tools (https://www.omicshare.com/tools/Home/Soft/gogsea).



Multiple sequence alignment and phylogenetic analysis

An unrooted tree was constructed using MEGA7.1 software and the Neighbor-joining technique with 1000 bootstrap replicates at each node utilizing 105 JAZ, PPD, and ZML protein sequences from cassava, Arabidopsis, rice, Populus trichocarpa, Brassica napus, Gossypium arboretum, Vitis vinifera, and Brachypodium distachy (Supplementary Table 1). Muscle was used to align the different sequences of cassava JAZ, PPD, and ZML proteins to investigate their sequence-level conservation. Furthermore, all cassava JAZ, PPD, and ZML protein sequences were utilized to build a unique phylogenetic tree for future investigation.



Conserved motif and gene structure analysis

For the MEME (http://meme.nbcr.net/meme/cgi-bin/meme.cgi) analysis of conserved motifs, the number of conserved motifs was set to 10. InterProScan (http://www.ebi.ac.uk/Tools/pfa/iprscan/) was used to annotate the discovered motifs. An integrated graphic of the phylogenetic tree, conserved motif, and conserved domain was constructed using the TBtools software (Chen et al., 2020). To assess the exon-intron organization of TIFY genes, the JAZ, PPD, and ZML genomic sequences and CDS (coding sequence) acquired from the Phytozome database (https://phytozome-next.jgi.doe.gov) were evaluated in gene structure display server http://gsds.gao-lab.org/ (Hu et al., 2015) programs.



Chromosomal positions, duplication and synteny analysis

The chromosomal positions of each JAZ, PPD, and ZML member were confirmed using the cassava genome annotation dataset. Tandem duplications and segmental duplications, two processes of gene expansion, were studied to evaluate gene duplication occurrences. Tandem duplications are defined as several genes from the same family that sit in the same or nearby intergenic region. Cassava, Arabidopsis, Populus trichocarpa, and rice orthologous genes were retrieved. Then, MCScanX analyzed orthologous genes between cassava and other species. The TBtools software estimated the non-synonymous (Ka), synonymous (Ks), and Ka/Ks of each duplicated gene pair and the syntenic TIFY gene pairs; Ka/Ks < 1 indicated purifying selection, Ka/Ks = 1 showed neutral selection, and Ka/Ks > 1 indicated positive selection (Jeffares et al., 2015).



Cis-regulatory element analysis

The TBtools program was used to extract the 2000 bp upstream sequences of the JAZ, PPD, and ZML coding DNA sequences from the cassava genome data, and possible cis-acting elements were discovered using the PlantCARE database (http://bioinformatics.psb.ugent.be/webtools/plantcare/index.html) (Lescot et al., 2002).



Prediction of the cassava TIFY protein-protein interaction network

Arabidopsis interologues were used to predict the protein-protein interaction network to examine the relationship of cassava JAZ, PPD, and ZML proteins further. The functional protein association network was analyzed using the STRING online service (https://cn.string-db.org/) with a confidence parameter of 0.15 (Franceschini et al., 2013). Then, the protein-protein interaction was visualized in Cytoscape software (Shannon et al., 2003).



In silico expression analysis via RNA-seq data

RNA-seq data from roots and leaves of farmed cultivar Argentina 7 (Arg7), the wild subspecies (W14), and Kasetsart University 50 (KU50), as well as in response to exogenous ABA, were used to evaluate the expression patterns of JAZ, PPD, and ZML. The Sequence Read Archives (SRAs) were collected by the National Center for Biotechnology Information (NCBI) (Supplementary Table 2 lists the accession numbers). The gene expression levels were determined using FPKM (Fragments Per Kilobase of exon model per Million mapped fragments). Log2-transformed heatmaps of all JAZ, PPD, and ZML genes were produced using TBtools (Chen et al., 2020).



Plant materials and treatments

Cassava South China 205 (SC205), a widely farmed cassava cultivar in China, was used in this study. Three-noded stem segments from 8-month-old cassava plants were subcultured for 40 days on Murashige and Skoog medium at 25°C under a 16 h light/8 h dark cycle at Hainan University (Haikou, Hainan, China). Then, uniform seedlings were subjected to exogenous JA and abiotic stress treatments, respectively. Exogenous JA treatments were conducted by spraying leaves with 50 mM methyl jasmonate (MeJA) for 1 and 6 h post treatment. For abiotic stresses, seedlings were treated with MS medium with 30% polyethylene glycol (PEG) 6000, 400 mM NaCl, and 100 mgL-1 CdCl2 for 4, 12, and 24 hours (h), respectively, for the osmotic, salt, and cadmium stress treatments. In all cases, untreated seedlings (0 h) acted as controls. Before RNA extraction, the leaf samples were collected, instantaneously frozen in liquid nitrogen, and stored at -80°C.



RNA extraction and qRT-PCR

The expression patterns of cassava JAZ, PPD, and ZML genes were investigated using qRT-PCR. Total RNAs were extracted from all samples using RNAprep Pure Plant Plus Kit (TIANGEN Biotech Co., Ltd., Beijing) according to the manufacturer’s instructions. Approximately 1 μg of extracted total RNA was used to synthesize cDNA using a reverse transcriptase kit and the manufacturer’s instructions (TIANGEN Biotech Co., Ltd., Beijing). The first strand of cDNA was created using a reverse transcriptase kit (M1631, Thermo, USA). A 7500 Real-Time PCR System with a total reaction volume of 20 μL was used for real-time PCR, which included 2 μL cDNA template, 1 μL forward primer, 1 μL reverse primer, 10 μL qPCR Master Mix, and 6 μL sterilized ddH2O. The real-time PCR amplification protocol was set at 95°C for 30 seconds (s) for 40 cycles, 95°C for 5 s, 55°C for 30 s, 72°C for 30 s, and 72°C for 10 minutes (Cao et al., 2022). The ΔΔCT technique described by Schmittgen and Livak (2008) was used to analyze the relative expression levels of JAZ, PPD, and ZML genes, and relative changes in gene expression were computed using elongation factor 1 alpha (EF1α) as a reference gene. The primers used are listed in Supplementary Table 3. Each group was scored on three biological and three technical replications.



Statistical analysis

The results are expressed as mean ± standard deviation (SD). The Duncan’s multiple range tests were used to analyze the differences between groups. P-value ≤ 0.05 is considered to be statistically significant.




Results


Identification of TIFY family genes in cassava

BLAST and HMMER searches revealed 28 putative TIFY family genes in the cassava genome (Table 1). The Pfam was used to analyze their conserved domains in order to validate these findings and further classify these proteins (Supplementary Table 4). While all 28 proteins were discovered to have a TIFY domain, the seven proteins with both a TIFY domain and a CCT motif were also found to have a C2C2-GATA zinc finger (PF00320) and were thus predicted to be members of the ZML subfamily. Three of the 19 TIFY proteins with a Jas motif lacked the conserved PY motif at their C-termini, which is characteristic of a partial Jas domain in PPD proteins (Chung et al., 2009); thus, they were classified as members of the PPD subfamily, while the remaining 16 proteins were classified as members of the JAZ subfamily. The remaining two proteins had a TIFY domain but no Jas or CCT motif, therefore they were classified as members of the TIFY subfamily.


Table 1 | Details of the TIFY family in cassava.



Overall, we found 16 JAZ, 3 PPD, 7 ZML, and 2 TIFY proteins in cassava (Table 1; Supplementary Table 5). These genes were designated for their chromosomal positions: MeJAZ1 through MeJAZ16, MePPD1 through MePPD3, MeZML1 through MeZML7, and MeTIFY1 through MeTIFY2. The lengths of the CDS ranged from 396 bp (MeJAZ11) to 1311bp (MeTIFY2). Similarly, the amino acid sequence lengths range from 132 a.a. (MeJAZ11) to 437 a.a. (MeTIFY2), and the expected molecular weights range from 14.95 kDa (MeJAZ11) to 45.47 kDa (MeTIFY2). The fact that the anticipated pI of 21 of 28 cassava TIFYs was more than 7.0 suggests that the vast majority of cassava TIFYs are alkaline. Based on subcellular localization data, the majority of cassava TIFY proteins (23 of 28) were anticipated to be found in the nucleus. Tao et al. (2022) reported that, except for one ZML protein predicted to be located in the mitochondrion, all other kiwifruit (Actinidia eriantha and A. chinensis) TIFYs were predicted to be located in the nucleus, which is similar with the present study. The secondary structure analysis discovered that random coil was the most common secondary structure in cassava TIFY amino acid sequences, accounting for up to 73.77% (MeJAZ12), followed by alpha helix, extended strand, and beta turns. The secondary structure of the cassava TIFY protein was made up of 64% random coil, 21% alpha helix, 11% extended strand, and 4% beta twists, respectively (Supplementary Table 6). Because the study was primarily focused on TIFY family members with either CCT or Jas motifs, proteins anticipated to belong to TIFY subfamilies (MeTIFY1 and MeTIFY2) with just a TIFY domain were not investigated further.



Phylogenetic analyses of the JAZ, PPD, and ZML members from eight species

To assess the evolutionary relationship of TIFY genes between cassava and other plant species, a neighbor-joining phylogenetic tree was generated using multiple sequence alignment of TIFY protein sequences from eight different plant species, including 26 in cassava, 17 in Arabidopsis, 19 in rice, 22 in Populus trichocarpa, four in Brassica napus, seven in Gossypium arboretum, six in Vitis vinifera, and four in Brachypodium distachy (Supplementary Table 1). Based on their evolutionary links, the 105 proteins were divided into three primary clades: JAZ, PPD, and ZML. JAZ proteins were the largest group, with 73 JAZ proteins divided into six clades: I, II, III, IV, V, and VI; ZIM and ZML proteins formed one clade, while PPD proteins formed a distinct clade (Figure 1). JAZI and JAZV each had three MeJAZs, JAZII and JAZIV each had four MeJAZs, JAZVI had two MeJAZs. Out of the six clades in the JAZ subfamily, JAZ III clade contains JAZ proteins from two monocotyledon taxa (Figure 1).




Figure 1 | Phylogenetic tree of the TIFY proteins predicted in cassava and those previously identified in Arabidopsis, rice, Populus trichocarpa, Gossypium arboretum, Vitis vinifera, Brachypodium distachyon, and Brassica napus. The phylogenetic tree was constructed using the Neighbor-joining (NJ) method with 1000 bootstrap replications as implemented in MEGA7.1 from a TIFY protein sequence alignment. Different clade was distinguished by different color. Me, Manihot esculanta; At, Arabidopsis thaliana; Os, Oryza sativa; Pt, Populus trichocarpa; Ga, Gossypium arboretum; Vv, Vitis vinifera; Bd, Brachypodium distachyon; Bna, Brassica napus.





Sequence analysis of cassava JAZ, PPD, and ZML members

Further phylogenetic analysis was carried out utilizing just genomes from JAZ, PPD, and ZML members in cassava (Figure 2A). The results revealed that the tree’s structure was comparable to the phylogenetic tree created using JAZ, PPD, and ZML sequences from the eight plant species shown in Figure 1. We illustrated the distribution of their exons, motifs, and conserved domains to support the evolutionary relationships between the cassava JAZ, PPD, and ZML proteins.




Figure 2 | Phylogenetic relationships, conserved motifs and conserved domains of the predicted cassava JAZ, PPD, and ZML proteins. (A) The phylogenetic tree of cassava JAZ, PPD, and ZML proteins constructed with the Neighbor-joining (NJ) method in MEGA 7.1. The bootstrap values were 1,000 replications for major branches. The genes in seven subgroups were marked with different colors. (B) Different motif compositions of cassava JAZ, PPD, and ZML proteins were detected using MEME. The boxes with different colors on the right denote 10 motifs. A detailed motif introduction is shown in Supplementary Table S7. (C) Conserved domains in the cassava ZML, PPD and JAZ proteins. Different domains were shown in different color.



The exon-intron structure of all found JAZ, PPD, and ZML genes was studied to better understand the structural diversity of the TIFY gene family in cassava. Members of the cassava TIFY gene family vary in terms of the number of exons and the length of introns, as illustrated in Supplementary Figure 1. The number of exons varied between one and ten. The second intron of MePPD3 was the longest of any gene sequence, resulting in a genomic DNA sequence of 13,228 kb. The gene exon-intron organization also demonstrated a significant relationship between phylogeny and exon-intron structure, such that genes with comparable exon-intron structures belonged to the same phylogenetic group. For example, the genes in the subgroups JAZI, JAZII, and JAZVI have 5, 7, and 6 exons, respectively (Supplementary Figure 1).

Using the MEME suite, ten conserved motifs in cassava JAZ, PPD, and ZML proteins were identified and tagged based on their E-values (Figure 2B). The details of 10 motifs are provided in Supplementary Table 7. The number of preserved motifs varies from 3 to 7 among JAZ, PPD, and ZML members. All members of the cassava JAZ, PPD, and ZML proteins shared motif 1, motif 2, and motif 4. Furthermore, certain motifs were restricted to specific groups, such as motif 3, motif 5, and motif 7, which were restricted to the ZML clade, and motif 8 and motif 10, which were restricted to the JAZII subgroup (Figure 2B). Motif 1 was predicted to have a CCT structure, whereas motifs 2 and 4 were predicted to have a TIFY structure and motif 3 was predicted to have a GATA zinc-finger structure (Supplementary Table 7). Individuals within the same group or subgroup had the same type and number of motifs, and their distribution was typically the same (Figure 2B).

Furthermore, the conserved domains in cassava JAZ, PPD, and ZML proteins were evaluated using the Pfam, and four potential conserved domains were identified: the tify domain, the Jas motif domain (also known as CCT 2), the CCT domain, and the GATA domain (Figure 2C). These four potential conserved domains were found in multiple sequences and showed group/subgroup selectivity. For example, the majority of ZML clade members have at least three conservative domains, including the TIFY domain, CCT domain, and GATA domain. The JAZ subfamily was predominantly composed of the TIFY domain and the Jas motif domain, whereas the PPD subfamily was mostly composed of the TIFY and Jas domains (Figure 2C). The core sequences of the TIFY domain differ across members of the cassava TIFY family. Our findings show that all members of the JAZ, PPD, as well as TIFY subfamilies uncovered in this study have the distinctive “TIFYXG” pattern (Supplementary Figure 2). According to our findings, the TIFY domain of proteins from the JAZ, PPD and TIFY subfamilies contains the consensus sequence TIFYXG, whereas the majority of cassava ZML proteins have the conserved pattern TLS[F/Y]XG. Furthermore, multiple sequence alignment identified two variations of the TIFY domain in ZML subfamilies, “TLTFXG” and “TIAFXG” (Supplementary Figure 2) (Bai et al., 2011). In general, the classification of these proteins based on domain composition accorded well with the previous phylogenetic investigation.



Chromosomal locations and duplication events of cassava JAZ, PPD, and ZML genes

To characterize the genomic distribution of the cassava JAZ, PPD, and ZML genes, the cassava plant genome’s pseudochromosome assembly was used to map their chromosomal locations to the duplicated blocks. The 26 JAZ, PPD, and ZML genes were unequally distributed across 14 of cassava’s 18 chromosomes (Figure 3). Chr15 contains the most distributed genes, with four members, followed by Chr03, Chr05, and Chr07, all of which have three members. Chr16, Chr17, and Chr18 each have two members, whereas the remaining seven chromosomes (Chr04, Chr06, Chr08, Chr09, Chr10, Chr11, and Chr14) each have only one (Figure 3). Due to the significant genetic variety within this family, genetic recombination and exchanges play critical roles in the propagation of TIFY genes. Gene duplications have an impact on the expansion of gene families. A single gene can be replicated twice, according to our findings. We counted two pairings if a gene has two duplicated occurrences in distinct places. An examination of intra-species gene duplication revealed that the cassava JAZ, PPD, and ZML genes had 18 pairs of duplicate genes (Figure 4; Supplementary Table 8). We found no tandem duplication clusters, indicating that tandem duplication is unlikely to be a significant contributor to the expansion of the JAZ, PPD, and ZML genes in cassava. Furthermore, Ka/Ks ratios were calculated to assess the possible selection pressure exerted on the discovered duplicated gene pairs. All of the Ka/Ks ratios of the previously stated segmentally duplicated cassava JAZ, PPD, and ZML gene pairs were less than one (Supplementary Table 8), demonstrating that cassava’s repetitive TIFY family genes were substantially constrained by significant purifying selection pressure.




Figure 3 | Distribution of ZML, PPD and JAZ genes on cassava chromosomes. The chromosome numbers were shown at the left of each chromosome. The genes were listed on the left of the chromosomes. The scale on the left is in million bases (Mb).






Figure 4 | Synteny analysis of ZML, PPD and JAZ genes. (A) Orthologous relationships between cassava and its genome ancestors. (B) The syntenic ZML, PPD and JAZ genes between cassava and Arabidopsis. (C) The syntenic ZML, PPD and JAZ genes between cassava and Populus trichocarpa. (D) The syntenic ZML, PPD and JAZ genes between cassava and rice. The cassava, Arabidopsis, Populus trichocarpa, and rice chromosomes are shown in different color boxes and labeled Me (green), At (blue), Pt (purple), and Os (orange), respectively. The gray line in the background indicates a collinear block in the genome of cassava and other plants, while the red line highlights the isomorphic gene pair.





Synteny and evolutionary analyses of cassava and other plants JAZ, PPD, and ZML genes

A set of comparative syntenic graphs of cassava connected with two dicots plants (Arabidopsis and Populus trichocarpa) and a monocot plant (rice) were produced to study the possible evolutionary implications of the cassava TIFY gene family. When cassava was compared to other species, a substantial number of syntenic blocks were discovered. There were 21 and 17 syntenic linkages between cassava TIFY genes and those of Populus trichocarpa and Arabidopsis, followed by rice, which has 6 genes (Figure 4; Supplementary Table 9). There were 46, 28, and 18 cassava orthologous gene pairs in Populus trichocarpa, Arabidopsis, and rice, respectively. Despite the fact that there were more syntenic gene pairs between cassava and dicots than between cassava and monocots, six collinear genes (MeJAZ1, MeJAZ3, MeJAZ6, MeJAZ7, MeJAZ8, and MeJAZ14) were found in both dicots and monocots (Figure 4; Supplementary Table 9).



Analysis of cis-elements in cassava JAZ, PPD, and ZML genes

Transcriptional regulation of gene expression by cis-elements in the promoter region may be critical in plant response to environmental stresses (Walther et al., 2007). Furthermore, phytohormones such as salicylic acid (SA), ethylene (ET), abscisic acid (ABA), and JA are required for plant response to abiotic stresses (Santner and Estelle, 2009). In this study, we projected probable cis-elements of 26 cassava JAZ, PPD, and ZML genes in promoter regions (Supplementary Figure 3; Supplementary Table 10). In the promoter regions, nine stress-responsive (MYB, MYC, TC-rich repeats, DRE core, MBS, STRE, W box, WUN-motif, and LTR) and ten hormone-responsive (ABRE, CGTCA-motif, TGACG-motif, GARE-motif, P-box, TATC-box, ERE, TCA-element, TGA-element and AuxRR-core) cis-acting elements were identified (Supplementary Figure 3; Supplementary Table 10). The number of cis-elements in the promoter regions of cassava JAZ, PPD, and ZML genes varied. In JAZ clades, for example, the MeJAZ4 promoter includes 12 different types of cis-elements, but the MeJAZ6 promoter only has four. Overall, the promoter regions of all of these genes contain at least two types of environmental stress responsiveness and one type of phytohormone-related cis-elements, implying that these genes may be involved in responses to various abiotic stressors; however, this needs to be confirmed through experimental studies (Supplementary Figure 3; Supplementary Table 10).



Protein-protein interaction network of JAZ, PPD, and ZML proteins in cassava

STRING was used to build an interaction network to understand the interaction of cassava JAZ, PPD, and ZML proteins on the basis of the orthologues in Arabidopsis. The orthologous STRING proteins with the highest bit score were identified using all JAZ, PPD, and ZML protein sequences. According to statistical analysis of 26 cassava JAZ, PPD, and ZML proteins, the homologous proteins match the highest bit score by default, which identified 10 (JAZ1, JAZ3, JAZ5, JAZ6, JAZ8, JAZ10, JAZ12, TIFY4a, TIFY7, and ZIM) proteins involved in the TIFY family networks in Arabidopsis (Figure 5). Among the 10 detected homologous proteins in Arabidopsis, JAZ3 had more interaction partners, including members of the TIFY gene family and other genes, such as MYC, COI1 and NINJA. The findings may shed light on the functions of unidentified proteins.




Figure 5 | Protein–protein interaction network of cassava JAZ, PPD, and ZML proteins based on their orthologs in Arabidopsis. The color scales represent the relative signal intensity scores. Predicted functional partners exhibited in the network, including NINJA (NOVEL INTERACTOR OF JAZ), TPL (TOPLESS), COI1 (CORONATINE INSENSITIVE 1), and MYC (myelocytomatosis).





GO functional analysis of cassava JAZ, PPD, and ZML genes

OmicShare was utilized to perform GO functional analysis on all cassava JAZ, PPD, and ZML genes for functional annotation. The terms “biological processes”, “cellular components”, and “molecular functions” refer to gene or gene product qualities that help us understand the numerous molecular actions of proteins (Ashburner et al., 2000). According to our findings, the 26 JAZ, PPD, and ZML genes were assigned 24 GO categories (Supplementary Figure 4; Supplementary Table 11). The most common groups under the “biological process” category were “metabolic process” (23, 88.5%), “regulation of biological process” (19, 73.1%), “biological regulation” (19, 73.1%), and “cellular process” (17, 65.4%). The most common category in the category of cellular components was “cell” (9, 34.6%), followed by “cell part” (8, 30.8%) and “organelle” (8, 30.8%). In the realm of molecular function, 22 (84.6%) genes were categorized as “binding,” with “nucleic acid binding transcription factor activity” (2, 7.7%), and “catalytic activity” (1, 3.8%). (Supplementary Figure 4; Supplementary Table 11). According to the findings, the cassava TIFY family genes have a range of roles in cellular metabolism.



Expression profiling of cassava JAZ, PPD, and ZML genes in different tissues

The transcript levels of cassava JAZ, PPD, and ZML genes in leaf (3) and root (7) tissues of the farmed cultivar Argentina 7 (Arg7), the wild subspecies (W14), and Kasetsart University 50 (KU50) were investigated using ten publicly available transcriptomes (Supplementary Table 2) (Wang et al., 2014). In general, cassava JAZ, PPD, and ZML gene expression revealed a tissue pattern with relatively low expression levels in leaf tissues and increased expression levels in root tissues (Figure 6; Supplementary Table 12). TIFY family genes with high expression levels are thought to perform critical activities. Most of the cassava JAZ, PPD, and ZML genes were expressed more strongly in Arg7 leaf tissue than in KU50 and W14. In root tissue, the majority of cassava JAZ, PPD, and ZML genes were expressed at higher levels in W14 than in Arg7 and KU50. MeJAZ2, MeJAZ12, MeJAZ13, and MeZML5 exhibited high expression levels (FPKM value > 3) in leaf tissue in Arg7, W14, and KU50; and MeJAZ1, MeJAZ2, MeJAZ8, MeJAZ12, MeJAZ13, MeJAZ14, MeJAZ15, and MeJAZ16 had high expression levels (FPKM value > 3) in early storage root tissue in Arg7 and KU50. These genes showed constitutive expression for a given tissue in both wild subspecies and domesticated cultivars, indicating that they may play important roles in tissue development or function. Notably, MeJAZ12 showed relatively high transcript abundance (FPKM value > 3) in all studied tissues in Arg7, W14, and KU50, indicating that the gene may be involved in plant growth and development (Figure 6; Supplementary Table 12).




Figure 6 | Expression profiles of cassava ZML, PPD and JAZ genes in leaves and roots of Argentina 7 (Arg7), wild subspecies (W14), and Kasetsart University 50 (KU50). Log2 transformed FPKM value was used to create the heat map. The scale represents the relative signal intensity of FPKM values.





Expression profiling of cassava JAZ, PPD, and ZML genes in response to exogenous ABA treatments

RNA-seq data from cassava leaves subjected to exogenous ABA, which is known to play an important role in plant responses to many types of abiotic stress, were examined. The expression profile of cassava JAZ, PPD, and ZML genes with and without exogenous ABA treatment determined by FPKM values (Supplementary Figure 5: Supplementary Table 5). Exogenous ABA treatment altered the expression levels of cassava JAZ, PPD, and ZML genes to various degrees. MeJAZ1, MeJAZ2, MeJAZ12, MeJAZ13, MeJAZ14, MeJAZ16, and MeZML7 all displayed comparable expression patterns and were active with or without exogenous ABA treatment. With the exception of MeJAZ2 and MeJAZ16, the expression of these genes increased following exogenous ABA treatment, suggesting that they may be controlled at an ABA-independent transcriptional level and so perform comparable or distinct roles.



Expression pattern of cassava JAZ subfamily genes in response to JA treatment

The JAZ subfamily is an important regulatory factor that controls the initiation of JA by responding to JA stimulation. To explore the response of JAZ subfamily genes identified from cassava with JA application, the transcript level changes of 16 MeJAZ gene were investigated by qRT-PCR with the leaves treated with MeJA. Our results showed that almost all JAZ subfamily genes were induced by JA application, with the exception of MeJAZ11 (Figure 7). Among these MeJAZ genes, MeJAZ1, MeJAZ2, MeJAZ3, MeJAZ4, MeJAZ5, MeJAZ6, MeJAZ7, MeJAZ8, MeJAZ9, MeJAZ13, MeJAZ14, MeJAZ15, and MeJAZ16 exhibited an elevated expression pattern at all time points. However, certain members, such as MeJAZ2, MeJAZ3, MeJAZ4, MeJAZ6, MeJAZ8, MeJAZ12, and MeJAZ16, showed a similar dynamic which gradually increasing within 1 h, followed by a considerable decrease in expression level than the peak time point. Notably, MeJAZ14 displayed the most prominent changes in expression levels in response to JA treatment.




Figure 7 | Expression profiles of 16 JAZ genes under exogenous JA treatment in cassava as determined by qRT-PCR. The error bars represent the standard error of the means of three independent replicates. Values denoted by the same letter did not differ significantly at P < 0.05 according to Duncan's multiple range tests.





Expression pattern of cassava JAZ, PPD, and ZML genes under abiotic stresses

TIFY family genes have critical roles in plant responses to abiotic stresses, according to new research (Saha et al., 2016). To identify the abiotic-responsive TIFY genes in the cassava genome, RNA was isolated from the leaves of cassava seedlings treated with osmotic, salt, and cadmium, and the relative expression patterns of 26 cassava JAZ, PPD, and ZML genes were evaluated using qRT-PCR.

The relative expression levels of 10 of 26 genes increased overall in response to osmotic treatment (Figure 8). Three of them (MeJAZ1, MeJAZ13, and MeZML3) exhibited an elevated expression pattern, with MeJAZ1 having the greatest expression. The expression levels of MeJAZ4, MeJAZ6, MeJAZ7, MeJAZ9, MeJAZ10, MeJAZ12, MePPD2 and MePPD3 were much lower than the control. Interestingly, ten of the twenty-six genes (MeJAZ3, MeJAZ5, MeJAZ8, MeJAZ11, MeJAZ14, MeJAZ15, MeJAZ16, MeZML2, MeZML5, and MeZML6) tended to trend higher and peaked 4 and 12 hours following osmotic stress treatment (Figure 8). In comparison to osmotic stress, the cassava JAZ, PPD, and ZML gene families were expressed at greater abundance under salt stress treatment (Figure 9). MeJAZ1, MeJAZ2, MeJAZ4, MeJAZ7, MeJAZ8, MeJAZ9, MeJAZ12, MeJAZ14, MeJAZ16, MeZML1, MeZML2, MeZML3, MeZML4, MeZML5, MeZML6, MeZML7, MePPD1, MePPD2, and MePPD3 exhibited enhanced expression and early up-regulation after 4 h, followed by reduced expression after 12 or 24 h. MeJAZ5 expression was lowered after 4 and 12 h, but promptly increased after 24 h under salt stress. MeJAZ1 and MeJAZ16 showed relative greater expression in response to salt stress than other genes, with 30-fold higher expression than the control (Figure 9). Despite the fact that TIFY family genes are substantially implicated in environmental stress tolerance, few reports on TIFY family genes deal with heavy metal tolerance. The majority of cassava TIFY genes, including MeJAZ1, MeJAZ2, MeJAZ4, MeJAZ8, MeJAZ13, MeJAZ14, MeJAZ16, MeZML2, MeZML3, MeZML4, MeZML5, MeZML6, and MePPD1, showed a similar dynamic under cadmium treatment, gradually increasing within 4 h or 12 h and then decreasing with a significantly lower expression level than the peak time point (Figure 10). However, MeJAZ3, MePPD2 and MePPD3 exhibited early up-regulation after 4 h, followed by decreasing expression after 12 h and peaking at 24 h. After cadmium treatment, MeJAZ12 demonstrated a continuous upregulation trend that peaked at 24 h (Figure 10). Interestingly, some cassava TIFY genes, including MeJAZ1, MeJAZ13, and MeJAZ14, were consistently up-regulated at all time points under all three stress situations, indicating that these genes may be involved in the regulation of certain common signaling pathways for diverse stress responses.




Discussion

The TIFY gene family, being a plant-specific transcription factor family, regulates plant development, physiological processes, and stress response, with the JAZ subfamily being the most well-studied to date (Yan et al., 2009; Ye et al., 2009; Demianski et al., 2012). A better understanding of the TIFY family at the molecular level might aid in deciphering the processes behind stress resistance and developing novel plant varieties with increased resilience. Nonetheless, little is known about the expression and function of this gene family in cassava, the world’s sixth most important staple crop and a tropical crop with a considerable economic effect (Wang et al., 2014; Wilson et al., 2017). As a result, we intended to perform a genome-wide search for TIFY genes in cassava and gain insight into their evolutionary history and expression diversity in a variety of stress-related circumstances.

At least 28 TIFY genes were found in the cassava genome using a BLAST search and HMMER analysis. The number of members in a gene family can be determined by the genome’s size and ploidy level. For example, wheat, a hexaploid plant, has 49 TIFY genes, and Gossypium hirsutum, a diploid plant, has 50 TIFY genes (Zhao et al., 2016; Ebel et al., 2018). The found TIFY proteins are highly diverse in terms of their physiochemical properties and domain distribution in cassava, which was consistent with previous studies. TIFY family members have shown high protein sequence diversity in Arabidopsis (Vanholme et al., 2007), rice (Ye et al., 2009), and kiwifruit (Tao et al., 2022), indicating that these genes diverged early in land plant evolution and have subsequently suffered changes that have affected their activities. According to subcellular localization studies, the majority of cassava TIFY family members are located in the nucleus, showing that the TIFY gene family developed in plant cells to manage a variety of tasks (Bai et al., 2011; Cai et al., 2020). Remarkably, the TIFY family is found only in terrestrial plants, not green algae or non-photosynthetic eukaryotes (Vanholme et al., 2007; Bai et al., 2011). This shows that plant TIFY homologs evolved after aquatic plants adapted to terrestrial life. Previous study has shown that proteins from different transcription factor families share certain areas (Riechmann et al., 2000). Furthermore, the TIFY TFs may be divided into four subfamilies based on their different domain and motif designs: JAZ, PPD, ZML, and TIFY; however, not all subfamilies are found in all species. The TIFY subfamily, for example, is absent in Brachpodium distachyon and Sorghum bicolor, whereas the PPD subfamily is found exclusively in dicotyledons and the spikemoss Selaginella moellendorffii and not in monocotyledons (Ye et al., 2009). PPD proteins have a role in Arabidopsis cell cycle and cell proliferation regulation (White, 2006). Several other genes in monocots are most likely compensating for the molecular activities done by PPD genes (Bai et al., 2011). Cassava, like other dicot plants, such as Populus trichocarpa, walnut (Juglans regia), and peach (Prunus persica), has members of all four subfamilies based on domain traits (Wang et al., 2017; Liu et al., 2022; Sheng et al., 2022).

Phylogenetic study indicated that the JAZ subfamily, as well as the ZML and PPD subfamily, all belong to the same lineage. This classification, together with the findings of a study of conserved domains, suggests that their functions have evolved through time. Furthermore, the JAZ subfamily of cassava proteins was classified into six distinct subgroups (Figure 1; Figure 2A), which is consistent with the findings of a previous study in which JAZ proteins from some species, including apple (Malus × domestica) (Li et al., 2015), Populus trichocarpa (Wang et al., 2017), and kiwifruit (Tao et al., 2022). Previous research has shown that the exon-intron structure may be used to provide further support for phylogenetic groupings, as this type of divergence typically plays a substantial part in the establishment of gene families (Shiu and Bleecker, 2003). According to the phylogenetic tree, the majority of cassava TIFYs within the same clade have a similar pattern of exon-intron structure, even though the number of exons and length of specific introns varies. This occurrence suggested that the intron structure of homologous genes was more likely to be retained during evolution. MeJAZ1 and MeJAZ14, MeJAZ6 and MeJAZ7, and MeZML4 and MeZML5 were, for example, clustered together and comprised the same number of exons with almost identical exon lengths. We did, however, find intron/exon loss/gain in several TIFY gene clades. For example, MeZML1 and MeZML3 contain 10 exons compared to 7 or 8 exons in all other MeZML members, indicating that this subfamily may have gained at least two extra exons throughout evolution (Supplementary Figure 1).

Gene duplication helps to the expansion of gene families (Wang et al., 2013). Previous studies found that gene duplications within the TIFY family differed significantly between species. For example, watermelon, Populus trichocarpa, and Brassica rapa have 4, 10, and 18 duplicated TIFY genes, respectively (Saha et al., 2016; Wang et al., 2017; Yang et al., 2019). A total of 18 duplicated gene pairs were detected in cassava JAZ, PPD, and ZML genes in this study, indicating that gene duplication may be the key mechanism for the formation of the TIFY family in cassava (Figure 4A). Only segmental duplication events were detected in the cassava TIFY gene family, as in other species such as Brassica rapa (Saha et al., 2016), supporting the concept that duplication events play a substantial role in the development and extension of the TIFY gene family in plants. Furthermore, the Ka/Ks ratios of the duplicated paralogous gene pairs indicated that all duplicated pairs in the cassava TIFY gene family had been influenced by considerable purifying selection, which might have resulted in preserved functionality or pseudogenization. All duplicated blocks in cassava were collinear, indicating that these duplication events may have originated from segmental or large-scale duplication/duplication events, according to intraspecies synteny studies (Wang et al., 2018). Although the duplicated cassava TIFY family genes identified in this study have a common ancestor, we cannot conclude that they will have the same functions and expression patterns because duplicated genes, if they survive, tend to diverge in both their regulatory and coding regions during evolution, resulting in paralogues with different functions (Xu et al., 2012). Several paralogous couples displayed similar expression patterns, despite some variances. The expression pattern of pair of paralogous gene of Brachypodium distachyon, BdTIFY11e and BdTIFY11f, increased gradually with the increase of time under drought treatment (Zhang et al., 2015). Our study found that one pairs of homologous gene (MeJZA1 and MeJAZ14) shown parallel expression patterns under salt and cadmium treatment (Figure 9; Figure 10). Interestingly, the two pairs of homologous gene contained different cis-acting elements. However, MeZML1 and MePPD1, and MeZML4 and MeZML7 were not paralogous gene pairs, but sharing the same expression pattern, which was consistent with findings for Brassica napus (He et al., 2020).

The transcriptional regulation of genes, which may be influenced by cis-elements in the promoter region, governs the responses to diverse stimuli (Ahmadizadeh and Heidari, 2014; Heidari et al., 2019). The presence of multiple cis-regulatory elements in the promoter region of cassava TIFY genes demonstrated that these genes may be activated in response to a variety of stressors and several plant hormone response mechanisms, as well as play a role in cassava growth and development. Protein-protein interactions showed that TIFY family members in cassava have significant relationships with TF MYCs. The functions of the JAZ proteins are connected to jasmonate responses, which block jasmonate signals by interacting with the transcription factors MYC2 and MYC3, which regulate the expression of downstream genes (Yan et al., 2007; Melotto et al., 2008; Bai et al., 2011). Furthermore, MYC2 is linked to transcriptional reprogramming and stress tolerance (Verma et al., 2020; Gautam et al., 2021). MYC2 and MYC3 were in the center of the interaction network, interacting with JAZ3, JAZ8, and JAZ12. In this study, MeJAZ4 and MeJAZ9 were syntenic paralogs of JAZ3 in cassava; MeJAZ10 and MeJAZ15 were syntenic paralogs of JAZ8; and MeJAZ1, MeJAZ13, and MeJAZ14 were syntenic paralogs of JAZ12 (Figure 5). These cassava JAZs may interact with MYC, suggesting a major contribution to the control of many biological processes. Several TIFY family proteins, especially members from JAZ subfamily, interaction with the critical coronatine-insensitive COI1, a subunit of Skp1/Cullin/F-box SCFCOI1 E3 ubiquitin ligase, regulates ubiquitin-dependent protein catabolic and fatty acid biosynthetic processes, both of which are essential for protein function and plant reproduction and viability (Heidari et al., 2021). These proteins are critical for protein-protein interactions with COI1, which creates the COI1-JA-Ile-JAZ co-receptor complex with the JA-Ile (jasmonoyl-L-isoleucine) ligand and then forms the COI1-JAZ co-receptor complex with the COI1-JA-Ile-JAZ co-receptor complex (Chini et al., 2007; Thines et al., 2007; Yan et al., 2007; Bai et al., 2011). The sensing of JA-Ile by the COI1-JAZ co-receptor in the plant body causes stress reactions (Saito et al., 2021). JAZ1-7, 9-12 mutations in Arabidopsis improve JA responses while suppressing COI1 phenotypes in flowering time, rosette expansion, and defense (Liu et al., 2021). According to the results of protein-protein interactions, we speculate that some TIFY family members might interact with other genes, such as MYC2/MYC3 and COI1 and NINJA, for their functions, especially against different stresses. However, the interactions of cassava TIFYs could be verified by yeast one-hybrid (Y1H) assays in the future.

Previous research has shown that members of the TIFY family, as unique plant TFs, play critical roles in regulating plant responses to abiotic stressors. Thus, the increased abiotic stress tolerance of transgenic plants was linked to the overexpression of the TIFY gene family. AtTIFY10a and AtTIFY10b significantly enhanced Arabidopsis plant tolerance to salt and alkaline stresses (Zhu et al., 2014). Overexpression of maize JAZ14 in Arabidopsis may improve seedling tolerance to hormone treatments such as ABA and JA, as well as polyethylene glycol stress (Zhou et al., 2015). Under salt stress, in soybean (Glycine max), GmTIFY10e and GmTIFY10g transgenic plants grew faster and had longer root lengths and fresh weights than wild-type plants (Liu et al., 2022). Similarly, virtually all TIFY genes in rice are susceptible to a variety of abiotic stresses, and OsTIFY11a overexpression resulted in a significant increase in tolerance to salt and dehydration stress (Ye et al., 2009). The current study found that multiple stress treatments (osmotic, salt, and cadmium) change the expression of the majority of TIFY genes in cassava, showing that cassava TIFY genes play important roles in the response to abiotic stress (Figure 8; Figure 9; Figure 10).




Figure 8 | Expression profiles of 26 ZML, PPD and JAZ genes in response to osmotic stress in cassava as determined by qRT-PCR. The error bars represent the standard error of the means of three independent replicates. Values denoted by the same letter did not differ significantly at P < 0.05 according to Duncan’s multiple range tests.






Figure 9 | Expression profiles of 26 ZML, PPD and JAZ genes in response to salt stress in cassava as determined by qRT-PCR. The error bars represent the standard error of the means of three independent replicates. Values denoted by the same letter did not differ significantly at P < 0.05 according to Duncan’s multiple range tests.






Figure 10 | Expression profiles of 26 ZML, PPD and JAZ genes in response to cadmium stress in cassava as determined by qRT-PCR. The error bars represent the standard error of the means of three independent replicates. Values denoted by the same letter did not differ significantly at P < 0.05 according to Duncan’s multiple range tests.



Various plant hormones, such as ABA, SA, and JA are involved in stress responses by activating the transcription of defense-related genes. In response to hormone treatments, cassava JAZ genes were highly regulated by JA and ABA, which is consistent with previous study of Brassica rapa JAZ subfamily genes (Saha et al., 2016). There is abundant evidence that JA treatment and environmental cues rapidly trigger JAZ gene expression, which may be responsible for moderating the JA response (Chini et al., 2007; Thines et al., 2007; Katsir et al., 2008). In this study, we found that almost cassava MeJAZ genes were induced and showed relative high expession compared to the control at earlier stages of JA treatment (1 and 6 h). It was hypothesized that the cassava TIFY gene family may contribute to resistance via the JA signaling system. ABA is important in a plant’s ability to adapt to harsh environmental circumstances (Umezawa et al., 2010). In rice, for example, ABA was found to stimulate four of the twenty TIFY genes (Ye et al., 2009). Six of the 11 abiotic stress-responsive TIFY genes studied in grape were shown to be controlled by ABA (Zhang et al., 2012). Some stress-responsive TIFY genes, such as MeJAZ1, MeJAZ13, and MeJAZ14, were obviously stimulated by exogenous ABA treatment in this study. These genes are syntenic paralogs of Arabidopsis JAZ12, which interact with MYC2 (Figure 5). In Arabidopsis, JAZ1 and JAZ3 interact with MYC2, which also acts as a transcriptional activator in ABA-inducible gene expression in plants under drought stress (Abe et al., 2003; Chini et al., 2007). Future research will need to determine whether these cassava TIFYs operate in abiotic stress response via interaction of the JA and ABA signaling pathways.



Conclusion

Cassava genome-wide analysis revealed 28 TIFY family genes, including 7 ZML, 3 PPD, 16 JAZ, and 2 TIFY genes. The phylogenetic study found that the newly identified cassava JAZ, PPD, and ZML genes could be divided into divided into three primary clades, and JAZ were the largest group. Members of the same group having similar gene structures and motif compositions. Collinearity analysis indicated that segmental duplication events were important in the evolution of cassava JAZ, PPD, and ZML genes, and that all duplicated pairs had been influenced by severe purifying selection. The presence of key cis-regulatory elements in the promoter region of JAZ, PPD, and ZML genes suggests that the TIFY gene family, a collection of plant-specific TFs, is activated by a range of stimuli. According to expression profile analyses, almost all cassava JAZ, PPD, and ZML genes were susceptible to at least one abiotic stress and hormone treatments. In addition, we also identified several cassava JAZ genes, such as MeJAZ1, MeJAZ13, and MeJAZ14, that may potentially be involved in tolerance to environmental stresses. Our findings may be beneficial in developing a framework for future functional characterization of TIFY family in cassava.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary Materials. Further inquiries can be directed to the corresponding author/s.



Author contributions

KL, YC and RZ conceived the study and worked on the approval of the manuscript. LZ, QW, and KL performed the experiments and wrote the first draft. KL, YC, RZ and XZ revised the manuscript. LZ, QW, HW, CG and XN contributed to data analysis and managed reagents. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by Natural Science Foundation of Hainan Province (2019RC112), Natural Science Foundation of China (32160324), and the China Agriculture Research System (CARS-11-hncyh).



Conflict of interest

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



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2022.1017840/full#supplementary-material



References

 Abe, H., Urao, T., Ito, T., Seki, M., Shinozaki, K., and Yamaguchi-Shinozaki, K. (2003). Arabidopsis AtMYC2 (bHLH) and AtMYB2 (MYB) function as transcriptional activators in abscisic acid signaling. Plant Cell 15, 63–78. doi: 10.1105/tpc.006130

 Ahmadizadeh, M., and Heidari, P. (2014). Bioinformatics study of transcription factors involved in cold stress. Biharean Biol. 8 (3), 83–86.

