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Introduction

Huanglongbing (HLB), a disease that’s ubiquitous worldwide, wreaks havoc on the citrus industry. The primary culprit of HLB is the gram-negative bacterium Candidatus Liberibacter asiaticus (CLas) that infects the phloem, but its damaging mechanism is yet to be fully understood.





Methods and results

In this study, a multitude of tools including weighted correlation network analysis (WGCNA), protein-protein interaction (PPI) network analysis and gene expression profiling are employed to unravel the intricacies of its pathogenesis. The investigation pinpoints various central genes, such as the ethylene-responsive transcription factor 9 (ERF9) and thioredoxin reductase 1 (TrxR1), that are associated with CLas invasion and resultant disturbances in numerous biological operations. Additionally, the study uncovers a range of responses through the detection of differential expressed genes (DEGs) across different experiments. The discovery of core DEGs leads to the identification of pivotal genes such as the sieve element occlusion (SEO) and the wall-associated receptor kinase-like 15 (WAKL15). PPI network analysis highlights potential vital proteins, while GO and KEGG pathway enrichment analysis illustrate a significant impact on multiple defensive and metabolic pathways. Gene set enrichment analysis (GSEA) indicates significant alterations in biological processes such as leaf senescence and response to biotic stimuli.





Discussion

This all-encompassing approach extends valuable understanding into the pathogenesis of CLas, potentially aiding future research and therapeutic strategies for HLB.
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1 Introduction

The citrus industry is significantly impacted by citrus huanglongbing (HLB), which is a disease that has spread globally and causes severe damage (Wang, 2019). HLB can affect all citrus varieties, leading to symptoms such as yellowing of leaves, stunted growth, and the production of small, misshapen, and bitter fruits (Bové and Barros, 2006; Wang, 2019; Pandey et al., 2022). Ultimately, the disease leads to premature tree death, rendering orchards unproductive, resulting in many orchards being abandoned or replaced with alternative crops (Yuan et al., 2021).

HLB is typically believed to be caused by Candidatus Liberibacter asiaticus (CLas), which is a gram-negative bacterium that parasitizes to the phloem (Zheng et al., 2023). The pathogenesis of CLas is unclear during its unculturable in vitro (Hu et al., 2021). Nevertheless, there are still numerous research findings attempting to uncover the pathogenesis of CLas (Pitino et al., 2016; Loto et al., 2017; Clark et al., 2018; Pitino et al., 2018; Shi et al., 2019; Liu et al., 2019a; Du et al., 2021; Wang et al., 2023; Shi et al., 2023a, Shi et al., 2023b). Following the release of the CLas genome, researchers found that the bacterium lacks type III or IV secretory systems, but it does have a complete sec-dependent system (Duan et al., 2009). The Sec-dependent effectors (SDEs) of CLas disrupt autophagy, development, and papain-like cysteine proteases, while also suppressing the immune response in citrus (Clark et al., 2018; Wang et al., 2023; Shi et al., 2023a, Shi et al., 2023b). For instance, SDE1 targets citrus proteases and declines defense responses in plants (Clark et al., 2018). Overexpression of SDE1 accelerated senescence related biological processes both in Arabidopsis thaliana and Citrus paradisi (Clark et al., 2020). Moreover, SDE15 suppresses the immune response to bacterial infection by interacting with citrus CsACD2 (Pang et al., 2020). Interestingly, both SDE3 and SDE4405 interfere with citrus autophagy; SDE3 suppresses it, while SDE4405 stimulates it (Shi et al., 2023a, Shi et al., 2023b). Nevertheless, both SDE3 and SDE4405 exert a negative influence on the citrus defense response (Shi et al., 2023a, Shi et al., 2023b). Although the functions of several SDEs have been analyzed, the pathogenic mechanism of CLas is still unclear. For instance, whether these SDEs work synergistically or independently during the infection process and which effector protein is the key pathogenic factor, remain uncertain. Moreover, the response of citrus to CLas infection and the regulatory mechanisms involved in citrus need to be clarified. Dynamic changes in the signal transduction pathway also require further investigation.

Upon CLas infection, the citrus transcriptome undergoes significant alterations, leading to the up-regulation or down-regulation of numerous genes (Liu et al., 2023). These genes are primarily associated with plant defense responses, photosynthesis, cell wall modification, nutrient transport, and metabolism among others (Hu et al., 2017; Zhao et al., 2019; Liu et al., 2019b; Ribeiro et al., 2022). Several defense-related genes and pathogenesis-related proteins (PRs) are up-regulated in response to CLas infection. For instance, genes encoding PR proteins, such as peroxidase, chitinase, and β-1,3-glucanase, have been observed to increase, indicating an active defense response (Rawat et al., 2015). Additionally, genes related to secondary metabolite biosynthesis, like phytoalexins, are up-regulated, providing further biochemical defense against the pathogen (Fu et al., 2016). CLas infection has been associated with a broad down-regulation of genes related to photosynthesis and carbohydrate metabolism (Martinelli et al., 2012; Liu et al., 2019b, 2023). The down-regulation of these genes likely contributes to the pronounced leaf yellowing observed in CLas-infected trees. Transcriptomic analysis has revealed an up-regulation of genes related to cell-wall modification, such as those encoding pectin methylesterases and pectate lyases (Wang et al., 2016; Liu et al., 2023). These enzymes are involved in the modification and degradation of the cell wall, suggesting an alteration in plant cell wall integrity and structure during CLas infection. Genes involved in nutrient transport, such as those encoding sugar and amino acid transporters, show variable expression patterns depending on the stage of CLas infection (Shahzad et al., 2020). These intricate changes in the citrus transcriptome in response to CLas infection underscore the complexity of the plant-pathogen interaction. Notably, the up-regulation of defense-related genes suggests a robust, yet not fully effective, physiological response to the pathogen, while the down-regulation of photosynthetic genes highlights the detrimental effects of HLB on the primary metabolic processes of citrus. Despite ongoing transcriptomic research on HLB, the conservative response regulation pattern to CLas infection in citrus remains unclear due to the different stages of CLas infection and the variety of citrus species involved. Therefore, in this study, we utilize the previous sequencing data from our research group and publicly available data from National Center for Biotechnology Information (NCBI) SRA database to determine the core regulatory genes, conservative biological response processes, metabolic pathways, and response patterns of citrus.

Weighted gene co-expression network analysis (WGCNA) offers a robust computational approach to decipher complex biological systems at the genetic level (Langfelder and Horvath, 2008). The performance of WGCNA in identifying co-expression modules has become a critical tool in plant transcriptional regulation (Lu et al., 2019; Zhu et al., 2019; Yu et al., 2023). WGCNA is helpful to identify hub genes that control plant growth, development, and responses to environmental stimuli (Yao et al., 2023; Yu et al., 2023). For instance, multiple transcription factors associated with regulation of salt response in rice were identified by WGCNA (Zhu et al., 2019). Moreover, Gene set enrichment analysis (GSEA) is an important computational method in analyzing transcriptomic data, particularly in studies focused on plant-pathogen interactions (Muchero et al., 2018; Rody et al., 2021). Understanding the complex and dynamic interplay between a plant and its pathogen at a molecular level requires tools that can identify and categorize patterns in gene expression (Dong et al., 2015; Jiang et al., 2017). Applications of GSEA in plant-pathogen interaction studies have led to the identification of key gene sets and pathways that are modulated during infection (Bautista et al., 2021). Furthermore, the utilization of Gene ontology (GO) and Kyoto Encyclopedia of genes and genomes (KEGG) enrichment analyses enables identification of the biological processes and metabolic pathways in which differentially expressed genes (DEGs) are involved (Liu et al., 2023).

In order to elucidate the disturbances in biological processes within Citrus spp. triggered by CLas infection, we collected HLB associated RNA-seq data, including the RNA-seq data sequenced in our previous study (Liu et al., 2023) and public RNA-seq data deposited in NCBI SRA database from various research groups, for analysis. Subsequently, we utilized WGCNA to identify gene sets and pinpointed hub genes positive correlated with CLas infection. Moreover, we performed GO and KEGG enrichment analysis, protein-protein interactions (PPI) network analysis and GESA to determine biological processes and metabolic pathways disturbed by CLas infection. Our findings would lay the groundwork for better understanding of CLas pathogenesis, elucidating the complex interaction and molecular mechanisms between citrus and CLas.




2 Materials and methods



2.1 RNA-seq data collection and analysis

To collect HLB associated RNA-seq data, we used ‘Citrus’, ‘Candidatus Liberibacter asiaticus’, and ‘Huanglongbing’ as keywords to search related biosamples in SRA database. In addition, we incorporated RNA-seq data from a previous publication by our research group into this study (Liu et al., 2023). We then utilized the ‘Kallisto Super GUI Wrapper’ within the TBtools software to quantify the expression profiles of genes in C. sinensis using the 3.0 version reference genome in the Citrus Pan-genome to Breeding Database (CPBD) (http://citrus.hzau.edu.cn/) (Bray et al., 2016; Liu et al., 2022; Chen et al., 2023). The bias correction parameters were configured with a kmer size of 31.




2.2 Weighted correlation network analysis

The WGCNA was performed with WGCNA-shinyApp (https://github.com/ShawnWx2019/WGCNA-shinyApp) (Langfelder and Horvath, 2008). The raw count values of all genes were normalized using the variance-stabilizing transformation method (Lin et al., 2008), and then the gene sets were filtered twice. First, genes with 90% of samples having a count value less than 10 were removed. Then, genes were further filtered using the ‘median absolute deviation’ method (Pham-Gia and Hung, 2001). The normalized count values of the remaining genes were utilized to calculate the suggested power value. Then module net was constructed with parameters of ‘min Module size = 30’ and ‘module cuttree height = 0.25’. All CLas infected samples were designated as ‘HLB’, while CLas free samples were designated as ‘MOCK’. The correlation between module and trait data (such as ‘HLB’) was computed, and significant ‘module-trait’ pairs were utilized to identify hub genes.




2.3 Hub genes identification

The selection of hub genes was determined by filtering with a cut off value greater than 0.5 for both the ‘kME’ and ‘GS’ generated with WGCNA-shinyApp. Subsequently, the edge information for each module was generated and any weight values below 0.8 were eliminated. We then utilized Cytoscape 3.9.0 to arrange the co-expression network (Kohl et al., 2011).




2.4 Differential expressed genes identification

DEGs were generated with R package ‘edgeR’, with a threshold of absolute log fold change (|log2FC|) greater than 1 and a false discovery rate of less than 0.05 (Robinson et al., 2010). The DEGs from various experiments were combined, and those found in over 2/3 of the experiments were classified as core DEGs (cDEGs), while those found in more than 1/2 of the experiments were classified as soft core DEGs (scDEGs). The Venn diagram was drawn by InteractiVenn (Heberle et al., 2015), and the heatmap was drawn by TBtools (Chen et al., 2023), while the GO IDs were clustered by simplifyEnrichment (Gu and Hübschmann, 2023).




2.5 Protein-protein interaction network analysis

cDEGs were utilized for conducting PPI network analysis with the STRING database (Szklarczyk et al., 2019), and subsequently, the network was visualized using OmicSuite software (Miao et al., 2023). The annotation of proteins in the network was verified through blastp in the NCBI database (Johnson et al., 2008).




2.6 GO and KEGG pathway enrichment analysis

scDEGs were used for GO and KEGG pathway enrichment analysis. The log2FC value for each scDEG was calculated by taking the log 2 of the average count value of all CLas infected samples dividing the average count value of all CLas free samples. The GO terms of all genes in C. sinensis were annotated by eggNOG-mapper 2.1.12 (Cantalapiedra et al., 2021), while the KEGG ID of each gene of C. sinensis were annotated by KofamKOALA (Aramaki et al., 2020). Enrichment analysis for both GO and KEGG pathways was carried out using gogseasenior and pathwaygseasenior online tools on the omicshare website (www.omicshare.com).




2.7 Gene set enrichment analysis

GSEA was conducted using ‘Simple GO GSEA Wrapper’ within the TBtools software (Subramanian et al., 2005; Chen et al., 2023). scDEGs were used for gene ranking and gene sets with P value less than 0.05 were considered as significantly enriched gene sets.




2.8 qRT-PCR analysis

Quantitative real-time PCR (qRT-PCR) was implemented to corroborate the RNA-seq data. We gathered mature leaves from both CLas-infected and CLas-free C. sinensis cv. “Newhall”, from which total RNA was extracted utilizing the EasyPure® Plant RNA Kit (Transgen Biotech, Beijing). RNA was subsequently reverse-transcribed to produce first-strand cDNA by means of the EasyScript® All-in-One First-Strand cDNA Synthesis SuperMix for qPCR (One-Step gDNA Removal) (Transgen Biotech, Beijing). Six arbitrarily chosen DEGs up-regulated in CLas-infected samples were subjected to qRT-PCR analysis with TransStart® Green qPCR SuperMix (Transgen Biotech, Beijing) employing specific primers (Supplementary Table 1). The glyceraldehyde-3-phosphate dehydrogenase gene (NCBI Reference Sequence: XM_006468885.2) of C. sinensis was utilized as an internal control, and the 2-ΔΔCT method was employed to determine the relative expression profiles of the chosen genes (Livak and Schmittgen, 2001). The statistical significance of results from qRT-PCR analysis was assessed using an unpaired two-sided Student’s t-test through SPSS 25.0.





3 Results



3.1 Six BioProjects with 66 BioSamples were generated in this study

To better understand the disruptions in biological processes of C. sinensis caused by CLas infection, we carried out keyword searches within the SRA database in NCBI. A total of 6 BioProjects containing 66 BioSamples were collected and analyzed in this study. The 6 BioProjects included PRJNA951807 (Shahzad et al., 2023), PRJNA599503 (Peng et al., 2021), PRJNA579742 (Wu et al., 2020), PRJNA394061 (Zhao et al., 2019), PRJNA203307 (Martinelli et al., 2012, 2013), and PRJNA953196 (Liu et al., 2023) (Table 1) and detailed accessions of 66 BioSamples were listed in Supplementary Table 2. The 66 BioSamples included tissues from leaf, bark, root, fruit, and calyx abscission zones, divided into two groups: MOCK and HLB (Table 1).

Table 1 | Details of RNA-seq data of Citrus sinensis associated with CLas infection used in this study.


[image: Table displaying details of six experiments with specific groups, control and stress groups, comparisons, and accession numbers. Experiments involve different plant parts like leaves, bark, and fruit. Each experiment has distinct control and stress groups, with associated accession numbers for reference.]



3.2 WGCNA revealed key modules associated with CLas infection

To identify key modules related with CLas infection, we performed co-expression analysis with WGCNA. After normalizing and filtering the raw count values of all genes in C. sinensis, a total of 14,587 genes were retained. Due to the power-law distribution of the degree of nodes in a biological network, we calculated the soft threshold and determined that a power of 9 was appropriate for further analysis (Supplementary Figure 1). The remaining genes were clustered into 33 modules (Figure 1A) and the correlation between each module were calculated (Figure 1B). When conducting association analysis on the trait data of various BioSamples that were previously categorized as either ‘HLB’ or ‘MOCK’, two modules were identified as significantly associated with CLas infection. These modules were the salmon module and the green module (Figure 2). The salmon module showed a correlation of 0.42 with ‘HLB’ and a P value of 0.00045, while the green module had a correlation of 0.25 with ‘HLB’ and a P value of 0.042 (Figure 2).

[image: Cluster dendrogram shows hierarchical relationships between data clusters grouped by module colors. Adjacent is an eigengene adjacency heatmap displaying color-coded correlations, with clustering of eigengenes labeled by colors on both axes.]
Figure 1 | Clustering genes of Citrus sinensis into different modules base on the expression profiles of CLas infected samples by RNA-seq analysis. (A) Cluster dendrogram of all expressed genes. (B) Correlation heatmap of different modules.

[image: Heatmap displaying module-trait relationships for MOCK and HLB conditions. Rows represent modules with color-coded labels on the left. Columns show correlation values, ranging from yellow (positive) to purple (negative). Significant correlations, such as MEsalmon, are highlighted. Color scale on the right indicates correlation magnitude from -1 to 1.]
Figure 2 | Identifying key modules of gene sets from Citrus sinensis associated with CLas infection by WGCNA. The numbers in the rectangular columns show the correlation coefficient and P value. The bold labels indicate significant modules.




3.3 Identification of candidate disease resistant and ROS scavenge gene networks through co-expression analysis

To identify hub genes in the salmon and green module, we plotted gene significance (|GS|) versus module membership (|MM|) in coordinate system and genes with |MM| > 0.5 and |GS| > 0.5 were defined as hub genes (Figure 3). Then weight value of gene connectivity greater than 0.89 were remained for co-expression network construction. In salmon module, 7 genes with top ranking were labeled with their gene functional descriptions. These genes included ‘MACPF domain-containing protein NSL1’ (Cs_ont_2g004620), ‘Leaf rust 10 disease-resistance locus receptor-like protein kinase-like’ (Cs_ont_6g004280), ‘protein ROH1’ (Cs_ont_3g007360), ‘Uncharacterized protein’ (Cs_ont_7g000040), ‘protein ALP1-like’ (Cs_ont_4g011310), ‘Ethylene-responsive transcription factor 9’ (ERF9) (Cs_ont_2g022570) and ‘Ethylene-regulated transcript 2’ (Cs_ont_2g008210) (Figure 4A; Supplementary Table 3). In green module, 6 genes including ‘Thioredoxin reductase 1’ (TrxR1) (Cs_ont_1g029680), ‘Ferrochelatase’ (Cs_ont_4g005230), ‘peroxisomal adenine nucleotide carrier 1’ (Cs_ont_3g016200), ‘protein ESMERALDA 1’ (Cs_ont_2g012890), ‘Anamorsin-like’ (Cs_ont_7g018200), and ‘ERV-F (C)1 provirus ancestral Env polyprotein’ (Cs_ont_2g019740) were identified (Figure 4B; Supplementary Table 4). These hub genes positive correlated with CLas infection would be key candidates for functional validation in further study.

[image: Two scatter plots labeled A and B compare module membership with gene significance for HLB. In plot A, red dots show a moderate positive correlation (correlation equals 0.31, p-value equals 0.000000017), while in plot B, green dots show a weaker positive correlation (correlation equals 0.086, p-value equals 0.0091). Each graph features a blue trend line with shaded confidence intervals.]
Figure 3 | The relationship between module membership and gene significance of significant modules in the analysis of the RNA-seq data of Citrus sinensis associated with CLas infection. (A) Salmon module. (B) Green module.

[image: Two network diagrams labeled A and B depict protein interactions. Diagram A features orange nodes representing proteins like "LEAF RUST 10" and "Ethylene-responsive transcription factor 9". Diagram B displays green nodes with proteins such as "Thioredoxin reductase 1" and "protein ESMERALDA 1". The size and connections of the nodes vary, indicating interaction strength.]
Figure 4 | Co-expression networks in significant modules in the analysis of the RNA-seq data of Citrus sinensis associated with CLas infection. (A) Salmon module. (B) Green module. Blast analysis was employed to annotate the hub genes, using their descriptions found in the National Center for Biotechnology Information (NCBI) database.




3.4 DEGs varied in different experiments: a case study

We conducted DEGs identification to uncover the biological processes disrupted by CLas infection, resulting in the identification of diverse DEGs in different experiments (Supplementary Tables 5, 6). A maximum of 4,250 DEGs were identified in C7, comprising 1,522 up-regulated genes and 2,728 down-regulated genes. In contrast, the minimum number of DEGs was observed in C1, where 5 genes were found to be down-regulated (Figure 5; Supplementary Table 4). Due to the limited number of DEGs in C1 and C2 from experiment 1, the subsequent analysis did not include these two groups of DEGs. Following that, we proceeded with a thorough analysis of experiment 2, which includes a variety of tissues, such as leaves, bark, and roots. The comparison between HLB and MOCK samples of leaves, bark, and roots resulted in the identification of 145 common up-regulated DEGs and 14 common down-regulated DEGs (Figures 6A, B). The analysis of GO annotation revealed that the commonly down-regulated DEGs are associated with ‘Development’, ‘Morphogenesis’, ‘Organization’, and ‘Growth’, while the up-regulated DEGs are associated with ‘Response’, ‘Regulation’, ‘Transport’, and ‘Homeostasis’, as well as other GO keywords like ‘Defense’, ‘Stimulus’, ‘Stress’ and ‘Programmed cell death’ (Figure 6C). In this study, we pay more attention to the GO enrichment results related with defense response, which were not detailed described in previous analysis (Peng et al., 2021).

[image: Bar chart showing the number of differentially expressed genes (DEGs) across conditions C1 to C21. Blue bars represent down-regulation, and red bars represent up-regulation. C1 has the lowest values, while C14 has the highest number of DEGs.]
Figure 5 | Identification of differential expressed genes (DEGs) between CLas infected and control samples in the analysis of the RNA-seq data of Citrus sinensis. The details for C1 to C21 are described in Supplementary Table 6.

[image: Two Venn diagrams and a heatmap are displayed. Diagram A shows three sets: E2_Leaf_Up, E2_Bark_Up, and E2_Root_Up with overlapping regions indicating shared elements. Diagram B displays similar sets E2_Leaf_Down, E2_Bark_Down, and E2_Root_Down. The heatmap, labeled C, displays hierarchical clustering of data, with color gradients from red to blue representing value changes, and is annotated with terms like "Development" and "Homeostasis."]
Figure 6 | Differential expressed genes identification and GO enrichment analysis in experiment 2. (A) Common up-regulated genes. (B) Common down-regulated genes. (C) GO enrichment analysis. E2 signifies experiment 2, the specifics of which are documented in Table 1. The symbols L, P, and R denote leaf, bark, and root samples respectively.




3.5 PPI network analysis identified key SEO proteins

The count function in Excel was used to obtain cDEGs, resulting in the generation of 114 cDEGs. Following this, the protein sequences of cDEGs were downloaded from the CPBD database and submitted to the String database for analysis of PPI networks. Five separate PPI networks were created (Figure 7; Supplementary Table 7). It is interesting to note that one PPI network consisted of nine nodes, with three of them being sieve element occlusion (SEO) B, one being an HTH type transcriptional regulator, and one being a wall-associated receptor kinase-like 15. Furthermore, there was another PPI network with three nodes, which consisted of very-long-chain aldehyde decarbonylase CER1, salicylic acid-binding protein 2-like, and pathogenesis-related protein PR-1. The other PPI networks also consisted of resistance associated genes like chitinase, abscisic acid receptor PYL4 (Figure 7). Our analysis indicated SEO proteins may be significantly involved in citrus-CLas interaction.

[image: Network diagram illustrating protein interactions with color-coded nodes. Node descriptions include proteins such as ammonium transporter 1, chitinase, and pathogenesis-related protein PR-1. Connections between nodes represent interactions. Different colors indicate varying protein types or functions, such as red for ammonium transporter and green for sieve element occlusion B. Labels include protein names alongside unique codes.]
Figure 7 | Protein-protein interaction (PPI) network analysis of core differential expressed genes in Citrus sinensis during CLas infection. PPI networks were derived using the STRING database, with each node arbitrarily assigned a hue from the rainbow spectrum. Detailed descriptions pertaining to each gene were sourced from the National Center for Biotechnology Information (NCBI) database.




3.6 Defense responsive GO terms and secondary metabolic pathways were disturbed by CLas infection

A total of 676 scDEGs were filtered and used for GO and KEGG pathway enrichment analysis. The GO enrichment analysis showed a significant influence on GO terms related to the cell wall, particularly GO:0009505 (plant-type cell wall) (Figure 8A; Supplementary Table 8). In addition, several defense related GO terms like GO:0009605 (response to external stimulus), GO:0009607 (response to biotic stimulus), and GO:0006952 (defense response) were identified (Figure 8A). Moreover, GO:0010150 (leaf senescence) was significantly enriched in this study (Figure 8A). KEGG pathway enrichment indicated various pathways were disturbed during CLas infection (Figure 8B; Supplementary Table 9). It is worth noting that sugar metabolism, including ‘Amino sugar and nucleotide sugar metabolism’, ‘Glucosinolate biosynthesis’, ‘Starch and sucrose metabolism’, and ‘pentose and glucuronate interconversions’, was affected (Figure 8B). Signaling pathways such as ‘MAPK signaling pathway-plant’ was altered (Figure 8B). Amount of biosynthesis pathways were impacted like ‘Cutin, suberine and wax biosynthesis’, ‘Terpenoid backbone biosynthesis’, ‘Sesquiterpenoid and triterpenoid biosynthesis’, ‘Phenylpropanoid biosynthesis’, ‘Brassinosteroid biosynthesis’, ‘Stilbenoid, diarylheptanoid and gingerol biosynthesis’, and ‘Flavonoid biosynthesis’ (Figure 8B). Additionally, there had been a change in the ‘Plant-pathogen interaction’ (Figure 8B). The expression of genes related to biotic stresses in Citrus spp. was found to be significantly influenced according to the GO and KEGG enrichment analysis.

[image: Graphical representation of gene enrichment analysis. Panel A displays a bubble plot with up–down normalization on the x-axis and negative logarithm of p-value on the y-axis. Different colors represent cellular components, biological processes, and molecular functions. A table lists the top 20 GO terms. Panel B shows a KEGG enrichment dot plot with various pathways listed, the enriched gene count indicated by dot size, and color indicating p-value, with the rich factor on the x-axis.]
Figure 8 | GO and KEGG pathway enrichment analysis of soft-core differential expressed genes in Citrus sinensis during CLas infection. (A) GO enrichment analysis of soft-core DEGs. (B) KEGG pathway enrichment analysis of soft-core DEGs. The enrichment GO terms and KEGG pathways were organized according to -log10 (P value), and the leading 20 enriched GO terms and the top 25 enriched KEGG pathways were subsequently visualized.




3.7 Various enriched gene sets positively correlated with CLas infection

GSEA was conducted utilizing scDEGs to identify gene sets exhibiting positive correlations with CLas infection. The results of GSEA were in alignment with GO enrichment analysis (Figure 9; Supplementary Table 10). The GSEA revealed a significant number of up-regulated DEGs associated with GO:0010150 (leaf senescence), GO:0009607 (response to biotic stimulus), GO:0009505 (plant-type cell wall), and GO:1901135 (Carbohydrate derivative metabolic process) (Figure 9; Supplementary Table 10). These results indicated CLas infection interferes with multiple biological processes within citrus plants.

[image: Panel of four enrichment plots showing enrichment scores (ES) for gene sets. (A) Leaf senescence shows a downward trend. (B) Response to biotic stimulus peaks early. (C) Cell wall type peaks mid-range. (D) Carbohydrate derivative process also peaks mid-range. Each plot includes a ranking metric with positive and negative correlation areas indicated.]
Figure 9 | Gene set enrichment analysis of soft-core differential expressed genes in Citrus sinensis during CLas infection. (A) Leaf senescence. (B) Response to biotic stimulus. (C) Plant-type cell wall. (D) Carbohydrate derivative metabolic process. The enrichment score and the ranked list metric for each gene were individually ploted.




3.8 RNA-seq data validation by qRT-PCR analysis

QRT-PCR was employed to verify the accuracy of the RNA-seq data. Six DEGs that were found to be up-regulated in CLas-infected C. sinensis were randomly selected for further analysis, including vacuolar amino acid transporter YPQ1 (Cs_ont_1g026080), uncharacterized protein (Cs_ont_2g006750), glucose-6-phosphate/phosphate translocator 2 (Cs_ont_2g006950), kunitz trypsin inhibitor 3 (Cs_ont_5g028190), o-methyltransferase 3 (Cs_ont_6g024150), and glucose-1-phosphate adenylyl transferase large subunit 3 (Cs_ont_8g021290). The qRT-PCR analysis revealed an up-regulation of all chosen genes, consistent with the RNA-seq data (Figure 10). Therefore, this validation confirmed the reliability of the RNA-seq analysis.

[image: Bar graphs labeled A to F show relative expression levels of genes under "MOCK" and "HLB" conditions. Each graph demonstrates higher gene expression in "HLB" compared to "MOCK," with statistical significance denoted by double asterisks (**). Gene labels are Cs_ont_1g026080, Cs_ont_2g006750, Cs_ont_2g006950, Cs_ont_5g028190, Cs_ont_6g024150, and Cs_ont_8g021290.]
Figure 10 | QRT-PCR analysis of the expression profiles of six candidate genes from Citrus sinensis during CLas infection. Relative expression of (A) Cs_ont_1g026080, (B) Cs_ont_2g006750, (C) Cs_ont_2g006950, (D) Cs_ont_5g028190, (E) Cs_ont_6g024150, and (F) Cs_ont_8g021290. The C. sinensis GAPDH gene was used as internal reference, three biological replicates were adopted, and the relative expression values were calculated by 2-ΔΔCT method. The symbol ‘**’ denotes a P value of less than 0.01, indicating statistical significance.





4 Discussion

The citrus industry grapples with the destructive impact of HLB, a disease propagated globally causing significant damage (Wang, 2019; Hu et al., 2021). This study has sought to analyze the pathogenesis of CLas, despite the ambiguity surrounding its unculturable nature in vitro. In the realm of plant science, WGCNA has proven to be a powerful tool for exploring complex genetic traits and plant responses to various environmental factors (Mutinda et al., 2023). Unveiling these hub genes can lead us to the genetic controls underlying critical physiological traits, stress responses, and adaptation strategies in plants (Yu et al., 2023). Utilizing 289 transcriptome samples of Dendrobium catenatum, key genes including DcCHIL, DcFLS, DcDFR, and DcWRKY3/4 were determined to react to methyl Jasmonate treatment. Further experimental data confirmed the role of DcWRKY3/4 in regulating the metabolic pathway of flavonoids (Li et al., 2024). In the complex interplay between sorghum and the parasitic plant Striga hermonthica, the use of WGCNA facilitated the identification of several key genes playing a role in resistance response (Mutinda et al., 2023). During Sporisorium scitamineum infection, the transcriptomic profiling of sugarcane pinpointed 38 pivotal genes by WGCNA, incorporating those encoding chitinase, glutathione S-transferase, and heavy metal-associated isoprenylated plant protein (Wu et al., 2022). In this study, key gene modules were identified in C. sinensis during CLas infection. This was achieved through a co-expression analysis with WGCNA, retaining a total of 14,587 genes for analysis. Through our intricate research methodology, we identified two modules, namely ‘Salmon’ and ‘Green’, significantly associated with the infection. The hub genes identified within the ‘Salmon’ and ‘Green’ modules included ERF9 (Cs_ont_2g022570), ‘Leaf rust 10 disease-resistance locus receptor-like protein kinase-like’ (Cs_ont_6g004280), and TrxR1 (Cs_ont_1g029680). It has been demonstrated that ERF9 is engaged in plant defense mechanisms against necrotic fungi (Maruyama et al., 2013). The leaf rust 10 disease-resistance locus receptor-like protein kinase-like protein is also implicated in the complex relationship between wheat and Puccinia triticina, which triggers leaf rust (Lee et al., 2020). TrxR1 serves a crucial function in maintaining the equilibrium of redox reactions within plant cells (Gelhaye et al., 2005). The genes within these modules are involved in intricate processes such as disease resistance, reactive oxygen species (ROS) scavenging, and a range of other functional activities. Our study supplements these findings by identifying specific genes that might be involved in these complex processes.

Previous transcriptome analyses linked to HLB have pointed out significant influences on GO terms and KEGG pathways associated with stimulus and metabolic processes (Martinelli et al., 2012; Rawat et al., 2017; Arce-Leal et al., 2020; Liu et al., 2023). For example, during the asymptomatic stage of CLas infection, the most enriched biological process GO terms were associated with stimulus response, energy generation, lipid metabolism, and cellular homeostasis (Arce-Leal et al., 2020). In order to understand the biological processes affected by CLas infection, we performed GO enrichment analysis of DEGs. The identification of GO terms related to ‘Programmed cell death’ and ‘Homeostasis’ is noteworthy. Considering that HLB stimulates the accumulation of reactive oxygen species (ROS), triggers programmed cell death, and is perceived as an immune-mediated disease (Ma et al., 2022), Our findings further indicate that CLas infection significantly impacts the gene expression patterns related to programmed cell death and redox homeostasis. Furthermore, in the HLB-tolerant variety Poncirus trifoliata, there was a significant expansion in the number of genes associated with the MAPK signaling pathway (Bao et al., 2023). In contrast, the MAPK signaling pathway genes were significantly induced in another HLB-tolerant variety, C. jambhiri, but not in the HLB-susceptible variety C. sinensis (Yu et al., 2017). Nevertheless, our study revealed a slight activation of the MAPK signaling pathway following CLas infection, as determined by KEGG enrichment analysis. Moreover, our study identified activation in the metabolic pathway of brassinosteroid biosynthesis. Prior research has demonstrated that treatment with brassinosteroids notably mitigated the symptoms of CLas (Canales et al., 2016). Our findings further substantiate the understanding that citrus plants response to the CLas infection via conserved biological processes or metabolic pathways.

The PPI network analysis plays a critical role in illuminating the mechanics of transcriptional regulatory networks in plants (Alves et al., 2014; Konishi and Yanagisawa, 2019). The identification of 114 cDEGs and the subsequent PPI network analysis shed light on key responsive elements within the host. The PPI networks underscored the participation of numerous genes associated with resistance, accentuating the reaction of citrus plants to CLas infection. Noteworthy, SEO genes are responsible for the production of structural phloem proteins, which play an essential role in the wound-sealing process within the phloem (Ernst et al., 2012). The HTH-type transcriptional regulator has been observed to respond during instances of pathogen infection (Matoušek et al., 2015). The wall-associated receptor kinase serves as a crucial protein, facilitating resistance against pathogens in a variety of plants (Li et al., 2009; Qi et al., 2021a, Qi et al., 2021b). Another intriguing PPI network comprises very-long-chain aldehyde decarbonylase CER1, salicylic acid-binding protein 2-like, and pathogenesis-related protein PR-1. Salicylic acid-binding protein 2-like and pathogenesis-related protein PR-1 are integral components of the salicylic acid signaling pathway (Yang et al., 2022). However, the expression of CER1 was inhibited during salicylic acid treatment (Wang et al., 2021). The interplay of these proteins suggests a complex defense response, possibly involving pathways related to salicylic acid signaling and related defense pathways.

Furthermore, GSEA has emerged as a powerful method for interpreting gene expression data in the context of plant-pathogen interactions (Jiang et al., 2017). In rice-blast fungus interaction. multiple upregulated gene sets related to pathogen recognition, signal transduction, and the production of antimicrobial compounds in the rice cultivars resistant to the blast fungus were identified using GSEA (Wei et al., 2013). An analysis of the transcriptomic response of Flax to Fusarium oxysporum revealed a notable enrichment of genes associated with the terpenoid backbone biosynthesis pathway by GSEA (Galindo-González and Deyholos, 2016). Additionally, our GSEA results validated the conclusions obtained from the GO enrichment analysis. Many up-regulated DEGs were involved in leaf senescence, response to biotic stimulus, plant-type cell wall, and carbohydrate derivative metabolic process, strengthening the evidence of the extensive impact of CLas infection at the cellular and molecular levels. There has been a demonstrated correlation between leaf senescence and the susceptibility of plants to pathogens (Jarosch et al., 2005; Häffner et al., 2015). Notably, GO:0010150 (leaf senescence) was significantly enriched, supporting observations of premature aging in HLB-infected citrus trees. In this study, results of enrichment analysis revealing a substantial impact on GO terms related to the cell wall and various defense responses. These variations in the host’s transcriptome profile underscore the pervasive and disruptive nature of HLB disease, affecting both structural and defense-related components of the host.




5 Conclusion

In summary, a comprehensive analysis of C. sinensis RNA-seq data in relation to CLas infection was conducted in this study. Hub genes positive correlated with CLas infection, including ‘Leaf rust 10 disease-resistance locus receptor-like protein kinase-like’, ERF9 and TrxR1, were identified using WGCNA. Moreover, GO and KEGG enrichment revealed various biological processes and metabolic pathways, including ‘Programmed cell death’, ‘Homeostasis’, ‘MAPK signaling pathway’, and ‘Brassinosteroid biosynthesis’ were significantly influenced. PPI network analysis identified key responsive proteins such as SEO, HTH type transcriptional regulator, and wall-associated receptor kinase-like 15. Furthermore, GESA indicated a significant number of up-regulated DEGs associated with leaf senescence, biotic stimulus, plant-type cell wall and carbohydrate derivative metabolic process. These findings would broaden our understanding of citrus-CLas interactions and pave the way for future studies on the intricate transcriptional regulations in C. sinensis during CLas infection.
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Introduction

Soybean, as a globally significant crop, has garnered substantial attention due to its agricultural importance. The utilization of molecular approaches to enhance grain yield in soybean has gained popularity.





Methods

In this study, we conducted a genome-wide association study (GWAS) using 156 Chinese soybean accessions over a two-year period. We employed the general linear model (GLM) and the mixed linear model (MLM) to analyze three agronomic traits: pod number, grain number, and grain weight. 





Results

Our findings revealed significant associations between qgPNpP-98, qgGNpP-89 and qgHGW-85 QTLs and pod number, grain number, and grain weight, respectively. These QTLs were identified on chromosome 16, a region spanning 413171bp exhibited associations with all three traits. 





Discussion

These QTL markers identified in this study hold potential for improving yield and agronomic traits through marker-assisted selection and genomic selection in breeding programs.





Keywords: soybean, GWAS, pod number per plant, grain number per plant, 100-grain weight





Introduction

Cultivated soybean (Glycine max L.) is a principal oilseed crop that is grown globally for its significant contribution to edible protein and oil production (Zong et al., 2017). Despite the success of the revolution in enhancing the yields of rice, wheat, and maize, comparatively lower progress has been made in improving soybean yields (Liu et al., 2020). The global objective of soybean breeders, particularly in China, is to develop genotypes that possess increased yield potential. In soybean, pod number, grain number, and grain weight exist a substantial positive association with grain yield. However, when there is an excessive number of pods and seeds, as well as when the seeds become heavier, soybean plants become more vulnerable to lodging. This can have a detrimental effect on the overall crop yield. Therefore, it is important to pursue a balance between these traits and grain yield in order to optimize the productivity of soybean crops (Zhang et al., 2015; Ning et al., 2018). Additionally, it is worth noting that pod number, grain number, and hundred grain weight are controlled by multiple loci/genes and can be influenced by interactions between genotype and environment. Therefore, it is crucial to consider both genetic factors and environmental conditions when aiming to achieve an optimal balance between these traits and grain yield in soybean crops (Lamichhane et al., 2020; Happ et al., 2021). Both conventional breeding and marker-assisted breeding (MAB) approaches have been utilized to enhance yield traits in soybean crops (Raju et al., 2018). Recent studies have demonstrated that MAB approaches are particularly effective for traits that are sensitive to environmental conditions, such as seed germination, seedling development, and maturity (Saminadane et al., 2024; Xu et al., 2024). By utilizing a specially designed marker primer design program, MAB demonstrates significant potential in molecular breeding, offering a promising avenue for the development of improved crop varieties with desired traits (Xia et al., 2023). Hence, understanding the genetic architecture of yield-related traits is crucial in effectively utilizing marker-assisted breeding (MAB) for the development of high-yielding soybean varieties.

Genome-wide association studies (GWAS) have emerged as a highly effective approach for identifying alleles/QTLs linked to specific traits with high resolution (Zhang et al., 2021). With the advancements in sequencing-based genotyping technologies, GWAS has become increasingly popular in crop genetics research (Zhang et al., 2016, 2022). Numerous studies conducted on various plant species, including rice, maize, wheat, soybean, potato, cucumber, and tomato, have demonstrated the ability of GWAS to uncover associations between marker-trait associations (MTAs) and effectively identify the underlying genes (Zhao et al., 2011; Wang et al., 2016; Yan et al., 2019; Torkamaneh et al., 2020; Gao et al., 2021; Zhou et al., 2021; Liang et al., 2022; Luo et al., 2022; Zhao et al., 2023; Sun et al., 2022a; Sun et al., 2022b; Wang et al., 2015, 2018; Jhon et al., 2023; Zhu et al., 2023). In soybean, multiple research studies have specifically investigated the genetic basis of yield (Dong et al., 2021; Zhao et al., 2021; Bhat et al., 2022). Over the past 20 years, more than 3000 quantitative trait loci (QTLs) have been identified through GWAS in soybean (https://www.soybase.org/). These QTLs are spread across the 20 chromosomes of the soybean genome. However, the lack of effective utilization of the three yield-related QTLs (pod number, total seed number and one-hundred grain weight) has been a persistent obstacle in the development of improved soybean varieties with desirable yield traits.

The utilization of whole genome sequencing data allows for the precise mapping of QTLs associated with agronomic traits. In this study, we conducted a GWAS to identify significant MTAs, candidate genes, and QTLs in soybean cultivars selected from major soybean growing regions in China, which holds great potential for the development of enhanced soybean varieties with targeted yield characteristics through a QTL-based breeding approach.





Materials and methods




Experimental materials and cultivate management

A total of 156 soybean genotypes, including 100 accessions selected from germplasm collection by Dr. Lijuan Qiu’s laboratory at the Chinese Academy of Agricultural Sciences and 56 cultivars from Qiqihar Branch of Heilongjiang Academy of Agricultural Science. These genotypes were originally from 3 provinces in China (79, 50.6%) and 10 states in the United States (77, 49.4%), representing a wide range of genetic diversity within and outside China. Experiments were carried out in Qiqihar (123.685996°E, 47.274543°N) during the years 2020 and 2021, utilizing a single-row plot system with 3-meter-long rows spaced at 0.5-meter intervals. The field trials followed a randomized complete block design and were conducted across multiple testing environments, with each test environment containing three replicates. Throughout the growing season, field management practices adhered to standard cropping system protocols, including fertilization, weed management, and insecticide fungicide application.