 Ashburner, M., Ball, C. A., Blake, J. A., Botstein, D., Butler, H., Cherry, J. M., et al. (2000). Gene ontology: tool for the unification of biology. Nat. Genet. 25, 25–29. doi: 10.1038/75556

 Baekelandt, A., Pauwels, L., Wang, Z., Li, N., Milde, L. D., Natran, A., et al. (2018). Arabidopsis leaf flatness is regulated by PPD2 and NINJA through repression of CYCLIN D3 genes. Plant Physiol. 178, 217–232. doi: 10.1104/pp.18.00327

 Bai, Y., Meng, Y., Huang, D., Qi, Y., and Chen, M. (2011). Origin and evolutionary analysis of the plant-specific TIFY transcription factor family. Genomics 98, 128–136. doi: 10.1016/j.ygeno.2011.05.002

 Cai, Z., Chen, Y., Liao, J., and Wang, D. (2020). Genome-wide identification and expression analysis of jasmonate ZIM domain gene family in tuber mustard (Brassica juncea var. tumida). PloS One 15, e0234738. doi: 10.1371/journal.pone.0234738

 Cao, M., Zheng, L., Li, J., Mao, Y., Zhang, R., Niu, X., et al. (2022). Transcriptomic profiling suggests candidate molecular responses to waterlogging in cassava. PloS One 17, e0261086. doi: 10.1371/journal.pone.0261086

 Chen, C., Chen, H., Zhang, Y., Thomas, H. R., Frank, M. H., He, Y., et al. (2020). TBtools: An integrative toolkit developed for interactive analyses of big biological data. Mol. Plant 13, 1194–1202. doi: 10.1016/j.molp.2020.06.009

 Chico, J. M., Chini, A., Fonseca, S., and Solano, R. (2008). JAZ repressors set the rhythm in jasmonate signaling. Curr. Opin. Plant Biol. 11, 486–494. doi: 10.1016/j.pbi.2008.06.003

 Chini, A., Fonseca, S., Fernandez, G., Adie, B., Chico, J. M., Lorenzo, O., et al. (2007). The JAZ family of repressors is the missing link in jasmonate signalling. Nature 448, 666–671. doi: 10.1038/nature06006

 Chung, H. S., Niu, Y., Browse, J., and Howe, G. A. (2009). Top hits in contemporary JAZ: an update on jasmonate signaling. Phytochemistry 70, 1547–1559. doi: 10.1016/j.phytochem.2009.08.022

 Demianski, A. J., Chung, K. M., and Kunkel, B. N. (2012). Analysis of Arabidopsis JAZ gene expression during Pseudomonas syringae pathogenesis. Mol. Plant Pathol. 13, 46–57. doi: 10.1111/j.1364-3703.2011.00727.x

 Ebel, C., BenFeki, A., Hanin, M., Solano, R., and Chini, A. (2018). Characterization of wheat (Triticum aestivum) TIFY family and role of Triticum durum TdTIFY11a in salt stress tolerance. PloS One 13, e0200566. doi: 10.1371/journal.pone.0200566

 Franceschini, A., Szklarczyk, D., Frankild, S., Kuhn, M., Simonovic, M., Roth, A., et al. (2013). STRING v9.1: protein-protein interaction networks, with increased coverage and integration. Nucleic Acids Res. 41, D808–D815. doi: 10.1093/nar/gks1094

 Gasteiger, E., Gattiker, A., Hoogland, C., Ivanyi, I., Appel, R. D., and Bairoch, A. (2003). ExPASy: the proteomics server for in-depth protein knowledge and analysis. Nucleic Acids Res. 31, 3784–3788. doi: 10.1093/nar/gkg563

 Gautam, J. K., Giri, M. K., Singh, D., Chattopadhyay, S., and Nandi, A. K. (2021). MYC2 influences salicylic acid biosynthesis and defense against bacterial pathogens in Arabidopsis thaliana. Physiol. Plantarum 173, 2248–2261. doi: 10.1111/ppl.13575

 Gonzalez, N., Pauwels, L., Baekelandt, A., Milde, L. D., Leene, J. V., Besbrugge, N., et al. (2015). A repressor protein complex regulates leaf growth in arabidopsis. Plant Cell 27, 2273–2287. doi: 10.1105/tpc.15.00006

 Heidari, P., Ahmadizadeh, M., Izanlo, F., and Nussbaumer, T. (2019). In silico study of the CESA and CSL gene family in arabidopsis thaliana and oryza sativa: Focus on post-translation modifications. Plant Gene 19, 100189. doi: 10.1016/j.plgene.2019.100189

 Heidari, P., Faraji, S., Ahmadizadeh, M., Ahmar, S., and Mora-Poblete, F. (2021). New insights into structure and function of TIFY genes in Zea mays and Solanum lycopersicum: a genome-wide comprehensive analysis. Front. Genet. 12. doi: 10.3389/fgene.2021.657970

 He, X., Kang, Y., Li, W. Q., Liu, W., Xie, P., Liao, L., et al. (2020). Genome-wide identification and functional analysis of the TIFY gene family in the response to multiple stresses in Brassica napus l. BMC Genomics 21, 736. doi: 10.1186/s12864-020-07128-2

 He, X., Zhu, L., Wassan, G. M., Wang, Y., Miao, Y., Shaban, M., et al. (2018). GhJAZ2 attenuates cotton resistance to biotic stresses via the inhibition of the transcriptional activity of GhbHLH171. Mol. Plant Pathol. 19, 896–908. doi: 10.1111/mpp.12575

 Hu, B., Jin, J., Guo, A., Zhang, H., Luo, J., and Gao, G., et al GSDS 2.0: an upgraded gene feature visualization server. Bioinformatics. (2015), 31, 1296–1297. doi: 10.1093/bioinformatics/btu817

 Jansson, C., Westerbergh, A., Zhang, J., Hu, X., and Sun, C. (2009). Cassava, a potential biofuel crop in (the) people’s republic of China. Appl. Energy 86, S95–S99. doi: 10.1016/j.apenergy.2009.05.011

 Jeffares, D. C., Tomiczek, B., Sojo, V., and dos Reis, M. (2015). A beginners guide to estimating the non-synonymous to synonymous rate ratio of all protein-coding genes in a genome. Methods Mol. Biol. 1201, 65–90. doi: 10.1007/978-1-4939-1438-8_4

 Katsir, L., Chung, H. S., Koo, A. J., and Howe, G. A. (2008). Jasmonate signaling: a conserved mechanism of hormone sensing. Curr. Opin. Plant Biol. 11, 428–435. doi: 10.1016/j.pbi.2008.05.004

 Lescot, M., Déhais, P., Thijs, G., Marchal, K., Moreau, Y., Van, P. Y., et al. (2002). PlantCARE, a database of plant cis-acting regulatory elements and a portal to tools for in silico analysis of promoter sequences. Nucleic Acids Res. 30, 325–327. doi: 10.1093/nar/30.1.325

 Liu, B., Seong, K., Pang, S., Song, J., Gao, H., Wang, C., et al. (2021). Functional specificity, diversity, and redundancy of Arabidopsis JAZ family repressors in jasmonate and COI1-regulated growth, development, and defense. New Phytol. 231, 1525–1545. doi: 10.1111/nph.17477

 Liu, X., Yu, F., Yang, G., Liu, X., and Peng, S. (2022). Identification of TIFY gene family in walnut and analysis of its expression under abiotic stresses. BMC Genomics 23, 190. doi: 10.1186/s12864-022-08416-9

 Liu, X., Zhao, C., Yang, L., Zhang, Y., Wang, Y., Fang, Z., et al. (2020). Genome-wide identification, expression profile of the TIFY gene family in Brassica oleracea var. capitata, and their divergent response to various pathogen infections and phytohormone treatments. Genes (Basel) 11, 127. doi: 10.3390/genes11020127

 Li, X., Yin, X., Wang, H., Li, J., Guo, C., Gao, H., et al. (2015). Genome-wide identification and analysis of the apple (Malus × domestica borkh.) TIFY gene family. Tree Genet. Genomes 11, 808. doi: 10.1007/s11295-014-0808-z

 Melotto, M., Mecey, C., Niu, Y., Chung, H. S., Katsir, L., Yao, J., et al. (2008). A critical role of two positively charged amino acids in the jas motif of arabidopsis JAZ proteins in mediating coronatine-and jasmonoyl isoleucinedependent interactions with the COI1 f-box protein. Plant J. 55, 979–988. doi: 10.1111/j.1365-313X.2008.03566.x

 Pauwels, L., Barbero, G. F., Geerinck, J., Tilleman, S., Grunewald, W., Pérez, A. C., et al. (2010). NINJA connects the co-repressor TOPLESS to jasmonate signalling. Nature 464, 788–791. doi: 10.1038/nature08854

 Riechmann, J. L., Heard, J., Martin, G., Reuber, L., Jiang, C., Keddie, J., et al. (2000). Arabidopsis transcription factors: genome-wide comparative analysis among eukaryotes. Science 290, 2105–2110. doi: 10.1126/science.290.5499.2105

 Saha, G., Park, J. I., Kayum, M. A., and Nou, I. S. (2016). A genome-wide analysis reveals stress and hormone responsive patterns of TIFY family genes in Brassica rapa. Front. Plant Sci. 7. doi: 10.3389/fpls.2016.00936

 Saito, R., Hayashi, K., Nomoto, H., Nakayama, M., Takaoka, Y., Saito, H., et al. (2021). Extended JAZ degron sequence for plant hormone binding in jasmonate co-receptor of tomato SlCOI1-SlJAZ. Sci. Rep-UK. 11, 13612. doi: 10.1038/s41598-021-93067-1

 Santner, A., and Estelle, M. (2009). Recent advances and emerging trends in plant hormone signalling. Nature 459, 1071–1078. doi: 10.1038/nature08122

 Schmittgen, T. D., and Livak, K. J. (2008). Analyzing real-time PCR data by the comparative CT method. Nat. Protoc. 3, 1101–1108. doi: 10.1038/nprot.2008.73

 Seo, J. S., Joo, J., Kim, M. J., Kim, Y. K., Nahm, B. H., Song, S. I., et al. (2011). OsbHLH148, a basic helix-loop-helix protein, interacts with OsJAZ proteins in a jasmonate signaling pathway leading to drought tolerance in rice. Plant J. 65, 907–921. doi: 10.1111/j.1365-313X.2010.04477.x

 Shannon, P., Markiel, A., Ozier, O., Baliga, N. S., Wang, J. T., Ramage, D., et al. (2003). Cytoscape: a software environment for integrated models of biomolecular interaction networks. Genome Res. 13 (11), 2498–2504. doi: 10.1101/gr.1239303

 Sheng, Y., Yu, H., Pan, H., Qiu, K., Xie, Q., Chen, H., et al. (2022). Genome-wide analysis of the gene structure, expression and protein interactions of the peach (Prunus persica) TIFY gene family. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.792802

 Shikata, M., Matsuda, Y., Ando, K., Nishii, A., Takemura, M., and Yokota, A. (2004). Characterization of Arabidopsis ZIM, a member of a novel plant-specific GATA factor gene family. J. Exp. Bot. 55, 631–639. doi: 10.1093/jxb/erh078

 Shiu, S. H., and Bleecker, A. B. (2003). Expansion of the receptor-like kinase/Pelle gene family and receptor-like proteins in arabidopsis. Plant Physiol. 132, 530–543. doi: 10.1104/pp.103.021964

 Song, S., Qi, T., Huang, H., Ren, Q., Wu, D., Chang, C., et al. (2011). The jasmonate-ZIM domain proteins interact with the R2R3-MYB transcription factors MYB21 and MYB24 to affect jasmonate-regulated stamen development in Arabidopsis. Plant Cell 23, 1000–1013. doi: 10.1105/tpc.111.083089

 Staswick, P. E. (2008). JAZing up jasmonate signaling. Trends Plant Sci. 13, 66–71. doi: 10.1016/j.tplants.2007.11.011

 Tao, J., Jia, H., Wu, M., Zhong, W., Jia, D., Wang, Z., et al. (2022). Genome-wide identification and characterization of the TIFY gene family in kiwifruit. BMC Genomics 23, 179. doi: 10.1186/s12864-022-08398-8

 Thines, B., Katsir, L., Melotto, M., Niu, Y., Mandaokar, A., Liu, G., et al. (2007). JAZ repressor proteins are targets of the SCFCOI1 complex during jasmonate signalling. Nature 448, 661–665. doi: 10.1038/nature05960

 Umezawa, T., Nakashima, K., Miyakawa, T., Kuromori, T., Tanokura, M., Shinozaki, K., et al. (2010). Molecular basis of the core regulatory network in ABA responses: sensing, signaling and transport. Plant Cell Physiol. 51, 1821–1839. doi: 10.1093/pcp/pcq156

 Vanholme, B., Grunewald, W., Bateman, A., Kohchi, T., and Gheysen, G. (2007). The tify family previously known as ZIM. Trends Plant Sci. 12, 239–244. doi: 10.1016/j.tplants.2007.04.004

 Verma, D., Jalmi, S. K., Bhagat, P. K., Verma, N., and Sinha, A. K. (2020). A bHLH transcription factor, MYC2, imparts salt intolerance by regulating proline biosynthesis in Arabidopsis. FEBS J. 287, 2560–2576. doi: 10.1111/febs.15157

 Walther, D., Brunnemann, R., and Selbig, J. (2007). The regulatory code for transcriptional response diversity and its relation to genome structural properties in A. thaliana. PloS Genet. 3, e11. doi: 10.1371/journal.pgen.0030011

 Wang, W., Feng, B., Xiao, J., Xia, Z., Zhou, X., Li, P., et al. (2014). Cassava genome from a wild ancestor to cultivated varieties. Nat. Commun. 5, 5110. doi: 10.1038/ncomms6110

 Wang, Y., Pan, F., Chen, D., Chu, W., Liu, H., and Xiang, Y. (2017). Genome-wide identification and analysis of the Populus trichocarpa TIFY gene family. Plant Physiol. Bioch. 115, 360–371. doi: 10.1016/j.plaphy.2017.04.015

 Wang, P., Su, L., Gao, H., Jiang, X., Wu, X., Li, Y., et al. (2018). Genome-wide characterization of bHLH genes in grape and analysis of their potential relevance to abiotic stress tolerance and secondary metabolite biosynthesis. Front. Plant Sci. 9. doi: 10.3389/fpls.2018.00064

 Wang, N., Xiang, Y., Fang, L., Wang, Y., Xin, H., and Li, S. (2013). Patterns of gene duplication and their contribution to expansion of gene families in grapevine. Plant Mol. Biol. Rep. 31, 852–861. doi: 10.1007/s11105-013-0556-5

 White, D. W. R. (2006). PEAPOD regulates lamina size and curvature in Arabidopsis. P. Natl. Acad. Sci. U.S.A. 103, 13238–13243. doi: 10.1073/pnas.0604349103

 Wilson, M. C., Mutka, A. M., Hummel, A. W., Berry, J., Chauhan, R. D., Vijayaraghavan, A., et al. (2017). Gene expression atlas for the food security crop cassava. New Phytol. 213, 1632–1641. doi: 10.1111/nph.14443

 Xu, G., Guo, C., Shan, H., and Kong, H. (2012). Divergence of duplicate genes in exon-intron structure. P. Natl. Acad. Sci. U.S.A. 109, 1187–1192. doi: 10.1073/pnas.1109047109

 Yang, Y., Ahammed, G. J., Wan, C., Liu, H., Chen, R., and Zhou, Y. (2019). Comprehensive analysis of TIFY transcription factors and their expression profiles under jasmonic acid and abiotic stresses in watermelon. Int. J. Genomics 2019, 6813086. doi: 10.1155/2019/6813086

 Yan, J., Li, H., Li, S., Yao, R., Deng, H., Xie, Q., et al. (2013). The Arabidopsis f-box protein CORONATINE INSENSITIVE1 is stabilized by SCFCOI1 and degraded via the 26S proteasome pathway. Plant Cell 25, 486–498. doi: 10.1105/tpc.112.105486

 Yan, Y., Stolz, S., Chételat, A., Reymond, P., Pagni, M., Dubugnon, L., et al. (2007). A downstream mediator in the growth repression limb of the jasmonate pathway. Plant Cell 19, 2470–2483. doi: 10.1105/tpc.107.050708

 Yan, J., Zhang, C., Gu, M., Bai, Z., Zhang, W., and Qi, T. (2009). The Arabidopsis CORONATINE INSENSITIVE1 protein is a jasmonate receptor. Plant Cell 21, 2220–2236. doi: 10.1105/tpc.109.065730

 Ye, H., Du, H., Tang, N., Li, X., and Xiong, L. (2009). Identification and expression profiling analysis of TIFY family genes involved in stress and phytohormone responses in rice. Plant Mol. Biol. 71, 291–305. doi: 10.1007/s11103-009-9524-8

 Zhang, Y., Gao, M., Singer, S. D., Fei, Z., Wang, H., and Wang, X. (2012). Genome-wide identification and analysis of the TIFY gene family in grape. PloS One 7, e44465. doi: 10.1371/journal.pone.0044465

 Zhang, L., You, J., and Chan, Z. (2015). Identification and characterization of TIFY family genes in Brachypodium distachyon. J. Plant Res. 128 (6), 995–1005. doi: 10.1007/s10265-015-0755-2

 Zhao, G., Song, Y., Wang, C., Butt, H. I., Wang, Q., Zhang, C., et al. (2016). Genome-wide identification and functional analysis of the TIFY gene family in response to drought in cotton. Mol. Genet. Genomics 291, 2173–2187. doi: 10.1007/s00438-016-1248-2

 Zhou, X., Yan, S., Sun, C., Li, S., Li, J., Xu, M., et al. (2015). A maize jasmonate zim-domain protein, ZmJAZ14, associates with ABA, and GA signaling pathways in transgenic Arabidopsis. PloS One 10, 121824. doi: 10.1371/journal.pone.0121824

 Zhu, D., Li, R., Liu, X., Sun, M., Wu, J., Zhang, N., et al. (2014). The positive regulatory roles of the TIFY10 proteins in plant responses to alkaline stress. PloS One 9, e111984. doi: 10.1371/journal.pone.0111984



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Zheng, Wan, Wang, Guo, Niu, Zhang, Zhang, Chen and Luo. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 13 October 2022

doi: 10.3389/fpls.2022.995913

[image: image2]


Transcriptome analysis of Harumi tangor fruits: Insights into interstock-mediated fruit quality


Ling Liao 1†, Yunjie Li 1†, Xiaoyi Bi 1†, Bo Xiong 1, Xun Wang 2, Honghong Deng 2, Mingfei Zhang 1, Guochao Sun 2, Zhenghua Jin 1, Zehao Huang 1 and Zhihui Wang 1,2*


1 College of Horticulture, Sichuan Agricultural University, Chengdu, China, 2 Institute of Pomology and Olericulture, Sichuan Agricultural University, Chengdu, China




Edited by: 

Suvendu Mondal, Bhabha Atomic Research Centre (BARC), India

Reviewed by: 

Wenqiang Sun, University of California, Davis, United States

Chunmei Li, Zhongkai University of Agriculture and Engineering, China

Ting Fang, Fujian Agriculture and Forestry University, China

*Correspondence:
 
Zhihui Wang
 wangzhihui318@126.com











†These authors have contributed equally to this work


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


Received: 16 July 2022

Accepted: 30 September 2022

Published: 13 October 2022

Citation:
Liao L, Li Y, Bi X, Xiong B, Wang X, Deng H, Zhang M, Sun G, Jin Z, Huang Z and Wang Z (2022) Transcriptome analysis of Harumi tangor fruits: Insights into interstock-mediated fruit quality. Front. Plant Sci. 13:995913. doi: 10.3389/fpls.2022.995913



Harumi tangor fruit with Ponkan as an interstock contains significantly higher levels of total soluble solids compared to Harumi tangor fruit cv.with no interstock. Transcriptome analysis of two graft combinations (Harumi/Hongjv (HP) and cv. cv.Harumi/Ponkan/Hongjv (HPP)) was conducted to identify the genes related to use of the Ponkan interstock. Soluble sugars and organic acids were also measured in the two graft combinations. The results showed that the contents of sucrose, glucose, and fructose were higher in the fruits of HPP than in those of HP; additionally, the titratable acid levels were lower in grafts with interstocks than in grafts without interstocks. Transcriptome analysis of HPP and HP citrus revealed that the interstock regulated auxin and ethylene signals, sugar and energy metabolism, and cell wall metabolism. Trend and Venn analyses suggested that genes related to carbohydrate-, energy-, and hormone-metabolic activities were more abundant in HPP plants than in HP plants during different periods. Moreover, weighted gene co-expression network analysis demonstrated that carbohydrates, hormones, cell wall, and transcription factors may be critical for interstock-mediated citrus fruit development and ripening. The contents of ethylene, auxin, cytokinin, transcription factors, starch, sucrose, glucose, fructose, and total sugar in HPP plants differed considerably than those in HP fruits. Interstocks may help to regulate the early ripening and quality of citrus fruit through the above-mentioned pathways. These findings provide information on the effects of interstock on plant growth and development.
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Introduction

Citrus fruits represent one of the most important crops worldwide (Conti et al., 2021) and are grown predominantly in tropical and subtropical areas. Citrus fruits possess abundant primary metabolites, such as organic acids, sugars, and amino acids. Moreover, they possess various secondary metabolites and volatile compounds that contribute to their nutritional characteristics and exert health benefits (Batista-Silva et al., 2018). Organic acid is the key factor affecting the fruit sensory quality (Fan et al., 2017), The acid content of fruit is determined by the balance of acid synthesis and degradation. Genes regulate changes in organic acids during fruit development (Zhang et al., 2021). For example, Lin et al. (2022) found that PBWRKY10 promotes the accumulation of organic acids in pears. The sugar-to-acid ratio is also an important determinant of fruit maturity (Jiang et al., 2018). Sucrose is transported into fruit via the phloem as part of the sugar metabolic pathway, after which neutral invertase converts sucrose into glucose and fructose or sucrose synthase converts sucrose into UDP-glucose and fructose (Umer et al., 2020). However, citrus trees have long juvenile periods, which often span more than 6 years, before reaching full maturity (Cuenca et al., 2018).

Grafting is a well-developed technique used for fruit trees in which a scion and rootstock are combined to form a new plant with a blend of each plant’s characteristics, and is the most important reproduction mode for citrus production (Wu et al., 2019). Many studies have demonstrated that grafting can alter gene expression in scions (Shen et al., 2019) and is an effective method for shortening the juvenile period (Habibi et al., 2022). Rootstock selection is crucial for commercial cultivation of citrus fruits, as it affects the fruit yield and quality (Santos et al., 2017), including the juice total soluble solid (TSS) and acidity levels, vitamin C content, and antioxidant capacity (Carolina et al., 2019). Moreover, rootstocks improve resistance to biotic and abiotic stresses and affect the plant water status and photosynthesis (Albrecht et al., 2020). The mechanism triggering these effects likely involves differences in hormonal signaling, gene expression, metabolites, and ion uptake and transport in grafted trees (Goldschmidt, 2014). Auxin was the first discovered plant hormone and plays a key role in regulating fruit ripening (Kou et al., 2022). In a study of graft compatibility in citrus trees (He et al., 2018), auxin was shown to cooperate with several hormones during graft union formation (Nanda and Melnyk, 2017). Ethylene is also critical for controlling the ripening of climacteric and non-climacteric fruits (Xu et al., 2018). Gibberellins play major roles in the network of floral-induction pathways and in regulating female flower differentiation (Khan et al., 2014). Abscisic acid may be a key factor in non-climacteric fruit ripening (Li et al., 2022). In plants, phytohormones do not function independently, and fruit ripening is governed by interactions between phytohormones (Fenn and Giovannoni, 2021).

To adjust the variety structures of fruit trees, high grafting can be performed to eliminate inferior varieties by generating ‘interstocks’ (Gil-Izquierdo et al., 2004). Interstock grafting involves the use of different genetic material between the rootstock and selected commercial cultivar, with the resulting plant formed from three different individuals through a double-graft union (Calderón et al., 2021). Interstocks were initially studied as a tool for overcoming the interspecific incompatibility of different scion/rootstock combinations of potential agronomic interest (Rogers and  Beakbane, 2003). More recently, studies have focused on interstocks of plum (Popara et al., 2020), apple (Zhou et al., 2021), peach (Calderón et al., 2021), and pear (Cui et al., 2021) to control scion vigor. Moreover, interstocks have been widely used in high-density planting systems by altering several important factors such as the tree structure, carbon distribution, and shoot-growth rate and duration (Zhou et al., 2015).

The mechanisms underlying interstock–scion interactions remain largely unknown. It is currently thought that the dwarfing mechanisms of rootstocks and interstocks alter the scion size, in which phytohormones may play important roles (Li et al., 2012). Heterografting upregulates the expression of genes involved in stress responses at the graft interface compared with the corresponding levels in autografted control citrus trees (Cookson et al., 2014). In addition, lemon trees grafted with interstocks show increased longevity, lemon production, and quality (Gil-Izquierdo et al., 2004). However, reports on interstock-mediated expression modifications in late-ripening citrus fruits are lacking. ‘Harumi’ (Citrus reticulata × Citrus sinensis) is a late-ripening cultivar that produces an oblate-shaped fruit; the rind color is orange and the fruit is easy to peel. The fruit ripens in January (Takishita et al., 2021). This cultivar has been increasingly planted in China and is favored by many consumers because of its taste, high yield, and abundant nutrients (Dong et al., 2020). Because interstocks greatly influence citrus quality and consumers have increasing demanded high-quality fruits, it necessary to carefully select interstocks that produce high-quality fruits. We hypothesized that when Hongjv (C. reticulata × C. sinensis) is used as the base rootstock, using Ponkan (C. reticulata Ponkan) as an interstock can improve the fruit quality of ‘Harumi’ tangor. Thus, the main objective of this study was to explore how interstocks improve the quality of a common ‘Harumi’ tangor fruit. This effect was investigated using common ‘Harumi’ tangor grafted onto Hongjv (HP, non-interstocks) and cv.Ponkan/Hongjv (HPP, with interstocks).



Material and methods


Plant materials and growth conditions

This study was performed at the Citrus Modern Agricultural Park in Qingshen (29°86′–29°91′ N and 103°90′–106°38′ E) in Sichuan, China. The park has an elevation of 133 m, an annual accumulated temperature of >3,400°C, 3,000 h of sunshine, an annual frost-free period of 172–188 days, and a mean annual precipitation of 693 mm. Eighteen 2-year-old Hongjv seedlings were planted in September 2016. The first grafting (rootstock grafted with interstock) was conducted in early April 2017; Nine Hongjv were chip-budded with Ponkan at a height of 10 cm above the ground to form a Ponkan/Hongjv combination. Nine controls without grafting were also planted. The second branch grafting was conducted in March 2018, the interstocks were grafted with cultivar ‘Harumi’ tangor cv. cv.at 5 cm from the interstock/rootstock union to form a Harumi/Ponkan/red orange combination (HPP). Plants without interstock were also grafted with ‘Harumi’ tangor to form a Harumi/red orange combination (HP) at 10cm from the soil level. Plants were allowed to grow with full nutrition and standard treatments for citrus from 2018 to 2022.

Fruit samples of ‘Harumi’ tangor were harvested at 45, 90, 135, and 180 days after flowering (DAF) from 2021 to 2022. Three biological replicates (three trees per replicate) were harvested at each developmental stage. The samples from the four stages were named as HP1, HP2, HP3, and HP4 for HP and HPP1, HPP2, HPP3, and HPP4 for HPP. Twenty-seven representative fruits (three fruits per tree) of each combination were sampled at each developmental stage. Fruits were transported to the laboratory on the day of harvest and then were divided into two groups. One group was used 15 samples for physiological index assessment, after measurement of TSS, single fruit weight, vertical diameter, and transverse diameter index, fruit flesh without skin from same batch of fruit were frozen in liquid nitrogen and stored at −80°C until high-performance liquid chromatography (HPLC) analysis. From the second group, the peel and flesh were isolated, and the flesh was frozen immediately in liquid nitrogen and stored at −80°C for subsequent analyses [i.e., RNA sequencing (RNA-seq) and quantitative real- time (qRT)-PCR].



Physiological index assessment

A refractometer (HC-112ATC, Shanghai Lichenkeyi, China) was used for TSS measurements. The weight of each fruit was recorded using an electronic balance. The vertical and transverse diameters were measured for each fruit using a digital caliper gauge ( ± 0.01 mm).



Soluble sugar and organic acid determinations

Soluble sugars and organic acids were extracted as described by Liao et al. (2019), with some modifications. Briefly, 2 g samples of frozen pulp were ground into a powder in liquid nitrogen, homogenized in 5.0 mL of ethanol (80%), and placed in a water bath at 80°C for 15 min. The homogenates were centrifuged at 9,000 ×g for 10 min at 4°C. The residues from each treatment were extracted in triplicate, and the supernatant of each extracted residue was collected into a 10 mL volumetric flask and brought to a final volume (10 mL) with 80% ethanol. The samples were filtered through a membrane filter (0.45 μm pore size) before injection into the HPLC system. The filtered solution was used for sugar and organic acid analyses.

The sugar content was analyzed using HPLC equipped with a refractive index detector (LC-1260; Agilent Technologies, Santa Clara, CA, USA). Samples were isolated on an Innoval NH2 column (4.6 × 250.0 mm, 5.0 μm; Bonna Agela, Wilmington, DE, USA). Acetonitrile: water = 80:20 (v:v) was used as the mobile phase for isocratic elution with the following parameters: sample volume, 10 µL; flow rate, 1.0 mL·min-1; column temperature, 30°C; detection temperature, 40°C.

Organic acids were analyzed using HPLC equipped with a UV detector (LC-1260; Agilent Technologies). Samples were isolated on a C18-WP column (4.6 × 250 mm, 5 µm, CNW Technologies, Shanghai, China). HPLC was performed using isocratic elution with the mobile phase (4% methanol solution; metaphosphoric acid was used to adjust the pH to 2.6). The parameters were as follows: sample volume, 10 µL; flow rate, 0.8 mL min−1; column temperature, 25°C; detection temperature, 25°C. Organic acids were detected at a wavelength of 210 nm. For the determination of sugars and organic acids, three biological replicates were taken and technical replications were performed three times.



RNA-sequencing and data analysis

Eight samples of the pulp tissue of HP and HPP across four developmental stages were harvested, and three biological replicates were harvested for each sample. A total of 24 transcriptome profiles were obtained by RNA-seq using the Illumina HiSeq™ 4000 sequencing platform at Novogene (Beijing, China) (Liu et al., 2021).

The raw sequencing data were deposited in the National Center for Biotechnology Information (NCBI) Gene Expression Omnibus database under accession number PRJNA857756. The clean reads were aligned to the citrus reference genome (http://cucurbitgenomics.org/organism/21) using TopHat software version 2.0.12. Feature counting (genes, in this case) was performed using HTSeq software version 0.6.1. Gene abundances were calculated and normalized to the number of reads per kilobase per million reads according to Mortazavi et al. (2008), and differentially expressed genes (DEGs) between HP and HPP were identified using the DESeq R package. P-values < 0.05 were considered to reflect statistically significant differences and were adjusted using Benjamini and Hochberg correction (1995). We used the cluster Profiler package in R software to test for significant enrichment of the DEGs in Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis.

Total RNA was extracted from ‘Harumi’ tangor fruit pulp tissue using RNAprep Pure (Tiangen, Beijing, China), and first-strand cDNA was synthesized from total RNA using an RNA reverse transcription kit (Toyobo, Osaka, Japan) according to the manufacturer’s instructions. To verify the accuracy of the transcriptome data, we used Primer 5 to design specific primers and performed quantitative reverse transcription-PCR analysis (Supplementary Table 1). These primers were synthesized by Tsingke Biotech (Beijing, China). Quantitative reverse transcription-PCR analysis was performed using Bio-Rad CFX Manager (Hercules, CA, USA) and SYBR Premix Ex Taq II (novoprotein, Shanghai, China) to validate the DEG expression results. The citrus reference gene β-actin (GenBank: XM_006429010.2) was selected as an internal reference gene. The 2–ΔΔCt method was used to analyze mRNA expression levels.



Weighted gene co-expression network analysis and visualization

Co-expression and module analyses were performed using the R software package WGCNA 1.63 to study gene expression and trait variations (Langfelder and Horvath, 2008). WGCNA was conducted to construct a co-expression network including the TSS, single-fruit weight, sugar, and acid components; modules of highly correlated genes were identified using normalized expression matrix data. Genes with low fragments per kilobase of transcript per million mapped reads (FPKM) values (average FPKM <0.1) and a low coefficient of variation (<0.5) were excluded. A soft power threshold of 4 was interpreted as a soft threshold for the correlation matrix. The minimum module size was set to 30, and the minimum height of the merging modules was set to 0.25. Genes were clustered hierarchically according to the topological-overlap matrix measure.



Statistical analysis

All statistical analyses were performed using SPSS software (version 19.0, SPSS, Inc., Chicago, IL, USA). One-way analysis of variance followed by Duncan’s multiple-range test was employed, and the standard deviation was calculated from three replicates. The differences between individual means were considered significant at P < 0.05.




Results


Variations among soluble sugars and organic acids during citrus fruit flesh development

Fruits of ‘Harumi’ tangor mandarins grown on HP and HPP trees were sampled at 45, 90, 135, and 180 DAF to explore the fruit quality at different stages of development (Figure 1A). TSS measured at 45, 90, 135, and 180 DAF (Figure 1B) showed significant variations. The TSS increased from 6.37 and 7.53 Brix% at 45 DAF to 12.23 and 14.37 Brix% at 180 DAF in HP and HPP, respectively. Differences in single-fruit weights were observed at different developmental stages (Figure 1C). For example, HP had mean single-fruit weights of 20.77, 92.18, 212.12, and 276.65 g at 45, 90, 135, and 180 DAF, respectively, whereas those of HPP were 23.33, 65.48, 192.20, and 198.86 g, respectively.




Figure 1 | Changes in fruit phenotype, total soluble solid (TSS), and single-fruit weight between Harumi/Hongjv (HP) and Harumi/Ponkan/Hongjv (HPP). (A) Phenotypes, (B) TSS, and (C) single-fruit weights of HP and HPP fruits at 45, 90, 135, and 180 days after flowering (DAF). Each value shown represents the mean ± SD of three biological replicates.



The contents of soluble sugar (i.e., sucrose, glucose, and fructose) significantly differed during citrus fruit development (Figures 2A–C). The sucrose contents were 10.70, 18.76, 34.95, and 46.41 mg/g fresh weight (FW) at 45, 90, 135, and 180 DAF in HP, respectively, whereas those in HPP were 12.81, 22.82, 45.74, and 50.97 mg/g FW, respectively. The same trend was observed for fructose at all stages of citrus fruit development, i.e., 3.51,5.24, 9.21, and 17.93 mg/g FW and 4.59, 8.23, 13.51, and 22.44 mg/g FW at 45, 90, 135, and 180 DAF in HP and HPP, respectively. The glucose content was low at 45 DAF (5.18 and 7.20 mg/g FW) but increased significantly at 90 DAF (7.81 and 9.35 mg/g FW) and 135 DAF (8.53 and 12.00 mg/g FW) and 180 DAF (13.12 and 16.26 mg/g FW) in HP and HPP fruits, respectively. In this study, citric acid was the major acid detected in both sample types. The citric acid content decreased from 49.87 and 34.32 mg/g FW at 45 DAF to 0.72 and 0.36 mg/g FW at 180 DAF in the HP and HPP samples, respectively (Figure 2D). The same trend was observed for quinic acid at all stages of citrus fruit development, where the concentration was higher at 45 DAF in HP and HPP samples but decreased as the fruits neared maturity, i.e., to 0.83 mg/g FW in HP and 0.53 mg/g FW in HPP (Figure 2E).




Figure 2 | Changes in sugar and acid content between Harumi/Hongjv (HP) and Harumi/Ponkan/Hongjv (HPP). (A) fructose contents, (B) glucose contents, (C) sucrose contents, (D) citric acid contents, (E) quinic acid contents in HP and HPP fruits at 45, 90, 135, and 180 days after flowering (DAF). Each value shown represents the mean of three biological replicates.





Transcriptome analysis of HP and HPP fruits

The HP and HPP pulp was harvested at 45, 90, 135, and 180 days after bloom (Figure 1A) and the transcriptomes were sequenced to construct 24 cDNA libraries. A total of 161.31 Gb of clean data were filtered, and 6 Gb of clean data were obtained for each sample, with a Q30 base percentage of >92%. When the sequencing data were aligned to the reference genome, >87.03% of clean reads were mapped. Less than 3% of reads could not be mapped (Supplementary Table 2).

The gene-expression levels (FPKM values) of fruit pulps harvested after 45 days were high in both the HP and HPP samples (Supplementary Figure 1A). Pearson’s correlation coefficient between the samples ranged from 0.575–0.987 (Supplementary Figure 1B). Differential expressed genes were displayed in a clustered heat map (Figure 3A), and principal component analysis showed that the treatment replicates clustered together, indicating the reliability of the sampling (Figure 3B). The first two components, which explained 61% of the variation, distinguished the four different treatment groups, with three biological replicates clustered together; each group showed discernable differences in their gene-expression profiles.




Figure 3 | Clustering and Principal Component Analysis of Differential Metabolites between Harumi/Hongjv (HP) and Harumi/Ponkan/Hongjv (HPP) fruits. (A) Cluster heat map of differentially expressed genes (DEGs) between different samples, where red represents upregulation and blue represents downregulation. (B) Principal component analysis of the Harumi/Hongjv (HP) and Harumi/Ponkan/Hongjv (HPP) groups at 45, 90, 135, and 180 days after flowering (DAF). HP1, HP2, HP3 and HP4 represent HP at 45, 90, 135, and 180 DAF, respectively; and HPP1, HPP2, HPP3 and HPP4 represent HPP at 45, 90, 135, and 180 DAF, respectively. Each value shown represents the mean of three biological replicates.





DEGs in HP and HPP fruits

We compared the transcriptome profiles of the HP and HPP fruits at four developmental stages to identify DEGs during citrus fruit development (Figure 4A and Supplementary Table 2). For each pairwise comparison, the DEGs were filtered according to the following criteria: |log2 (fold-change)| in expression of >0 and an adjusted P < 0.05. We identified 5,906 DEGs between the HP and HPP groups, including 1572, 441,1167, and 420 upregulated genes in the HPP1, HPP2, HPP3, and HPP4 groups, respectively, and 1422, 1207, 668, and 420 downregulated genes in the HPP1, HPP2, HPP3, and HPP 4 groups, respectively (Figure 4A). Gene Ontology (GO) and KEGG analyses were conducted to functionally characterize the DEGs. The DEGs were commonly enriched in processes related to ribosomes, photosynthesis, plant hormone signal transduction, amino acid biosynthesis, glycolysis/gluconeogenesis, starch and sucrose metabolism, and the citrate cycle (Figures 4B, C and Supplementary Table 2).




Figure 4 | Analysis of functionally enriched differentially expressed genes (DEGs) between Harumi/Hongjv (HP) and Harumi/Ponkan/Hongjv (HPP) fruits. (A) Venn diagrams of all upregulated and downregulated genes between HP and HPP fruits. (B) Results of the Gene Ontology (GO) enrichment analysis of DEGs between HP and HPP fruits. (C) Results of the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis of DEGs between HP and HPP fruits. HP1, HP2, HP3 and HP4 represent HP at 45, 90, 135, and 180 DAF, respectively; and HPP1, HPP2, HPP3 and HPP4 represent HPP at 45, 90, 135, and 180 DAF, respectively.



The expression levels of genes related to carbohydrate metabolic processing were 1.3–10-fold higher in the HP1 group than in the HPP1 group. These upregulated genes included PCK1 (LOC18037191), glucan endo-1,3-β-glucosidase 14 (LOC18034912), TPS9 (LOC18044411), KOR1 (ciclev10003884m), BGL46 (LOC18052395), TPS11 (LOC18054628), XET 31 (LOC18034104), fructose-bisphosphate aldolase (FBA) genes (LOC18054367, LOC18034756, LOC18034756, LOC18054367), CSLG3 (LOC18046063), alkaline/neutral invertase CINVs (LOC18042730, LOC18043168, LOC18031298), pyruvate kinase isozyme (PKp3, LOC18043314), inactive beta-amylase (BMY3, LOC18032416), and hexokinase (HXK1, LOC18035909). In contrast, the expression levels of several other genes were >2-fold higher in the HPP1 group, including genes encoding endoglucanases (LOC18048123, LOC18052685, LOC18033025), PG (LOC18031830, LOC18047316), BGLU13 (LOC18044658), XYL4 (LOC18041989), glucose-6-phosphate isomerase (G6PI, LOC18041337), and malate dehydrogenase (MDH, LOC18043642).

The expression levels of genes related to organonitrogen compound biosynthesis were 2–60-fold higher in the HP2 group than in the HPP2 group. These upregulated genes included RPS30 (LOC18055660), RPL34A (LOC18048110), SUI1 (LOC18055413), alkaline/neutral invertase (CINV5, LOC18031298), phosphoenolpyruvate carboxykinase (PEPCK, LOC18037191), cytochrome c (CYTC2, LOC18042136), several genes encoding transcription factors (TFs) in the ERF family (LOC18051602, LOC18041505, LOC18053449, LOC18047855, LOC18052831, LOC18031934, LOC18035271, LOC18047542, LOC18055444, LOC18033417, LOC18047855), and WRKYs (LOC18040890, LOC18038027, LOC18053740, LOC18040837, LOC18054113, LOC18053740). In contrast, the expression levels of several other genes were 1.2-fold higher in the HPP2 group, including genes encoding UTP-glucose-1-phosphate uridylyltransferase (UGP1, LOC18039774), 6-phosphofructokinase (PFK4, LOC18031386), sugar-phosphate translocator-related gene (LOC18047921), and pyruvate decarboxylase (PDC, LOC18039223).

The expression levels of several genes encoding xyloglucan endotransglucosylase/hydrolase proteins were >1.5–11-fold higher in the HPP3 group than in the HP3 group. These genes encode XTRs (LOC18035691, LOC18054158, LOC18054150, LOC18054151, LOC18041518), XTHs (LOC18031716, LOC18054144), TCH4 (ciclev10010859m), phosphoenolpyruvate carboxylase (ATPPC4, LOC18043504), FBA (LOC18034756), pyruvate kinase (PK, LOC18032013), glyceraldehyde-3-phosphate dehydrogenase (GAPA, LOC18051549), NADH-quinone oxidoreductase (NQR, LOC18037766), auxin-responsive protein SAUR (LOC18044653, LOC18033610), two ERF-type TFs (LOC18046781, LOC18047939), WRKYs (LOC18050472, LOC18045437), phosphoenolpyruvate carboxykinase (PEPCK, LOC18037191), sucrose synthase (SUS6, LOC18038613), and cytochrome c (CYTC2, LOC18042136).

The expression levels genes encoding UDP-glycosyltransferase/sucrose synthase (SUS6, LOC18038613), serine carboxypeptidase-like (LOC18043305, LOC18039558, LOC18043732), pyruvate kinase (LOC18045215, LOC18050485), fructokinase-4 (FRK4, LOC18046804), and isocitrate dehydrogenase (NAD-IDH, LOC18037111) were >1.2-fold higher in the HP4 group than in the HPP4 group. In contrast, the expression levels of genes encoding pyruvate kinase (PK, LOC18046239), cytochrome P450 (CYP82C4, LOC18044013), BR6OX1 (LOC18038016), CYP71B35 (LOC18043324), FAH1 (LOC18036838), CYP71B37 (LOC18047711), and CYP711A1 (LOC18054865) were 1.7–4.6-fold higher in the HPP4 group (Supplementary Table 2).

Ribosomes were affected by the interstocks (Figure 4C and Supplementary Table 2). Genes encoding several ribosomal proteins were repressed in the HP1 group, including ciclev10033291m, 50 S ribosomal protein L5 (LOC18046626), RPL18 (LOC18048753), and RPL36 (LOC18054512). However, the expression of genes encoding other ribosomal proteins were inhibited in the HPP2 group, including RPS30C (LOC18055660), RPL34A(LOC18048110), ARS27A(ciclev10017430m), RS21(LOC18041783), and a hypothetical protein (ciclev10003310m). Several genes encoding proteins important in plant hormone signaling and flavonoid biosynthesis were also downregulated by the interstocks in the HP3 group (Figure 4C and Supplementary Table 2), including XTR6 (LOC18035691, LOC18054158, LOC18054151), XTH22 (LOC18054150), TCH4 (ciclev10010859m), IAA29 (LOC18054871) encoding the xyloglucan endo-transglucosylase/hydrolase protein and cytochrome P450 gene CYP75B1 (LOC18050323), flavonone isomerase gene TT5 (LOC18043493), and flavanone-3-hydroxylase gene F3H (LOC18036490). Genes encoding proteins involved in carbon metabolism and amino acid biosynthesis were also downregulated by the interstocks in the HP4 group, including L-3-cyanoalanine synthase gene CYSC1 (LOC18045998) and pyruvate kinase gene PK (LOC18046239).

To validate the RNA-seq results, several important DEGs were evaluated by quantitative reverse transcription-PCR (Supplementary Figure 2A). The expression patterns of the selected genes were consistent with the RNA-seq data.



Differentially expressed endogenous metabolism-related genes at different developmental stages

To understand changes in the transcript levels of metabolic pathways during HP and HPP fruit development and further investigate key DEGs, we obtained “metabolic-overview” profiles using MapMan (Figure 5A). The results showed that functional modules, such as lipids, cell wall metabolism, secondary metabolism, starch, sucrose, tricarboxylic acid (TCA) cycle, and amino acids, were regulated to varying degrees by interstocks. Here, we focused on DEGs related to sucrose and starch metabolism, the TCA cycle, and cell wall metabolism.




Figure 5 | Differentially Expressed Endogenous Metabolism-Related Genes between Harumi/Hongjv (HP) and Harumi/Ponkan/Hongjv (HPP) fruits. (A) MapMan-based “metabolic-overview map” of differentially expressed genes (DEGs) (Harumi/Hongjv (HP) group vs Harumi/Ponkan/Hongjv (HPP) group) at four different developmental stages. (B) DEGs related to starch, sucrose, and tricarboxylic acid (TCA) metabolism during tangor fruit development and ripening. (C) DEGs related to cell wall metabolism during tangor fruit development and ripening. Heatmap of DEGs was drawn using the log2fold-change value obtained from the pairwise comparison of samples. Red and blue indicate upregulation and downregulation, respectively, in the former of the comparisons.



We analyzed the glycolysis pathway and associated DEGs (Figure 5B). We identified 84 DEGs between the HP and HPP groups associated with starch, sucrose metabolism, and the TCA cycle (Supplementary Table 3). Information pertaining to these genes is presented in a heat map (Figures 5B–C). Among the DEGs associated with starch and sucrose metabolism, the dihydrolipoyllysine-residue acetyltransferase gene LTA2 (LOC18044409), dihydrolipoyl dehydrogenase gene mtLPD1 (LOC18031585), and malate dehydrogenase gene MDH (LOC18045776) were upregulated in the HPP group at 45, 90, and 135 DAF and downregulated in the HPP group at 180 DAF. The isocitrate dehydrogenase gene IDH-III (LOC18037111), fructokinase gene FRK4 (LOC18046804), alkaline/neutral invertase gene CINV2 (CICLE_v10003734mg, LOC18042730), hexokinase gene HXK1 (LOC18035909), and sucrase/ferredoxin-like gene (LOC18051223) were downregulated in the HPP group at 45, 90, and 180 DAF and upregulated in the HPP group at 135 DAF. The sucrose-phosphate synthase gene SPS3F (LOC18032032) was downregulated throughout all fruit-development stages in the HPP group. Two DEGs associated with the TCA cycle, BMY3 (LOC18032416) and DPE2 (LOC18039894), were downregulated throughout development and ripening in the HPP group, whereas the 1,4-alpha-glucan-branching enzyme gene SBE2.2 (LOC18041588) and pullulanase gene ATPU1 (LOC18043634) were downregulated in the HPP group at 45 DAF and upregulated in the HPP group at 90, 135, and 180 DAF.

DEGs related to cell wall metabolism are shown in Figure 5C. We identified 71 DEGs in all samples (Supplementary Table 3), of which 32, 34, 35, and 36 genes were differentially expressed at 45, 90, 135, and 180 DAF, respectively. Among the downregulated genes, CSLG3 (LOC18046063) was downregulated during all stages. INVI/PMEIs (ciclev10000415m) and GH3 (LOC18035312) were downregulated in the HPP group at 45, 90, and 135 DAF and upregulated at 180 DAF. DHFR (LOC18039093), PAE8 (LOC18040742), and GH9B6 (LOC18033025) were upregulated in the HPP group at 45 DAF and downregulated at 90, 135, and 180 DAF. Additionally, one gene, GH28 (LOC18048144), was upregulated in the HPP group at all stages.



Plant hormone-related and transcription-regulating degs at different developmental stages

We mapped the DEGs to a “regulatory-overview” graph using MapMan. For the hormone-biosynthesis pathway, 65 genes involved in growth hormone, abscisic acid, ethylene, gibberellin, and jasmonic acid synthesis were dysregulated by the interstocks during fruit development and ripening between the HP and HPP groups (Figure 6A and Supplementary Table 3). Most of these genes were related to the synthesis of ethylene (20 DEGs) and auxin (26 DEGs). The expression levels of genes encoding DMR6-like oxygenase (DMR6, LOC18033472) and ethylene-responsive TF ERF104 (LOC18031355) were downregulated at 45 DAF and upregulated at 90, 135, and 180 DAF in the HPP group, whereas the gene encoding 2-oxoglutarate-dependent dioxygenase (2ODOs, LOC18056044) was upregulated at 45 DAF and downregulated at 90, 135, and 180 DAF in the HPP group. Only ethylene-responsive TF 1B (ERF1, LOC18046781) was downregulated in the HPP group at all stages. Among the six DEGs associated with gibberellic acid synthesis, a synthetic degradation gene (GA20OX2) was downregulated in the HPP group at all stages. The auxin-related genes TIR1 (LOC18052163) and TSJT1 (LOC18054207) and cytokinin-related gene CKI1 (LOC18042595) were downregulated at 45, 90, and 135 DAF, whereas they were upregulated at 180 DAF in the HPP group (Figure 6B).




Figure 6 | Plant Hormone-Related and Transcription-Regulating differentially expressed genes (DEGs) between Harumi/Hongjv (HP) and Harumi/Ponkan/Hongjv (HPP) fruits. (A) MapMan-based “regulatory-overview map” of differentially expressed genes (DEGs) (Harumi/Hongjv (HP) group vs Harumi/Ponkan/Hongjv (HPP) group). The small heat map in each section of the figure shows the DEGs mapped to the pathway, with a small square indicating a gene. The color of the square indicates the expression of that gene, with blue indicating downregulation and red indicating upregulation. (B) Phytohormone-related genes. (C) Transcription factor (TF)-related genes, where red and blue represent upregulated and downregulated TF genes, respectively.



Over 260 DEGs encoding TFs were identified, including AP2-EREBP (APETALA2 and ethylene-responsive element-binding proteins), MYB, WRKY, bZIP, Aux/IAA, and C2H2 zinc finger proteins, as well as members of other major plant TF families (Supplementary Table 3). Genes encoding homeobox TF family (HDG11, LOC18050300), C2C2(Zn) DOF zinc finger family (CDF2, LOC18038335), MADS box TF family (AGL22, LOC18036998), MYB-related TFs (MYB1R1, LOC18040130; RVE1, LOC18039807; HHO2, LOC18035441), Kelch repeat-containing protein (Krhp, LOC18052245), and phosphatidylinositol N-acetylglucosaminyl transferase (GPI1, LOC18036233) were downregulated throughout development in the HPP group. Genes encoding Aux/IAA family (IAA16, LOC18046344; IAA26, LOC18055059), NIN-like bZIP-related family (RKD5, LOC18036595), nucleosome/chromatin assembly factor (NFD4, LOC18037272), MYB domain TF family (MYB52, LOC18046422), C2H2 zinc finger family (IDD12, LOC18049322), and growth-regulating factor (GRF5, LOC18041982) were upregulated throughout development in the HPP group (Figure 6C).



Trend and venn analyses

The DEGs at the four time-points in the HP and HPP groups were clustered into 10 profiles (Supplementary Table 3). Profiles 0, 2, 9, 10, and 19 were significantly overrepresented in the HP and HPP groups (Figure 7A). In the HPP group, genes related to carbon and energy metabolism (carbohydrate metabolic process, TCA cycle, carbohydrate binding, ATP binding, and electron carrier activity) were enriched in the above-mentioned profiles (Figure 7B). β-Galactosidase genes (BGAL1, LOC18037093; BGAL17, LOC18036862; BGAL3, LOC18036428; BGAL5, LOC18040789; BGAL7, LOC18055375; BGAL8, LOC18035117) and glucan endo-1,3-β-glucosidase genes (LOC18037713, LOC18050517; LOC18056170, LOC18036798, LOC18040076, LOC18052672, LOC18051455, LOC18051712, LOC18035509) were grouped into profile 0, whereas the MLO-like protein (MLO) gene was grouped into profiles 2, 9, and 10. Genes encoding ferredoxins (FdC2, LOC18033147, LOC18044482) were associated with profile 2. Genes encoding galacturonosyl transferases (GAUT8, LOC18049183, GAUT10, LOC18052790; GAUT15, LOC18045452) were grouped in profile 9. Genes encoding isocitrate dehydrogenase (IDH1, LOC18035427), 2-oxoglutarate dehydrogenase (2-OGDH, LOC18048455), phosphoenolpyruvate carboxylase (ATPPC4, LOC18043504), and succinate dehydrogenase (SDH2, LOC18037039) belonged to profile 10. Finally, genes encoding α,α-trehalose-phosphate synthase (ATTPS7, LOC18053226; ATTPS9, LOC18044411, ATTPS6, LOC18052900; ATTPS11, LOC18054628) were grouped in profile 19. Moreover, genes related to metabolic pathways, responses to oxidative stress, the biosynthesis of secondary metabolites, and plant hormone signal transduction were differentially expressed in the HP and HPP groups (Figures 7B, C).




Figure 7 | Gene-expression patterns and enrichment of Gene Ontology (GO) terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways at four different time-points in Harumi/Hongjv (HP) and Harumi/Ponkan/Hongjv (HPP) fruits. (A) Gene-expression patterns at three time-points in HP and HPP fruits, as predicted using STEM software. The number of genes and P-values for each pattern are indicated in each frame. (B) GO enrichment analysis of important processes in HP and HPP fruits. (C) KEGG pathway enrichment analysis of important processes in HP and HPP fruits. P-values indicate the significance of the most enriched GO and KEGG Slim terms. Significant and non-significant P-values are indicated in red and dark gray, respectively.



A Venn diagram was used to display the number of DEGs at the four stages in the HP (1836) and HPP (1775) groups (Figure 8A and Supplementary Table 3). Analysis of functional annotations revealed genes related to glucosyltransferase activity in the HPP group, including those encoding xyloglucosyl transferase (XTH2, LOC18031716; XTH22, LOC18054143), cellulose synthase-like protein (CSLD4, LOC18034163), and sucrose synthase (SUS4, LOC18054645). Additionally, genes associated with terms such as cellular lipid metabolic process, cell wall, multicellular organismal process, ADP binding, starch and sucrose metabolism, pyruvate metabolism, MAPK signaling pathway, and plant hormone signal transduction were enriched in the HPP group (Figures 8B, C). In the HP group, genes associated with terms for several activities and processes were enriched, including ribosome, cellular amino acid biosynthetic process, carbohydrate metabolic process, cellular response to stimulus, organic acid metabolic process, fatty acid degradation, and glycolysis/gluconeogenesis (Figures 8B, C).




Figure 8 | Venn analysis of differentially expressed genes (DEGs) over time in Harumi/Hongjv (HP) and Harumi/Ponkan/Hongjv (HPP) fruits. (A) Number of DEGs in the HP and HPP fruits. (B) Clusters of annotated Gene Ontology (GO) terms for DEGs in the HP and HPP fruits. (C) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis of the DEGs in HP and HPP fruits. HP1, HP2, HP3 and HP4 represent HP at 45, 90, 135, and 180 DAF, respectively; and HPP1, HPP2, HPP3 and HPP4 represent HPP at 45, 90, 135, and 180 DAF, respectively. The significance of the most represented terms is indicated by the P-value. Significant and non-significant P-values are indicated in red and dark gray, respectively.





WGCNA and identification of critical modules

Using the transcriptome data entered into the WGCNA module with FPKM values, 36 distinct gene modules were identified based on the co-expression patterns of individual genes. These gene modules are labeled in distinct colors and presented in a clustergram and network heatmap (Figure 9A). The TSS, single-fruit weight, fructose, glucose, sucrose, citric acid, and quinic acid levels at each developmental stage were used as phenotypic data to analyze the module–trait correlations. A sample dendrogram and trait heatmap were constructed to represent each phenotypic parameter at different developmental stages (Figure 9B). Of the 36 co-expressed gene networks, three modules (blue, tan, and turquoise shading) were closely connected with the seven above-mentioned traits (r > 0.8 and P ≤ 0.05; Figure 9B). The modules shown with blue shading were highly correlated with TSS, fructose, and glucose. Modules represented with tan shading were highly correlated with single-fruit weight and sucrose. Modules shown with turquoise shading were highly correlated with citric acid and quinic acid. Details regarding the genes in these modules are provided in Supplementary Table 3. Genes related to sugar, energy, hormones, and xylem metabolic processes were commonly identified in these modules.




Figure 9 | Weighted gene co-expression network analysis (WGCNA) of genes identified in Harumi/Hongjv (HP) and Harumi/Ponkan/Hongjv (HPP) fruits at all four developmental stages. (A) Thirty-six modules of co-expressed genes are shown in a hierarchical cluster tree. A major tree branch represents a module. The modules in the designated colors are shown in the lower panel. (B) Module–trait relationships. The remaining 36 modules are presented in the left panel. The module–trait correlation, ranging from -1 (blue) to 1 (red), is indicated by the color scale on the right. Each column presents the experimental traits, and their associations with each module are represented by a correlation coefficient and Pvalue in parentheses. (C) Gene network for the blue module, which positively correlated with TSS, fructose, and glucose. (D) Gene network for the tan module, which positively correlated with  single-fruit weight and sucrose. (E) Gene network from the turquoise module, which positively correlated with citric acid and quinic acid.



Among the significantly correlated modules, gene pairs with the top 20 weight values for each trait (high connectivity) were used to construct networks (Figures 9C–E and Supplementary Figure 2B). In the blue-shaded module, the genes encoding histone deacetylase (HD1, LOC18034746), ATP-dependent zinc metalloprotease (VAR2, LOC18051570), and acyltransferase-like protein (LOC18052762) were closely related to other genes (Figure 9C). Additionally, genes encoding proteins related to sugar and energy, including malate dehydrogenase (MDH, LOC18043642), monogalactosyldiacylglycerol synthase (MGD1, LOC18054240), aldehyde dehydrogenase family 7 (ALDH7B4, LOC18036436), and sugar transporter ERD6-like 6 (LOC18036954), as well as cinnamoyl-CoA reductase (LOC18041277), coumarin 8-geranyltransferase (HPT1, LOC18042889), and chloride channel protein (CLC-C, LOC18043064) were also closely related to other genes (Figure 9C). Genes encoding cytochrome P450 reductase (ATR2, LOC18055638), the sugar transporter ERD6-like 7 (LOC18046354), l-ascorbate peroxidase 3 (APX3, LOC18035392), tryptophan aminotransferase-related protein 3 (LOC18043155), uridine nucleosidase 1 (URH1, LOC18038155), tryptophan synthase α chain (TSA1, LOC18046349), and NADH dehydrogenase (FRO1, LOC18042718) were identified as hub genes in the tan-shaded module (Figure 9B). The turquoise-shaded module consisted of eight hub genes, including the FAD-binding PCMH-type domain-containing protein (AAO3, CICLE_v10027682mg), protein aspartic protease in guard cell 1 (ASPG1, LOC18048745), taxadien-5-α-ol O-acetyltransferase (LOC18044180), probable β-1,4-xylosyltransferase (IRX9H, LOC18055329), auxin-responsive protein (IAA26, LOC18035868), a TF (MYB16, LOC18048141), serine carboxypeptidase-like 35 (scpl35, LOC18044336), and type-I inositol polyphosphate 5-phosphatase 4 (INPP5A, LOC18047168).




Discussion

Fruit development and maturation are complex biological processes regulated by various environmental, hormonal, and genetic factors (Ye et al., 2021). Rootstocks greatly affect plant growth, productivity, and fruit quality (Hu et al., 2022). Regulatory pathways related to biological sugars and acids serve as vital metabolic constituents during fruit development and maturation. In this study, we explored the complex genetic factors affecting variations in the quality of citrus fruit.


Sugars and organic acids in citrus fruit affected by interstocks

The stages of citrus fruit development are cell-division, expansion, and ripening (Tadeo et al., 2008). Fruit development is typically accompanied by sugar accumulation and organic acid degradation (Batista-Silva et al., 2018; Bertrand et al., 2018). Three important carbohydrates (fructose, glucose, and sucrose) are found in a 1:1:2 ratio in whole fruits (Kelebek and Selli, 2011). Our data showed that the levels of sucrose, fructose, and glucose varied during different developmental stages, suggesting that sugar metabolism in fruits mainly depends on developmental processes. The sucrose, fructose, and glucose contents were low in the HP and HPP groups during the initial fruit-development stages. Toward maturity, these compounds accumulated at high levels, and a significant difference was observed between the HP and HPP groups, particularly in terms of the sucrose content, which substantially increased near maturity. Taken together, these data indicate that the sucrose content was higher than the fructose and glucose contents, which is similar to previous findings (Kelebek and Selli, 2011).

In contrast to the changes in sugar metabolism, organic acids typically accumulate during early stages of fruit development and decrease during fruit ripening and storage (Zhu et al., 2017). This decrease in organic acids at later stages results from the enhancement of sugar synthesis and secondary metabolic pathways toward ripening (Lombardo et al., 2011). We observed similar trends in these acids: early accumulation of citrate and quinic acid was observed; as maturity process continued, the citrate and quinic acid contents decreased. Citric acids were the most abundant organic acids found in both climacteric and non-climacteric ripe fruits (Batista-Silva et al., 2018). Physiological changes during citrus fruit development can lead to substantial changes in the single-fruit weight, TSS, and acid content, thereby affecting the overall quality of citrus fruits. Therefore, it is important to identify the key genetic factors regulated by interstocks, including gene networks and major contributors, by controlling the variations in these compounds, particularly sugars and organic acids.

It is generally thought that the carbohydrate-distribution pattern in a plant is related to the relative competitive ability of various sink regions within the whole plant (Simkhada et al., 2007). Because of the specific location of interstocks, some researchers proposed that changes in the structure of transfusion tissues of graft unions (interstock–scion and interstock–rootstock unions) and phloem sieve-tube elements hinder downward transport of photosynthates, and that this blockage affects the vigor of the aerial parts of the tree (Zhou et al., 2015). A previous study of apples suggested that GM256 interstocks can induce growth reduction, branching, and early fruiting and increase fruit productivity and quality (Karlıdağ et al., 2014). Wang et al. (2003) found that differences in the photosynthate distributions of the two graft combinations between aboveground organs and underground organs do not necessarily result from blockage of the photoassimilate flow in interstocks, and that the differences may be caused by changes in the sink strength. In this study, interstocks improved the TSS of citrus fruits of HPP. Trees with interstocks showed higher sugar contents and lower acid contents compared to in non-interstocked trees. The differences in sugar and acid contents between the two combinations were caused by the interstocks, as they were grown under the same conditions and using the same materials, scions, and rootstocks.



DEGs between HP and HPP citrus trees in plant hormone signal transduction, carbohydrate metabolism, and the TCA promoted fruit ripening by interstocks

Phytohormones regulate fruit maturation and ripening via synergistic and antagonistic interactions (Zhao et al., 2021). Auxin and ethylene pathways cooperatively regulate numerous developmental processes in plants (An et al., 2020). Huang et al.(2020) observed that exogenous cytokinins treatment can increase the density and the length of root. Corot et al. (2017) found that abscisic acid and cytokinins antagonistically regulate bud outgrowth. Studies on apples showed that dwarfing rootstocks accelerate fruiting precocity, possibly via partitioning of carbohydrates and hormones into fruits (Avery, 2010). Comparison of HP and HPP citrus trees revealed DEGs related to plant hormone signal transduction, starch and sucrose metabolism, amino acid biosynthesis, and the TCA cycle (Figures 2B, C and Supplementary Table 2). The expression levels of ethylene-responsive TF 1B (ERF1, LOC18046781), synthetic degradation gene (GA20OX2), auxin-related genes TIR1 (LOC18052163) and TSJT1 (LOC18054207), and cytokinin-related gene CKI1 (LOC18042595) were downregulated in the HPP group. In many fruits, decreases in auxin levels occur during the initial stages of ripening (Tobaruela et al., 2021). In Arabidopsis thaliana, inhibiting GA20OX2 expression can prevent precocious flowering (Susila et al., 2020). These findings suggest that interstocks promote citrus precocity through the plant hormone signaling pathway, in which ERF1 and GA20OX2 may be key factors, although this possibility should be verified experimentally.

We observed that sucrose-, TCA -, and cell wall-related genes (e.g., CINV2, FRK4, HXK1, SPS3F, BMY3, DPE2, CSLG3, and INVI/PMEIs) were downregulated in HPP citrus samples (Supplementary Table 2). Furthermore, 8, 4, 14, and 6 genes were exclusively expressed in HPP flesh harvested after 45, 90, 135, and 180 days, respectively (Supplementary Table 2). Interestingly, these DEGs were also related to the harvest time. Functional exploration of these genes suggested their roles in multiple pathways. For example, genes expressed in the HPP1 flesh harvested after 45 days included the SRF-type TF (Lai et al., 2021) and AAA-ATPase. Genes expressed in the HPP2 flesh harvested after 90 days were related to sphingolipid C9-methyltransferase 1, CBF/NF-Y (Dolfini et al., 2012), and BCS1-like protein. HPP3 flesh harvested after 135 days exclusively expressed aluminum-activated malate, protein tyrosine kinase, aromatic-rich glycoprotein, polygalacturonase, monothiol glutaredoxin S1, and glutaredoxin. HPP4 flesh harvested after 180 days exclusively expressed SKP1-like protein, protease inhibitor, seed storage, LTP family members, GDSL-like lipase, and acylhydrolase. A total of 19, 14, 10, and 4 genes was exclusively expressed in HP flesh harvested after 45, 90, 135, and 180 days, respectively. The genes expressed in HP1 flesh were related to cytochrome P450 (Mak and Denisov, 2017), the TF bHLH96 (Wang et al., 2019), glutaredoxin, UDP-glycosyltransferase 13, C-glycosyltransferase, and the transferase family. Genes expressed in HP2 flesh were related to the Sec1 family (Matthias et al., 2018), troponin reductase homolog, Ctr copper transporter family, and germin-like protein subfamily 1 member 15. HP3 flesh showed exclusive expression of the auxin-responsive protein SAUR19 (Kathleen and Farquharson, 2014), zinc-binding dehydrogenase, non-specific lipid-transfer protein 3, vinorine synthase, and transferase family. HP4 flesh exclusively expressed trans-resveratrol di-O-methyltransferase and UDP-glucuronate 4-epimerase 5 (Iacovino et al., 2020). These exclusively expressed genes may have affected the observed phenotypes.

TFs play important roles in fruit development. Our transcriptome analysis revealed that 30 AP2/EREBP, 22 MYB, 18 bZiP, 13 WRKY, and 13 bHLH family TFs were differentially expressed between the HP and HPP groups at four fruit-development stages (Supplementary Table 3). Some predicted target genes of these TFs may be functionally related to fruit ripening, such as MYB (Fu et al., 2020), Aux/IAA (Su et al., 2015), and GRFs (Cao et al., 2016). Our results showed that several TFs (e.g., IAA26, IAA16, MYB52, and GRF5) were upregulated in HPP citrus samples (Supplementary Table 2). The effects of interstocks on citrus fruit development and quality were explored at four different time-points. The results of profile analysis indicated that genes related to carbohydrate metabolism, the TCA cycle, cell wall metabolism, starch, sucrose, and pyruvate metabolism were enriched in the HPP group (Figures 5B, C). Moreover, the contents of most carbohydrates analyzed in the HPP group changed substantially over time. Venn analysis indicated that hormone metabolism was enriched in HPP trees compared to in HP trees (Figures 6B, C).



Hub genes in the wgcna module control sugar, hormone, and xylem metabolism, along with cell growth

The WGCNA results indicated that processes related to sugar, energy, hormone, carbohydrate, and cell wall metabolism correlated significantly with the target traits, which is consistent with the results of DEG analysis (Figure 9). Complex biochemical pathways, such as sugar and organic acid synthesis, are regulated by multigene responses and cannot be explained by individual genes (Umer et al., 2020). The fruit quality of HPP and HP trees was closely related to cytokinins, ethylene, gibberellins, and indoleacetic acid. Previous data showed that grafting can affect the fruit quality through different biological processes, such as by inducing different genes (Aslam et al., 2020) and causing changes in enzyme activities (Sucu et al., 2018). We found that growth-regulating factor GRF10, sugar transporter ERD6-like, glycosyl transferase gene IRX9H, auxin gene IAA26, and malate dehydrogenase gene MDH were highly correlated with other genes in significant modules, indicating that the interstocks affected the crosstalk between hormones and genes related to glycoacid metabolism. MYB16 was also identified as a hub gene. Considering the positive effects of interstocks on citrus fruit quality, interstock mediation may promote the early ripening of fruits. These hub genes should be further examined to determine their roles in interstock-mediated citrus fruit ripening.




Conclusion

We determined transcriptome profiles to investigate the gene networks controlling the regulation of sugars and organic acids in citrus based on co-expression patterns. Specifically, interstocks may induce early fruiting and increase fruit quality by upregulating sucrose, fructose, and glucose contents, as well as by decreasing organic acid contents. The phytohormone signal is activated by alterations in the expression levels of ERF1, GA20OX2, CKI1, and TIR1. Genes related to sugar metabolism (i.e., starch, glucose, sucrose, fructose, and TCA) and energy metabolism (e.g., CINV2, FRK4, HXK1, SPS3F, BMY3, DPE2, CSLG3, and INVI/PMEIs) or those encoding TFs (e.g., MYB52, and GRF5) were strongly affected by interstocks during fruit ripening. WGCNA revealed that genes related to the growth-regulating factor GRF10, sugar transporter ERD6-like, glycosyl transferase gene IRX9H, auxin gene IAA26, malate dehydrogenase gene MDH, and TF MYB16 were hub genes between the HP and HPP groups (Figure 10). These factors commonly regulate citrus fruit quality and ripening.




Figure 10 | Proposed model for the interstock-mediated Harumi Tangor quality. A comparative analysis revealed that starch and sucrose metabolism, TCA cycle, cell wall metabolism, and Plant hormone are affected during fruit riping. Up arrows (red) represent raising, and down arrows (blue) represent lowering. Crucial genes based on the trend analyses, Venn analyses, and a WGCNA are indicated.



Our results suggest that interstocks can lead to fluctuations in auxin, ethylene, and other plant hormones, as well as alter the cell wall, sugar, and energy metabolism during fruit development, which in turn regulate citrus fruit quality. However, how these elements actively regulate the quality of citrus fruit remains unclear. These phenomena in perennial fruit trees are complex and require clarification in future studies. Our data will enable further studies aimed at characterizing the molecular mechanisms regulating interstock-mediated growth.
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Dioecious plant species have a high genetic variation that is important for coping with or adapting to environmental stress through natural selection. Intensive studies have reported dimorphism morphism in morphology, physiology, as well as biotic and abiotic stress responses in dioecious plants. Here, we demonstrated the dimorphism of metabolic profile and the preference of some microorganisms in the roots and rhizosphere soils of male and female papaya. The metabolic composition of roots were significantly different between the males and females. Some sex hormones occurred in the differential metabolites in roots and rhizosphere soils. For example, testosterone was up-regulated in male papaya roots and rhizosphere soils, whereas norgestrel was up-regulated in the female papaya roots, indicating a possible balance in papaya roots to control the sexual differentiation. Plant hormones such as BRs, JAs, SA and GAs were also detected among the differential metabolites in the roots and rhizosphere soils of dioecious papaya. In addition, some metabolites that have medicinal values, such as ecliptasaponin A, crocin, berberine and sapindoside A were also expressed differentially between the two sexes. Numerous differential metabolites from the papaya roots were secreted in the soil, resulting in the differences in microbial community structure in the roots and rhizosphere soils. Some nitrogen-fixing bacteria such as Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium, Brevundimonas and Microvirga were enriched in the male papaya roots or rhizosphere soils. While Candidatus Solibacter and Tumebacillus, which utilize organic matters, were enriched in the roots or rhizosphere soils of the female papaya. Some differences in the fungi abundance were also observed in both male and female papaya roots. These findings uncovered the effect of sex types on the metabolic and microbiota differences in roots and rhizosphere soils in papaya and will lead to investigations of underlining genomic and molecular mechanisms.
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Introduction

Most angiosperm species are hermaphroditic, with individuals having both male and female sexual organs within the same flower. However, approximately 6% of angiosperm species are dioecious (Ricklefs, 1995; Renner, 2014), which are to have evolved from ancestral hermaphroditism (Endress and Doyle, 2015; Yakimowski and Barrett, 2016). Dioecious plants play an important role in protecting species diversity and maintaining ecosystem stability. Research has shown that males and females typically have dimorphism morphism in morphology, physiology, defence and patterns of allocation to life history (Liu et al., 2021b). Compared with female plants, male plants tend to be more tolerant to environmental stresses, such as drought, salinity, heavy metals, and nutrient deficiency (Melnikova et al., 2017; Xia et al., 2020).

Papaya (Carica papaya.L) is an important fruit crop, known for its nutritional benefits and medicinal applications. It is cultivated in tropical and sub-tropical regions, belonging to the genus Carica of the family Caricaceae. All species in Carica are dioecious, expect one monoecious species (Decraene and Smets, 1999). Papaya is one of the two species in Caricaceae that has three sex types, including female, male and bisexual. Since pear-shaped papayas produced by hermaphrodites are more popular in the market, while the cultivated type is mostly gynodioecious. The wild papayas are dioecious with a strong dimorphism and is an ideal model to study its different responses to sexual identity. However, a number of studies have demonstrated that there are no apparent differences in the morphology between the male and female plants during the vegetative phase. Only after flowering, the males and females show many floral morphological differences. For instance, male inflorescences bear more flowers than female ones, and flowers of female papaya are larger than males in size (Decraene and Smets, 1999).

The sex in wild papaya is controlled by XY chromosomes, XX for females, and XY for males (Ming et al., 2008). Previous studies have suggested that sex differentiation in papaya may be regulated by transcription, epigenetic DNA methylation and phytohormone (Zhou et al., 2020; Liu et al., 2021a; Zhou et al., 2022). However, a vast majority of these studies have focused on the aboveground parts of dioecious plants such as flower buds, and shoot meristems, while few reports focused on the belowground parts. For example, the response of metabolic profiles and microbial communities in roots and rhizosphere soils of dioecious papaya to sex identity is still unclear.

Research on metabolites has been a hotspot in biological research because biochemical phenotype largely reflects the development stages of plants and their interactions with the environment (Carreno-Quintero et al., 2013). It is estimated that there are approximately 200, 000 structurally distinct compounds (Dixon and Strack, 2003). The phytochemical components help us effectively understand the biological processes of plants and their mechanisms. Moreover, the microbiome is strongly associated with host plant by forming a dynamically balanced ecosystem in the process of co-evolution (Compant et al., 2019; Canto et al., 2020). The microorganisms rely on the suitable habitat and nutrients provided by plants. On the other hand, microorganisms promote plant growth, nutrient uptake, photosynthesis, and stress resilience (Yu et al., 2019; Xia et al., 2021). In this study, we demonstrate the sexual differences in metabolomes and microbial communities, which can help us better understand their sex specificity of papaya.



Materials and methods


Sampling and preparation of roots and rhizosphere soils

Papaya variety Zhonghuang seeds were planted into the soil at a greenhouse under 30°C, with 50% relative humidity at 16:8 (light: dark) photoperiod. After 3 months, the plants were planted in field at the experimental base of Fujian Agriculture and Forestry University (25°13′15″N, 117°41′55″E), Wufeng Town, Yongchun County, Quanzhou City, Fujian Province, China. About 2 months later, the papaya began to flower, the roots and rhizosphere soils of the male and female plants were collected and stored Whirl-Pak® bags. Each sample consisted of three replicates. The samples were stored in an ice box and transported immediately to the laboratory. The roots were washed using sterilized ddH2O, and then surface-sterilized with 100% ethanol for 1 min, 2.5% fresh bleach for 30 min and 100% ethanol for 1 min before storing at -80°C. The rhizosphere soils was detached from the roots of papaya. The soil of each sample was mixed, and visible roots and stones were removed before storing at -80°C (Pang et al., 2022a).



Metabolites extraction and LC-MS/MS analysis

LC-MS/MS analyses were performed to identify exometabolites across samples using a UHPLC system (1290, Agilent Technologies) with a UPLC BEH Amide column (1.7μm 2.1*100mm, Waters) coupled to TripleTOF 5600 (Q-TOF, AB Sciex). Then 100μg of each sample was extracted with 300μL of methanol, 20μL internal standard substances with vortex was added for 30s, and was subsequently treated with ultrasound for 10min (incubated in ice water) and incubation for 1h at -20C to precipitate proteins. After centrifugation at 13,000rpm for 15 minutes at 4°C, the supernatant was transferred into a fresh 2mL LC/MS glass vial. 20μL supernatant from each sample was pooled and 200μL mixed supernatant was taken for the UHPLC-QTOF-MS analysis.

The mobile phase consisted of 25mM NH4OAc and 25mM NH4OH in water(pH=9.75)(A) and acetonitrile (B) was conducted using elution gradient as follows: 0 min, 95% B; 7min, 65% B; 9 min, 40% B; 9.1 min, 95% B; 12 min, 95% B, which was delivered at 0.5mL min-1. The injection volume was 3μL. The Triple TOF mass spectrometer was used for its ability to acquire MS/MS spectra on an information-dependent basis (IDA) during an LC/MS experiment. In this mode, the acquisition software (Analyst TF 1.7, AB Sciex) continuously evaluates the full scan survey MS data. In each cycle, 12 precursor ions whose intensity greater than 100 were chosen for fragmentation at collision energy (CE) of 30 V. ESI source conditions were set as follows: Ion source gas 1 as 60 Psi, Ion source gas 2 as 60 Psi, Curtain gas as 35 Psi, source temperature 650C, Ion Spray Voltage Floating (ISVF) 5000 V or -4000 V in positive or negative modes, respectively.



Data annotation

The raw data files were converted to the mzXML format using ProteoWizard, and processed by R package XCMS (version 3.2). The preprocessing results generated a data matrix that consisted of the retention time (RT), massto-charge ratio (m/z) values, and peak intensity. R package CAMERA was used for peak annotation after XCMS data processing. In-house MS2 database was applied in metabolites identification.



DNA extraction, and library construction for Illumina MiSeq sequencing

Total genomic DNA was extracted using the Fast DNATM Spin Kit (MP Biomedicals, LLC, Santa Ana, CA, United States). The DNA purity and quantity were determined by the NanoDrop 2000 spectrophotometer (Thermo Fisher) and agarose gel. Using the genomic DNA as a template, the hypervariable V3-V4 regions of the 16S rRNA gene were amplified by PCR with the primers 341F (5′-CCTACGGGNBGCASCAG-3′) and 785R (5′-CCTACGGGNBGCASCAG-3′) (Fadeev et al., 2021). The fungal ITS1 regions of ITS were amplified by PCR with the primers ITS5-1737F (5′- GGAAGTAAAAGTCGTAACAAGG-3′) and ITS2-2043R (5′- GCTGCGTTCTTCATCGATGC-3′) (Huang et al., 2016). The PCR amplification products were collected from a 2% agarose gel and purified by Vazyme VAHTSTM DNA Clean Beads. The sequencing libraries were established using TruSeq Nano DNA LT Library Prep Kit (Illumina, SD, USA) and then sequenced on an Illumina MiSeq platform (Biomarker Technologies Corporation, Beijing, China).



Data preprocessing and annotation

The Illumina paired-end raw data were quality filtered using Trimmomatic (Bolger et al., 2014), and then the primer sequences were identified and removed using Cutadapt (Martin, 2011), followed by paired-end pairing using USEARCH (Edgar, 2013). Afterwards, the chimera readings were detected and removed by using the UCHIME (Edgar et al., 2011) to obtain high-quality sequences for subsequent analysis (Edgar et al., 2011). Sequences with 97% similarity were clustered at the sequence level using USEARCH with a default threshold of 0.005% of all sequences to filter operational taxonomic units (OTUs) (Edgar, 2013). To annotate the taxonomic information for the sequences, Ribosomal Database Project (RDP) classifier was used to annotate the species of all representative reads with a confidence threshold of 70% according to the Silva database (version 138) (Wang et al., 2007).



Statistical analysis

Shannon index and richness index (ACE) estimator were used to analyze the alpha diversity by using phyloseq package (McMurdie and Holmes, 2013). For beta diversity analysis, Principal Component Analysis (PCoA) was performed using Bray-Curtis algorithm of Quantitative Insights into Microbial Ecology (QIIME) and R software (version 4.1.3) to compare the similarity of species diversity in the different samples (Suchodolski et al., 2012). We later conducted Permutational Multivariate Analysis of Variance (PERMANOVA) and paired PERMANOVA using vegan package at 999 permutations and α = 0.05 to test metabolites dissimilarities between sexes. The depleted or enriched metabolites and microbial genera in each sex were determined on the criteria having an P value < 0.05 and fold change value >2. Manhattan plot and volcano plot were employed using the R language to illustrate the differential metabolites and differential microbes of the roots and rhizosphere soils between the two sexes. The correlations between differential metabolites and differential microbes were visualized using a correlation matrix by computing all potential pairwise Spearman’s rank using Cytoscape version 3.6.1 (Shannon et al., 2003). We used the peak area intensity of metabolites and the relative abundance of microorganisms Pearson correlation analysis. The co-occurrence network analysis was based on Pearson correlation (p) was >0.9 and the P-value was < 0.05.




Results


Metabolic composition and beta diversity in roots and rhizosphere soils between sexes

We investigated the morphological dimorphism of inflorescences in dioecious papaya. Compared with the females, male papaya showed longer peduncles,beraing numerous flowers at different stages (Figures 1A, B). This morphology ensures male papaya take full advantage of space and produce pollen grains continually. While female papaya showed short but thicker peduncle (Figures 1C, D).

LC-MS/MS non-targeted analyses were conducted to identify metabolites in roots and rhizosphere soils of dioecious papaya based on The Human Metabolome Database (HMDB). A total of 2602 metabolites were detected in the entire sample. The metabolites were classified into 80 taxonomic categories, including fatty acyls, coumarins and derivatives, followed by indoles and derivatives and phenols.

The PCoA analysis showed that there were significant difference in root and rhizosphere soil metabolites between females and males (P < 0.01 in Permanova analysis). The first (PC1) and second (PC2) principal component explained 77% and 8% of the variance in the metabolic composition, respectively. The metabolite compositions of roots and rhizosphere soils were distinctly separated along the first major axis, indicating that the differences in root and rhizosphere soil of the males and females were more significant (Figure 1E). The inter-group difference analysis of PC2 showed that the root metabolic composition of male papaya was significantly different to female papaya.




Figure 1 | (A-D) Male papaya bears a longer but less thick peduncle with numerous flowers. Bar = 2cm. (E) Principal coordinates analysis (PCoA) plot based on unweighted Unifrac distance (β-diversity) on Bray-Curtis distance showing the separation of the samples according to metabolite profile of the roots and rhizosphere soils of the female and male papaya. PC1 and PC2 together explained 96% of the information in metabolic composition. The differential analysis was performed on PC1 and PC2 to reveal the differences in metabolic composition. Different letters represented significant differences (P < 0.05). Additionally, there were significant differences between every two groups in Permanova analysis (P < 0.01). Each point corresponded to a sample. (F) Relative abundance of Top 19 metabolic taxonomy in the entire sample. FR, female papaya roots; FRh, female papaya rhizosphere soils; MR, male papaya roots; MRh, male papaya rhizosphere soils.



In addition, the differences between the roots and rhizosphere soils of the male papaya were smaller than those observed in the female papaya. Moreover, we also identified the top twenty relative abundance of metabolic taxonomy, including glycerophospholipids (14.8%-25.3%), steroids and steroid derivatives (7.4%-20.5%), carboxylic acids and derivatives (9.6%-15.3%), fatty acyls (9.1%-12.5%), prenol lipids (7.6%-9.9%), organonitrogen compounds (6.3%-11.6%), macrolides and analogues (4.6%-10.3%), flavonoids (0.0%-3.5%), and phenols (0.8%-1.1%) (Figure 1F). We performed multiple difference comparison analysis to test the significant difference of these taxa in different compartments under both groups. Compared with the roots and rhizosphere soils of the males plant, the relative abundance of steroids and steroid derivatives, organooxygen compounds, flavonoids and indoles and derivatives of the female roots and rhizosphere soils were significantly higher (P < 0.05), while the abundance of Cinnamic acids and derivatives showed an opposite trend (Table S1).



Differential aboundance analysis of metabolites in roots and rhizosphere soils between females and males

To reveal the differences in metabolites of both sexes in the rhizosphere soils and roots, we adopted DESeq2 analysis and later visualized using Manhattan plot. The results showed that there were numerous differential metabolites in papaya roots and rhizosphere soils of both female and male papaya, with the female accounting for 400 metabolites and 173 metabolites for the male. Among them, the abundance of gibberellin A24, gibberellin A36, indole-3-ethanol, squalene, ecliptasaponin A, 3-O-Methylisoetharine and norgestrel were found significantly higher in the female papaya roots than in male papaya. However, the abundance of 26-Hydroxybrassinolide, (-)-Jasmonic acid, glycocholate, gibberellin A14, picroside III, sapindoside A, 6-Keto-prostaglandin E1 and 3-O-Methylisoetharine showed the opposite trend (Figure 2A; Table S2A). The abundance of metabolites such as eriodictyol and fumarate in the female papaya rhizosphere soils was significantly increased, while testosterone, aconitic acid, 5-Hydroxyindoleacetylglycine, betaine, 19-Oxotestosterone and others were significantly increased in the male papaya rhizosphere soils. Some metabolites such as testosterone, ADP, 28-Homobrassinolide and brassinolide were significantly increased in both roots and rhizosphere soils of male papaya (Figure 2B; Table S2B).




Figure 2 | Manhattan plot showing differences in metabolites between the male and female papaya in the roots and rhizosphere soils, (A) papaya roots; (B) papaya rhizosphere soils. Each point represented a metabolite, and its size depicted the relative abundance of the metabolite, and the colors of the point denoted the metabolite categories. The P threshold of the dotted line was about 1.30 [-log10 (0.05)], and metabolites above the dashed line represents the metabolites with significant differences between males and females. The upward triangles showed that the metabolites of the males were significantly higher than those of the females, while the downward triangles of the males represented significantly lower metabolites than those of the females. Each dot signified no difference in substance between the males and females. Metabolites in black font were the ones with the highest change fold. Red font indicated metabolites that were significantly enriched in the males. Orange font indicated metabolites that were significantly increased in both roots and rhizosphere soils of the male, while green font indicated metabolites that were significantly lower in the males. “–” in taxonomy indicated metabolites which was not currently classified in the HMDB database, accounting for more than 75% of the total amount of substances detected.



The sex hormones occurred in the differential metabolites in roots and rhizosphere soils. For example, testosterone was up-regulated in male papaya roots and rhizosphere soils, while norgestrel was up-regulated in the female papaya roots (Figure 3). Plant hormones such as BRs, JAs, SA and GAs were also differentially expressed in the roots and rhizosphere soils of dioecious papaya (Figure 3).




Figure 3 | The compare analysis of hormone relative abundance in the roots and rhizosphere soils of papaya.





Overview of microbial communities in roots and rhizosphere soils

For 16S rRNA sequencing data, a total of 959,962 pairs of reads were obtained from 12 samples, and 956,415 clean reads were generated after paired-end reads quality control and splicing. Each sample produced at least 76,196 clean reads, with an average of 79,701 clean reads. The average GC content of 16S bacterial rRNA was 55.48%, and the bases with a base quality value greater than or equal to 30 accounted for 96.67% of the total bases. We obtained 1,806 OTUs at 97% identity from the 12 samples, with the number ranging from 824 to 1,767 per sample (Table S3A). The coverage for the observed OTUs was 99.81 ± 0.01% (mean ± sem) and the rarefaction curves showed clear asymptotes (Figure S1A), which demonstrated a near-complete sampling of the community.

To identify fungal species, the ITS1 region of the ITS was amplified and sequenced using the DNA from the roots and rhizosphere soils of papaya. A total of 511,385 pairs of reads were obtained from the 12 samples, and a total of 508,494 clean reads were filtered for splicing. Each sample generated at least 26,121 clean reads, with an average of 42,374 clean reads.

The average GC content of ITS1 was 45.76%, with bases containing a quality value greater than or equal to 30, accounting for 99.14% of the total number of bases. We obtained 1,021 OTUs at 97% identity from the entire sample, with the number of OTUs ranging from 268 to 638 per sample (Table S3B). The coverage for the observed OTUs was 99.84 ± 0.04% (mean ± sem) and the rarefaction curves showed clear asymptotes (Figure S1B), which demonstrated a near-complete sampling of the community.

Numerous bacteria and fungi were detected in papaya roots and rhizosphere soils by16S rRNA/ITS sequencing. Proteobacteria (10.8%-55.1%), Acidobacteriota (4.4%-39.3%) and Actinobacteriota (14.7%-28.2%) were dominant bacteria identified, followed by Firmicutes (1.2%-17.6%) and Gemmatimonadota (1.8%-6.9%) (Figure 4A1). Notably, the relative abundances of Proteobacteria and Myxococcota in papaya roots were significantly increased (p < 0.05) compared with rhizosphere soils, while the opposite results were found for Acidobacteriota (Table S4). On the other hand, Ascomycota (59.5%-66.7%) and Basidiomycota (15.2%-33.3%) were the dominant fungi in papaya root and rhizosphere soils, followed by Chytridiomycota (0.2%-3.5%) (Figure 4A2). The relative abundance of Chytridiomycota in papaya roots was significantly (p < 0.05) lower than in papaya rhizosphere soils (Table S4).




Figure 4 | Taxonomic composition of the bacteria (A1) and fungi (A2) in the roots and rhizosphere soils of the female and male papaya. Alpha diversity analysis showed the richness index (ACE index) and diversity index (Shannon index) of bacteria (B1) and fungi (B2) in the roots and rhizosphere soils between the male and female papaya. The different letters meant a significant difference (p< 0.05). PCoA analysis demonstrating bacteria (C1) and fungal (C2) diversity in the roots and rhizosphere soils between the female and male papaya. The differential analysis was performed on PC1 and PC2 to reveal the differences in microbial composition. Different letters represented significant differences (P < 0.05). Permanova analysis revealed significant differences between every two sample groups (P < 0.01).





Alpha and beta diversity for bacteria and fungi between sexes

We further investigated the bacterial and fungal richness (ACE) and diversity (Shannon) indices in roots and rhizosphere soils of the female and male papaya. The results showed that compared with the rhizosphere soils, the ACE and Shannon index of bacteria and fungi in the roots of both female and male papaya were significantly decreased (p< 0.05), while the difference between the two sexes was not significant (Figures 4B1, B2).

The OTUs of 16S rRNA/ITS sequencing were used for PCoA analysis which illustrated the overall similarity of the bacterial and fungal community composition between samples. PCoA plot based on unweighted Unifrac distance (β-diversity) on Bray-Curtis distance showing the separation of the samples according to the composition of bacteria and fungi in roots and rhizosphere soils between the female and male papaya. PC1 and PC2 explained 58% and 11% of the total variance in bacterial community composition, respectively (Figure 4C1). PC1 and PC2 also explained 43% and 15% of the total variance in fungal community composition, respectively (Figure 4C2). The results showed that the microbial compositions in the roots and rhizosphere soils were significantly separated along the first axis, suggesting that the microbial differences in soil and roots were more pronounced (Figures 4C1, C2).