Trait identification and statistical analysis

The assessment of all traits from 10 randomly selected plants in each line was conducted after reaching full maturity. All plants and pods derived from conventionally developed plants were gathered for trait examination. Specifically, three traits related to yield were analyzed, including pod number per plant (PNpP), grain number per plant (GNpP), and 100-grain weight (HGW). The PNpP is calculated by counting all pods on 10 randomly selected soybean plants, including both mature and immature pods. The GNpP is the number of seeds contained in all pods of 10 randomly selected soybean materials, divided by 10 to obtain the average number of grains per plant. The statistical method of HGW is the value obtained by randomly selecting 10 soybean materials and then selecting and weighing 100 seeds from the seeds obtained. All these traits were subsequently measured in the laboratory, or determined through electronic weighing. The broad-sense heritability (H2) was calculated following a previously reported method (Wyman and Baker, 1991). Statistical analyses of obtained data were calculated by using GraphPad Prism 7.0.





DNA extraction and SNP Genotyping

DNA samples extracted by CTAB method from 156 accessions were genotyped for SNPs using a soybean 200K array. This array named “ZDX1”, which is a high-throughput SNP genotyping chip developed jointly by the Institute of Crop Sciences of Chinese Academy of Agriculture Science and Beijing Compass Biotechnology Co., Ltd., using the Illumina platform for customization (Sun, et al., 2022c). And a total of 158959 high-quality SNPs were used for association mapping.





Linkage disequilibrium analysis and population structure

We conducted genome-wide LD analysis using Plink 2 (Chang et al, 2015) with R2 < 0.2 as the threshold to identify 3026 unlinked loci. The population structure analysis was conducted using software FastStructure (Raj et al., 2014). Then analysis the kinship applying the software TASSEL version 5.0 (Bradbury et al., 2007).





Genome-wide association analysis

Two models, mixed linear model (MLM) and general linear model (GLM), were employed to investigate associations between genotypic and phenotypic data in TASSEL version 5.0. Briefly, the MLM approach was used to account for both population structure and kinship matrix, which are jointly incorporated via the Q+K approach for enhanced statistical power (Yu et al., 2006). On the other hand, GLM was utilized to analyze individual location datasets using a least square fixed effect model with Q acting as a covariate with flexible assumptions.






Results




Phenotypic analysis of three yield-related traits

To explore loci associated with agronomic traits, a total of 156 soybean landraces were cultivated over two consecutive years, and an investigation of three yield-related traits was conducted (Figure 1A). The frequency distribution of the three yield-related traits across the two years showed a continuous distribution in the GWAS panel of 156 soybean landraces, with a wide range of variation (Figure 1B). GNpP exhibited 7-fold variation, ranging from 41 to 307, with an average of 112.9 ± 20.1. HGW and PNpP showed approximately 4-fold and 7-fold differences, ranging from 6.8 g to 28.2 g and 18 to 128g, respectively. The frequency distribution of the three yield-related traits displayed an approximately normal distribution except for a few materials that showed large deviation. The broad-sense heritability (H2) was determined for each of the three traits. All traits presented an H2 above 54%, suggesting that genetic effects play a predominant role in the phenotype variation of these traits (Supplementary Table 1). The results of the phenotypic correlation analysis revealed strong correlations between PNpP and GNpP, while other traits exhibited no significant correlations. This suggests that the genetic-associated loci are likely to be similar between PNpP and GNpP, while the other traits are not influenced in a correlated manner (Figure 1C).
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Figure 1 | Schematic and statistics of the Experiment. (A) Workflow of genotyping by sequencing. (B) Frequency distribution of three yield-related traits over two years. (C) Phenotypic correlations between three traits GNpP, HGW and PNpP.





SNP profile

A total of 80163 high-quality SNPs (MAF > 0.05, missing rate < 20%) were used for a GWAS of the three traits, with an average marker density of 11.47 kb/SNP at the genome wide scale. The lowest marker density (17.10 kb/SNP) was found on chromosome 1, and the highest marker density (8.55 kb/SNP) was found on chromosome 16. Furthermore, SNPs exhibit a predominant enrichment in sub telomeric regions, particularly in areas distal to the centromeres (Figure 2A).
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Figure 2 | SNP distribution and population structure of 156 soybean landraces. (A) Distribution of 80,163 SNP markers across 20 soybean chromosomes for GWAS. A density distribution map of SNPs across the entire genome with bins of 1 Mb. (B) Population structure analysis of 156 materials. (C) Heatmap of the kinship matrix of the 156 soybean accessions. (D) Scatter plot of pairwise SNPs showing genome-wide linkage disequilibrium (LD) decay. The red curve line represents the smoothing spline regression model fitted to LD decay. The vertical red line indicates the genetic distance (200 Kb) at which the LD half-decay (r2 = 0.35, the horizontal blue line) intersect with the LD decay curve. (E) Principal component analysis (PCA) of the population structure. Distribution of the accessions in the association panel under PC1 and PC2.





Population structure of 156 soybean materials

To elucidate the most promising genetic variations and contribute to a comprehensive understanding of the genetic underpinnings of the trait, we conducted a structure analysis. The 156 genotypic materials were stratified into two subpopulations based on the results obtained from the K value (Figure 2B). The kinship analysis revealed that the soybean materials utilized in this investigation originated from two primary lineages, further substantiating the existence of dual ancestors for the 156 soybean materials (Figure 2C). Examination of the linkage disequilibrium (LD) decay rates with the high-quality SNPs demonstrated that the decay curves of LD exhibited a discernible pattern dependent on distance, revealing steeper decay at longer distances. Furthermore, beyond a marker distance of 5 Mb, the r2 value generally remains below 0.1. Precisely, at a distance of 100 kb, the LD exhibited decay with an r2 value of 0.4, signifying a notably robust LD correlation among proximate variants. At 200 kb, the LD decayed with an r2 value of 0.35, denoting a moderate level of LD correlation between adjacent variants. Lastly, at 300 kb, the LD decayed with an r2 value of 0.2, indicating a diminished level of LD correlation between nearby variants. These outcomes correspond to a physical distance of approximately 200 Kb. Consequently, we performed QTL anchoring using a 200 Kb window, specifically focusing on the region extending 100 kb upstream and downstream of the MTA (Figure 2D). To discern the degree of SNP variation among the materials, a cluster analysis was executed through principal component analysis (PCA). The results indicated that the 156 materials could be classified into two subgroups based on PC1 (Figure 2E), constituting 9.99% of the total variance. This suggests that the 156 soybean materials can be delineated into two subgroups, reflecting a composite of two ancestral populations. The geographical origins of the 156 soybean landraces were the foreign region and domestic region.





Genome wide association analysis of four yield-related traits

To identify significant SNPs associated with target traits, we employed two Genome-Wide Association Study (GWAS) models, namely the General Linear Model (GLM) and the Mixed Linear Model (MLM), and FDR correction, for the analysis of high-quality SNPs within a dataset comprising 156 soybean germplasms. The significant threshold value for the association between SNP and traits were determined by -log10 (P) >4.78, which is equivalent to P <0.5/3026, for GLM, MLM and FDR correction. Quantile–quantile plots are employed to evaluate whether the distribution of observed p-values from statistical tests deviates from the expected distribution. Deviations from the diagonal suggest potential deviations from the null hypothesis, indicating possible associations between genetic variants and the trait (Supplementary Figure 1). The Manhattan plots result showed that a few sets of significant SNPs associated with GNpP, HGW and PNpP was detected in 2020 by the two models. The data from 2021 found a few numbers of SNPs with false positives. Based on all the result, SNPs, that were significantly tested at least two times for each trait, were regarded as MTAs. Specifically, in the GLM, a total of 628 QTLs were identified, consisting of 205 QTLs related to GNpP, 206 QTLs related to HGW and 217 QTLs related to PNpP. In contrast, the MLM approach detected a total of 52 QTLs, with 15 QTLs related to GNpP, 9 QTLs related to HGW and 28 QTLs related to PNpP. The method of MLM eliminated lots of false positive SNPs by comparison. Among these QTLs, two or three QTLs can form a colocalization region, and thirteen colocalization regions in all were found. These colocalization regions distributed on 9 of 20 soybean chromosomes, and most of them associated with both PNpP and GNpP. Only the region on chromosome 6 associated with PNpP, GNpP and HGW (Figure 3).
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Figure 3 | Manhattan plot displays the SNPs significantly associated with agronomic traits detected in GWAS analysis. The data consists of the testing results of population materials in 2020 and 2021, and analysis was conducted using the GLM and MLM modules. The soybean materials are subjected to three repeated experiments every year, and the average of the three repeated experiments each year is taken (denoted as “m”). The circular Manhattan plot represents the values from the center to the outer 1-9 circles as follows: 2020 (m), 2020 (1), 2020 (2), 2020 (3), 2021 (m), 2021 (1), 2021 (2), 2021 (3), and BLUE value of two years. Each colored dot represents a SNP.





Prediction of candidate genes

There are three QTLs named qgGNpP-89, qgHGW-85, and qgPNpP-98, associated with GNpP, HGW and PNpP individually, which are in a specific region spanning from 3030820 to 3424009 base pairs on chromosome 16 was identified by GLM. This region contained ten marker sites carrying different alleles, and showed a significant positive correlation between them. More notably, seven of these marker loci were related to GNpP, HGW and PNpP at the same time (Table 1). We were particularly interested in the markers with large effects, such as marker Gm16_3130820 and Gm16_3195848 on chromosome 16. Compared with the alternative alleles, the GNpP and PNpP of the materials carrying the favorable allele (TT) at Gm16_3130820 was higher than the materials carrying the unfavorable allele (CC), the HGW of the materials carrying the favorable allele (CC) at Gm16_3130820 was higher than the materials carrying the unfavorable allele (TT). Otherwise, the GNpP and PNpP of the materials carrying the favorable allele (TT) at Gm16_3195848 was higher than the materials carrying the unfavorable allele (GG), the HGW of the materials carrying the favorable allele (GG) at Gm16_3195848 was higher than the materials carrying the unfavorable allele (TT) (Figure 4). It’s also worth mentioning that three of these seven markers, GM16_3130820, GM16_3195848, and GM16_3260654, were found to be located on three candidate genes, Glyma.16G033100, Glyma.16G034100, and Glyma.16G034600, respectively. Candidate genes Glyma.16G033100 is responsible for encoding the S-adenosylmethionine-binding subunit, which plays a crucial role in various biochemical processes. It associated with dividing tissues, particularly reproductive organs (Zhong et al., 2008) such as floral organ number and size (Bodi et al., 2012), tiller bud formation (Yu et al., 2021), and shoot meristems. It also influenced seed development with protein and the starch synthesis-related pathway enriched in the later stages (Li et al., 2022). Glyma.16G034100 codes for a zinc finger and C3HC4 type (ring finger), a protein domain known for its ability to bind zinc ions and regulate gene expression. In rice, research showed that FRRP1 probably regulates flowering time and yield potential by affecting histone H2B monoubiquitylation (Du et al., 2016). The AtYY1 gene is a negative regulator of the Arabidopsis ABA response network in Arabidopsis (Li et al., 2016). And these proteins also can regulate seed weight (Barmukh et al., 2021), tiller number (Zhou et al., 2017), and seed size and plant height in crop plants (Du et al., 2016). Lastly, Glyma.16G034600 is associated with the protein tyrosine kinase, a protein plays a fundamental role in regulation of most cellular activities. They have been shown to impact the seed and yield of crops (Arabidopsis, rice, sunflower, potato and so on) through various pathways, such as regulation of carbon supply (Zheng et al., 2010), development of embryo (Thakur and Bhatla, 2014; Mazin et al., 2019), and cell proliferation (Zhang et al., 2020), BR signaling and control (Tian et al., 2021).

Table 1 | Traits co-location and associated markers.


[image: Table listing traits, QTLs, chromosomes, region start and end, LOD scores, R-squared values, and markers for GNpP, HGW, and PNpP. Chromosome 16 is consistent across traits. Markers in bold are shared across all traits: Gm16_3130820, Gm16_3203580, Gm16_3260654, Gm16_3271292, Gm16_3283717, Gm16_3304635, and Gm16_3324009.]
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Figure 4 | Phenotypic differences between accessions carrying different alleles. They are the allele effects for the marker Gm16_3130820 and Gm16_3195848 of GNpP, HGW and PNpP in soybean. GNpP means grain number per plant, HGW means 100 grain weight, and PNpP means pod number perplant.

In the region of co-localization, a total of ten candidate genes were found, encoding five kinases (protein kinase, glycosyl hydrolase, m6A methyl-transferase, protein tyrosine kinase and ubiquitin-conjugating enzyme), two domains (cyclin-like domain and zinc finger and ring finger) and one repeat (PPR repeat) Table 2. Most of the candidate genes associated with kinases have relatively long sequences, ranging from approximately 3000 to 10000 base pairs. The candidate gene sequences related to PPR repeat are shorter, falling within the range of 2000 to 3000 bps. On the other hand, the candidate gene sequences associated with the cyclin-like domain are relatively longer, approaching 14000 bps. Lastly, the candidate gene sequences related to the zinc finger protein have lengths less than 1000 bps. Otherwise, some of the candidate genes were closely related to each other, such as candidate genes Glyma.16G033000 and Glyma.16G033100 are 5658 bps apart, encoding glycosyl hydrolase family and S-adenosylmethionine-binding subunit, respectively (Supplementary Tables 3-8).

Table 2 | Candidate gene information.


[image: Table listing functional annotations, gene IDs, and their region start and end positions. Entries include protein kinase (Glyma.16g032700), glycosyl hydrolase family 28 (Glyma.16g033000), S-adenosylmethionine-binding subunit (Glyma.16g033100), protein tyrosine kinase (Glyma.16g034600), ubiquitin-conjugating enzyme (Glyma.16g035000), cyclin-like domain (Glyma.16g035400), PPR repeat (Glyma.16g031800), and zinc finger C3HC4 type (Glyma.16g034100) with corresponding genomic regions.]





Discussion

The quest for increasing soybean yield is a paramount goal for breeders, and the use of GWAS has proven to be an effective method to uncover the genetic components related to soybean yield. Several studies have successfully identified various SNP loci, QTLs, and candidate genes (Hao et al., 2012; Liu et al., 2017; Jing et al., 2018; Hu et al., 2020; Mohsen et al., 2021; Chanditha et al., 2022) associated with soybean yield and its components. In the current study, the focus was on three essential yield-related traits: PNpP, GNpP, and HGW. Using GWAS, a substantial number of SNPs associated with these traits were identified within the soybean population. Most significantly, a co-localization interval on chromosome 16 was discovered, associating with all three traits. This interval contained eight candidate genes involved in crop growth and development, which had not been reported previously.

These candidate genes have diverse functions, such as transcriptional initiation of protein-coding genes (e.g., Glyma.16g035400), regulation of genes involved in DNA repair, cell cycle, and apoptosis (e.g., Glyma.16g031800), and modulation of alternative RNA splicing (e.g., Glyma.16g033100). Furthermore, two candidate genes (Glyma.16g032700 and Glyma.16g034600) were associated with protein kinases, while another (Glyma.16g033000) was linked to cell wall metabolism. The ubiquitin-proteasome system (UPS) was also represented in the candidate genes, with Glyma.16g035000 acting as a ubiquitin-conjugating enzyme (E2), and Glyma.16g034100 likely functioning as E3 ubiquitin ligases. In summary, the study employed GWAS on both Chinese and foreign soybean varieties, revealing a co-localization locus associated with PNpP, GNpP, and HGW. Within this region, ten candidate genes and seven common markers were identified, with three of the markers mapping to three candidate genes. The proximity of these candidate genes related to yield traits underscores the importance of this locus. Further investigations into the expression patterns of these candidate genes at specific growth stages will help in improving soybean varieties and overcoming yield limitations.
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Microsatellites, known as simple sequence repeats (SSRs), are short tandem repeats of 1 to 6 nucleotide motifs found in all genomes, particularly eukaryotes. They are widely used as co-dominant markers in genetic analyses and molecular breeding. Triticeae, a tribe of grasses, includes major cereal crops such as bread wheat, barley, and rye, as well as abundant forage and lawn grasses, playing a crucial role in global food production and agriculture. To enhance genetic work and expedite the improvement of Triticeae crops, we have developed TriticeaeSSRdb, an integrated and user-friendly database. It contains 3,891,705 SSRs from 21 species and offers browsing options based on genomic regions, chromosomes, motif types, and repeat motif sequences. Advanced search functions allow personalized searches based on chromosome location and length of SSR. Users can also explore the genes associated with SSRs, design customized primer pairs for PCR validation, and utilize practical tools for whole-genome browsing, sequence alignment, and in silico SSR prediction from local sequences. We continually update TriticeaeSSRdb with additional species and practical utilities. We anticipate that this database will greatly facilitate trait genetic analyses and enhance molecular breeding strategies for Triticeae crops. Researchers can freely access the database at http://triticeaessrdb.com/.
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1 Introduction

The Triticeae tribe, a member of the Poaceae grass family’s subfamily Pooideae, encompasses a total of 503 diploid and polyploid species distributed among 27 genera (Soreng et al., 2015). This tribe includes economically significant cereal crops, such as bread wheat (Triticum aestivum), barley (Hordeum vulgare), and rye (Secale cereale), along with their wild relatives (Sato et al., 2021). Since the Neolithic Agricultural Revolution, these crops have played essential roles in human sustenance and global food security (Li et al., 2023).

Recent advancements in novel genome assembly algorithms and strategies have progressively improved the quality of genome assemblies in Triticeae, resulting in a rapid increase in the availability of assemblies (Adamski et al., 2020). These high-quality assemblies enable the decoding of chromosome and gene evolutionary history through clade-specific comparative genomic studies (Chen et al., 2020). Deciphering the genomes of Triticeae species has revealed their characteristic features of large, complex, and highly repetitive genomes. For instance, diploid Triticeae species like H. vulgare and S. cereale have genome sizes ranging from 4.3 Gb to 7.9 Gb. The tetraploid T. dicoccoides genome comprises 10.5 Gb of genomic sequence, while the hexaploid T. aestivum Chinese Spring genome spans 14.5 Gb, with approximately 80% of these genomes consisting of repetitive elements (Wang et al., 2022). In addition to the assembly of high-quality reference genomes, recent Triticeae pan-genome studies have commenced, capturing the genomic diversities of these species and enhancing our understanding of the genetic basis of domestication and environmental adaptation in Triticeae crops (Gao et al., 2023). However, these genomic complexities present challenges for genetic studies and the identification of agronomic traits in Triticeae crops.

The majority of Triticeae breeding programs heavily rely on conventional breeding selection, which involves replicated and time-consuming field trials. However, Marker-assisted selection (MAS) has emerged as an increasingly popular and valuable tool for tracking alleles associated with key agricultural traits (Hasan et al., 2021). Recent advancements in the availability of reference sequences and high-throughput genotyping platforms for major Triticeae species have facilitated comprehensive genome analysis. This has provided valuable insights into marker development and laid the foundation for identifying DNA markers closely linked to target traits. In various crops, microsatellites, or simple sequence repeat (SSRs) have become the preferred marker type for MAS, further enhancing its effectiveness and application (Duhan and Kaundal, 2021).

SSRs are short nucleotide motifs that are tandemly repeated and range in length from 1 to 6 base pairs (Tóth et al., 2000). The high polymorphism of microsatellites arises from the variation in the number of repeat units among different alleles. SSR markers offer several advantages, including easy detection through polymerase chain reaction (PCR), unambiguous scoring, and high reproducibility (Powell et al., 1996). Consequently, they have been extensively employed in genetic studies, encompassing genetic diversity assessment, phylogenetic analysis, genetic linkage mapping, and quantitative trait locus (QTL) mapping (Kalia et al., 2011). The identification and development of SSR markers at a genome-wide scale have been greatly facilitated by the availability of reference sequences and high-throughput genotyping platforms. Microsatellites serve significant roles in genome organization and are widely recognized as popular neutral genetic markers (Schlötterer, 2000). The characterization and application of SSR markers hold practical implications for breeding programs, providing valuable assistance to breeders in genotype association and selection processes. Despite the impact of the rise of high-throughput sequencing technologies on traditional molecular markers, SSR technology, which relies on PCR systems, can be conducted in any molecular biology laboratory, and has an absolute advantage, particularly in the rapid preliminary screening of materials. In contrast, high-throughput sequencing technologies are limited by the cost of instruments and are not widely applicable in laboratories. As a result, successful whole-genome identification and development of SSR markers have been achieved in various species (Deng et al., 2016; Guan et al., 2019; Lu et al., 2019). To facilitate data sharing, user-friendly and accessible databases have been established, such as LegumeSSRdb (Duhan and Kaundal, 2021), citSATdb (Duhan et al., 2020), PSSRD (Song et al., 2021), and MSDB (Avvaru et al., 2017, 2020).

Given the various applications of SSRs in genetic and genomic research, such as genetic mapping, diversity analysis, marker-assisted selection, and population genetics, it is evident that there is a lack of a comprehensive database specifically catering to Triticeae species. Therefore, in addition to the existing databases, the development of a dedicated database that focuses on the genomic data of the Triticeae tribe and incorporates user-friendly features would be a valuable genomic resource for improving and characterizing Triticeae crops. In this study, we introduce TriticeaeSSRdb, an integrated web resource that offers a wide range of services, including JBrowse visualization, Basic Local Alignment Search Tool (BLAST), in silico SSR prediction, primer design for genotyping, and other enriching features. The species included in our database have undergone complete genome sequencing, ensuring a more comprehensive representation of SSR information. With the establishment of TriticeaeSSRdb, we aim to not only provide comprehensive and representative SSR information but also enable large-scale systematic and comparative analyses of SSRs in Triticeae species.




2 Materials and methods



2.1 Data collection

A total of 21 species from the Triticeae tribe were included in our study (Supplementary Table S1). Sequence information was downloaded in FASTA format, and the genomic annotations were obtained in GFF or GTF format. If multiple versions were available for the same species, we selected the most recent or favored assembly for download. The genomic information of six species, namely Aegilops tauschii, Hordeum vulgare, T. aestivum, T. dicoccoides, T. spelta, and T durum was obtained from the Ensembl Plants database (https://plants.ensembl.org/). The genomes of nine species, including Ae. bicornis, Ae. longissima, Ae. searsii, Ae. sharonensis, Ae. speltoides, Ae. umbellulata, T. aestivum ssp. tibetanum Shao, T. monococcum, and T. urartu, were downloaded from the National Center for Biotechnology Information (NCBI) Database (https://www.ncbi.nlm.nih.gov/). Dasypyrum villosum, H. marinum, Leymus chinensis, and Thinopyrum elongatum (4 species) were collected from the China National Center for Bioinformation - National Genomics Data Center (CNCB-NGDC) (https://ngdc.cncb.ac.cn/). Hordeum vulgare var. nudum was obtained from the WheatOmics database (http://wheatomics.sdau.edu.cn/jbrowse.html). H. spontaneum was retrieved from the IPK database (https://barley-pangenome.ipk-gatersleben.de/).




2.2 SSR identification and primer design

The genome sequences of all 21 species were analyzed using Pytrf v1.3.0, a Python package specifically designed for detecting both exact or perfect SSRs in genomic sequences (https://github.com/lmdu/pytrf/blob/master/docs/index.rst) (Du et al., 2018). Microsatellites were identified based on specific criteria for six different categories: mono-nucleotide repeats (MNRs) with a minimum repeat count of 15, di-nucleotide repeats (DNRs) with a minimum repeat count of 10, tri-nucleotide (TNRs) repeats with a minimum repeat count of 8, and tetra- (TtNRs), penta- (PNRs), and hexa-nucleotide repeats (HNRs) with a minimum repeat count of 5. To facilitate primer design, an in-house Python script was developed to exclude a total of 500 bp flanking sequences upstream (250 bp) and downstream (250 bp) of the identified SSR regions. The forward and reverse primers flanking the microsatellite repeat motifs were designed in batches using the primer3_core program v2.6.1 (Untergasser et al., 2012). Two Perl scripts, p3_in.pl and p3_out.pl, were implemented to enable seamless data interchange between Pytrf and the primer modeling software Primer v3.0. The primer design parameters were set as follows: primer size ranging from 20 to 22 base pairs, GC content between 40% and 60%, melting temperature between 55°C and 65°C, and expected product size ranging from 100 to 500 base pairs.




2.3 Functional annotation of SSR markers

To determine the precise genomic locations of the identified SSRs, we developed a custom Python script. Using the available genomic annotation file, we categorized the SSRs into intergenic and genic regions. The genic regions were further subdivided into intron, untranslated region (UTR), and coding sequence (CDS). The genomic distribution of SSRs was visualized using the RIdeogram v0.2.2 R package (Hao et al., 2020). To facilitate data visualization, we integrated comprehensive gene function annotations for all 21 Triticeae species into the Jbrowse genome browser v1.16.11 within the TriticeaeSSRdb database (Buels et al., 2016). This genome browser allows for the visualization of markers in relation to the reference sequence, gene coordinates, and detailed structural and functional information. This integration enhances the accessibility and understanding of the SSR data within the context of gene features and functions. Gene ontology (GO) enrichment analyses were conducted using KOBAS v3.0 (http://bioinfo.org/kobas).




2.4 Database implementation and web interface

The main website of the database is hosted on a Tencent Cloud server with specifications of an 8-core CPU, 64GB RAM, 500GB storage, and a 10Mbps bandwidth (https://cloud.tencent.com/). The domain name (http://triticeaessrdb.com/) was registered and linked to the server’s IP address. The server operates on the Linux CentOS v7.9 operating system (http://www.centos.org). To facilitate platform development and web page creation, a Nginx v1.25.0 reverse proxy server architecture was configured.

The front-end web interface was developed using HTML5 (https://www.w3.org/html/), JavaScript (https://www.javascript.com/), CSS3 (http://www.w3.org), and Bootstrap5 (https://getbootstrap.com/). On the server side, the back-end was implemented using PHP (https://www.php.net/). MySQL v5.7.22 (https://www.mysql.com/) was utilized for storing, maintaining, and operating the microsatellite information. Custom PHP code was written to facilitate data retrieval from MySQL, which was then transferred to the front end for display. Data visualization charts were implemented using the Chart.js (https://www.chartjs.org/) component. Real-time primer designing functionality was achieved by integrating Primer3 into TriticeaeSSRdb. Furthermore, we employed a back-end Perl script called Microsatellite Identification Tool (MISA) (Thiel et al., 2003) and a Python script named Pytrf to facilitate the in silico prediction of microsatellites within uploaded sequences. For sequence homology searches, the BLAST was implemented using ViroBlast, a standalone BLAST web server. To enable online BLAST searches, ViroBLAST constructed a standalone database specifically for the 21 Triticeae species (Deng et al., 2007). Local scripts were also modified to enhance search services. The whole workflow of TriticeaeSSRdb is illustrated in Figure 1.

[image: Flowchart illustrating the Triticeae SSR database system. The top section shows data collection from 21 Triticeae genomes and annotations, SSR mining, and classification leading to the Triticeae SSRdb, supported by a PHP and MySQL backend and an HTML, CSS, and JavaScript front-end. The bottom section details modules and tools, including visualization (genome information, SSR statistics, external links), search (target SSR, custom primer design, results download), and tools (BLAST, in silico SSR prediction, JBrowse).]
Figure 1 | Schematic Workflow of TriticeaeSSRdb.





3 Results



3.1 SSR abundance and distribution in Triticeae species

In the current study, we characterized and compared the distribution of SSRs in 21 Triticeae genomes. A total of 3,891,705 microsatellites were identified, with an overall frequency of 27.21 SSRs/Mb (Supplementary Table S1). Considering their hexaploid genome characteristics, T. aestivum ssp. tibetanu Shao (321,257), T. spelta (314,128), and T. aestivum (269,000) exhibited a relatively higher total number of SSRs. At the diploid level, H. vulgare had the highest number of SSRs (304,626), while Ae. tauschii (101,264) and H. marinum (71,983) had the fewest SSRs. The maximum microsatellite density was observed in species H. vulgare (72.09 SSRs/Mb), whereas the minimum was observed in species T. aestivum (18.49 SSRs/Mb). Generally, species with larger genomes exhibited lower SSR density. Previous studies have reported a significantly negative correlation between SSR frequency and genome sizes in Poaceae species (Deng et al., 2016). However, our analysis of the 21 Triticeae species did not yield similar results. Although differences in genome size may contribute to the level of microsatellite repetition, we found no evidence of a relationship between SSR density and genome size (Portis et al., 2018).




3.2 Characterization of SSR motifs

The predicted SSR loci were classified into six categories: MNR, DNR, TNR, TtNR, PNR, and HNR. Across all species, MNR, DNR, and TNR accounted for 90.06% of the total SSR. DNR was the most abundant category (49.53%), followed by TNR and MNR (Supplementary Table S2). Among the mono-nucleotide repeats, Th. elongatum had the highest percentage, while T. dicoccoides and T. durum had the lowest. Dimeric repeats had the highest occurrence in most species. Regarding trimeric repeats, three species from the Hordeum genus (H. vulgare var. nudum, H. vulgare, and H. spontaneum) and Th. elongatum exhibited higher percentages compared to other Triticeae species, suggesting their distinct evolutionary history. In contrast, SSRs with longer repeat motifs demonstrated significantly lower frequency, with average ratios of 7.71%, 0.85%, and 1.38% for tetrameric, pentameric, and hexameric repeats, respectively.

The distribution of microsatellites in Triticeae species was examined in terms of repeat unit length. Our analysis revealed a negative correlation between repeat length and frequency, indicating that longer repeats were less common (Supplementary Figure S1; Supplementary Table S3). Moreover, the abundance of SSRs decreased as the repeat number increased. It is worth noting that the decline rate of mono-, di-, tri-, and tetra-nucleotide repeats was noticeable, while the decline trend of penta- and hexa-nucleotide repeats was slightly less steep.




3.3 Analysis of SSR motif sequence composition

A total of 3424 distinct SSR motifs were identified, encompassing all possible base combinations of mono-nucleotide (4 types), di-nucleotide (12 types), tri-nucleotide (60 types), and tetra-nucleotide (240 types) repeats. Additionally, variations of penta- and hexa-nucleotide repeats contributed 955 and 2153 additional motifs, respectively (Supplementary Table S4). We further conducted a comprehensive analysis of individual repetitive motifs for each type of SSR (Supplementary Table S5). Considering the relatively low GC content observed in Triticeae species, the base composition of repeat motifs exhibited a notable bias towards A and T nucleotides. Remarkably, the motif (AT)n ranked among the top five most frequently occurring motifs in the 20 Triticeae genomes. Notably, AT repeats emerged as the most frequent motif overall, accounting for 10.11% of all SSRs in Triticeae. In contrast, GC repeats were exceptionally rare, with (G)n accounting for 0.157%-18.079%, (C)n accounting for 0.158%-18.245%, (GC)n accounting for 0.003%-0.050%, and (CG)n accounting for 0.001%-0.030%. The most prevalent motifs in Triticeae species encompassed mono- to hexanucleotide repeats, including C (40.63% of mono-nucleotide repeats), AT (20.40% of di-nucleotide repeats), AAG (7.44% of tri-nucleotide repeats), TTAA (10.14% of tetra-nucleotide repeats), CCTCT (3.54% of penta-nucleotide repeats), and TTTTCA (6.17% of hexa-nucleotide repeats).




3.4 Functional annotation of SSRs

The identified SSR loci were categorized based on their distribution across the pseudomolecules. The distribution of SSR loci was found to be relatively uneven among the different chromosomes (Supplementary Table S6). In H. vulgare, for example, the density of SSRs varied from 90.91 SSRs/Mb (chr4H) to 53.42 SSRs/Mb (chr5H), with an average density of 68.99 SSRs/Mb. Among the chromosomes, the longest linkage group, chr2H in H. vulgare, contained a total of 39,071 SSRs, while the fourth longest chromosome, chr4H, had the highest number of SSRs (55,487). Furthermore, the analysis of chromosome location revealed a tendency for the identified SSRs to be located on the distal chromosome arm rather than in the pericentromeric region (Supplementary Figure S2). This may be attributed to the fact that the terminal regions of chromosomes are often gene-rich and contain other functional elements, which are relatively stable and subject to less selective pressure and recombination, thus providing more opportunities for the accumulation of microsatellite repeat sequences.

Based on the corresponding annotation file, we successfully categorized the identified SSRs as genic and intergenic SSRs. Genic SSRs were further classified into intron, UTR, and CDS regions. The majority of SSRs were found in the intergenic region, ranging from 83.8% (H. spontaneum) to 58.5% (Ae. tauschii), with an average ratio of 69.9% (Supplementary Table S7). Noncoding regions exhibited a higher frequency of SSRs compared to CDS, possibly due to negative selection against frameshift mutations in coding regions. Genic SSR markers, in contrast to noncoding microsatellites, are highly portable among related species, making them useful as anchor markers for comparative genetics purposes (Varshney et al., 2005). In terms of the genic region, 19.66% and 8.56% of SSRs were located in the intron and CDS regions, respectively. It is important to note that the available released genomes employ different annotation workflows, and a proportion of genomes lack UTR annotations. With the exception of Ae. tauschii and T. dicoccoides, where 10.5% and 7.2% of SSRs were predicted to be in the UTR, respectively, the remaining genomes showed an annotation of 1.1% to 5.3% of SSRs in this region.

Genic SSRs serve as valuable functional markers due to their involvement in gene expression and function in plants (Li et al., 2004). To investigate the potential biological functions of SSR-associated genes, we conducted a GO enrichment analysis using H. vulgare as a model. The genic SSRs showed significant enrichment in 232 GO terms (corrected p-value < 0.05), encompassing 127 biological processes, 37 cellular components, and 68 molecular functions (Supplementary Table S8). The top three enriched terms in the molecular function category were protein binding (GO:0005515), kinase activity (GO:0016301), and protein serine/threonine kinase activity (GO:0004674), while the most common terms in the cellular components category were plasma membrane (GO:0005886), cytosol (GO:0005829), and nucleus (GO:0005634). These genes were found to be implicated in various biological functions (e.g., GO:0006468, protein phosphorylation; GO:0006952, defense response; and GO:0042742, defense response to bacterium), and demonstrated involvement in response to diverse stresses (e.g., GO:0006979, response to oxidative stress; GO:0009651, response to salt stress; and GO:0071472, cellular response to salt stress) within the biological process category. These results indicate the extensive involvement of SSR tightly linked genes in diverse signal transduction pathways and their ability to adapt to various stresses. Therefore, the development of new SSR markers can contribute to the improvement of genetic analysis, QTL mapping, and molecular breeding in Triticeae crops.




3.5 Database implementation and practical tools

To facilitate research on Triticeae crop breeding and improvement, we developed the Triticeae SSR database (TriticeaeSSRdb) accessible at http://triticeaessrdb.com/. This user-friendly web platform offers a range of features and charts for data visualization, browsing, and downloading. The web interface comprises five primary sections: Home, Species, Tools, Help, and Contact (Figure 2). Below, we provide a detailed description and instructions for utilizing the interactive pages within TriticeaeSSRdb.

[image: A screenshot depicts the TriticeaeSSRdb, a database for simple sequence repeats in Triticeae species. It includes species images, charts for SSR distributions across species, a genomic SSR type pie chart, and species-specific genomic SSR distribution. Search features and results for SSR data, primer design interfaces, and genome browsing options for 21 species are also shown. Highlights include detailed search filters, sequence inputs, and chromosome-specific information for SSR prediction and analysis.]
Figure 2 | Main Functions and Modules of TriticeaeSSRdb. (A) List of species on the home page; (B) SSR statistics on the homepage; (C) Species page (e.g., Aegilops speltoides); (D) Results page showing the desired search results; (E) Results page displaying SSR and corresponding primers; (F) Sequence BLAST tools; (G) In silico SSR prediction tools; (H) JBrowse framework.



3.5.1 Home

The homepage of TriticeaeSSRdb provides an overview of the database and offers convenient access to plots and microsatellite data for Triticeae species. The homepage consists of two main sections. The first section displays a gallery of images containing SSR information for the 21 Triticeae species. Users can search for species using either their scientific or common names through the search bar or filter species of interest using the species panel. This comprehensive collection includes SSR details for all species, and the images are interactive, allowing users to click on specific species to access the second-level website interface dedicated to that species.

Additionally, the homepage features informative charts that summarize essential information about the database. These charts include the distribution of SSRs across species, the distribution of SSR motif types, the total number of SSRs, and the counts of SSRs located in genic and intergenic regions. These graphical representations provide a concise and visual representation of the database’s key characteristics.




3.5.2 Species

The species selection panel, accessible from the top navigation bar, allows users to add or change species. This panel connects to the secondary website, which is the same as the species panel on the homepage. TriticeaeSSRdb provides species information, including a brief introduction, genome size, and total number of SSRs. A bar chart is available to visualize the distribution of SSR motif types and identify the most abundant motif category. Moreover, citation information for the reference genome is provided, enabling users to access relevant publications by clicking on the links.

The database offers versatile search options for retrieving SSRs based on various criteria, such as the genic or intergenic region, chromosome or scaffold-wise ID, motif type, repeat type, length, and genomic location. Notably, multiple chromosomes can be selected. In the advanced query, users can further refine their search by specifying parameters like the chromosome location (start and end coordinates) and size of SSR (length range). The result page dynamically displays tables with real-time visualization of the search results. The output includes comprehensive information that can be sorted by chromosome number, chromosome location, motif type, repeat number, and SSR size.

The search results provide a visualization of the repeat and designed primers in the flanking region, which is extracted from a sequence spanning 500 base pairs upstream (250 bp) and downstream (250 bp) of the repeat. Additionally, users can access three sets of designed primers for each SSR by clicking the view button. The primer information includes primer sequence, size, GC content, the melting temperature of forward and reverse primers, and product size. The primer page showcases the designed primers in the flanking region and allows users to download the information in text format using the download button.




3.5.3 Tools

To enhance user experience, three practical tools have been integrated into TriticeaeSSRdb. The JBrowse framework, known for its versatility and customizability, is widely used for interpreting, and visualizing genomic features. For each species, specific gene annotation tracks have been established, including mRNA, CDS, UTR, and SSR loci, among other key data. This visualization plugin significantly improves the accessibility of genomic data, providing researchers with a powerful tool to access the desired genomic loci quickly and accurately, aiding in gene discovery and genetic breeding applications.

When users encounter sequence fragments without explicit IDs, TriticeaeSSRdb provides an online BLAST service that allows queries within the database collection of different Triticeae species. Users can submit amino acid or nucleotide sequences in Fasta format directly into the search box or upload text files. Depending on the query sequence and the database, users can select the appropriate BLAST algorithm to identify putative homologous sequences. In the advanced settings, users have the flexibility to set parameters such as expected threshold, Word size, and Max target sequences. After the alignment, the candidate hits are ranked in descending order of the e-value and displayed side by side in the result window.

We developed custom scripts to implement the MISA and Pytrf tools for the identification of SSRs in user input sequences. Users have the option to enter query sequences in the provided dialog box, and for larger file sizes, bulk identification can be performed by uploading files. Customization options allow users to specify the repetitive motifs for SSR detection. Once the search is initiated, the tool identifies microsatellites in the uploaded sequences and employs the primer3 program in the background to design primers for the target regions.




3.5.4 Help

The Help page provides users with an introduction to the database and a comprehensive tutorial on how to effectively utilize its features.




3.5.5 Download

To facilitate personalized local services for users, all raw data of this database are included under the Download interface. Users can select specific species according to their needs and download information such as whole-genome SSR identification results, SSR genomic distributions, and SSR annotations. Additionally, the statistical results in the supplementary tables can also be downloaded through this interface to enhance the user experience.




3.5.6 Contact

The Contact page includes contact information for researchers to facilitate communication and provides quick access to generic external links to genomic resources. Additionally, the website offers researcher information and other relevant contact details.






4 Discussion



4.1 Characterization of SSR in Triticeae species

The application of SSR markers has demonstrated great value in genetic analysis, linkage mapping, breeding programs across different crop species, and germplasm characterization (Zhao et al., 2017). To further enhance the understanding of complex traits and facilitate molecular breeding, it is crucial to develop novel genome-wide markers and construct a physical map with uniformly distributed markers (Lu et al., 2019). Despite the growing popularity of single nucleotide polymorphism markers in Triticeae crop research, SSR markers continue to be widely utilized by research institutions due to their cost-effectiveness, simplicity, and rapidity (Li et al., 2015).

The advancement of improved sequencing technology and bioinformatics has resulted in the release of novel plant genome assemblies, particularly for cereal crops (Michael and VanBuren, 2020). This availability of genomic sequences for Triticeae species presents an opportunity to investigate and compare the distribution of microsatellites across these genomes. Computational approaches for SSR identification offer advantages such as high throughput, low cost, and minimal workload (Sharma et al., 2007). Various tools emerged from the late 20th century to the early 21st century to explore microsatellites within genome sequences. These tools include the Repeat Pattern Toolkit (RPT) (Agarwal, 1994), Tandem Repeats Finder (TRF) (Benson, 1999), Microsatellite Identification Tool (MISA) (Thiel et al., 2003), and Tandem Repeat Occurrence Locator (TROLL) (Castelo et al., 2002). However, the preference has shifted towards the utilization of microsatellite software that offers faster processing speeds, identification of SSR polymorphisms, and broader applicability. Notable examples of such tools include Krait (Pytrf) (Du et al., 2018) and CandiSSR (Xia et al., 2016).