Differential abundance analysis of bacterial and fungal genera

To identify the differential abundance of bacteria and fungi of the two sex types in roots and rhizosphere soils, DESeq2 was employed and visualized using volcano plot. The results showed that the sex-differentiated bacteria in roots and rhizosphere soils were 40 and 119 genera (Figures 5A1, A2, Tables S5A, B), respectively, while the differential fungi were 28 and 9 genera (Figures 5B1, B2, Tables S5C, D), respectively. In the roots, the abundance of bacteria such as Candidatus-Solibacter, Parabacteroides, Dactylosporangium, Escherichia_Shigella, Rodentibacter, unclassified-Burkholderiales and Polycyclovorans were significantly higher than the female papaya’s, whereas the abundance of Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium, Brevundimonas, Microvirga, Streptomyces, Agromyces, Mitsuaria, Uliginosibacterium, Mycobacterium, Sandaracinus, Dyadobacter, and Methylophilus were significantly lower than males (Figure 5A1). The female papaya rhizosphere soils was significantly enriched with Tumebacillus, Roseiarcus, Haliangium, Anaeromyxobacter, Nitrospira, uncultured-Desulfovirga sp., and Rhodoplanes. While male papaya rhizosphere soils was enriched the bacterial genera including Brevundimonas, Bifidobacterium, Flavitalea, Flavisolibacter, Lactobacillus, Microvirga, Cupriavidus, Faecalibacterium, Lysobacte, Variovorax, Bacteroides and Bacillus than male (Figure 5A2). For fungi, the abundance of Candida, Solicoccozyma, Rhodotorula, etc. were significantly higher in the female papaya roots than in the males. Conversely, the abundance of, Paraconiothyrium, Gibellulopsis and Curvularia were significantly lower in the male papaya roots compared with the male papaya roots (Figure 5B1). Moreover, the abundance of Exserohilum, Acrocalymma, Sampaiozyma and Pseudaleuria in the rhizosphere soils of the female papaya was significantly lower than that of the males (Figure 5B2).




Figure 5 | Volcano plots depicting the differential abundance of microbial communities (genus level) in the roots and rhizosphere soils of the female and male. (A), bacteria; (B), fungi; 1, roots; 2, rhizosphere soils. A-N-P-R is the abbreviation of Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium. The spots in the blue background represented significantly up-regulated in the females, while the spots in the red background were significantly up-regulated in the males. The bold black font indicated the significantly changed microorganisms in both male and female papaya roots and rhizosphere soils.





Relationships between microbial and metabolomic profiles

In order to comprehensively explore the possible relationships between differential microorganisms and differential metabolites, co-occurrence network analysis was performed based on Pearson correlation (P< 0.05). The analysis results demonstrated that most differential metabolites were positively correlated with the differential microbes in abundance (Figure 6). In the roots of papaya, adynerin was positively correlated with Paraconiothyrium, Colletotrichum, Xenomyrothecium, whereas allantoate exhibited a positive correlation with Gibellulopsis, while daucosterol showed a positive relationship with Vishniacozyma. Furthermore, norgestrel tended to have a positive association with Malassezia, Rhodotorula, Sporidiobolus and Filobasidium. Both gibberellin A14 and gibberellin A24 had a positive correlation with Neomicrosphaeropsis and Solicoccozyma, respectively. It was also observed that indole-3-ethanol was positively associated with Conocybe, while brassinolide and testosterone had a significant positive correlation with Neomicrosphaeropsis and Mitsuaria.




Figure 6 | Co-occurrence network analysis among the different microbiota and metabolites from the roots (A) and the rhizosphere soils (B) of the female and male papaya. The triangles, squares and circles represented bacteria, fungi and metabolites, respectively. Different colors represented the classification of bacteria and fungi at the phylum level and metabolite HMDB classification. The straight line represented a significant positive correlation, while the dotted line represented a negative correlation.



In the rhizosphere soils, the network revealing the association between metabolites and microorganisms was distinct compared with the roots of the papaya. For instance, 28-Homobrassinolide had a positive correlation with Olpidium, Sampaiozyma and Inocybe, whereas 19-Oxotestosterone revealed a positive association with Faecalibacterium, Cymostachys, Exserohilum, Cortinarius, Pseudaleuria, and Sampaiozyma, while D-Glucuronolactone was positively correlated with Mitsuaria, Acrocalymma. We also noticed that aconitic acid exhibited apositive relationship with Faecalibacterium, Exserohilum, while ADP and betaine were significantly positively correlated with Paenibacillus and Opitutus in abundance, respectively.




Discussion

From an evolutionary perspective, hermaphroditic plants have both male and female reproductive organs which results in reduction of genetic variation during the largely self-pollination. However, dioecious plants have high genetic variation because their genetic materials of sexual reproduction were from two or more different individuals. They have the advantage of maintaining genetic diversity of species, which is beneficial to their adaption to different environments by natural selection or artificial selection during domestication of crops (Barrett and Hough, 2013; Lei et al., 2017). Although sexual dimorphism in morphology (Decraene and Smets, 1999; Barrett and Hough, 2013), physiology (Laporte and Delph, 1996), timing of development (Gouker et al., 2021) and resistance to stress (Melnikova et al., 2017; Tonnabel et al., 2017; Liu et al., 2021b) has been overwhelmingly reported, the relationship between metabolic profiles and microbial communities in roots and rhizosphere soils of dioecious plants has rarely been investigated. In the present study, we found that sex-based differences exhibited in metabolites and microbiota in dioecious papaya.

For the metabolic composition, the variations in root rhizosphere soils of the males and females were mainly influenced by niches, and the sexual dimorphism exhibited in the metabolic profiles of male and female papaya. Studies have revealed that sex hormones, including testosterone, progesterone, and the other estrogens were associated with sexual differentiation and reproduction (Bouman et al., 2005; Burger, 2006; Rastrelli et al., 2018). Here, differential metabolites in the roots of papaya and some sex hormones were also detected. For example, male hormone such as testosterone was found significantly up-regulated in the male papaya while the female hormone norgestrel showed a significant up-regulation in the female papaya. These results suggested that sex hormones in papaya may also affect sexual differentiation in a dose-dependent manner.

Besides the sex hormones, the phytohormones such as brassinolide, 28-homobrassinolide, jasmonic acid (JA) and GAs were also identified in the roots and rhizosphere soils. Brassinosteroids (BRs) are a group of steroidal plant hormones that interact with auxin and GAs to regulate many developmental processes including stem, petioles and hypocotyls elongation (Yin et al., 2002; Kim et al., 2009). Hence, males seemed to require a singnificant amount of BRs to promote their strong root system, which resulted in the accumulation of brassinolide and 28-homobrassinolide in the roots and rhizosphere soils. In addition, BRs and JAs were reported to mediate the balance between plant growth and defense responses (Liao et al., 2020). The relatively higher abundance of brassinolide, 28-homobrassinolide and JA in both the roots and rhizosphere soils of the male papaya suggested male papaya had higher resistance to stresses.

Plants have mutualistic relationships with their inhabiting microbiome which is referred to as the host’s second or extended genome (Beckers et al., 2017). They interact and evolve with each other over time for nutrient acquisition, productivity and resistance (Hacquard et al., 2015; Beckers et al., 2017; Xiong et al., 2021). Additionally, the male and female papaya have evolved to have preference for some microbes. For instance, male papaya roots or rhizosphere soils enriched some nitrogen-fixing bacteria such as Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium, Brevundimonas and Microvirga (Mousavi et al., 2014; Radl et al., 2014; Naqqash et al., 2020; Pang et al., 2021; Pang et al., 2022b). The enriched testosterone identified in the roots and rhizosphere soils of the male papaya has also been reported to promote nitrogen retention in human e (Bhasin et al., 2003). These results are consistent with the demands of high nitrogen nutrients for numerous pollens in some species (Lei et al., 2017; Tonnabel et al., 2017; Liu et al., 2021b).  The roots or rhizoshphere soil of female papaya were enriched with Candidatus, Solibacter and Tumebacillus that utilize organic carbon sources (Baek et al., 2011; Challacombe et al., 2011; Naqqash et al., 2020), which provided evidence that females consume more carbon nutrient for their reproduction leading to fruit production, a major sink organ (Harris and Pannell, 2008; Lei et al., 2017).

Our finding also revealed that the abundance of some fungi genera exhibited distinct distribution patterns in both the male and female papaya roots. For example, Candida, Solicoccozyma and Rhodotorula which play important role in the degradation of a variety of organic materials (Shailubhai et al., 1985; Luo et al., 2021) showed higher abundance in the female papaya roots, suggesting that they could collaborate with endophytic bacteria to provide carbon nutrient for female papaya reproduction. However, in the roots of male papaya, some fungal species such as Gibellulopsis (Giraldo and Crous, 2019), Curvularia (Cui et al., 2020), Colletotrichum (Gautam, 2014) and Vishniacozyma (Pem et al., 2020) which have been described as plant pathogens were enriched in male papaya. It has also been reported that some phytopathogens in the environment are of endophyte origins and that these innocuous fungal endophytes are beneficial to their host plants against the biotic and abiotic stresses through producing secondary metabolites, which is tigger by a long process of co-evolution (Tan and Zou, 2001). Most differential metabolites demonstrated a positive correlation with the differential microbes, suggesting that these differential metabolites detected in the papaya roots had a positive effect on the density and structure of the microbes in roots and rhizosphere soils.
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Reproductive growth and vegetative growth are a pair of main contradictions in the process of plant growth. Flowering, as part of reproductive growth, is a key switch in the life cycle of higher plants, which affects the yield and economic benefits of plants to a certain extent. The Euphorbiaceae species, including castor bean (Ricinus communis), physic nut (Jatropha curcas), tung tree (Vernicia fordii), cassava (Manihot esculenta), and rubber tree (Hevea brasiliensis), have important economic values because they are raw materials for the production of biodiesel, rubber, etc. The flowering mechanisms are still excluded in the Euphorbiaceae species. The flowering-related genes of Arabidopsis thaliana (Arabidopsis) were used as a reference to determine the orthologs of these genes in Euphorbiaceae genomes. The result showed that 146, 144, 114, 114, and 149 of 207 A. thaliana genes were respectively matched to R. communis, V. fordii, J. curcas, H. brasiliensis, and M. esculenta. These identified genes were clustered into seven pathways including gibberellins, floral meristem identity (FMI), vernalization, photoperiod, floral pathway integrators (FPIs), and autonomous pathways. Then, some key numbers of flowering-related genes are widely conserved in the Euphorbiaceae genomes including but not limited to FPI genes LFY, SOC1, FT, and FMI genes AG, CAL, and FUL. However, some genes, including FRI, FLC, and GO, were missing in several or all five Euphorbiaceae species. In this study, we proposed the putative mechanisms of flowering-related genes to control flowering and provided new candidate flowering genes for using marker-assisted breeding to improve variety quality.
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Introduction

Flowering is a key switch in the high plant life cycle. The developmental transition from vegetative growth to reproductive growth is regulated by multiple signaling pathways (Simpson and Dean, 2002). No matter when seeds and fruits are harvested, flowering is a premise for crop production in agriculture or forestry (Bluemel et al., 2015). The regulation of flowering time plays a very important role in the adaptation of crops to specific growth regions, so flowering time is a key topic of primary importance in agriculture or forestry. The identification and understanding of the function and structure of flowering-related genes may lay the foundation for further use of molecular-assisted breeding to cultivate new crop varieties with altered flowering times (Kim A. M. et al., 2013; Liu Y. et al., 2020). The introduction of early flowering-related genes may allow multiple rounds of cropping in single seasons or short growing seasons (Jung et al., 2012; Peng et al., 2015; Liu Y. et al., 2020). Additionally, transfer of genes that participated in late flowering may help increase the yield of crops by extending the time of vegetative growth (Putterill et al., 2004; Liu Y. et al., 2020).

For understanding the mechanism of plant flowering, many researchers have made some important progress on the molecular basis of flowering (Hecht et al., 2005; Mouhu et al., 2009; Jung et al., 2012; Peng et al., 2015; Liu Y. et al., 2020). In Arabidopsis thaliana (Arabidopsis), Fornara have isolated some mutants with loss of function and then identified more than 180 genes involved in regulating flowering time (Fornara et al., 2010). A result of the genetic analysis of A. thaliana mutants controlling flowering time suggested that the process of flowering involved a complex cross talk between different pathways responding to endogenous factors and environmental signals. The flowering transition process is mainly controlled by environmental signals (such as inter temperature (vernalization) and day length (photoperiod)) to ensure timely flowering (Bernier and Périlleux, 2005). Additionally, flowering time may be affected by ambient temperature, but the molecular mechanism of this pathway is still in the preliminary research stage (Lee et al., 2008; Cho et al., 2017). In addition to these external factors, the researchers also found that four floral pathways are closely related to flowering time in A. thaliana: GA (gibberellin) pathway, including autonomous pathway, vernalization response pathway, and photoperiod response pathway (Sheldon et al., 2000; Searle and Coupland, 2004; Simpson, 2004; Trevaskis et al., 2007; Jackson, 2009; Mutasa-Göttgens and Hedden, 2009). Compared to the wild type, mutations in genes such as FPA, FVE, LD, and FCA that participated in the autonomous pathway led to flowering under both short days and long days (Koornneef et al., 1991; Marquardt et al., 2006). On the contrary, mutations in genes participated in the long-day pathway, such as FT, GI, and CO, resulting in later flowering in long days but no delay in flowering under short days in comparison to the wild type (Koornneef et al., 1991; Cheng and Wang, 2005). Recently, in the control of vernalization and the circadian clock, the flowering mechanism has made great progress. The FLC containing a MADS-box domain seems to act as a flowering suppressor in A. thaliana, and its level is reduced after vernalization (Michaels and Amasino, 1999). The change of DNA methylation status was caused by the vernalization, which led to the repression of FLC expression (Bastow et al., 2004; Jean Finnegan et al., 2005). ZTL and FKF1, belonging to circadian clock-related genes, act as a bridge between circadian clock control and photoperiodic light signaling (Hoecker, 2005; Baudry et al., 2010). Researchers have confirmed that many flowering-related genes are widely conserved in the plant genomes. Putterill reported that about 85% of A. thaliana genes exist in other plant genomes; flowering-related genes have been identified and isolated from Acacia mangium, Lotus corniculatus, Medicago truncatula, Glycine max, and carnation (Putterill et al., 2004). Using genes related to flowering time from A. thaliana to detect the flowering-related genes in other plant genomes is an effective way (Hecht et al., 2005; Mouhu et al., 2009; Jung et al., 2012; Peng et al., 2015; Liu Y. et al., 2020), and these data provide resources for us to further understand the flowering time control beyond A. thaliana.

Bolting and flowering are the most important key life-history traits in the plant life cycle, which exercise far-reaching influence on evolution, gene flow, reproductive suitability, mating opportunities, and patterns (Post et al., 2008; Jung et al., 2016). The flowering strategies of plants show great diversity under different habitats and environmental conditions. Drought stress affects flowering, and this process was reported to promote flowering in Sapium sebiferum, Citrus latifolia, and A. thaliana (Southwick and Davenport, 1986; Riboni et al., 2013; Yang et al., 2015). The GIGANTEA (GI) gene, which is a repressor of FT from the photoperiod pathway, can accelerate flowering by suppressing CYCLING DOF FACTOR (CDF) or by binding to the FT promoter (Sawa and Kay, 2011). In addition, GI genes respond to conditions under salt, drought, and cold stresses, thereby helping plants adapt to unfavorable environments (Kim W.-Y. et al., 2013; Riboni et al., 2013; Fornara et al., 2015). The life cycles of plants can be adjusted systematically to adapt to different climates and latitudes. The model specie A. thaliana, which is an annual plant, can respond to vernalization and long day lengths. The Euphorbiaceae species castor bean (Ricinus communis) is an annual plant while tung tree (Vernicia fordii), physic nut (Jatropha curcas), cassava (Manihot esculenta), and rubber tree (Hevea brasiliensis) are perennials. To further elucidate the molecular mechanism of flowering in Euphorbiaceae, a large number of researchers have conducted limited studies. In contrast, most of the studies were carried out in the model plant A. thaliana. In J. curcas, RNA-seq analysis and molecular biology experiments have been carried out to identify and confirm genes controlling floral organ development and flowering time (Brasileiro et al., 2012; Li et al., 2014). In V. fordii, phenological, morphological, and histological experiments of tung flowers were conducted to give a comprehensive study of the flower biology and ontogeny (Li et al., 2020). Recently, the drafts of the R. communis, V. fordii, J. curcas, M. esculenta, and H. brasiliensis genome sequences were sequenced and reported (Chan et al., 2010; Wang W. et al., 2014; Ha et al., 2019; Zhang et al., 2019b; Liu J. et al., 2020). This genomic information lays a strong foundation for the genome-wide comparison of flowering-related genes between these Euphorbiaceae species and A. thaliana. The purpose of our study is to detect gene homologs associated with flowering among five Euphorbiaceae species by searching these whole-genome sequences. The divergence of Euphorbiaceae species R. communis, V. fordii, J. curcas, M. esculenta, and H. brasiliensis in genome duplication causes them to have different genome complexities and sizes (Chan et al., 2010; Wang W. et al., 2014; Ha et al., 2019; Zhang et al., 2019b; Liu J. et al., 2020). From this perspective, both of the differences among homologous genes and the distribution of the homologs were highlighted among these five Euphorbiaceae genomes. The results of this study obtained a large amount of gene resources, which provided a solid material basis for understanding the flowering mechanism of Euphorbiaceae and also provided a certain reference of other species.



Materials and methods


Data retrieval

Firstly, we obtained the genomes of J. curcas, M. esculenta, and R. communi from Phytozome and downloaded the genomes of V. fordii and H. brasiliensis from NCBI. Subsequently, a total of 207 A. thaliana genes involved in the flowering pathway as query sequences were obtained from the published paper and downloaded from TAIR. According to the HMM models and BlastP software, the flowering-related genes were identified in five Euphorbiaceae species. The obtained flowering-related genes were further confirmed by searching against NCBI (https://blast.ncbi.nlm.nih.gov/Blast.cgi) with non-redundant protein sequences.



Domain analysis

We further analyzed all obtained flowering-related proteins with InterProScan using default parameters (Jones et al., 2014). In our study, we only chose the longest sequence from alternatively spliced transcripts for further analysis.



Orthologous analysis and evolutionary tree constructe

To identify the orthologs between five Euphorbiaceae and A. thaliana, we carried out a collinear analysis using MCScanX (Wang et al., 2012). Firstly, we generated two files: proteins file and GFF file. Then, the proteins file was used to carry out a BlastP analysis with E-value 10-5. Finally, we plotted a collinear diagram by loading the BlastP file and GFF file. An evolutionary tree was constructed between five Euphorbiaceae and A. thaliana according to the methods of previous studies (Cao et al., 2020).




Results and discussion


Identification of flowering-related genes in Euphorbiaceae

To predict the orthologs of corresponding flowering-related genes of A. thaliana in the five Euphorbiaceae genomes, this review used 207 A. thaliana genes involved in the flowering pathway as query sequences. Among these genes, Jung (Jung et al., 2012) used an ortholog-based method to detect 24 genes with regulating flowering time, and Fornara (Fornara et al., 2010) have confirmed that 183 genes are involved in flowering regulatory pathways in a previous study. These genes for flowering pathways are mainly involved in the photoperiod pathway, the vernalization pathway, the gibberellin (GA) pathway, and the autonomous pathway, along with genes for floral meristem identity and floral pathway integrators (FPIs). In general, a gene can contain multiple functions involving different pathways; each gene was assigned to a single pathway according to its main function. Based on the HMM models, MCScanX, and BlastP software, the orthologs of A. thaliana flowering-related genes were identified in five Euphorbiaceae species (Figure 1), as described in several published papers (Cao et al., 2019a; Cao et al., 2019b; Cao et al., 2020). Finally, we found that 146, 144, 114, 114, and 149 of 207 A. thaliana genes were respectively matched to R. communis, V. fordii, J. curcas, H. brasiliensis, and M. esculenta genes and the numbers of these orthologous genes in each Euphorbiaceae were 176, 169, 130, 171, and 257, respectively (Table 1, Table S1, and Table S2).




Figure 1 | The orthologous relationship between Arabidopsis thaliana and Euphorbiaceae. The blue line indicates a one-to-one orthologous relationship (take ELF3 as an example); the green line indicates a one-to-one or one-to-two orthologous relationship (take ESD4 as an example).




Table 1 | The number of orthologous genes of Arabidopsis thaliana flowering-related genes in the Ricinus communis, Jatropha curcas, Vernicia fordii, Manihot esculenta, and Hevea brasiliensis genomes.





Photoperiod pathway

Light is one of the most important environmental regulators that affect the flowering in plants (Li et al., 2016). The photoperiod pathway is the main way for plants to monitor the light environment to perceive the time of day and season (Searle and Coupland, 2004). The number of identified A. thaliana flowering-related genes participating in the photoperiod pathway is 65, only 47 of which contain orthologs in the Euphorbiaceae genomes. R. communis, V. fordii, and J. curcas contain 52, 56, and 47 genes, respectively, which are part of the photoperiod pathway. We also identified 53 genes in H. brasiliensis and 82 genes in M. esculenta as putative orthologs of these A. thaliana flowering genes (Table 1). A recent whole-genome duplication episode that occurred in both M. esculenta and H. brasiliensis (Figure 2), but not in R. communis, V. fordii, and J. curcas, probably played key roles in the expansion of flowering-related genes in M. esculenta (Chan et al., 2010; Wang W. et al., 2014; Ha et al., 2019; Zhang et al., 2019b; Liu J. et al., 2020). However, these genes of H. brasiliensis have experienced a gene loss event after a recent whole-genome duplication (WGD) event, resulting in its number less than M. esculenta. Among 65 genes involved in the photoperiod pathway in A. thaliana, 18 genes were not found to have orthologs in the five Euphorbiaceae genomes.




Figure 2 | Species evolution tree of A. thaliana and Euphorbiaceae species. The OrthoFinder was used to investigate the single-copy orthologs (Emms and Kelly, 2019), and IQ-TREE was used to construct a species evolution tree (Nguyen et al., 2015). The green star represents the WGD event.



In A. thaliana, the PHYTOCHROME(PHY)A, PHYB, PHYC, PHYD, and PHYE genes encoded phytochrome proteins that perceived the red and far-red light (Clack et al., 1994). Additionally, PHYA is unique because it can be activated by light and can be degraded specifically (Weller et al., 2004; Debrieux and Fankhauser, 2010). Three, five, three, three, and three orthologous genes of A. thaliana PHY genes were detected in R. communis, V. fordii, J. curcas, M. esculenta, and H. brasiliensis, respectively. CRYPTOCHROME 1 (CRY1) and CRY2 encoded cryptochrome proteins which are sensitive to blue light (Ahmad et al., 1998; Holtkotte et al., 2017). The A. thaliana CRY genes contain two, two, two, two, and three homolog genes in R. communis, V. fordii, J. curcas, H. brasiliensis, and M. esculenta, respectively, while no homolog of CRY2 was detected in H. brasiliensis. Light is a key signal not only for plant growth and development but also for photosynthetic energy production. The light induction of circadian clock associated 1 (CCA1) and late elongated hypocotyl (LHY) genes was affected by the multiple events; the complex of PHYB–PIF3 binds promoter regions of these two genes (Imaizumi, 2010). In the study, regardless of the CCA1, LHY, or PIF3 gene, we have identified a single-copy orthologous gene in R. communis, V. fordii, and J. curcas, M. esculenta, and H. brasiliensis.

The central oscillator of the circadian clock was produced by CCA1 and LHY together with TIMING OF CAB EXPRESSION 1 (TOC1) (Alabadıí et al., 2001). TOC1 encodes a nuclear protein containing a CONSTANS, CO-like, and TOC1 (CCT) motif, and the expression of these genes is regulated by the antagonism of CCA1 or LHY (Alabadıí et al., 2001). R. communis, V. fordii, J. curcas, H. brasiliensis, and M. esculenta have one, one, one, one, and two orthologous genes of TOC1, respectively. Three, two, one, six, and six orthologous genes belonging to the PRR family were identified in R. communis, V. fordii, J. curcas, H. brasiliensis, and M. esculenta, respectively. LOV KELCH PROTEIN 2 (LKP2), FLAVIN-BINDING KELCH REPEAT F-BOX 1 (FKF1), and ZEITLUPE (ZTL) blue-light photoreceptors contribute to regulate the photoperiodic flowering and circadian clock pathway (Imaizumi et al., 2005; Baudry et al., 2010). These proteins have a LOV (light-oxygen voltage-sensing) domain, repeated Kelch motifs, an F-box, and a PAS (Per-Arnt-Sim) domain (Boss et al., 2004). GIGANTEA (GI) is co‐expressed with an F‐box gene FKF1 and binds both to CYCLING DOF FACTOR 1 (CDF1)–CDF5 and to GI under light conditions (Sawa et al., 2007; Song et al., 2012). CONSTANS (CO) encodes crucial regulators of floral transition, day-length perception, and photoperiodic gene expression, and its expression is directly suppressed by CYCLING DOF FACTORS (CDFs) (Fornara et al., 2009; Goralogia et al., 2017). The upregulation of CO during development marks the timing of flowering, as it causes the accumulation of high FT transcripts to the threshold level required to trigger flowering (Valverde et al., 2004; Wang C.-Q. et al., 2014). A schematic of this GI–CO–FT regulatory module in the photoperiod pathway has also been found in other plants and is highly conserved, such as soybean, maize, and rice (Hayama et al., 2003; Zhang et al., 2019a). The LKP2, FKF1, and/or ZTL genes contain 11 orthologous genes among these five Euphorbiaceae genomes. Remarkably, we also noted that the GI gene was conserved because R. communis, J. curcas, H. brasiliensis, and M. esculenta have a single-copy gene, while this gene contains two orthologous genes in V. fordii.



Vernalization pathway

Cold winter reduces the reproductive success rate of plants growing in temperate regions; therefore, these plants have produced the vernalization pathway during evolution, requiring a period of low temperature before the transition of flora (Sung and Amasino, 2004; Jung and Müller, 2009; Bouché et al., 2017). The vernalization pathway is involved in the transduction process and the signal perception that flowering occurs after winter (Luo and He, 2020; Matar et al., 2020). The previously studies revealed that 32 flowering-related genes of A. thaliana played key roles in the vernalization pathway. Among these genes, 18 genes have not been detected in the five Euphorbiaceae genomes. V. fordii, R. communis, J. curcas, and H. brasiliensis contain 14, 15, 9, and 11 genes, respectively, which are likely related to the vernalization pathway. In M. esculenta, we identified 17 genes to be orthologous genes of these A. thaliana genes.

FLOWERING LOCUS C (FLC) is a key gene for vernalization, which can effectively inhibit flowering (Putterill et al., 2004; Deng et al., 2011; Madrid et al., 2020). The repressor of FLC is the REDUCED VERNALIZATION RESPONSE 1 (VRN1) and VRN2 (Putterill et al., 2004). Among them, VRN1 encodes a transcription factor that contains a B3 DNA-binding domain, and VRN2 encodes a protein with a zinc-finger motif belonging to polycomb group (PcG) proteins (Gendall et al., 2001; Zhou et al., 2019). Both VRN1 and VRN2 can affect the expression of FLC, indicating that epigenetic changes in chromatin structure at the locus of FLC are a molecular machinery basis for this cellular vernalization memory (Jean Finnegan et al., 2005; Whittaker and Dean, 2017). A. thaliana VRN1 was conserved in R. communis, V. fordii, J. curcas, and M. esculenta containing a single-copy gene. V. fordii and M. esculenta each contain a single-copy VRN2 gene, and two and two orthologous genes were found in R. communis and H. brasiliensis, respectively. Recently, some researchers have found some equivalents of the A. thaliana FLC regulators, such as VERNALIZATION INDEPENDENCE 3 and 4 (VIP3 and VIP4), PHOTOPERIOD-INDEPENDENT EARLY FLOWERING 1 (PIE1), PHOTOPERIOD-EARLY FLOWERING IN SHORT DAYS (EFS), and EARLY IN SHORT DAYS 4 (ESD4). PIE1, an imitation switch (ISWI) family member, played important roles in floral repression and FLC activation (Noh and Amasino, 2003; Ojolo et al., 2018). ESD4, a SUMO-specific protease, is required for FLC expression (Jean Finnegan et al., 2005). The FLC chromatin structure depends on EFS containing histone-lysine N-methyltransferase activity. VIP3 contains multiple WD repeats, and VIP4 is a novel protein playing key roles in the PAF1 transcriptional complex (Takagi and Ueguchi, 2012). R. communis, V. fordii, J. curcas, and M. esculenta each have a single-copy PIE1 gene, and two orthologous genes were found in H. brasiliensis. Both EFS and ESD4 have one orthologous gene in R. communis, V. fordii, and J. curca and two orthologous genes in M. esculenta and H. brasiliensis. A. thaliana VIP3 and VIP4 were conserved in these five Euphorbiaceae genomes containing a single-copy gene, except for H. brasiliensis which possesses two orthologous VIP4 genes. A. thaliana PAF1 and PAF2 were conserved in these five Euphorbiaceae genomes containing a single-copy gene, except for J. curca which does not contain any orthologous PAF2 gene. Also, some researchers have found that there is a vernalization response FLC-independent because flc null mutants contain functions with a vernalization-sensitive phenotype (Michaels and Amasino, 1999; Michaels and Amasino, 2001). After vernalization of the FLC null mutant, the expression of FT and SOC1 was upregulated, suggesting that FLC-independent and -dependent vernalization branches share a common target (Moon et al., 2003). Alexandre and Hennig found that the MADS transcription factor AGAMOUS-LIKE 24 (AGL24) may be a target because vernalization upregulates the expression of AGL24, which provides an FLC-independent pathway for regulating flowering time (Alexandre and Hennig, 2008). There are three M. esculenta genes, two R. communis genes, two V. fordii genes, one J. curcas gene, and one H. brasiliensis gene identified to be orthologous to AGL24.



Autonomous pathways

Autonomous pathways include posttranscriptional genes and epigenetic regulation, which can control the flowering time in plants (Simpson and Dean, 2002; Simpson, 2004). There are 19 genes involved in the autonomous pathway in A. thaliana. V. fordii, R. communis, J. curcas, M. esculenta, and H. brasiliensis have 19, 20, 18, 26, and 22 genes, respectively, which are part of the autonomous pathway. The functions of the autonomous pathway repress flowering by promoting the accumulation of an mRNA that is a MADS-domain transcription factor, FLOWERING LOCUS C (FLC) (Michaels and Amasino, 2001). FCA is an RNA-binding protein that can interact with FY to downregulate the expression of FLC (Quesada et al., 2003), thereby promoting flowering. A. thaliana FCA was conserved in these five Euphorbiaceae genomes containing a single-copy gene, except for H. brasiliensis which does not possess any orthologous FCA. FY contains one or two orthologous genes in these five Euphorbiaceae genomes. FLOWERING LATE KH MOTIF (FLK), an RNA-binding protein, can regulate the autonomous pathway via FLC (Lim et al., 2004). FPA encodes a protein involved in floral induction having RNA-recognition motifs (Schomburg et al., 2001). FVE, a retinoblastoma-related protein with a WD-repeat domain, can bind to chromatin and regulate flowering time (Ausín et al., 2004). FPA has one orthologous gene in R. communis, J. curcas, and M. esculenta. FLK contains one or two homologs in these five Euphorbiaceae genomes. The MSI family contains four members, such as FVE, which have five, six, five, seven, and five orthologs in V. fordii, J. curcas, R. communis, M. esculenta, and H. brasiliensis, respectively. LUMINIDEPENDENS (LD) encodes a nuclear protein with a homeodomain, which plays an important role in RNA processing, such as FPA and FCA. FLOWERING LOCUS D (FLD) is another autonomous gene that can inhibit the expression of FLC to control flowering time. A. thaliana FLD and LD were conserved in these five Euphorbiaceae genomes with a single-copy gene, except for H. brasiliensis which does not contain any orthologous FLD gene and contains two orthologous LD genes.



Floral pathway integrator

The signaling pathways that transmit and receive input signals include the autonomous pathway, the ambient temperature, the vernalization, and the photoperiod pathways (Andrés and Coupland, 2012). Floral pathway integrator genes can integrate the input from these pathways (Simpson and Dean, 2002; Van Dijk and Molenaar, 2017). Although there are multiple pathways with associated genes involved in the regulation of flowering, the expression level of FT largely determines the flowering time. FT, SOC1, and LFY integrate multiple pathways and then make a single decision of developmental (Moon et al., 2005). In A. thaliana, 29 genes were identified to classify as FPIs. V. fordii, J. curcas, R. communis, M. esculenta, and H. brasiliensis contain 19, 16, 24, 34, and 23 genes, respectively, which are putatively associated with FPIs.

The transcriptional activation of FT, an activator of flowering, can be induced by the activation of the photoperiod flowering pathway (Steinbach and Hennig, 2014). The function of FT is mainly as a mobile flowering signal, which is generated in the leaves and then transferred to the shoot apical meristem (SAM) (Turck et al., 2008). In SAM, FT interacts with FD to produce an FT–FD complex and then activates other FPI genes, such as LFY and SOC1 (Kaneko-Suzuki et al., 2018; Li et al., 2019). In the study, we identified one, one, five, three, and one gene in V. fordii, J. curcas, R. communis, M. esculenta, and H. brasiliensis to be orthologous to FT and its homolog TWIN SISTER OF FT (TSF), respectively. FT and floral repressor terminal flower 1 (TFL1), belonging to the same Raf family, contain antagonistic functions. Each V. fordii, J. curcas, R. communis, and M. esculenta possess one ortholog of TFL1. SOC1 and LFY genes play vital roles in the regulation of the flowering network. SOC1 can link floral development and floral induction by regulating the expression of LFY. Each R. communis, H. brasiliensis, and M. esculenta contain two orthologs of SOC1, and the remaining two species contain one SOC1 ortholog. LFY contains one orthologous gene in R. communis, J. curcas, and V. fordii, while LFY contains two orthologs in M. esculenta and H. brasiliensis. In this study, we also considered GENERAL REGULATORY FACTOR (GRF) and NUCLEAR FACTOR Y (NF-Y) due to these two transcription factors that have been confirmed to be involved in flower development. For NF-Y genes encoding the basic helix–loop–helix ID factors, V. fordii, J. curcas, R. communis, H. brasiliensis, and M. esculenta have three, seven, nine, six, and 11 orthologs, respectively. There are 11 genes of the GRF family containing 12, 6, 10, 12, and 17 homologs of V. fordii, J. curcas, R. communis, H. brasiliensis, and M. esculenta, respectively.



Ambient temperature pathway

The biomass and architecture of plants can be dramatically affected by changes in ambient temperature (Wigge, 2013). The global temperatures seem to be rising, so understanding how plants respond to changes in ambient temperatures can help plants adapt to different climatic conditions. In response to changes in ambient temperatures, plants can make corresponding measures to control flowering time. The floral integrator FT can be activated independently of CO expression at high temperatures and seems to partially mediate the ambient temperature pathway (Wigge, 2011). SHORT VEGETATIVE PHASE (SVP), a MADS-box gene, can negatively regulate the expression of FT by directly binding to the FT sequence (Lee et al., 2013). FLC interacts with SVP to generate a complex to control the flowering time (Li et al., 2008). We also found genes homologous to SVP in these five Euphorbiaceae genomes. The FVE and FCA in the autonomous pathway have been confirmed to take part in the perception of ambient temperatures affecting flowering time. Different ambient temperatures can activate different photoreceptors. For example, PHYE is a contributor to the main phytochrome at 16°C. The PSEUDO-RESPONSE REGULATOR 7 (PRR7) and PRR9 genes expressed in the morning contain dual functions in the circadian rhythm, participating in the regulation of the central oscillator and the transmission of light signals to the clock (Farré et al., 2005). The MADS-box gene, FLOWERING LOCUS M (FLM), can inhibit flowering in response to temperature. At ambient temperature, EARLY FLOWERING 3 (ELF3) and TFL1 have complementary effects on regulating flowering time (Strasser et al., 2009). Actually, Arabidopsis thermosensitive flowering may require genes from many different pathways, which are involved in the control of FT expression.



Gibberellin pathway

Among various phytohormones, gibberellin can induce flower formation and promote flowering in the model plant A. thaliana (Fornara et al., 2010). The GA pathway acts by inducing LFY, SOC1, FT, etc. The O-linked N-acetylglucosamine transferase SPINDLY (SPY) acts as a negative regulator to regulate the gibberellin (GA) signaling pathway (Jacobsen and Olszewski, 1993). This gene contains two orthologs in M. esculenta and one in each of the remaining four Euphorbiaceae genomes.



Floral meristem identity genes

The meristem identity genes can be classified as the shoot meristem identity genes and the floral meristem identity genes, and the latter genes are necessary for the developing floral primordia (Grandi et al., 2012). In the initial stage of flower development, flower meristems will not form organs, but their size will increase to a certain extent. Among these genes, the functions of CAULIFLOWER (CAL), FRUITFUL (FUL), APETALA 1 (AP1), UNUSUAL FLORAL ORGANS (UFO), and LFY can promote floral meristem identity. LFY, a meristem identity gene, is a key player in flower development (Silva et al., 2016). Three genes, namely, SHOOTMERISTEMLESS (STM), WUSCHEL (WUS), and TFL1, play key roles in maintaining the identity of inflorescence shoot meristems (Sablowski, 2007; Kim M. Y. et al., 2013). Some genes, such as PISTILLATA (PI), AGAMOUS (AG), APETALA 3 (AP3), and AP2, have also been examined because these genes may be involved in mediating floral organ identity and meristem function (Riechmann et al., 1996; Fornara et al., 2010). In A. thaliana, 25 genes were found to contribute to the development of floral organs and the establishment of floral meristems. Remarkably, five genes, namely, SEPALLATA3 (SEP3), APETALA 3 (AP3), SEEDSTICK (STK), ENHANCER OF AG-4 2 (HUA2), and PISTILLATA, were not examined in any of these five Euphorbiaceae genomes. V. fordii, J. curcas, R. communis, H. brasiliensis, and M. esculenta contain 20, 20, 18, 15, and 33 orthologs of A. thaliana genes, respectively. APETALA 1 (AP1), CAL, and FUL were paralogs, each encoding a MADS-box domain (Alvarez-Buylla et al., 2006). AP2 belongs to the ethylene-responsive element-binding protein (EREBP) family encoding the AP2 domain that is involved in the control of flower. These data indicate that the transcriptional regulatory network plays an important role in the specification of floral organs and meristems. UFO is an F-box protein that is required for bract suppression and floral-meristem identity (Hepworth et al., 2006). V. fordii contains three orthologs of AP1, and one ortholog of AP2. R. communis has two orthologs of AP1 and one ortholog of AP2. One ortholog of AP1 and two orthologs of AP2 were found in H. brasiliensis. There are four and two orthologs of AP1 and AP2 identified in M. esculenta separately, while only two orthologs of AP1 were detected in J. curcas. The number of homologs of CAL in J. curcas, V. fordii, and R. communis is two, while M. esculenta contains three CAL orthologs. The function of FUL mainly affects many biological processes including but not limited to controlling cauline leaf morphology, meristem identity, and flowering time. AG is required to specify the identity of floral organs in A. thaliana. By contributing to meristem and floral organ identity, members of the SEP family are required to specify the “floral state”. UFO has been reported to be involved in both floral organ and meristem development (Hepworth et al., 2006). There are multiple FUL copies in R. communis and M. esculenta while FUL is conserved having a single-copy gene in H. brasiliensis, J. curcas, and V. fordii. J. curcas lack AG orthologs, but this gene is conserved in four other genomes containing a single-copy gene. J. curcas, R. communis, and H. brasiliensis have one, two, and two members of the SEP family, respectively, while V. fordii contains six and M. esculenta has five members of the SEP family. UFO contains one homolog gene in J. curcas, while the other four genomes lack UFO homologs.



Comparison of flowering-related genes in A. thaliana and Euphorbiaceae genomes

In A. thaliana, 207 flowering-related genes were identified to play important roles in the control of flowering time. In this study, we found that 39 genes did not contain orthologous counterparts among these five Euphorbiaceae genomes, such as FLC, CO-LIKE (COL), FRI, and MAF (Tables S1 and Table S2). The lack of some flowering-related genes orthologs has been confirmed by previously published papers (Kim M. Y. et al., 2013). For example, Kim found that Lotus corniculatus, Glycine max, and Medicago truncatula lack 56 orthologous of A. thaliana flowering-related genes, such as CO and ELF4, indicating that the photoperiod pathway is regulated in a CO-independent manner in legume species (Kim M. Y. et al., 2013). In our study, R. communis, V. fordii, and H. brasiliensis lack CO orthologs, and J. curcas and M. esculenta contain two CO orthologs, suggesting that different plants have evolved different ways for activating the photoperiod pathway. The transcriptional activation of FT is achieved by CO directly binding its promoter, which may recruit different microRNAs or DNA-binding proteins to medicate FT expression (Fujiwara et al., 2008). This way has been mentioned for the photoperiod but the CO-independent pathway to control flowering time by regulating the expression of FT. Indeed, some researchers have found a CO-independent pathway to regulate the expression of FT which is directly activated by miR172 or GI (Jung et al., 2007; Sawa and Kay, 2011).

As central players in the autonomous pathway and vernalization pathway, both FLC and FRI genes were involved in regulating the flowering time in A. thaliana (Fornara et al., 2010). In our study, we did not detect the homologs of FRI and FLC, as well as the MAFs (FLC homologs). This phenomenon has been found in several previous studies. The FLC-FRI module mechanistically interacts to prevent A. thaliana from flowering before vernalization (Townsend et al., 2018). Silencing FLC genes to regulate flowering time is one of the most typical examples of the role of chromatin remodeling and non-coding RNA in epigenetic control (Wigge, 2011). In germplasms that require long-term vernalization, FLC expression is reactivated after unsaturated vernalization, but this reactivation gradually weakens with increasing cold exposure (Nishio et al., 2020). In our study, the FLC locus was not found in vernalization-non-responsive R. communis, V. fordii, H. brasiliensis, J. curcas, and M. esculenta, which were consistent with their characteristics. The deletion of some key genes in the flowering pathway may help to solve other problems related to molecular circuits in the flowering pathway.



Distribution of flowering-related genes and putative gene regulatory network in the Euphorbiaceae genomes

In this study, we distributed all orthologs of flowering-related genes in A. thaliana throughout the genomes of V. fordii, J. curcas, R. communis, H. brasiliensis, and M. esculenta. There are similar numbers of flowering-related orthologs in V. fordii, J. curcas, R. communis, and H. brasiliensis. Comparisons among paralogous orthologous genes of these five Euphorbiaceae genomes suggest that an ancient WGD was shared by these five genomes, and a recent WGD occurred prior to the split of the H. brasiliensis and M. esculenta (Chan et al., 2010; Wang W. et al., 2014; Ha et al., 2019; Zhang et al., 2019b; Liu J. et al., 2020). We noted that H. brasiliensis has also experienced two WGDs, but there are similar numbers of flowering-related orthologs in V. fordii, J. curcas, R. communis, and H. brasiliensis. However, the number of flowering-related genes contained in M. esculenta is much greater than the other four Euphorbiaceae genomes. These data may reflect a recent WGD which appears to have produced about two times more homologs genes than are found in V. fordii, J. curcas, and R. communis (Figure 2). However, the number of flowering-related genes in H. brasiliensis may have experienced a gene loss event after two WGDs, which ultimately resulted in the number of genes being basically the same as the other three Euphorbiae species. In the study, although we found that some number of flowering-related genes have multiple copies in these Euphorbiaceae genomes, several flowering-related genes still exist and remain in the form of single copies (Figure 1). In V. fordii, J. curcas, and R. communis, 123, 100, and 120 genes of A. thaliana are conserved in the form of single copies, respectively, while both of H. brasiliensis and M. esculenta contain 61 single copies. Totally, nine common genes were identified as conserved single-copy genes among these five Euphorbiaceae species (Figure 1).

The probability of blooming costs is related to the success rate of reproduction, which may have led to plants evolving to develop a set of metabolic and genetic mechanisms to sense and respond to changes in their own environment (Liu Y. et al., 2020). The regulatory network of the SAM destiny is complex, which depends on multiple exogenous and endogenous factors (Liu Y. et al., 2020). In recent decades, both complex networks and mechanisms of flowering have been well studied in the model plant A. thaliana (Fornara et al., 2010). However, few studies of flowering have been performed in the Euphorbiaceae species. Based on the above results, the regulatory network of flowering was inferred in Euphorbiaceae plants (Figure 3). FT controls the flowering time by converging environmental signals sensed by leaves, such as temperature and photoperiod (Corbesier et al., 2007; Wigge, 2011; Liu Y. et al., 2020). The circadian clock in leaves of the plant can receive day-length information. The circadian clock which included GI and PRR7 can regulate the expression of FT and positively control flowering (Farré et al., 2005; Mizoguchi et al., 2005). In the phloem of the leaf, FT will be transcribed and translated, and then its proteins move to the shoot apex (Corbesier et al., 2007). The transcription level of the circadian clock gene GI is regulated by abiotic stresses such as cold, drought, and salt stress, which were related to floral induction (Riboni et al., 2013; Fornara et al., 2015). Many physiological processes including fruit ripening, seed germination, flowering, and growth require GA to participate. DELLA protein, a negative regulator of GA signaling, belongs to the GRAS family (Yoshida et al., 2014). In the SAM, the expression of the FMI identity gene AP1 can be directly regulated by FT, while the control of LFY requires FT to activate SOC1 (Lee and Lee, 2010). In plants, there is an FT-SOC1-LFY model to activate LFY to induce flowering. In our study, the homologous genes of these FT, SOC1, and LFY were identified in these Euphorbiaceae genomes, indicating that this model played a major role in these species.




Figure 3 | Simplified pathways to participate in the regulation of flowering in plants. The positive and negative controls are represented by arrows and perpendicular lines, respectively. The physiological processes, mRNA, genes, and proteins are represented by orange frames, white letters without frames, black letters without frames, and other frames, respectively.






Conclusion

In the study, the orthologous counterparts of A. thaliana flowering-related genes were identified in five Euphorbiaceae species, V. fordii, J. curcas, R. communis, M. esculenta, and H. brasiliensis. Most A. thaliana flowering-related genes have been detected in Euphorbiaceae genomes, suggesting that basic flowering pathways may be relatively conservative in different plants during evolution. These data will provide new perspectives and potential candidate genes to regulate the timing of flowering on molecular processes in Euphorbiaceae, which have important economic values.
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The Elongator complex in eukaryotes has conserved tRNA modification functions and contributes to various physiological processes such as transcriptional control, DNA replication and repair, and chromatin accessibility. ARABIDOPSIS ELONGATOR PROTEIN 4 (AtELP4) is one of the six subunits (AtELP1–AtELP6) in Arabidopsis Elongator. In addition, there is an Elongator-associated protein, DEFORMED ROOTS AND LEAVES 1 (DRL1), whose homolog in yeast (Kti12) binds tRNAs. In this study, we explored the functions of AtELP4 in plant-specific aspects such as leaf morphogenesis and evolutionarily conserved ones between yeast and Arabidopsis. ELP4 comparison between yeast and Arabidopsis revealed that plant ELP4 possesses not only a highly conserved P-loop ATPase domain but also unknown plant-specific motifs. ELP4 function is partially conserved between Arabidopsis and yeast in the growth sensitivity toward caffeine and elevated cultivation temperature. Either single Atelp4 or drl1-102 mutants and double Atelp4 drl1-102 mutants exhibited a reduction in cell proliferation and changed the adaxial–abaxial polarity of leaves. In addition, the single Atelp4 and double Atelp4 drl1-102 mutants showed remarkable downward curling at the whole part of leaf blades in contrast to wild-type leaf blades. Furthermore, our genetic study revealed that AtELP4 might epistatically act on DRL1 in the regulation of cell proliferation and dorsoventral polarity in leaves. Taken together, we suggest that AtELP4 as part of the plant Elongator complex may act upstream of a regulatory pathway for adaxial–abaxial polarity and cell proliferation during leaf development.
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Introduction

Leaf formation in plants requires intricate and multiple mechanisms to determine various factors including leaf size and shape, phyllotaxis, heteroblasty, and structural asymmetry. These mechanisms are managed through genetic programs adapted by leaf function and environmental cues during evolutionary progression. To accomplish leaf development, plants undergo dynamic sequences of regulatory processes: from loss of meristematic stem cell identity, leaf initiation, establishment of leaf polarity (adaxial–abaxial, medial–lateral, and distal–proximal axis), cytoplasmic growth, cell proliferation and expansion, endoreduplication, cell type-specific differentiation such as guard cells, vascular tissue, and trichomes, to mature leaves (Kalve et al., 2014). During adaxial/abaxialization among these processes, leaves construct the adaxial side, which is adjacent to the shoot apical meristem (SAM), the upper sun-exposed side in mature leaves, and the abaxial side, which is farther from SAM, the lower shaded side in mature leaves. Leaf adaxial/abaxialization specializes leaf external and internal structure according to their function; the adaxial portion is built up into compactly packed and chloroplast-rich cells and more trichomes for optimal light capture and defense, whereas the abaxial portion is built up into loosely packed cells and more guard cells and stoma for gas exchange. The vascular bundle has also discrimination between adaxial and abaxial sides, showing different positioning of xylem and phloem cells. Therefore, the acquisition of adaxial/abaxial identity in leaf structure is necessary for the performance of leaf function. Numerous studies have shown that the expression of class III homeodomain-leucine zipper (HD-ZIP III) genes, PAHBULOSA (PHB), PHAVOLUTA (PHV), and REVOLUTA (REV) determines the identity of the adaxial domain (McConnell et al., 2001), while the expression of YABBY (YAB) and KANADI (KAN) gene families determines the identity of the abaxial domain (Eshed et al., 2004). In addition, the expression of adaxial- or abaxial-determinant genes is regulated not only by each other through negative feedback (Tsukaya, 2013) but also by small RNAs and auxin (Pekker et al., 2005; Alvarez et al., 2006).

The growth imbalance between the adaxial side and the abaxial side causes defects in leaf flatness, and leaf epinasty or hyponasty (upward or downward curling, respectively) (Sandalio et al., 2016). These morphological changes are triggered by alteration in auxin accumulation or gradient (Enders and Strader, 2015). However, it is not well known how auxin controls the leaf flatness or the growth difference between the adaxial/abaxial sides.

Apart from the differential transcription of protein-encoding genes, an emerging mechanism to regulate protein levels is translational modulation. The latter involves the modification of tunable mRNA transcripts (MoTT) with their decoding coupled to tRNA modifications, in particular anticodon wobble uridine (U34) bases. The Elongator complex was originally identified as a transcription factor in yeast (S. cerevisiae) (Otero et al., 1999; Wittschieben et al., 1999). Meanwhile, however, it is widely accepted that the primary and conserved role of Elongator from yeast to plants and humans lies with tRNA modification and mRNA translation (Otero et al., 1999; Hawkes et al., 2002; Huang et al., 2005; Mehlgarten et al., 2010; Nelissen et al., 2010; Johansson et al., 2018; Nakai et al., 2019; Abbassi et al., 2020). Accordingly, the Elongator complex (Elp1–Elp6) is key to a pathway that adds 5-carboxy-methyl (cm5) groups to several tRNA anticodons (Selvadurai et al., 2014; Glatt et al., 2016; Lin et al., 2019; Dauden et al., 2019). Among others, these can be further modified to 5-methoxy-carbonyl-methyl (mcm5) groups or 2-thio derivatives (mcm5s2) thereof in concert with U34 methylase and thiolase activities (Schaffrath and Leidel, 2017; Johansson et al., 2018; Sokołowski et al., 2018).

The Elongator complex consists of two subcomplexes, each comprising three subunits: Elp123 and Elp456 (Dauden et al., 2019). In yeast, there is an additional protein (Kti12/Tot4), which associates with Elongator (Frohloff et al., 2001; Mehlgarten et al., 2017). It binds tRNA and is essential for the tRNA modification activity, which resides in the Elongator catalytic subunit Elp3 (Svejstrup, 2007; Glatt et al., 2016; Krutyhołowa et al., 2019; Abbassi et al., 2020). Elongator components in eukaryotes are structurally conserved (Dauden et al., 2017a; Dauden et al., 2017b), and previous studies had reported that in yeast, two copies each of Elp4, Elp5, and Elp6 form a RecA-ATPase-like ring structure with roles in substrate recognition during Elongator-mediated tRNA modification (Glatt et al., 2012; Glatt et al., 2016; Dauden et al., 2017a; Dauden et al., 2017b). Despite their similarity in structure and tRNA modification activity, Elongator complexes from yeast, mammals, and plants may functionally differ in various physiological processes and contexts (Nelissen et al., 2005; Close et al., 2006; Chen et al., 2009; Nelissen et al., 2010; Nakai et al., 2019).

Previously, we isolated and characterized Arabidopsis DEFORMED ROOTS AND LEAVES 1 (DRL1), a gene homologous to yeast Kluyveromyces lactis TOXIN INSENSITIVE 12/TOXIN TARGET 4 (KTI12/TOT4), which encodes an Elongator-associated tRNA binding protein (Mehlgarten et al., 2017; Krutyhołowa et al., 2019). DRL1 shows a partially conserved function to yeast Kti12 and is involved in the regulation of leaf polarity and cell proliferation of leaves of Arabidopsis thaliana. In this study, we characterized AtELP4 functions. Although we could not detect binding between AtELP4 and DRL1 or other individual plant Elongator subunits and DRL1, we found that an Atelp4 mutant showed narrow and abaxialized leaves very similar to those of a drl1-102 mutant. We suggest that AtELP4 as part of the Elongator complex in Arabidopsis plays critical roles in the establishment of leaf polarity, especially adaxialization through a collaboration with DRL1 and regulation of leaf cell proliferation.



Materials and methods


Phylogeny relationship, domain, and motif analysis

All ELP4 full-length protein sequences from various eukaryotes identified and verified conserved domain through Pfam (https://pfam.xfam.org/) (Finn et al., 2006), NCBI Conserved Domain Database (CDD) database (https://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml), and SMART tool (http://smart.emblheidelberg.de) (Letunic et al., 2012). In addition, identified ELP4 genes were aligned using ClustalX software with default parameters (Thompson et al., 1997). Finally, the phylogeny was constructed by using the neighbor-joining method (NJM). The amino acid sequences of ELP4 proteins used in the alignment were retrieved from the NCBI GenBank database (https://www.ncbi.nlm.nih.gov/). The GenBank accession numbers of the amino acid sequences are A. thaliana (Q9C778.1), Ostreococcus tauri (XP_003082942.1), Marchantia polymorpha subsp. ruderalis (BBN04784.1), Physcomitrella patens (XP_024385693.1), Selaginella moellendorffii (XP_024534079.1), Amborella trichopoda (XP_020520905.1), Nymphaea colorata (XP_031482638.1), Zea mays (NP_001131483.1), Sorghum bicolor (XP_021304923.1), O. sativa Japonica Group (XP_015643899.1), Brachypodium distachyon (XP_003563291.1), Phalaenopsis equestris (XP_020577487.1), Macadamia integrifolia (XP_042486942.1), Rosa chinensis (XP_040364853.1), Glycine max (KAH1257688.1), Medicago truncatula (XP_013443887.1), Gossypium hirsutum (XP_016734795.1), Hibiscus syriacus (KAE8729835.1), Vitis vinifera (RVW57326.1), Helianthus annuus (XP_035832566.1), Manihot esculenta (XP_021624621.1), Cucumis sativus (XP_031743242.1), Ipomoea nil (XP_019185341.1), Nicotiana tabacum (XP_016448924.1), Brassica napus (XP_022558390.1), Salvia hispanica (XP_047969651.1), Solanum lycopersicum (XP_025883858.1), S. cerevisiae (NP_015224), Schizosaccharomyces pombe (Q9USP1), K. lactis (XP_455048), Dictyostelium discoideum (Q54XS0.1), Hydra vulgaris (XP_047135159.1), Caenorhabditis elegans (NP_001370473.1), Strongylocentrotus purpuratus (XP_030844920.1), Aplysia californica (XP_005105912.1), Drosophila melanogaster (Q9VMQ7), Xenopus laevis (NP_001088363.1), Danio rerio (NP_001017638.1), Mus musculus (NP_076365.2), and Homo sapiens (KAI2559206.1). Subsequently, conserved motifs of ELP4 in plants, yeasts, and animals were identified by using the MEME online tool (http://meme-suite.org/tools/meme) with the other default parameters and five maximum numbers of motifs (Bailey et al., 2015).



Syntenic relationship analysis

Sequence similarity of ELP4 genes between the plant and yeast was carried through circoletto software (http://tools.bat.infspire.org/circoletto/) (Darzentas, 2010). ELP4 gene sequences were used as queries against plants and yeast. The E-value was maintained constant at 1 × 10−10 and displays the sequences that produced hits based on percentage (%) identity (blue color 70%, green color 80%, orange color 90%, and red color 100%) with other default parameters.



Cis-acting elements and gene ontology annotation analysis

The promoter sequences (ATG start codon with 1,500 bp) of ELP4 genes were estimated through the online PlantCARE database (https://bioinformatics.psb.ugent.be/webtools/plantcare/html/) (Lescot et al., 2002). CELLO2GO was used to identify the gene ontology (GO) annotations of the whole ELP4 genes. The CELLO platform (http://cello.life.nctu.edu.tw/) uses hierarchical vocabularies to connect genes and GO terms. Functional enrichment analysis of ELP4 genes was carried out by using DAVID 6.8 (http://david.ncifcrf.gov/) online tools. The gene ontology enrichment was categorized into three main groups: biological process (BP), cellular component (CC), and molecular function (MF).



Yeast strains, media, and general methods

Yeast strains were from S. cerevisiae wild-type BY4741 (MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0) and ELP4/KTI9/TOT7 deletion mutant Y02150 (As BY4741, but elp4Δ) (Brachmann et al., 1998). At 30°C, yeast strains were consistently cultivated on standard rich (YPD) and minimal (SC minimal) growth media. For the test of thermosensitivity and caffeine sensitivity, yeast stains grew on YPD media with or without caffeine at 30°C or 38°C.



Yeast complementation test

Arabidopsis and yeast ELP4 coding regions were amplified using the EcoRI site at the 5′ end and BamHI site at the 3′ end to validate AtELP4 in yeast elp4Δ deletion mutant by using the following primers EcoRI-AtELP4‐for (5′‐GGA ATT CCA TGG CTG CAC CAA ACG TTC GTA G‐3′) and BamHI-AtELP4-rev (5′‐CGG GGA TCC CGT CAA AAA TCT AGT GCT CCG G‐3′), and DNA fragment was cloned into pBluescript SK(-) vector. The AtELP4 fragments eluted from EcoRI and BamHI digestion were subcloned into the EcoRI–BglII site of the pTU1 vector, which were overexpressed under the control of the TDH3 promoter and CMK1 terminator in the pTU1 vector. Yeast elp4Δ cells were transformed with pTU1 empty vector and AtELP4-harboring pTU1 using electroporation. Transformants were selected on a minimal medium lacking uracil (SD-U) (Jun et al., 2015).



Plant materials and growth conditions

Individual Arabidopsis homozygous T-DNA insertion mutants (Columbia-0 (Col-0) background) in AtELP4 (At3g11220, SALK 079193/Atelp4) and DRL1 (At1g13870, SALK 056915/drl1-102) were obtained from the Arabidopsis Biological Resource Center (ABRC; https://abrc.osu.edu). The homozygote genotype of insertion mutants was confirmed by amplification of T-DNA in T-DNA inserted genomic DNA region using T-DNA and gene-specific primers. The double mutant was germinated by crossing single mutants, isolated in the F2 progeny, and confirmed by the abovementioned PCR-based method.

Plants were grown in a Murashige–Skoog (MS) media containing 0.43% MS medium salt mixture, 2% sucrose, and 0.2% gellan gum (pH 6.3) and transferred to a mixture of soil, vermiculite, and pearlite (2:1:1) under long-day conditions (16-h light/8-h dark, 50–100 μE/m2/s) at 22°C. Seeds were surface-sterilized, vernalized for 3 days at 4°C, and then germinated on MS media (Jun et al., 2015).



Anatomical analyses

The mature third rosette leaves were collected from plants on 21 DAS and fixed with fixation solution (5% (v/v) acetic acid, 5% (v/v) formaldehyde, and 45% (v/v) ethanol in water) under a vacuum. Then, they were dehydrated and cleared as described (Jun et al., 2019). For transverse sectional analysis of leaves, the widest region of dehydrated leaves was embedded in Technovit 7100 resin (Kulzer & Co. GmbH, Wehrheim, Germany) and sliced transversely by using a microtome (Jun et al., 2019). Slices were stained with toluidine blue [1% toluidine blue in phosphate-buffered saline (PBS)], dried, and then observed.

Leaf length and width were measured using from tip to base and the widest part of the leaf blade from 10 mature third rosette leaves of individual plants on 21 DAS. Palisade cells in cleared leaves and transverse sectional slices were observed by light microscopy (Axioskop2, Carl Zeiss, Germany). Cell numbers were counted in the region from mid-vein to leaf margin of the widest region in leaves, and cell size and intercellular airspace were measured from palisade cells of the central region between mid-vein and leaf margin at the widest region in leaves from six mature third rosette leaves of the individual plant on 21 DAS.

The NIH IMAGE software ImageJ was used to analyze the data, and the Statistical Package for the Social Sciences program (SPSS 13.0, SPSS Inc. Chicago) was used for statistical analysis.



Measurement of chlorophyll content and photosynthetic efficiency

To estimate total chlorophyll, fresh weight 0.1 g of leaf blade was taken from 28-day-old plants and soaked in 2 ml of 90% aqueous acetone at 25°C in the dark for 12 h until being cleared by centrifugation for 1 min at 5,000 rpm. The absorbance of the supernatant was measured at wavelengths 645, 663, and 750 nm using a spectrophotometer. Chlorophyll a and b contents were estimated according to the formula of Ritchie (Ritchie, 2006).

Photosynthesis efficiency was calculated from 10 plants by measuring chlorophyll fluorescence imaging with the Handy FluorCam fluorescence imaging equipment (Photon Systems Instruments, Brno, Czech Republic). Subsequently, Fv/Fm value was estimated from individual plants using FluorCam7 software according to the manufacturer’s instructions (Arena et al., 2020).



RNA isolation and qRT-PCR analysis of gene expression

Total RNA was isolated from rosette leaf blades of 21-day-old plants and yeast using the RNeasy mini kit (Qiagen, Hilden, Germany), and cDNA was synthesized by reverse transcription using the Reverse TraAce-a-First strand cDNA synthesis kit (TOYOBO, Tokyo, Japan). The quantitative RT-PCR (qRT-PCR) was performed using SYBR® Premix Ex TaqTM II (TAKARA, Otsu, Japan) and Bio-Rad CFX96TM Real-Time System (Bio-Rad, Hercules, CA, USA) with three technical replicates. Primers were designed by Primer-BLAST (https://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi) for qRT-PCR and are listed in Supplementary Table 5. PCR thermocycles were run using the following conditions: denaturation at 95°C for 5 min, followed by 40 cycles of denaturation at 95°C for 30 s, annealing at 55°C for 30 s, and extension at 72°C for 30 s. The normalized expression level of each gene was calculated using the ΔΔCq method and β-tubulin (TUB4) gene for Arabidopsis, and S. cerevisiae ACTIN 1 (ScACT1) gene for yeast was used as a control.



DNA ploidy analysis

The mature third rosette leaf of plants on 21 DAS was harvested, and nuclei of leaves were extracted in Otto buffer (Otto, 1992; Doležel and Göhde, 1995) by chopping. Isolated nuclei were stained with propidium iodide (PI). Finally, DNA ploidy was analyzed with the flow cytometer, Cytomics FC500 flow cytometer (Beckman Coulter, Brea, CA, USA).




Results


Phylogeny relationship, evolutionary, conserved motif, and shared plant-specific domain analysis

As mentioned above, the Elongator complex was originally identified as a transcription factor in yeast (S. cerevisiae) (Otero et al., 1999; Wittschieben et al., 1999). Elongator components in eukaryotes are structurally conserved (Dauden et al., 2017a,b; Otero et al., 1999). Petrakis et al. (2005) suggested a weak, salt-labile interaction between yeast Kti12 and Elp4, although they did not prove the presence of Elp4 in the highly purified Kti12. Based on these findings, we attempted to examine the functions of AtELP4 and its genetic interaction with DRL1, a gene homologous to yeast KTI12. At first initially, we performed an amino acid alignment and phylogenetic analysis of ELP4 from various eukaryotes including yeast, human, and plants using MEGA7 software. ClustalX pairwise alignment of AtELP4 amino acid sequences with ELP4s from several species indicated that AtELP4 proteins displayed approximately 60% identity with plant ELP4 proteins, but only about 20% identity was observed with yeast or animal Elp4 proteins. In detail, AtELP4 was approximately 65% identical with other dicot plant ELP4 proteins (V. vinifera, C. sativus, G. max, and S. lycopersicum) and about 57% identical with monocot plant ELP4 proteins (O. sativa and Z. mays). Moreover, AtELP4 was just 20% identical to yeast or human Elp4 proteins (Supplementary Table 1).

However, we also performed the structural analysis of ELP4 using NCBI (Conserved Domain Database) (https://www.ncbi.nlm.nih.gov/cdd) to find conserved motifs of the ELP4 from various eukaryotes. ELP4 from eukaryotes shared PAXNEB domain, which is found in the histone acetyltransferase complex of RNA polymerase II holoenzyme. Since human and mouse PAXNEB genes were identified as yeast ELP4 homolog due to their significant homology (Winkler et al., 2001); PAXNEB domain (accession no. PF05625, https://www.ebi.ac.uk/interpro/entry/pfam/PF05625/) became a common/representative domain of an RNA polymerase II Elongator protein subunit. PAXNEB domain is known as the P-loop ATPase motif of RecA or RAD families, which catalyze recombination reactions using ATP-dependent DNA binding and DNA-dependent ATP hydrolase activities (Ponting, 2002; Nelissen et al., 2005; Glatt et al., 2012). Especially, PAXNEB domain in plant ELP4 homologs was conserved with KaiC-like domain (accession no. CD01124, https://www.ncbi.nlm.nih.gov/Structure/cdd/cd01124), which was found in KaiC, a circadian clock protein in cyanobacteria and possesses autophosphorylation activity (E-value < 0.1).

MEME online tool was used to uncover unknown motifs among ELP4 from plants, yeast, and animals (http://meme-suite.org/). A minimum of five motifs were used in the motif analysis along with other default parameters. A phylogenetic tree was built in order to better comprehend the makeup of the 27 plants, 3 yeast, and 10 animal species. The phylogeny was classified into three groups (plants, animals, and yeast) (Figure 1). We investigated the conserved motif distribution on ELP4. ELP4 proteins in the three groups share the same conserved motifs, which supports the phylogenetic tree conclusions (Figure 1). However, ELP4 proteins contain a variety of conserved motifs in each group. Motif 1 was identified as conserved motifs and could be traced in all groups (plant, animal, and yeast). Motifs 2 and 3 were found in plants and animals, not in yeast, showing specific features in multicellular organisms. Interestingly, motif 4 and motif 5 were present only in ELP4 of plants, indicating that these families have some unique evolutionary processes and functionalities (Figure 1 and Supplementary Table 2). These results of phylogenic analysis and conserved motif search revealed that ELP4 might play not only representative roles but also species-specific roles according to organisms, although ELP4 homologs are evolutionarily conserved.




Figure 1 | The phylogeny and conserved motif analysis and classified into three groups: plant, yeast, and animal. ELP4 protein motif composition is represented by distinct colored boxes with appropriate motif numbers and figure legends at the top.





Syntenic relationship between plant and yeast

We evaluate the collinearity relationship among plant and yeast species. The 27 plants (A. trichopoda, A. thaliana, B. distachyon, B. napus, C. sativus, G. max, G. hirsutum, H. annuus, H. syriacus, M. integrifolia, M. esculenta, M. polymorpha subsp ruderalis, M. truncatula, N. tabacum, N. colorata, O. sativa, P. equestris, P. patens, R. chinensis, S. hispanica, S. moellendorffii, S. lycopersicum, S. bicolor, V. vinifera, Z. mays, O. tauri, and I. nil) and three yeast (S. pombe, S. cerevisiae, and K. lactis) were subjected to microsynteny analysis to better understand the evolutionary and origin mechanism of ELP4 genes. Synteny analysis in plants and yeast revealed a substantial association between duplication, expression, gene evolution, triplication, and function. A. thaliana gene sequence demonstrated synteny with the B. napus gene sequence, with the red color indicating that these genes have 100% similarities (Figure 2). Furthermore, yeast (S. pombe, S. cerevisiae, and K. lactis) had synteny with each other and among plants, which was identical in orange (90%) and blue (70%) colors (Figure 2). ELP4 genes belonging to plants are mostly connected via red lines, showing more than 100% identity among plants. As yeast is considered the progenitor of the plants, the same thing was supported by our results where some plant sequences were 70% identical to yeast genes and are shown in blue color in Figure 2. Our result suggests that there are collinearity relationships between the different plant and yeast gene sequences, suggesting a potential evolutionary mechanism.




Figure 2 | The circos tool was used to determine the synteny relationship of ELP4 genes between the plant and yeast. The colors blue, green, orange, and red represent ≤50%, ≤70%, ≤90%, and >90% similarity, respectively.





Cis-acting elements analysis

The potential cis-acting factors were identified by using PlantCARE to better comprehend the expression control mechanism of ELP4 genes in plants and yeasts (Supplementary Table 3). These cis-acting elements were categorized mainly into three biological processes: biotic/abiotic stress responsiveness, phytohormones, and plant growth/development. The majority of ELP4 genes included the following cis-acting elements: ABRE, AAGAA-motif, TCA-element, ARE, TCA, MYB, LTR, I-box, 02-site, MYB-binding site, CAT-Box, TATA-box, G-box, and Sp1 (Figure 3). Stress-related cis-elements MYB, LTRs, and ARE, which are associated with drought, low temperature, and anaerobic induction, respectively, were stress-related cis-elements that were investigated. I-box, Sp1, Myb-binding site, and G-Box were distributed across the promoter regions (responsible for light).




Figure 3 | Cis-acting elements in ELP4 promoter of various plants and yeast. (A) Cis-acting elements with functional similarity on the upstream region of ELP4 genes are demonstrated by multiple colors. (B) In each category (plant growth development, abiotic/biotic stress, and phytohormone responsive), present cis-acting elements represent with different colors.



Phytohormone-related cis-elements, such as the TCA-element, TCA, and ABRE, were also found, which are associated with abscisic acid and salicylic acid (Figure 3 and Supplementary Table 3). O2-site (related in zinc metabolic control), AAGAA-motif (development-related), CAT-box (associated to meristem expression), and TATA-box (transcription start core promoter) are in the growth/development category. Moreover, Sp1 and TATA-box covered the highest portion, while in phytohormonal response, ABRE contributes the maximum portion. These results indicate that ELP4 genes had versatile functionality in plants and yeast.



Functional enrichment analysis

The putative functions of the ELP4 protein are anticipated by utilizing GO annotation analysis. Depending on amino acid similarities, ELP4 proteins were categorized into 23 distinct classes and split into three major ontologies: cellular component, molecular function, and biological process (Supplementary Table 4). In molecular function annotation, ELP4 protein was predicted to be most functional in transferase activity (51.67%), followed by enzyme regulator activity (48.33%). In cellular component annotation, ELP4 protein was annotated with protein complex, cytoplasm, organelle, intracellular, nucleus, and cell, with 13.67% followed by nucleoplasm (12.56%) and cytosol (6.68%). Moreover, in biological process annotation, predicted ELP4 protein was annotated with cellular nitrogen compound metabolic process and biosynthetic process along with the same percentage (12.95%), while signal transduction and stress responsiveness contributed equally (11.70%). However, cellular protein modification and chromosomal organization annotated 11.28%, while embryo development, reproduction, and anatomical structure development contributed equally (5.89%). Catabolic, small molecule, and nucleobase-containing compound catabolic processes contribute minimally (1.84%), while the tRNA metabolic process alone contributed 4.98% (Figure 4).




Figure 4 | GO enrichment analysis of ELP4 genes. Based on functions, these are classified into three groups (molecular functions, biological processes, and cellular components) and represented through different colors. GO, gene ontology.





ELP4 functions between Arabidopsis and yeast are partially conserved

To identify shared functions between yeast and Arabidopsis, we performed a complementation investigation utilizing AtELP4 protein in a yeast elp4Δ mutant. Yeast elp4Δ mutant exhibited resistance toward zymocin and γ-toxin, slow cell growth, thermosensitivity above 38°C, and hypersensitivity toward caffeine (Jablonowski et al., 2001). To confirm the functional complementation of AtELP4 in yeast elp4Δ mutant, we constructed the yeast expression vector AtELP4 harboring pTU1 and transformed it into yeast BY4741-derived elp4Δ mutant, Y02150. Finally, RT-PCR and qRT-PCR were used to validate AtELP4 expression in yeast elp4Δ mutant (Supplementary Figure 1). Each transgenic elp4Δ mutant containing an empty vector and overexpressing AtELP4 (Y02150:pTU-empty #1 and Y02150:pTU-AtELP4 #2, respectively) was chosen for further investigation. Compared to the retardation of cell growth of elp4Δ mutant Y02150 at normal conditions (30°C), AtELP4 expression in Y02150 did not rescue to wild type, BY4741 (Figure 5A). For a complementation assay for thermosensitivity and caffeine sensitivity, yeast lines grew at 38°C or in caffeine-containing media. Even though it did not fully restore the growth rate of the wild type, Y02150 that expressed AtELP4 grew faster at 38°C than Y02150 (Figure 5B). This result indicates that AtELP4 expression in Y02150 partially rescued the growth defects at 38°C (Figure 5B). However, AtELP4 expression in Y02150 did not absolutely rescue the sensitivity toward caffeine (Figure 5C). These results exhibited that the function of AtELP4 gene is partially conserved in that of yeast ELP4 gene.




Figure 5 | Complementation test of yeast elp4Δ mutant and caffeine sensitivity of Arabidopsis Atelp4 and drl1-102 single and double mutants. (A–C) Complementation of yeast elp4Δ mutant, Y02150 by Arabidopsis ELP4 expression in thermosensitivity and caffeine sensitivity. Wild-type BY4741, elp4Δ mutant Y02150, and the empty vector pTU1 or ELP4-driven pTU1 introduced Y02150 transgenic lines were grown in YPD media. For test of thermosensitivity, yeast lines were grown at (A) 30°C and (B) 38°C. Asterisks indicate significant differences compared to Y02150 at 20 h using a Student’s t-test (**, p-value <0.01). (C) For test of caffeine sensitivity, yeast lines were grown in YPD media containing 7.5 mM of caffeine. Yeast growth was determined by measuring optical densities at 2-h intervals over a period of 20 h using a spectrophotometer at 600 nm. (D) Caffeine sensitivity of Arabidopsis wild type, and Atelp4, drl1-102, and Atelp4 drl1-102 mutants. Plants were grown in MS media containing caffeine concentration in the range of 0 to 5 mM for 21 DAS, and then fresh weight of plants was measured. Ten individuals in each plant were collected, and data are shown as the means with SEs. Asterisks in panels B and D indicate significant differences compared to no treatment of each plant group using a Student’s t-test (*p-value <0.05; **p-value <0.01).





Caffeine sensitivity of Arabidopsis DRL1 and AtELP4 mutations

As mentioned above, ELP4 and KTI12 mutation in yeast triggered the growth defect by caffeine (Jun et al., 2015; Mehlgarten et al., 2017), and caffeine is well known as a cytokinesis inhibitor that disrupts cell plate in dividing cells of plants. To confirm the functional similarity of DRL1 and ELP4 between Arabidopsis and yeast, we observed the alteration of caffeine sensitivity by single and double ELP4 and DRL1 mutants, Atelp4 and drl1-102 in Arabidopsis. We measured the fresh weight of the plant shoot part that grew on the media containing each caffeine concentration series on 14 DAS. All plants of wild type and single and double mutants showed a decrease in fresh weight depending on caffeine concentration (Figure 5D). However, there was a variation in the extent of weight reduction between wild type and mutants. Compared to the normal condition, the fresh weight of each single and Atelp4 drl1-102 double mutants on the 0.5 mM of caffeine decreased to 70%, 55%, and 55%, whereas that of wild type decreased up to 87% (Figure 5D). The hypersensitivity toward caffeine by DRL1 and AtELP4 mutation in Arabidopsis indicates that DRL1 and ELP4 between Arabidopsis and yeast were conserved functionally, in the viewpoint of sensitivity of caffeine.



Atelp4 mutant had traits similar to drl1-102 mutant but showed severe phenotype during leaf development

We characterized Atelp4 single mutant and Atelp4 drl1-102 double mutant of Arabidopsis to study the Elongator complex’s role in leaf development. In the previous report, we described that the drl1-101 mutant formed trumpet-like and filamentous leaves, which had defects in adaxial–abaxial polarity and cell division (Cho et al., 2007). Compared with the wild type (Col-0), the drl1-102 mutant showed narrow and downward-curling (epinastic) leaf blades and an imprecise boundary between the leaf blade and petiole. Atelp4 mutant also showed narrow leaf blades with severely decreased size and unclear marginal boundary between blade and petiole; Atelp4 drl1-102 double mutant had a similar phenotype in leaves compared to Atelp4 single mutant, exhibiting a severe reduction in leaf width and serration in leaf margin (Figures 6A, B). The total area of the mature third leaf of Atelp4 and drl1-102 reduced up to 54.2% and 39.8% of that of the wild type (Figure 6C). Similar results were observed for the Atelp4 drl1-102 double mutant (39.2% of that of the wild type) (Figure 6C). The reduction in leaf width (70.8% to 59.3%) was more severe than the decrease in leaf length (82.8% to 75.1% in the mutants), relative to the wild type (Figures 6D, E). Due to more reduced leaf width than leaf length, the leaf index of Atelp4 and drl1-102 single and double mutants was higher (1.7, 1.9, and 1.8, respectively) than that of wild type (1.4) (Figure 6F), indicating narrower leaf blades in mutants. However, there was no significant difference between the three mutants. Our genetic approaches indicate that AtELP4 is epistatic to DRL1.




Figure 6 | Plant morphology of Atelp4 and drl1-102 single and double mutants. Morphology of (A) plants on 35 DAS and (B) the mature third rosette leaves on 21 DAS of wild type, and Atelp4, drl1-102, and Atelp4 drl1-102 mutants. Scale bar indicates 1 cm. (C) Total area, (D) width, (E) length, and (F) leaf index (the ratio of length to width of leaf blade) on the mature third rosette leaves in plants on 21 DAS. Leaves were independently collected from 10 plants, and data are shown as the means with SEs. Different lowercase letters in panels C–F indicate significant differences between plants, according to ANOVA and Tukey’s multiple range test (p-value <0.01).





Atelp4 and drl1-102 mutants are defective in cell proliferation and the adaxial–abaxial polarity patterning during leaf development

We used paradermal images and transverse sections to investigate the cellular phenotype at the widest part of the third leaf on the 21 (DAS). This was performed to mitigate the cellular changes in the leaves (Jun et al., 2019). Leaves of drl1-102 mutant showed reductions in cell number and size, 62.0% and 75.4%, respectively, compared to those of the wild type (Figures 7C, D). Atelp4 mutant showed reduced cell number and size, 61.7% and 51.5% in Atelp4, respectively. Atelp4 drl1-102 mutant also showed a reduction of cell number and size up to 58.2% and 52.0%, respectively, compared to the wild type (Figures 7A, C, D). These data indicated that DRL1 and AtELP4 positively regulated cell numbers in a similar way. From the viewpoint of cell proliferation and expansion, AtELP4 was epistatic to DRL1.




Figure 7 | Internal morphology in leaves and statistical analysis of palisade cells from Atelp4 and drl1-102 single and double mutants. (A) Paradermal images of palisade cells in the mature third rosette leaves in wild type, Atelp4, drl1-102, and Atelp4 drl1-102 on 21 DAS. (B) Transverse section of the middle region in the mature third leaves. Scale bar = 100 μm. (C) Cell number, (D) cell size, and (E) proportion of intercellular airspace in the mature third rosette leaves on 21 DAS. (F) Area distribution of palisade cells in the central region between leaf mid-vein and margin in the widest part of leaf blade. Leaves were independently collected from six plants, and data are shown as the means with SEs. Different lowercase letters in panels (C–E) indicate significant differences between plants, according to ANOVA and Tukey’s multiple range test (p-value <0.01).



In the distribution of palisade cell size in leaves, the drl1-102 mutant showed wider bell-shaped distribution than the wild type (Figure 7F). These results indicated that the cell size of drl1-102 leaves was more irregular than that of the wild type. However, the distribution of cell size in leaves from Atelp4 and Atelp4 drl1-102 showed sharper bell-shaped distribution, indicating some suppression processes in cell expansion. The measured cell area of wild type and Atelp4 and drl1-102 single and double mutants approximately follows a lognormal distribution with an average of 1,018.0, 767.6, 524.0, and 529.6 μm2 with a standard deviation of 92.6, 189.0, 104.3, and 89.0 μm2, respectively (Figure 7F).

In addition, leaves of each single and double mutant had increased intracellular airspace between palisade mesophyll cells of the adaxial subepidermal layer (Figures 7B, E). The proportion of intercellular airspace of Col-0, Atelp4, drl1-102, and Atelp4 drl1-102 was 11.1%, 17.6%, 18.5%, and 23.4% to the area of the central region between leaf mid-vein and margin in the widest part of the leaf blade, respectively, and showed an increment of intercellular airspace in the adaxial subepidermal layer in each single and double mutants (Figure 7E). In detail, intercellular airspace in drl1-102, Atelp4, and Atelp4 drl1-102 increased by 215.4%, 221.6%, and 256.1%, respectively, compared to that of the wild type (Figure 7E). These findings suggested that in mutants, the palisade’s adaxial side was transformed into an abaxial-like structure.

In the transverse section, mutants exhibited downward curling at the whole leaf blade, an increase in intercellular space/distance on the adaxial side, and a larger portion of phloem tissue in vascular bundles, compared to those of the wild type (Figure 7B). Especially, at Atelp4 and drl1-102, each single and double mutant showed remarkable downward curling at the whole part of the leaf blades, whereas the wild type showed downward curling at the marginal part of the leaf blades (Figure 7B).



Decreased chlorophyll content in Atelp4 and drl1-102 mutants

To explore further evidence of the abaxialization of leaves, we measured chlorophyll concentration and photosynthetic efficiency. Total chlorophyll in 1 mg of leaf in drl1-102, Atelp4, and Atelp4 drl1-102 mutants was reduced to 53.3%, 48.7%, and 59.5%, respectively, compared to wild type (Figure 8A). However, reduction in chlorophyll content had no effect on phenotype and photosynthesis efficiency in mutant leaves, with no variation in Fv/Fm value when compared to wild type (Figures 8B, C, D). Presumably, the residual amount of chlorophyll in mutants was sufficient to support a normal rate of photosynthesis containing light capturing.




Figure 8 | Photosynthesis efficiency and chlorophyll contents of Atelp4 and drl1-102 single and double mutants. (A) Chlorophyll content. (B) Photosynthesis efficiency (Fv/Fm ratio) (n = 10) measured by FluorCam, (C) phenotypes of plants, and (D) false color image of photosynthesis efficiency (Fv/Fm ratio) captured by FluorCam. The color box in panel D means photosynthesis efficiency from 0 (minimum value, blue) to 1.0 (maximum value, red). Data are shown as means of eight plants with SEs. Different lowercase letters in panels A and B indicate significant differences between plants, according to ANOVA and Tukey’s multiple range test (p-value <0.01).



The statistical analysis revealed that modifications in Atelp4 mutant leaves and cells were more severe than those in drl1-102 single mutant and similar with those in Atelp4 drl1-102 double mutant. These results indicate that DRL1 might act upstream of AtELP4 in two processes: regulation of cell proliferation and adaxial–abaxial polarity establishment.



AtELP4 and DRL1 control the expression of genes that regulate leaf polarity and cell proliferation of leaves

We previously described that drl1-101 mutant (No-0 background) showed suppression of cell proliferation and alteration in adaxial–abaxial polarity establishment through RT-PCR.

To verify that Atelp4 leaves underwent abaxilization in the adaxial side and inhibition of cell proliferation, we next examined the expression level of leaf polarity- or cell proliferation-relative genes by using qRT-PCR.

Atelp4, drl1-102, and Atelp4 drl1-102 mutants showed higher expression levels of the YAB family and abaxialization marker, KAN genes, and lower expression levels in adaxialization marker genes, HD-ZIP III genes, PHB, PHV, and REV (Figure 9). In addition, leaf polarity specifying gene, ASYMMETRIC LEAVES 2 (AS2), expression was decreased in AtELP4 mutation-dependent manner, while leaf abaxial identity specifying genes, AUXIN RESPONSE FACTOR 4 (ARF4), expression was increased in single and double mutants, compared to wild type (Supplementary Figure 2).




Figure 9 | Expression level of leaf polarity- and cell proliferation-relative genes in Atelp4 and drl1-102 single and double mutants. Identical amounts of total RNA isolated from 21-day-old rosette leaves of wild type (Col-0), Atelp4, drl1-102, and Atelp4 drl1-102 were subjected to qRT-PCR experiments to analyze the expression level of leaf polarity- and cell proliferation-relative genes. The expression level of analyzed genes was normalized by that of TUB4. Primer sequences of used genes are described in Supplementary Table 5.



We also analyzed the expression level of regulating genes of cell proliferation. Atelp4 and drl1-102 showed a weak increment in CYCB1;1 and CYCD3;1 expression, which is well known as positive cell cycle markers promoting cell division, compared to wild type (Supplementary Figure 2). Because these expressions were opposite to expected results in cell proliferation in mutants, we examined the expression level of KIP-RELATED PROTEINS (KRPs), which act as a cell cycle inhibitor. Single and double mutants displayed increase in KRP1 and KRP4 transcripts, compared to the wild type (Figure 9). According to the gene expression map of Arabidopsis eFP Brower (www.bar.utoronto.ca, Winter et al., 2007), KRP1 and KRP4 were strongly expressed in leaves, whereas other KRPs expressed much less than KRP1 and KRP4 in leaves. Therefore, we speculated that DRL1 and AtELP4 might take part in the control of the cell cycle through transcript regulation of cell cycle regulators.



AtELP4 and DRL1 regulate endoreduplication processes during leaf development

During the development of Arabidopsis leaves, the cell cycle for cell division and proliferation is known to transit to the endoreduplication cycle repeating DNA replication without entering mitosis (Jun et al., 2013). To understand the function of the Elongator complex on the development of mesophyll cells, we performed a DNA ploidy analysis to examine the nuclear ploidy in the third leaves of Atelp4 and drl1-102.

In 21-day-old wild-type plants (Col-0), DNA ploidy distribution in leaves reached an equal portion between the amount of 2C and 4C and the amount of more than 8C. In contrast, Atelp4 and drl1-102 showed more portion of the amount of 2C and 4C than that of 8C. 2C and 4C represent the G1 and G2 phases of dividing cells, respectively, while the appearance and accumulation of 8C and more DNA ploidy represent the departure from the cell cycle and activation of endoreduplication (Supplementary Figure 3). Hence, this result indicates that endoreduplication is delayed in Atelp4 and drl1-102.




Discussion


Conserved functions of ELP4 and DRL1 between Arabidopsis and yeast

Elongator in eukaryotes is a highly conserved complex with tRNA modification output that contributes to multiple cellular functions (Nelissen et al., 2005; Nakai et al., 2019). Among the six subunits of the Elongator complex, ELP4 forms a RecA-ATPase-like fold that assembles with ELP5 and ELP6 into a heterohexameric ring (Glatt et al., 2012). Functionally, the yeast (Elp456)2 subcomplex specifically recognizes and interacts with tRNA (Glatt et al., 2012). Mutations of yeast Elongator subunits and its associated protein Kti12 caused growth retardation at 38°C and sensitivity to caffeine treatment (Krogan and Greenblatt 2001; Jun et al., 2015; Mehlgarten et al., 2017). Our results showed that AtELP4 expression partially rescued growth retardation at 38°C of yeast elp4Δ mutant (Figure 5B). In our previous study, we demonstrated that plant DRL1 expression also partially rescued growth retardation at 38°C of the yeast kti12Δ mutant (Jun et al., 2015), indicating that the gene functions are partially conserved between plant DRL1 and yeast KTI12. Collectively, these cross-complementation analyses suggested that AtELP4 and DRL1 of Arabidopsis were closely related in function to their yeast homologs.

In contrast, we found one unknown motif specifically in plant ELP4, although further studies are necessary to prove this motif as a plant-specific binding or catalytic site. Previous research suggested that Kti12 motifs preserved in plant ortholog DRL1 may be involved in cofactor binding (Jun et al., 2015). We revealed that DRL1 is unable to fully replace the function of its yeast counterpart, Kti12, whereas hybrid domain fusion proteins between the two can be based on genetic cross-complementation analysis (Mehlgarten et al., 2017). Non-conserved plant-specific regions in DRL1 have been proposed to facilitate a selective physical or functional interaction with particular Elongator subunits from Arabidopsis.

Recently, it was demonstrated that ELP4 mutation impairs tRNA binding and diminishes Elongator activity, causing neurological defects in human cells (Gaik et al., 2022). Structural studies of mammalian Elongator provided evidence that in higher eukaryotes, Elp123 and Elp456 subcomplexes differ in a cell-type specific function (Gaik et al., 2022). This may be in contrast to unicellular yeast models suggesting species-specific sequence variation in Elongator subunits as a cause of evolutionary differences between lower and higher eukaryotes.