In a previous study, we conducted a screening of genomic SSR loci in eight Triticeae species (Deng et al., 2016). However, existing genome databases have become outdated due to advances in sequencing technology and the release of new species genomes. Therefore, there is a need for comprehensive databases that collect, store, and maintain genomics data for further study of biological functions and molecular mechanisms. While some web resources provide information related to Triticeae species, they lack microsatellite markers, SSR prediction, PCR primer design, visualization, and other related information.

To address these limitations, we first characterized the distribution of SSRs in 21 Triticeae species using the most up-to-date genomes. In total, 3,891,705 microsatellites were identified. The distribution and frequency of SSRs vary among different species genomes. Our findings suggest that the relationship between SSR density and genome size is not evident in Triticeae species. Although differences in genome size may contribute to the level of microsatellite repetition, the density of SSRs has been found to be unrelated to genome size, consistent with previous studies (Behura and Severson, 2015; Portis et al., 2016).

Subsequently, we conducted a detailed evaluation of individual repeat motifs for each type of SSR in the Triticeae species. The base composition of SSR motifs in Triticeae species shows a strong bias toward A and T, consistent with their low GC content characteristics (Wang et al., 2022). Dimeric repeats were found to be the most abundant SSR motifs in Triticeae species. Previous studies have indicated that mono-nucleotide repeats are the most prevalent in Poaceae species. However, discrepancies in these findings may be attributed to the inherent limitations of next-generation sequencing methods used for data generation. In this study, we utilized the newly released reference genome, particularly integrating third-generation sequencing technologies, which greatly improved the accuracy of repeat sequence identification. Furthermore, we observed a significant increase in microsatellite abundance as the motif repeat number decreased, possibly due to higher mutation rates and increased instability in longer repeats.




4.2 TriticeaeSSRdb architecture, features, and advantages

The TriticeaeSSRdb, accessible at http://triticeaessrdb.com/, is a publicly available resource. It encompasses a comprehensive collection of 3,891,705 SSRs from 21 Triticeae species, with an overall frequency of 27.21 SSRs per Mb. These high-density SSRs serve as a valuable resource for genetic and genomic studies, including genetic diversity analysis, genetic mapping, marker-trait association, and molecular breeding. By facilitating the mining of microsatellite loci and the design of primers for genic and intergenic SSRs on a chromosome-wise basis, the database enables efficient genotyping with specific search criteria. Additionally, TriticeaeSSRdb incorporates additional tools such as genomic browsing, in silico SSR prediction for user-provided data, and BLAST-based similarity searches. TriticeaeSSRdb not only offers the largest collection of microsatellites but also provides a user-friendly web interface for data analysis and visualization. Through its statistical and plotting functions, users can easily grasp global microsatellite trends within a genome, eliminating the need for manual analysis of millions of data points. The information is presented through interactive plots and a filterable table view, ensuring that relevant microsatellite information is easily accessible to researchers.

TriticeaeSSRdb possesses specific advantages and features:

	(i) TriticeaeSSRdb represents the pioneering effort in identifying and characterizing Triticeae SSRs, crucial for genetic and genomics research. It provides critical information on genetic variation, kinship relationships, gene mapping, and breeding. With a comprehensive collection of 3,891,705 SSRs across 21 Triticeae species, TriticeaeSSRdb stands as the most extensive and inclusive database for Triticeae SSR research.

	(ii) TriticeaeSSRdb has been successfully developed as a one-stop, user-friendly platform for Triticeae species SSR research. In silico predicted markers can be easily searched based on criteria such as genic or genomic origin, chromosome-wise location, motif type, repeat type, length, and genomic position. TriticeaeSSRdb offers advanced search capabilities, including frequency-based searches and filtering based on motif type, repeat type, length, and genomic location. The search results provide visual representations of repeat motifs and flanking primers, with 500 base pairs upstream and downstream of the SSR. All results can be downloaded in clipboard, CSV, and Excel formats, facilitating further analysis. This genomic resource holds immense value for the global research community and can expedite chromosome-wise microsatellite locus mining and primer design for both genic and intergenic SSRs, enabling rapid genotyping.

	(iii) TriticeaeSSRdb offers a range of practical tools, making it easy and efficient for users to browse, search, and download specific areas of interest. The database provides statistical analyses, including SSR distribution, motif categories, and repeat sequence composition. The platform supports data visualization in various formats. Additionally, TriticeaeSSRdb integrates external generic databases such as IPK, NCBI, e!DAL, and Ensembl Plants, enabling quick cross-database searches.






4.3 Prospects

TriticeaeSSRdb is continuously improving, and these resources contribute to understanding genomic research, species identification, and evolution in Triticeae species. In the future, we plan to enhance TriticeaeSSRdb with additional features and utilities:

	(i) Continuous updates: As more Triticeae species datasets become available in the public domain, we will regularly update the database with newly released genomes, expanding beyond the Triticeae tribe and potentially encompassing the entire Poaceae family or even larger scales. With its scalable framework, TriticeaeSSRdb aims for at least one update per year.

	(ii) Pan-genome integration: Recognizing that a single reference genome may not capture the full genetic information of a species, future research will shift towards pan-genomics, encompassing different subspecies, varieties, or strains with significant genetic variations. TriticeaeSSRdb intends to incorporate the pan-genomes of T. aestivum, H. vulgare, and other related species to enrich the genetic information available.

	(iii) Integration of new analysis tools: TriticeaeSSRdb plans to integrate new analysis tools, especially those focused on pan-genomics and population genomics data, enabling cross-genome e-PCR and cross-validation to rapidly identify highly reliable and polymorphic SSR loci.

	(iv) Integration of QTL information: We aim to enhance the database by incorporating QTL information derived from our studies as well as publicly available sources in our ongoing efforts. This integration will facilitate more accurate gene mapping and enable its application in breeding programs.



In summary, our approach maximizes the utility of TriticeaeSSRdb for studying various aspects of Triticeae crop development. It enables researchers, including those from small labs without extensive computing resources, to analyze genetic diversity and distinguish populations within Triticeae species.
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The Basic Leucine Zipper (bZIP) transcription factors (TFs) family is among of the largest and most diverse gene families found in plant species, and members of the bZIP TFs family perform important functions in plant developmental processes and stress response. To date, bZIP genes in Platycodon grandiflorus have not been characterized. In this work, a number of 47 PgbZIP genes were identified from the genome of P. grandiflorus, divided into 11 subfamilies. The distribution of these PgbZIP genes on the chromosome and gene replication events were analyzed. The motif, gene structure, cis-elements, and collinearity relationships of the PgbZIP genes were simultaneously analyzed. In addition, gene expression pattern analysis identified ten candidate genes involved in the developmental process of different tissue parts of P. grandiflorus. Among them, Four genes (PgbZIP5, PgbZIP21, PgbZIP25 and PgbZIP28) responded to drought and salt stress, which may have potential biological roles in P. grandiflorus development under salt and drought stress. Four hub genes (PgbZIP13, PgbZIP30, PgbZIP32 and PgbZIP45) mined in correlation network analysis, suggesting that these PgbZIP genes may form a regulatory network with other transcription factors to participate in regulating the growth and development of P. grandiflorus. This study provides new insights regarding the understanding of the comprehensive characterization of the PgbZIP TFs for further exploration of the functions of growth and developmental regulation in P. grandiflorus and the mechanisms for coping with abiotic stress response.
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1 Introduction

Platycodon grandiflorus (Jacq.) A. DC. is a perennial herbal in the Platycodon genus of the Campanulaceae family (Ma et al., 2016). Mainly from the northeastern, northern, central and eastern provinces of China, it is also found in the Russian Far East and the Korean Peninsula (Zhang et al., 2015; Zhang et al., 2015). P. grandiflors has high medicinal and edible value, and is a homologous category of medicine and food. At the same time, it also has high ornamental value (Ji et al., 2020). P. grandiflorus is rich in natural chemical products. In the past many years, at least 100 compounds have been isolated, including steroidal saponins, sterols, flavonoids and phenolic acids. Modern pharmacological studies have shown that the pharmacological components of P. grandiflorus are triterpenoid saponins, and Platycodon D possesses several medicinal activities such as anti-obesity, anti-inflammatory, antioxidant, antitumor and immune regulatory activities (Zhang et al., 2022; Zhang et al., 2022). The growth and development of P. grandiflorus is a delicate process, and the study of molecular mechanisms of resistance to abiotic stress is an important production guide in the face of increasingly challenging natural environments. Transcription factors (TFs) are key regulatory proteins with DNA binding domains that can inhibit or activate gene expression (Tian et al., 2023). The YABBY (Kong et al., 2023), WRKY (Jing et al., 2022) and Trihelix (Liu et al., 2023) TF families have been proven to play a role in the response of P. grandiflorus to abiotic stress. However, this is only a drop in the ocean of a complex transcriptional regulatory network.

The Basic Leucine Zipper (bZIP) TFs are among of the most widely families of TFs in eukaryotes (Zhao et al., 2016b). The plant bZIP protein has two highly conserved domains composed of 60–80 amino acids: the basic region and leucine zipper region (Nijhawan et al., 2008). bZIP transcription factors mainly regulate tissue and organ development in plants, including seed germination and maturation, embryonic development, flowering, and light morphogenesis (Gangappa and Botto, 2016). Earlier research has indicated that the bZIP gene family ABF1 gene in Arabidopsis thaliana regulate seed dormancy and germination, affecting winter A. thaliana growth (Sharma et al., 2011). Litchi chinensis LcbZIP1, LcbZIP4, LcbZIP7, LcbZIP21 and LcbZIP28 may be involved in the regulation of senescence during postharvest storage of fruit (Hou et al., 2022). Meanwhile, the bZIP family also performs essential functions in responding to abiotic stress and regulating secondary metabolites. Overexpression of Capsicum annuum CabZIP25 in A. thaliana can improve tolerance to salt stress (Gai et al., 2020). Similarly, TabZIP15 can also improve salt tolerance in Triticum aestivum (Bi et al., 2021). Overexpression of Phyllostachys edulis PhebZIP47 in A. thaliana and Oryza sativa can increase the drought resistance of plants at the adult stages (Lan et al., 2023). In transgenic Artemisia annua overexpressing AabZIP9, the biosynthetic accumulation of artemisinin, dihydroartemisinic acid, and artemisinic acid was significantly increased (Shen et al., 2019). Reports on bZIP genes have now been carried out in a wide variety plants, However, it is unclear whether bZIP genes are participating in the growth process of P. grandiflorus and their role in responding to abiotic stress. At present, the chromosome-scale genome of P. grandiflorus has been released (Lee et al., 2023). Therefore, explore the possible role of bZIP TFs in the growth, development, and abiotic stress of P. grandiflorus on the basis of genome-wide and transcriptome data is of great significance.

In this study, we carried out a genome-wide identification and characterization of the bZIP gene family of P. grandiflorus and comprehensively analyzed the physicochemical properties, phylogeny, synteny relationship, gene structure and cis-elements. In addition, by mine the expression patterns of PgbZIP genes in eight tissues and constructing correlation networks, it was determined that they may interact with different genes and participate in multiple biological processes together. More importantly, the expression of PgbZIP genes during abiotic stress was analyzed by RT-qPCR, which indicated that some PgbZIP genes were responsive to salt and drought stress. The present study was conducted to provide a reference for the screening of bZIP candidate genes involved in regulating the developmental process of P. grandiflorus and in resistance to drought and salinity stress.




2 Materials and methods



2.1 Plant materials

The plant material P. grandiflorus was cultivated from the Medicinal Botanical Garden of Heilongjiang University of Chinese Medicine (HLJUCM), Harbin, China. There are two types of plant materials used in this study, one of which was the roots, stems, leaves and flowers of 1-year-old P. grandiflorus in the normal growth state without treatment. The other was a three-month-old P. grandiflorus seedling grown in a simulated abiotic stress environment. P. grandiflorus seedlings were watered with 200 mmol/L NaCl and 20% PEG6000 (Coolaber Science & Technology, Beijing, China) to simulate drought and salt stress, respectively, and roots were collected at 48 h. Following the sample process, all plant components were instantly frozen in liquid nitrogen immediately after sampling and kept in a medical refrigerator at -80°C for additional analysis.




2.2 Identification of putative bZIP genes in P. grandiflorus

The complete genome sequence and annotated file of P. grandiflorus can be downloaded from the Figshare database (https://doi.org/10.6084/m9.figshare.21511020). TBtools software was used to identify every member of the bZIP TFs in the genome of P. grandiflorus (Chen et al., 2020). TBtools software was used to extract all genes sequences in the P. grandiflorus genome. The hidden Markov model file in the bZIP domain was used as a template to identify each gene and obtain the candidate PgbZIP protein sequence. For validation, the candidate sequences were uploaded to the NCBI CD-search tools and the plant transcription factor database. After removing redundant and structurally incomplete domain sequences, the final PgbZIP protein was obtained. Use the web tool ExPASy ProtParam (https://web.expasy.org/protparam/) to search the molecular weight (MW), isoelectric point, grand average of hydropathicity (GRAVY) of PgbZIP proteins.




2.3 Chromosomal location and gene duplication analysis of PgbZIP genes

The genome annotation file of P. grandiflorus was analyzed and the chromosome location information of PgbZIP gene was obtained, and its corresponding chromosomal physical location was mapped using Tbtools software. The genomic information of Malus domestica (GCF_002114115.1), Cannabis sativa (GCA_900626175.1), Vitis vinifera (GCF_000003745.3), Solanum lycopersicum (GCF_000188115.4) and Oryza_sativa (GCA_001433935.1) were downloaded from the NCBI database. MCScanX software was used to analyze the gene duplication and collinearity of PgbZIP gene family (Wang et al., 2012). The PgbZIP gene replication events were visualized using the TBtools software’s “Advanced Circos” function, and the collinearity relationship between P. grandiflorus and other species was shown using the “Dual Systeny Plot” function.




2.4 Phylogenetic analyses of the PgbZIP and AtbZIP proteins

The TAIR database (https://www.arabidopsis.org/) provided the sequence of the A. thaliana bZIP protein. MEGA X was used to perform multiple sequence alignment of AtbZIP, IibZIP (Jiang et al., 2022) and PgbZIP protein, respectively (Kumar et al., 2018). The phylogenetic tree was constructed by neighbor- joining (NJ) method, and the bootstrap was repeated 1000 times. PgbZIP proteins are divided into different subfamilies based on A. thaliana bZIP proteins (Jakoby et al., 2002).




2.5 Analyses of gene structure and cis-element compositions of PgbZIP

The PgbZIP gene family was subjected to motif analysis using the Multiple Em for Motif Elicitation website. The parameters were set to Classic mode, and ten motifs were discovered (Bailey et al., 2009). Extract the upstream 2 kb sequence of the PgbZIP family gene using the “GXF Sequences Extract” tool in TBtools software, and then identify and retrieve the cis-elements of the gene family through the PlantCare database (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/) for analysis and comparison (Lescot et al., 2002).




2.6 Analysis of the expression profile of the PgbZIP gene family in different tissues

The NCBI Sequence Read Archive (SRA) database has the raw transcriptome data for the eight P. grandiflorus tissues that were used in this investigation. These accession numbers are as follows: SER912510-SER912517 (Kim et al., 2020). The expression of every PgbZIP gene used to be quantified in fragments per kilobase of exon model per million mapped fragments (FPKM). All FPKM values have been processed using row scale transformation, and heatmaps were generated using TBtools.




2.7 RNA extraction and evaluation of bZIP gene expression patterns in P. grandiflorus

Total RNA was extracted from leaves, roots and stems of 1-year-old P. grandiflorus, drought, and salt stress treated P. grandiflorus seedlings, respectively, using the RNAprep Pure Plant Kit (TIANGEN Biotech Co.,Ltd, Beijing, China). Then, The first strand cDNA was synthesized using MS 1st Strand cDNA Synthesis SuperMix for qPCR (+gDNA wiper) kit (Msunflowers Biotech Co.,Ltd, Beijing, China) reverse transcribed RNA as a template, and finally, qRT-PCR experiments were performed using 2×SYBR Green qPCR Mix (With ROX) kit (Shandong SparkJade Biotechnology Co., Ltd, Shandong, China) kit. qRT-PCR experiments had been carried out the use of an AriaMx real-time PCR system (Agilent Technologies, USA). The PgGAPDH had been used as a reference gene (Ma et al., 2016), and three technical replicates had been set up for each experiment. The relative expression of genes was computed by the 2− ΔΔCT Method (Livak and Schmittgen, 2001). The Primer3web (version 4.1.0) website (https://primer3.ut.ee/) was used to layout unique primers (Untergasser et al., 2012). GraphPad Prism (v8.0.2) software program was once used to draw the histogram of relative expression of genes, which was once analyzed by t-test.




2.8 Statistical analysis

PlantTFDB was used to identify TFs for the whole genome proteins of P. grandiflorus, and the online database of Pfam was used to annotate the conserved domains of genes. The correlation between transcriptomes was calculated using a Python script primarily based on the Pearson correlation coefficient (PCC) (Zhang et al., 2017). Visualization of correlation network diagrams using Cytoscape (v3.7.1) software (Shannon et al., 2003). The GO (Gene Ontology) and KEGG (Kyoto Encyclopedia of Genes and Genomes) enrichment analysis using the R language package clusterProfiler (Zhang et al., 2017).





3 Results



3.1 Identification and physicochemical properties of the bZIP genes in P.grandiflorus

After removing redundant and incomplete domain sequences, we finally identified 47 bZIP genes in P.grandiflorus (Supplementary Table 1). In subsequent analyses, we named the genes PgbZIP1 to PgbZIP47 based on their location on the chromosome or contig (from Pg_chr01_03120T to Pg_contig01856_00120T). Then, we analyzed the physicochemical parameters of the PgbZIP protein in detail. The results confirmed that the amino acid (AA) size of the PgbZIP proteins ranged from 132 AA (PgbZIP40) to 704 AA (PgbZIP13). The molecular weight (MW) of the PgbZIP proteins ranged from 14840.52 Da to 75818.79 Da, with an theoretical isoelectric point (pI) of 4.66 (PgbZIP28) to 9.77 (PgbZIP27). The GRAVY values of all PgbZIP proteins were less than 0, suggesting that all PgbZIP proteins may be hydrophilic.




3.2 Chromosome location and replication events of bZIP genes in P.grandiflorus

The distribution of PgbZIP genes on the chromosomes of P.grandiflorus did not show any obvious pattern, with 47 PgbZIP genes unevenly distributed on 9 chromosomes and 2 contigs (Figure 1). Chromosome 3 contained the most bZIP genes (9), and chromosome 9, Pg_contig00116 and Pg_contig01856 contained the fewest bZIP genes (only a single gene each). The bZIP genes were distributed on all chromosomes, but none of the genes showed a preferential distribution on a particular chromosome.

[image: Panel A displays the distribution of PgbZIP genes on chromosomes, with specific genes labeled in red along the chromosomes depicted as vertical bars. Panel B shows a circos plot of genomic relationships and gene density among chromosomes, using a color gradient from blue to yellow to indicate density and connecting lines to highlight relationships between gene locations.]
Figure 1 | The distribution information of PgbZIP genes on chromosomes and gene replication events in the P.grandiflorus. (A) Information on the location of the PgbZIP genes on the P.grandiflorus. (B) Gene duplication events of bZIP genes in P.grandiflorus. Black lines indicate gene segmental duplication events in the PgbZIP gene, and gray lines show that collinear pairs of all P.grandiflorus genes. The yellow lines and red bar indicate the genes density in each chromosome.

Investigations into the gene replication events in P. grandiflorus were conducted to understand the expansion of the PgbZIP genes. Gene duplication within the same chromosome or on different chromosomes, but without one following the other, is considered a segmental duplication event. In the PgbZIP gene family, four PgbZIP gene pairs were generated by segmental duplication. It is worth noting that 1 pair of segmental duplication events (PgbZIP5 and PgbZIP46) is not shown in the Figure 1B, because the PgbZIP46 gene was not mapped to the chromosome and was distributed on the contig.




3.3 Phylogenetic analysis of the PgbZIP gene family

To explore the evolutionary relationships and classification of the PgbZIP gene family, we constructed NJ phylogenetic trees using MEGA X software (Supplementary Table 2). Based on the earlier classification results of the A. thaliana and I. indigotica bZIP gene family, 47 PgbZIP proteins were divided into 11 subfamilies (Figure 2), comprising A (10), B (1), C (2), D (6), E (4), F (1), G (5), H (2), I (6), K (1) and S (9). The outcome of phylogenetic tree evaluation confirmed that the bZIP genes of P. grandiflorus, A. thaliana and I. indigotica were highly homologous in each cluster.

[image: Circular phylogenetic tree displaying the evolutionary relationships among various bZIP transcription factor proteins from different species. The tree is divided into color-coded clades labeled A, B, C, D, E, F, G, H, K, and S, with branch lengths representing genetic distance. Each clade contains abbreviations of species names, indicating specific protein sequences. The tree is annotated with statistical support values on the branches, highlighting the evolutionary connections and divergence among the proteins.]
Figure 2 | The phylogenetic relationship and classification of the of the bZIP proteins in P. grandiflorus, I. indigotica and A. thaliana. The bootstrap value were set to 1000 replications. Subfamilies are marked with distinct colors. The red star, blue triangle and black dots point out the bZIP proteins of P. grandiflorus, I. indigotica and A. thaliana, respectively.




3.4 Gene structure, motif and cis-element analysis of PgbZIP

To explore the structural similarity of PgbZIP proteins, 10 conserved motifs have been recognized the use of the MEME website (Figure 3A). These motifs vary in size from 21–50 AA, with at least 1 to 5 motifs distributed across 47 PgbZIP proteins, and all sequences have motif 1. Members of gene families with close evolutionary relationships have similar motif compositions; for example, G subfamily members all have motifs 1 and 3. Furthermore, all PgbZIP proteins contain conserved domains of the bZIP genes, proving that the outcome of gene identification had been dependable (Figure 3B).

[image: Gene structure and motif composition analysis of PgbZIP genes displayed in four panels. Panel A shows gene phylogeny; panel B details exon-intron structures; panel C illustrates conserved motifs with color-coded legend indicating motifs and responsive elements; panel D highlights domains, including CDS and other specific regulatory elements.]
Figure 3 | Phylogenetic analysis motifs, conserved domains and cis-element analysis of the PgbZIP genes. (A) Distribution of motifs within each PgbZIP protein. (B) Conserved domains of PgbZIP proteins. (C) Distribution of different types of cis-elements in the promoter region of the PgbZIP genes. (D) PgbZIP gene structures, lines indicate introns. (D) Distribution of different types of cis-elements in the promoter region of the PgbZIP genes.

To research the potential transcriptional regulatory role of PgbZIP genes, in this study, cis-elements were extracted from the PlantCARE database using 2K bp upstream of the PgbZIP genes as the promoter region. A total of 929 valuable cis-elements were recognized in the promoter regions of 47 PgbZIP genes, these cis-elements could be broadly categorized into three groups (Figure 3C) (Supplementary Table 3). Relevant to plant growth include light responsive elements, meristem expression, endosperm expression, anaerobically induced regulatory elements, seed-specific regulatory response elements, cell cycle regulatory elements, and circadian regulatory elements. Hormone response related elements include MeJA responsive elements, auxin responsive elements, abscisic acid responsive elements, and gibberellin responsive elements. Involved in abiotic stress related including stress responsive and defense elements and low-temperature responsive elements. Interestingly, the PgbZIP gene has cis-elements that bind to the MYB gene, participating in photoresponse, drought response, and flavonoid synthesis. This suggests that the PgMYB gene may regulate PgbZIP, forming regulatory networks that exercise different biological functions.

In order to further clarify the evolution of the PgbZIP genes, we compared the PgbZIP gene sequences and analyzed the coding regions and introns (Figure 3D). Except for seven members of the S family who do not have introns, the number of introns in other members is distributed between 1 and 12. As anticipated, members of the same subfamily have a relatively conserved number of introns, such as the H subfamily, which has 2 introns, and the E subfamily, which has 3 to 4 introns.




3.5 Syntenic analysis of PgbZIP genes with other species

For investigating further the relationship of bZIP genes evolution among various plants, we compared interspecific synteny of P. grandiflorus with that of five dicotyledonous plants and one monocotyledonous plant (O. sativa) (Figure 4). Dicotyledonous plants include three fruit (M. domestica, V. vinifera and S. lycopersicum), and two medicinal plants (C. sativa and C. lanceolata). The results showed that the collinearity relationship between PgbZIP genes and MdbZIP genes was the closest, with 79 pairs of genes, 40 pairs of PgbZIP and VvbZIP genes, 32 pairs of PgbZIP and SlbZIP genes, 23 pairs of PgbZIP and ClbZIP genes, and the same pairs of CsbZIP genes. PgbZIP and OsbZIP had the worst collinearity relationship, with only 7 pairs of genes. These results indicate that most of these homologous bZIP genes occur after the differentiation of dicotyledons and monocotyledons. It is worth noting that PgbZIP1 (Pg_chr01_03120T) and PgbZIP19 (Pg_chr03_29870T) have syntenic gene pairs with 6 other species, which may have existed before species divergence and participated in the evolution of these plants.

[image: Diagram showing synteny between Platycodon grandiflorus and six other species: Malus domestica, Vitis vinifera, Solanum lycopersicum, Cannabis sativa, Codonopsis lanceolata, and Oryza sativa. Each panel displays aligned chromosomes with colored lines representing gene correspondences across species.]
Figure 4 | Synteny analysis of bZIP genes between P.grandiflorus and M. domestica, V. vinifera, S. lycopersicum, C. sativa, C. lanceolata, and O. sativa. Gray lines symbolize the colinear blocks within P.grandiflorus and other genomes, Purple lines represent the syntenic bZIP gene pairs.




3.6 Divergent expression of the bZIP gene in P. grandiflorus tissues and verification of candidate genes by quantitative real-time PCR

To investigate the expression profile of bZIP genes in P. grandiflorus tissues, the gene relative expression of 47 PgbZIP genes were analyzed based on RNA-seq data of P. grandiflorus root, leaf, seed, petal, stem, stamen, pistil, and sepal (Figure 5) (Supplementary Table 5). The findings indicated that 20 genes were expressed in leaf, 28 genes in petal, 34 genes in pistil, 32 genes in root, 38 genes in seed, 37 genes in sepal, 37 genes in stamen and 37 genes in stem (FPKM>0.5). A total of 10 genes (PgbZIP5, PgbZIP13, PgbZIP14, PgbZIP21, PgbZIP25, PgbZIP28, PgbZIP30, PgbZIP33, PgbZIP42 and PgbZIP45) were highly expressed in all tissues (FPKM>10), and these genes probably participating in the whole development processes of P. grandiflorus. PgbZIP16 and PgbZIP17 were not expressed in all tissues and may be pseudogenes or require specific conditions to activate expression. Interestingly, PgbZIP genes are also tissue-specific. For example, PgbZIP26 and PgbZIP34 are expressed only in stamens. PgbZIP12, PgbZIP35, PgbZIP37 and PgbZIP43 are only expressed in seeds. These genes involved in specific tissue expression may only be involved in the biological process of this tissue.

[image: Heatmap showing gene expression levels for PbZIP genes across different plant tissues: stamen, seed, petal, pistil, root, stem, leaf, and sepal. Color scale ranges from blue (low expression) to red (high expression). Dendrograms illustrate clustering of genes and tissues based on expression patterns.]
Figure 5 | Heatmap of bZIP gene expression profiles in eight tissues of P. grandifloru. Data represent FPKM values from transcriptome data come from 8 tissues, including seed, leaf, petal, pistil, root, sepal, stamen and stem. Gene expression using Log2(FPKM+1) logarithmic transformation treatment.

As mentioned above, subfamilies A (PgbZIP14), B (PgbZIP13), C (PgbZIP30), F (PgbZIP42), G (PgbZIP21), I (PgbZIP25/45), K (PgbZIP28) and S (PgbZIP5/33) have been expressed at very high levels in various tissue parts of P. grandiflorus, and are probably participated in the regulation of developmental process in all tissues. Therefore, those 10 PgbZIP genes were selected as candidate genes for qRT-PCR experiments to validate in this research (Supplementary Table 6). The relative expression of the 10 candidate genes were basically consistent to the expression trends obtained from the RNA-seq data (Figure 6). Notably, PgbZIP28 showed higher expression in petals, and PgbZIP30 and PgbZIP33 were expressed at higher levels in sepals than stems. All of the above suggest that these 10 PgbZIP genes possibly are closely involved to the developmental process of P. grandiflorus.

[image: Bar graphs show the relative expression levels of PgbZIP genes in different plant tissues: root, stem, leaf, petal, and sepal. Each graph represents a different gene: PgbZIP5, PgbZIP13, PgbZIP14, PgbZIP21, PgbZIP25, PgbZIP28, PgbZIP30, PgbZIP33, PgbZIP42, and PgbZIP45. The expression varies across tissues, with roots and petals often showing higher expression. Error bars indicate variability.]
Figure 6 | qRT–PCR analysis of PgbZIP genes in five different tissues of P. grandiflorus. Different colors represent different tissues. Use of the PgGAPDH gene as a reference gene.




3.7 Analysis of expression profile of PgbZIP genes family under drought and salt stress

The root of P. grandiflorus is the main medicinal part. For studying the potential role of PgbZIP gene family under abiotic stress, the qRT-PCR experiments analysis was conducted using the roots of P. grandiflorus seedlings under drought and salt stress as templates (Figure 7). Compared with the normally growth group (CK), the expression levels of 4 genes (PgbZIP5, PgbZIP21, PgbZIP25 and PgbZIP28) were increased under both drought and salt stress. PgbZIP33 was only highly expressed under salt stress, but its expression was reduced under drought stress. These PgbZIP genes with increased expression levels under drought and salt stress could help P. grandifloru to resist abiotic stress.

[image: Bar graphs showing the relative expression of various PgbZIP genes under different treatments: CK, NaCl, and PEG. PgbZIP5, PgbZIP21, PgbZIP25, and PgbZIP28 show significant expression changes under NaCl and PEG, indicated by asterisks. PgbZIP13, PgbZIP14, PgbZIP30, PgbZIP42, and PgbZIP45 also illustrate expression differences, with varied levels of significance. PgbZIP33 displays minimal change. Error bars represent variability.]
Figure 7 | qRT-PCR analysis of PgbZIP genes under drought and salt stress. CK: normal growth group; Salt stress and drought stress simulated using NaCl and PEG. The PgGAPDH gene was used as a reference gene. The significance analysis was carried out the use of a t-test. *, **, *** indicate significant difference in p < 0.05, p < 0.01, and p < 0.001.




3.8 Correlation network and enrichment analysis of PgbZIP genes

The bZIP genes often form an interaction networks with various TFs to participate in plant developmental processes. In order to mine the transcriptional regulatory network of PgbZIP in different tissues, this study characterized TFs in the RNA-seq data of 8 different tissues of P. grandiflorus and constructed a correlation network. A total of 1567 TFs were identified and categorized into 58 gene families, among which the top 5 were ERF (136), bHLH (118), C2H2 (115), MYB (105) and NAC (90). The expression profiles of all genes in the RNA-seq data of 8 different tissues of P.grandiflorus were analyzed using Python script to explore the TFs co-expressed with the PgbZIP gene. In the correlation network, a total of 19 PgbZIPs were co-expressed with 149 TFs, and 168 nodes with 361 network pairs were found. The positive (r > 0.7) (P < 0.05) and negative (r < -0.7) (P < 0.05) correlation network pairs are 232 and 129, respectively (Figure 8). PgbZIP45, PgbZIP30, PgbZIP13 and PgbZIP32 were presented as hub genes (degree≧30). The highest correlations (degree≧7) among TFs were Pg_chr05_09390T (GATA), Pg_chr08_31480T (C3H), Pg_chr02_03150T (MYB-related), Pg_chr01_14460T (AP2), Pg_chr06_07740T (bHLH), and Pg_contig26001_00320T (NF-YA) (Supplementary Table 7). These TFs has been shown to function in regulating plant growth and development in a large number of studies. Therefore, PgbZIP genes could be interacting with these TFs to form a regulatory network and participate in the development process of P.grandiflorus.

[image: A network diagram illustrating relationships between various transcription factors, prominently featuring bZIP nodes in green, blue, and brown. Connections are represented by solid and dotted lines, indicating interactions and groupings with labels such as MYB, WRKY, ERF, and NAC.]
Figure 8 | PgbZIP genes correlation network established using RNA-seq data from 8 tissues of P.grandiflorus. Circles represent co-expressed transcription factors, and diamonds represent the PgbZIP genes. Positive and negative correlations are indicated by solid and dashed lines, respectively. The shade of the color indicates the amount of genes correlated.

In order to further clarify the functions of TFs in the network in biological processes and the pathways involved, we performed GO annotation, GO and KEGG enrichment analyses of all TFs in the correlation network (Figure 9). The results of the analysis of the GO annotation findings suggests that those genes function in the molecular function classification for recruitment of TFs and activation of transcriptional activity (Figure 9A). In the cellular component classification, these genes were found to be predominantly distributed in the telomeric region, chromosome, nuclear chromosome and spindle microtubule. In biological processes, these genes are mainly involved in response to ethylene, negative regulation of macromolecular biosynthesis processes, negative regulation of RNA metabolic processes and ethylene response (Supplementary Table 8).

[image: Chart A shows enrichment scores for gene ontology categories, with bars in red, green, and blue representing biological processes (BP), cellular components (CC), and molecular functions (MF) respectively. Chart B is a dot plot detailing specific biological process terms, with color gradients indicating significance and dot size showing count. Chart C features a similar dot plot for different biological and metabolic processes, with color indicating significance level.]
Figure 9 | The GO annotation and KEGG pathway enrichment analysis of TFs in correlation networks. (A) The GO annotation of TFs in correlation networks. (B) The GO enrichment analysis of TFs in correlation networks. (C) The KEGG pathway enrichment analysis of TFs in correlation networks.

Similarly, we performed GO and KEGG enrichment analysis of TFs in the correlation network. The outcome of GO enrichment analysis indicated that the main functions of these genes are transcription factor binding transcription factor activity, cellular response to ethylene stimulus, meristem maintenance, response to ethylene, xylem development, phloem development, floral organ morphogenesis, meristem maintenance, and so on (Figure 9B). The outcome of KEGG enrichment indicated that these TFs were primarily enriched in circadian rhythm, phytohormone signal transduction, nucleotide excision repair, plant-pathogen interaction, pyrimidine metabolism, purine metabolism and so on (Figure 9C). These outcomes indicate that the TFs in the correlation network are participating in most bioprocesses in plants and play a certain role.





4 Discussion

The bZIP transcription factors are among the most widely distributed and conserved families of eukaryotic TFs, and have been more thoroughly researched in the plant field (Li et al., 2016). The bZIP TFs are widely involved in plant developmental process, biotic and abiotic stress response, and regulation of plant secondary metabolite synthesis such as terpenoids (Zhong et al., 2021). P. grandiflorus is a species of both medicine and food. Its young shoots and roots are often used to make pickles, cold soups and sauces. Similarly, the dried root of P. grandiflorus is a traditional Chinese medicine (TCM) called PLATYCODONIS RADIX, which has a variety of pharmacological effects and is a commonly used bulk of TCM (Ma et al., 2021). In the context of the post-epidemic era, the concept of “preventing disease” has gradually taken root in people’s hearts, and the concept of health care based on the same source of medicine and food will be the focus of attention at home and abroad in the future. As one of the representative medicinal materials of the same source of medicine and food, the international requirement for its raw materials is increasing, but the quality of different production areas is different. Therefore, studying the molecular regulatory mechanisms of the developmental process of P. grandiflorus to increase its productivity and high quality has emerged as a research hotspot. The bZIP TFs were extensively studied in various plants, but not in P. grandiflorus. In this present work, 47 PgbZIP genes were recognized by bioinformatics methods, which was similar to most previous reports, such as 49 in Solanum tuberosum (Wang et al., 2021; Wang et al., 2021), 54 in Litchi chinensis (Hou et al., 2022), 59 in Castanea mollissima (Zhang et al., 2023), 65 in Lagenaria siceraria (Wang et al., 2022) and 65 in I. tinctoria. A deeper analysis revealed that all PgbZIP genes included the bZIP conserved domains, suggesting that the identification results were reliable and accurate. Similarly, motif1 and motif3 comprise a leucine zipper region and base region of the bZIP genes, consistent with the identification of bZIP TFs in Nicotiana tabacum (Duan et al., 2022).

Phylogenetic analysis can identify homologous genes in different species for the purpose of predicting the function of unknown genes. In this study, a total of 47 PgbZIP protein and 75 A. thaliana bZIP protein have been employed to build a phylogenetic trees, which was divided into 11 subfamilies and showed good clustering results. In subfamily A, the PgbZIP6 and PgbZIP19 proteins were homologous with AtbZIP36, and the PgbZIP17 protein was homologous with AtbZIP36, indicating that the three PgbZIP proteins probably have important functions in ABA induction and stress treatment (Choi et al., 2000). Similarly, in subfamily D, AtbZIP46 is participating in the progression of A. thaliana flower and plays a role in regulating the size of meristems or floral organ number (Chuang et al., 1999), and its homologous gene PgbZIP15 probably has the same functionality. Notably, the H subfamily have two genes, namely, HY5 (AtbZIP56) and HYH (AtbZIP64), while the H subfamily in the PgbZIP gene family contains only two HY5 genes (PgbZIP40, PgbZIP41) but no HYH gene, suggests that there could be possible gene expansions and deletions in the PgbZIP gene family that may have occurred during the evolutionary process.

The function of transcription factors is highly correlated with their expression patterns (Wang et al., 2023). Earlier research has indicated that the bZIP gens were participating in the developmental processes of various tissues and organs in plants. Coexpression of AtbZIP10/25 with ABI3 significantly increases the activation capacity of the At2S1 promoter to form a regulatory complex for seed-specific expression (Lara et al., 2003). The AtbZIP9 gene is involved in regulating leaves and vascular bundle development (Silveira et al., 2007). Overexpression of OsbZIP49 in O. sativa reduced internode length and plant height in transgenic rice, which exhibited a tiller-spreading phenotype (Ding et al., 2021). Overexpression of the Capsicum annuum CabZIP1 gene in A. thaliana can slow plant growth and decrease the amount of petals (Lee et al., 2006). To identify the regulatory functions of PgbZIP genes in P. grandiflorus development, 10 PgbZIP genes (PgbZIP5, PgbZIP13, PgbZIP14, PgbZIP21, PgbZIP25, PgbZIP28, PgbZIP30, PgbZIP33, PgbZIP42 and PgbZIP45) that were highly expressed in the transcriptome data of 8 tissues were selected as potential genes, the relative expression of those genes in stems, leaves, roots, petals and sepals have been analyzed by qRT-PCR. The relative expression of candidate genes were in accordance with the trend of RNA-seq data, suggesting these 10 candidate genes were participated in the development of various tissues of P. grandiflorus. Similarly, the PgbZIP genes also showed tissue-specific expression in different organs. Transcriptome data showed that PgbZIP12, PgbZIP35, PgbZIP37 and PgbZIP43 were only expressed in seed species, which predicted that they could be participated in seed developmental processes. A comparable tissue-specific expression patterns have been found for the bZIP TFs in species such as M. domestica (Wang et al., 2021; Wang et al., 2021), Musa nana (Hu et al., 2016), and Citrullus lanatus (Yang et al., 2019).

In recent years, the biosynthesis of natural products has become increasingly popular. However, the molecular mechanisms by which TFs are involved in regulating the biosynthesis of plant secondary metabolism are complex. The triterpenoid saponins of P. grandiflorus are very important secondary metabolites, that are mainly enriched in roots (Zhang et al., 2015; Zhang et al., 2015). Root development is a complex process regulated by the expression of multiple genes and influenced by endogenous hormone levels and natural resources (Siqueira et al., 2022). During energy deprivation in A. thaliana, AtbZIP63 activates AtARF19 expression in response to basal lateral root initiation (Muralidhara et al., 2021). Under stress and normal conditions, different levels of ABA (abscisic acid) regulate the development of plant root architecture, including the initiation and elongation of main, adventitious, adventitious roots, and root hairs, as well as root system hydrophilicity and geotropism (Teng et al., 2023). Similarly, bZIP TFs perform important functions in the control of terpenoids; for example, the bZIP TF AaTGA6 in A. annua is involved in the regulation of salicylic acid (SA) in the synthesis of artemisinin (Lv et al., 2019), and AabZIP1 is involved in ABA signaling, which in turn regulates artemisinin biosynthesis (Zhang et al., 2022; Zhang et al., 2022). In this study, cis-elements for physiological control, hormonal response and stress response were detected in the promoter region of the PgbZIP gene, suggesting that the PgbZIP gene with these elements performs an essential function in the regulation of root developmental processes and terpene biosynthesis in P. grandifloru.

With the fast speed of modern industrial development and climate change, plants suffer from abiotic stress increasingly frequently in the manner of increase and development, which conduct to a reduction in yield, quality damage, and even plant death (Zhang et al., 2022). To cope with the stress caused by adverse environments, plants have evolved various mechanisms, including the regulation of gene expression through various transcription factors, so that plants can adapt to or escape the effects of stress (Badis et al., 2009). Among these transcription factors, the bZIP TFs has been widely reported to enhance the ability of response to biotic and abiotic stresses. For example, OsbZIP71 gene in O. sativa enhances the tolerance to drought and salinity by activating the expression of the OsNHX1 protein and COR413-TM1 protein (Liu et al., 2014). In V. vinifera, the VvbZIP23 expression is induced by a number of abiotic stresses, including cold, salinity and drought stress (Tak and Mhatre, 2013). The Hordeum vulgare bZIP TF HvABI5 is participating in ABA-dependent regulation of resistance to drought stress (Collin et al., 2020). In this study, PgbZIP5, PgbZIP21, PgbZIP25 and PgbZIP28 genes with significantly considerably elevated expression levels beneath drought and salinity stress were verified through qRT-PCR experiments. Additionally, PgbZIP33 was only highly expressed under salt stress. Among them, PgbZIP5 is the homologous gene of AtbZIP11, which may have the same features in resistance to stress (Weltmeier et al., 2009). PgbZIP21 and PgbZIP28 have cis-elements participating in defense and stress responses, and PgbZIP21, PgbZIP25, and PgbZIP33 have binding sites for drought regulation with PgMYB genes. PgbZIP28 and PgbZIP33 also contain low-temperature responsiveness elements. These 5 genes also have co-expression links with bHLH, GATA, MYB of the stress resistance related genes. It is hypothesized that those TFs might perform key functions in supporting P. grandiflorus to resist abiotic stress. However, the specific biological functions of these genes need to be further verified.