Elongator complex might control the expression of adaxial–abaxial determinant genes

Our findings show that the distribution pattern of palisade cell size in drl1-102 mutant leaves is more bell-shaped than in wild type (Figure 7F), indicating that the cell size of drl1-102 leaves was more irregular than that of wild type. In addition, leaves of Atelp4 and drl1-102 single and double mutants had increased intracellular airspace between palisade mesophyll cells of the adaxial subepidermal layer (Figure 7E). Furthermore, our results showed that loss-of-function mutation in AtELP4 or DRL1 induced not only increased expression levels of abaxial determinants, YAB and KAN families, but also decreased, expressing levels of adaxial determinants, AS2 and HD-ZIP III transcription factors, indicating that Elongator complex might regulate both the repression of the transcription of YAB and KAN families and the activation of the transcription of AS1 and HD-ZIP III genes. Nelissen et al. (2005) reported that Atelp3 mutant was abaxialized in the adaxial side of leaves, showing the narrow leaves with less, larger, and more irregularly shaped palisade cells with more intercellular spaces. Kojima et al. (2011) also reported that AtELP3 represses the expression of abaxial determinant genes, although it was unclear how AtELP3 regulates the transcription of abaxial determinant genes. These results supported our suggestion of the regulation of the dorsoventrality function by the Elongator complex. Recently, Nakai et al. (2019) reported that the tRNA modification function of Elongator is not required for the control of leaf abaxial–adaxial polarity.

Activation of YAB1/FIL transcription is shown to require the interaction of a specific mediator, MONOPTEROS (MP/ARF5), and SWI/SNF complex and recruitment on YAB loci at flower primordium initiation (Wu et al., 2015). (Nelissen et al. 2010) suggested based on ChIP analysis that the Holo-Elongator complex did not operate as a general transcription regulator but rather was involved in the acetylation of target genes. Exactly, they reported histone H3 lysine 14 acetylation in the coding regions of auxin repressor Short Hypocotyl 2 (SHY2; called also IAA3) and auxin influx carrier LAX2 genes to be under the control of Holo-Elongator (Nelissen et al., 2010). These findings showed that Elongator-dependent chromatin remodeling may regulate leaf polarity by activating or suppressing the expression of adaxial–abaxial determining genes via the auxin signaling cascade. Our results showed a reduction in AS1 expression in Atelp4 single and Atelp4 drl1-102 double mutants, suggesting the Elongator complex affects the expression of AS1. Taken together, we suggest that the Elongator complex might act upon a regulatory pathway for the expression of adaxial or abaxial determinant genes. However, the precise mode of Elongator action within the regulation of leaf patterning remains to be shown.



Elongator may be required for the determination of leaf flatness

Our results proclaimed that drl1-102, Atelp4 single, and Atelp4 drl1-102 double mutants had defects in the flatness of leaf blades, showing narrow and epinastic leaves (downward curling/curvature of leaf blade margin to abaxial side; downward curling along to the longitudinal axes) (Figure 7B). Leaf epinasty/hyponasty (downward curling or upward curling, respectively) was caused by the coordinated anisotropy of growth including cell division and expansion in epidermal, mesophyll parenchyma, and vascular tissues in leaves (Sandalio et al., 2016). The curling of leaves is known to be caused by differences or imbalances of cell proliferation or expansion rate between epidermis or mesophyll cell layers of adaxial and abaxial sides in leaves. In our results, abaxialized in the adaxial side of leaves from Atelp4, drl1-102, and Atelp4 drl1-102 mutants caused not only a reduction in cell number and size of palisade mesophyll cells but also an increase in intercellular airspace in the adaxial subepidermal layer, suggesting an alteration in flexibility/strength of the adaxial side (Figure 7E).

Consistent with the epinastic phenotype of leaves from Atelp4 and drl1-102 mutants, overexpression of YAB1 or YAB3 resulted in narrow and epinastic leaves (Siegfried et al., 1999). Loss of function in AtELP3 also showed narrow and epinastic leaves (Kojima et al., 2011). Additionally, the loss of function of AS1, AS2, or HD-ZIP III and a REV feedback regulator, ZPR overexpression, triggered downward curling with abaxialized leaves (Wenkel et al., 2007). These studies supported our suggestion that the Elongator complex may regulate leaf curling.

In contrast, auxin accumulation and gradients are factors controlling leaf epinasty. Exogenous auxin application or genetic alteration of auxin biosynthesis or signaling genes have been reported to present epinastic or hyponastic leaves by the disruption of auxin homeostasis (Keller and Van Volkenburgh, 1997; Keller and Van Volkenburgh, 1998; Kawano et al., 2003). Auxin overproduction caused by a reduction in free IAA or a decrease in auxin responsiveness causes leaf epinasty, according to genetic studies of rooty (King et al., 1995), superroot2 (Delarue et al., 1998), yucca (Zhao et al., 2001), and iaaM (Romano et al., 1995), whereas elevated auxin level or increased auxin response causes leaf hyponasty from the genetic studies of icu6 (Pérez-Pérez et al., 2010) and iamt1-D (Qin et al., 2005). iamt1-D, gain-of-function indole-3-acetic acid (IAA) carboxyl methyltransferase1 (IAMT1), converts free IAA to methyl-IAA in vitro, showing that reduction of free IAA has narrow and hyponastic leaves, whereas RNAi transgenic plants had epinastic leaves (Qin et al., 2005).

Although we do not yet have direct evidence of auxin level changes or response to auxin in leaf morphogenesis in Atelp4 mutant, our results presented that Elongator might be a linker between auxin response and the establishment of leaf polarity. These complicated multiple functions enable the Elongator to play an important role in auxin signaling (Nelissen et al., 2010, Leitner et al., 2015).



Elongator function in tRNA modification may be required for proper leaf development

Modification at the anticodon wobble position (U34) of tRNALys, tRNAGlu, and tRNAGln is in charge of fine-tuning mRNA translation efficiency and rate (Nakai et al., 2019). It is reported that the plant Elongator cooperates with two UBIQUITIN-RELATED MODIFIER 1 (URM1)-like proteins involved in sulfur modification of tRNA at U34 (Nakai et al., 2019). Lack of URM1-like proteins or AtELP3 exhibited an increase in intercellular airspace, a decrease in chlorophyll contents, and a delay of endoreduplication, suggesting the importance of U34 modification in leaf morphogenesis (Nakai et al., 2019). Similarly, our results showed that Atelp4 and drl1-102 single and double mutants had increased intercellular airspace and decreased cell number. Atelp4 and drl1-102 mutants also showed reduced chlorophyll contents and a delay of endoreduplication in leaves (Figure 8A and Supplementary Figure 3).

In summary, we suggest that AtELP4 as part of the Elongator complex in Arabidopsis plays critical roles in cell proliferation, leaf flatness, and establishment of leaf polarity through a collaboration with DRL1 during leaf morphogenesis. While the tRNA modification function clearly is important for proper leaf morphogenesis, the Elongator complex may also be required to contribute to leaf development in plants. Further studies will have to await the molecular mechanism and mode of action of individual Elongator subunits to elucidate Elongator’s diverse and versatile functions in plants.
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Supplementary Figure 1 | Expression level of AtELP4 and ScELP4 in yeast wild type (BY4741), elp4Δ mutant (Y02150), three lines of pTU1-empty vector harboring elp4Δ mutant (#1, #5, and #8), and two lines of pTU1-AtELP4 harboring elp4Δ mutant (#2 and #29) by (A) semi qRT-PCR and (B) qRT-PCR. To confirm ELP4 silence of Y02150, the expression level of endogenous Saccharomyces cerevisiae ELP4 (ScELP4) was estimated. The expression level was normalized to that of ScACT1.

Supplementary Figure 2 | Expression level of AtELP4, DRL1, and other genes by qRT-PCR in Atelp4 and drl1-102 single and double mutants. Identical amounts of total RNA isolated from 21-day-old seedlings of wild type (Col-0), Atelp4, drl1-102, and Atelp4 drl1-102 were subjected to qRT-PCR experiments to analyze the expression level of leaf polarity- and cell proliferation-relative genes. The expression level of analyzed genes was normalized by that of TUB4. Primer sequences of used genes are described in SUPPLEMENTARY TABLE 5.

Supplementary Figure 3 | Distribution of DNA ploidy on the mature 3rd rosette leaves of plants on 21 DAS.
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Bracts are the metamorphic non-flower organ in angiosperm plants. The variation of the color and shape of bracts was found to be neo-functionalized (i.e., similar to petals), garnering research interest as a pollinator attractor. Bougainvillea is known for its specialized, large, and colorful bracts, which contrast with its tiny colorless flowers. As a plant whose bracts vary greatly in terms of coloration, the molecular mechanisms for Bougainvillea bract coloration and polychroism are largely unknown. The lack of genomic information for Bougainvillea largely hinders studies into the evolution and genetic basis of bract color variation. In this study, a pan-transcriptome of bracts obtained from 18 Bougainvillea glabra accessions was employed to investigate the global population-level germplasm kinship and the gene regulation network for bract color variation. Our results showed that the bracts of B. glabra accessions have largely differentiated International Commission on Illumination (CIE) L-a-b values. Moreover, germplasm kinship detected using principal component analysis, phylogeny, and admixture analysis showed three optimal subgroups, two of them distinctly clustered, which were not directly correlated with bract color variation at the population level. Differentially expressed genes (DEGs) between accessions of high vs. low L-a-b values revealed several considerable upregulated genes related to bract color L-a-b variation. A weighted gene co-expression network was constructed, and eight co-expressed regulation modules were identified that were highly correlated with variation in bract CIE L-a-b color values. Several candidate DEGs and co-expressed hub genes (e.g., GERD, SGR, ABCA3, GST, CYP76AD1, CYP76C, and JAZ) that were tightly associated with bract color variation were eventually determined responsible for L-a-b colorations, which might be the core regulation factors contributing to the B. glabra bract color variation. This study provides valuable insights into the research on germplasm kinship, population-level pan-transcriptome expression profiles, and the molecular basis of color variation of key innovative bracts in horticultural Bougainvillea.




Keywords: pan-transcriptome, Bougainvillea bracts, color variation, co-expression network, gene regulation



Introduction

Even though the perianth (e.g., petals) has always been responsible for attracting pollinators and protecting reproductive organs (Pelaz et al., 2001; Ronse De Craene, 2007; Ma et al., 2016), the variation in color and shape makes them the main ornamental organs of horticultural plants (Colinas et al., 2014; Roy et al., 2015; Grueber, 2019). Compared with flower organs, bracts (usually metamorphosed leaves), which are non-floral organs, have received less attention. The eco-physiological function of bracts is not narrow and is thought to be neo-functionalized like the petals. The function of bracts is not only related to long-distance visual and reward signals but also for protecting the flower organs (Borges et al., 2003; Sun et al., 2008; Pélabon et al., 2012; Song et al., 2013; Chen et al., 2015). It has been reported that bracts act as signal amplifiers in hummingbird vision for flower pollination (Bergamo et al., 2019). In low-density butterfly-pollinated plants, in the absence of flowers, the white ultraviolet (UV)-absorbing bracts still attract butterflies to the plant (Borges et al., 2003). The bracts below the flowers of the epiphytic Neoregelia punctatissima in tropical rain forests can keep water stagnant and form a mutually beneficial symbiosis with Utricularia vulgaris (Benzing, 1989; Armbruster, 1997; Studnicka, 2009). It has been reported that the huge bracts of the Himalayan special giant herb, Rheum nobile, have multiple functions that not only provide heat within the flower and reduce UV radiation reaching the fruit but also could prevent pollen grains from being washed away by rain and increase the number of flower visitors (Song et al., 2013). The bracts of some tropical plants gradually changed from small to large, nocturnal open to closed, monochromatic to multicolored and evolved special functions to defend against natural enemies and attract more pollinators. In general, a bract is functionally similar to a petal and is an important organ within the context of plant reproductive strategies (Fenster et al., 2004).

In ornamental applications, many plants are exploited for their bright bract coloration, variable morphology, such as Bougainvillea spp., Davidia involucrata, Anthurium andraeanum, Zantedeschia aethiopica, N. punctatissima, Euphorbia pulcherrima, and Euphorbia milii. Several studies focus on the mechanism of development, color formation, and surface structure of bracts, among which some are based on the metabolomics-associated transcriptome (Li et al., 2016; Li et al., 2018; Nitarska et al., 2018). Moreover, genes related to bract color regulation have been identified from some of these plant species (Collette et al., 2004; Gopaulchan et al., 2014; Wei et al., 2016; Nitarska et al., 2021). Vilperte et al. (2021) indicated that the GST gene with a high mutation rate alters the changeable bract coloration in E. pulcherrima. Feng et al. (2012) found that B-class gene family may have contributed to the origin of bract in Cornus florida. Zhang et al. (2022) revealed that ABE class genes in the ABCDE model of floral development were highly expressed in Bougainvillea glabra.

The colorful bracts of Bougainvillea have been reported to attract moths and hummingbirds to assist in flower pollination in the tropical areas of Brazil (Bergamo et al., 2019). Moreover, the bract of Bougainvillea is one of the most variable plant ornamental organs regarding its color and shape. B. glabra is a globally popular horticultural plant that is widely planted in various gardens and landscapes due to its colorful bracts and free flowering habit (Roy et al., 2015; Saleem et al., 2021). Bougainvillea is a betalain biosynthesis plant; however, its bract coloration is driven by the difference in the content and ratio of betacyanins and betaxanthins according to a recent study (Wu et al., 2022). Although there are a total of 18 species in the genus Bougainvillea, only four species including B. glabra have large, colorful, and ornamental bracts (Kobayashi et al., 2007; Saleem et al., 2020). With nearly 200 years of cultivation, there are approximately 600 cultivars globally (Roy et al., 2015). Some of their bracts are in a wide range of colors, viz., white, yellow, pink, red, mauve, bicolored, and multicolored. B. glabra has an easy-bloom habit, fewer diseases and pests, and strong growth vigor and is used extensively in bonsai, gardens, and urban landscaping. Portable potted B. glabra plants of unique shape and size are a million-dollar business when nurseries are concerned (Roy et al., 2015). B. glabra not only is popular in ornamental applications but also recently has been used in biochemistry and the biosynthesis of compounds related to nutrition, medicine, and photovoltaic areas (Hernandez-Martinez et al., 2011; Abarca-Vargas et al., 2016; Abdel-Salam et al., 2017; Ahmar Rauf et al., 2019; Ashmawy et al., 2020; Saleem et al., 2020).

Even though there are lots of applications for Bougainvillea bracts, there is still a gap in the study for the molecular basis of the extensive variation of bract coloration in B. glabra. The function of bracts within the context of plant–pollinator interactions, adaptive evolution, and genetic basis of reproductive innovations has been seldomly investigated. Despite the plant having large colorful bracts, there is no reference genome available to ease the genome-wide association studies. To date, the molecular regulation mechanism of color variation in bracts of B. glabra at a large population level remains unexploited. There are some transcriptomic studies, but they are not sufficient to explain the large population-level phenotypic variations (Zhang et al., 2022). In this study, a pan-transcriptome assembly was employed based on transcriptome sequence data of 18 B. glabra accessions. The variation of bract coloration was quantified by measuring the International Commission on Illumination (CIE) L-a-b values using a spectrometer. The germplasm kinship within these accessions was detected at the global population level by principal component analysis (PCA), a phylogenetic tree, and admixture analysis. Moreover, an analysis of differentially expressed genes (DEGs) related to the high vs. low L-a-b value of bract coloration was conducted. In addition, the weighted gene co-expression network analysis (WGCNA) was performed between pan-transcriptome expression profiles and bract color variation of CIE L-a-b data to construct the essential regulation networks and identify the core regulation factors for B. glabra bract coloration. Finally, the pan-transcriptome profiles linked to B. glabra population-level color variation and associated regulation mechanisms were discussed.



Materials and methods


Sample collection

Bract samples used in this study were obtained from cuttings (3–5 years old) of B. glabra cultivars or accessions cultivated in the nursery of the Institute of Bougainvillea in Yuanshan, Zhangzhou, China. For each examined sample, mature bracts on several branches from a single accession were used. The information on the sampled accessions was listed in Supplementary Table S1.



Bract color measurements

In order to quantify the variation of bract coloration, the CIE L-a-b value (i.e., L, representing the brightness dimension; a, value representing the red and green dimension; b, representing the yellow and blue dimension) of standard color space model was used to measure the bract surface color using the AvaSpec-ULS2048CL-EVO high-speed CMOS spectrometer [Avantes (Shanghai, China) Co., Ltd.] (Ogutcen et al., 2020). The measurement of L-a-b color values for each accession was repeated four times. The average value (AL, Aa, Ab) of each L-a-b value was calculated as color trait data.



RNA sequencing and transcriptome assembly data source

The RNA sequencing (RNA-seq) data and de novo transcriptome assembly were downloaded from the Genome Sequence Archive (GSA), National Genomics Data Center (NGDC), under Bioproject number PRJCA011746 (Supplementary Materials).



Read mapping and variant calling

The transcriptome reads of the 18 B. glabra accessions were mapped onto the de novo assembled pan-transcriptome assembled transcripts using Bowtie2 (Langmead and Salzberg, 2012). The variants [including single-nucleotide polymorphisms (SNPs) and Indels] were called from mapped BAM files using the GATK pipeline with HaplotypeCaller model (McKenna et al., 2010). The variants were filtered using the following parameters: 2 < depth (DP) < 100, minQ >20, maximum missing rate <40%, and minor allele frequency (MAF) >2%. The filtered set of variants was then used for the downstream population genomic analysis.



Population genomic analysis

A maximum likelihood (ML) tree of the 18 B. glabra accessions was constructed with filtered variant sets using the software IQ-TREE 2.1.3 (Lam-Tung et al., 2015). Iterative tree construction was performed using the best model, PMB+F+R3 protein model, according to the Bayesian Information Criterion and an ultrafast bootstrap approximation algorithm. The final ML tree was visualized using the software iTOL v4 (Letunic and  Bork, 2019).

To further analyze the genetic relationship among the 18 accessions, the population admixture was constructed using admixture v1.3.0 (Alexander et al., 2009). The optimal number of clusters (K) was identified based on the cross-validation (CV) error value, which was tested from K = 1 to 10. After choosing the optimal K value, the admixture matrix was visualized using iTOL v4.

The genetic relationship matrix among the 18 accessions was calculated using the software GCTA (Yang et al., 2011). The eigenvalues and eigenvectors were generated for PCA. The top 2 principal components were used to generate PCA scatter plot by ggplot2 in R (RAM and ZJ, 2019).



Pan-transcriptome expression analysis

The expression levels of unigenes for bracts among the 18 accessions were quantified using the software RSEM (Dewey and Li, 2011) using BAM files generated from read mapping and normalized to the transcript per million (TPM) matrices. The statistical distribution of expression was constructed in box plot. The pheatmap package in R (Kolde and Kolde, 2018) was used to construct a heatmap with clustering tree for the correlation of expression levels among the 18 accessions. The PCA dimensionality reduction analysis was also performed on the expression levels of bracts to identify the clusters of the 18 accessions with high expression similarity.



Differentially expressed gene analysis

In DEG analysis, expression data of three accessions with the highest AL values vs. three accessions with the lowest AL values were used for comparison in DESeq2 (Love et al., 2014) with multiple test correction method “BH.” Significantly DEGs with P-adjust values <0.05 and two times up/down fold changes were screened. Expression data of accessions with the highest and the lowest Aa and Ab values were also processed in a similar way.



Weighted gene correlation network analysis and hub gene identification

To determine the correlation between bract phenotypical color variation and their gene expression levels, a gene expression network based on color variant trait data and gene TPM expression data of bracts from the 18 accessions was constructed using the WGCNA pipeline (Langfelder and Horvath, 2008). After the invalid insignificant expressed genes were filtered out from the TPM data, soft threshold of unsigned network was calculated to match the subsequent correlation analysis. Module detection was performed by Topological Overlap Matrix (TOM)-based similarity measurements, and the minimum number of genes per module was set at 50 genes. The module genes were then divided, while the similar modules were merged. For the module–trait correlation analysis, the eigengene value was calculated for each module to test the association with each average L-a-b color trait. The results of module–trait correlation were then constructed into heatmap to pick essential modules for subsequent analysis.

The module genes with high correlation with color trait data were exported to calculate the weight nodes and screen the hub genes in the cytoHubba plug-in of Cytoscape software (Shannon et al., 2003). Maximal Clique Centrality (MCC) algorithm was used to calculate the top 50 weighted genes in picked module and saved to map former annotation. After essential modules were selected and hub genes were calculated, a co-expression network was constructed using software Gephi (Bastian, 2009). We uploaded each picked module gene and hub gene with their annotation. Edge degree and module classification was calculated in Gephi, and small nodes without annotation and high edge degree were filtered. Finally, the co-expression network for each module was constructed.



Gene Ontology and Kyoto Encyclopedia of Genes and Genomes enrichment analysis

The selected genes from the DEG analysis and the genes in the essential modules from WGCNA were enriched based on the Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) database using clusterProfiler package in R (Yu et al., 2012). The top 20 terms of GO and KEGG enrichment were visualized in dotplot. The significance levels of GO and KEGG enrichment were tested with standard of P < 0.05.



Expression patterns of candidate differentially expressed genes and hub genes

The candidate genes from DEG analysis and the hub genes in the top WGCNA modules that correlated with L-a-b values were selected for expression pattern analysis. The expression patterns of selected genes were visualized using pheatmap package in R (Kolde and Kolde, 2018) according to the order of each bract L-a-b value from high to low among the 18 B. glabra accessions.



RT-qPCR expression validation

Real-time qPCR (RT-qPCR) was designed to verify the expression trend of candidate genes, and they were compared with transcriptome expression data (Bustin et al., 2009). Candidate genes screened out from DEGs and WGCNA were subjected to RT-qPCR experiment. Total RNA from bract samples with high, medium, and low L-a-b values was extracted for RT-qPCR using a Tiangen polysaccharide and polyphenol plant total RNA extraction kit [Tiangen Biotech (Beijing) Co., Ltd.]. The primers were designed by the Primer Premier 5.0 (Lalitha, 2000) (Supplementary Table S2). cDNA was synthesized using a TaKaRa PrimeScript RT Reagent Kit with a gDNA Eraser (Perfect Real Time) kit. RT-qPCR was performed on the CFX 96™ Real-Time PCR Detection System. The relative expression data were quantified by the 2−△△CT method and normalized by 18S rRNA (Schmittgen and Livak, 2008). The reaction mixture (20 μl) contained 10 μl of TB Green Premix Ex Taq II (Tli RNaseH Plus) (2×), 0.5 μl of PCR Forward Primer (10 μM), 0.5 μl of PCR Reverse Primer (10 μM), 1 μl of DNA template, and 8 μl of ddH2O. Subsequently, the PCR programs were conducted with a pre-denaturation at 95°C for 3 min; 40 cycles of 95°C for 10 s, 60°C for 30 s; and a final 65°C–95°C slow increase for melting curve analysis. Finally, T-tests were performed to detect the significance between differential expressions between samples.




Results


Phenotypic quantification of bract color variation in Bougainvillea glabra

The color variation of bract surface among the 18 accessions was quantified and represented by L-a-b values (Supplementary Tables S1, S3) and visualized as a three-dimensional (3D) scatter plot (Figure 1). In each dimension of L-a-b, the color data presented a linear variation. On the red-green dimension (trait Aa), F_06_SZ had the highest red value with 44.81 and C_12_DW had the highest green value with -1.983. On the yellow-blue dimension (trait Ab), O_07_DP had the highest yellow value with 15.38 and F_06_SZ had the highest blue value with -24.88. On the brightness dimension (trait AL), C_12_DW had the brightest value with 67.90 and F_06_SZ had the darkest value with 43.04. According to the measurement result, as |Aa+| (red) and |Ab-| (blue) values increased, the bract color tended to change from light purple to dark purple. When |Aa+| and |Ab+| (yellow) values increased, the bract color tended to change from pink to orange. When |Aa-| (green) and |AL+| (brightness) values increased, the bract color changed from white to bright green, giving it a leaflike appearance. Appropriately, F_06_SZ is the darkest and deepest purple accession and C_12_DW is the brightest whitest accession without any red pigmentation. Accessions O_07_DP and L_21_SP had top |Ab+| value, and the |Aa| value was not less than 10 that gave them orange coloration with a little red blended pigmentation.




Figure 1 | Cluster of bract color variations based on L-a-b value of the 18 Bougainvillea glabra accessions. There were three dimensions belonging to L, a, and b values, with red-green dimension (Aa), yellow-blue dimension (Ab), and brightness dimension (AL). Each point represents each accession.





Population structure of Bougainvillea glabra accessions

The phylogenetic tree clustered the 18 accessions into three major subgroups: Group I, Group II, and Group III (Figure 2A). Group I (C_02_SZ, L_19_DP, M_02_SP, and M_05_DP) clustered dispersedly. The accessions in Group I have a similar bract shape, which was narrowly elongated and sharply pointed at the front, while their bract color varied from white to pink-purple. Group II (Out_03_DZ, F_06_SZ, L_21_SP, N_07_SP, and O_07_DP) clustered apparently. Group II accessions also have a similar bract shape, which was mostly bigger and round overall, slowly pointed at the front, and slowly convergent at the base. Group III (C_12_DW, D_31_SZ, L_02_SZ, L_22_SP, M_04_SP, N_20_SP, O_08_SP, Out02_DP, and R_01_SW) clustered densely. The accessions in Group III mostly have round overall bracts with color varying from pink-purple to white.




Figure 2 | Germplasm kinship of the 18 Bougainvillea glabra accessions. (A) Maximum likelihood (ML) phylogenetic tree. The red numbers represent the bootstrap supporting values that were all 100%. The black numbers represent the length of each tree branch. Three colorful frames represent three clusters (Groups I, II, and III) of the 18 accessions on the tree. (B) Population structure. K = 2 and K = 3 show the two optimal inferred ancestral stratifications. (C) Principal component analysis (PCA) of B. glabra accessions. The top 2 principal components with 20.20% (PC1) and 13.50% (PC2) variation contributions. The three clustered groups (Groups I, II, and III) were consistent with the clusters on the ML tree.



Admixture analysis showed that the optimal clusters of the 18 accessions are K = 2 and K = 3 as revealed by the lowest CV error (Figure 2B). When K = 2, Group III of the phylogenetic tree mostly consisted of S1 stratification in admixture groups. Group I and Group II of the tree consisted of two stratifications, S1 and S2. When K = 3, most of the accessions in Group III only consisted of S1 stratification. Group I and Group II of the tree consisted of one, two, or three stratifications. The accessions N_07_SP and L_21_SP of Group II consisted of only S2 stratification, while C_02_SZ and M_05_DP of Group I consisted of only S3 stratification.

The clustering results of PCA were consistent with that of the phylogenetic tree and population structure. According to the PCA scatter plot of the 18 accessions (Figure 2C), the first two principal components in the PCA explained 20.20% and 13.50% of variation, respectively, with a combined 33.70% of the total variation.



Pan-transcriptome expression profiles of Bougainvillea glabra bracts

To detect the expression variation and their relationships among B. glabra accessions, we analyzed the expression distribution and correlation of all unigenes based on the pan-transcriptome assembly of the 18 accessions. The expression distribution was revealed by the log10(TPM) values in box plot (Figure 3A). The expression TPM level of each accession varied between -2 and 6. A total of 23,857 unigenes were expressed in all accessions, 11,100 unigenes were expressed in the most orange bract accessions O_07_ DP and L_21_SP, and 9,188 unigenes were expressed only in C_12_DW, which has the whitest bracts.




Figure 3 | Pan-transcriptome expression profiles of the 18 Bougainvillea glabra accessions. (A) The distribution of expression levels of the 18 accessions. The x axis represents each accession, and the y axis represents the log10(TPM) value. (B) The correlation of expression levels among the 18 accessions based on expression level (TPM values). Heatmap tree represents the magnitude of the correlation coefficient among accessions, which was clustered into four subgroups (Subgroups I, II, III, and IV). (C) Principal component analysis (PCA) of the 18 accessions based on expression level (TPM values). The top 2 principal components with 12.24% (PC1) and 9.96% (PC2) variation contributions. The four clustered groups (Subgroups I, II, III, and IV) were consistent with the clusters on the heatmap tree.



The correlation analysis of expression level showed that the 18 accessions were clustered into four subgroups (Figure 3B). Subgroup I contained accessions F_06_SZ, M_04_SP, Out_03_DZ, and L_22_SP, among which three of them had the deepest purple bracts. Subgroup II contained accessions M_02_SP, N_20_SP, C_02_SZ, M_05_DP, and O_07_DP, among which three of them had light purple bracts. Subgroup III consisted of accessions C_12_DW, L_02_SZ, Out02_DP, and R_01_SW, which had two white bract accessions. Subgroup IV contained accessions L_21_SP, N_07_SP, L_19_DP, D_31_SZ, and O_08_SP, among which three of them had orange bracts.

According to the subgroup classification in the correlation analysis, the PCA clustering of expression levels among the 18 accessions (Figure 3C) showed that Subgroup I separated dispersedly and most accessions are purple bracts. Several accessions of Subgroup II clustered together on PC1 dimension but dispersedly along PC2 dimension whose bract color varied from purple to orange. Subgroup III clustered densely that were mostly purple bract and white bract accessions. Subgroup IV contained three accessions with orange bract relatively clustered together on PC2 but dispersedly on PC1 dimension.



Differentially expressed gene analysis of bract color traits

To screen the gene response to the bract color variation, accessions with the highest and lowest L-a-b values were selected to conduct the DEG analysis. By comparing the gene expressions of the three accessions (N_20_SP, C_12_DW, and R_01_SW) with the lowest Aa values and the three accessions (F_06_SZ, M_04_SP, and Out_03_DZ) with the highest Aa values, 101 significantly upregulated/downregulated genes (76 upregulated/25 downregulated) were identified (Figures 4A, D; Supplementary Table S4). These genes were mostly involved in the extracellular region (gene number/P value, 8/0.00), cell wall (6/0.00), external encapsulating structure (6/0.00) according to GO enrichment (Supplementary Figure S1A left) and were enriched in plant–pathogen interaction (3/0.02), cyanoamino acid metabolism (2/0.00), and pentose and glucuronate interconversions (2/0.01) according to KEGG enrichment (Supplementary Figure S1A right).




Figure 4 | Differentially expressed gene (DEG) analysis based on the pairwise contrast comparisons of bract color L-a-b values. (A) Box plot of a value between accessions of high (F_06_SZ, M_04_SP, and Out_03_DZ) vs. low (N_20_SP, C_12_DW, and R_01_SW) values. (B) Box plot of b value between accessions of high (O_07_DP, L_21_SP, and L_19_DP) vs. low (F_06_SZ, M_04_SP, and Out_03_DZ) values. (C) Box plot of L value between accessions of high (C_12_DW, R_01_SW, and M_02_SP) vs. low (F_06_SZ, M_04_SP, and Out_03_DZ) values. Volcano plot of DEGs for a (D), b (E), and L (F) value of each comparison between accessions with high vs. low values. Asterisks represent the significance of the T-test for each comparison as indicated by **P < 0.01 and ***P < 0.001.



By comparing the gene expressions of the three accessions (F_06_SZ, M_04_SP, and Out_03_DZ) with the lowest Ab values and the three accessions (O_07_DP, L_21_SP, and L_19_DP) with the highest Ab values, 196 significantly upregulated/downregulated genes (75 upregulated/121 downregulated) were identified (Figures 4B, E; Supplementary Table S4). These genes were mostly involved in the extracellular region (6/0.01), monooxygenase activity (5/0.00), and cell wall organization or biogenesis (4/0.01) according to GO enrichment (Supplementary Figure S1B left) and were enriched in plant–pathogen interaction (5/0.00) and phenylpropanoid biosynthesis (4/0.00) according to KEGG enrichment (Supplementary Figure S1B right).

According to the comparisons of the gene expressions for the three accessions (F_06_SZ, M_04_SP, and Out_03_DZ) with the lowest AL value and the three accessions (C_12_DW, R_01_SW, and M_02_SP) with the highest L value, 119 significantly upregulated/downregulated genes (23 upregulated/96 downregulated) were identified (Figures 4C, F; Supplementary Table S4). These genes were mostly involved in the extracellular region (11/0.00), catabolic process (8/0.01), and defense response (6/0.00) according to GO enrichment (Supplementary Figure S1C left) and were enriched in sesquiterpenoid and triterpenoid biosynthesis (2/0.01) and pentose and glucuronate interconversions (2/0.02) according to KEGG enrichment (Supplementary Figure S1C right).



Weighted gene co-expression network analysis and hub gene identification

The L-a-b values as the trait data combined with a total of 19,484 gene expression data of bracts for the 18 accessions were subjected to WGCNA. We picked the soft threshold (power) at 7, which passed the scale independence and mean connectivity standard for the network analysis. Gene expression was detected as an outlier based on the “ward.D2” module with all accessions passed. A total of 40 modules were constructed in the WGCNA (Figure 5A). Modules MEdarkgrey, MEred, and MEcyan had more than 60% correlation (Pearson correlation coefficient) with trait Aa but low to -1% for traits Ab and AL. Modules MEyellowgreen, MEsaddlebrown, and MEorange had more than 50% correlation with trait Ab. Only module MEdarkolivegreen had more than 50% correlation with trait AL. The genes in the modules that had more than 60% correlation with bract color Aa value were constructed into a co-expression network by Gephi (Figure 5B) and calculated by the cytoHubba plug-in in Cytoscape based on the MCC algorithm.




Figure 5 | Relationships between WGCNA modules and bract color traits and co-expression networks of top modules. (A) Module–trait correlations show 40 modules were clustered in the heatmap. The x axis represents the L-a-b value; the y axis represents clustered modules. The heatmap shows the Pearson correlation coefficient (PCC) with P values. The top WGCNA modules (green frames) were selected by criteria of PCC value >60% for Aa value, PCC value >50% for Ab value, and PCC value >30% for AL value. (B) Networks of the top 3 modules MEdarkgrey, MEred, and MEcyan correlated with Aa value. A total of 96 annotated hub genes are shown by colored nodes in these modules. (C) Networks of the top 3 modules MEyellowgreen, MEsaddlebrown, and MElightyellow correlated with Ab value. A total of 98 annotated hub genes are shown by colored nodes in these modules. (D) Networks of the top 2 modules MEdarkolivegreen and MEsteelblue correlated with AL value. A total of 62 annotated hub genes are shown by colored nodes in these modules. In each network, the node represents the gene, and the edge represents the connection between nodes. The size of node and word represents the weight degree (number of nodes it connected).



The top 50 genes in the co-expression network were selected as the hub genes of each module according to the connect weight values calculated by Cytoscape. A total of 96 notable annotated hub genes from co-expression networks of the top 3 modules were screened (Figure 5B; Supplementary Table S5). For trait Ab, the genes in the modules that had more than 50% correlation with bract color Ab value were constructed into the co-expression network. A total of 98 annotated hub genes from co-expression networks of the top 3 modules were selected (Figure 5C; Supplementary Table S5). For trait AL, the genes in the modules that had more than 30% correlation with L value were constructed into the network. A total of 62 annotated hub genes from co-expression networks of the top 2 modules were selected (Figure 5D; Supplementary Table S5).



Gene Ontology and Kyoto Encyclopedia of Genes and Genomes enrichment of genes in Weighted Gene Correlation Network Analysis (WGCNA) modules

Genes in the modules that had more than 50% Pearson correlation coefficient with each color trait value and P value <0.05 were extracted for GO and KEGG enrichment (Figure 6). For trait Aa, the genes in modules MEdarkgrey (Pearson correlation coefficient/P value, 0.65/0.003), MEcyan (0.61/0.007), and MEred (0.62/0.006) were selected for enrichment analysis. GO enrichment indicated that 1,621 genes in these top modules were mainly involved in oxidoreductase activity (gene number/P value, 9/0.00), terpene synthase activity (6/0.00), GTPase activity (5/0.00), and response to UV-B (3/0.00) (Figure 6A left). KEGG enrichment indicated that 1,621 genes were mainly enriched in phenylpropanoid biosynthesis (7/0.01), plant–pathogen interaction (6/0.01), and sesquiterpenoid and triterpenoid biosynthesis (4/0.00) (Figure 6A right).




Figure 6 | GO and KEGG enrichment for genes in the top WGCNA modules correlated with color L-a-b values. The top WGCNA modules were selected by criteria of Pearson correlation coefficient value >50% and P < 0.05 from Figure 5. GO (left) and KEGG (right) enrichment for genes in top modules co-related with Aa (A), Ab (B), and AL (C) values. The color bar means the P-adjust value, while the circle shows the number of enriched genes.



For trait Ab, genes in the modules MEorange (0.52/0.03), MEsaddlebrown (0.58/0.01), and MEyellowgreen (0.66/0.003) were selected for enrichment analysis. GO enrichment indicated that 473 genes in these top modules were mainly involved in catalytic activity (5/0.00), ATPase activity, coupled to transmembrane movement of substances (3/0.04), endopeptidase inhibitor activity (2/0.01), and S-adenosylmethionine-dependent methyltransferase activity (2/0.02) (Figure 6B left). KEGG enrichment indicated that 473 genes were mainly enriched in the ABC transporters (3/0.00), mitogen-activated protein kinase (MAPK) signaling pathway–plant (2/0.00), and starch and sucrose metabolism (2/0.01) (Figure 6B right).

For trait AL, genes in the module MEdarkolivegreen (0.53/0.02) were selected for enrichment analysis. GO enrichment indicated that 129 genes in this module were mainly involved in cytochrome-c oxidase activity (3/0.00), response to auxin (2/0.01), and response to stimulus (1/0.01) (Figure 6C left). KEGG enrichment indicated that 129 genes were mainly enriched in tropane, piperidine, and pyridine alkaloid biosynthesis (2/0.00), alanine, aspartate, and glutamate metabolism (1/0.03), and aminoacyl-tRNA biosynthesis (1/0.05) (Figure 6C right).



Expression patterns of candidate differentially expressed genes and hub genes

Candidate DEGs between accessions with high vs. low L-a-b values might potentially be involved in the regulation of bract coloration in B. glabra. In DEGs of high vs. low Aa values, one peroxidase 42 (E1.11.1.7) gene, one (-)-germacrene D synthase-like (GERD) gene, one chalcone synthase (CHS) gene, and one S-adenosylmethionine synthase 2-like (metK) gene were selected to show the consistency of expression variation with variation in bract Aa value (Figure 7A; Supplementary Table S6). In the accessions F_06_SZ, M_04_SP, and Out03_DZ with the highest Aa value, these genes were generally upregulated, while in the accessions N_20_SP, R_01_SW, and C_12_DW with lower Aa value, these genes were generally expressed less (Figure 7A). Moreover, in DEGs of high vs. low Ab values, one primary-amine oxidase (AOC3) gene, one cytochrome P450 (CYP716A) gene, and one cytochrome P450 76T24-like (CYP76C) gene were selected. In accessions O_07_DP, L_21_SP, L_19_DP, and N_07_SP with the highest Ab value, these genes were upregulated considerably, while in accessions F_06_SZ, Out03_DZ, M_04_SP, and C_02_SZ with lower Ab value, genes were generally downregulated (Figure 7B). For DEGs of high vs. low AL values, only E1.11.1.7 gene was selected. In the accessions R_01_SW and C_12_DW with the highest AL value, E1.11.1.7 was upregulated, while expressed less in other accessions (Figure 7C).




Figure 7 | Expression patterns of selected DEG candidates and hub genes in each top WGCNA module along with bract color L-a-b values. Expression heatmap of selected DEG candidates and hub genes in each top WGCNA module along with color Aa (A), Ab (B), and AL (C) values ordered from high to low. The x axis represents each accession ordered by the color L-a-b values from high to low. The y axis represents DEG candidates, hub genes identified in each top module, as well as color trait values.



In the top WGCNA module MEdarkgrey correlated with trait Aa, two stay-green protein (SGR) genes, RING finger and CHY zinc finger domain-containing protein 1 (RCHY1) gene, and one GERD were selected (Figure 8A; Supplementary Table S6). In module MEred, two xanthoxin dehydrogenase (ABA2) genes, one metK, ditrans,polycis-polyprenyl diphosphate synthase (DHDDS) gene, and chlorophyll b reductase (NOL) gene were selected to show the consistency of expression variation with variation in bract Aa value. In module MEcyan, one ubiquitin-conjugating enzyme E2 A (UBE2A) gene, one allene oxide cyclase (AOC) gene, one molecular chaperone HtpG (HSP90A) gene, and cinnamyl-alcohol dehydrogenase (K22395) gene were selected. In the accessions F_06_SZ and Out03_DZ with the highest Aa value, these genes were generally upregulated, while in the accessions R_01_SW and C_12_DW with lower Aa value, these genes were generally expressed less (Figure 7A).




Figure 8 | The relative expression of candidate genes in bracts of Bougainvillea glabra validated by RT-qPCR. (A) The expression patterns of genes GERD (from DEG analysis) and SGR (hub gene from the co-expression network) in accessions C_12_DW, D_31_SZ, and F_06_SZ following increased Aa value. (B) The expression patterns of genes AOC3 (from DEG analysis) and GST (hub gene from the co-expression network) in accession F_06_SZ, L_22_SP, and O_07_DP following increased Ab value. (C) The expression patterns of genes E1.11.1.7 (from DEG analysis) and JAZ (hub gene from the co-expression network) in accession F_06_SZ, O_07_DP, R_01_SW, and C_12_DW following increased AL value. Asterisks represent the significance of the T-test for each comparison as indicated by **P < 0.01, ***P < 0.001, and ****P < 0.0001.



For trait Ab in WGCNA module MEyellowgreen, one signal peptide peptidase-like 2B (SPPL2B) gene, one transcription factor C subunit 3 (TFC3) gene, one phospholipase C (PLC) gene, and one acylaminoacyl-peptidase (APEH) gene were selected to show the consistency of expression variation with variation in bract Ab value (Figure 8B; Supplementary Table S6). In module MEorange, ATP-binding cassette, subfamily A (ABC1) and member 3 (ABCA3), vacuolar protein sorting 34 (PIK3C3), one protein-lysine N-methyltransferase EEF2KMT (EEF2KMT) gene, one UBX domain-containing protein 7 (UBXN7) gene, one type I protein arginine methyltransferase (CARM1) gene, and one UDP-glycosyltransferase (FG3) gene were selected. In module MEsaddlebrown, one small subunit ribosomal protein S29e (RP-S29e) gene, one glutathione S-transferase T1 (GST) gene, one urate oxidase (uaZ) gene, one sphingosine kinase (SPHK) gene, and one ATP-dependent RNA helicase DHX36 (DHX36) gene were selected. In accessions O_07_DP, L_21_SP, L_19_DP, and N_07_SP with the highest Ab value, these genes were upregulated considerably, while in the accessions F_06_SZ, Out03_DZ, M_04_SP, and C_02_SZ with lower Ab value, genes were generally downregulated (Figure 7B).

For trait AL in module MEdarkolivegreen, three COX1, COX2, and COX3, one cytochrome P450 82G1 monooxygenase (CYP82G1) gene, and one F-type H+-transporting ATPase subunit a (ATPeF0A) gene were selected to show the consistency of expression variation with variation in bract AL value (Figure 7C; Supplementary Table S6). In module MEsteelblue, four jasmonate ZIM domain-containing protein (JAZ) genes, one dCTP diphosphatase (DCTPP1) gene, and one tryptophan synthase beta chain (trpB) gene were selected. In the accessions R_01_SW and C_12_DW with the highest AL value, these genes were generally upregulated, while genes were generally expressed in low levels in other accessions (Figure 7C).



RT-qPCR validation

Among genes screened from DEG analysis, a GERD gene (TRINITY_DN19569_c0_g1) upregulated in accessions of high L-a-b values was chosen for RT-qPCR validation in C_12_DW, D_31_SZ, and F_06_SZ accessions following increased Aa value (Figure 8A left). RT-qPCR result showed that the trend of GERD gene expression was similar as that in transcriptome expression analysis (Figures 7A, 8A left). Compared with C_12_DW and D_31_SZ, the F_06_SZ (T-test, P < 0.01; P < 0.001) exhibited increased expression of GERD. An AOC3 gene (TRINITY_DN6496_c0_g2) upregulated in high Ab value accessions was also selected for RT-qPCR validation in F_06_SZ, L_22_SP, and O_07_DP accessions following increased Ab value (Figure 8B left). Results showed a reduced expression in L_22_SP (T-test, P < 0.0001) compared with F_06_SZ and an increased expression in O_07_DP (T-test, P < 0.001) compared with F_06_SZ. A peroxidase (E1.11.1.7) gene (TRINITY_DN1078_c0_g1) upregulated in high L value accessions was chosen to perform RT-qPCR validation in F_06_SZ, O_07_DP, and C_12_DW accessions following increased AL value (Figure 8C left). The results showed an increased expression in O_07_DP (T-test, P < 0.01) compared with F_06_SZ and a reduced expression in C_12_DW (T-test, P < 0.01) compared with F_06_SZ.

For the hub genes from each co-expression network, SGR gene (TRINITY_DN12271_c0_g2) was chosen for RT-qPCR validation in C_12_DW, D_31_SZ, and F_06_SZ accessions following increased Aa value (Figure 8A right). The trend of relative expression was consistent with the trend in transcriptome expression analysis (Figures 7A, 8A right). Compared with C_12_DW, SGR was significantly upregulated (T-test, P < 0.001) in F_06_SZ and D_31_SZ accessions. GST gene (TRINITY_DN671_c0_g2) was selected for RT-qPCR validation in F_06_SZ, L_22_SP, and O_07_DP accessions following increasing Ab value. The expression of GST in O_07_DP (T-test, P < 0.01) was increased compared with F_06_SZ but no significant difference between F_06_SZ and L_22_SP (Figure 8B right). JAZ gene (TRINITY_DN16399_c0_g1) was also selected for RT-qPCR validation in F_06_SZ, O_07_DP, and R_01_SW accessions following increased AL value. The JAZ gene showed reduced expression in O_07_DP (T-test, P < 0.001) compared with F_06_SZ but significant upregulation in R_01_SW compared with F_06_SZ (T-test, P < 0.001) (Figure 8C right).