5 Conclusion

In this work, a number of 47 PgbZIP genes were characterized based on genome-wide analysis, and their chromosomal distribution, phylogenetic, motifs, gene structure, cis-element prediction, synteny and expression profiles have been comprehensively analyzed. Ten candidate PgbZIP genes that are expressed at high levels in all tissues indicate their crucial role in various physiological and biological processes, and the co-express network results also provide evidence for further research. The expression pattern of candidate genes under drought and salt stress provide valuable information for the expression of PgbZIP genes under salt and drought stress. These results provide clues to investigate the functions of the PgbZIP genes in the developmental processes of different plant organs and abiotic stress responses.
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Rubber tree (Hevea brasiliensis) is reproduced by bud grafting for commercial planting, but significant intraclonal variations exist in bud-grafted clones. DNA methylation changes related to grafting may be partly responsible for intraclonal variations. In the current study, whole-genome DNA methylation profiles of grafted rubber tree plants (GPs) and their donor plants (DPs) were evaluated by whole-genome bisulfite sequencing. Data showed that DNA methylation was downregulated and DNA methylations in CG, CHG, and CHH sequences were reprogrammed in GPs, suggesting that grafting induced the reprogramming of DNA methylation. A total of 5,939 differentially methylated genes (DMGs) were identified by comparing fractional methylation levels between GPs and DPs. Transcriptional analysis revealed that there were 9,798 differentially expressed genes (DEGs) in the DP and GP comparison. A total of 1,698 overlapping genes between DEGs and DMGs were identified. These overlapping genes were markedly enriched in the metabolic pathway and biosynthesis of secondary metabolites by Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis. Global DNA methylation and transcriptional analyses revealed that reprogramming of DNA methylation is correlated with gene expression in grafted rubber trees. The study provides a whole-genome methylome of rubber trees and an insight into the molecular mechanisms underlying the intraclonal variations existing in the commercial planting of grafted rubber trees.
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1 Introduction

Rubber tree (Hevea brasiliensis Muell. Arg.) is the most unique commercial rubber-producing plant in the world. The propagation of rubber trees for commercial planting and conservation is being performed via artificial grafting scions (axillary buds) of elite clones onto rootstocks (unselected seedlings) to maintain the traits of interest (Hua et al., 2010). However, significant intraclonal variations exist in the growth and rubber yield of the bud-grafted clones, which is mainly attributed to the genetic heterogeneity of the stocks used for propagation (Chandrashekar et al., 1997; Zhou and Lin, 2012; Zhou et al., 2014). Although a great deal of effort has been invested in understanding the stock–scion interactions, most of the disparities reported were in terms of biochemical and phenotypic parameters (Huang and Lin, 2003; Ding et al., 2010; Zhou et al., 2014). The molecular mechanism of rootstock affecting scion growth and characteristics has not been fully understood in rubber trees.

DNA methylation, occurring in CG, CHG, and CHH contexts (where H represents C, T, or A), is one of the main epigenetic modifications. The establishment and maintenance of DNA methylation need several DNA methyltransferases, such as methyltransferase 1, DNA methyltransferase, and chromomethylases 2 and 3 (Law and Jacobsen, 2010; Zhang et al., 2018; Gallego-Bartolomé, 2020). The methylation of DNA plays an important role in plant cells, such as maintaining plant genome stability, chromosome interactions, gene expression, circRNA biogenesis, and mRNA stability and splicing (Law and Jacobsen, 2010; Zhang et al., 2018; Gallego-Bartolomé, 2020). DNA methylation affects plant physiology and development and regulates multiple biological processes, such as fertilization, floral pigmentation, floral scent, and photosynthesis as well as biotic or abiotic stress (Zhang et al., 2018; Gallego-Bartolomé, 2020; Mattei et al., 2022).

Grafting is a traditional method of plant asexual propagation by connecting scion and rootstock. In recent years, some studies have proposed the existence of DNA methylation changes in grafting reactions. The graft-induced DNA methylation in the scion has been connected with variations in grafted plants (Wu et al., 2013; Perrin et al., 2020; Santos et al., 2020; Cerruti et al., 2021; Kapazoglou et al., 2021; Han et al., 2022; Liu et al., 2023). Although grafting caused methylation variations in rubber trees, which were detected using methylation-sensitive amplified polymorphism (MSAP; Uthup et al., 2018), whole-genome DNA methylation by grafting in rubber trees remains largely unknown. Whole-genome bisulfite sequencing (WGBS) is a high-throughput and precise method for DNA methylation analysis, which can identify DNA methylation patterns genome-wide at single-base resolution (Smallwood et al., 2014; Li et al., 2018). Here, the genome-wide DNA methylation patterns between the grafted rubber tree plant (GP) and its donor plant (DP) were investigated using WGBS technology. Our findings reveal that grafting induced reprogramming of DNA methylation in GPs, with evidence suggesting a correlation between DNA methylation and gene expression. The study indicates that a potential molecular mechanism influences intraclonal variations existing in the commercial planting of grafted rubber trees.




2 Materials and methods



2.1 Plant material

Ten-year-old plants of tissue-cultured H. brasiliensis Muell. Arg. cultivar (CATA7–33-97) were planted in the National Rubber Tree Varieties Resource Garden of the Chinese Academy of Tropical Agriculture Sciences, Danzhou, Hainan, China. The seeds of the rubber trees (CATA7–33-97) were collected and germinated to produce seedlings, which were subsequently utilized as rootstocks after 1 year. The axillary buds of tissue-cultured rubber trees (CATA7–33-97) were taken and grafted onto the aforementioned rootstocks of the CATA7–33-97 variety. Mature leaf samples were collected from the 15 GPs when they grew to a stable phenology of the third canopy leaf and were pooled together to form one sample for DNA and RNA extraction. Concurrently, mature leaf samples were collected from the 15 DPs of tissue-cultured rubber trees (CATA7–33-97) and processed for DNA and RNA extraction to serve as a comparative control sample.




2.2 Whole-genome bisulfite sequencing

The isolation of genomic DNA was carried out as per the instruction of the Plant Genomic DNA Extraction Kit (TaKaRa, Dalian, China). Genomic DNA was checked on agarose gels. The purity and concentration of DNA were monitored using a NanoPhotometer® spectrophotometer (IMPLEN, Westlake Village, CA, USA) and Qubit® DNA Assay Kit in Qubit® 2.0 Fluorometer (Life Technologies, Carlsbad, CA, USA).

For library construction, 200–300-bp DNA fragments were obtained by genomic DNA sonication, and then DNA fragments were combined with end-repair mix and adenylation. Cytosine-methylated adapters were ligated to the repaired DNAs, and subsequently, the connections were purified. The purified samples were treated with bisulfite as per the instruction of the Methylation Gold Kit (Zymo Research, Irvine, CA, USA). The treated DNA fragments were amplified to construct a DNA library. The library was qualified by the Qubit® 2.0 Fluorometer (Life Technologies, CA, USA) and real-time PCR system (Bio-Rad, Hercules, CA, USA). The qualified libraries were sequenced on an Illumina NovaSeq platform (Novogene, Beijing, China).




2.3 Differentially methylated region analysis

The adaptor sequences in WGBS reads were removed using Trimmomatic (Bolger et al., 2014). The trimmed clean reads were aligned against the rubber tree reference genome (Liu et al., 2020) using Bismark (Krueger and Andrews, 2011). Methylated cytosines were extracted from aligned reads using the Bismark methylation extractor with default parameters. Considering inefficiencies in the bisulfite conversion reaction and sequencing errors, a binomial test was used to determine whether the observed methylation frequency was above the background [false discovery rate (FDR) <0.05]. The methylation level was assessed according to the previously described method (Lister et al., 2009). The different DNA methylation profiles in different genomic regions were identified according to Lister et al. (2013). Differentially methylated regions (DMRs) between GPs and DPs were determined using the R-package DSS-single (Feng et al., 2014; Wu et al., 2015). The CallDMR function was used to identify DMRs with parameters of twofold change and p ≤ 0.05 in methylation levels.




2.4 Transcriptome sequencing

Total RNA was extracted according to Tang et al. (2010). Total RNA purity was checked using the NanoPhotometer® spectrophotometer (IMPLEN, CA, USA). Total RNA integrity was assessed using the RNA Nano 6000 Assay Kit of the Bioanalyzer 2100 system (Agilent Technologies, Santa Clara, CA, USA). Paired-end Illumina cDNA Sequencing libraries were generated following the manufacturer’s instructions for mRNASeq sample preparation (NEB, Ipswich, MA, USA). The library quality was assessed using the Agilent Bioanalyzer 2100 system (Agilent Technologies, CA, USA). The libraries were deep sequenced using the Illumina NovaSeq platform (Novogene, Beijing, China), and 150-bp paired-end reads were generated. Raw data (raw reads) of fastq format were first processed through in-house perl scripts. Clean data (clean reads) were obtained by removing reads containing adapter, reads containing ploy-N, and low-quality reads from raw data. At the same time, Q20, Q30, and GC content of the clean data were calculated. The clean reads were aligned against the rubber tree reference genome (Liu et al., 2020) using HISAT2 v2.0.5 (Kim et al., 2019), then transcripts were assembled, and gene expression levels were calculated using StringTie v1.3.3 (Pertea et al., 2016). The transcript abundance was calculated based on the ratio of fragments per kilobase of transcript per million mapped reads (FPKM) values, and the FDR (control method for the p-value threshold in multiple tests) was used for testing the significance of the differences. DESeq2 R package (v1.16.1) was used to identify differentially expressed genes (DEGs) with cutoff values of FDR ≤ 0.05 and |fold change| ≥ 2 (Love et al., 2014).




2.5 Integrated analysis of DNA methylation and the transcriptome

Pearson’s correlation analysis of DNA methylation and gene expression in DPs and GPs was completed as previously described (Yang et al., 2014). DMRs (<5% false discovery rate) are associated with significant changes in gene expression and enriched for an expected inverse relationship between methylation and expression (p < 2.2 × 10−16).




2.6 Functional enrichment analysis of overlapping genes between DEGs and DMGs

Gene Ontology (GO) enrichment analysis of overlapping genes between DEGs and differentially methylated genes (DMGs) was carried out using the GOseq R package at p ≤ 0.05 (Young et al., 2010). The statistical enrichment of overlapping genes between DEGs and DMGs in Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways was performed using KOBAS software with Fisher’s exact test selecting p ≤ 0.05 (Mao et al., 2005).




2.7 Quantitative PCR

The total RNA of rubber tree leaves was extracted according to Tang et al. (2010). Quantitative PCR (qPCR) was performed using HbACT7 as an internal reference gene (Li et al., 2014) according to the instruction of SYBR®Premix Ex Taq™ II Kit (TaKaRa, Dalian, China). The sequence of primers used in this study is listed in Supplementary Table S1. qPCR conditions were as follows: 95°C for 3 min; 35 cycles of 95°C for 5 s, 60°C for 30 s, 72°C for 20 s. The gene expression level was calculated using the 2(−Delta Delta C (T)) method (Livak and Schmittgen, 2001).





3 Results



3.1 Grafting induced DNA methylation change in H. brasiliensis

To clarify the possible effects of rubber trees with grafting on DNA methylation levels, WGBS was performed to investigate whole-genome methylation in GPs and DPs. In total, 204,849,774 clean reads (56.64 G) and 220,533,308 clean reads (60.71 G) were obtained from GPs and DPs. More than 99.23% of DPs and 99.55% of GPs of cytosines were converted by bisulfite treatment, which showed that the conversion was satisfactory with WGBS. In total, 123,873,186 clean reads in DPs and 119,464,270 clean reads in GPs were mapped to the rubber tree reference genome (Table 1). The genome-wide methylation for chromosomes and distinct genomic elements were characterized in DPs and GPs (Figures 1A, B). The proportions of methylated cytosines (mC) decreased from 26.2% in DPs to 16.48% in GPs (Table 1). The mean methylation levels decreased from 77% in DPs to 64.86% in GPs in the CG context, from 72.02% in DPs to 59.83% in GPs in the CHG, and from 11.8% in DPs to 4.36% in GPs in the CHH (Figure 1C). Relative proportions of mC in the CG, CHG, and CHH contexts were respectively 16%, 30.19%, and 53.81% in DPs. In GPs, 21.09%, 40.33%, and 38.75% of mC in CG, CHG, and CHH, respectively, were detected (Figure 1D). CHH methylation significantly decreased from 53.81% in DPs to 38.75% in GPs, while CG and CHG methylation increased from 16% and 30.19% in DPs to 21.09% and 40.33% in GPs, respectively. The above data suggested that grafting induced reprogramming of DNA methylation in grafted rubber trees.

Table 1 | Data summary of whole-genome bisulfite sequencing for the two rubber tree samples.


[image: Table comparing two samples, DP (donor plant) and GP (grafted rubber tree plant). Columns include clean reads, clean bases (DP: 56.64 G, GP: 60.71 G), BS conversion rate (DP: 99.23%, GP: 99.55%), mapped reads, mean C percentage, mean CG, CHG, and CHH percentages, and mCG, mCHG, and mCHH percentage ratios.]
[image: Four visual panels present genetic data. Panel A shows circular diagrams for DP and GP with color-coded methylation and gene density data across chromosomes. Panel B illustrates similar circular charts with mC levels indicated by lines. Panel C displays a bar chart comparing mean methylation levels (mCG, mCHG, mCHH) between DP and GP. Panel D contains pie charts depicting the percentage distribution of mCG, mCHG, and mCHH for DP and GP.]
Figure 1 | Grafting induced DNA methylation change in Hevea brasiliensis. (A) Chromosome-level methylation features in DPs and GPs. Track from the outside to the inside, as follows: mCG, mCHG, mCHH, TEs, and gene. (B) Density plot of 5mC in three contexts in the gene bodies on each chromosome in DPs and GPs. (C) The mean methylation levels in three contexts between DPs and GPs. (D) The levels of mC in CG, CHG, and CHH in DPs and GPs. DPs, donor plants; GPs, grafted rubber tree plants; TEs, transposable elements.




3.2 Grafting changed methylation levels in gene regions

The analysis of DNA methylation levels in different gene regions indicated that DNA methylation levels in various gene regions had significant differences between GPs and DPs (Figure 2A). The DNA methylation levels in three contexts of gene regions except for 3′UTR in DPs were more than those in GPs (Figure 2B). Meanwhile, DNA methylation levels in all contexts of gene-body regions, upstream 2K, and downstream 2K were lower in the GPs than in the DPs (Figure 2C). Taken together, grafting changed methylation levels in gene regions.

[image: Heatmaps and line graphs depicting DNA methylation levels in different contexts.   A: Heatmaps showing methylation for mCG/CG, mCHG/CHG, and mCHH/CHH across various genomic regions like promoter, exon, intron, 3'UTR, and repeat.   B: Line graph displaying methylation levels for GP and DP samples across genomic features, indicating variations in mCG/CG, mCHG/CHG, and mCHH/CHH contexts.   C: Line graph showing methylation levels upstream, within the gene body, and downstream in GP and DP samples, highlighting methylation trends near transcription start and end sites.]
Figure 2 | DNA methylation profiles in different elements of genes. (A) Heat map of methylation levels in three contexts of different elements of genes. (B) Distribution of DNA methylation levels in three contexts among elements of genes. (C) Methylation levels in three contexts in 2-kb upstream region, gene body, and downstream region in DPs and GPs. DPs, donor plants; GPs, grafted rubber tree plants.




3.3 Analysis of DMGs between GPs and DPs

DMRs and DMGs were identified by comparing fractional methylation levels between GPs and DPs. A total of 7,570 (819 hyper- and 6,751 hypomethylated) DMRs were identified. According to the location of DMRs, DMGs were categorized into DMR-associated promoter genes and DMR-associated genes. A total of 4,894 DMR-associated genes and 2,676 DMR-associated promoter genes were observed between GPs and DPs (Figures 3A, B). For mCG, 2,135 DMR-associated genes and 596 DMR-associated promoter genes were obtained in the comparison. For mCHG, there were 2,129 DMR-associated genes and 719 DMR-associated promoter genes between GPs and DPs. For mCHH, there were 1,487 DMR-associated genes and 1,548 DMR-associated promoter genes between GPs and DPs, respectively. In DMR-associated genes, the number of DMGs in mCG was the highest in all contexts, and the number of DMGs in mCHH was the lowest in all contexts. In DMR-associated promoter genes, the number of DMGs in mCHH was the highest in all contexts, and the number of DMGs in mCG was the lowest in all contexts. A heat map was also used to visualize the DMGs and their DNA methylation levels in three contexts between GPs and DPs (Figure 4A). Additionally, the methylation levels in the three contexts of the DMGs were obviously lower in the GPs than in the DPs (Figure 4B). The DMR distribution in three contexts in the genic regions varied in GPs and DPs. For the CG and CHG contexts, there were considerably more hypomethylated DMRs than hypermethylated DMRs in all gene regions in GPs and DPs. For the CHH context, there were few hypomethylated DMRs in all gene regions in GPs and DPs (Figure 4C). Thus, the DMR distribution and DNA methylation levels in genic regions may be regulated by grafting. Moreover, the IGV snapshots of the DMGs in GPs and DPs are presented in Figure 5. These results suggested that there were many differentially methylated genes between GPs and DPs.

[image: Two Venn diagrams compare DMR genes across CG, CHG, and CHH contexts. Diagram A shows overlapping regions labeled with numbers: CG_DMR (1215), CHH_DMR (830), and CHG_DMR (1474), with overlaps of 403, 132, 43, and a central overlap of 27. Diagram B displays DMR_promoter_genes with numbers: CG_DMR (435), CHH_DMR (1184), and CHG_DMR (654), with overlaps of 181, 37, 16, and a central overlap of 8.]
Figure 3 | Venn analysis of DMGs between DPs and GPs. (A) Gene-body regions (DMR_genes). (B) The promoter regions (DMR_promoter_genes). DMGs, differentially methylated genes; DPs, donor plants; GPs, grafted rubber tree plants.

[image: A series of data visualizations illustrating DNA methylation differences between GP and DP. Panel A shows a heatmap indicating methylation levels across CG, CHG, and CHH contexts, with red for high and blue for low levels. Panel B presents violin plots comparing DMR methylation levels for GP and DP in each context, highlighting distributions. Panel C displays bar graphs showing the number of differentially methylated regions (DMRs) across various gene regions, categorized into hypermethylated (red) and hypomethylated (blue) types, for CG, CHG, and CHH.]
Figure 4 | Comparative analysis of DMGs between DPs and GPs. (A) Heat map of methylation of DMGs in three contexts. (B) DMR methylation levels in three contexts. (C) Number of DMRs (hyper-/hypomethylated) in three contexts in the different gene regions. DMGs, differentially methylated genes; DPs, donor plants; GPs, grafted rubber tree plants; DMR, differentially methylated region.

[image: A grid of 12 charts each labeled with gene identifiers and categories such as promoter or genebody. Each chart displays methylation data using bars in purple and cyan across different contexts including DP.CG, GP.CG, DP.CHG, GP.CHG, DP.CHH, and GP.CHH.]
Figure 5 | IGV snapshots of the representative DMGs in DPs and GPs. DMGs, differentially methylated genes; DPs, donor plants; GPs, grafted rubber tree plants.




3.4 Grafting induced changes of gene expression in GPs

To study the correlation of gene expression and overlapping DMGs, the transcriptome analysis of GPs and DPs was accomplished. In total, 45,078,466 clean reads (6.76 G) and 44,625,118 clean reads (6.69 G) were acquired from DPs and GPs (Supplementary Table S2), respectively. A total of 9,798 DEGs were identified in the DP and GP comparison. Among DEGs, 5,976 DEGs were upregulated and 3,822 DEGs were downregulated (Figure 6, Supplementary Table S3).

[image: Volcano plot displaying gene expression data. The x-axis represents log2 fold change, while the y-axis shows negative log10 of the p-value. Red dots indicate upregulated genes, green dots signify downregulated genes, and blue dots represent non-significant genes. Threshold lines are drawn at log2 fold change of plus or minus one and p-value adjusted below 0.05. There are 5,976 upregulated, 3,822 downregulated, and 25,544 non-significant genes.]
Figure 6 | Volcano plot of differentially expressed genes (DEGs) in the DP and GP comparison. DP, donor plant; GP, grafted rubber tree plant.




3.5 DMRs correlated with gene expression levels in GPs and DPs

To investigate the relationship between methylation patterns and gene expression levels in rubber tree, genes were classified into the following quartiles based on their FPKM values: no expression (FPKM < 1), low expression (1 < FPKM < the lower quartile), medium expression (the lower quartile < FPKM < the upper quartile), and high expression (FPKM > the upper quartile). Highly expressed genes exhibited lower methylation levels in the CHG and CHH contexts in the gene-body and downstream regions but higher methylation levels in the CHH context within the upstream regions. The non-expressed genes displayed high methylation in CHG within the gene-body, upstream, and downstream regions and low methylation in the CG context within the gene-body regions. Furthermore, non-expressed genes showed lower methylation in CG in the gene-body regions but high methylation in CHG in the gene-body regions. Additionally, the non-expressed genes were highly methylated in all three contexts in downstream regions. In contrast, medium-expressed genes showed high methylation levels in the CG context in upstream regions and gene-body regions (Figure 7A).

[image: Panel A displays line graphs showing methylation patterns (mCG/CG, mCHG/CHG, mCHH/CHH) across genomic regions (UP, Genebody, Down) with variable expression levels. Panel B features frequency plots of expression levels (log\(_2\)) for different methylation groups in gene body and promoter regions, highlighting distribution differences.]
Figure 7 | Correlation between DNA methylation and gene expression. (A) Distribution of methylation levels within gene bodies partitioned by different expression levels. (B) Comparison of the expression profiles of methylated and unmethylated genes.

Meanwhile, based on the methylation level in the promoter and gene-body region, methylated genes were classified into five groups: group 1 (methylation level < 20%), group 2 (20%–40%), group 3 (40%–60%), group 4 (60%–80%), and group 5 (>80%). Genes in group 5 within the gene-body region, with the lowest methylation levels, exhibited the lowest expression levels, while genes in group 1 with the lowest methylation level in the promoter region showed the lowest expression levels (Figure 7B), indicating a correlation between methylation status and gene expression levels.

To determine the correlation between gene methylation and gene expression levels, a scatter plot was employed to visualize the methylation level of DMRs along with their corresponding transcriptome differential gene expression levels. The results showed a positive correlation between hypomethylated DMRs and elevated gene expression, and hypermethylated DMRs correlated with decreased gene expression (red dots in Figure 8). However, in the CG, CHG, and CHH contexts, 47.87%, 49.18%, and 54.18% methylation changes did not demonstrate the anticipated associations with gene expression changes, respectively (blue dots in Figure 8).

[image: Three scatter plots show methylation differences: CG, CHG, and CHH contexts. Each plot displays red and blue dots representing data points, with methylation differences on the x-axis and an unspecified variable on the y-axis ranging from -10 to 10. The data points are dispersed around the zero methylation difference line.]
Figure 8 | The scatter plot of the relationship between methylation level and gene expression level. Red and blue dots represent the gene–differentially methylated region (DMR) pairs exhibiting either inverse or equivalent relationships, respectively.




3.6 Functional enrichment analysis of overlapping genes between DEGs and DMGs

Among these obtained DEGs and DMGs, 1,698 overlapping genes between DEGs and DMGs were identified. In detail, 1,122 genes overlapped with DMR_genes, and 576 overlapped with DMR_promoter_genes (Figures 9A, B). A total of 39 and 417 downregulated DEGs overlapped with hypermethylated and hypomethylated DMR_genes, while 70 and 625 upregulated DEGs overlapped with hypermethylated and hypomethylated DMR_genes. In addition, 68 and 304 upregulated DEGs overlapped with hypermethylated and hypomethylated DMR_promoter genes, and 25 and 214 downregulated DEGs overlapped with hypermethylated and hypomethylated DMR_promoter genes (Figures 9C, D).

[image: Venn diagrams comparing gene sets.   (A) DEGgenes and DMRgenes overlap with 1,122 common genes.  (B) DEGgenes and DMR_promoter_genes overlap with 576 common genes.  (C) Four-way Venn shows DMR_Hypergenes (3,353), DEG_upgenes (5,298), DMR_Hypogenes (3,378), and DEG_downgenes (608) with overlaps.  (D) Four-way Venn shows DMR_promoter_Hypergenes (1,872), DEG_upgenes (5,635), DMR_promoter_Hypogenes (3,587), and DEG_downgenes (303) with overlaps.]
Figure 9 | Association of DMRs with DEGs in the DP vs. GP comparisons. (A) Venn analysis of overlapping genes between DMR_genes and DEGs. (B) Number of overlapping genes between DMR_promoter genes and DEGs. (C) Venn analysis of upregulated and downregulated DEGs overlapped with hypermethylated and hypomethylated DMR_genes. (D) Venn analysis of upregulated and downregulated DEGs overlapped with hypermethylated and hypomethylated DMR_promoter genes. DMRs, differentially methylated regions; DEGs, differentially expressed genes; DP, donor plant; GP, grafted rubber tree plant.

The functional enrichment analysis of overlapping genes in three contexts was carried out by GO and KEGG analyses. The analysis of GO annotation enrichment is shown in Figure 6. The DMGs in CHH were significantly less in the term of cellular component (CC) than in biological process (BP) and molecular function (MF) than in CG and CHG. In the term of BP, the DMGs were mostly joined in the metabolic process, followed by the cellular process, organic substance metabolic process, primary metabolic process, and cellular metabolic process. In the term of MF, DMGs mostly participated in binding, catalytic activity, heterocyclic compound binding, organic cyclic compound binding, and ion binding. In the term of CC, DMGs were mainly correlated with cell, cell part, and membrane (Figure 10).

[image: Bar chart showing annotated DMGs (Differentially Methylated Genes) categorized into Biological Process, Cellular Component, and Molecular Function. The y-axis indicates the number of annotated DMGs. Bars are color-coded to represent DP_vs_GP mCG, DP_vs_GP mCHG, and DP_vs_GP mCHH methylation contexts. Data points include metabolic processes, cellular components, and binding activities, with each category containing various Gene Ontology (GO) terms on the x-axis, displayed with labels at a slanted angle.]
Figure 10 | The enrichment analysis of GO terms (top 10) of DMGs in three contexts between DPs and GPs. GO, Gene Ontology; DMGs, differentially methylated genes; DPs, donor plants; GPs, grafted rubber tree plants.

KEGG pathway enrichment analysis of DMGs showed that biosynthesis of secondary metabolites and metabolic pathway were significantly enriched pathways in three methylation contexts (Figure 11).

[image: Bar chart displaying clustered DMGs across three groups: mCG, mCHG, and mCHH. Each group lists pathways such as "Metabolic pathways" and "Biosynthesis of secondary metabolites," with varying numbers of clustered DMGs, indicated by green bars on the right.]
Figure 11 | Analysis of the KEGG pathway of DMGs (top 15) in three contexts between DPs and GPs. KEGG, Kyoto Encyclopedia of Genes and Genomes; DMGs, differentially methylated genes; DPs, donor plants; GPs, grafted rubber tree plants.




3.7 Analysis of DMGs in a qPCR assay

To demonstrate that the expression of DMGs is related to DNA methylation, 12 DMGs were selected to perform the analysis of gene expression by qPCR. A total of 10 of the 12 DMGs had higher methylation levels in DPs than in GPs and showed lower gene expression in DPs than in GPs, suggesting a significantly negative relationship between gene expression and DNA methylation. However, there is a higher methylation level of DMG (LOC110670502) in GPs than in DPs, and its expression level was higher in GPs than in DPs, while there is a lower methylation level of DMG (LOC110669519) in GPs than in DPs and its expression was lower in GPs than in DPs (Figure 12). These data indicated that the expression of DMGs was correlated with DNA methylation.

[image: Two bar graphs comparing gene data. Graph A shows methylation levels of DMGs across various LOC identifiers, with peaks at LOC110654367 and LOC110653426. Graph B displays relative expression levels for the same genes, peaking significantly at LOC110653020. Both graphs use different color scales for differentiation.]
Figure 12 | Gene expression level of DMGs. (A) Differences in the methylation of DMGs between DPs and GPs. (B) The expression level of DMGs by qPCR analysis. DMGs, differentially methylated genes; DPs, donor plants; GPs, grafted rubber tree plants.





4 Discussion

Grafting is a traditional agricultural propagation technology widely employed to reform crop yield, quality, and resistance to environmental stresses. Rubber tree is one of the successful commercially grafted woody plants. Previous research in Arabidopsis has demonstrated that grafting can modulate DNA methylation patterns within the genome of the scion cells, leading to physiological alterations (Molnar et al., 2010; Jeynes-Cupper and Catoni, 2023). Additionally, studies conducted in a Solanaceae interspecies grafting system have shown graft-induced modifications in DNA methylation (Wu et al., 2013). In woody species, graft-induced DNA methylation alterations were also reported in rubber trees and apple trees (Uthup et al., 2018; Perrin et al., 2020). Collectively, the above studies suggest that grafting can induce changes in DNA methylation, potentially affecting agronomical traits in crops.

Despite the application of MSAP analysis to investigate DNA methylation profiles in rubber tree heterografts (Uthup et al., 2018), studies regarding rubber tree whole-genome DNA methylation are not sufficient. In this study, we performed whole-genome DNA methylation analysis of GPs and DPs by WGBS. Our findings revealed that grafting triggers the reprogramming of DNA methylation, with a noteworthy decrease in genome-wide CHH methylation observed in GPs. In eggplant, grafting was able to induce grafted-plant vigor, and the enhanced plant vigor was associated with genome-wide CHH hypomethylation in the scions (Cerruti et al., 2021). Likewise, in Arabidopsis, a genome-wide CHH methylation decrease was also correlated with hybrid vigor (Groszmann et al., 2011; Greaves et al., 2012). Despite the highly stochastic nature of plant CHH methylation (Harris and Zemach, 2020), it is pertinent to note that DMRs were almost exclusively hypomethylated (Cerruti et al., 2021). It is possible that gene expression changes linked to enhanced vigor were associated with CHH methylation alterations. In addition, CHH methylation is inversely associated with the expression of transposable elements (TEs; Cerruti et al., 2021), which can regulate their own transcription and impact proximal gene expression through DNA methylation (Liu et al., 2022). Given that rubber trees are cross-pollinated crops and that rootstocks in grafting are typically unselected seedlings, variability in DNA methylation patterns may arise among grafted trees. Therefore, genome-wide CHH methylation decrease in GPs may be associated with intraclonal variations in the grafted rubber trees.

DNA methylation is a common epigenetic regulator of gene expression. DMR represents a notable mark of epigenetic variation and may be related to regulating the impact of DMGs on biological processes (Li et al., 2017). In total, 4,756 DMR-associated genes and 1,183 DMR-associated promoter genes were identified between GPs and DPs, respectively. Transcriptional analysis revealed that there were 9,798 DEGs in the DP and GP comparison. Furthermore, 1,698 overlapping genes were identified between DEGs and DMGs. GO annotation enrichment analysis showed that these overlapping genes were associated with various biological processes and were markedly enriched in metabolic pathway and biosynthesis of secondary metabolites. These findings suggest that graft-induced changes in DNA methylation and gene expression may affect the growth and rubber yield of the bud-grafted clones, potentially contributing to observed intraclonal variations in grafted rubber trees.




5 Conclusions

Whole-genome DNA methylation analyses were performed using WGBS technology to compare genomic methylation patterns between GPs and DPs. The study revealed downregulation of DNA methylation and demonstrated that grafting induced a reprogramming of DNA methylation in GPs. A total of 5,939 DMGs and 9,798 DEGs were identified between GPs and DPs, with 1,698 genes showing overlap between DEGs and DMGs. These overlapping genes were markedly enriched in the metabolic pathway and biosynthesis of secondary metabolites, as determined by KEGG pathway analysis. Global DNA methylation and transcriptional analyses further revealed a correlation between DNA methylation reprogramming and gene expression in grafted rubber trees. The study provides a whole-genome view of the methylome in rubber trees and an insight into the molecular mechanisms underlying the intraclonal variations existing in commercial planting grafted rubber trees.
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Introduction

Bottle gourd is an annual herbaceous plant that not only has high nutritional value and many medicinal applications but is also used as a rootstock for the grafting of cucurbit crops such as watermelon, cucumber and melon. Organellar genomes provide valuable resources for genetic breeding.





Methods

A hybrid strategy with Illumina and Oxford Nanopore Technology sequencing data was used to assemble bottle gourd mitochondrial and chloroplast genomes.





Results

The length of the bottle gourd mitochondrial genome was 357547 bp, and that of the chloroplast genome was 157121 bp. These genomes had 27 homologous fragments, accounting for 6.50% of the total length of the bottle gourd mitochondrial genome. In the mitochondrial genome, 101 simple sequence repeats (SSRs) and 10 tandem repeats were identified. Moreover, 1 pair of repeats was shown to mediate homologous recombination into 1 major conformation and 1 minor conformation. The existence of these conformations was verified via PCR amplification and Sanger sequencing. Evolutionary analysis revealed that the mitochondrial genome sequence of bottle gourd was highly conserved. Furthermore, collinearity analysis revealed many rearrangements between the homologous fragments of Cucurbita and its relatives. The Ka/Ks values for most genes were between 0.3~0.9, which means that most of the genes in the bottle gourd mitochondrial genome are under purifying selection. We also identified a total of 589 potential RNA editing sites on 38 mitochondrial protein-coding genes (PCGs) on the basis of long noncoding RNA (lncRNA)-seq data. The RNA editing sites of nad1-2, nad4L-2, atp6-718, atp9-223 and rps10-391 were successfully verified via PCR amplification and Sanger sequencing.





Conclusion

In conclusion, we assembled and annotated bottle gourd mitochondrial and chloroplast genomes to provide a theoretical basis for similar organelle genomic studies.
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Background

Bottle gourd (Lagenaria siceraria) is an annual herbaceous plant in the Cucurbitaceae family that is native to Africa and cultivated worldwide (Konan et al., 2020). In addition to being an important agricultural crop, bottle gourd also has a wide range of applications in traditional medicine and crafts (Zahoor et al., 2021). Bottle gourd has high nutritional value and medicinal properties and is often used as an important rootstock for the grafting of cucurbit crops such as watermelon, cucumber and melon (Yang et al., 2013; Liang et al., 2022). Moreover, this gourd species has good low-temperature tolerance, a high affinity for grafting, and resilience in the quality of the melons it produces; furthermore, there are few obstacles to its continuous cropping, and it is highly disease- and pest-resistant (Xu et al., 2023).

As cellular organelles, mitochondria are essential for maintaining the cellular energy supply and for many biological functions (Liberatore et al., 2016; Møller et al., 2021). Mitochondria have their own genetic material, known as mitochondrial DNA (mtDNA), and their genomes contain key information that encodes proteins within the mitochondria (Huang et al., 2020). The plant mitochondrial genome is the largest known organellar genome after the nuclear genome and has unique characteristics, such as the lowest known rate of synonymous substitutions, relatively rich rearrangements, and high levels of inversion and recombination (Gualberto et al., 2014; Garcia et al., 2021; Yu et al., 2022). The mitochondrial genome harbors genes encoding key proteins in the mitochondria that are involved in the function of the cellular respiratory chain (Cho et al., 2023; Li et al., 2023). Several plant organelle RNA recognition (PORR) members, including WTF1, WTF9 and LEFKOTHEA, play a role in the splicing of introns in angiosperm organelles. Arabidopsis thaliana root primordium defective 1 (rpd1) plays a role in the splicing of introns located in the coding regions of various complex I (CI) subunits (i.e., nad2, nad4, nad5 and nad7), as well as in the maturation of ribosomal rps3 in mitochondria. Changes in the growth and development phenotypes of rpd1 mutants and changes in respiratory activity are closely related to defects in the respiratory chain caused by CI (Edris et al., 2024). Additionally, genes in the mitochondrial genome are considered important controllers of other biological processes, including apoptosis and cell signaling (Yang H. et al., 2023). The Bcl-2 protein family regulates apoptosis by controlling mitochondrial permeability. The antiapoptotic proteins Bcl-2 and Bcl-xL reside in the outer mitochondrial membrane and inhibit cytochrome c release. Notably, the construction of recombinant fluorescent protein markers confirmed that cox-8 is closely related to mitochondrial apoptotic cells (Shao et al., 2021).

Several studies conducted in recent years have suggested that the mitochondrial and chloroplast genomes are similar in terms of their phylogeny, biological classification, and kinship. In particular, a small number of species transmit mitochondrial DNA through paternal lines, which provides a unique explanation for the phylogenetic relationships among species from the perspective of paternal inheritance (Del Valle-Echevarria et al., 2016; Mandel et al., 2020). The paternal inheritance of mitochondria in plants was first discovered in green algae, and then, via techniques such as cytology and molecular genetics, it was found that mitochondria in cucumber and melon also exhibit paternal inheritance (Boynton et al., 1987). Mitochondria are also paternally inherited in a few other higher plant species, such as banana and kiwifruit (Faure et al., 1994; Chat et al., 2004). However, owing to the small number of seed plant species that exhibit this type of paternal inheritance, there are very few studies on the mechanism of mitochondrial paternal inheritance. In Cucurbitaceae crops, only a Psm locus on the nuclear genome has been found to control the paternal inheritance of cucumber, and after the publication of the cucumber genome, this locus was found to be located on chromosome 3 and is considered a major QTL (Al-Faifi et al., 2008). Patchy greening or necrosis of cucumber leaves and fruits is a paternal phenotype that is accompanied by a decrease in plant vigor and fertility and promotes the expression of resistance-related genes, and research has shown that this trait is regulated by the mitochondrial genes nad5 and atp4 (Del Valle-Echevarria et al., 2015). In addition, the phenotypes of F1 plants produced via positive and negative crosses between cold-resistant (CH1) and non-cold-resistant (CH4) cucumber cultivars were consistent, and the F2 generations from CH4×CH1 were more cold resistant than the F2 generations from the CH1×CH4 cross, suggesting that the mitochondrial genome may be involved in the regulation of this trait (Ali et al., 2014).

To date, the mitochondrial genomes of eight Cucurbitaceae species, including cucumber, watermelon, bitter bottle gourd and zucchini, have been sequenced, and these data lay the foundation for further elucidation of various scientific topics, such as the evolution and inheritance of the mitochondrial genome of Cucurbitaceae plants (Hansen et al., 2007; Cui et al., 2021; Niu et al., 2023; Zhou et al., 2023). Cucumber, watermelon and Cucurbita pepo all had 37 protein-coding genes, but the protein-coding genes among cucumber, watermelon and Cucurbita pepo were not identical; for example, rps19 is found in watermelon and Cucurbita pepo but not in cucumber. However, rpl10 is found in cucumber but not in watermelon or Cucurbita pepo. Melon has only 36 genes encoding proteins and has lost rpl10 and rps19 (Hansen et al., 2007; Cui et al., 2021; Niu et al., 2023; Zhou et al., 2023). Assembling the bottle gourd mitochondrial genome is extremely important for obtaining a thorough understanding of the structure, function, and evolution of bottle gourd mitochondria, but pertinent research on the mitochondrial genome of this gourd has not been performed. Thus, in this study, the bottle gourd mitochondrial genome was sequenced, assembled, and annotated, and its traits, including structural traits, were investigated. PCR assays were subsequently conducted to test the mitochondrial genomic substructure. The bottle gourd chloroplast genes were assembled via the same dataset, and homologous fragments of the bottle gourd mitochondrial and chloroplast genomes were revealed. Mitochondrial RNA editing events and their evolutionary relationships were also analyzed. In conclusion, we thoroughly analyzed the bottle gourd mitochondrial genome to provide a more complete understanding of the genome and crucial data for studying the evolution and phylogeny of bottle gourd and for informing practical applications of these data and further genetic advancements.





Materials and methods




Plant material

The experiment was performed in Zhuangziying village, Xugou town, Qingxu County, Taiyuan city, Shanxi Province, China. We used the bottle gourd cultivar Xiao Shounian (the leaves are small, the branching is strong, the number of fruits per plant is generally 80-100, and the fruits are approximately 3-4 cm tall and divided into upper and lower chambers) as test materials; we selected mature, plump and complete bottle gourd seeds soaked in a 55°C warm water solution and sowed them in a 32-well dish prior to cultivating them under natural light in a solar greenhouse. The whole growth period was managed according to field conventions, and no species of the same family were cultivated around the planting area. On June 13, 2023, the 10th–12th young leaves were removed from the plants by cutting them along the base of the petiole with alcohol-disinfected scissors; the leaves were rapidly placed into a precooled sampling tube, stored in liquid nitrogen, and subsequently stored in a -80°C freezer.