Discussion

As a non-flower metamorphic organ in angiosperms, bracts are often neglected. However, Bougainvillea shows extensive color variation in bract color and shape across various cultivars, making it an ideal system for studying the neo-functionalization of bract coloration. Lack of genome information for Bougainvillea warranted the application of a pan-transcriptome-based approach. In this study, we have employed a pan-transcriptome assembly based on the transcriptome data of the 18 B. glabra accessions and revealed their germplasm kinship and regulation network of bract color variation. The variation of the bract color on the scale of L-a-b value was determined. In addition, by constructing the germplasm kinship of B. glabra accession using PCA, phylogenetic tree, and admixture analysis, three optimal subgroups were clustered, which were not directly correlated with bract color variation at the population level. Moreover, DEG analysis between accessions in high vs. low L-a-b value excavated hundreds of upregulated genes that might be involved in bract color variation of B. glabra. Finally, eight co-expressed regulation modules were identified by WGCNA, which have a high correlation with bract color variation of L-a-b values. Several hub genes in the co-expressed network were determined as the core regulation factors that might contribute to the variation of B. glabra bract coloration.

Analysis of bract color variation in CIE L-a-b values among the 18 accessions showed that the purple coloration of bracts was constituted with Aa+ and Ab- value, whereas the orange coloration was constituted with Aa+ and Ab+ value. Several studies showed that the pigmentation of Bougainvillea bracts are involved in betalain metabolism pathway, while other plant colorations were being linked to betalain biosynthesis (Gandiía-Herrero et al., 2005; Khan and Giridhar, 2015; Xu et al., 2016; Wu et al., 2022). Wu et al. (2022) recently showed that bract color variation of Bougainvillea is the result of varied proportions of betacyanins and betaxanthins. And their measurements of bract L-a-b value are consistent with our results. However, these studies only focused on the metabolism or pigmentation and did not investigate their coloration variation at the genome-wide population level. Population genomic study of B. glabra germplasm kinship showed three optimal subgroups among the 18 accessions with one subgroup relatively containing pure stratification and others were mixture structure. Although the kinship clustering of these accessions was not directly related to their bract coloration, we speculated that the color variation of B. glabra accessions might be due to the adaptation to pollinator selection in local environments. However, we do not exclude the exception of hybridization or genomic introgression during evolution or cultivation (Kobayashi et al., 2007; Ohri, 2013; Priyadarshini et al., 2017).

Either transcriptomes or metabolomes have been used to study the variation of specialized metabolites in Bougainvillea (Xu and Lin, 2010; Xu et al., 2016; Kumar et al., 2017; Lin et al., 2021; Ohno et al., 2021; Wu et al., 2022; Zhang et al., 2022). However, a comprehensive association study of gene expression and phenotypes has not been performed at the population scale. By integrating the co-expression profiles with bract phenotypical coloration data, we detected the positive correlation of the gene expression with bract color variation in B. glabra population. The 1,621 genes in WGCNA modules correlated with color Aa value enriched in a significant pathway of the response to UV-B. The pathway contained three UV-B receptor (UVR8) genes that were involved in the flavone, flavonol, and betalain biosynthesis (Tilbrook et al., 2013; Li et al., 2020; Ortega-Hernández et al., 2020) and might have an association with the variation of B. glabra bract color Aa values. Moreover, two abscisic-aldehyde oxidase (AAO3) genes found in these modules that participated in the carotenoid biosynthesis might also be involved in these processes (Colasuonno et al., 2017; Xia et al., 2020). Additionally, the 473 genes in WGCNA modules that correlated with color Ab value included three genes enriched in pathways of ABC transporters and a few GST genes that encoded glutathione-S-transferase, which might contribute to color variation and intensity of bract Ab coloration. It was reported that ABC transporter A family member (ABCA) genes participate in flavonoid transport (Sugiyama et al., 2007; Zhao and Dixon, 2010), while the regulation of GST-ABC transporters on flower color intensity was reported in carnations (Sasaki et al., 2012; Vilperte et al., 2021). Furthermore, 129 WGCNA module genes highly correlated with color AL value and were mostly enriched in cytochrome-c oxidase activity. Among them, three notable cytochrome c oxidase subunit I, II, III (COX1, COX2, COX3) genes involved in oxidative phosphorylation during fruit ripening and petal senescence (Considine et al., 2001; Azad et al., 2008; Song et al., 2015) might be related to bract color AL traits controlling the bract brightness changes.

The bract color of B. glabra is one of the most important phenotypic traits affecting its ornamental value. The multicolored bracts of B. glabra are mainly attributed to pigments: betalains, carotenoids, flavonoids, and chlorophylls (Xu and Lin, 2010; Ahmed, 2014; Kumar et al., 2017; Mahendran et al., 2020). According to the expression patterns of DEG candidates and co-expressed hub genes in the green to red dimension (Aa value) of bract color, two GERD genes and two SGR genes were identified. GERD gene encodes germacrene D, considered as a precursor of many sesquiterpenes (Bülow and König, 2000). A previous study showed that pollinator-mediated selection on floral traits can occur simultaneously, leading to specific scent–color combinations as the pollination syndromes (Fenster et al., 2004). Several studies also revealed the pigment–scent connection in anthocyanin synthesis plants (Majetic et al., 2010; Yeon and Kim, 2020; Yeon and Kim, 2021), but few have focused on betalain synthesis in plants (Majetic et al., 2010). We found that the trend of GERD gene expression was significantly upregulated following increased Aa value, which was also validated in RT-qPCR experiment. SGR de-chelates magnesium from chlorophyll a and induces the chlorophyll b reductase NOL expression to activate the degradation of chlorophyll b, thereby achieving the degradation of chlorophyll, resulting in green color reduction in leaves (Sato et al., 2018). Shen et al. (2018) found that upregulated SGR might have changed the color of tea leaf from green to purple. Both expression pattern analysis and RT-qPCR experiment indicated that two SGR genes and a NOL showed high expression in accessions with the highest Aa value. Notably, we observed upregulation of major carotenoid biosynthesis pathway gene ABA2, which was consistent with increased Aa value, especially in accession F_06_SZ. It might be possible that the downregulation of SGR, NOL, and ABA2 genes led to the higher concentrations of chlorophyll and lower concentrations of carotenoids, resulting in green bract coloration (Gonzaílez-Guzmaín et al., 2002). Barrero (2008) found that the ABA type gene mutation showed impaired production of the β-carotene-derived xanthophylls, neoxanthin, violaxanthin, and antheraxanthin and resulted in skotomorphogenic phenotype. When these three genes were at high expression levels, chlorophyll might be decreased and carotenoids might be accumulated, leading to the formation of red and purple coloration in Bougainvillea bracts (Sato et al., 2018). Moreover, one E1.11.1.7 involved in decolorization of betacyanins and betaxanthin in color modifications in betalain biosynthesis plant was also observed (Josefa et al., 1998; Kugler et al., 2007; Wasserman et al., 2010; Manchali et al., 2012; Pedre O and Escribano, 2000). The Aa value variation might be due to the better antiradical activity of betacyanins than that of the betaxanthins in B. glabra bracts.

Although B. glabra is dominated by betalains, there are also flavonoids such as quercetin, kaempferol, myricetin, apigenin, and isorhamnetin (Xu and Lin, 2010; Ahmed, 2014; Maran et al., 2015). In the yellow to blue dimension (Ab value) of bract color, we identified a hue gene FG3 involved in flavone and flavonol biosynthesis with UDP-glycosyltransferase activity (Di et al., 2015). FG3 was upregulated at orange bract accession O_07_DP and L_21_SP, which had the highest Ab value, while FG3 was also highly expressed in F_06_SZ, the individual with the lowest Ab value (Figure 7B). The result indicated that gene regulations of flavonoid metabolism might contribute to the intensity of coloration, making the bracts appear orange and purple-blue combined with other pigments. A study showed that FG3 might cause a reduction of photosynthesis when normal flavonol levels are being produced (Buttery and Buzzell, 1987). Specifically, both GST and ABCA3 genes showed high expression mainly in highest Ab value individuals, which was validated by RT-qPCR. The GST-ABC transporters and endoplasmic reticulum mediation have recently been reported to be linked to secondary metabolite transportation, such as trafficking anthocyanins in Arabidopsis, carnation, and maize (Sugiyama et al., 2007; Sasaki et al., 2012; Vilperte et al., 2021). These two genes might also be involved in betalain transport and be responsible for the intensity of bract color in Bougainvillea. Additionally, several studies showed that CYP76AD5/6/1 is required for the initial tyrosine hydroxylation to L-DOPA, and CYP76AD1 is required for the conversion of L-DOPA to cDOPA in beet betalain biosynthesis (Tanaka et al., 2008; Gandía-Herrero and García-Carmona, 2013; Ohno et al., 2021; Tossi et al., 2021). Our findings of high Ab value-biased expressed DEG genes CYP716A and CYP76C encoding cytochrome P450 might participate in betalain coloration of B. glabra bract.

It is interesting that several co-expressed genes correlated with the bract brightness dimension (AL value) were enriched in MAPK signaling pathway, with four JAZ genes as the hub genes. The expression of four JAZ genes was significantly upregulated in the brightest white accession R_01_SW and downregulated in the darkest purple accession F_06_SZ, which was also validated by RT-qPCR. The surface brightness of bracts is mainly related to their texture and trichome structure (Pierce et al., 2001; Yang et al., 2015; Raphael et al., 2017). Studies demonstrate that in Arabidopsis, both DELLAs and JAZs interacted with the WD-repeat/bHLH/MYB complex to mediate the synergistic and mutually dependent action between GA and jasmonate signaling in regulating plant trichome development (Qi et al., 2014; Lloyd et al., 2017). In addition, we found that three COX genes encoding cytochrome c oxidase subunits I, II, and III along with a cytochrome P450 82G1 (CYP82G1) as the hub genes showed high expression in brightest white accession C_12_DW. Several studies showed that COX protein accumulated in ripping fruits and petal senescence (Considine et al., 2001; Azad et al., 2008; Song et al., 2015). The CYP82G1 involved in volatile homoterpene synthase (Sungbeom et al., 2010) might act as the factor of scent–color combinations, expressed highly in accessions of white than purple bract. The roles of COX hub genes and CYP82G1 gene in the regulation of B. glabra bract surface brightness need future validation. Moreover, E1.11.1.7 involved in decolorization of betacyanins and betaxanthin showed high expression in white bract accessions that might be due to the betalains (e.g., betacyanins) and can be decolorized by peroxidase (Josefa et al., 1998; Kugler et al., 2007; Wasserman et al., 2010).



Conclusion

In this study, a pan-transcriptome was employed to study the germplasm kinship and regulation network of bract color variation in B. glabra at the population level. The bract color variation among the different accessions of B. glabra was quantified in continuous CIE L-a-b values. The germplasm kinship showed that B. glabra accessions clustered into three subgroups with two of them distinctly clustered but not directly related to color variation. The pan-transcriptome-level DEG analysis and co-expression network of the 18 accessions of B. glabra were achieved. Several DEG candidates and hub genes (e.g., GERD, SGR, ABCA3, GST, CYP76AD1, CYP76C, and JAZ) in the co-expression network were determined that might be involved in regulating the B. glabra bract color variation of L-a-b values. Our research will provide the important foundation for the studies into the evolution and regulation mechanism of bract traits at the population level with the pan-transcriptome, as well as the application of ornamental traits in horticultural plants.
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Piperidine 101 181
Indole 129 147
1-Methoxy-indole-3-acetamide 1.07

Lipids. 13-KODE;
(92,116)-13-Oxooctadeca-9,11-diencic
acid
1-a-Linolenoyl-glycerol-3-O-glucoside
13- Hydroxy-0Z, 11E,16Z-
octadecatrienoic
acid

top2Fc(ric) [N .
3 2 - 2 8

The value indicates metabolite changes in log2 (old change) = 1 (treatment/contro)
Shades of red or green indicate an increase or decrease in LogzFC value, respectively.
Values with logzFC > 1 or <-1 but afficted with a high t test are highlighted with different
background colors.
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ABC transporter LOC100274125
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LOC100381832
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LOC103645946

DH605

1.74
267
201
197
2238
219
246
290
252
522
2.36
1.61
4.38
-1.82
-1.72

The value indicates increase or decrease in logz (fold change) > 1 (treatment/control).

258

1.36
3.17
156
285
1.38
255
3.66
3.76
191
5.11
192
151
4.97
-1.34
-1.79

Gene description

ABC transporter G family member 3
ABC transporter B family member 2-iike
AABC transporter C family member 4
ABC transporter G famiy member 36
ABC transporter G famiy member 9-like
ABG transporter G family member 43
ABC transporter B family member 11
ABC transporter G family member 15
ABC transporter B family member 9
ABC transporter A family member 7
Potassium channel AKT2

HAKA

HAKS

Potassium transporter HAK10
Potassium transporter HAK11
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Gene ID
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BraA09004451
BraA05002974
BraA05001662
BraA09002798
BraA04001148
BraA08000594
BraA04002224

Description

PSI (Lhca3*1)

homolog of RPW8

encodes GDC1 (Grana Deficient Chloroplast 1)

one of four Arabidopsis homologs of bacterial ymig proteins.

light-harvesting complex I chlorophyll a/b binding protein 5

involved in the escape movement of chloroplasts under high-light environments
encodes a fructose-1,6-bisphosphatase

encodes PsbW, a protein similar to PS Il reaction center subunit W

Regulation in AAAA

Up
Up
Up
Up
Up
Up
Up
Up

Type

CopartmentB-A
CopartmentB-A
CopartmentB-A
CopartmentB-A
repressed TAD
repressed TAD
repressed TAD
repressed TAD
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Gene name Transcript name Full CDS length (bp) Protein Sublocation(WoLF)

Protein length (a.a.) pI Molecular weight (kDa)

MeJAZ1 Manes.03G042500.1.p 825 275 9.39 29.57 Nucleus
MeJAZ2 Manes.03G055200.1.p 654 218 8.81 23.04 Nucleus
MeJAZ3 Manes.04G147900.1.p 750 250 9.38 26.91 Nucleus
MeJAZ4 Manes.06G004000.1.p 1173 391 9.42 41.31 Nucleus
MeJAZ5 Manes.07G023500.1.p 813 271 9.10 30.13 Nucleus
MeJAZ6 Manes.08G102800.1.p 585 195 8.99 21.82 Chloroplast
MeJAZ7 Manes.09G186200.1.p 606 202 9.76 22.52 Nucleus
MeJAZ8 Manes.11G016700.1.p 795 265 8.75 28.41 Nucleus
MeJAZ9 Manes.14G172400.1.p 1008 336 9.38 35.88 Nucleus
MeJAZ10 Manes.15G122700.1.p 414 138 9.18 15.83 Nucleus
MeJAZ11 Manes.15G122900.1.p 396 132 8.78 14.95 Nucleus
MeJAZ12 Manes.15G133000.1.p 1227 409 9.19 43.62 Nucleus
MeJAZ13 Manes.16G088300.1.p 690 230 8.32 23.82 Mitochondria
MeJAZ14 Manes.16G093500.1.p 831 277 8.96 29.44 Nucleus
MeJAZ15 Manes.17G071600.1.p 459 153 9.57 17.36 Nucleus
MeJAZ16 Manes.17G082100.1.p 1128 376 851 39.87 Nucleus
MePPD1 Manes.03G173500.1.p 1023 341 7.59 37.39 Nucleus
MePPD2 Manes.05G081400.1.p 1026 342 7.65 38.19 Nucleus
MePPD3 Manes.15G032500.1.p 822 274 7.7 29.6 Nucleus
MeTIFY1 Manes.03G065500.1.p 1266 422 9.74 44.88 Chloroplast
MeTIFY2 Manes.16G067800.1.p 1311 437 9.15 45.47 Nucleus
MeZML1 Manes.05G189500.1.p 1068 356 4.79 38.97 Nucleus
MeZML2 Manes.05G189600.1.p 858 286 6.45 31.04 Nucleus
MeZML3 Manes.07G041200.1.p 1095 365 4.73 40.16 Nucleus
MeZML4 Manes.07G041300.1.p 891 297 524 314 Nucleus
MeZML5 Manes.10G097400.1.p 915 305 5.28 32.21 Nucleus
MeZML6 Manes.18G056300.1.p 846 282 6.89 30.47 Nucleus
MeZML7 Manes.18G056400.1.p 924 308 5.63 33.56 Chloroplast
MeTIFY1 Manes.03G065500.1.p 1266 422 9.74 44.88 Chloroplast

MeTIFY2 Manes.16G067800.1.p 1311 437 9.15 45.47 Nucleus





OPS/images/fpls.2022.1017840/fpls-13-1017840-g010.jpg
4 MelAZ2 50 MelAZ3 4

3
a
-% s 3 a 6 3
z 3 ab
: 2 b 10 >
g 2 b b
£ 1 20 1
=
] b b
£ 0 0 0
oh ah 12h 24h oh an 12h 24 oh 4h 12n 24
B i MeJAZ6 5 MeJAZ7 .
3
: ; L
% 10 2
% ab 4
1
£ s b b 2
K b @
0.0 0 0
oh 4h 12h 24k on ah 2h 24h oh an 12h 24h
¥ MeJAZ9 3 MeJAZ10 v MeJAZI1 5

Relative expression kevel

o & &
-
&
=

> | ab ab L ab
b
0 0
oh b 12bh 24h on 4h 12h 24b oh ah 12h 24 on T
- 1 MelAZ14 i MeJAZIS N MeJAZ16
= 12 6
¢
£ 8 b 1 b
2 4 < 2
3 ¢ 2 <
£3
0 0
oh an o 12h o 2un oh ah 2b b oh ah 12h 2 oh b 12h 24h
. McPPDI " MePPD2 i 54 MeZMLI
z a
z 20
g 12 A ab 3 2 a
2 1.5
£ s b 2 2 b
g 10
2
Z 4 ¢ 1 1 ¢
2 ¢ 03 c
S % 0 0 00
oh 4h 12h 24h oh b 12h 24 oh 4h 12h 24h oh ah 12h 24h
. MeZML2 . p MeZML4 " MeZMLS
T
z a
-] 3 a a
g ab B 4 . ab
£, ab
g b ab . 5 5
2 : : 2 b ° 2 b
4
=~ 0 0 0 0
oh 4h 12h 24h oh an 12b 24 oh  4h 12k 24h oh 4h 12h 24h
N MeZML6 20 MeZML7
]
2
g 2
4
&
1
£
8
8
3






OPS/images/fpls.2022.1017840/fpls-13-1017840-g009.jpg
T
z g 4
= 30
g ;
= 2
g ¥ a 3
g 2
2 10 b
£ 1
=
v [
o
0 0
oh 4h 12h 24h oh 4h 12h  24h oh 4n 12h 24h oh 4h 12h 24h
N MelAZS 4 McJAZ6 4 MelAZ7 12 l\;leJAZS
T
s 3 3 3 9
2
%
s 2 2 2 6
Z
5
L 2
K- 1 3
g 1 1 y b b b
=
0 0 0 0
0h 4h 12h 24h oh ih 12h 24h Oh 4h 12h 24h 0h 4h 12h 24h
15 MeJAZ10 15 MelAZI11 20 MeJAZ12
i a .
= a LS 8
% 10 1.0 3
g ab b
> 0.5 05
z b
o] b b
& 0.0 0.0 1
0h 4h 12h 24h oh th 12h 24h oh 4h 12h 2h oh 4h 12h 24h
12 MeJAZ13 16 16 MeJAZ15 0 McJAZ16
k] a
é 9 2 12 30
Z ab
£ 6 . b 8 20
4 b
v
PR q 10 b
= ¢ b
£ 0 0
0h 4h 12h 24h oh 4h 12h 24k oh 4h 12h 24h
8 4 MePPD2 8 MePPD3 s MeZMLI
k]
g 6 3 s 6 6
z
6 4 2 4 4
8 : ab
E 5 b : 4
2 1 2 2
&
= b
S
= 0 0 0 0
oh 4h 12h 24h oh 4n 12h 24h oh 4h 12h 24h
3 7 MeZML3 2 MeZMLA4 6
] a
N 6 f 18
2 ; 4
£ , A 12
5 : :
2 2 6 b “
3 1 b
£
0 0 0 0
oh 4h 12h 24h 0h 4h 12h 24h 0h th 12h 2h Oh 4h 12h 24h
12 MeZML6 24 MeZML7
T
z
9 a 18
Z
£ s ab 12
G
£ 3 ab 6
= b
)
% 9 0

0Oh 4h 12h 24h 0Oh h 12h 24h





OPS/images/fpls.2022.1017840/fpls-13-1017840-g008.jpg
level

]
&

Relative expression level

Relative expression level

Relative expression level Relative expression level Relative expression level

Relative expression level

0h

oh

ok

oh

oh

oh

MeJAZI1

4h

4h

4h

ih

4h

12h

12h

120h

12h

12h

MeZML6

a

a

24h

24h

24h

24h

oh

oh

oh

oh

4h

12h

MeJAZ6

ih

12h

MecJAZ10

4h

12h

MePPD2

4h

4

12h

12h

24h

2th

Oh 4h 12h 24h Oh 4h 12h 24h

Oh 4h 12h 24h oh 4h 12h 24h
o MeJAZ11 s MeJAZ12
45
3.0
15
0.0
oh ih 12h 24h Oh 4h 12h 24h
i MeJAZ15 i MeJAZ16
a a
3 ab
30 be
2
15 d
1
0 0.0
0h 4h 12h 24h Oh ih 12h 24h
& MePPD3 s MeZMLI

o 4 12h 24h oh th 12h 24h
s MeZML4 20 MeZMLS

a

oh 4h 12h 24h oh 4h 12h 24h





OPS/images/fpls.2022.1017840/fpls-13-1017840-g007.jpg
Relative expression level

o
S

IS
o

)

[
o
o
S

Relative expression level Relative expression level

o
o
Y

Relative expression level

50
40
30
20

MeJAZI

Oh lh 6h

MeJAZS

[on
o
o
(o
o
i)
o
o
[on

Oh 1h 6h

MeJAZ9

Oh lh 6h

MeJAZ13

a

=

28

21

(%)

=
—

100
80
60
40
20

Oh

Oh

MeJAZ2

lh

MeJAZ6

6h

6h

0.5

0.0

Oh

Oh

Oh

Oh

MelAZ3

MelJAZ7

lh

MeJAZ11

l1h

MelJAZ15

6h

6h

6h

6h

MeJAZ4

(e}
o
[on

Oh lh

MeJAZ8

Oh 1h

MeJAZ12
a

Oh 1h 6h

MelJAZ16

a






OPS/images/cover.jpg
& frontiers | Research Topics

Multi-omics and
computational biology
in horticultural plants:
From genotype to
phenotype






OPS/images/fpls.2022.995913/fpls-13-995913-g004.jpg
2546 843 2517

P-value
1.00

0.80
0.60
0.40
0.20

0.00

all_down all_up 10)3

HPP2_vs_HP2

HPP1_vs HPI

- ATP metabolic process
romatic compound catabolic process

[ | I carbohydrate metabolic process

oenzyme metabolic process
---- cellular amide metabolic process
- cellular polysaccharide metabolic process

glycolytic process
lipid metabolic process
nicotinamide nucleotide metabolic process

[ [ organic acid biosynthetic process
---- peptide metabolic process
esponse to auxin
intracellular non-membrane-bounded organelle

[ [ [ [ ke

external encapsulating structure

:xopeptidase activity
---- structural molecule activity
--- hydrolase activity

heme binding

lyase activity

structural constituent of ribosome

HPP3_vs_HP3

HPP4_vs_HP4

HPP1_vs HP1

HPP2_vs_HP2

DOWN

HPP3_vs_HP3

HPP4_vs HP4

Carbon metabolism

Biosynthesis of amino acids

Carbon fixation in photosynthetic organisms

Starch and sucrose metabolism

P-value
1.00
T .
0.80
c - Phagosome
0.60
Photosynthesis
0.40
0.20
0.00
--- Glycolysis / Gluconeogenesis
---- Citrate cycle (TCA cycle)
N 42 » b
$ S $
JEVA Y YA
RV O )
TS





OPS/images/fpls-13-979801/fpls-13-979801-g008.jpg
® AHSP70:3 HSP17.9-5
& HSPI78
® ®
HSP18.5-C O HSP23 ) o HSP17.9-7
P86 HSP17.9:1 BIP4
> [ ) > .
HSP16.0 HSP70-2
® BiPS @3 HSP17.9-6
nHSP70-1 plSP201 @ HSP81-32
® HSP83-1 ] .
nHSP70-2 HSP70-ER i °
® o @) ® HSPOAZchionr
HSPI7.9:2 @® HSP22
HSP17.7 cpHSP70-1 ®
® HSPY0-4-1 @ © R
HSP22.0 5 HSP68 HSP17.9:8
() ®
HSP70-16 () ()
HSP70-2-3 @ R e OO HSP70-14
HSP17.9-4 ) nHSP70%6
o ® 2t HSP7.0 o) o
HSP70-2-1 S
HSPIS4 @ HSP70-8 ®
HSP22.7-1 ) HSP17.9-3
@ HSP9O-1
® HSPS81-1 o
HSP70-18 ® . SHSP20-2
SHSP20-1

HSP18.1





OPS/images/fpls-13-979801/fpls-13-979801-g007.jpg
A B

O O NN B 5c1520-2 s

Dentlsp20-3 B Conol
100 MeA Treameng 1

Z-score
250
2.00
1.50
1.00
0.50
0.00
-0.50
-1.00
-1.50

Denttyp205
Dentsp20.5
Denttsp20-7

Dentlspa0-13
Dentlsp20-15
Dentlsp20-15

Denttsp20-20
O /5720.2]
S 77302022
S Deff5p20.23

Denitop20-?
Dentlo 2025
Dentip20-25
Denttsp20-27
Dentip2028
Denttsp20-30 St o o \VA e Sl o

enHisp20 35 § ey A

Dentisp203 RS vwsw\k\v\»;\v

§

t

N

5
—

Pt

ey

Dertip203s A L g

Dentlsp2037 o0 9 o 0 o o 9 o o o g g g g

Deniopi0]

Dentiop?0:2

Deipi0, ™ Control

Deniy0:5

I 17,707 - e T
e ———— s

W Dertfsp70-10
Dentlsp70-12
Denttp70-13
Dentlsp70-14
Dentlsp70-19
Denttyo70-31
Dentip7032
Dentlsp70:33

Denttspr0-31
Dentfipro-37
Dentty 7039
= Denttyp 7042 B
Dent 37 l L l
N B W 117/57P90-2 2 ,| 17 ] [

Relivs exprssion levs!

------ DentISPO0'S

S AT
S BT i e
& S BGOSR OGO
i«\ e?\}, & 6& o o o o G o o x’w R





OPS/images/fpls.2022.1018846/fpls-13-1018846-g001.jpg
L 19 DP@
@D 31 Sz
S&

QL 21 SP
&

1T 0
T @N 07 SF
.\ £P % _‘

out02_ DPO'V' 05 DR

. L 02 SZ ‘
‘ <—

@0ut03 DZ
QM _04 SP






OPS/images/fpls-13-979801/fpls-13-979801-g006.jpg
= ol gt






OPS/images/fpls.2022.1018846/crossmark.jpg
©

2

i

|





OPS/images/fpls-13-979801/fpls-13-979801-g005.jpg
Chrl Chr2 Che3 Chrd. Ches

A.thaliana — Hsp20
— Hsp70
—  Hsp90

D.officinale e e

Ol Ch2  Ch3 Chd S Ch6  Ch7  Ch Ch9 Chrlo Chell Chri2
O.sativa —_—

D.officinale = DRISEALE DURIIS AN
T2 3 s e T s emuTm B M BT

o Gni cwa W Cw CWS Chws i Cis Cho Chid el Ciiz i Cirs

V.planifolia ot o S8 e = paid

D.officinale — —-aLa
f/ 1 2 3 4 s 6 7 08 9 10 11 12 13 14 15 16 17 18 19

Chrl Ch2Ched Chs Ches. Chné Che? Chi Chy9. ChrI0ChrT | Chrl2 Chri3ChrI4ChISChrIGCHIT CheIS. Chld

D.chrysotoxum

D.officinale






OPS/images/fpls.2022.1033358/fpls-13-1033358-g009.jpg
(KAN1)

(YABS)

(YAB3)

(YAB2)

(YAB1)

‘
LSOO ANWN WO

< [12] o~ i [ =
uolssaldx3 p|o4 aAe|aYy PazijewloN

f T
10..9876543210

uoissaidx3 p|o- aARe|aY pPazijewioN

o

%
AV
L%, %,

\v«o /9
7
L ()

%
[23

Z

o)

o wn < o o~ - o
uoissaidxg p|o aARe|aY PazZIeWION

uolssaidx3 pjo4 aAje[ay pazijewloN

%0\,
&, %
L,
%
&, "o
2,

(KRP1)
v.

Q

f L Ozv
UM NN H ;O

[22] o — o
uolssaidx3 pjo4 aAje[ay pazijewloN

v
oS
&

&
$
W
&

(REV)
\’Q Q}&
A

(PHV)
&

o~ n Ll L o
i o
:o_mmw.axmn_ou_o>_«u_umvmn__uE._oz

K2
& %
L, %,
-~ 2 \@
Q %, /I
g %,
~— b
2
T T T T T T T O'V
N~ ® W % o O
— (= T = (R = B =]
uolssaldx3 p|o4 aAne|ay paziewloN
O
& %
0\/\ kU‘\z
=~ 2, % %
< %
= o,
I T T T T T T OIU
N = 0 W < N O
- S 8 S oS
uolssaldx3 p|o4 aAlR|aY PazijewioN





OPS/images/fpls-13-979801/fpls-13-979801-g004.jpg
Dendrobium officinale Arabidopsis thaliana Oryza sativa





OPS/images/fpls.2022.1033358/fpls-13-1033358-g008.jpg
Chlorophyll contents
(ug/ leaf FW g)

o

Col-0

ab
b [
e de
e s
Atelp4 dri1-102

Chia(ug) mChib(pg)

—_ 0

= @

Photosynthesis efficiency (F/Fy)

Atelp4 drl1-102

drl1-102

Col-0

a a a
Atelp4  dii1-102  Atelp4
arl1-102

Atelp4 arl1-102

Atelp4 dri1-102 r 0

o

1cm






OPS/images/fpls-13-979801/fpls-13-979801-g003.jpg
) _________z__________________ Il






OPS/images/fpls.2022.1033358/fpls-13-1033358-g007.jpg
drl1-102

100um

Cc D E

8
o

70000 1200
5 60000
O

a
1000
© 50000
f 40000 b b b 0 c
é 30000 600
E 20000 00
& 10000 200
0

70

Cell area (um?)

Intercellular airspace area in
palisade tissue (%)
o «w &5 & B &
© o
o ¥ I T
I - O
I

(%)
8 &5 8

N
S

-
S

o .ll.Il | I||I| |i|i l|.|| |||||I|||||||.|I|.||I...

|
R ) @m’@@w SRS SSI OSSO
"sg'\‘?v FTFFF S '\&‘p”@»«’ o &@FP@ ’»»;v» ﬂy“és".;:g, @“@“@“@ @FN@ ,p“,(o @““?

cell area (pm?)

W Col-0 mAtelp4 Wdrl1-102 wm Atelp4 drl1-102





OPS/images/fpls-13-979801/fpls-13-979801-g002.jpg
Cytopla’
Nuvleus

. Dendroiam officinate
 Arabidopsis thatians

© Orvansativa

Endoplasmie
potti o Mitochanirion

Hip9n





OPS/images/fpls.2022.1033358/fpls-13-1033358-g006.jpg
.Y Col-0

arl1-102

B
Col-0 Atelp4, }

Atelp4 dri1-102

300

200

10.0

0.0

Total area of the 3" |eaf (|

Length of the 3" leaf (

a
b
o I c
S > & &
& o (N N
(@) W L\\\\ &\\
&
b
b
i
v
N

-

Leaf index of the 3" leaf

Width of the 3 leaf (mm)

w o~
o o

o ~N ®
© oo o

=N
o o

o
=)

(length/width)

25

N
o

o

0.0

q
N g
NS A N
&
oF
¢
b
ab
T 4





OPS/images/fpls-13-979801/fpls-13-979801-g001.jpg
-DenHsp?0-2
Dentis-3
Dentisp70-4
Dentisp70-5

Dealisp0-8

Dentisp202
atisp70-1

Dentisp70-14

Dentiep707

Chrl
Chr2

Denttsp70-10

Dentisp20-1

Dentlsp70-40
Dentisp7041

2o gk Dentisp70-20 Dentls R
ety 031 ©
Dentoi a2 H
.y Dertiy 7023
ey Denisp 7024 cey S5 o 2
Detigr02s u ; = ® 2
_ W ez o Moo & = S 5 2 3
= Qe 3 oy S = E E
= [l Voo Dertiy7028 AN s
S [l \Loeniipao2r © 9 Deatis70
2028 o
o203
i34 [ —ovaity20.3s

Denttsp70-34





OPS/images/fpls.2022.1033358/fpls-13-1033358-g005.jpg
>

9 BY4741

8  ——Y02150

7  ==—Y02150:pTU-empty

g —Y02150:pTU-AtELP4
o

2,

= 3

2

1

0

0 2 4 6 8 10 12 14 16 18 20
Growth time (h)

C

35

——BY4741

3 —-Y02150

55 ——Y02150: pTU-empty
o  —Y02150:pTU-AtELP4
8 2
©
Q15
o

1

0.5

0 2 4 6 8 10 12 14 16 18 20 22 24
Growth time (h)

0O.D. 600

B
9
8 ——BY4741
7  ——Y02150
5 ——Y02150:pTU-empty
e ——Y02150:pTU-AtELP4
4 *
3 )
2
1
0
0 2 4 6 8 10 12 14 16 18 20
Growth time (h)
D
0.045

B 0.03
® 0.025
g *
2 002
_E *
£oo1s *

0.01 i i ,

s (1Ml i i

o i M0 e Wl dmb mede wee-

05 is 25 3 4

0 . 1 £ 2 1 5
Caffeine concentration (mM)

WCol-0 mAtelpd Wdrl1-102 wmAtelpd drl1-102





OPS/images/fpls-13-979801/crossmark.jpg
(®) Check for updates






OPS/images/fpls.2022.1033358/fpls-13-1033358-g004.jpg
Transferase activity, transferring acyl groups
Enzyme regulator activity:

Protein complex:

Cytoplasm

Intracellular

Nucleus

Cell

Organelle

Nucleoplasm

Cytosol

Biosynthetic process

Cellular nitrogen compound metabolic process
Signal transduction

Response to stress

Cellular protein modification process
Chromosome organization

Embryo development

Reproduction

Anatomical structure development:
tRNA metabolic process:

Catabolic process

Small molecule metabolic process:

I 5 2%

5.89%

5.89%

5.89%

4.98%

A 1.84%
A 1.84%

Nucleobase-containing compound catabolic process—. 1.84%

51.67%

48.33%

mm Cellular Component
B Biological Process
B Molecular Functions

50 60

70





OPS/images/fpls-13-961899/fpls-13-961899-g007.jpg
%f.\
A
[
Q
L
o]
‘,Q

proA

| CKX | CPS GAox | | |
| | | | YUCCA

! | | caH| pro”

CTK degradation G IAA Arginine metabolism

>‘I

e — CHS |
. e | | PIF4 | | |LARE \ —
| CREI I | GID1 | papa
|| DELLA ‘ AUXI1 | [

v \ 4

4 v

CIK GA v IAA Proline
s1gn?11ng signaling ~ Flavonoids = signaling ~ metabolism
___________________ _I________________J
v
. > . .
EEE— CPS . . proA
LORX | | GAw | | || yuccea |
| [ G || cait | | |Loros |
ETK dspradation GA JAA Arginine metabolism
[cus] |
e | | P1F4 | ' TIR1 l —
CREl | [ GIDI | | orr| |/ |LP#HA
J ‘ DELLA | AUX/TAA
. CTK . GA. Flavonoids e CIRIE
signaling signaling signaling metabolism

( Dormancy
o) release
o





OPS/images/fpls.2022.1033358/fpls-13-1033358-g003.jpg
Plant growth Abiotic/ biotic stress Phytohormones

A ———
1.00 | 1.00 1.00 | 1.00 | 2.00 | 1.00 | 1.00 Amborella trichopoda
1.00 1.00 [ 1.00 | 2.00 | 1.00 | 2.00 1.00 | 1.00 Arabidopsis thaliana
1.00 | 1.00 1.00 | 2.00 1.00 Brachypodium distachyon
1.00 1.00 1.00 | 1.00 | 1.00 1.00 | 2.00 Brassica napus
1.00 1.00 1.00 | 1.00 1.00 | Cucumis sativus
1.00 _E Glycine max
1.00 1.00 | 1.00 | 1.00 1.00 | 1.00 1.00 Gossypium hirsutum
1.00 1.00 1.00 Helianthus annuus
1.00 | 1.00 2007 1.00 1.00 [NSI00N] 1.00 | 1.00 NGHO0N Hibiscus syriacus
1.00 i 1.00 2.00 [ 1.00 [ 1.00 [ 1.00 Ipomoea nil
2.00 | 1.00 | 2.00 | - 1.00 | Kluyveromyces lactis
1.00 | 4.00 1.00 1.00 | 1.00 1.00 | 1.00 | Macadamia integrifolia
1.00 | 4.00 1.00 : - 2.00 1.00 | Manihot esculenta
3.00 1.00 | 1.00 | 1.00 Marchantia polymorpha subsp ruderalis
1.00 1.00 - 2.00 | 1.00 Medicago truncatula
1.00 Nicotiana tabacum
1.00 5.00 1.00 1.00 Nymphaea colorata
1.00 | 1.00 [ 1.00 1.00 1.00 | 1.00 | 1.00 | Oryza sativa
1.00 | 1.00 | 2.00 1.00 1.00 - 1.00 Phalaenopsis equestris
1.00 | 1.00 1.00 | 1.00 1.00 1.00 Physcomitrella patens
2.00 1.00 | 1.00 1.00 | 1.00 | 1.00 | 1.00 | 1.00 Rosa chinensis
1.00 | 3.00 | 1.00 [ 1.00 | 2.00 1.00 1.00 | Salvia hispanica
1.00 1.00 1.00 Selaginella moellendorffii
1.00 1.00 [ 2.00 | 1.00 | Solanum lycopersicum
1.00 2.00 1.00 2.0 1.00 | Sorghum bicolor
5.00 | 1.00 1.00 1.00 Vitis vinifera
1.00 | 1.00 | 1.00 | 1.00 | 2.00 | 1.00 | 2.00 .00 1.00 Zea mays
1.00 2.00 Ostreococcus tauri
1.00 | 1.00 1.00 1.00 Saccharomyces cerevisiae
1.00 5.00 | Schizosaccharomyces pombe
R T R R 3 & &
S Fo ¢ vy AECANIRN e
(,Yy ¢ i <« &(}'
w ®V
B 30,

u Plant growth and Development = Abiotic and biotic stress “ Phytohormone responsive





OPS/images/fpls.2022.1033358/fpls-13-1033358-g002.jpg
dcoccus. ta

kS
%
e
Z
)
%
%,
Y,
“4,
Y,
e,
%,
%,
%
2
a2
o
o
S A
Sy,
24 o
b,
b3, \
2 A






OPS/images/fpls-13-961899/fpls-13-961899-g006.jpg
N
il

e
/"”‘r‘“ s \
P .;'»-f' NS






OPS/images/fpls-13-961899/fpls-13-961899-g005.jpg
EALRASASNNRE L L XA b k4 A5

ZEP 1
7 z
2 CPS 7 % LDH
<P = - 5
S = NCED =
= 2| =
g} — — g \ | 8 —
8 KS = = :
& ABA2 — UCCA
— AAO3 e
= i = — katE
— S g
= < OGDH
£ =S _— > CYPIOTA S
= = =
g~ > ———
s =
£ GA3ox _= ’ == AUX1
Q |
g ~___ PYR/PYL — |
- — TIR1
GIDI éﬂ AUX/TAA
bn .: [——
= PP2C & —
= oo 1
GELLA 5 s =
o0 < — < ARF
= e
2
= -
z — ___GH3
< | [
Qo PIF4 i SnRK?2
— SAUR
ABF —

l
TlT C1 T2 C2 T3 (C3 T1 C1 T2 C2 T3 C3

T1 C1 T2 C2 T3 C3





OPS/images/fpls.2022.1033358/fpls-13-1033358-g001.jpg
Yeast

Animal Plant

e

R. chinensis
C. sativus
G. hirsutum
H. syriacus
V. vinifera
G. max

M. truncatula
M. esculenta
B. napus

A. thaliana
H. annuus
S. hispanica
L. nil

N. tabacum

S. lycopersicum

M. integrifolia
A. trichopoda
N. colorata

P. equestris
Z. mays

S. bicolor

0. sativa

B. distachyon

M. polymorpha

P. patens

S. moellendorffii

O. tauri
S. cerevisiae
K. lactis

S. pombe

D. discoideum

D. melanogaster

H. vulgaris
S. purpuratus
A. californica
D. rerio

X. laevis

M. musculus
H. sapiens

C. elegans

(&)

o‘
0N
=)
-
o
=)
-—
0
=)
N
o
=)
N
N
=)
w
o
=)
&)
0
=)
S
o
=)
Y
0
o
S
o W





OPS/images/fpls-13-961899/fpls-13-961899-g004.jpg
TCA cycle = » L-Glutamine = = L-Citrulline «— Arginine — —»

N

i

L-Aspartic acid 4'0(,

_f --

A& ‘0, J

r.g*'f

AN

-1 0 1
Y ====
Gluta Ly, - 0d12h7d28d
== mateproA Vi-p
"

PRODH

P4HA

I i
I I
i ]
I i
I |
I i
i i
i |
i [
I |
I !
| - L 4- |
I B =rocD I 6’L Glutamate 5- 1-Pyrroline-5- _= L- 'lm . drox :
: semialdehyde carboxylate Proline p)ll‘ollney I
: Acetyl-CoA <_I— PAL C4H B ™ :
.
i | phosphoeno Phenylal 5 Clnna E 4-Coumarate Tp p" :
| I Ipyruvate anine Peptide |
| —— IPT 1 4CL [=g% '
, Prenyl- DMAPP BN ¥ ®mIsopente trans-Zeatin riboside i
| tRl:IA nyl-ATP triphosphate 4—C0uma1rate CoA :
| -
CHS
! ¥ o : “ Aureusidin 6- !
I . . IPT | Isopenten trans-Zeatin Naringenin chalcone — » . I
: c1s-eatm Isopenten «— \} \pp CYPT35A riboside = O-glucoside :
| s yl-AMP diphosphate CHI l e I
UDP- trans-Zeatin " F3’H |
: fglucose CaBSA riliosiide Dihydrozeatin Vltexrllvn <« = Naringenin — Eriodictyol Filvl Luteolin |
: UDP Isopentenyl > monopho sp— riboside = j - -
, monophosphate
I . . adenosine hate b E FLS 1 F3H MY '
I  cis-Zeatin- I . DFR [
I : Kaemp Dihydroka —— Leucopela ANS Pelarg |
O-glucoside ) ) —_— g -
| » trans-Zeatin Dihydrozeat ferol empferol ANS rgonidin onidin :
: Isopenfenyl riboside in riboside °m 1 - "
I adenine I DFR AN I
. I
: CKX { Dihydroq !. Leucocy 7 70 Cyanidin |
| Prenal | = g trans- Dihydro uercetin ANS anidin ——
I Ador Zeatin zeatin :
| el o
: S UDP-glucose :
! UDP s I
I cis-Zeatin-O- :
..., |
B C D E
IPT » CYP735A CYP735A CHS
4 ol - _] o 07 pm 7T o o 107 pm 71 % @ A3 — Sk
:‘; - Z: :"_-.) S E | = C ] :l; = C l—
" Davs a}f:r 6-BA tr::tment e - o 0dDavs aftglz'hG—BA tre;tdment = j - 0;I)avs afte:'26h—BA tl'eaz:lent g j - * Days a}::r 6-BA tl?:atment 20
F G
DFR
120 .