DNA library construction and sequencing

The bottle gourd DNA was extracted via a plant DNA extraction kit (Tiangen, Beijing, China), and its purity, concentration, and integrity were checked via a Nanodrop instrument, Qubit quantification, and 0.35% agarose gel electrophoresis. If the DNA sample was of sufficient quality, it was transported on dry ice to Beijing Biomics Biotech Co., Ltd. (Beijing, China) for sequencing. The DNA was randomly sheared via a Covaris ultrasonic crusher, and terminal repair, A-tail addition, adapter addition, fragment screening, PCR amplification, and purification were then performed to generate the final DNA library (Meyer and Kircher, 2010). The Illumina NovaSeq 6000 high-throughput sequencing platform was used for next-generation sequencing. The raw data output was 6.63 Gb, and the filtered clean data output was 6.61 Gb. gTUBE was used to break the genomic DNA to an average length of approximately 8 kb, and DNA damage repair, end repair, linkage and Qubit library quantification were conducted. Oxford Nanopore platform sequencing was used for third-generation sequencing, and a total of 7.23 Gb of raw data was measured (Lu et al., 2016). After the connectors, short fragments (less than 500 bp in length) and low-quality data were filtered out, a total of 7.14 Gb of clean data was obtained.





Bottle gourd mitochondrial gene splicing, assembly and annotation

First, the bottle gourd mitochondrial genome was assembled on the basis of Nanopore long-read data. The long-read sequencing data were directly assembled via Flye software with the default parameters to generate graphical assembly results in GFA format (Kolmogorov et al., 2019). For all assembled FASTA-format contigs, we constructed a library via makeblastdb and subsequently utilized the BLASTn program to identify contig fragments containing mitochondrial genomes via conserved plant mitochondrial genes in A. thaliana as query sequences (-evalue 1e-5 -outfmt 6-max_hsps 10-word_size 7-task blastn-short) (Wick et al., 2015). The GFA files were visualized via Bandage software (version 0.8.1), and the mitochondrial contigs were screened against the BLASTn results to generate a sketch of the bottle gourd mitochondrial genome. The long-read and short-read data were compared to the mitochondrial contigs via BWA software (version 0.7.17) and exported by filtering the mitochondrial reads in the alignment (Wick et al., 2017). A Unicycler with the default parameters was used for hybrid assembly, and the bottle gourd mitochondrial genome was ultimately assembled and then visualized via Bandage software (version 0.8.1) (Tillich et al., 2017).

The PCGs of the mitochondrial genome were selected as reference genes for A. thaliana (NC_037304) and watermelon (NC_014043.1), and the sequence of the mitochondrial genome was annotated via GeSeq software (version 2.03). The tRNAs of the mitochondrial genome were annotated via tRNAscan-SE software (version 2.0.11). The rRNAs of the mitochondrial genome were annotated via BLASTN software (version 2.13.0) (Chen et al., 2015). Each mitochondrial genome annotation error was manually corrected via Apollo software (version 1.11.8) (Lewis et al., 2002).





Identification and validation of repeated-mediated recombination events

MISA (version 2.1), TRF (version 4.09) and the REPuter web server (https://bibiserv.cebitec.uni-bielefeld.de/reputer/) were used to identify repeats, including microsatellite sequence repeats, tandem repeats, and scattered repeats (Kurtz et al., 2001; Beier et al., 2017). The results were visualized with Excel (version 2021) and the Circos package (version 0.69-9) (Zhang et al., 2013). On the basis of the bottle gourd mitochondrial genomic data, sequences 500 bp upstream and downstream of the repeat sequences were extracted, and primers were designed using PrimerBLAST (Supplementary Table S1). The PCR mixture consisted of 1 μl of DNA, 2 µl of 10 μM forward and reverse primers, respectively, 25 μl of 2× Phanta Max Master Mix, and 20 μl of ddH2O. PCR was performed under the following conditions: 94°C for 3 min; 37 cycles of 94°C for 15 s, 55°C for 15 s and 70°C for 15 s; and 72°C for 5 min. Further sequencing of the PCR products of the expected size was performed via the Sanger method. The PCR products of the correct size in the electrophoresis gel were subsequently sent to Sangon Bioengineering Co., Ltd. (Shanghai) for sequencing. SeqMan was used to visualize the sequencing results.





Sequence transfer and codon preference analysis

The chloroplast genome was assembled via GetOrganelle software (version 1.7.7.0), the chloroplast genome was annotated via CPGAVAS2 software, and the chloroplast genome annotation results were corrected via CPGView software (Shi et al., 2019; Jin et al., 2020). The results were visualized via the Circos package (version 0.69-9) by analyzing the homologous fragments via BLASTN software (version 2.13.0) (Zhang et al., 2013). The protein-coding sequences of the genome were extracted via PhyloSuite software (version 1.1.16) (Zhang et al., 2020). Codon preference analysis of the mitochondrial genome PCGs was performed with Mega software (version 7.0), and relative synonymous codon usage (RSCU) values were calculated (Kumar et al., 2016).





Phylogenetic analysis

The complete mitochondrial genomes of 36 species from four angiosperm orders (Cucurbitales, Rosales, Fagales, and Fabales) related to bottle gourd were downloaded from the NCBI database (see Supplementary Table S2 for details on the new information). Common genes were then extracted using PhyloSuite (version 1.2.2) software, multiplex sequence alignment analysis was performed with MAFFT software (version 7.505), and IQ-TREE software (version 1.6.12) was used for phylogenetic analysis. ITOL software (version 6) was subsequently used to visualize the results from the phylogenetic analysis (Katoh and Standley, 2013; Nguyen et al., 2015). The corresponding nucleotide sequences were aligned and concatenated via Maft (version 7.450) and Phylosuite, respectively. The Ka/Ks value for each gene was calculated via the KaKs_calculator. In the results, the Ka/Ks “NA”, which appears when Ks = 0 (in cases with no substitutions in the alignment or 100% match), was replaced with 0.





Collinearity analysis

On the basis of BLASTN (version 2.10.1, parameter: -word_size 7, E value 1e-5), pairwise comparisons of the cucumber species and six proximal taxa (Cucurbita pepo, Cucurbita maxima, Lagenaria siceraria, Citrullus lanatus, Luffa acutangula and Herpetospermum) were conducted for Herpetospermum pedunculosum and Momordica charantia, and homologous sequences greater than 500 bp in length were retained as conserved collinear blocks and plotted via a multiple synteny plot.





RNA editing events and collinearity analysis

Total RNA was extracted using an RNA Plant Extraction Kit (Chinese Tiangen). The RNA integrity and concentration were measured with a NanoDrop 2000 spectrophotometer (Thermo Scientific, USA) and an Agilent 2100 bioanalyzer (Agilent Technologies, USA), respectively. Sequencing libraries were generated after the removal of rRNA (NEB E7420) via the NEBNext Illumina Superdirected RNA Library Preparation Kit. The 5’ end of each library was phosphorylated and cyclized, and circular amplification was then performed to generate DNA nanospheres. These DNA nanospheres were subsequently loaded onto the DNBSEQ-T7 sequencing system for long noncoding RNA (lncRNA) sequencing. On the basis of the lncRNA sequencing data, transcripts from the mitochondrial genomes were filtered and mapped onto mitochondrial DNA sequences, and differences in DNA and RNA sequences were further assessed via BEDTools software (version 2.30.0) to identify the most read-supported RNA editing events (Quinlan and Hall, 2010). On the basis of the BLAST procedure, comparisons of individual mitochondrial genomes were performed, and homologous sequences longer than 500 bp were preserved as conserved collinear blocks to generate multiple synteny plots. Multiple synteny plots of bottle gourds and related species were created via the MCScanX source program (Wang et al., 2012).






Results




Assembly and annotation of the Lagenaria siceraria mitochondrial genome

The bottle gourd mitochondrial genome was assembled using a combination of long- and short-read and long noncoding RNA (lncRNA) sequencing. We generated a total of 7.23 Gb of raw data from three generations of Nanopore platform sequencers. After filtering out connectors, short fragments and low-quality data, a total of 7.14 GB of clean data with an N50 of 20153 bp was generated, and the average length of the reads in the clean data was 12157 bp (Supplementary Table S3). A total of 6.63 Gb of raw data were generated via a second-generation Illumina platform sequencer, and after filtering out connectors, short fragments and low-quality reads, a total of 6.61 Gb of clean data with a Q20 of 95.89%, a Q30 of 89.58%, and a GC content of 34.96% were generated (Supplementary Table S3). A total of 15.25 Gb of raw data were generated by the lncRNA sequencer, and after the exclusion of connectors, short fragments and low-quality reads, a total of 13.54 Gb of clean data with a Q20 of 96.92%, a Q30 of 92.41%, and a GC content of 41.42% were generated (Supplementary Table S3). The second-generation Illumina sequencing data were assembled de novo into a unit map, and the continuous-repeat-continuous region was decomposed by third-generation Nanopore long-read sequencing. We then identified the bottle gourd mitochondrial genome as a single circular molecule of 357547 bp with a GC content of 45.03% (Figure 1).

[image: Circular map illustrating the mitochondrial genome of Lagenaria siceraria, totaling 357,547 base pairs. It highlights various genes, including complexes I-IV, ATP synthase, cytochrome c biogenesis, ribosomal proteins, maturases, other genes, transfer RNAs, and ribosomal RNAs. Different colors differentiate gene categories.]
Figure 1 | Circular map of the whole Lagenaria siceraria mitochondrial genome. Each square represents a different mitochondrial gene, and the same gene is represented by the same color. The exons are denoted as ‘exons’, such as nad2 exon 1 and nad2 exon 2, and introns are found between the exons. The arrows indicate the forward and reverse chains.

Annotation of the bottle gourd mitochondrial genome (Figure 1, Table 1) revealed 38 unique protein-coding genes (PCGs), including 24 unique mitochondrial core genes, 14 noncore genes, 3 ribosomal RNA (rRNA) genes and 19 transfer RNA (tRNA) genes. The core bottle gourd genes included 5 ATP synthase genes, 9 NADH dehydrogenase genes, 1 cytochrome b gene, 4 cytochrome c biogenesis genes, 3 cytochrome c oxidase genes, 1 maturase gene and 1 protein transport subunit. Fourteen noncore genes, namely, 4 ribosomal protein large subunit genes, 8 ribosomal protein small subunit genes, and 2 succinate dehydrogenase genes, were identified. Among the three rRNA genes, rrn5 was a double-copy gene, and rrn18 and rrn26 were single-copy genes. Among the 19 tRNA genes, trnC-GCA and trnW-CCA were double-copy genes, trnP-UGG was a three-copy gene, and the remaining genes were single-copy genes. We submitted the annotated complete bottle gourd mitochondrial genome to GenBank under accession number OR680814.

Table 1 | Gene contents of the mitogenome of Lagenaria siceraria.


[image: A table categorizing genes. Core genes include ATP synthase (atp1, atp4, atp6, atp8, atp9), NADH dehydrogenase (nad1, nad2, nad3, nad4, nad4L, nad5, nad6, nad7, nad9), and others like cytochrome b (cob) and cytochrome c oxidase (cox1, cox2, cox3). Noncore genes include ribosomal protein large subunit (rpl2, rpl5, rpl10, rpl16) and small subunit (rps1, rps3, rps4, rps7, rps10, rps12, rps13, rps19). rRNA genes are ribosome RNA (rrn5(x2), rrn18, rrn26). tRNA genes list various transfer RNAs including trnC-GCA and trnW-CCA(x2).]




Structure and codon preferences of the mitochondrial genome of bottle gourd

For the 38 PCGs in bottle gourd mitochondria, we conducted a codon preference analysis. Supplementary Table S4 displays the data on codon utilization by certain amino acids. Codons with RSCU values greater than 1 were considered preferable for certain amino acids. In addition to the starting codons AUG and tryptophan (UGG), which both had RSCU values of 1, the PCGs in bottle gourd mitochondria presented other common preferences for codon use (Figure 2). For example, the stop codon showed a greater preference for UAA, with the highest RSCU occurring at 1.63, followed by alanine (Ala), with a preference for GCU with an RSCU value of 1.59. Notably, phenylalanine (Phe) has an RSCU of 1.11 for UUU and thus does not show a strong codon preference.

[image: Bar chart showing codon usage across different amino acids. Each column represents amino acids, labeled at the bottom. The y-axis indicates RSCU values ranging from 0 to 6. Each bar is segmented and color-coded to represent different codons associated with the amino acids. The chart highlights variability in codon frequency and preference.]
Figure 2 | Codon preference analysis of the bottle gourd mitochondrial genome. Different colors represent the RSCU values for different codons for the same amino acid. The abscissa represents the different amino acids, and the ordinate represents the RSCU values for the different codons for each amino acid.





Mitochondrial genome repeat analysis

A total of 101 simple sequence repeats (SSRs) were found in the bottle gourd mitochondrial genome, and monomeric and dimeric SSRs accounted for 56.44% of the total SSRs (Figure 3A). Adenine monomeric repeats accounted for 46.88% (15) of the 32 monomeric SSRs. No hexameric SSRs were detected in this mitochondrial genome. A total of 10 tandem repeats with a matching degree greater than 80% and a length between 12 and 39 bp were detected in the bottle gourd mitochondrial genome. Moreover, the analysis revealed 474 pairs of repeats with lengths greater than or equal to 30 bases; 255 and 219 of these were palindromic and forward repeats, respectively, and no reverse repeats or complementary repeats were detected (Figure 3B). The longest palindromic repeats had a length of 2349 bp, and the longest forward repeats had a length of 1685 bp.

[image: Chart A is a bar graph showing the number of repeats for different types of SSRs. Monomeric has 32, dimeric 25, trimeric 9, tetrameric 31, pentameric 4, and hexameric 0. Chart B shows the number of repeats for different types of sequence repeats. Tandem has 10, palindromic 255, forward 219, reverse 0, and complementary 0.]
Figure 3 | Histogram of the results from the repeat sequence analysis. (A) The abscissa represents the type of SSR, and the ordinate represents the number of repeating fragments. (B) The abscissa represents the type of repeat sequence, and the ordinate represents the number of repeated fragments.





Recombination mediated by repeat sequences

We compared long reads to repeat sequences to determine whether the long reads spanned the repeat region and then derived the most likely structure of the mitochondrial genome. The final results revealed that the bottle gourd mitochondrial genome contained 3 nodes (Figure 4A). On the basis of the long-read data, one cyclic contig sequence (Supplementary Figure S1) was generated after the branching node caused by the repeat sequence (i.e., ctg3) was resolved, and the repeat sequence (node ctg3) was hypothesized to mediate genome recombination and form a structure consisting of two small rings (Supplementary Figure S1). To this end, we designed two pairs of PCR primers (F1/R1 and F2/R2) to verify the presence of the identified recombinant products. The ctg3 repeat sequence amplified bands of approximately the expected size before and after the exchange of reverse primers (Figure 4B). Sanger sequencing revealed that the PCR products were consistent with the template sequence, suggesting that ctg3-mediated recombination can breakdown the bottle-gourd mitochondrial genome into one large circular molecule and one small circular molecule (Figure 4C; Supplementary Figure S2). The repeat sequence ctg3 in the bottle gourd mitochondrial genome can mediate chromosomal recombination into two interconverting conformations (GenBank accession number OR680814).

[image: Diagram illustrating molecular interactions. (A) Shows contigs ctg1 (orange) and ctg2 (blue) connected by ctg3 (red). (B) Displays a gel electrophoresis image with bands indicating DNA sizes: approximately 2000 base pairs in lanes F1R1, F2R2, F1R2, and F2R1. (C) Demonstrates alternate orientations of ctg1 and ctg2 connected via ctg3 in two configurations, indicating rearrangement possibilities.]
Figure 4 | Potential isomers of the bottle gourd mitogenome inferred from PCR experiments and long reads. (A) Bottle gourd mitochondrial genome conformation. (B) Bottle gourd mitochondrial genome repeat verification. Gel electrophoresis results of PCR products amplified with primers for F1, F2, R1, and R2 using the ctg3 sequence described in (A). The sequences shown in the assembled genome were used to generate PCR products using primers for F1/R1 and F2/R2. The presence of recombinant sequences resulted in the generation of PCR products for F1/F2 and R1/R2 using primers. (C) Repeat-mediated (ctg3) conformational recombination of the bottle gourd mitochondrial genome.





Intergenomic sequence migration

Some chloroplast DNA fragments were found to have moved into the mitochondrial DNA during mitochondrial evolution. We also assembled the bottle gourd chloroplast genome, which is composed of a single-loop double-stranded DNA molecule and has a total sequence length of 157121 bp and a GC content of approximately 50.10% (Supplementary Figure S3). Sequence similarity analysis revealed that a total of 27 segments, which had a combined length of 23226 bp and represented 6.50% of the length of the mitochondrial genome, were homologous sections of the bottle gourd chloroplast and mitochondrial genomes (Figure 5). Mitochondrial plastid DNA (MTPT) 17 was the longest homologous sequence, with a length of 6,184 bp. By annotating the sequences of these homologs, 19 complete genes were found in 27 homologous fragments: 10 PCGs and 9 tRNA genes (Supplementary Table S5). The presence of MTPT sequence ligation sites in the mitochondrial genome of bottle gourd was verified, and both end ligation sites of MTPT6, MTPT7, MTPT8, MTPT9, MTPT10, MTPT17 and MTPT18 could amplify bands consistent with the expected size. Sanger sequencing revealed that the PCR product was consistent with the template sequence, confirming that MTPT6, MTPT7, MTPT8, MTPT9, MTPT10, MTPT17 and MTPT18 was present in the mitochondrial genome of bottle gourd (Supplementary Figure S4). Small fragments that were partially derived from chloroplasts were also discovered to be subsets of larger sequence fragments or to occur several times in the mitochondrial genome.

[image: Circular diagram depicting genetic connections between mitochondrial DNA (mtDNA) and chloroplast DNA (cpDNA). Blue segment represents mtDNA, orange segment represents cpDNA. Green lines illustrate the connections and alignments between different regions marked in kilobases (kb).]
Figure 5 | Gene exchange in the chloroplast genome and the bottle gourd mitochondrial genome. The blue arc represents the mitochondrial genome, the yellow arc represents the chloroplast genome, and the genome fragment corresponding to the green connection between the arcs is a homologous fragment. The thickness of the green lines represents the size of the cognate fragments, and the number of lines represents the number of homologous fragments.





Phylogenetic analysis

The plant mitochondrial genome size and structure are highly variable, but the genes involved are highly conserved. The base replacement rate of PCGs is the most highly conserved among the nuclear, plastid and mitochondrial genomes of plants, but the degree of differentiation is insufficient; therefore, the whole mitochondrial genome is generally not selected as a molecular marker for species phylogenetic analysis and genetic diversity analysis of germplasm resources. However, some protein-coding sequences, such as those of the COX3 and CCB203 genes, are often used in such studies. On the basis of the DNA sequences of 26 conserved mitochondrial PCGs, phylogenetic tree reconstruction was performed using 36 species from four orders of angiosperms (Cucurbitales, Rosales, Fagales, and Fabales) (Supplementary Table S2). The two mitochondrial genomes of the legume order were used as outgroups. Cucumis sativus and Cucumis hystrix were located on the most recently diverged branch, and Cucumis melo and Cucurbita pepo were most recently related to their origin. The bottle gourd belongs to the Cucurbitaceae family of the Cucurbitales order, is grouped on the same branch as Citrullus lanatus, and is closely related to Cucurbita maxima (Figure 6). The results of our study are consistent with the theory that plant mitochondrial genes are highly conserved and that plant mitochondrial genomes are not suitable for phylogenetic studies.

[image: Phylogenetic tree diagram showing relationships among various plant species across Rosales, Cucurbitales, Fagales, and Fabales orders. Each species is labeled with its scientific name and accession number. The tree includes a scale bar indicating 0.01 units of genetic change. Species are grouped by order, with Rosales in blue, Cucurbitales in green, Fagales in purple, and Fabales in yellow. The diagram highlights "Lagenaria siceraria" in red as part of current research within the Cucurbitales order.]
Figure 6 | In the phylogenetic analysis of bottle gourd, different colors represent different orders, and red represents the bottle gourd mitochondrial genome. The number on a branch indicates the reliability of the branch, and a higher number indicates increased reliability. The upper left corner shows the evolutionary phylogram diagram; in this diagram, the length of the branch represents the evolutionary distance, and a greater distance indicates a greater change from the state of the ancestor.

Synonymous and nonsynonymous nucleotide substitution patterns are very important markers in gene evolution studies. A Ka/Ks ratio (Ka) with synonymous (Ks) substitution rates < 1 indicates purifying selection; Ka/Ks > 1 indicates probable positive selection, whereas Ka/Ks values close to 1 indicate neutral evolution or relaxed selection. We calculated the Ka/Ks ratios of the bottle gourd mitochondrial genome versus those of 35 species from four orders of angiosperms (Cucurbitales, Rosales, Fagales, and Fabales) (Figure 7). The Ka/Ks values for most genes were between 0.3~0.9, which means that most of the genes in the bottle gourd mitochondrial genome are under purifying selection. The most conserved genes with average Ka/Ks values between 0 and 0.3, indicating very strong purifying selection pressure, are atp1, ccmC, cox1, nad9, rps4 and rps12. Ectopic overexpression of Ntatp1 in tobacco can result in cytoplasmic male sterility and seed abortion. Cotton mitochondrial Ghatp1 can affect ATPase production of ATP and promote epidermal hair and fiber elongation. The nad3 gene can affect the respiration efficiency and ripening of tomato fruits. However, the Ka/Ks values of most genes suggest that the bottle gourd mitochondrial genome may be affected by purifying selection during the selection and domestication process, and some studies have shown that this selection effect is more obvious in the nuclear genome; therefore, these genomic changes may greatly improve the fruit quality of the bottle gourd. The model averaging method in the KaKs calculator yielded average Ka/Ks values > 1 for ccmB, nad4L and rps3. A Ka/Ks > 1, which is indicative of positive selection, could reflect selection pressures specific to the bottle gourd mitochondrial genome. Alternatively, they could be a sign of increased variability in particular proteins within a broader group of species.

[image: Box plot chart showing Ka/Ks ratios for various genes represented along the x-axis, labeled with gene IDs. The y-axis denotes the Ka/Ks values. Notable outliers include genes "ccmB" and "nad4L" with higher ratios, while most genes have ratios below the green reference line at 1.]
Figure 7 | The Ka/Ks ratios of 26 conserved mitochondrial PCGs of 36 species from four orders of angiosperms (Cucurbitales, Rosales, Fagales, and Fabales) were compared with those of bottle gourd.





Collinearity analysis

Red arcs indicate areas where inversion occurred, and gray areas indicate areas with good homology. To better present the results, collinear blocks with lengths of less than 0.5 kb were not retained. Cucurbita species exhibited homologous collinear blocks with 7 closely related species (C. pepo, C. maxima, L. siceraria, C. lanatus, L. acutangula, H. pedunculosum and M. charantia), but these collinear blocks were shorter. Additionally, sequences that are specific to bottle gourd species and lack similarity with the blank sections of other species were discovered (Figure 8). The results revealed that the orders of collinear block arrangement between the mitochondrial genomes of these seven species were inconsistent, and many genome rearrangements were detected between the mitochondrial genomes of bottle gourd species and related species. More collinear gene clusters were found between the bottle gourd mitochondria and the mitochondria of C. maxima and C. lanatus, which further indicates that bottle gourd is more closely related to C. lanatus and C. maxima than to the other species (Figure 8).

[image: Diagram showing genomic relationships among seven plant species: Cucurbita pepo, Cucurbita maxima, Lagenaria siceraria, Citrullus lanatus, Luffa acutangula, Herpetospermum pedunculosum, and Momordica charantia. Colored lines represent connections and sequence similarities, with each species labeled distinctly.]
Figure 8 | Collinear relationships among the mitochondrial genomes of C. pepo, C. maxima, L. siceraria, C. lanatus, L. acutangula, H. pedunculosum and M. charantia. The red arcs indicate areas where the inversion occurred, and the gray areas indicate regions with good homology. The different species are represented by different colors, the thickness of the lines represents the size of the homologous fragments, and the number of lines represents the number of homologous fragments.





Bottle gourd mitochondrial RNA editing events

The differences in DNA and RNA sequences were further assessed via BEDTools software (version 2.30.0) to predict mitochondrial genomic RNA editing events in bottle gourd. Thirty-eight distinct PCGs in the bottle gourd mitochondria were used to identify RNA editing events. The 38 mitochondrial PCGs included a total of 589 possible RNA editing events, all of which were C-to-U base edits. Among them, the nad4 gene contained the greatest number (45) of identified RNA editing events, accounting for 7.64% of the total editing events (Figures 9A, B). This gene was followed by the ccmB gene, which had 42 RNA editing events, accounting for 7.13% of the total events (Figures 9A, B). The rpl2 gene had only 1 RNA editing event, which was the lowest among all the bottle-gourd mitochondrial genes. The predicted start codon and stop codon editing sites were verified by PCR and Sanger sequencing (Figure 9C). The stop codon RNA editing phenomenon was successfully verified at five loci, namely, nad1-2, nad4L-2, atp6-718, atp9-223 and rps10-391. Among them, the four sites of nad1-2, nad4L-2, atp9-223 and rps10-391 have high editing efficiency, and the C base is completely replaced by with T base.

[image: A composite image displays three panels: A pie chart (Panel A) shows RNA editing proportions across various genes, with ccmB having the largest share at 44.17%. A bar graph (Panel B) illustrates the number of RNA editing sites across different genes, with nad4 having the most sites at 45. Panel C displays chromatograms contrasting genomic DNA (gDNA) and complementary DNA (cDNA) at specific editing sites in four genes: nad1-2, nad4L-2, atp6-718, atp9-223, and rps10-391.]
Figure 9 | Characteristics of the RNA editing sites identified in the PCGs of bottle gourd. (A) Pie chart of RNA editing sites predicted by individual PCGs in the mitochondria of cucurbits. Different RNA editing sites are indicated by different colors, and the percentages are shown in the figure. (B) Histogram of RNA editing sites predicted by individual PCGs in the mitochondria of bottle gourd. The horizontal axis represents the different RNA editing sites, and the vertical axis represents the number of each RNA editing site. (C) Sequencing peak diagram of mitochondrial RNA editing sites in bottle gourd.






Discussion

The energy that plants require for growth and development is provided by their mitochondria, which serve as their power plants (Liu et al., 2023). The assembly of plant mitochondrial genomes is incredibly difficult, especially when next-generation sequencing assembly methodologies are utilized, because plant mitochondrial genomes exhibit vast differences in size, sequence order, and repeat content (Attia et al., 2021; Kang et al., 2021; Yang et al., 2021). In recent years, research on the bottle gourd nuclear genome has greatly promoted the study of the evolution and function of bottle gourd genes (Ma et al., 2022). However, bottle gourd mtDNA has not yet been studied; thus, the lack of representative and genetically clear bottle gourd mtDNA represents a major obstacle in the field (Hansen et al., 2007; Cui et al., 2021; Niu et al., 2023; Zhou et al., 2023). Despite notable variances in mitochondrial genome size and structure among various Cucurbitaceae species, previous research has indicated that the mitochondrial genomes of Cucurbitaceae species are circular (Hansen et al., 2007; Cui et al., 2021; Niu et al., 2023; Zhou et al., 2023). For example, the cucumber mitochondrial genome has an especially large main ring and a relatively small subcyclic structure that is approximately 1685 kb in length (Niu et al., 2021). Watermelons and zucchini have single rings of 379 kb and 983 kb, respectively (Cui et al., 2021). The mitochondrial gene of bitter melon is a single loop of 331 kb (Niu et al., 2023). With a size of 2740 kb, the mitochondrial genome of melon is the largest in the Cucurbitaceae family (Chakraborty et al., 2018). However, the cucumber mitochondrial gene has three circular chromosomes that have been mapped and have lengths of 1110 kb, 110 kb, and 92 kb (Kim et al., 2006). Therefore, a thorough study of plant mitochondrial genomes will lead to new information on mitochondrial genome evolution and molecular function. We used Illumina and Oxford Nanopore Technology sequencing data to sequence and assemble the 357-kb circular bottle gourd mitochondrial genome, which is similar in size to the mitochondrial genomes of watermelon and bitter melon (Figure 1). This genome provides important information for the molecular breeding of bottle gourds and can also serve as a reference genome for other species in the Cucurbitaceae family.

Consistent with the findings of previous reports, we found that the mitochondrial genome of Cucurbitaceae crops contains complex I~V genes (nad, sdh cob and cox), cytochrome C biosynthesis genes (ccm), ribosomal protein genes (rpl), matR genes, mttB genes, 3 rRNA genes, and 13~24 tRNA genes (bottle gourd contains 19 genes) (Hansen et al., 2007; Cui et al., 2021; Niu et al., 2023; Zhou et al., 2023). The protein-encoding genes of different crop species in the Cucurbitaceae family were relatively conserved, and the number of genes was similar. rpl10 is absent in dicots such as Arabidopsis thaliana, Brassica napus and Beta vulgaris; thus, its function needs to be exercised by nuclear genes (Kubo and Arimura, 2010). The loss of rps19 in cucumber and melon during the evolution of Cucurbitaceae may be due to its transfer into the nuclear genome or its function as a pseudogene, but no loss of rpl genes was found in bottle gourd. The proportion of genetic coding sequences and intron sequences in the mitochondrial genome of Cucurbitaceae species, such as bottle gourd, cucumber, melon, and Cucurbita pepo, is inversely proportional to the mitochondrial genome size (Hansen et al., 2007; Cui et al., 2021; Niu et al., 2023; Zhou et al., 2023). This may be because the coding sequences and intron sequences in the Cucurbitaceae mitochondrial genome are relatively conserved and the changes in length are small, whereas the changes in length between genes in the mitochondrial genome are large. The differences in tRNA in the mitochondrial genome of Cucurbitaceae crops were significant, and the tRNA genes in the melon mitochondrial genome (21) were the most common among Cucurbitaceae crops, whereas the tRNA genes in Cucurbita pepo were the least common (13). trnH-GUG, trnL-CAA and trnN-GUU are tRNA genes unique to melon and bottle gourd, and trnD-GUC, trnM-CAU, and trnW-CCA, three tRNAs, are present only in bottle gourd, cucumber and melon; these genes may have been obtained from the bottle gourd, cucumber and melon nuclear or chloroplast genomes during evolution. trnK-UUU is a tRNA gene that is unique to bottle gourd, watermelon and Cucurbita pepo, and both melon and cucumber may have lost the trnK-UUU gene during evolution.

The intergenic region of the mitochondrial genome is composed mainly of homologous mitochondrial genome sequences, repeat sequences, homologous chloroplast genome sequences, and homologous nuclear genome sequences (Attia et al., 2021; Kang et al., 2021; Yang et al., 2021). Although only 33% of the sequences in the mitochondrial genomes of the melon genus share a homologous relationship with those of other plants, more than 50% of the melon mitochondrial genome sequences are homologous to those of other plants (Cui et al., 2021). The mechanism of sequence migration between organelle genomes and the patterns of gene expression transmitted by migrating fragments in new genes remain mostly unclear, but it is speculated that further improvement of the bottle gourd genome-wide project will yield beneficial innovations for solving these problems. Repeat amplification is frequently thought to be one of the causes of plant mitochondrial genome expansion. The bottle gourd mitochondrial genome contained a total of 101 SSRs and 474 pairs of repeats longer than or equal to 30 bp, and the longest palindromic repeat and the longest forward repeat measured 2349 bp and 1685 bp, respectively (Figure 3). Only approximately 23 kb of the bottle gourd mitochondrial genome sequence was homologous to the chloroplast genome sequence, whereas approximately 113 kb of the chloroplast homologous sequence was observed in C. pepo, suggesting that chloroplast homologous sequences were not the cause of the expansion of the bottle gourd mitochondrial genome (Ma et al., 2022). Therefore, on the basis of the results from this study, it can be preliminarily speculated that the expansion of the bottle gourd mitochondrial genome was due to increases in homologous sequences, repeat sequences and nuclear genome homologous sequences.

Short-sequence duplication is thought to be an important mediator of chloroplast genome recombination in some algae and lower plants (Ogihara et al., 1988). Although repeat-mediated recombination yields a dizzying array of genomic conformations, in the mitotic genomes of Salvia and Scutellaria skullcap, repeat sequences can mediate homologous recombination, leading to genomic conformational alterations (Li et al., 2021; Yang J. X. et al., 2023). We resolved repeats (i.e., ctg3) on the basis of long-read data, which may mediate the recombination of the bottle gourd mitochondrial genome and lead to the formation of two small loops. Sanger sequencing revealed that the PCR products were consistent with the template sequence, suggesting that ctg3-mediated recombination can break the bottle-gourd mitochondrial genome into one large circular molecule and one small circular molecule (Figure 4). The results demonstrated that the repeat sequence ctg3 in the bottle gourd mitochondrial genome can mediate chromosomal recombination into two interconverting conformations. This finding also suggested that repeat-mediated recombination is the driving force for the structural diversification of plant mitotic genomes.

The inconsistent order of the colinear arrangement suggested that the mitochondrial genome of Cucurbita species underwent extensive rearrangement, which may have contributed to its evolution and diversification (Lee and Park, 2022). After transcription, RNA editing events alter information, particularly at transcription sites, and terrestrial plants frequently undergo mitochondrial RNA editing events (Wu and Chaw, 2022). Additionally, the angiosperm mitochondrial genome has certain conserved RNA editing sites (Grienenberger, 2009). A growing body of evidence suggests that RNA editing by mitochondria is associated with important cultivation traits in plants. For example, RNA editing at the C1292 and C1415 loci of the cotton mitochondrial Ghatp1 gene can affect ATPase production of ATP and promote epidermal hair and fiber elongation, whereas decreased RNA editing of the nad3 and sdh4 genes in tomato can disrupt mitochondrial biological functions, reduce fruit respiration efficiency, and ultimately inhibit tomato fruit ripening (He et al., 2018; Yu et al., 2019). RNA editing is a posttranscriptional regulatory process that occurs mainly in the chloroplasts and mitochondria of plants and is an important means of maintaining the normal biological functions of chloroplasts and mitochondria. The main type of mitochondrial gene RNA editing is cytosine to uracil (C-to-U), which occurs in protein-coding regions, rarely occurs in noncoding regions, and acts on the first and second sites of codons (Alverson et al., 2010). The number of editing sites varies greatly among species; for example, 11 RNA editing sites are found in the mitochondrial genome of Physcomitrium patens, while 692 RNA editing sites are found in the mitochondria of cotton. The role of RNA editing is usually to maintain the conservation of amino acid sequences of important functional proteins in organelles, but sometimes, it can also affect the translation of important genes, such as those that encode the production of new start codons or terminators, thereby altering the length and normal function of proteins. The RNA editing times for different genes differ among Cucurbitaceae crops, and ribosomal protein genes (rpl2, rps1 and rps7) undergo less RNA editing than other genes do, whereas the mttB, ccmB and ccmFN genes have greater RNA editing times, which is consistent with our findings (Alverson et al., 2010). For example, most of the nonsynonymous edits in the ccmFC, cob, matR and mttB genes were fully edited in Cucurbita pepo and partially edited in watermelon and bottle gourd. Therefore, understanding RNA editing in plant mitochondria is crucial for elucidating the function of plant mitochondrial genomes. However, because RNA editing plays a complex and unclear role in plant mitochondrial genomes, additional research is needed to fully understand its regulatory mechanism. The 589 mitochondrial RNA editing sites identified in this study can inform future research related to RNA editing in bottle gourd.





Conclusions

In this study, the bottle gourd mitochondrial genome was assembled and annotated, revealing a genome size of 357547 bp and 38 PCGs. One pair of repeats was confirmed by PCR amplification and Sanger sequencing to facilitate homologous recombination into one main conformation and one small conformation in the mitochondrial genome. Evolutionary analysis revealed that the bottle gourd mitochondrial genome was conserved, and collinearity analysis revealed that it underwent many rearrangements with the genomes of related species. Moreover, 27 homologous portions of the bottle gourd chloroplast and mitochondrial genomes, which totaled 23226 bp or 6.50% of the length of the mitochondrial genome, were identified. Thirty-eight mitochondrial PCGs were found to include a total of 589 possible RNA editing sites, all of which were altered from base C to U. In conclusion, we assembled and annotated a Cucurbitaceae mitochondrial genome, which advances our understanding of the Cucurbitaceae genome, lays a foundation for elucidating the phylogenetic relationships of Cucurbitaceae and emphasizes the need for further sequencing of the chloroplast, mitochondrial and nuclear genomes of additional Cucurbitaceae and closely related wild species.
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Camellia oleifera is a kind of high-quality oil supply species. Its seeds contain rich unsaturated fatty acids and antioxidant active ingredients, which is a kind of high-quality edible oil. In this study, we used bioinformatics methods to decipher a hexaploid Camellia oil tree’s mitochondrial (mt) genome based on second-generation sequencing data. A 709,596 bp circular map of C. oleifera mt genome was found for the first time. And 74 genes were annotated in the whole genome. Mt genomes of C. oleifera and three Theaceae species had regions with high similarity, including gene composition and gene sequence. At the same time, five conserved gene pairs were found in 20 species. In all of the mt genomes, most of nad genes existed in tandem pairs. In addition, the species classification result, which, according to the gene differences in tandem with nad5 genes, was consistent with the phylogenetic tree. These initial results provide a valuable basis for the further researches of Camellia oleifera and a reference for the systematic evolution of plant mt genomes.
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1 Introduction

Camellia oleifera Abel., originating in China, is a non-wood forest that blooms and harvests in winter. C. oleifera is a kind of high-quality woody edible oil tree in Theaceae, which is famous for its rich unsaturated fatty acids in fruit (Tan, 2013). Camellia oil tree not only contains unsaturated fatty acids up to 90% but also is rich in antioxidant active ingredients such as squalene, sterol, vitamin E and polyphenols (He and He, 2002). C. oleifera with Elaeis guineensis Jacq., Olea europaea L. and Cocos nucifera L. are known as the world’s four famous oil species. In recent years, in China, with the support of national policies, such as sustainable development, green development and targeted poverty alleviation, the development of C. oleifera has been widely supported due to its high economic value, wide use, comprehensive development, and utilization potential. C. oleifera is called “iron crop” and “green oil reservoir” by farmers (Wu et al., 2018). Studies on the development characteristics of C. oleifera fruits (Zhang et al., 2021), self-incompatibility of flowers (Zhou et al., 2020; Lu et al., 2021), and other economic potential exploitation have enabled researchers to have a further understanding of C. oleifera. With continuous progress of various technologies, plant genome research has become one of the most popular research topics. For researchers, the genome is a reference book for understanding a species or an organelle. At present, the chloroplast genome of C. oleifera has been reported (Wu et al., 2020), and the nuclear genome is also being carried out gradually. C. oleifera mitochondrial (mt) genome will also be the focus of the next step.

Mitochondria are important organelles in eukaryotic cells, which are closely related to energy generation, fatty acid synthesis, and active protein synthesis (Niu et al., 2022). Mitochondria are semi-autonomous organelles that encode their own functional genes and are regulated by nuclear genes. The mt genome of plants is more complex than that of animals and single-celled eukaryotes. The mt genomes of plants have different structures, gene contents, and DNA mutation rate strategies to meet their specific needs for physical, photosynthetic, or physiological and biochemical functions (Cui et al., 2009). Concurrently, cytoplasmic male sterility and species evolution in plants are closely related to the mitochondria (Wang et al., 2020). More than 200 plant mt genomes have been published, and most of them are crop species. However, there are only two articles on mt genome of Theaceae plants (Zhang et al., 2019; Rawal et al., 2020). The mt genome sequence is not as conserved as the chloroplast genome sequence, but some gene families are also conserved in the mt genome. There may even be concatenation of two genes or a group of genes. In Niu’s study, two gene clusters (rps12-nad3 and rps3-rpl16) were present in eight mitochondrial genomes (Niu et al., 2022). This is actually one of the dependencies on which all genomes can be assembled after sequencing.

With the development of sequencing technology, longer and more accurate reads can be obtained from the sequencing result, which enables many complex plant genomes to be gradually broken down. The sequencing results of one species include not only nuclear genome sequences but also mt genome sequences. Based on this, strategies and software extraction and assembly of mt genome sequences from whole-genome data are developing (King et al., 2014; Al-Nakeeb et al., 2017). MIA software (Green et al., 2008), for example, is an early mt genome assembly software. It takes mt genome sequences from the ancient human whole-genome sequence data and assembles them together. After then, software, such as MITObim (Hahn et al., 2013), ARC (Hunter et al., 2015), and NOVOPlasty (Dierckxsens et al., 2017), have been developed for every species other than people. Burns et al. (2015) also used MITObim to assemble the mt genome of Cymbomonas tetramitiformis when assembling its nuclear genome. Therefore, the genomes of complex species assembled from sequencing data can be used as a kind of data reference for research.

Therefore, the mt genome of C. oleifera was selected as the research object in this study. After obtaining all related reads from the sequencing data, the mt genome of C. oleifera was assembled by the MITObim software (v4.0.2) (Hahn et al., 2013). According to the sequence information of the genome, its structural characteristics and the situation of coding genes were annotated. The successful analysis of mt genome enables researchers to have a further understanding of C. oleifera and focus on the study of biological issues with more time and more energy.




2 Materials and methods



2.1 Materials and data background

The plant material Camellia oleifera cv. Huashuo was planted in the experimental field in Wangcheng district, Changsha, Hunan province (28°05′N, 113°2′E). Young leaves of adult C. oleifera trees were collected, preserved with liquid nitrogen, and sent to BGI Genomics for sequencing. The BGISEQ 500 Platform was used to build the second-generation sequencing database. The original data used in the experiment was extracted from the next-generation sequencing datasets of Camellia oleifera. All reads were trimmed and error corrected and then were provided for the assembly of mt genome of C. oleifera as data source.