Relative Expreassion By qRT-PCR

od 12h 7d
Days after 6-BA treatment

28d

Relative Expreassion By qRT-PCR

od 12h 7d
Days after 6-BA treatment

28d






OPS/images/fpls.2022.1033358/crossmark.jpg
©

2

i

|





OPS/images/fpls-13-961899/fpls-13-961899-g003.jpg
@ 20000 [ all T1 vs C1 T2 vs C2
=
g i I:I b 16685
S [] down 16685
)
£ 15000
o0
=
]
w
&
= 10000f 9293
=y 8149
5 7392
2 6699
E 5221
o
s S000F 3486
S 3213 2928
& 6795
.=
o)
0
T1vs C1 T2 vs C2 T3 vs C3 T3vs C3
& Enriched GO Terms D N - Enriched GO Terms
et (NA) ® (NA)
® @ -
[}
kS kS
T > T &
o o Qo O
: :
3 =z g o
I I il
o
% ) 1 ) 1 Q L) S \0
s & &S § S R
o O & S %) S < §
Q ® i S o cbm QL .oQ.o
® .oQ & (<} ,(§ & SO
S & & § - O
9 S o S N S
2 & -4 @ § &
J g 9 o~ S Q
§ S o g 03
o \g S & )
Q g 3 (3 2
O Q ) Y
& S @
& & ¢
IS S G
> kS &
<) S <
MF BP
- Enriched GO Terms F
&7 (NA) : . : , .
Valine, leucine and isoleucine degradatio ... )
3 Tyrosine metabolism {4
o~ - Systemic lupus erythematosus 4 o
9 Stilbenoid, diarylheptanoid and gingerol ... ©
5 g | Ribosome 1 G|
é - Progesterone-mediated oocyte maturation 1 ®
- - Parkinson's disease 1 ®
= Oxidative phosphorylation 1 @
Limonene and pinene degradation {
Huntington's disease 1 &
GABAergic synapse { e
FoxO signaling pathway | ®
Flavonoid biosynthesis{
Drug metabolism - cytochrome P4504 »
Citrate cycle (TCA cycle) s @
Cell cycle + [
Carbon fixation in photosynthetic organis ...+ @
Butanoate metabolism{ «
Alzheimer's disease - @
Alcoholism 4 ]
0.025 0.050  0.075 0.100
GeneRatio
Valine, leucine and isoleucine degradatio ... ° H Systemic lupus erythematosus { e
__Tyrosine metabolism {-—e Stilbenoid, diarylheptanoid and gingerol ..{
- ’ SVStem'C IUPPS erythgmatosus i . Starch and sucrose metabolism 4 @
Stilbenoid, diarylheptanoid and gingerol ... [+] Ribosome 4 ®
_ Ribosome 1 ®( count Porphyrin and chlorophyll metabolism 4 e
Progesterone-mediated oocyte maturation ] ® 40 Photosynthesis - antenna proteins 4 e
~ Parkinson's disease 1 Ld @ 80 Photosynthesis °
) Ox'dat",'e phosphoryla_tlon ) o @ 120 Phenylpropanoid biosynthesis + @
Limenene and e de'gra_danon Mg @ 160 Metabolism of xenobiotics by cytochrome P §. o
Huntington's disease 1 @ Measles - °
GABAergic synapse { e pad Influenza A 4 )
a0 sngpallqg pathwa_y i . I Glyoxylate and dicarboxylate metabolism s ®
Flavonoid biosynthesis{ e 0.75 Flavonoid biosynthesis {
Drug metaboli§m - cytochrome P4504 o 0.50 Estrogen signaling pathway ®
Citrate cycle (Tg ;I\I cyclle )1 ® 0.25 Drug metabolism - cytochrome P450 { e
—_— Mot vl o 0.00 Chemical carcinogenesis { o
Carbon fixation in photosynthetic organis ...+ @ Carotenoid biosynthesis { e
Bu;‘?:: aiti r:et:ib olism 1—e ° Carbon fixation in photosynthetic organis . 1 @
S Aslcossﬁss;l o Antigen processing and presentation s ®
' . . . - alpha-Linolenic acid metabolism 4 e
0.025 0.050 0.075 0.100 ¥ Y
GeneRatio 0'OsGeneRatio e





OPS/images/fpls.2022.1015114/table1.jpg
Species

Pathway A. thaliana R. communis V. fordii J. curcas H. brasiliensis M. esculenta
No. of genes 207 176 (146) 169 (144) 130 (114) 171 (114) 257 (149)
Photoperiod 65 52 (43) 56 (47) 47 (39) 53 (34) 82 (46)
Vernalization 32 19 (15) 18 (15) 12 (11) 15 (11) 20 (15)
Autonomous 19 23 (18) 22 (18) 21(17) 24 (13) 30 (19)
Floral pathway integrator 29 28 (22) 20 (18) 17 (17) 24 (19) 36 (23)
Ambient temperature 9 9(7) 8(6) 7(5) 9(6) 12 (7)
Gibberellin 2 2(2) 2(2) 2(2) 1(1) 5(2)
Floral meristem identity 25 19 (16) 21 (17) 11 (10) 17 (11) 35 (17)
Unclassified 33 30 (27) 28 (25) 19 (18) 33 (23) 44 (25)

The numbers in parentheses indicate the number of A. thaliana genes with orthologous counterparts in each Euphorbiaceae.
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Sample ID

To_1
To_2
To_3
Ta_1
T4_2
T4_3
T24_1
T242
T243
Ca_1
c42
ca3
C24.1
C242
€243

Average

Clean reads

28,736,462
23,934,358
22,005,775
25,969,819
24,931,065
28,620,169
26,728,413
31,013,546
36,684,049
73,368,098
62,038,475
28,981,610
28,584,908
35,182,090
29,379,576
30,702,242

Clean bases (Gb)

8.59
7.16
6.59
7.76
7.46
8.56
7:99
9.27
10.96
8.29
18.54
8.65
8.54
10.51
8.77
9.18

GC content (%)

47.75
47.24
47.48
4837
47.60
48.48
48.22
48.51
47.80
46.77
47.26
47.18
47.32
47.55
47.15
47.65

Q20 (%)

97.68
97.48
97.31
97.21
97.14
96.61
97.34
97.55
97.43
97.63
97.30
97.25
97.18
97.24
97.18
97.30

Q30 (%)

93.66
93.35
93.12
92.66
92.52
91.37
9291
93.41
93.14
93.47
92.76
92.67
92.46
92.69
92.58
92.85

Total reads

57,472,924
47,868,716
44,011,550
51,939,638
49,862,130
57,240,338
53,456,826
62,027,092
73,368,098
55,486,642
124,076,950
57,963,220
57,169,816
70,364,180
58,759,152
61,404,485

Mapped reads (%)

90.56
89.66
89.86
89.73
89.24
89.52
90.14
90.66
89.95
89.55
89.95
89.56
89.94
89.78
89.71
89.84
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OREST1 00615 597% Cluster-12086.35646 763,778,394 Hypothetical protein B456_007G309800, partial
(Gossypium raimondii)
OREST22 00235 494% Cluster-12086.22033 1,204,894,708  Sulfite reductase (ferredoxin), chioroplastic
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Rsq_Marker indicates the contribution to the phenotypic variation, whereas p_Marker indicates the significance of the association.
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Total number of sequences examined 64,002
Total size of examined sequences (bp) 68,344,383
Total number of identified SSRs 9,937
Number of SSR containing sequences 8559
Number of sequences containing more than one SSR 1,168
Number of SSRs present in compound formation 473





OPS/images/fpls-13-907895/fpls-13-907895-g004.jpg
Delta k

Deltak = mean(|L"(K)]) / sA(L(K))

coort 2

Principal Coordinates

. .
i .
RS ~e
&t .

oot 1






OPS/images/fpls-13-907895/fpls-13-907895-g005.jpg
A‘ B _ c D E _
— ) ¢

light green green dark green pink mauve





OPS/images/fpls.2022.1073266/crossmark.jpg
©

2

i

|





OPS/images/fpls-13-964604/fpls-13-964604-g001.jpg
n N S
EE L L e
S 6o g & & &
E 22 9 ¢ & 2
Ol = 5 & g
ST
F gL
@ O b
& X
©) n%:
NN
o
W7 n©
10@4/
NES
oam,wm)o
GmGRF?
LL4YDWo
:mmwm§
“LY9sy,
WP,\QOw
Sy i
9y QO\T
Y
%, 0@0
S
S B S
Y V)
VY O
© & <,
o N O
LB R, D
N N © w I < & 66 v
i W el g b0 N0
@ r x© < ;
! = = = o





OPS/images/fpls-13-964604/cross.jpg
@ Check for updates.





OPS/images/fpls-13-964604/ain.jpg





OPS/images/fpls-13-982323/fpls-13-982323-g004.jpg
P-Coumaroyl-CoA

CHS

Naringenin chalcone
CHI

' Naringenin
| F3H
Dihydrokaempferol
| DFR
| Leuocopelargonidin
ANS

| Pelargonidin

Anthocyanins

monocarboxylic acid metabolic process -
response to reactive oxxgen species -
tic process -

DNA complex assembly -
Ieo some assembly -
osome organization

C process -
osyl compound blosynthetlc process -
omatin assembly-

NA gmg :

mbly -

salicylic acid metabolr p o €SS -
_protein complex olrgomenzatron-
C pro i

sulfur compo nd biosynthe
phenol- contarnmg compound metabolic
glyc

chromatin assembly or dis

jasmonic acid m

aibeiS b.o:yh,angﬁs'g,%%%%fsf
trehalose biosynthetic process 4

lysosome -

lytic vacuole

extracellular space -

intrinsic component of plasma membrane -
integral component of plasma membrane -
exocyst-

protein phosphatase type 2A complex-

protein serine/threonine phosphatase complex -

phosphatase complex -

oxidoreductase actrvrt

hem ng:
tetrapyrrole blndlng :

| rty-

cysteine-type endopeptlda

F3H

Dihydroquercetin

DFR

Leuococyaindin

ANS

Cyanidin

CHS

CHI

F3H

DFR

ANS

ssadoud |eaibojolg

jusuodwiod Jejnjje)

cysteine-type peptldase actlvrty-
d opepti actrvrty-

|d
ooxygen

activity

protein heterodlm eriz. atl n actl |
oxidoreductase activity

meth | sallcylate esterase activity

ethyl jas

methyl mdol

onate ester
=3- ace ate este

e activity

e activity
calcium actlvated catlon channel activity -
nnel actlvrty-

carbohyd rat

ehalose —Bhospha
sucrose transmembran transporter activity |

p

as

tivity

ase actlvrty:

disaccharide transmembrane t

nsporter activity

oligosaccharide transmembrane transporter activity - !

uoiouUNy JBINJBION

(Dacting on paired donors, with incorporation or reduction of molecular oxygen
(@acting on paired donors, with incorporation or reduction of molecular oxygen, NAD(P)H as one donor, and incorporation of one atom of oxygen

GeneRatio

11a06G000200.1
11208G009700.1
11a0G007580.1
1120G009810.1
1la11G005180.1

11204G004290.1
11214G020120.1

11a10G001350.1

11201G002850.1
11a14G014210.1

11206G007120.1

11a01G002480.1

® 2.00
@ 4.00

0

G0

Mean Expression

-

)

N
N o w

Sv

@ s.00
@:so0
@ 1000
@ 20

LHOLEI

LIoLell

F3H

colell

CHYLEll  LHYLeEll

LvLell

cvlell

CHOLEIl

F3'H

Plant-pathogen interaction 1

Cysteine and methionine metabolism 1

Diterpenoid biosynthesis -

Tryptophan metabolism -

Glycolysis / Gluconeogenesis

Biosynthesis of nucleotide sugars -

Amino sugar and nucleotide sugar metabolism 4
Ascorbate and aldarate metabolism -

2-Oxocarboxylic acid metabolism -

Isoquinoline alkaloid biosynthesis 4

Glucosinolate biosynthesis -

Phenylalanine metabolism -

Tropane, piperidine and pyridine alkaloid biosynthesis -
Ubiquinone and other terpenoid—-quinone biosynthesis -
Tyrosine metabolism -

Phenylalanine, tyrosine and tryptophan biosynthesis

Galactose metabolism

Phosphatidylinositol |

signaling system

Valine, leucine and isoleucine biosynthesis -

Fatty acid elongation -

06
GeneRatio

0.08

p.adjust






OPS/images/fpls-13-982323/fpls-13-982323-g003.jpg
[N I 1 O N 11201G012150.1 10.00
[N N (N N 11205G006220.1
(N I O O N 11206G:006460.1

I IR 1a11G007290.1

I [N N N N 11215G010640.1
N N N N 11215G010650.1
B 11215G010660.1
I 11a15G010670.1
B 1215G010690. CYPT16A

Nl .
0 B I 1a156013870.1
© D[ N N A 11215G01:3880.1

e | [ ] [ [ ] I 11215G013920.1
N N N 112115G013950. 1
AN N N N N N (I 11216G.009:820. 1

B | | e [ | [ [0 11a02G008770.1
M 1202G008780. CYP71A
[N N (1212G3007760.1
N S M N 11217G004260.1
B N 11217G004280.
N N N N N 120G0011510.1
a 2
(N N N N 1120G019210.1
-------------=- lla16G010270.1 CYPT2A
I T e 1217G008110.1

—
—
—

N

[ O O I O R 112 18G:006370.
[ I I I I I O I R 11220G:005760.1
[ I I I O O 11214G014770.1

&
L
o

[ I N 11214G014810.1 CYP89A
(S N N S v N A N 11214G014820.1
(NN S (N sy v M 11217G014010.1
(NS S v I M 11217G:014020.1

(L:\fb"‘m,'(b@ébﬁéé\m{{b‘bm{\@ P Q\é&é&bé‘wré\@rf‘@mé\{‘@
Q
,\Q'Q ,\Q'Q /\Q’Q ,\Q)'Q ,\Q{Q /\Q)'Q ,\Q)'Q /\Q’ ,\Q’Q /\Q)'Q ,\O.)'Q ,\Q'Q /\Q’Q ,\Q'Q ,\Q'Q

ch QQ) QQ ch Q@ ch QQ (<°-’ QQ QQ’ QQ) Q@ QQ ch Q@
Y Y ¥ vrYE YT rE Y Y Y Y Y Y Y YOV

D
..
= \ |
S/
\ —N.‘."’-: €1 =
m e\ /)7 / — N

=
088
-

P> "@57 |
b ,_VJIM//.?;_.. 5
= ' 5 | \
-/ d

o
/’/l'
i w.l
u-uéoosmgﬂ 0_g1_i9.p1 - . r
INGome60 '

it
5 %
g%‘ 33
=
e
PO

555
503!

S
"

22
%%.
e
oS
L
- 3
»

i—‘
%%
%
w9} LdAD

* Highly expressed gene





OPS/images/fpls.2022.1018846/fpls-13-1018846-g008.jpg
Relative Expression Relative Expression

Relative Expression

*k%k

e mu C 12 DW
200 m= D 31.SZ
100 kil B F 06 SZ
ey
10
8
6 *%
4
2 I
0
GERD SGR
40 Kk
35
30 B F 06 SZ
mm L 22 SP
;g okkk W O_07_DP
1.5
1.0
s |
0.20
0.15
0.10
0.05
0.00
A0C3 GST
20
*k%k
15
» T  wm F o6 Sz
0 07 DP
R 01 SW
v C_12_ DW

El11.1.7 JA7





OPS/images/fpls-13-982323/fpls-13-982323-g002.jpg
A

Gene family

Expansion / Contraction

+636/-339

+360/-116

+274/-215

+229/-385

+119/-1144

o127 |

Lonicera japonica
+2228/-2855 b
Panax notoginseng
+2827/-2291 R
Chrysanthemum

nankingense
+3987/-2271

llex latifolia
+2991/-1781
Solanum
lycopersicum
+1841/-1950

Coffea canephora
+1018/-2992

Striga asiatica
+2088/-2677
Populus trichocarpa
+4970/-681
Arabidopsis thaliana
+1565/-2749

Abrus precatorius
+1783/-2165

Piper nigrum
+5424/-1619

Oryza sativa
+1628/-3125
Nymphaea colorata
+1034/-4830
Amborella trichopod%
+1129/-3948

0 Time (MYA)

. C. canephora-l. latifolia

P. notoginseng

| P. notoginseng-I. latifolia

+82/-20 |
+124/-69 +154/-543 —
]
+0/-3 /
—— i i — 2791611 ]
[ E—— L E
Jurassic Cretaceous Neogene
175 150 125 100
3
B v % C "1 C. canephora
Y O
) o S I. latifolia
(e} 2 0
2 < 2
kS ) o
| 2
%y, 5532 R
A 6407 6843 D)
(4
Tkingensge p trichoc? y
2
k7]
Core: 6644 §
A 6340 10186 P,
G caneP"™" 9rum
: A
@ :
,&\o /)O’b
W , Oing
)
N4 o %
$ %
Q ®
~

BJRIOj0O'N






OPS/images/fpls.2022.1018846/fpls-13-1018846-g007.jpg
800:0000500000:6 56

A SGR(1)
2 AT RCHY1 |2
s GERD(1) 0
£ SGR(2) I,z
°
5 metK(1)
gl ABA2(1)
<| 8
Z| 4 ABA2(2)
2 NOL
DHDDS
. UBE2A
g AOC
£ HSP9OA
E 1 ' [ K22395
" [ ] | | E1.11.1.7
o GERD(2)
w5
iz [ | |cHs
| |metK(2)
Color -. Aa value

dILdLLLRI IR SR LNN
Qb /@'3 /th /Q“L/Q’\ /09_) /“% {6),/,5’\ /Q'L /q,\ 2“9 /,{,L/Q'\ /“f],/,lg /Q»\ w7
CON W ORAN 0N OV NN N OINNRIG

® 0008:2040050002000

g APEH 3
- sppL28 |2
3 TFC3 0
g PLC 4
- L ABcas -3
gl o N UBXN7
<| g I PIK3C3
Z| 5
3| & [ ] EEF2KMT
E = CARM1
| FG3
3 | RP-S29e
£ _| GST
[ =
3 || = uaZ
- i SPHK
= [ DHX36
ol B AOC3
%1‘@ . CYP716A
§ cYP76C
Color ] L Abvalue

L LANNSLLLDI D LLLDSL G
0’\ 90!:\ /%;\QA 96\ Z\ 2\@9@ %’L /6{]:1« ?Q‘l« %’\ %1,%% %‘J /OQ'I«%& %‘5906?
O/ V/N/NQIG N W NN O Y 0N Ol 7

T #0a006000600000000

JAZ(1)
JAZ(2)
JAZ(3) 0
] JAZM4) |
trpB I
DCTPP1
cox2
COX3
COox1
CYP82G1
L ATPeFOA
DEGs candidates E1.11.1.7

Color E! AL value
TN LLL LSS IS II K D

NG §$
O/Q~/V“/\’/$/0/\’/o/ VO 0NN v A%

MEsteelblue

WGCNA module

MEdarkolivegreen






OPS/images/fpls-13-982323/fpls-13-982323-g001.jpg
LG20 LGo1

oMo 2|°M-b I oMb 201,

'\\ \m I//

4G0<~. i Chromosome
ideograms

i TE density

2% 0.99

= 0.075
|||(%§ne density

0
jv GC content
% 46.651

15.049





OPS/images/fpls.2022.1018846/fpls-13-1018846-g006.jpg
GO enrichment KEGG enrichment \
[
CC:cytosol| [ Phenylpropanoid biosynthesis [ ]
MF:oxidoreductase activity | [
5 .
MF:heme binding/ ° Plant-pathogen interaction L] ®
MF:terpene synthase activity | L] Sesquiterpenoid and triterpenoid biosynthesis o
MF:GTPase activity| . Selenocompound metabolism °
CC:apoplast L] 5 &
L]
MF:NAD binding! ® Glutathione metabolism
BP:cell wall modification ] Amino sugar and nucleotide sugar metabolism L]
CC:anchored component of plasma membrane | ° Endocytosis e @
MF:glucose-6-phosphate dehydrogenase activity; @
°
BPresponse to UV-B| @ Linoleic acid metabolism
BP:defense response to fungus| @ Plant hormone signal transduction o o p.adjust
BP:phospholipid catabolic process| @ 05 Ether lipid metabolism . 04
BP:plant-type primary cell wall biogenesis| @ gg Carotenoid bi th & 03
BP:gene silencing by RNA| @ g-f arolEnoKCDiosyNMEsIS 02
MF:enzyme regulator activity | * Arachidonic acid metabolism . o1
MF:isopeptidase activity | * Starch and sucrose metabolism °
BP:protein glycosylation: - ’
MAPK | ith - plant °
MF:endopeptidase inhibitor activity | « Senaing:paiway,-jpan
BP:lipid metabolic process| * Cysteine and methionine metabolism{ *
0.005 0.010 0.015 0.01 0.02 003

GeneRatio GeneRatio

GO enrichment KEGG enrichment
MEATP i o MEcatalytc actvty O ABC transporters| °
“ATPase activity, coupled to transmembrane|
movement of substances b4 RNA polymerase »
BP:protein transport/ ° MAPK signaling pathway - plant L]
MF:endoFe_ tidase inhibitor activity | o Starch and sucrose metabolism °
MF:transferase activity, transferring glycosyl| ° o 5
groups Phenylpropanoid biosynthesis| ¢ L] —
MF:carbohydrate binding L]
MF:S-adenosylme!hion%e-dependem‘ ° Selenocompound metabollsm ° * 10
. methyltransferase activity Citrate cycle | * : ;g
BP:intracellular protein transpgn- L] Spliceosome| * 44
BP:cell wall modification | L] Pyruvate metabolism| * @® 30
CCAnucleoplés.m ° Flavone and flavonol biosynthesis| * p.adjust
- .
MF::supar ‘ransmembrane transporter, acivity padjust  Pentose and glucuronate interconversions| ¢ 06
CC:DNA-directed RNA polymerase | complex| ¢ -
i B 0.21 Endocytosis| * 04
CC:mitochondrial outer membrane | * 0.20 N
BP:double-strand break repair via homologous | , o6 Tryptophan metabolism| 02
recombination g i
MF:4-coumarate-CoA Tgase acivity] * 018 Vall.ne, Ieuclng an‘d isoleucine t.iegraganon .
MF:oxidoreductase activity, acting on the CH-OH | , Protein processing in endoplasmic reticulum| «
roup of donors, NAD or NADP as acceptor o i i .
o MF:actin-dependent ATPase actl‘\’/ity' .2 Planepathiogen interaotion
.
BP:detection of mechanical stimulus| * Glutationermetabalism
BP:chromatin silencing/ * RNA degradation| *
MF:protein-arginine N-methyltransferase activity| * 0.02 0.03Geng£:lio 0.05
0.005 0.010 0.015 0.020
GeneRatio
GO enrichment KEGG enrichment
MF:cytochrome-c oxidase activity [ ]
BP:response to auxin [ ) Tropane, piperidine and pyridine alkaloid Y
CC:cytoskeleton ° biosynthesis
MF:transmembrane transporter activity [ )
MF:protein heterodimerization activity{ * i Ji
BP:response to stimulus| * Count Alanine, aspartate and glutamate metabolism Count
BP:phosphate ion transport{ * * 10 . 1.00

MF:helicase activity| ¢ 125

MF:tryptamine| * 2 RNA transport * i
MFhistone binding| * ® 0 ® 20
1 caotycrte bindeg)

MF:flavin adenine dinucleotide binding| * Aminoacyl-tRNA biosynthesis | *
MF:translation elongation factor activity| * 02 0.075
MF:histone-lysine N-methyltransferase activity{ * 01 gg::

CC:chloroplast envelope| *
MF:oxidoreductase activity | *
MF:sequence-specific DNA binding| *
CC:chloroplast membrane| *
BP:protein transport| ¢
MFtransferase activity| *

Glycine, serine and threonine metabolism| *

Plant hormone signal transduction| ¢

002 003 004 005 0.05 006 007 008 0.09
GeneRatio GeneRatio






OPS/images/fpls-13-982323/cross.jpg
@ Check for updates.





OPS/images/fpls.2022.1018846/fpls-13-1018846-g005.jpg
A

Module-trait relationships

MEdarkorang 014 ©9) Q0 (1)
MEoran -0 ©8) -ows ©9)
MEiightyellow | ocoss ¢ an o0

MEpurple|
MEskyblue
MEpink
MEskyblue:
MEsaddleby
MEgelongre
MEroyalblu

-0018 (©9)
022 (04)
a1 ©5)
00 ©5)
o 08

ou @8
-0t @9

oo ©9)
008 (©8)
02 @9

WA
\

MEsaddlebrown

¥
M
MEdarkolivegreen





OPS/images/fpls-13-979801/fpls-13-979801-t002.jpg
Seq_1

DenHsp70-24
DenHsp70-26
DenHsp70-28
DenHsp70-28
DenHsp70-31
DenHsp70-31
DenHsp70-32

Synonymous (Ks) and non-synonymous (Ka) substitution rates of duplicate gene pairs (Ka/Ks ratios).

Seq_2

DenHsp70-26
DenHsp70-27
DenHsp70-32
DenHsp70-33
DenHsp70-32
DenHsp70-33
DenHsp70-33

Ka
025634
00434161
0201249
0209309
01781
0.184554
0065504

Ks
0233194
0.0430908
0122347
0.120741
0.0776771
0.0753664
0.02501

Ka/Ks
1.09926
1.00755
1.6449

173354
229282
244875
261911

Duplication type
‘Tandem duplication
Tandem duplication
“Tandem duplication
‘Tandem duplication
“Tandem duplication
Tandem duplication

Tandem duplication





OPS/images/fpls.2022.1018846/fpls-13-1018846-g004.jpg
40‘ **
" 30
=
S20
<
10v‘
] ==
High Low
a value (high vs. low)
9
+ nosig
8 . up
= down
7
36
=
Bs
o
=
>
S
2
il
"3 20 30

B value

o =) N o

-Log10(Padjust)
w b

*kk 70
= = i wx

260
2
©
>

—'50

| 40

High Low High Low
b value (high vs. low) L value (high vs. low)
16
: + nosig * nosig
+ up 14 + up
= down = down

12{

§1o
. k=)

.. n(? 8
S

26
o
Bl

4 :
.| :
Z0 40 o0 1o 20 3o S % 3






OPS/images/fpls-13-979801/fpls-13-979801-t001.jpg
Gene Family

Hsp20
Hsp70
Hsp90

Molecular

Protein weight(kDa)
73~294 84~333
15657 s1-734
28510 194-593

‘Theoretical pI

4.92~934
4.4~899
78.98~84.95

Aliphatic index

8136~ 114.94
54.63~99.54
78.98~84.95

Grand average of
hydropathicity(GRAVY)

~0.558~0.452
—1023~-0.119
~0.786~—0.591





OPS/images/fpls.2022.1018846/fpls-13-1018846-g003.jpg
Expression distribution

. 1 @ Subgroup |
© Subgroup It
s 80-] Subgroup 111
£ C_02.57 ® Subgroup IV
g °
B
55 333355335 F3F
EICIE I ICIICI I I,
FIFIITSISTEITIFS
" ‘
HeatmapTree
R M_05_DP
. - ¢
(2
S 0Out03_DZ

~e

L 22_SP é
_SP
M_02_SP
®e0r0 ‘
0.07_DP

L_19_DP
° - N_07_SP
°

1 . L.21_SP
-0 o .

o % 2 0 0 0 20 3 4 % 6
PCA(12.24%)






OPS/images/fpls.2022.1018846/fpls-13-1018846-g002.jpg
A

Tree scale:0.1,

032
0.6

096

128
6

[M05DP

co2sz

Mo25P
L 19DP

1 dnoas

11 dnon

11 dnon

Stratification composition

m s2

H S3

K=2 K=3
[ N
— 3 T
5
—
e .
[ .
e .
—
(]
——‘
i —
I
N
.
[ ]
= Em g
—
N .

PC2 (13.50%)

04

02

0.0

a group |
a group I
. a group Il
c_02.82 oup3_bz
M_05_DP F_06_SZ
L_19.0P
12 DWROLSW M_02 P
M_04_SP , L 22 SP 007 _DP
L 0%8Z =\ %0_sp = N_07_SP
16ut02 DP "=
$2:0_08_SP
L2)_sP
-0.2 0.0 0.2 04

PC1 (20.20%)





OPS/images/fpls-13-919151/crossmark.jpg
(®) Check for updates






OPS/images/fpls-13-989048/fpls-13-989048-t001.jpg
miRNA

miR169)

miR169)

miR169)

miR169k

miR3991

miR3991

miR3991

miR156g-5p

miR156e

miR160c

miR2587a

miR5232

Novel-miR110

Novel-miR3

Log2FC(LPR/
NPR) in miRNA
~606
—6.06
—6.06
236

356

356

-137

0.68

-174

074

-198

Gene

GST (MS,
genes9257)
GST (MS,
gene94265)
GST (MS,
gene055151)
GST (MS,
gene9a65)
SAUR72 (MS.
gene97788)
SAUR72 (MS.
gene00336)
SAUR72 (MS.
genesd347)
10MT9 (S,
gene91606)
SPLI3 (MS,
gene74056)
ARFIS (MS.
gene056152)
PCKA (MS.
gene69100)
PPA2(MS.
gene76383)
NRT3.1 (MS.
geneds3is)
SQD2 (M,
gene001948)

Log2FC(LPR/
NPR) in mRNA

194

220

-158

~115
138
-193
252
-211

244

Correlation

-092

~099

~090

~099

~090

~092

~092

~090

~089

-083

~098

~086

~088

~086

NA

Novel-miR159.

Novel-miR159.

Novel-miR159.

Novel-miR159

Novel-miR205

Novel-miR205

Novel-miR83

Novel-miRs3

Novel-miR27

Novel-miR27

Novel-miR27

Novel-miR27

Novel-miR93

Log2FC(LPR/
NPR) in miRNA
Sis
-1.81

-181

-181

263
263
101
101
101
101

083

Gene

GST (MS.
gene039178)
GST(MS.
gene039179)
GST(MS.
gene062846)
GST (M,
gene063433)
PYLA(MS.
gene3dTod)
PYLA(MS.
gene052795)
PYL4 (MS.
gene67442)
PYL4 (MS.
gene040004)
SPX (MS.
gene066027)
SPX (MS.
gene71427)
SPX (MS.
gene004826)
SPX (MS.
genes2979)
CHI(MS.
gene029087)

Log2FC(LPR/
NPR) in mRNA

453

364
-4

-137

-190
-127
—144
-116
-104

-136

Correlation

~083

-085

~091

~089

~087

-093

~083

~086

~098

~085

-092

~091

~099





OPS/images/fpls-13-989048/fpls-13-989048-g006.jpg
37 mm miRNA

& - o o @ @

((dN/d)eBueyo ploy) zBop






OPS/images/fpls-13-989048/fpls-13-989048-g005.jpg
NO; ABA

) AN,
W N ey

/‘-— \ miR205/miR83
miRﬁ\’ e \ PP2C
iR160¢
R SRz miR156g-5p
l Pinocembrin

UDP-Glucose
Liquiritigenin
Naringenin
Butin

R72) —miR39l apc l
\\ l NL]}&/ // UDP-sQ
e o ""R3 novel-miR93
novel- 4 ;
\ miR27 o PHO1 J‘ Isoformononetin
S==" _—= mirtey; "ove: Prunetin

m iR159 SQDG

Flavonoid

Isoflavonoid

6SSG —> Glutathione —@—> R-S-Glutathione ---------3 Mercapturic acid





OPS/images/fpls-13-989048/fpls-13-989048-g004.jpg
WRKY65 WRKY65
MSgene0f60s M gene03111

DnaJ
S gene010825

AP2
MS gene31343

PHOTL
3





OPS/images/fpls-13-989048/fpls-13-989048-g003.jpg
RNAhybrid

3912
(25161 1396))

psRNATarget TargetFinder





OPS/images/fpls-13-989048/fpls-13-989048-g002.jpg
180:
160,
140

120
100, ]

601

40

20

o

number of differentially expressed genes

R A

& TS e & S/
= S
s

Gene Ontology terms of enriched differentially expressed genes





OPS/images/fpls-13-989048/fpls-13-989048-g001.jpg
>

P2 (18.03%)

“Logt0{Padiust)

EY

PC1(41.40%)

IR
i )

—
- Py
el E e
[ Y s
PR
b Pt s8.53%)
* nosig i
< down i fhd

e

ERE) f0 23 0n 2n 4o
Log2ifold change)

NPR1

NPR2

NPR3

LPR3

LPR1

LPR2





OPS/images/fpls-13-989048/crossmark.jpg
(®) Check for updates






OPS/images/fpls-13-998863/fpls-13-998863-t006.jpg
Barcode Present study (%) Previous
studies (%)

ITS 100 =
matK. 100 About 50 (Liet al.,
2015; Loera-Sanchez

etal, 2020)

rbel 875 About 50

(Loera-Sinchez

etal, 2020)

trnl-F 875 =

4-DNA 100 -

e
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Sample name

W56_20_1
W56_20_2
W56_20_3
W56_25_1
W56_25_2
W56_25_3
W56_30_1
W56_30_2
W56_30_3
W42_20_1
W42_20_2
W42_20_3
W42_25_1
W42_25_2
W42_25_3
W42_30_1
W42_30_2
W42_30_3

Raw reads (bp)

69841582
62911702
57558104
73676038
59078918
65862564
68578136
51492516
56988358
63164396
55986022
60731496
61771952
82173306
60097974
65238660
61473346
57581100

Clean reads (bp)

69020950
61438136
56413570
72869982
57961508
64414240
67828792
50579832
55846494
62350912
54947704
59225076
60977452
80861182
59132592
64381258
60388946
56814248

Clean bases

10.35G
9.22G
8.46G
10.93G
8.69G
9.66G
10.17G
7.59G
8.38G
9.35G
8.24G
8.88G
9.15G
12.13G
8.87G
9.66G
9.06G
8.52G

Q20 (%)

97.66
97.03
97.05
97.69
96.86
96.98
97.78
96.55
96.94
97.69
97.06
97.2
97.54
96.9
96.83
97.56
96.95
96.91

Q30 (%)

93.15
92.17
92.21
93.32
91.83
92.01
93.48
91.21
92.01
93.3
92.26
92.54
92.99
91.92
91.7
92.94
91.99
g1.97

GC content (%)

55.18
54.58
54.25
53.45
52.8
52.72
53.6
52.74
52.71
55.93
55.07
54.92
55.98
54.97
55.1
55.56
55.15
5523

Uniquely mapped

58595307 (84.89%)
51230146 (83.38%)
46968913 (83.26%)
60916299 (83.6%)
47380711 (81.75%)
52154901 (80.97%)
57431451 (84.67%)
41490885 (82.03%)
46219043 (82.76%)
53218365 (85.35%)
45948132 (83.62%)
49393616 (83.4%)
51894662 (85.1%)
67662956 (83.68%)
49660871 (83.98%)
54743189 (85.03%)
50225116 (83.17%)
47206225 (83.09%)

Total mapped

63173266 (91.53%)
55246619 (89.92%)
50678109 (89.83%)
66822466 (91.7%)
52243732 (90.14%)
57934108 (89.94%)
62577626 (92.26%)
45382407 (89.72%)
50589610 (90.59%)
56235051 (90.19%)
48682188 (88.6%)
52336439 (88.37%)
54944476 (90.11%)
72078984 (89.14%)
52775697 (89.25%)
57980220 (90.06%)
53313555 (88.28%)
50215987 (88.39%)
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Sample name Crystal structure type Diffraction peaks at 20 value (angle)

5° 15° 17° 19° 19.5° 22.0° 23° 24°

W042 Atype J & J ol
W056 Atype i/ &/l i/ v
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Sample name Mn (kDa) Mp (kDa) Mw (kDa) Mz (kDa) Polydispersity

Mw/Mn Mz/Mn

W042 27839.2 (£2.1%) 2056550.1 (£6.2%) 103790.6 (£6.3%) 250733.0 (£17.4%) 3.728 (£6.6%) 9.006 (£14.9%)
WO056 26986.0 (+2.9%) 209295.3 (£12.5%) 112845.4 (£10.1%) 310957.3 (+26.8%) 4.182 (£10.5%) 11.623 (£22.4%)





OPS/images/fpls-13-915400/fpls-13-915400-t003.jpg
Sample name To Tp Tc AH

W042 656.73 £0.17b 70.41 £0.10b 75.89 £ 0.18b 13.76 & 0.24a
WO056 67.14 £ 0.76a 72.04 £0.18a 77.34 £0.07a 13.56 £ 0.34a

The lower case letters indicated the significant difference with P < 0.05.
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0.0
Zm00001d019156|ZEAT7 _MAIZE Zein-alpha A20
Zm00001d020591|ZEG1 _MAIZE 50 kDa gamma-zein

Zm00001 d030855|ZEAA MAIZE Zein-alpha 19D1

Zm00001d019155|ZEA7 MAIZE Zein-alpha A20

Zm00001d048817|ZEAZS MAIZE 22 kDa alpha-zein 14
1 I

Zm00001 d043848|ZEA4_MAIZE Zein-alpha 19B1 | %

Zm00001d043850|ZEA]1 MAIZE Zein-alpha A30 | %

Zm00001d021843|DEF _NELNU Defensmn-like protein

Zm00001d025241|HIP7 ARATH Heavy metal-associated isoprenylated plant protein 7
Zm00001 d043808|FL2W_MAIZE Protein FLOURY 2

Zm00001 d0438849|ZEA1 _MAIZE Zein-alpha A30
Zm00001d026632|TSITI_TOBAC Stem-specific protein TSJT1
Zm00001d023243|LEU12_ARATH 2-isopropylmalate synthase 2
Zm00001d023201SC61 A _DICDI Protein transport protein Sec61 subunit alpha
Zm00001d039512HXKS ORYSJ Hexokinase-3
Zm00001d042653|DJB13_MOUSE Dnal homolog subfanuly B member 13
Zm00001d035440|0C51 _MAIZE Ocs element-binding factor 1
Zm00001d011435junknown

Zm00001d042504PLP2_ORYWSJ Patatin-like protein 2
Zm00001d047124PROD2_ARATH Proline dehydrogenase 2, mitochondsial
Zm00001 d021006junknown

Zm00001d028199|BGLO6_ORY®SJ Beta-glucosidase 6
Zm00001d014897|SF3B2_HUMAN Splicing factor 3B subunit 2
Zm00001d037576|AVP_VIGRR Pyrophosphate-energized vacuolar membrane proton pump
Zm00001d012909)EPHA MYCTU Epoxide hydrolase A

Novel00773junknown

Novel00284unknown

Zm00001d021772junknown

Zm00001d040834PSMD4_ARATH 265 proteasome non-ATPase regulatory subunit 4 homolog
Zm00001 d005654unknown

Zm00001d029783|EXLA2_ORYSJ Expansin-like A2
Zm00001d037756|ZIP7_ORYSJ Zinc transporter 7

Zm00001 d025872junknown

Zm00001d043097Y5902_ARATH Uncharacternized protein At5gl9025
Zm00001d029333|Y4791 _ARATH Uncharacterized protein Atdgl7910
Zm00001 d007657junknown

Zm00001 d005989%junknown

Zm00001d013193MEE14_ARATH CCG-binding protein 1
Zm00001d018331|TEN1_ARATH CST complex subunit TEN1
Zm00001d049813|LIP2 ARATH Triacylglycerol lipase 2
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Species Cultivar Length (bp) Haplotype DNA barcoding

ITS matK rbcL trnL-F 4-DNA ITS matK rbcL trnL-F

Lolium perenne Medalist Gold 696 408 572 453 2129 HiH H2H H36 H46 PP HIHH2HH3GH4O
Pickwick 696 408 572 453 2129 i1 H2H H3¢ H46 L2PH1MH2MH39H4C
Taya 696 408 572 453 2129 H1t 2t H3¢ H4¢ LAPH1HH2HH3CHeC

Ascend 696 408 572 453 2129 H1H H2H H36 H46 L2911 HH2HH3GH4G
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Species Length (bp) Haplotype DNA barcoding

ITS matK rbcL trnL-F 4-DNA ITS matK rbcL trnL-F

Agropyron cristatum var. cristatum 697 395 572 463 2127 H14 H2A H3A H4A PPIY7HIAH2AH3AH4A
Agropyron cristatum var. pectiniforme 697 395 572 458 2122 H1! H2! H3A Hall L2211 H2 H3A Hat!
Agropyron mongolicum 682 408 572 463 2125 HU HY H3A Hat 2P HUHYH3AH4?

Agropyron desertorum 696 404 572 463 2135 H1K H2K H3A H4H L35S HIKH2KH3AH4H
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Species

Agropyron cristatum
Bromus inermis
Elymus dahuricus
Elymus sibiricus
Elytrigia repens
Festuca rubra
Leymus chinensis

Lolium perenne

ITS

697
696
699
701
699
695
697
696

matK

395
408
408
408
408
408
408
408

rbcL

572
572
572
572
572
572
572
572

Length (bp)

trnL-F

463
473
473
470
470
444
455
453

4-DNA

2127
2149
2152
2151
2149
2119
2132
2129

ITS

H1A
H1P
HI¢
H1P
H1E
H1F
H1¢
H1H

Haplotype
matK rbcL
H2A H3A
H2B H3P
H2¢ H3¢
H2P H3P
H2E H3P
H2F H3E
H2¢ H3F
H2H H36

trnL-F

H4A
H4P
H4C¢
H4C
H4P
H4E
H4F
H46

DNA barcoding

LH27H1AH2AH3AH4A
LP9H1BH2PH3PH4®
L22H1CH2CH3CH4C
25 HIPH2PH3PH4C
LM9HIEH2PH3P H4P
L2H1FH2FH3EH4E
L2 19H20H3  HaF
LHIHH2HH3GH4G
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Primer

ITS_F
ITS_R
rbcL_F
rbcL_R
matK_F
matK_R
trnL-F_F
trnL-F_R

Sequence

GTCGTAACAAGGTTTCCGTAGG
TCCGCTTATTTATATGCTTAAA
CCGCCTCATGGTATCCAAGTTGAAAG
ATTTCGCGTTCCCCTTCTAACTTACC
GGAACGAATCCACTTTTC
GCTTTTGATAAGTATCC
TAATAAACACGTATAGATACTG
TCCTTTGTGAAAGAGTAGAATG
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Genera

Species

Cultivar

Location

Agropyron

Bromus

Elymus

Elytrigia
Festuca
Leymus

Lolium

Agropyron
cristatum var.
cristatum

Agropyron
cristatum var.
Ppectiniforme

Agropyron
mongolicum

Agropyron
desertorum

Bromus inermis
Elymus dahuricus
Elymus sibiricus
Elytrigia repens
Festuca rubra
Leymus chinensis

Lolium perenne

Medalist Gold
Pickwick
Taya
Ascend

Pratacultural Science
Institute, Heilongjiang
Academy of
Agricultural Sciences,
Harbin, China
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Young duplicate genes® Old duplicate genes? P-value

Stem 0.32992 + 1.69659 1.29889 + 19.01985 0.4732
Root 0.23075 + 2.38534 0.26472 £ 3.32038 0.1732
Leaf 017276 + 1.82728 0.54662 + 5.19718  0.8877
10_WAF 0.16166 + 0.93073 0.20305 + 0.84959  0.641
15_WAF 0.61856 + 9.47926 0.21273 £0.88024  0.7041
20_WAF 0.25948 + 1.57819 0.22043 +1.60837 0.6372
25_WAF 0.21053 £+ 2.19179 —0.03856 + 5.21426  0.2906
30_WAF —0.08646 + 4.57126 0.03024 +8.43142  0.4939
C1 0.22886 + 0.87381 0.09930 + 0.82954  0.007285
Cc2 0.13126 + 2.83309 0.18950 + 1.12121  0.1539
C3 0.20570 + 3.37712 0.17215 £ 2.26439  0.0423
C4 0.22757 + 0.92811 —0.09541 £ 9.72672  0.1998
X1 0.39927 + 2.21567 0.26412 +£1.19283  0.05955
X2 0.22806 + 1.96253 0.23484 +1.15092  0.09925
X3 0.22942 + 4.14480 0.22514 +£1.26084  0.7747
X4 0.24818 + 1.52190 0.37369 £+ 5.79896  0.1583
CX 0.40889 + 2.65661 0.43914 £ 4.12942  0.137
Expression_ 12.93952 + 4.48514 12.91720 + 4.56255 0.000173
breadth

aMean £ SD. 10_WAF, 15_WAF, 20_WAF, 25_WAF, and 30_WAF represent 10, 15,
20, and 25 weeks after flowering, respectively. C1, C2, C3, and C4 represent 30,
20, 10, 1 days before female flowering, respectively. X1, X2, X3, and X4 represent
30, 20, 10, 1 days before male flowering, respectively. CX means hermaphrodite.
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Young duplicate genes? Old duplicate genes? P-value

Fop 0.36932 + 0.03604 0.37620 + 0.03576 0.003657
AA 380.13282 + 262.40793 416.40538 + 248.39721  0.0004001
GC1 49.19326 + 4.69717 49.27901 + 4.02039 0.8523

GC2 41.03073 + 5.65408 40.07084 + 5.02216 0.006975
GC3 36.50951 &+ 5.79104 38.48259 + 5.70046 2.06E-07
Ka 0.47117 £ 0.36448 0.38031 + 0.26312 0.0003212
Ks 0.68886 + 0.20766 1.60683 + 0.16657 2.20E-16
Ka/Ks 0.84187 £ 1.05294 0.23830 + 0.16605 2.20E-16

aMean + SD; AA, polypeptide length; Fop, frequency of optimal codons; GC1/2/3,
GC content at the first/second/third codon site; Ka/Ks, non-synonymous to
synonymous substitution ratio; Ka, non-synonymous substitution rate per non-
synonymous site; Ks, synonymous substitution rate per synonymous site.
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Gene name Arachis ID CDSlength (bp)  Gene length (bp)  Isoelectric point weight (Da) localization
AJWRKY18 AracuB1C6F a7 783 9.67 18364.62 Nucleus
AJWRKY40 Aradu 18GKQ 1,008 1,098 6.78 40064.95 Nucleus
AJWRKY42 Aradu KEE43 963 1874 831 35677.08 Nucleus
AJWRKYS56 Aradu.S7YD6 1623 2,328 6.59 59830.41 Nucleus

AJWRKY64 Aradu.VET05 879 879 6.92 32729.67 Nucleus
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