2.2 Genome assembly

MITObim v4.0.2 (Hahn et al., 2013) was used for C. oleifera mt genome assembly. It can directly assemble the mt genomes of non-model species from DNA sequencing data embedded with MIRA and IMAGE modules. The mt genomes of Camellia sinensis var. assamica cv. Yunkang10 (YK10) (Zhang et al., 2019) and Camellia sinensis var. assamica cv. TV-1 (TV-1) (Rawal et al., 2020) were used as reference. All the paired-end sequencing reads of C. oleifera were mapped to the two mitochondrial reference sequences by BWA v0.7.12 (bwa index -p ref reference.fa) (Li and Durbin, 2009). According to the similarity of sequences, reads needed for mitochondrial assembly were captured preliminarily. Then, Samtools v1.9 was used to extract reads that were paired aligned to the reference sequence (bwa men -t 16 ref.fa F.fq.gz R.fq.gz | samtools view -bF 12 | samtools sort -@ 16 -m 1G -o output.bam) (samtools view -h output.bam| tail -n +4 | cut -f 1> map_reads.txt). All reads were integrated to a new sequence file. This file was used as the input file of MITObim to assemble the mt genome of C. oleifera. Concurrently, Camellia sinensis mitochondrial sequences (Zhang et al., 2019; Rawal et al., 2020) were used as the main reference sequence in the assembly process.




2.3 Genome annotation and visualization

The GeSeq (Tillich et al., 2017) tool was used to annotate the mt genome of C. oleifera. Protein-coding genes, transfer RNA (tRNA), and ribosomal RNA (rRNA) genes were annotated by BLAST with the existing plant mt genome data in NCBI database (https://www.blast.ncbi.nlm.nih.gov), including Camellia sinensis var. assamica cv. Yunkang10 (MK574876.1) (Zhang et al., 2019), Camellia sinensis var. assamica cv. TV-1 (NC_043914.1) (Rawal et al., 2020), Vitis vinifera (NC_012119.1) (Goremykin et al., 2009), Triticum aestivum (NC_036024.1) (Cui et al., 2009), Oryza sativa subsp. indica (NC_007886.1) (Tian et al., 2006), Zea mays subsp. mays (NC_007982.1) (Clifton et al., 2004), Glycine max (NC_020455.1) (Chang et al., 2013), Gossypium arboreum (NC_035073.1) (Chen et al., 2017), Ziziphus jujuba (NC_029809.1), Bupleurum falcatum (NC_035962.1), Boechera stricta (NC_042143.1) (Li et al., 2018), and others. Concurrently, tRNA genes in the mt genome were annotated again with tRNA scan-SE tool (Lowe and Eddy, 1997). The annotated genes with coverage and match less than 60% were manually eliminated, and the repeated annotation results were compared. The final annotation results were drawn by Draw Organelle Genome Maps (OGDRAW v1.3.1) tool (Greiner et al., 2019) with a circular map and a linear map.




2.4 Repeat analysis and RNA-editing site prediction

The repeat sequence detection in the mt genome of C. oleifera was carried out by MISA v2.1 (Beier et al., 2017) and REPuter tools (Kurtz et al., 2001). Simple repeats (SSR) were verified by MISA, with the minimum number of nucleotide repeats setting as 8, 4, 4, 3, 3, and 3 for monomer, dimer, trimer, tetramer, pentamer, and hexamer, respectively (Zhang et al., 2019). At the same time, incomplete repeats of SSR interrupted by a few bases (spacing less than 100 or equal to 100) were screened, identified, and located. Forward and palindromic repeats are confirmed by REPuter with a minimum length of 50 nt and a minimum fault tolerance of 8 nt. The RNA-editing site was predicted by the PREP-Mt web tool (Mower, 2005). By reading the location information of genes in the annotation file, the base sequences of protein-coding genes were obtained from the genome. The gene sequence file was adjusted according to the format required by the tool, and the threshold was set at 0.2.




2.5 Phylogenetic analysis

The phylogenetic tree was constructed by IQ-Tree software (Nguyen et al., 2015), carried by TBtools (Chen et al., 2020). Published mt genome data of 19 species were selected from the NCBI database, including 16 dicotyledons as follows: Arabidopsis thaliana (Ath, NC_037304.1) (Unseld et al., 1997), Brassica napus (Bna, NC_008285.1) (Handa, 2003), Bupleurum falcatum (Bfa, NC_035962.1), Camellia gigantocarpa (Cgi, OP270590) (Lu et al., 2022), Camellia sinensis (Csi, MK574876.1; NC_043914.1) (Zhang et al., 2019; Rawal et al., 2020), Capsicum annuum (Can, NC_024624.1), Carica papaya (Cpa, NC_012116.1) (Magee et al., 2010), Glycine max (Gma, NC_020455.1) (Chang et al., 2013), Gossypium arboretum (Gar, NC_035073.1) (Chen et al., 2017), Gossypium barbadense (Gba, NC_028254.1) (Tang et al., 2015), Malus domestica (Mdo, NC_018554.1) (Goremykin et al., 2012), Nicotiana tabacum (Nta, NC_006581.1) (Sugiyama et al., 2005), Rhazya stricta (Rst, NC_024293.1) (Park et al., 2014), Spinacia oleracea (Sol, NC_035618.1) (Cai et al., 2017), and Vitis vinifera (Vvi, NC_012119.1) (Goremykin et al., 2009), two monocots: Cocos nucifera (Cnu, NC_031696.1) and Triticum aestivum (Tae, NC_036024.1) (Cui et al., 2009), and one gymnosperm: Ginkgo biloba (Gbi, NC_027976.1). These include two published species of the genus Camellia. The annotation information of all species was compared manually, including the Camellia oleifera. The sequences of 15 conserved genes were extracted, respectively, and aligned using Muscle v5 (Edgar, 2021) with default parameters. After integrating the comparison results, the portable IQ-tree software carried by TBtools (Chen et al., 2020) was used to build the phylogenetic tree, setting the model parameter at Auto and Boostrap value at 1,000 (iqtree -s TBtools5888937064767651616.tmpIn -pre supergene.fa -bb 1000 -bnni -m MFP -nt AUTO).




2.6 Collinearity analysis

MCScanxX (Wang et al., 2012) was used to analyze collinearity among the mt genomes of four Theaceae species. The sequences and GFF (general feature format) annotation files of two Camellia sinensis mt genomes were downloaded from the NCBI database (MK574876.1;NC_043914. 1) and the data number of Camellia gigantocarpa is OP270590. The sequence files and annotation files were modified to meet the input file format of One Step MCScanX software in TBtools (Chen et al., 2020). Running the software with the parameters (-CPU for BlastP 2 -E-value 1e-10 -Num of BlastHits 5) obtained the collinearity analysis results of C. oleifera and the other three, respectively. Then, the resulting data files were used as input files of Dual Systeny Plot software to draw the colinear map of mt genomes.





3 Results



3.1 Assembly and annotation

The next-generation sequencing yielded 525 G data files, of which 34,720,712 reads were compared to the reference genome. A 709,596-bp circle mitochondrial map of C. oleifera was obtained, and GC content reached 45.33% (Figure 1). A total of 42 protein-coding genes (including orf), 29 tRNA genes, and 2 rRNA genes (rrnL and rrnS) were annotated in this mt genome. Among all protein-coding genes, Complex I (NADH dehydrogenase) family and Ribosomal protein (SSU) family exhibited the highest gene count. The total length of the exon (or CDS) region of the protein-encoding gene was 26,781 bp, including sdh3, atp9, rps4, rps13, rps19, and orf102 with double copies, while the promoters of nad2, rps4 (two copies), and sdh3 were not “ATG.” Among 29 tRNA genes, there are five copies of trnM-CAU, four copies of trnnull-NNN, three copies of trnS-UGA, and two copies of trnD-GUC, trnN-GUU, and trnl-GAU (Table 1).
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Figure 1 | The circular map of Camellia oleifera cv. Huashuo mt genome. Gene map showing 74 annotated genes with different functional groups that are color-coded on the outer circle as transcribed clock-wise (outside) and transcribed counter clock-wise (inside). The inner circle indicates the GC content as gray purple plot.

Table 1 | Gene content of mt genome with three Camellia species.


[image: Table comparing genetic features of Camellia species: Camellia oleifera cv. Huashuo, Camellia sinensis var. assamica (TV-1, YK10), and Camellia gigantocarpa. Categories include genome size, GC content, total genes, protein-coding genes, transfer RNAs, other genes, ribosomal RNAs, total SSRs, and RNA-editing sites. Detailed gene lists are provided with copy numbers in parentheses.]



3.2 Repeat analysis

A total of 530 SSRs were identified in the mt genome of C. oleifera. Among them, monomer, dimer, trimer, tetramer, pentamer, and hexamer accounted for 33.2%, 44.7%, 4.7%, 14.9%, 2.1%, and 0.4%, respectively (Table 2). Among the 176 monomer repeats, A/T accounted for the main proportion, reaching 86.9%, and C/G was only 13.1%. Among the dimer repeats, AT repeats up to eight times and TA repeats up to nine times, and there were only two hexamers (CTATCC and TTTCTA) (Supplementary Table 1). Furthermore, a total of 50 pairs of long repeat sequence (repeat unit >50 bp) were identified, including 20 pairs of forward repeats and 30 pairs of palindromic repeats (Table 3). The length of the shortest repeats was 139 bp, and the longest was 10,565 bp (Supplementary Table 2). Moreover, forward repeats mainly cluster in the earlier part of the genome sequence, while reverse repeats cluster in the later part.

Table 2 | Statistics of SSR motifs in the Camellia oleifera cv. Huashuo mt genomes.


[image: Table listing SSR motifs categorized by monomer, dimer, trimer, tetramer, pentamer, and hexamer. It includes columns for repeats/number, SSR number, and SSR percentage. Notable values are 176 SSR number with 33.2% for monomers, and 237 SSR number with 44.7% for dimers. Trimer to hexamer percentages range from 0.4% to 14.9%.]
Table 3 | Statistics of long repeat sequences in the Camellia oleifera cv. Huashuo mt genomes.


[image: Table displaying data on palindromic and forward copy sequences. Columns include: sequence number; palindromic copy size, start positions 1 and 2; forward copy size, start positions 1 and 2. Rows are numbered 1 to 30, with various sequence sizes and start positions. Special notes include long repeat sequences, forward match, and palindromic match in certain rows.]



3.3 RNA-editing sites analysis

With 35 protein-coding genes (including multiple copies of genes), 413 RNA-editing sites were predicted in the mt genome of Camellia oleifera. The ccmB, which belongs to Cytochrome C biogenesis, had the most editing sites (34), while rps14 had the least (2) (Supplementary Table 3). By analyzing the relationship between the gene length and the number of RNA-editing sites, it was found that the longer the coding sequence, the more RNA-editing sites. However, there was no absolute linear relationship between them (Figure 2). All the RNA-editing were “C” to “U,” and the number of editing sites at the second base of codon was the highest. There were predicted 267 sites (64.65%) and 20 sites (4.84%) at second base and first and second base of codon, respectively. Furthermore, no site at third base of codon was predicted (Supplementary Table 4). Among all editing sites, 105 sites (25.42%) enabled serine to convert into leucine, and 89 sites (21.55%) enabled proline to convert into leucine. They account for almost half of the total. However, the conversion of two glutamine and two arginine to terminators was predicted (Table 4).

[image: Bar and line chart showing gene lengths and number of RNA-editing sites for various genes. Gene lengths are marked in purple bars, and RNA-editing site counts are shown with diamonds linked by lines. The y-axis on the left indicates gene length in base pairs; the y-axis on the right shows the number of RNA-editing sites. Notable genes include nad4 with high editing sites at twenty-four and ccmB with thirty-four editing sites.]
Figure 2 | The gene length and predicted RNA-editing sites of protein-coding genes of the Camellia oleifera cv. Huashuo mt genome.

Table 4 | The amino acid transformation of RNA-editing sites in the Camellia oleifera cv. Huashuo mt genomes.


[image: Table displaying data for different amino acids with columns for A-V, H-Y, L-F, P-F, P-L, P-S, Q-X, R-C, R-X, R-W, S-F, S-L, T-I, T-M. Rows include Count, Proportion (%), and Base position, with corresponding values for each amino acid.]



3.4 Phylogenetic analysis of mt genomes

A total of 15 conserved genes were found from 20 mt genomes, including the C.oleifera mt genomes (atp1, atp6, atp9, ccmB, ccmC, ccmFc, ccmFN, cob, cox2, nad3, nad4, nad4L, rps12, rpl5, and matR). The protein sequences of 15 genes were compared and then tandem connected to obtain the super-sequence gene file to construct the phylogenetic tree. The ModelFinder program of IQ-Tree software had tested 546 protein models, and HIVw+F+R3 was selected as the most suitable model. All species were clearly divided into three groups in the phylogenetic tree, including gymnosperm, monocotyledon, and dicotyledon, of which dicotyledon was the main group (Figure 3). C. oleifera with two cultivars of C. sinensis var. assamica (YK10 and TV-1) and C. gigantocarpa were grouped together in a branch with a bootstrap value of 100%. Species belonging to the same family were successfully grouped together.

[image: Phylogenetic tree displaying species names, families, and classes. Bootstrap values are illustrated with purple squares of varying sizes, indicating support levels from 60 to 100. Species are arranged with classes Dicotyledoneae, Monocotyledoneae, and Ginkgopsida on the right.]
Figure 3 | The phylogenetic tree based on the alignment of 18 other plants and Camellia oleifera cv. Huashuo mt genomes with bootstrap support values on each node. Different families can be distinguished by color.




3.5 Comparative analysis with Camellia species

At present, only three mt genomes (C. sinensis var. assamica cv. TV-1, C. sinensis cv. Yunkang10, and C. gigantocarpa) had been reported in the Camellia genus and even the Theaceae family. The mt genome of TV-1 and C. gigantocarpa had one single circular map of 707,441 and 970,410 bp, and YK10 had two complete circular maps (701,719 and 177,329 bp). C. gigantocarpa has the largest mt genome, and C. gigantocarpa and YK10 have the largest number of protein-coding genes (44), followed by C. oleifera. It was found that the succinate dehydrogenase group of C. oleifera and YK10 had the same gene composition. The NADH dehydrogenase group and ribosomal protein group of C. oleifera and TV-1 have the same gene composition. By comparing linear maps of four mt genomes, it was found that the arrangements of some genes in all genomes were similar (Figures 4, 5). The sites selected by the same color boxes in Figure 4 had almost identical gene member, and the sequences of these genes in the four genomes were almost the same. The difference was that the genes were arranged on the sense strand of C. oleifera, C. gigantocarpa, and TV-1, but on the anti-sense strand of the YK10. For example, the composition of gene clusters atp1, rps7, rpl10, ccmB, mttB, atp6 and nad4 was relatively conserved, and their arrangement was the same on mt genomes of C. oleifera and TV-1, but reversed on YK10’s. The same was true of the other two gene clusters (rps13, rrnL, and cox2, and rpl5, rps14, and cob).

[image: Sankey diagram illustrating relationships between four Camellia varieties: Camellia sinensis var. assamica cv. Yunkang10, Camellia oleifera cv. Huashuo, Camellia sinensis var. assamica cv. TV-1 genotype, and Camellia gigantocarpa. Curved lines connect the varieties, depicting flow and connection patterns.]
Figure 4 | Collinearity analysis with mt genomes of four Camellia species. The genes indicated by the colors correspond to those in Figure 4.

[image: Diagram illustrating the chloroplast genome maps of four Camellia varieties: Camellia sinensis cv. TV-1, Camellia oleifera cv. Huashuo, Camellia sinensis cv. Yunkang10, and Camellia gigantocarpa. Each genome is represented by linear maps with labeled genes, colored based on categories like ATP synthase, ribosomal RNAs, and other genes. Dotted lines indicate gene rearrangements and similarities. The scales differ, highlighting variations in genome sizes ranging from approximately 701,719 to 970,410 base pairs.]
Figure 5 | Comparison of mt genomes of four Camellia species (without transfer RNAs). Parts selected by the same color box have similar structure.




3.6 Conservation of tandem gene pairs on genomes

To study the conserved gene clusters on the mt genomes of all species, including Camellia, we mapped the linear mt genome structure map of 20 species (Figure 6). We found 17 conserved genes on 20 mt genomes, including 15 protein-coding genes and two ribosomal RNAs genes (rrnL and rrnS). By analyzing the location information and upstream and downstream genes of these 17 genes on the 20 mt genomes, we did not find their arrangement rules on the genome. But back to the location information of all the genes on 20 mt genomes, we found five conserved tandem gene pairs from 20 species, namely, rps3-rpl6, rrn18-rrn5, rpl5-cob, nad3-rps12, and nad1-matR. Sometimes, rpl5-rps14-cob tandem gene pairs existed on the genome instead of rpl5-cob.

[image: Comparative gene map analysis showing synteny across different plant genomes. Vertical bars represent individual genomes labeled with abbreviations like Bna, Ath, and Cpa. Colored lines connect homologous genes across groups and genomes, revealing evolutionary relationships. Each genome group, labeled from one to six, displays varying levels of genetic conservation and divergence. Key genes like rps3, rpl16, and nad3 are highlighted at crossing points, indicating areas of significant genetic interest. The map provides an overview of genomic structure and synteny within the depicted plant species.]
Figure 6 | Gene localization in mt genomes of all species in the phylogenetic tree. Five gene clusters are in the middle of the figure.

In all the mt genomes, tandem gene pairs may be located on the positive-sense strand or the antisense strand. The arrangement of some tandem gene pairs was reversed on some mt genomes. For example, on the mt genomes of Bna, Ath, Cpa, and Gba, nad3-rps2 gene pairs located on the positive-sense strand, but on the anti-sense strand of Vvi, Mdo, and Gma mt genomes. The sequence of nad1–matR tandem gene pairs was inversely complementary on the Ath and TV-1 mt genomes. However, some genes in these five tandem gene pairs were missing on the genomes of individual species. For example, rpl6 is missing on Mdo and Sol mt genomes, and rrn5 is missing on TV-1 and Col mt genomes. These differences, such as the number and the type of genes annotated, may be related to the different annotation methods. Therefore, according to the arrangement of these five conserved gene pairs mentioned above, 20 species were divided into six groups. Bna, Ath, Cpa, Gba, and Gar formed group One. Vvi, Mdo, and Gma formed group Two. YK10, TV-1, Cgi, and Col were group Three. Rst, Bfa, Nta, and Can were group Four. Group Five only had Sol. Finally, Tae, Cnu, and Gbi formed group Six. The members of these six groups were consistent with the species branches in the evolutionary tree results. Therefore, these five gene pairs had a certain conservation in the evolutionary process.




3.7 Tandem rule of nads on mt genome

When analyzing the number and location information of all gene families on 20 genomes, several nad–nad gene pairs were found on each mt genome (Figure 7). For example, on Col, YK10, and TV-1, nad4 and nad5 were next to each other and also nad2 and nad1. All nads with tandem arrangement in each species were identified, and the rules of nad–nad gene tandem were found in the six groups obtained from the previous classification. It was found that nad1, nad5, nad6, and nad9 genes have the nad–nad gene tandem rule in group One, nad1, nad2, nad4, nad5, and nad6 in group Two. In group Four, nad1, nad2, and nad5 had the tandem rule and also nad4L and nad5 in group Six. By integrating the results, it was found that all the mt genomes had the nad5 gene, and there was also another nad gene next to it. So nad5 always had the tandem rule during the evolution of the nad gene family. All the sequences of nad family genes were obtained from mt genomes, and the genes with a length less than 200 bp were removed. Finally, 233 nad genes were obtained for constructing the phylogenetic tree (Figure 8). Comparing the phylogenetic tree results of all nad subfamilies, the genetic distance of nad5 was different with that of other subfamilies, which was divided into a separate group. At the same time, a species might have multiple nad5 genes, and the nad5 genes of all species were located in two branches of the evolutionary tree.

[image: Chart displaying gene sequences (nad genes) across various plant species categorized by family. Each species such as Brassica napus, Arabidopsis thaliana, and Carica papaya lists specific nad genes. Lines and colors denote gene configurations and relationships within species families like Brassicaceae, Fabaceae, and Rosaceae.]
Figure 7 | Nad–nad gene clusters in mt genomes of all species in the phylogenetic tree. Different nad genes were color coded. Identical tandem gene pairs between adjacent species were connected by curves.

[image: Circular phylogenetic tree diagram illustrating the relationships among different species labeled within sections labeled nad1 through nad9. Branch points are marked with circles of varying sizes indicating bootstrap values. Tree scales are noted for each section.]
Figure 8 | The phylogenetic tree of nad genes in mt genomes.





4 Discussion

The common Camellia oil tree known to us is a hexaploid plant with huge genomic data and complex structure (Gong et al., 2022). The chloroplast genome and mt genome could help to provide a more comprehensive auxiliary analysis of the genome evolution of C. oleifera (Li et al., 2021). With the advancement of sequencing methods, we have obtained more accurate sequences for the genome assembly. At the same time, original and simple methods are used to dig out the information from the genome sequence. So, this paper presents a complete mt genome of C. oleifera cv. Huashuo with a length of 709,596 bp, which is larger than most of the known plant mt genomes. Our lab has reported the chloroplast genome of C. oleifera cv. Huashuo (Wu et al., 2020), and the goal of this study is to analyze the mt genome of C. oleifera based on the sequencing data.



4.1 Differences in gene quantity and conservation of gene arrangement among Camellia species

Compared with mt genomes of C. sinensis var. assamica (YK10, Zhang et al., 2019 and TV-1 Rawal et al., 2020) and C. gigantocarpa, the mt genome size of C. oleifera was 709,596 bp, which was similar to the mt genome of TV-1 (707,441 bp) (Table 1). The mt genome of YK10 and C. gigantocarpa was longer than theirs. According to all the previous studies, it was found that the evolution of plant mt genome was more complicated than that of chloroplast genome. The genome size, composition, and gene sequence varied greatly among different species, among different individuals within the same species, and even among different cells of the same individual (Li et al., 2011). Moreover, the two cultivated tea plants are from China and India. But even then, like the Bryophyte (Liu et al., 2014), the mitochondria genome remained structurally stable through evolution. Thus, all plants cannot be generalized; they need to have a case-by-case analysis.

A total of 35 protein-coding genes, 29 tRNAs, and 2 rRNAs were annotated in the mt genome of C. oleifera. The protein-encoding genes of TV-1 were four fewer than that of C. oleifera, and the total number of genes was four fewer than that of C. oleifera. The sequenced mt genomes of plants have been annotated to obtain approximately 35 protein-coding genes, such as 35 in Vitis vinifera (Goremykin et al., 2009), 36 in Leucaena Trichandra (Kovar et al., 2018), and 33 in Dalbergia odorifera (Hong et al., 2021). YK10 and Cgi has 9 protein-coding genes more than C. oleifera, but 5 and 10 tRNA genes fewer than the other two. Unseld et al. (1997) found that the number of genes was different among different species, which might be related to the number of ribosomal subunit genes and tRNAs (Li et al., 2011). Indeed, rpl genes in the C. oleifera mt genome (2 genes) and TV-1 (2 genes) are less than those in YK10 and Cgi (4 genes). In addition, the NADH dehydrogenase gene of C.oleifera was also lost compared with YK10 and Cgi. C. oleifera, Cgi, YK10, and TV-1 all belong to the Theaceae, but there is a great quantity variance in the number of annotated genes. It is possible that the methods used in genome annotation made this situation in closely related species. It is worth paying attention to the occurrence of such cases with comparative genomic analysis in the future. The mt of C. oleifera also contained eight ORF genes, which have been found in previous studies to be usually related to the “infertility” problem in plants (Chaumont et al., 1995). For example, the T2urf13 in maize, orf79 gene in rice, and orf224/orf138 in rape are all associated with cytoplasmic male sterility (Duroc et al., 2005). The function of rich orf genes in C. oleifera mt can be explored later in combination with plant characteristics and nuclear genes.

RNA-editing sites can affect gene function by changing the protein folding pattern. The genome size and number of protein-coding genes of C. oleifera were larger than that of TV-1, but there were fewer RNA-editing sites. The number of protein-coding genes of C. oleifera and YKg10 differed by 9, but 65 differences in RNA-editing sites. These results confirmed that an increase in the number of bases in the mt genome did not lead to an increase in RNA-editing sites. At the same time, the number of editing sites of the same gene in different species is also different. In addition, when studying early terrestrial plants, Zhang found that the number of RNA-editing sites ranged from 0 to 2,152, and different types and numbers of RNA-editing sites contributed to the characteristics of plants (Zhang et al., 2020).




4.2 Conserved gene clusters exist during the evolution of species, especially nad5

From the mt genome of C. sinensis and other previous studies, it is found that the species can be correctly classified by constructing an evolutionary tree through conserved genes. In this study, we screened 15 conserved genes from 20 mt genomes, and finally C. oleifera, C. sinensis, and C. gigantocarpa clustered together in one branch, and other species belonging to the same family also clustered together. We found that the number of conserved genes screened for evolutionary tree construction accounted for about one-third of the total number of genes (excluding tRNA genes). Concurrently, when comparing four mt genomes of Camellia, we also found that there were structurally conserved regions in the sequences of C. oleifera and other three.

Rearranging the position of genes in the mt genome can occur during evolution as the result of sequence break and sequence recombination. However, some highly conserved genes or gene clusters maintained their original evolutionary patterns throughout the process of evolution (Niu et al., 2022). In this study, five conserved gene clusters were identified across the 20 species: rps3-rpl6, rrn18-rrn5, rpl5-cob, nad3-rps12, and nad1-matR. But it was observed that some gene of these five gene pairs also were absent in some species. For instance, this study found that S. oleracea lacks the rpl16 gene, which is also missing in Melastoma dodecandrum (Cai et al., 2017; Zhou et al., 2023). Additionally, C. nucifera lacks the rps3, which was relatively conserved in all species studied. So, this study grouped all species according to the conservativeness of all genes and found that the results of the grouping matched the position on the phylogenetic tree. Therefore, the absence of genes can be used to distinguish different evolutionary groups of species. The conservativeness of gene pairs can also be used to analyze the distance of genome evolution. Niu et al. found two conserved gene clusters (rps12-nad3 and rps3-rpl16) in eight mt genomes (Niu et al., 2022). This result overlaps with the gene pairs found in this study, which shows that the conservativeness of gene clusters is universal in different species. It can be further explored during the study of mt genome.

When analyzing conservative genes, it was found that the nad gene has its own genetic rule. The nad gene is a part of the large enzyme complex of complex I, and it is active in the mitochondria (Wu et al., 2022). Complex I is one of the enzyme complexes necessary for oxidation phosphorylation. The mitochondrion is the main organelle that produces energy in the cell, which produces adenosine triphosphate (ATP), the main energy source of the cell, through the process of oxidative phosphorylation (Gualberto et al., 2013; Zhao et al., 2023). Therefore, for the whole life of an organism, the nad gene is a key role. When analyzing the genetic inheritance rules between different species, it showed that nad gene tandem arranging was common in all the mt genomes. For example, nad5–nad4 in C. oleifera and C. sinensis, nad5–nad9, nad1–nad2, and nad5–nad7 in A. thaliana were located in adjacent locations in the mt genome (Unseld et al., 1997). With the phylogenetic tree, there were common nad tandem pairs in the species with close parental relationship. For example, nad1/2/3/4/5/9/4L in G. barbadense and G. arboretum has genomic tandem (Tang et al., 2015). Also, nad1/2/3/4/5 in the mt genomes of N. tabacum and C. annuum existed in tandem (Sugiyama et al., 2005; Magee et al., 2010). In the mt genomes of gymnosperms, such as G. biloba, all nad–nad tandem gene pairs contain nad5 (nad5–nad1 and nad5–nad4L). It was found that, except for Oryza minuta, the mt genomes of most species contain nad5 (Sajjad et al., 2016; Niu et al., 2022), and the nad5 genes were arranged in tandem. Similarly, in the mt genome of Dalbergia odorifera, the nad5 gene was found to be linked in tandem with nad1, as was the case with the nad5 gene in Leucaena trichandra (Kovar et al., 2018; Zhou et al., 2021). Therefore, other nad genes may be required to induce or enhance the function of nad5 in mitochondria life activity. nad5 may have an ability to enhance its tandem genes’ function.




4.3 Software parameters on gene annotation in mt genomes

When we annotated the Camellia oleifera mitochondrial genome, we found that the gene number of nads and other gene families was correlated with the software parameters that we set. At first, when the annotated genes were screened, the “coverage” and “match” were set to more than 40%. Twelve nad genes and all 48 protein-coding genes were obtained (Supplementary Figure 1). But when the two parameters were increased to 60% or even 90%, only seven nad genes were annotated (Supplementary Figure 1). In our manuscript, parameters with 60% were used. It was also found when we reannotated the mitochondrial genome of TV-1. In addition, the evolution-related regularities we found in our manuscript were mainly related to these seven nad genes. Combined with the subsequent analysis of the paper, we found that adjusting the values of coverage and matching degree during screening could help in obtaining more accurate results in comparative genomic analysis.





5 Conclusion

In summary, by sequencing and analyzing the mt genome of Camellia oleifera, we found the general tandem array of the nad gene family in the mt genome. Through the analysis of nad gene families in different species, we found that the nad gene with tandem relationship was species specific. In addition, it was noteworthy that the nad5 has tandem gene pairs of nad5–nads in all species. The discovery of conserved genes and conserved gene pairs will provide a new direction for the study of the mitochondria.
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Introduction

The improvement of crop yield and quality is an eternal theme to face climate change and population growth. The key to improving crop varieties lies in precisely manipulating gene expression. Recent advancements in CRISPR/Cas9 technology have made gene knockout increasingly straightforward, yet for genes related to important agronomic traits, it is crucial to regulate their expression levels appropriately. Complete knockout often results in defects in other aspects. In addition, many agronomic traits require upregulation of target gene expression for their improvement. Therefore, the development of novel methods for precise upregulation or downregulation of gene expression, without altering gene protein sequences or introducing new genome fragments, will significantly bolster the technical foundation for crop genetic improvement.

N6-methyladenosine (m6A) is the most abundant and reversible internal chemical modification in eukaryotic mRNA, which is installed, removed, and recognized by methyltransferases (writers), demethylases (erasers), and m6A-binding proteins (readers), respectively (Tang et al., 2023). Currently, two types of m6A methyltransferases have been identified in plants: multiprotein complexes and a single protein. The multiprotein complex includes MTA, MTB, FIP37, VIRILIZER (VIR), HAKAI, and HIZ2 (HAKAI interacting zinc finger protein 2), which catalyze the majority of m6A modifications in mRNA (Parker et al., 2021; Ruzicka et al., 2017; Shen et al., 2016; Zhang et al., 2022; Zhong et al., 2008). The single protein FIONA1 also exhibits methyltransferase activity in Arabidopsis (Wang et al., 2022; Xu et al., 2022), catalyzing approximately 10% of m6A modifications in mRNA. Several m6A demethylases, which belong to the Fe (II)/α - kg dependent dioxygenase superfamily, have been identified in plants, including Arabidopsis AtALKBH10B and AtALKBH9B (Martinez-Perez et al., 2017), rice OsALKBH9 (Tang et al., 2024), and tomato SlALKBH2 (Zhou et al., 2019). m6A is recognized by m6A-binding proteins, such as ECTs in Arabidopsis, which contains the YTH domain. In plants, the ratio of m6A/A in poly A+ RNA varied among different tissues, with a range of 0.36–0.75% in Arabidopsis and 0.52–0.67% in rice, suggesting its high abundance (Wang et al., 2024). At the transcriptome level, m6A sites are primarily enriched within the 3′-untranslated region (3′ UTR), followed by the coding DNA sequence (CDS) and 5′-untranslated region (5′ UTR). Recent studies have demonstrated the crucial roles of m6A in regulating gene expression in plants, primarily by influencing mRNA stability, translation, and 3′ UTR processing (Tang et al., 2023). Among them, mRNA stability regulation is one of the primary functions of m6A, which involves two aspects: acceleration of RNA decay or preservation of RNA stability, depending on the specific m6A-binding proteins. Recent studies combining proteomics and m6A analysis have shown that m6A in the untranslated regions is negatively correlated with protein abundance, suggesting that m6A in UTR is likely to inhibit protein abundance in plants (Li et al., 2024). Therefore, manipulating m6A could lead to an increase in protein abundance. m6A modifications have also been found to play crucial roles in plant biology, such as embryo development, floral transition, stem cell fate determination, pollen development, fruit ripening, photomorphogenesis, circadian clock, nitrate signaling, and responses to biotic and abiotic stress (Tang et al., 2023). Given the high abundance and crucial roles of m6A modifications in gene expression regulating, altering m6A modifications in genes holds promise as a strategy for enhancing crop agronomic traits.





Manipulating m6A modification to improve crop agronomic traits

In mammals, the m6A demethylase FTO, known as an obesity gene, plays a crucial role in regulating body weight. Researchers have genetically engineered rice and potato to express FTO. In field experiments, the yield and biomass of genetically engineered rice and potato increased by approximately 50% (Yu et al., 2021). Further research indicates that the expression of FTO in rice promotes root growth, tiller bud formation, photosynthetic efficiency, and drought resistance, and these phenotypes are dependent on the m6A demethylase activity of FTO (Yu et al., 2021). In strawberries, inhibiting the expression of m6A methyltransferase genes FveMTA or FveMTB can delay fruit ripening, while upregulating the expression of either gene can accelerate fruit ripening, suggesting that manipulating m6A modification can regulate the ripening time of strawberries (Zhou et al., 2021). The above research suggests that manipulating the m6A modification level overall can enhance the agronomic traits of crops.

In addition to altering the overall m6A modification level, researchers have also endeavored to edit m6A modification levels on individual genes. In plants, a precise editing system for plant mRNA m6A has been successfully developed by fusing dCas13a with the plant m6A methyltransferase core complex MTA-MTB or the mammalian demethylase ALKBH5 (Shi et al., 2024). By specifically editing the m6A modification on the SHR transcript, which is a key gene for root development, it was found that an increase in the m6A modification level of the SHR transcript can promote the enlargement of the aboveground and root parts of plants, increase leaf area, plant height, biomass, and grain yield, thereby promoting plant growth (Shi et al., 2024). In cotton, similar m6A editing tools have also been developed, combining CRISPR/dCas13(Rx) with the methyltransferase GhMTA (Targeted RNA Methylation Editor, TME) or the demethyltransferase GhALKBH10 (Targeted RNA Demethylation Editor, TDE) (Yu et al., 2024). Using TME editor, the m6A level of GhDi19 transcript increased, and the plants with increased m6A levels results in a significant increase in root length and enhanced drought resistance. Both works indicate that manipulating the m6A modification level of key genes can regulate plant phenotype and improve agronomic traits.





Strategies for improving crop traits through m6A modification

According to current research, three strategies have been proposed for enhancing crop agronomic traits through m6A modification. (1) Altering RNA m6A modification regulatory proteins (RMRPs) (methyltransferases, demethylases, and recognition proteins) and their interacting proteins. Given that m6A regulatory proteins typically regulate a multitude of substrate genes, this strategy exhibits a high degree of randomness and uncertainty in improving agronomic traits, and may frequently result in other phenotypic abnormalities; (2) Conducting m6A editing by fusing Cas13 (dCas13) with RNA-modified methyltransferase or demethylase in specific mRNA. However, the RNA-based m6A editing strategy poses limitations in crop breeding applications: the m6A editing vector must be maintained in the offspring, otherwise the editing effect of m6A cannot be preserved. Currently, they are not suitable for practical breeding applications; (3) Editing m6A motif of specific gene to remove m6A modifications. For example, using a base editor to accurately replace m6A-modified adenine on DNA. Regarding the m6A modification site on the UTR, the CRISPR/Cas9 system can be employed to disrupt the m6A modification motif on the UTR, thereby eliminating the m6A modification. This strategy involves directly altering m6A motifs on DNA, enabling the production of m6A editing materials without transgenic vectors in offspring, which can be utilized in breeding applications.





Steps for m6A editing




Steps 1: drawing single-base resolution m6A modification map

For the purpose of m6A editing, accurate m6A modification maps at single-base resolution must be generated initially. With the advancements in m6A detection technology, various single base resolution m6A sequencing methods have been reported, among them, m6A-selective allyl chemical labeling and sequencing (m6A-SAC-seq) (Hu et al., 2022), Nanopore direct RNA sequencing (DRS) (Zheng et al., 2020) and Glyoxal and nitrite-mediated deamination of unmethylated adenosine and sequencing (GLORI-seq) (Liu et al., 2022) are three methods that have broad application prospects (Figure 1). Recent research has reported the transcriptome-wide m6A maps at single-base resolution in various tissues of rice (plumule dark, plumule light, seedling at 8 days, seedling at 2 weeks, panicle, flag leaf at 10 days after anthesis, endosperm at 10 days after anthesis, and embryo at 10 days after anthesis) and Arabidopsis (seedling, shoot, root, rosette leaf, cauline leaf, stem, flower, silique, and seed) using m6A-SAC-seq, identifying a total of 205,691 m6A sites distributed across 22,574 genes in rice, and 188,282 m6A sites across 19,984 genes in Arabidopsis, offering comprehensive resources for investigating single-base resolution m6A sites and their functions in plants (Wang et al., 2024). Given the advancements in SAC-seq, DRS, and GLORI-seq, there are no technical limitations to m6A single base resolution sequencing, and single-base resolution maps for other crops can be constructed rapidly.
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Figure 1 | Putative steps of m6A editing in crop traits improvement. Step 1: Mapping mRNA m6A modification at single-base resolution; Step 2: Functional m6A sites mining by functional study of RMRPs, RMRPs interacting proteins, and dynamic m6A modification mapping; Step 3: m6A editing using CRISPR/Cas9 system or base editor.





Step 2: identification of functional m6A sites

Since there are more than ten thousands m6A sites present in the plant transcriptome, which ones have regulatory functions remains a key question to be clarified. Currently, three strategies are employed for identifying functional m6A sites (Figure 1). (1) Functional study of RMRPs. By utilizing mutants, RNA interference, or overexpression techniques for RMRPs, analyzing the phenotypes of relevant plant materials at different growth and development stages and in response to various biotic and abiotic stresses. Next, m6A sequencing and corresponding molecular biology methods are employed to ultimately confirm the m6A modification sites associated with the observed phenotypes. Utilizing RMRPs, several m6A modification sites with crucial functions have been identified, such as m6A in STM and WUS mRNA regulating shoot stem cell fate in Arabidopsis (Shen et al., 2016), FT, SPL3, and SPL9 mRNA regulating floral transition in Arabidopsis (Duan et al., 2017), and OsYUCCA3, TDR, and GAMYB mRNA regulating rice pollen development (Cheng et al., 2022; Tang et al., 2024), etc. In the future, we should enhance the application of genetic materials, comprehensively study their functions under various growth and development stages, environmental stress and stimulation, and different pest and disease stress in the field, and explore important functional m6A sites. (2) Functional study of proteins interacting with RMRPs. Interaction proteins of RMRPs might be involved in the processes of installing, removing, or recognizing m6A modifications at specific sites on specific mRNAs. Several studies have demonstrated the selection of specific m6A sites by interacting proteins of RMRPs. In Arabidopsis, CRY2 recruits the m6A writer complex (MTA/MTB/FIP37) to the photobody under blue light, thereby promoting m6A modification of circadian clock associated 1 (CCA1) and enhancing its mRNA stability (Wang et al., 2021). In rice, OsFIP37 is recruited by the RNA-binding protein OsFAP1 to deposit the m6A modification on OsYUCCA3 mRNA, thereby regulating male germ cell miosis (Cheng et al., 2022). EARLY HEADING DATE6 (EHD6) recruits the m6A reader YTH07 and sequesters OsCOL4 mRNA into phase-separated ribonucleoprotein condensates, thereby promoting rice flowering (Cui et al., 2024). (3) Exploring key m6A modification sites through dynamic m6A modification mapping. By mapping the changes in m6A modification maps under various tissues, developmental stages of the same tissue, and stress treatments of crops, m6A modification sites specific to corresponding processes are expected to be identified, which may have relevant regulatory functions.





Step 3: m6A editing using CRISPR/Cas9 system or base editor

After generating a single-base resolution m6A modification map and identifying functional m6A modification sites, m6A motif of specific gene can be edited using the CRISPR/Cas9 system or base editor (Figure 1). After gene editing, screening transgenic positive seedlings, identifying mutations, and confirming m6A modification changes, m6A-edited plants were obtained. Subsequently, phenotype analysis will be conducted and transgenic free plants will be screened for subsequent breeding applications.






Discussion

Fine-tuning gene expression is of great significance for crop improvement. m6A, the most abundant modification in mRNAs, plays crucial roles in regulating gene expression, positioning it as a potential tool for manipulating gene expression. With the advent of new m6A sequencing methods, mapping m6A at single base resolution is no longer an obstacle. The primary limitation of m6A application is the insufficient mining of functional m6A sites. The most effective approach to explore functional m6A sites in crops involves studying the biological functions of m6A methyltransferases, demethylases, or m6A binding proteins in crop development, biotic and abiotic stress response, and other processes. However, fewer RMRPs have been identified in crops so far, and future research should strengthen the identification and functional research of crop RMRPs. In summary, because of the vital roles of m6A in regulating gene expression post-transcriptionally, the m6A editing strategy holds significant potential for crop improvement.
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Ammonium is the preferred N nutrition over nitrate for some plant species, but it is toxic to many other plant species and induces senescence at high concentrations. The duckweed Wolffia microscopica (Griff.) Kurz is the smallest and fast-growing angiosperm. It is highly sensitive to ammonium and has a short lifespan on media containing 0.5 mM or higher ammonia. This feature makes it a potential model plant to screen for anti-aging microorganisms. By co-culturing W. microscopica with endophytic microorgainisms isolated from rubber tree, we screened out an Aspergillus sclerotiorum strain ITBB2-31 that significantly increased the lifespan and the biomass of W. microscopica. Interestingly, both filter-sterilized and autoclaved exudates of ITBB2-31 increased the lifespan of W. microscopica cultures from 1 month to at least 7 months. Meanwhile, the exudates also showed strong anti-aging effects on cassava and the rubber tree leaves and increased chlorophyll contents by 50% - 350%. However, high contents of filter-sterilized exudates inhibited the growth of W. microscopica while extending its lifespan, indicating that there were heat-sensitive growth-inhibiting agents in the exudates as well. Comparative metabolome analysis of the filter-sterilized and autoclaved exudates revealed multiple heat-stable anti-aging and heat-sensitive growth-inhibiting compounds. Our results suggest that W. microscopica can be served as a rapid and efficient model plant to screen for plant anti-aging microorganisms.
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1 Introduction

Leaf aging is one of the important factors that influence crop yields. The stay-green characters of leaves extend the duration of active photosynthesis and are positively correlated with yields and stress tolerance in many crops, including maize, wheat, rice, soybean, sorghum, oats, and cassava (Rawson et al., 1983; Sasaki and Ishii, 1992; Bekavac et al., 2002; Joshi et al., 2007; Kusaba et al., 2013; Thomas and Ougham, 2014). The stay-green genotypes of maize, for example, do not lose the green color of their leaves until physiological maturity, while the non-stay-green genotypes start losing the green color of their leaves approximately 30 days after flowering (Bekavac et al., 2002). Stay-green alleles enhance grain yield in sorghum under drought by modifying canopy development and water uptake patterns (Borrell et al., 2014). Exogenous application of cytokinins on leaves of winter wheat improved stay-green characteristics and thus increased grain yield in heat stress (Yang et al., 2016). Therefore, stay-green traits have been used in breeding programs of many grain crops. Through intensive selection, varieties with both higher yields and longer duration of greenness in a range of grain crops have been commercialized (Thomas and Ougham, 2014). Stay-green is also important to root crops. For example, cassava plant ideally has a leaf life of 15–20 weeks and an optimal leaf area index (LAI) of 4 to 6 according to a simulation model for substantially increased cassava yields with longer leaf life (Cock et al., 1979). In most cultivars, however, leaf life is much shorter, and replacement of leaves requires energy input and creates a competitive sink for photosynthetic assimilates, thus reducing root yields. Introduction of a senescence-inducible isopentyl transferase gene into cassava extended leaf greenness, and thus increased the yield (Zhang et al., 2010). The importance of stay-green in agriculture and the relevant molecular mechanisms that regulate stay-green traits have been well reviewed (Kusaba et al., 2013; Thomas and Ougham, 2014; Abdelrahman et al., 2017).

The stay-green characters are usually obtained by natural mutation and/or artificial engineering. An alternative way may be the application of beneficial microorganisms to plants. Beneficial microorganisms have been isolated from many plants as endophytes. The interactions between hosts and endophytes involve flows of various compounds, of which some are highly toxic to the hosts (Powell and Petroski, 1992), however, in many cases, the endophytes are beneficial to hosts by increasing abiotic and biotic stress resistances, and thus improve the adaptation of the plants (Schardl et al., 2004). Some grass species from coastal and geothermal habitats require symbiotic fungal endophytes for salt and heat tolerance (Rodriguez and Redman, 2008). The ability of symbiotic microorganisms to confer stress tolerance to plants may provide a novel strategy to cope with the problems in modern agriculture. In this paper, we report a rapid and efficient method for screening of anti-aging microorganisms, based on an early aging duckweed species Wolffia microscopica using in vitro culture system.

Duckweeds belong to a globally distributed family Lemnaceae. They are free floating monocots and are currently classified into 5 genera and 37 species (Landolt, 1986; Appenroth et al., 2013). Duckweed clones are collected from all over the world and are maintained at Duckweed Stock Collection Centers situated in Zurich, Switzerland; Jena, Germany; Rutgers, New Brunswick, USA; and Chengdu and Haikou, China. The most accepted maintenance media is the modified Hoagland medium (Hoagland and Arnon, 1950), N, E, and SH media supplemented with 1% sucrose and solidified with 0.6% agar (Appenroth, 2015; Sree and Appenroth, 2016). While most clones can be stored for three months before subculture, some clones should be subcultured more often, such as W. microscopica.

W. microscopica is one of the fast growing duckweed species with a biomass doubling time of only one day (Ziegler et al., 2015; Appenroth et al., 2017). Its plant body is simplified into a tiny frond with a size of only around 1 mm (Figure 1). However, its axenic stock cultures senesce more rapidly, resulting in a shorter maintenance cycle compared to the other species in the duckweed family, thus requiring to be subcultured more often. This species was once lost completely from all duckweed collections in the year 2009; however, it was rediscovered in 2013 (Sree and Appenroth, 2014).
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Figure 1 | Dorsal (A) and side (B) views of typical two-fronds plant of W. microscopica 2001. White arrows indicate the pistils and red arrows indicate the stamens.

The rubber tree (Hevea brasiliensis) is widely cultivated in tropical areas (Heng and Joo, 2017) where there exist rich environmental microorganisms, and its trunk bark is regularly cut for harvesting latex, thus making it more susceptible to external microbial invasion. In addition, the rubber tree mainly reproduces through bud grafting (Heng and Joo, 2017), which keeps the spread of endophytes among its offsprings. These make the rubber tree abundant in endophytic microorganisms. Many endophytic fungal strains from the rubber tree have been discovered, among which Ascomycota species accounts for 97%, and the sapwood has a greater diversity of endophytes than the leaves (Gazis and Chaverri, 2010). Our research team has also isolated many endophytic fungi from the rubber tree, and found that some strains can remarkably inhibit the growth of the pathogenic fungus Colletotrichum gloeosporioides Penz. Sace and Fusarium oxysporum Cubense (Zheng et al., 2009a), and another strain called ITBB2-1 exhibited high salt tolerance (Zheng et al., 2009c). These findings indicate that endophytic fungi of the rubber tree have some unique biological functions.

In this study, we found that W. microscopica is sensitive to ammonia-induced senescence. The early-aging phenomena can be served as a reporter to screen for anti-aging microorganisms by co-culturing it with candidate microorganisms or by supplementation of the fermented medium of microorganisms into the culture medium of the plant.




2 Materials and methods



2.1 Plant materials and culture media

The axenic Wolffia microscopica (Griff.) Kurz clones 2001 and 2008 were provided by Prof. Klaus-J. Appenroth at University of Jena, Germany and Dr. K. Sowjanya Sree at Central University of Kerala, India. The clones are maintained at the Institute of Tropical Bioscience and Biotechnology (ITBB), Chinese Academy of Tropical Agricultural Sciences (CATAS). The basic subculture medium was a modified Hoagland medium (MH) originally designated by Hoagland and Arnon (1950) supplemented with 29 mM sucrose and 6 g L-1 agar (Biotechnology grade, Beijing Solarbiao Science & Technology co., Ltd, Beijing, China) for solidification. The components of the MH medium was previously described (Fu et al., 2017). Other media that were tested in this research include N (Appenroth et al., 1996), E (Cleland and Briggs, 1967), and SH (Schenk and Hildebrandt, 1972) media (Supplementary Table S1). The media were autoclaved at 121°C for 20 min.




2.2 Stay-green verification of the stock cultures of W. microscopia

Ten plants of W. microscopia clones 2001 and 2008, respectively, were inoculated in the centre of each 6-cm plate containing MH medium solidified with 6 g L-1 agar at 5 d intervals, 6 plates were inoculated each time for each clone. The plates were incubated in a growth chamber (BIC-250, Boxun Instrument, Shanghai, China) with 16 h photoperiod at 100 μmol·m-2·s-1 photosynthetic active radiation (PAR) and 25 ± 1°C. The status of the plants was examined every other day until two months, and then fronds were harvested and weighed. Three parallel experiments were performed.




2.3 Screening of anti-aging fungal strains by coculturing W. microscopica with candidate fungi

The endophytic fungal strains were previously isolated from the rubber tree (Zheng et al., 2009a). The fungi were maintained on Potato Dextrose and Agar (PDA) medium at room temperature. Ten fronds of W. microscopia clone 2001 were inoculated in the centre of each 6-cm plate containing MH medium. Fungal spores and/or mycelia were co-cultured on the edge of the same plate. The plates that were only inoculated with W. microscopia were used as control. All plates were incubated in the growth chamber (BIC-250, Boxun, Shanghai) with 16 h photoperiod at 100 μmol·m-2·s-1 photosynthetic active radiation (PAR) and 25 ± 1°C for 30 d. The status of the plants was examined every other day.




2.4 Temperature-dependence of growth-promoting effect of fungal strain ITBB2-31

The growth-promoting experiments of Aspergillus sclerotiorum strain ITBB2-31 was carried out as described above. The plates were incubated in growth chambers (BIC-250, Boxun, Shanghai) with 16 h photoperiod at 100 μmol·m-2·s-1 photosynthetic active radiation (PAR) for 30 d at 20°C, 25°C, and 30°C, respectively. The fronds in each plate was wrapped in tinfoil and dried at 105°C overnight and weighed. The significance of weight differences was analyzed using IBM SPSS Statistics Version 24 (IBM Corporation, New York, USA).




2.5 Anti-aging effects of ITBB2-31 fermented broth on W. microscopica

The fungal strain ITBB2-31 was inoculated in MH liquid medium supplemented with 29 mM sucrose and incubated at 28°C in the dark for 10 d. The fermented broth was filtered with 50 µm nylon membrane to remove the mycelium. The filtrate was then passed through filter paper, and filter-sterilized with 0.22 µm filter units (Millipore, Bedford, USA), and then added into the sterilized MH medium with concentrations of 10%, 20%, 30%, and 50% (v/v), respectively. To test whether the functional element in the exudate was temperature resistant, the filtrate was added into MH medium with above concentrations and autoclaved at 121°C for 20 min. The autoclaved media were poured into 6-cm plates. W. microscopia clones 2001 and 2008 were inoculated in the centre of the plates and incubated in the growth-chamber with 16 h photoperiod at 100 μmol·m-2·s-1 photosynthetic active radiation (PAR) and 25°C for one month. The plants in each plate were separately wrapped in tinfoil and dried at 105°C overnight and weighed. The significance of weight differences between treatments was analyzed using IBM SPSS Statistics Version 24.




2.6 Anti-aging effect of ITBB2-31 on the rubber tree and cassava leaves

The anti-aging effect of ITBB2-31 was tested using the leaves of test-tube plants of rubber tree and cassava following the method described by Zhang et al (Zhang et al., 2010). Fully expanded, green, and healthy leaves collected from rubber tree plants grown in the greenhouse were also used. The leaves were put in 15-cm petri-dishes on filter paper wetted with MH medium supplemented by 0%, 10%, 20%, and 30% fermented MH broth of ITBB2-31. Dark-induced senescence was performed by incubating the leaves in the dark at 25°C for two weeks. The leaf aging status was recorded by photography every day. To quantify the anti-senescence effect, leaf samples were homogenized in liquid nitrogen and dissolved in 100% (v/v) acetone as described in a method (Lichtenthaler, 2010). The samples were incubated at room temperature for 30 min and centrifuged to remove cell debris. Chlorophyll a and b content of the supernatants was determined by spectrophotometer and calculated according to the equation as previously described (Lichtenthaler, 1987). The significance of the differences between treatments was tested by one-way ANOVA and LSD test using IBM SPSS Statistics Version 24.0 (IBM Corporation, New York, USA).




2.7 DNA extraction and polymerase chain reaction and phylogenetic analysis

Genomic DNA of fungal strain ITBB2-31 was isolated using a fungal DNA isolation kit (Tiangen Biotech, Beijing, China). The internal transcribed spacer (ITS) sequence was amplified as previously described (Zheng et al., 2009c) with two primers HNP76 (5′-TCCGTAGGTGAACCTGCGG-3′) and HNP77 (5′-TCCTCCGCTTATTGATATGC-3′). The amplified fragment was sequenced on both strands at BGI (Beijing Genomic Institute), Shenzhen, China. For phylogenetic analysis, reference sequences were downloaded from GenBank. The sequences were aligned with MacVector 15.0.2, the unaligned 5′ and 3′ sequences were removed. Phylogenetic tree was generated using Mega7 (Kumar et al., 2016). The evolutionary history was inferred by using the Maximum Likelihood method based on the Tamura-Nei model (Tamura and Nei, 1993). The tree with the highest log likelihood is shown. The tree is drawn to scale, with branch lengths measured in the number of substitutions per site. All positions containing gaps and missing data were eliminated, and there was a total of 453 positions in the final dataset.




2.8 LC-ESI-MS/MS analysis of the fermented media

Both filter-sterilized and autoclaved fermented media of ITBB2-31 were respectively analyzed using liquid chromatography electrospray ionization tandem mass spectrometry (LC-ESI-MS/MS). For liquid chromatograph (LC), an Agilent 1290 (Agilent Technologies, CA) with a Waters column ACQUITY UPLCBEH Amide (1.8 μm, 2.1 mm × 100 mm) was used. The column temperature was set to 35°C, and 2 μL of sample was injected. The elution buffers for positive ion model were 0.1% formic acid in water (buffer A) and 0.1% formic acid in acetonitrile (buffer B); 95% of buffer A was supplied for the first minute of run, then the profile of buffer B was increased gradually until reaching 95% of the elution buffer at 16 minutes, and reduced to 5% at 18 minutes. For negative ion model, 2 mM ammonia acetate (buffer A) and acetonitrile (buffer B) were used, following the same elution schedule as above. The flow rate was 0.4 mL/min. For mass spectrometry, an Agilent 6545QTOF with control software LC/MS Data Acquisition, Version B.08.00 was used. The ion source temperature was 320°C. The nitrogen gas flow and sheath gas flow were 8 L/min and 12 L/min, respectively. Sheath gas temperature was 350°C. The auxiliary pressure was set to 3500 V and 4000 V for negative and positive models, respectively. Mass spectra of the parent ions and the subsequent fragmented ions were scanned over the range of 50–1100 m/z. The data was analyzed using software MSDIAL (version 2.54) and the identities of the metabolites were determined by searching against the in-built MS/MS reference libraries including metlin, MassBank, MoNA, and HMDB. Relative abundance of a compound was calculated using the equation: the area of the compound/the total area of all compounds × the number of compounds.





3 Results



3.1 Ammonium-induced senescence observed by in vitro culture of W. microscopica

The MH medium is one of the commonly used media to retain the axenic stock cultures of duckweed species. However, one species, W. microscopica did not perform well on MH medium. This species grew at the beginning, and reached a colony size of approximately 0.8-1.3 cm in diameter in two weeks, and then approached senescence (Figure 2A). Most colonies died within one month with a few exceptions in some colonies, and all plants died without exceptions in two months (Figure 2A). Therefore, the lifespan of in vitro cultures of W. microscopica on MH medium was only one month. In contrast, the other species in the duckweed family can be subcultured at three-month intervals on MH medium. This is probably the reason why W. microscopica was easy lost from the duckweed stock collections (Sree and Appenroth, 2014).
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Figure 2 | Ammonia-induced senescence of W. microscopica 2001. (A) Growth status on MH medium at different time points as indicated on the plates; (B) Growth status on different culture media as indicated on the plates; (C) Growth status on E and N media supplemented with different types and concentrations of ammonia salts; (D) Fresh weight analysis of plant colonies in (C); (E) Chlorophyll content analysis of plant colonies in (C). The culture temperature was 25°C and the culture time was four weeks if not indicated. The significance of data was analyzed with one-way ANOVA and LSD test. Different letters on columns indicate significance at 1% level.

To investigate the reason of early senescence in W. microscopica stock cultures, four commonly used media including MH, SH, E, and N media were used to culture W. microscopica clone 2001. The plants grew the fastest on E medium, followed by N medium, and slowest on SH and MH media. In the meantime, the plants on MH and SH media began senescence rapidly and mostly turned pale white within three weeks and could not resume growth on fresh medium, while the plants on E and N media were still prosperous (Figure 2B). By comparing the components in the four media, we found that both MH and SH media contained ammonia nitrogen (Supplementary Table S1), which were 1 mM NH4NO3 and 1.3 mM (NH4)H2PO4 in MH and SH media, respectively, while E and N media contained only nitrate.

Ammonia-induced senescence has been reported in both mammals and plants (Lin et al., 2002; Gorg et al., 2015). To investigate whether the early senescence of W. microscopica on MH and SH media was caused by ammonia-induced senescence, W. microscopica clones 2001 and 2008 were cultured on E and N media supplemented with different concentrations of ammonium ion. Results indicated that supplementation of 0.5 mM NH4+ in both E and N media was enough to drive W. microscopica to die within four weeks (Figure 2C), the higher the NH4+ concentration, the quicker for W. microscopica to die. The fresh weights were reduced by 73% - 85% in E medium and 83% - 88% in N medium depending on the concentration of ammonium salts (Figure 2D). The chlorophyll contents were reduced by 81% - 92% in the E and N media after addition of ammonium salts (Figure 2E). These results indicated that the early senescence of W. microscopica was induced by ammonia ion.




3.2 Screening of anti-aging microorganisms

Twenty-five endophytic microbial strains isolated from rubber tree (Zheng et al., 2009a) were tested for their anti-aging effect on W. microscopica. One strain designated as ITBB2-31 showed strong anti-aging activity. When W. microscopia clones was co-cultured with ITBB2-31, its growth was significantly promoted, and the co-cultured plant colonies grew to a larger diameter and kept growing after one month of inoculation at all tested temperatures (Figure 3A). In contrast, the control colonies that were not co-cultured had stopped growth in approximately two weeks and died in one month (Figure 3A). The dry weight of co-cultured colonies was 3.5-4.5 times the weights of the controls depending on the culture temperatures, and the highest dry weight (45.6 mg) was obtained at 25°C (Figure 3B).
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Figure 3 | Anti-aging effects of endophytic fungal strain ITBB2-31 by co-culture with W. micoscopica 2001. (A) Representative plates of co-culture and control after incubation for one month under different temperatures; (B) Statistic analysis of the dry weights of W. micorscopica colonies. The significance of differences was tested by one-way ANOVA and LSD test. Different letters above columns indicate significant differences at 5% level.




3.3 Molecular identification of ITBB2-31

The internal transcribed spacer sequence (ITS) of strain ITBB2-31 was amplified by PCR method. The amplified product was 609 bp. BLAST searches against the NCBI database resulted in best hit to Aspergillus sclerotiorum Huber strain ATCC16892, which is the type strain of A. sclerotiorum and was isolated from fruit of apple (Malus sylvestris) by G.A. Huber in Oregon, USA (Huber, 1933). Phylogenetic analysis indicated that ITBB2-31 belonged to the yellow aspergilli, the Aspergillus section Circumdati (Visagie et al., 2014), and formed a clade with A. sclerotiorum strains and A. subramanianii, A. bridgeri, A. persii, A. salwaensis and A. roseoglobulosus strains with 98% bootstrap support (Supplementary Figure S1). Pairwise alignments indicated that the ITS sequence of strain ITBB2-31 had 100% identities with strains ATCC16892, NW3, NRRL35202, NRRL415, NRRL35024, DTO129-F5, and CCF3434; and 99.6% - 99.8% identities compared to A. scelrotiorum strain ANDEF08, A. subramanianii strains DTO129G4, NRRL6161 and DTO245E4, A. bridgeri strain NRRL1300, and A. persii strain CBS112795. The next closely related strains in the same clade were A. salwaensis DTO297B3T with 99.2% identities and A. roseoglobulosus strain CBS112800 with 97.1% identities. The sequence identities compared to the strains in other clades were less than 92.3%. Taken together, ITBB2-31 is an A. scelrotiorum strain.




3.4 The fermented broth of ITBB2-31 presents anti-aging activity for W. microscopia

It is obvious that the anti-aging and growth-promoting activity of ITBB2-31 did not require physical contact between the plants and fungal colonies (Figure 3A), because the fungus and plants were inoculated far away, and in most cases the fungus and plants remained separated in one month. Therefore, there must be some components secreted into the medium or some volatiles released to the air by the fungus. We tested the medium in this research, either autoclaved or filter-sterilized fermented MH medium (FM hereafter) was added to the fresh MH medium in different proportions before inoculation of the plants. Results indicated that both autoclaved and filter-sterilized FM prevented senescence and promoted the growth of W. microscopia. The plants of both clones 2001 and 2008 kept alive and continued to grow at all tested FM concentrations (Figure 4A). In contrast, the plants of both clones that grew on the control medium died in one month (Figure 4A). Therefore, the anti-aging factor was thermo-stable and was secreted into the culture medium.

[image: (A) Series of petri dishes showing colony growth from different FM concentrations (0% to 50%) on filter-sterilized and autoclaved media for years 2001 and 2008. (B) Bar chart comparing dry weight per colony for filter-sterilized and autoclaved media across FM concentrations. (C) Similar bar chart for another data set with the same conditions. Filter-sterilized is shown in blue, autoclaved in red.]
Figure 4 | Anti-aging effects of the exudates of fungal strain ITBB2-31 on W. microscopica clones 2001 and 2008. Both autoclaved and filter-sterilized fermented MH broth (FM) were supplemented to the MH medium with different proportions as indicated in the figure. (A) growth status of the two strains after one month of culture at 25°C; (B, C) statistical analysis of dry weights of clones 2001 (B) and 2008 (C). The significance of differences among the proportions of filter-sterilized (lower case letters) and the autoclaved (Upper case letters) FM was tested by one-way ANOVA and LSD methods. Different letters above columns indicate significant differences at 5% level of significance. The differences between the filter-sterilized and the autoclaved FM at the same proportion was tested with Independent-Samples T-test, and (*) above the columns indicates significance at 5% level.

Besides the anti-aging and growth-promoting effect, supplementation with 30% or higher concentrations of the filter-sterilized FM resulted in lower growth-rate of W. microscopia as compared to 10% filter-sterilized FM, although the plants stayed green (Figure 4A). This inhibition effect was significant when the proportion of the filter-sterilized FM was increased to 50% (Figures 4B, C). However, the autoclaved FM present very weak inhibition effect and the decrease of dry weight at high concentrations was not statistically significant (Figures 4B, C), and the dry weights of plant colonies grown on 50% of autoclaved FM were significantly higher than those grown on 50% filter-sterilized FM for both clones 2001 and 2008 (Figures 4B, C). These results indicated that the components that inhibited plant growth were sensitive to high temperatures (e.g. 121°C).

Moreover, the exudates of ITBB2-31 presented anti-aging activity to W. microscopica for many months. W. microscopica clones 2001 and 2008 were successfully retained on MH medium supplemented with 10% autoclaved FM for more than 7 months at 25°C without subculture (Figure 5).
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Figure 5 | Long lasting anti-aging effects of the exudates of fungal strain ITBB2-31 on W. microscopica clones 2001 and 2008. Representative plates of M. microscopica clones 2001 and 2008 incubated on MH medium supplemented with 10% FM at 25°C for seven months. The medium without addition of FM was used as control.




3.5 Anti-aging activity of ITBB2-31 against dark-induced senescence of the rubber tree and cassava leaves

The FM of fungal strain ITBB2-31 presented strong anti-aging effects to detached leaves of in vitro plantlets of the rubber tree (Figure 6A) and cassava (Figure 6B), and the rubber tree leaves collected from the field (Figure 6C). Obvious senescence was shown on the control leaves of in vitro rubber tree and cassava after 15 days of dark treatment, and the chlorophyll contents of the leaves were only 0.79 mg/g and 0.70 mg/g FW for the rubber tree and cassava, respectively. Adding 10% FM significantly reduced senescence and increased chlorophyll contents by 53.6% and 106% for in vitro rubber tree and cassava leaves, respectively. The higher the concentration of FM, the higher the anti-aging effect (Figure 6D).
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Figure 6 | Anti-aging effect of ITBB2-31 on detached leaves of rubber tree and cassava. Leaves were detached from in vitro plantlets of rubber tree variety Reyan7-33-97 (A) and cassava variety SC5 (B) and from field plants of rubber tree Reyan7-33-97 (C); The leaves were incubated on different concentrations of autoclaved FM at 25°C for 15 days in the dark; (D) Statistical analysis of chlorophyll contents in the leaves. Different letters above columns indicate significant difference at 5% significance level.

The anti-aging effect of ITBB2-31 on the rubber tree leaves collected from the field was also significant. The control leaves turned brown with chlorophyll content of 1.40 mg/g FW after 15 days of dark treatment. The leaves treated with 10% FM of ITBB2-31 had 50% green area, and the total chlorophyll content was 1.94 mg/g FW, significantly higher than that of control leaves (Figure 6D). When the FM concentration was increased to 20%, the anti-aging effect increased significantly, and the chlorophyll content increased to 2.51 mg/g FW. Further increasing of FM concentration did not significantly increase the chlorophyll content further. Taken together, the anti-aging strain ITBB2-31 screened by W. microscopica-ammonia system is effective to other plants.




3.6 Comparative metabolome analysis reveals both anti-aging and growth-inhibiting agents in the fermented medium of ITBB2-31

LC-ESI-MS/MS identified 470 compounds in the filter-sterilized FM (Supplementary Table S2), among which 368 compounds disappeared after autoclaving (Figure 7A), while 1141 new compounds that were supposed to be driven from heat-degradation were identified in the autoclaved FM (Figure 7A; Supplementary Table S3). The anti-aging agents are heat-stable (Figure 4) and are supposed to present in both filter-sterilized and autoclaved FMs with similar abundances. In total, 102 compounds are shared by both treatments (Figure 7A; Supplementary Table S4). They are classified into ten subgroups, including lipids and lipid-like molecules (Fu et al., 2017), organic acids and derivatives (Appenroth, 2015), Organoheterocyclic compounds (Sree and Appenroth, 2016), Benzenoids (Zhang et al., 2010), and others (Zheng et al., 2009c) (Figure 7B). Seventeen compounds have similar relative abundances in both treatments (0.75 < Rf/Ra < 1.5, Rf (Relative abundance of Filter-sterilized FM), Ra (Relative abundance of Autoclaved FM), Supplementary Table S4) and are potentially the anti-aging candidates, out of which, some have been reported to have anti-aging effects in animals and/or plants, including 3-(2,4-dihydroxypentyl)-8-hydroxy-6-methoxyisochromen-1-one (an isocoumarin derivative) (Powers et al., 1989), indole-3-acetaldehyde (McClerklin et al., 2018), leupeptin (Carlin et al., 1994), muramic acid (Lehtonen et al., 1997), alpha-lapachone (Cho et al., 2006), and fatty acyls (Yu et al., 2020). Therefore, the anti-aging effects may come from a combination of compounds.

[image: Panel A shows a Venn diagram with two circles: one for filtrated (green) with 368 elements, and one for autoclaved (red) with 1,141 elements. The overlap contains 102 elements. Panel B is a bar graph displaying categories of compounds with varying frequencies; highest for lipids and lipid-like molecules, followed by organic oxygen compounds, phenylpropanoids, and polyketides.]
Figure 7 | Classification of metabolites in the filter-sterilized and autoclaved FM. (A) numbers of shared and distinct compounds in the filter-sterilized and autoclaved FM; (B) classification of compounds shared by two media.

Compounds that inhibited the growth of W. microscopica are sensitive to heat-treatment and presented weak inhibition effect in the autoclaved FM (Figure 4), therefore, the growth-inhibiting agents are supposed to have significantly reduced abundance in the autoclaved FM. We set a cutoff value of 90% reduction of relative abundance in the autoclaved FM, which is equivalent to Rf/Ra > 9. Among the compounds that are shared in both treatments, 13 compounds mainly organic acids, alkaloid derivatives, and nucleoside analogues, have a reduction of > 90% in the autoclaved FM (Supplementary Table S4), some of which have been reported to have toxic and/or growth-inhibiting effects, including S-adenosyl-L-homocysteine (Penyalver et al., 2009), 4-hydroxyquinoline (Chung et al., 1989; Inderjit, Bajpai and Rajeswari, 2010), ginkgolide A (Weakley et al., 2011), phenylalanine (Nguyen et al., 2014; Cao et al., 2019), sparteine-15-carboxylic acid (Ashcroft et al., 1991), 3-hydroxypropanoic acid (Yung et al., 2016), and 2-hydroxyglutaric acid (Bjugstad et al., 2001; Keyser et al., 2008). Therefore, the growth-inhibiting effect of strain ITBB2-31 may come from a combination of compounds, similar to the anti-aging effect.





4 Discussion



4.1 W. microscopica is the duckweed species most sensitive to ammonium-induced senescence

W. microscopia is distributed in the Indian subcontinent. It was first named Grantia microscopica (Griff. Ex Voigt) (Voigt, 1845; Griffith, 1851), and was later identified as a member of the genus Wolffia Horkel (Kurz, 1866). Many investigations have been carried out on this plant since its identification (Hegelmaier, 1885; Maheshwari SC and Chauhan OS, 1963; Maheshwari SC and Venkataraman, 1966; Roy and Dutt, 1967; Bakshi et al., 1979; Khurana et al., 1986; Landolt, 1986). However, this species could have been causing trouble since its discovery (Hegelmaier, 1885), and could not be found for decades at places where it was discovered (Sree et al., 2015). The axenic clones of W. microscopica were once lost completely from all duckweed collections in the year 2009 (Sree and Appenroth, 2014), however, rediscovered from the lakes at Patan, Ambapur, Sughad and Vadasma in Gujarat, India and from that at Jessore, Bangladesh in 2013 (Sree and Appenroth, 2014). We obtained two of the newly collected clones 2001 and 2008 from K-J Appenroth in 2014, and immediately realized that they were more difficult to maintain than the other duckweed species.

In this research, we tested four commonly used duckweed culture media and found that MH and SH were not good media to keep W. microscopia alive for as long time as the other duckweed species. W. microscopica clones 2001 and 2008 performed similarly on these media and grew rapidly in the beginning, and then stopped growth and died within one month (Figure 2). In contrast, the other species can be subcultured at three-month intervals without problem. By comparing the components in the four media, we found that both MH and SH media contained ammonium ion, while E and N media that did not facilitate early senescence did not contain ammonium ion. Therefore, ammonia was supposed to be the inducer for the early-senescence in W. microscopica. This hypothesis was further confirmed to be right by supplementing ammonia in the E and N media that do not contain ammonium ion (Figure 2C). A concentration of 0.5 mM of ammonia was enough to induce early senescence in both strains of W. microscopica (Figures 2D, E).




4.2 The high sensitivity of W. microscopica to ammonia-induced senescence makes it a useful tool to screen for plant anti-aging microorganisms

There have been many reports on plant growth-promoting effects of endophytic microorganisms, which has been well reviewed (Aly et al., 2011; Ma et al., 2011; Santoyo et al., 2016). These endophytes are highly diverged and include both fungi (Harzallah et al., 2012; Larriba et al., 2015; Khan et al., 2017) and bacteria (Shi et al., 2010; Paz et al., 2012; Quecine et al., 2012; You et al., 2012). Some endophytic strains previously isolated from the rubber tree have been shown to have antifungal activities (Zheng et al., 2009a), and have a potential in biological control of plant pathogenic diseases (Tan et al., 2015).

In this research, we used W. microscopica to screen the endophytic fungal strains isolated from rubber tree (Zheng et al., 2009b; Tan et al., 2015) for plant anti-aging microorganisms, and found one of the strains, ITBB2-31 that strongly postponed aging and promoted the growth of W. microscopica (Figures 2-5). The stay-green period of the axenic stock cultures was extended from less than one month to at least seven months (Figure 5). This strain also extended the lifespan of the other duckweed strains in the genus Wolffia. Interestingly, besides the anti-aging and growth promoting effects, the fermented broth of ITBB2-31 inhibited the growth of W. microscopica at high concentrations, which was detoxified by autoclaving (Figure 4), suggesting that ITBB2-31 has both promotion and inhibition effects on plant growth.




4.3 Anti-aging activity of microorganisms sreened by the W. microscopica-Ammonia system is effective to inhibit senescence of the other plant species

The anti-aging microorganism ITBB2-31 was screened using the W. microscopica-ammonia system. To test whether it is effective to inhibit the senescence of other plant species, we used a dark-detached system to induce senescence of the leaves of rubber tree and cassava. Darkness is an extreme light condition and is often used to induce rapid and synchronous senescence in detached leaves (Weaver and Amasino, 2001), and the dark-detached system has been widely used as a senescence model to study the age-triggered senescence (Song et al., 2014; Wei et al., 2017). Our results indicated that the exudates of ITBB2-31 was effective to inhibit dark-induced senescence of detached leaves of rubber tree and cassava (Figure 6), suggesting that ammonia-induced senescence and dark-induced senescence may have shared signal transduction pathway.




4.4 Potential anti-aging and growth-inhibiting agents in ITBB2-31

Multiple compounds with either anti-aging or growth-inhibiting activities were identified through comparative metabolome analysis of filter-sterilized and autoclaved media of strain ITBB2-31. Both activities are suggested to come from a combination of compounds, since multiple compounds in the metabolites have been reported to have anti-aging or growth-inhibiting activities. In this research, a total of 1188 compounds were identified by LC-ESI-MS/MS analysis, and 102 compounds were shared by both filter-sterilized and autoclaved FMs (Figure 7A; Supplementary Table S4). To narrow down our search for the anti-aging compounds, we supposed the anti-aging agents to have similar relative abundance in both treatments, and set a cutoff value of 0.75 < Rf/Ra < 1.5, since the anti-aging agents are heat-stable (Figure 4). Seventeen compounds lay in the search scope, and biological functions of them were mined in literatures. Results indicated that some of them have been reported to have anti-aging effects in animals and/or plants, including 3-(2,4-dihydroxypentyl)-8-hydroxy-6-methoxyisochromen-1-one (an isocoumarin derivative) (Powers et al., 1989), indole-3-acetaldehyde (McClerklin et al., 2018), leupeptin (Carlin et al., 1994), muramic acid (Lehtonen et al., 1997), alpha-lapachone (Cho et al., 2006), and fatty acyls (Yu et al., 2020). Therefore, the anti-aging effects may come from a combination of compounds. Isocoumarin and derivatives have been shown to inhibit the activity of a variety of serine proteases (Powers et al., 1989), and potentially inhibit senescence. Indole-3-acetaldehyde is a precursor of indole-3-acetic acid (IAA) in Arabidopsis and is converted to IAA through a novel pathway (McClerklin et al., 2018). Leupeptin specifically inhibit the proteolytic activity in senescent cell lysates and potentially inhibit senescence of plants (Carlin et al., 1994). Muramic acid interacts with lectin in plants (Ayouba et al., 1991), and were detected in more percentage in young people than in the olds (Lehtonen et al., 1997). A plant alpha-lapachone has been proven to have antivascular activity in animal cells (Garkavtsev et al., 2011) and antifungal activity in plants (Cho et al., 2006). Benzoic acid derivatives from Bjerkandera adusta has been shown to modulate the proteostasis network, and likely to be anti-aging agents (Georgousaki et al., 2020). Fatty acyls are potential biomarkers related to the anti-aging effect of ginsenoside Rb1 (GRb1), an active ingredient of traditional Chinese medicine Panax ginseng C. A. Meyer (Yu et al., 2020).

To narrow down our search for potential growth-inhibiting agents, we set a cutoff value of 90% reduction of relative abundance in the autoclaved FM compared to that in the filter-sterilized FM, which is equivalent to Rf/Ra > 9, since compounds that inhibited the growth of W. microscopica are sensitive to heat-treatment and presented only weak inhibition effect in the autoclaved FM (Figure 4). Among the compounds shared in both treatments, 13 compounds lay in our search scope, some of which have been reported to have toxic and/or growth-inhibiting effects, including S-adenosyl-L-homocysteine (Penyalver et al., 2009), 4-Hydroxyquinoline (Chung et al., 1989; Inderjit, Bajpai and Rajeswari, 2010), Ginkgolide A (Weakley et al., 2011), Phenylalanine (Nguyen et al., 2014; Cao et al., 2019), sparteine-15-carboxylic acid (Ashcroft et al., 1991), 3-hydroxypropanoic acid (Yung et al., 2016), and 2-hydroxyglutaric acid (Bjugstad et al., 2001; Keyser et al., 2008). S-adenosyl-L-homocysteine is a nucleotide analogue, its hydrolase gene ahcY is required for optimal growth of Agrobacterium radiobacter K84 (Penyalver et al., 2009), suggesting that S-adenosyl-L-homocysteine is a growth inhibitor. In our research, S-Adenosyl-L-homocysteine has a high content before autoclaving, but only 4% left after autoclaving, suggesting that it may take part in the growth inhibition of W. microscopica. 4-Hydroxyquinoline is an inhibitor of NADH-ubiquinone reductase in the respiratory chain of mitochondria (Chung et al., 1989); a similar compound, 8-hydroxyquinoline (HQ) is exuded from the roots of Centaurea diffusa, and reduce growth of the other plants (Inderjit, Bajpai and Rajeswari, 2010). Ginkgolide A inhibits vascular smooth muscle proliferation and reduces neointimal hyperplasia in a mouse model (Weakley et al., 2011). Phenylalanine inactivates kinases (Nguyen et al., 2014) and intestinal digestive enzymes (Cao et al., 2019) activities, and thus inhibits development. Sparteine derivatives are well known toxic alkaloids (Pothier et al., 1998), and have been shown to inhibit growth of monocots (Parmaki et al., 2018). 3-hydroxypropanoic acid has been shown to inhibit the growth of Escherichia coli (Yung et al., 2016).

Besides the compounds mentioned above, some other metabolites in the fermented media may have also taken part in either the anti-aging or the growth-inhibiting activities, since the cutoff values we used in the comparative analysis were relatively arbitrary to narrow down the search, however, they contribute only to a larger combination of the compounds.




4.5 Possible mechanism of ammonia-induced senescence in plants

Ammonium is often the preferred form of N nutrition for some higher plants such as eucalyptus (Pfautsch et al., 2009) and rice (Song et al., 2013), and to some extent delays leaf aging (Diaz et al., 2008; Aguera et al., 2010). However, ammonium inhibits the growth of many other plant species, including Arabidopsis thaliana (Podgorska et al., 2017). The toxicity of ammonium is associated with changes in the cellular redox state (Podgorska et al., 2015), and uncoupling of electron transport and respiration inhibition (Hachiya and Noguchi, 2011). The duckweed species W. microscopica is extremely sensitive to ammonium toxicity. In this study, a concentration of 0.5 mM of ammonium was enough to inhibit the growth of W. microscopica and induce its senescence. Moreover, the ammonium-induced senescence seemed to be associated with dark-induced senescence. The exudates of fungal strain ITBB2-31 that inhibited ammonia-induced senescence, inhibited dark-induced senescence of the rubber tree and cassava leaves (Figure 6). Therefore, ammonia- and dark-induced senescence must have shared their signal transduction pathway. Ammonia-induced senescence has been reported in both mammals and plants (Chen and Kao, 1996; Gorg et al., 2015). Dark-induced senescence of detached maize leaves and water-stress induced senescence of detached rice leaves were associated with accumulation of ammonium ion (Chen and Kao, 1996; Lin and Kao, 1998). A decrease of glutamine synthase GS activity attributed to ammonium accumulation in maize and rice leaves (Chen and Kao, 1996; Lin and Kao, 1998; Chien and Kao, 2000), which in turn, increased tissue sensitivity to ethylene and accelerated leaf senescence (Lin and Kao, 1998). However, a later report showed that ammonia accumulation in detached rice leaves did not change tissue sensitivity to ethylene, and ruled out the possible involvement of ethylene in ammonia-induced senescence (Lin et al., 2002). Calcium effectively reduced ammonium-promoted senescence of detached rice leaves, suggesting that ammonium-induced senescence may be mediated through blocking the entrance of calcium ions into the cytosol (Hung and Kao, 1998).





5 Conclusions

W. microscopica was showed to be highly sensitive to ammonia-induced senescence, and can be served as a model plant to screen for plant anti-aging microorganisms. By co-culturing W. microscopica with endophytic microorgainisms isolated from rubber tree, an Aspergillus sclerotiorum strain ITBB2-31 that dramatically increased the lifespan and the biomass of W. microscopica was selected. Interestingly, both filter-sterilized and autoclaved exudates of this fungal strain prolonged the lifespan of W. microscopica cultures from 1 month to at least 7 months. Moreover, the anti-aging effect of this fungal exudate on the rubber tree and cassava leaves was significant, with an increase of chlorophyll contents by 50% - 350%. Additionally, high contents of filter-sterilized exudates remarkably restrained the growth of W. microscopica while extending its lifespan, but high contents of autoclaved exudates presented a weak inhibition effect of its growth. These results indicated that there were both heat-sensitive growth-inhibiting and heat-stable anti-aging agents in the exudates. Comparative metabolome analysis of the filter-sterilized and autoclaved exudates revealed multiple heat-stable anti-aging and heat-sensitive growth-inhibiting compounds. Our findings will be useful in large scale screening of microbes and compounds with anti-aging function, and will be beneficial to agriculture.
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Introduction

S-adenosylmethionine (SAM), a key molecule in plant biology, plays an essential role in stress response and growth regulation. Despite its importance, the SAM synthetase (SAMS) gene family in sunflowers (Helianthus annuus L.) remains poorly understood.





Methods

In this study, the SAMS genes were identified from the sunflower genome. Subsequently, the protein properties, gene structure, chromosomal location, cis-acting elements, collinearity, and phylogeny of the SAMS gene family were analyzed by bioinformatic methods. Finally, the expression patterns of SAMS genes in different tissues, under different hormonal treatment and abiotic stress were analyzed based on transcriptome data and qRT-PCR.





Results

This study identified 58 SAMS genes across nine cultivated sunflower species, which were phylogenetically classified into seven distinct subgroups. Physicochemical properties and gene structure analysis showed that the SAMS genes are tightly conserved between cultivars. Collinearity analysis revealed segmental duplications as the primary driver of gene family expansion. The codon usage bias analysis suggested that natural selection substantially shapes the codon usage patterns of sunflower SAMS genes, with a bias for G/C-ending high-frequency codons, particularly encoding glycine, leucine, and arginine. Analysis of the cis-regulatory elements in promoter regions, implied their potential roles in stress responsiveness. Differential expression patterns for HanSAMS genes were observed in different tissues as well as under hormone treatment or abiotic stress conditions by analyzing RNA-seq data from previous studies and qRT-PCR data in our current study. The majority of genes demonstrated a robust response to BRA and IAA treatments in leaf tissues, with no significant expression change observed in roots, suggesting the response of HanSAMS genes to hormones is tissue-specific. Expression analyses under abiotic stresses demonstrated diverse expression profiles of HanSAMS genes, with HanSAMS5 showing significant upregulation in response to both drought and salt stresses.





Discussion

This comprehensive genomic and expression analysis provides valuable insights into the SAMS gene family in sunflowers, laying a robust foundation for future functional studies and applications in crop improvement for stress resilience.





Keywords: S-adenosylmethionine synthase, pan-genome, sunflowers, abiotic stresses, qRT-PCR




1 Introduction

Plants have developed sophisticated and adaptable mechanisms to adjust to challenging environments, involving a spectrum of morphological, physiological, and molecular changes (Ahuja et al., 2010). They frequently employ strategies such as strengthening and preserving the integrity of biological membranes, along with boosting the production of antioxidant enzymes, to endure stresses from cold, drought, and high salinity (Yang et al., 2013; Mehari et al., 2021). The cultivated sunflower (Helianthus annuus L.) is a prominent oil crop with global significance, renowned for its resilience in adverse environmental conditions,which is originally domesticated by Native Americans in North America, and later introduced to Europe and subsequently became a vital crop worldwide (Zukovsky, 1950; Mantenese et al., 2006). Nevertheless, the cultivation of sunflowers faces various challenges, with drought and salinity being prominent abiotic stressors (Rele and Mohile, 2003; Keeley et al., 2021). A multitude of gene families, including S-adenosyl-L-methionine synthase (SAMS), are integral to the complex regulatory networks that dictate plant stress responses, impacting their growth and bolstering their resilience to harsh conditions (He et al., 2019).

SAMS genes are distinguished by the presence of a methionine-binding site in their N-terminal domain and an ATP-binding motif in their C-terminal domain. These enzymes catalyze the formation of SAM (S-Adenosyl-L-methionine) through the condensation of methionine with ATP, playing a crucial role in essential biological pathways within eukaryotic cells (Heidari et al., 2020). Numerous SAMS genes have been identified by researchers (Ahuja et al., 2010; Yang et al., 2013; Heidari et al., 2020). In Arabidopsis thaliana, there exist four SAMS genes, with AtSAMS3 demonstrating predominant expression within pollen tissues (Yang et al., 2013). The suppression of OsSAMS1, 2, and 3 in rice (Oryza sativa) led to alterations in histone modifications and DNA methylation patterns, which in turn triggered a delay in flowering time (Li et al., 2011). Espartero et al. observed that the expression of SAMS in tomatoes (Solanum lycopersicum) was altered in response to salt stress (Heidari et al., 2020). Similarly, in cucumbers (Cucumis sativus), salt stress induced the expression of SAMS, implicating its role in the modulation of associated stress-response mechanisms (Roje, 2006; Bürstenbinder et al., 2007). In soybean (Glycine max), the expression profiles of the SAMS gene family exhibited significant variation in the face of drought and waterlogging stress, yet displayed relative stability under treatments involving sodium chloride (NaCl) and low temperatures (Jang et al., 2012; Ma et al., 2017). The gene GhSAMS2 has emerged as a promising candidate for the genetic enhancement of upland cotton’s resistance to multiple abiotic stresses (Gupta et al., 2013). The overexpression of CsSAMS1 and its interaction with CsCDPK6 resulted in the stimulation of ethylene and polyamines biosynthesis, ultimately improving salt stress tolerance in transgenic tobacco (Nicotiana tabacum) plants (Zhu et al., 2021). Overexpressing Medicago sativa subsp. Falcata SAMS1 in transgenic tobacco plants increased their tolerance to cold stress by enhancing oxidation and polyamine synthesis (Guo et al., 2014).

Pan-genomic analysis, now a prevalent approach, is utilized to assess genetic variability within species, explore gene flow between species, and examine the processes of domestication and crop improvement (Hübner et al., 2019; Li et al., 2010; Gao et al., 2019; Tao et al., 2021; Tettelin et al., 2005). A single reference genome might not capture the full spectrum of genetic diversity that evolves over time within a species, possibly leading to the exclusion of many important genes. While the SAMS gene family has been extensively researched in A. thaliana, rice, cotton, and tomato, there is a pronounced shortfall in studies on the SAMS genes in sunflowers, particularly in relation to their pan-genome diversity and how their expression patterns react to abiotic stresses such as cold, drought, and salinity, as well as to external hormonal signals (He et al., 2019; Heidari et al., 2020; Sun et al., 2022).

In this research, we conducted a comprehensive, genome-wide identification of SAMS genes utilizing the sunflower pan-genome. A total of 58 SAMS genes were discovered across nine cultivated sunflower varieties. We investigated their phylogenetic relationships, gene structures, motifs, cis-elements, and the secondary and tertiary structures of the corresponding proteins. Additionally, we analyzed the codon usage bias in these 58 SAMS genes, employing neutrality plot, ENc-plot, PR2-plot, and the Relative Synonymous Codon Usage (RSCU) method. Building on this, we extracted gene expression data for the SAMS gene from a variety of conditions, including exposure to abiotic stresses and treatments with external hormones. Furthermore, we performed a systematic analysis of the SAMS gene expressions, with a particular focus on their expression patterns under drought and salt stress conditions, using quantitative real-time PCR (qRT-PCR). These results provided comprehensive genomic information of sunflower SAMS gene family, enhancing our understanding of their roles in stress response and potentially contributing to the development of sunflower varieties with improved stress tolerance.




2 Materials and methods



2.1 Identification of SAMS genes

Protein sequences of SAMSs from A. thaliana were obtained from the TAIR (https://www.Arabidopsis.org/). Genome and annotation files of Helianthus annuus XRQ) was downloaded from Ensembl plants (https://plants.ensembl.org/index.html). Helianthus annuus (HA89), Helianthus annuus (HA300), Helianthus annuus (IR), Helianthus annuus (LR1), Helianthus annuus (OQP8), Helianthus annuus (PI659440), Helianthus annuus (PSC8) and Helianthus annuus (RHA438) were downloaded from NCBI. The Hidden Markov Model (HMM) (PF02772, PF02773, PF00438) of S-adenosylmethionine synthase was downloaded from the Pfam database (https://pfam.xfam.org/), and were used to search protein databases by HMMER in TBtools-II (Chen et al., 2023) with an E-value<1e−5. Subsequently, all putative SAMS genes shared the three HMM domains were validated by batch-CD search (http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi), Pfam, and HMMER (https://www.ebi.ac.uk/Tools/hmmer/) databases (Potter et al., 2018; Mistry et al., 2021; Wang et al., 2023). The SAMS genes in the XRQ cultivar are named using Latin abbreviations coupled with their chromosomal positions in the XRQ reference genome. For instance, the designation XRQ-HanSAMS1 indicates that XRQ represents the cultivar name, Han refers to Helianthus annuus, and the numeral in SAMS corresponds to the gene’s ordered position on the chromosome, listed from the smallest to the largest. Other cultivars’ genes keep their names but get a SAMS number based on where they group with XRQ-HanSAMS genes in the evolution tree. Furthermore, the biochemical parameters of HanSAMS were determined using the ProtParam tool (https://web.expasy.org/protparam/) (Gasteiger et al., 2005). Finally, the subcellular localizations of HanSAMS were predicted using the WoLF PSORT (https://wolfpsort.hgc.jp/). The NPS@: SOPMA secondary structure (https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=npsa_sopma.html) was used to predict the secondary structures of HanSAMS proteins. SWISS-MODEL (https://swissmodel.expasy.org/) was employed to 3D protein structure prediction and PyMOL software was used to draw 3D structures of SAMS proteins (PyMOL molecular graphics system; http://www.pymol.org) (DeLano, 2002).




2.2 Phylogenetic, gene structure, cis-element, motif and collinear analysis

Multiple sequences alignments of the full-length SAMS protein sequences was performed using the ClustalX (Larkin et al., 2007). The Neighbor-joining (NJ) tree was constructed by MEGA7.0 with the amino acid substitution Poisson model and 1000 bootstrap replicates test model (Kumar et al., 2016). The exon-intron structure of the SAMS genes was analysed using GSDS 2.0 (http://gsds.cbi.pku.edu.cn/) (Hu et al., 2015). Conserved domains of SAMS proteins were analysed by MEME (http://meme.sdsc.edu/meme/cgi-bin/meme.cgi). The upstream 2000 bp sequences relative to the start codon of each SAMS gene were obtained to analyze the promoter regions, and the cis-elements within these regions were predicted using the PlantCARE (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/) (Lescot et al., 2002). We employed BLASTP to identify homologous genes, with key parameters set to an e-value threshold of 1e-3 and a maximum of 10 target sequences. To identify collinear genes using MCScanX (Wang et al., 2012), we applied the default parameters, include an E_VALUE of 1e-05 and a MAX_GAPS count of 25. The nonsynonymous substitution rate/synonymous substitution rate (Ka/Ks) values were calculated via the DnaSP 6.0 application released by Universitat de Barcelona.




2.3 Estimation of codon bias

A Python-compiled custom program was used to calculate the genomic composition of the SAMS gene family across nine cultivated sunflower varieties, determining the total GC content (GCall) as well as the GC content at the first (GC1), second (GC2), the average GC content at the first and second positions (GC12) and third (GC3) codon positions within the coding DNA sequences (CDS). Additionally, we utilized the software CodonW v1.4.4 (http://codonw.sourceforge.net) to assess the relative synonymous codon usage (RSCU), count the number of effective codons (ENc), and calculate the codon adaptation index (CAI), also determining the length of the amino acid sequences. Furthermore, we conducted a series of analyses to visualize the codon usage bias and neutrality: the Neutrality plot, the PR2 plot, the ENc-plot, and the RSCU plot were all generated using R software.




2.4 Analysis of RNA-seq data of HanSAMS

Hormonal response expression data (NCBI accession number SRP092742) were sourced from the SunExpress V1 database, which provides a comprehensive resource for exploring the expression patterns of genes under various conditions in sunflowers. The FPKM values for all XRQ-HanSAMS genes were extracted and subsequently processed using TBtools-II to create heatmaps.




2.5 Plant cultivation, treatments, RNA isolation, and qRT-PCR

The sunflower salt-tolerant inbred line 19S05 was used to explore the influence of salt and drought stress on sunflower seedlings. We sowed high-quality sunflower seeds in a perforated plastic container filled with nutrient-rich soil, ensuring they received regular watering every three days to support their healthy development. The plants were grown under a controlled photoperiod of 16 hours of light followed by 8 hours of darkness, all within a stable room temperature range of 21 to 25 degrees Celsius(Song et al., 2024b). Once the sunflower seedlings reached the four-true-leaf stage, seedings were treated with 150 mM NaCl solution and 15% PEG6000 solution, respectively. The leaves were then collected at 0 h, 1 h, 3 h, 6 h, 12 h, and 24 h, immediately frozen in liquid nitrogen, and stored at −80°C. The total RNA isolation and purification of samples were performed using an RNAprep Pure Plant Plus Kit (rich in polysaccharides and polyphenolics) (Tiangen, Beijing, China). The RNA isolation for gene expression was done in biological replicates for each sample analyzed. RNA integrity was visualized by 1% agarose gel electrophoresis. The concentration and purity of RNAs (OD260/OD280>1.95) were determined with a NanoDrop Onemicrovolume UVvis spectrophotometer (NanoDrop Technologies, DE, USA). Further, 1 ug of total RNA was reverse transcribed in a 20 ul reaction volume using a PrimeScript RT reagent kit with a gDNA eraser (Code No.6210A, Takara, Beijing, China) following the manufacturer’s instructions to remove traces of contaminant DNA and prepare cDNA. 1 µg of purified total RNA was reverse transcribed into the first strand cDNA that was used to qRT-PCR. Quantitative real-time polymerase chain reaction (qRT-PCR) analysis was used to analyze the expression level of the identified HanSAMSs. The standard qRT-PCR with SYBR Premix Ex Taq II (TaKaRa, Beijing, China) was repeated at least three times on a CFX96 real-time System (BioRad, Beijing). Subsequently, Cycling parameters were 95°C for 30 s, 40 cycles of 95°C for 5 s, and 60°C for 30 s. For melting curve analysis, a program including 95°C for 15 s, followed by a constant increase from 60°C to 95°C, was included following the PCR cycles. Primer Premier 6.0 software were used to designed the specific primers of HanSAMS genes according to their gene sequences, listed in Supplementary Table S1. Results were analyzed by the 2−△△Ct method using the HanActin as the endogenous reference gene (He et al., 2019).





3 Results



3.1 Pangenome-wide identification of SAMS gene family in sunflowers

A total of 58 SAMS genes are identified based on the nine sunflowers genomes, including 7 XRQ-HanSAMS, 6 HA89-HanSAMS, 7 HA300-HanSAMS, 6 IR-HanSAMS, 7 LR1-HanSAMS, 6 PI659440-HanSAMS, 6 PSC8-HanSAMS, 6 OQP8-HanSAMS, and 7 RHA438-HanSAMS (Table 1). The physicochemical properties of the SAMS genes were presented in Table 1. Their protein sequence length ranged from 390 to 391 aa, with a molecular weight (MW) varying from 42583.22 to 43012.92 Da. The isoelectric points (pI) of the protein ranged from 5.47 to 5.97. The grand average of hydropathicity (GRAVY) of the proteins ranged from -0.291 to -0.357, all were the hydrophobic proteins. Secondary structure prediction analysis revealed that the proteins encoded by all the genes were predominantly composed of α-helices, β-turns, random coils, and extended chains (Supplementary Table S2). Among these, random coils were the most abundant structural element, accounting for 40.26% to 45.9% of the secondary structure. α-helices were the next most common, representing a proportion of 30.51% to 37.69%. Extended chains followed with a composition of 13.85% to 16.92%. The least prevalent structure was β-turns, which constituted only 6.92% to 8.97% of the total secondary structure content. Tertiary structure prediction showed that seven SAMS proteins from the reference genome XRQ were matching prediction s-adenosylmethionine synthase 2, which including 2 diphosphomethylphosphonic acid adenosyl ester and 2 potassium ion (Supplementary Figure S1).

Table 1 | The information of the identified HanSAMS gene family in nine sunflowers.


[image: Table displaying gene information, including columns for Gene Name, Gene ID, Chromosome (Chr), Start, End, Number of amino acids, Molecular weight (Daltons), Theoretical pI, and Grand average of hydropathicity (GRAVY). Each row represents a different gene, with numerical data detailing their characteristics.]



3.2 Phylogenetic and evolution analysis of HanSAMS gene

The phylogenetic analysis of nine cultivated sunflower SAMS proteins were performed to examine their relationships. Based on the constructed phylogenetic tree, the SAMS genes could be classified into two major clades with seven groups (SAMS1-SAMS7) (Figure 1). Clade I, which is specific to sunflower SAMS genes, was found to branch into three main divisions, with each division containing a pair of distinct SAMS genes: SAMS1 with SAMS5, SAMS6 with SAMS2, and SAMS4 with SAMS7 (Figure 1). It is proposed that the WGT-1 event around 38-50 million years ago (Badouin et al., 2017) was possibly responsible for generating three homologs within the sunflower SAMS gene family, establishing the three principal branches. Subsequently, the WGD-2 event, occurring approximately 29 million years ago (Badouin et al., 2017), is believed to have caused the duplication of each branch, resulting in two copies per branch and shaping the present structure of the clade I gene family. Notably, the clade II only consists of the SAMS3 group and is uniquely distributed on a separate branch and forms a striking cluster with three homologs from A. thaliana. This finding suggests that the SAMS3 group may share a common ancient ancestor with A. thaliana and appears to have not undergone the most recent whole-genome duplication event, due to lacking the partnered SAMS group that are found clustered together in other SAMS groups. To explore the expansion mechanism of the HanSAMS gene family, we analyzed gene duplication events in sunflowers using the reference genome XRQ. We found that the HanSAMS genes are distributed across seven chromosomes, with one gene per chromosome (see Figure 2), and no tandem clusters were identified. Subsequently, we investigated the gene collinearity within sunflowers and identified 12 pairs of duplicated genes (Figure 2), suggesting that whole genome duplication (WGD) is the primary driver behind the expansion of the HanSAMS gene family. The Ka/Ks values were all lower than 1 for the duplicated genes (Table 2), indicated that the SAMS gene family in sunflower has predominantly experienced purifying selection. The interspecies collinearity analysis of the HanSAMS gene families among XRQ and other eight sunflowers was further performed, and it was found that there were 134 pairs of collinearity, including 19 pairs of HA89, 19 pairs of OQP8, 18 pairs of HA300, 18 pairs of IR, 18 pairs of RHA438, 16 pairs of PSC8, 14 pairs of LR1 and 12 pairs of PI659440 (Figure 3). The collinear relationship among HA89, OQP8 and XRQ genes is the strongest, followed by HA300, IR, RHA438, and the least in PI659440, which may reflect the divergency among nine different cultivated sunflowers.

[image: Circular phylogenetic tree showing various subfamilies and clades of SAMS genes, labeled SAMS1 to SAMS7. Clade I is indicated in purple, and Clade II in blue. The tree branches are color-coded, with detailed gene labels on each branch.]
Figure 1 | Identification of HanSAMS genes in nine cultivated sunflowers. Phylogenetic tree of nine cultivated sunflowers and Arabidopsis SAMS genes.

[image: Circular diagram representing genomic interactions among 17 chromosomes labeled Chr1 to Chr17. Lines indicate connections between different chromosomes, and labels like XRQ-HanSAMS1 to XRQ-HanSAMS7 mark specific points.]
Figure 2 | Chromosomal distribution and collinear relationships of the HanSAMS family. The collinearity of all genes within the sunflower is connected by gray background lines, and the collinearity where the SAMS gene is located is marked with yellow lines.

Table 2 | Ka Ks analysis of HanSAMS duplicated genes in XRQ genome.


[image: Table listing paired sequences and their corresponding Ka, Ks, and Ka/Ks values. Each row contains two sequences along with their values. The average Ka is 0.044, Ks is 1.635, and Ka/Ks is 0.028.]
[image: Diagram showing genetic relationships among different Helianthus annuus accessions across chromosomes 1 to 17. Red lines indicate genetic links or comparisons between specific chromosomes across different accessions, represented by labeled rows. Each row is marked with specific Helianthus annuus accession identifiers.]
Figure 3 | Collinearity analysis of HanSAMS gene families between XRQ and other eight cultivated sunflowers. gray lines indicate all synteny blocks in the sunflower genome, and the red lines indicate duplicated SAMS gene pairs, the chromosome number is indicated at the top or bottom of each chromosome.




3.3 Genes structure and subcellular localization analysis

Examination of gene structures revealed that all SAMS gene in nine sunflowers have only one exon and are devoid of introns (Figure 4A). The HA300-HanSAMS1, HA300-HanSAMS5, HA89-HanSAMS1, LR1-HanSAMS1.1, LR1-HanSAMS1.2, LR1-HanSAMS2, LR1-HanSAMS4, LR1-HanSAMS5, LR1-HanSAMS6, OQP8-HanSAMS1, OQP8-HanSAMS5, PI659440-HanSAMS1, and XRQ-HanSAMS1 were all lacked 5’ and 3’ untranslated regions (UTRs). The subcellular localization prediction suggested that the majority of SAMS proteins are predominantly found in the cytoskeleton, with the exception of SAMS3, which is localized in the cytoplasm, as shown in Figure 4B. The motifs of SAMS protein sequences were predicted using the MEME server, and all members of the SAMS contain motif1-motif10 (Supplementary Figure S2A), indicating highly conserved between different SAMS and different cultivars. The motif2 and motif5 were s-adenosylmethionine synthase domain (central domain), motif1 was s-adenosylmethionine synthase domain (N-terminal domain), motif3 and motif4 were s-adenosylmethionine synthase domain (C-terminal domain), about 50 amino acid residues long and is considered a key element (Supplementary Figure S2B).

[image: Panel A displays a series of horizontal bar graphs indicating gene structures with coding sequences (CDS) in pink and untranslated regions (5' UTR/3' UTR) in blue, measured in kilobases. Panel B features a heatmap showing expression levels across different samples and conditions, ranging from high (red) to low (blue), with categories such as cytoskeleton, cytophilic, chlorophyll, and others noted on the x-axis. Each panel is labeled for clarity, and there’s a legend explaining the colored segments.]
Figure 4 | Gene structure and subcellular localization of HanSAMS genes in nine cultivated sunflowers. (A) Comparison of the gene structures of SAMS genes in nine cultivated sunflowers. (B) Comparison of subcellular localization of HanSAMS genes in nine cultivated sunflowers. The values in heatmap represents sorting signals for each candidate locations. Cysk_Plas, cytoskeleton and plasma membrane.




3.4 Analysis of the codon usage bias of HanSAMS genes

The codon usage bias (CUB) of SAMS gene family in nine sunflowers species was investigated by analyzing the GC, GC1, GC2, and GC3 content (Supplementary Table S3). The GC content of the HanSAMS genes among the nine sunflower genomes ranged from 48.95% to 52.59%, with all group of SAMS and group SAMS3 having the lowest value 50% (Table 3). The GC1 content of all HanSAMS genes and the GC3 content of 91.38% of HanSAMS genes across nine sunflower species exceeded 50%, while the GC2 content remained below 50%. This suggests a notable variation in base composition at different positions and a pronounced bias towards G/C-rich start and stop codons. Although CUB across all HanSAMS genes was generally weak, as indicated by ENc values ranging from 41.76 to 53.62, there were variations among different SAMS groups. Specifically, HanSAMS2, HanSAMS4, and HanSAMS7 exhibited lower ENc values (<50%), suggesting a stronger preference for certain codons compared to HanSAMS groups 1, 3, 5, and 6 (see Supplementary Table S3 for details). The ENc-plots of HanSAMS genes exhibit deviations from the expected curve, suggesting that natural selection predominantly influences CUB (Supplementary Figure S3).

Table 3 | Average GC content and ENC values of HanSAMS genes in nine sunflowers.


[image: Table displaying various statistical data for seven groups, labeled HanSAMS1 to HanSAMS7. Columns include GC, GC1s, GC2s, GC3s, GC12, and ENC with corresponding values. Data ranges from 40.00 to 59.06 across all columns.]
The neutrality curve analysis of GC12 and GC3 values of nine sunflowers HanSAMS gene family revealed positive correlation between GC12 and GC3, with R values ranging from 0.11(IR-HanSAMS) to 0.72(HA89-HanSAMS) and the regression coefficients varying from 0.0576(IR-HanSAMS) to 0.18(HA89-HanSAMS), indicated that CUB of HansSAMS genes was mainly affected by natural selection (Supplementary Figure S4). The PR2-plot analysis reveals the distribution of the third base at the codon. The results show an uneven distribution of scatters across the four regions (Figure 5). Scatters in the top and bottom are predominantly in the lower half, indicating a preference for T at the third position. Those on the left and right are mostly in the left half, indicating a preference for C at the third position. Comparison among the quadrants shows the highest number of scatters in the quadrant three, suggesting a preference for C/T at the third position, implying that natural selection is the primary factor leading to CUB.

[image: Nine scatter plots display data points for different identifiers: XRQ, HA89, HA300, IR, LR1, OQP8, PI659440, PSC8, and RHA438. Each plot has axes labeled "A3/(A3 + T3)^4" and "G3/(G3 + C3)^4" with red dashed lines marking threshold values for number zero. Data points, primarily between zero and 0.5 on both axes, vary slightly in each plot but generally cluster in the lower section.]
Figure 5 | PR2-plot analysis of the HanSAMS gene family in nine sunflowers. A3/(A3+T3)|4 and G3/(G3+C3)|4 represents the four-codon degenerate amino acids.

RSCU (relative synonymous codon usage) is a pivotal metric that quantifies CUB by comparing the observed frequency of each synonymous codon to its expected frequency under equal usage. The RSCU values of the HanSAMS genes were calculated and the results showed there were 22 codons shared by all nine sunflower cultivars with RSCU values greater than 1, of which 15 codons end with C/G (Supplementary Table S4; Figure 6). Conversely, low-frequency codons, which end in A/U, were also prevalent (22 of 35), indicating a bias for these codons in the gene family. The top 3 codons with the largest average RSCU value were encode Arg (AGG with RSCU 2.36), Gly (GGU with RSCU 2.29) and Leu (CUU with RSCU 2.00). The RSCU value varied among cultivars but were generally similar, suggesting a consistent pattern of codon usage across the SAMS gene family.

[image: Bar chart depicting the relative synonymous codon usage (RSCU) for various amino acids. Multiple colored segments represent different data sources, indicated by symbols and colors in the legend on the right. Codons are listed below each amino acid label on the x-axis. The y-axis measures RSCU values.]
Figure 6 | RSCU analysis of the HanSAMS gene family in nine cultivated sunflower species.




3.5 Cis-element analysis

Promoter cis-acting elements are crucial for regulating gene expression. We utilized PlantCARE to identify cis-acting elements in the promoter regions of 58 HanSAMS genes (Supplementary Table S5, Supplementary Figure S5). Our statistical analysis showed these elements involved in various plant processes, including growth, development, hormone response, light response, and stress response (Figure 7A). Notably, stress response elements predominated in the HanSAMS promoters (Figure 7A). In detail analysis, 302 MYB binding site, 191 anaerobic induction (ARE element),186 MYC binding site and 149 stress response element (STRE element) were predicted with high frequency in the promoter region of HanSAMS genes (Figure 7B; Supplementary Table S5). Additionally, 624 light response-related elements were identified, such as MRE (n=105), GT1-motif (n=103), G-box (n=94), Box 4 (n=87) (Supplementary Table S5). Hormone response-related cis-regulatory elements were also observed, such as 108 salicylic acid responsiveness (TCA, as-1), 92 abscisic acid responsiveness (ABRE), 78 gibberellin-responsiveness, 74 MeJA-responsiveness (CGTCA-motif, TGACG-motif), and 41 ethylene response elements (ERE) (Figure 7B; Supplementary Table S5). We also noted that while most SAMS genes within the same group shared similar element distributions across different cultivars, some cultivars exhibited distinct differences (see marked with black boxes in Figure 7B). For instance, the SAMS3 gene in the IR cultivar contained 12 salicylic acid response elements, which is significantly higher than other cultivars by at least three folds. These differences may be linked to the cultivars’ adaptability to environmental stresses and functional selection during evolution. Collectively, our findings suggest that SAMS genes are likely broadly involved in the regulation of hormones and stress responses.

[image: Heatmap showing gene expression data across seven SAMS groups labeled SAMS1 to SAMS7. Rows represent different genes or elements such as growth, hormone response, light, and stress response. Higher expression levels indicated by darker red shades. Various specific elements like MYC binding site and drought inducibility are highlighted.]
Figure 7 | Analysis of the cis-element of HanSAMS genes. (A) Classification of cis-elements of HanSAMS promoters into four main groups: growth and development, hormone response, light responses and stress response. (B) Detail analysis of cis-elements in four groups for each HanSAMS gene promoter. The color intensity and number in each square indicate the number of each type of cis-element in the promoter region of the indicated gene. The distribution patterns of genes within the SAMS group that we are mentioned are marked with black boxes.




3.6 Expression patterns of HanSAMS genes in different tissues

HanSAMS genes may have different functions in the growth and development of sunflowers. To determine the spatial expression pattern of HanSAMS genes in sunflowers, we measured the expression levels of seven XQR-HanSAMS genes from three tissues (roots, stems, leaves) using qRT-PCR. As shown in Figure 8, seven HanSAMS genes were expressed in all the tissues. Among them, HanSAMS1, HanSAMS3 and HanSAMS5 had similar expression patterns and were expressed highest in leaves. Meanwhile, the expression of HanSAMS4 and HanSAMS7 was higher in stems than in the other three tissues. HanSAMS2 and HanSAMS6, exhibited relatively high expression levels in the root. The results suggested that these genes showed a tissue-specific expression pattern and may play different roles in the growth and development of sunflowers.

[image: Bar charts display relative expression levels of HanSAMS1 to HanSAMS7 across leaf, stem, and root tissues. Each chart shows varying expression levels, with distinct letters indicating statistical differences. HanSAMS1 shows highest expression in leaves, while HanSAMS6 peaks in roots. Other genes vary in expression patterns across tissues.]
Figure 8 | Expression profiles of HanSAMS genes in leaf, stem and root. a, b, c, bar indicates a significant difference among the different tissues (Significant differences were determined using the Duncan’s method of univariate ANOVA with a significance level of P <0.05).




3.7 Expression analysis of HanSAMS genes under different hormonal treatment

Promoter analysis revealed there are many hormonal response elements (Figure 7A) the RNA-seq data available for cultivated sunflower (XRQ) were examined and to elucidate the expression patterns of SAMS genes in response to hormones. A responsive pattern was observed across all HanSAMS genes upon IAA treatment in both leaves and roots (Figure 9), suggesting a pronounced sensitivity to auxin signaling (Song et al., 2024a). In leaf tissues, the HanSAMS gene family—excluding HanSAMS1—demonstrated a significant upregulation in expression following BRA (brassinosteroids) treatment, as depicted in Figure 9A. This underscores their crucial role in the regulatory pathways activated by BRA. However, in root tissues, all HanSAMS genes under BRA treatment conditions did not exhibit a significant increase compared to the control samples (Figure 9B). For other different hormone treatments, we also observed the different expression patterns in different tissues. For instance, HanSAMS3 demonstrates its highest expression levels in leaves following MeJA treatment (Figure 9A), whereas in roots, the ABA treatment elicits its peak expression (Figure 9B). These results indicate that the HanSAMS gene expression is modulated in a tissue-specific manner in response to hormonal signals.

[image: Heatmap comparing gene expression profiles of HanSAMS genes under various treatments. Panel A shows data on HanSAMS1 to HanSAMS7, with a color gradient from green (low expression) to red (high expression), indicating variation in response across treatments like ABA, ACC, and IAA. Panel B displays similar data, with genes rearranged. The legend reflects expression levels.]
Figure 9 | The expression of HanSAMS in different tissues and under different abiotic stresses. (A) HanSAMS gene expression in leaves under exogenous hormone treatment (SRP092742); (B) HanSAMS gene expression in roots under exogenous hormone treatment (SRP092742). ctrl, control; ABA, abscisic acid; ACC, Ethylene; BRA, Brassinosteroids; GA3, Gibberellic Acid 3; IAA, Indole Acetic Acid; Kin, Kinetin; Meja, Methyl-Jasmonate; SA, Salicylic acid; Stri, Strigolactone.




3.8 Expression patterns of HanSAMS genes under drought and salt stresse

Considering that the cis-elements responding to various stress existed in the promoter sequences of HanSAMS genes (Figure 7A), we conducted a quantitative analysis of the HanSAMS gene using qRT-PCR to examine their expression profiles under drought and salt stresses (Figure 10). Our findings revealed that the HanSAMS genes exhibited distinct expression patterns at various time intervals (0 h, 1 h, 3 h, 6 h, 12 h, 24 h) following exposure to drought and salt stresses. All of the HanSAMS genes showed increased expression levels at different times under stresses, and some differences were extremely significant when compared with the untreated group (CK, 0h). In the case of drought treatment, four of the seven HanSAM genes, including HanSAMS3, HanSAMS4, HanSAMS5 and HanSAMS6, showed the highest upregulation at 12th hour, while HanSAMS1 showed the highest upregulation at the 6th hour. Notably, we observed that the expression level of the HanSAMS5 gene under drought stress is the highest among all SAMS genes (exceeding 55-fold at the 12th hour). In the case of salt treatment, five of the seven HanSAM genes, including HanSAMS2, HanSAMS4, HanSAMS5, HanSAMS6 and HanSAMS7, showed the highest upregulation at the 3th hours and gradually downregulated thereafter, while HanSAMS3 was up-regulated to highest point at 6 th of treatment. Notably, we also observed that the expression level of the HanSAMS5 gene under salt stress is the highest among all SAMS genes (exceeding 10-fold at the 3th hour). In summary, most of HanSAMS genes exhibit responsiveness to both salt and drought stress treatments, with a more rapid response observed for salt stress (peak at 3th hour) compared to drought stress (peak at 12th hour).

[image: Bar charts compare the relative expression of seven genes (HanSAMS1 to HanSAMS7) under drought and NaCl conditions over time (CK, 1h, 3h, 6h, 12h, 24h). Drought and NaCl are represented by blue and red bars, respectively. Error bars indicate standard deviation. Different letters on the bars denote statistical significance.]
Figure 10 | Expression patterns of HanSAMS genes under drought and NaCl stress treatments. a, b, c, d bar indicates a significant difference between the experimental treatments and control (CK) treatment (Significant differences were determined using the Duncan’s method of univariate ANOVA with a significance level of P <0.05).





4 Discussion

S-adenosylmethionine (SAM) is produced through the catalysis of methionine and adenosine triphosphate (ATP) by the enzyme S-adenosylmethionine synthetase (SAMS) (Fontecave et al., 2004). SAM genes play a crucial role in various cellular pathways, including those associated with ethylene and polyamine biosynthesis, methionine metabolism, as well as transmethylation and transsulfuration processes (Chen et al., 2016; Sauter et al., 2013). In the current study, SAMS genes have been analyzed by an extensive use of bioinformatics, such as Arabidopsis (4), rice (3), tomato (4), Eggplant (4), Triticum urartu (3), Barley (4), Sorghum (3), Medicago truncatula (5), Soybean (9) (Heidari et al., 2020). In this study, 7 XRQ-HanSAMS, 6 HA89-HanSAMS, 7 HA300-HanSAMS, 6 IR-HanSAMS, 7 LR1-HanSAMS, 6 PI659440-HanSAMS, 6 PSC8-HanSAMS, 6 OQP8-HanSAMS, and 7 RHA438-HanSAMS genes were identified in nine sunflower genomes, respectively. The phylogenetic analysis of the HanSAMS genes were performed to examine their relationships, the results indicated that they could be divided into seven groups (SAMS1-SAMS7) (Figure 1). It is not the case that every group encompasses all species. Only SAMS1 and SAMS2 are present in all nine varieties, while SAMS3 is found in only seven, suggesting the genetic diversity among different cultivars. The gene structure analysis revealed that all the 58 HanSAMS genes were intron-less and contain only one exon (Figure 4A), which is consistent with the results of previous studies in other species (Sun et al., 2022; Kilwake et al., 2023). Furthermore, the cis-elements analysis in the promoter region of the HanSAMS genes indicated that they might be primarily involved in the plant hormonal signals, light, and abiotic stresses responsiveness (Figure 7), this is similar to the findings of cis-elements in plants such as Arabidopsis and Triticum aestivum (Cheng et al., 2012; Shen et al., 2003). Our findings also suggest that one or two cultivars show a number notably different with other cultivars while most of HanSAMS genes within the same group share similar type and number of regulatory elements across cultivars, The results of the Ka/Ks analysis indicate that the SAMS gene family in nine sunflowers has predominantly experienced purifying selection throughout its evolutionary history.

Codon bias plays a complex role in the formation of gene mutation and the results of selection, but it is also important for the structure, function and expression of genes encoding proteins that are closely linked, and affects evolution (Chen et al., 2004; Hartl et al., 1994; Hershberg and Petrov, 2008). The codon usage bias of sunflower SAMS gene families in nine cultivated species, ENc-plot, PR2-plot and neutrality curve analysis indicated that codon usage bias formation of sunflower SAMS gene families may be the result of base mutations, natural selection and other factors. Through RSCU analysis, it was found that high frequency codons in sunflower SAMS gene families of nine cultivated species preferred G/C ending, and the codon with the largest RSCU value encodes Leucine (Leu, CUU), Glycine (Gly, GGU), and Arginine (Arg, AGG). The codon bias of the plant genome can be analyzed and studied by a correlation index, and the frequency of codon usage between species at the order and family level is different; thus, the genetic relationship between species can be analyzed by a correlation index (Puigbo et al., 2008; Chen et al., 2014; Wang et al., 2011).

Previous research has indicated that SAMS genes are often activated by a variety of hormonal treatments and abiotic stresses. For instance, AtSAMS3 and AtSAMS4 are upregulated under biotic stress and brassinosteroid (BR) treatment, but downregulated in response to abiotic stresses such as salt, heat, and temperature stress, as well as ABA application (Heidari et al., 2020). In this study, we discovered that HanSAMS genes exhibit high expression levels in sunflower leaves when subjected to brassinolide (BRA) and indole-3-acetic acid (IAA) treatments, as revealed by previously published RNA-seq data (Figure 9). BRs are emerging as a plant hormone of significant importance due to their role in stress responses, including extreme temperatures and drought (Brewer et al., 2013; Ha et al., 2014; Nolan et al., 2020). Recent studies have shown that the overexpression of BRL3, a vascular BR receptor, enhances drought responses without hindering growth in Arabidopsis (Fàbregas et al., 2018). ABA and IAA are known as a hormone responsive to abiotic stresses such as drought, heat, low temperature, radiation and salt stress (Vishwakarma et al., 2017). However, in root tissues, all HanSAMS genes exhibiting reduced expression under BRA and IAA treatment conditions (Figure 9), indicating that the HanSAMS gene expression is modulated in a tissue-specific manner in response to hormonal signals.

In our promoter analysis, a multitude of MYB-related elements were identified in HanSAMS genes (Figure 7), Several studies have highlighted MYB as a crucial transcription factor associated with plant drought resistance and a key player in the transcriptional regulatory network governing plant responses to drought and salt stress (Espartero et al., 1994; Baldoni and Genga, 2015; Leng and Zhao, 2020; Sun et al., 2022). The overexpression of the SAMS gene from Lycoris radiata in E. coli has been shown to enhance plant tolerance to salt stress (Li et al., 2013). Given the presence of drought and salt responsive cis-elements in the promoter regions of HanSAMS genes, we performed a qRT-PCR analysis to assess all 7 XQR-HanSAMS expression dynamics under drought and salt stress conditions (Figure 10). Our results indicated that HanSAMS genes displayed unique expression profiles at different time points following stress exposure. Notably, HanSAMS5 showed the most significant upregulation under both stress types, with over 55-fold increase at the 12th hour for drought and over 10-fold at the 3th hour for salt stress. This suggests that HanSAMS5 may play a crucial role in the plant’s response to adverse environmental conditions.




5 Conclusion

The study identified 58 HanSAMS genes in nine sunflowers through whole-genome bioinformatics analysis. The identified HanSAMS genes are distributed across seven chromosomes, exhibiting a conserved exon-intron structure devoid of introns. Phylogenetic analysis has uncovered that the sunflower SAMS genes have expanded due to recent WGT-1 and WGD-2 events, resulting in three homologous branches, each comprising two discrete SAMS groups. The analysis of codon usage bias revealed a pronounced preference for high-frequency codons ending in G or C, notably those encoding glycine, leucine, and arginine, highlighting the significant role of natural selection in shaping the evolution of the HanSAMS genes. A detailed promoter analysis revealed a wealth of stress-responsive cis-elements, suggesting their regulatory roles in stress tolerance. Moreover, expression profiling under hormonal stimuli and abiotic stresses, especially the marked upregulation of HanSAMS5, points to its pivotal role in managing multiple abiotic stresses. Collectively, these findings provide valuable insights into the functional diversity and evolutionary dynamics of the SAMS genes in sunflowers, laying a robust foundation for future research aimed at enhancing sunflower stress resilience through genetic improvement strategies.
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1 Introduction

Artocarpus tamaran Becc. is a member of the Artocarpus genus of the Moraceae family, comprising 74 plant species (POWO, 2024). The species tree may attain a height of 45 m and a stem diameter of 1 m, with buttresses up to 3 m in height (Kochummen, 2000). The species is endemic to Borneo, occurring in Sarawak, Sabah, Kalimantan, and Brunei Darussalam, specifically in low land to the hilly mixed Dipterocarpaceae forest, beside the river, on sandstone, clay, and alluvial substrate (POWO, 2024; Jarrett, 1959). It has also been recorded in the primary or old secondary forests and logged forests at 20 m to 1800 m above sea level (Jarrett, 1959). According to the Red List category of the International United Conservation Nations (IUCN), Artocarpus tamaran is classified as Vulnerable A2c according to the Red List category of the International Union for Conservation of Nature (IUCN, 2024). The species is endangered due to habitat loss, which has been converted into plantations, logged, burnt down, and climate affected such as in Sabah, Sarawak, and Kalimantan (IUCN, 2024; POWO, 2024). The species is utilized for fiber material sourced from the bark, which is used to produce cloth and hats (Kulip, 2003; Fern 2014), fresh fruit, and edible seed after being boiled or roasted (Lim, 2012). The stem, referred to as “terap” in local terminology, has potential applications in construction (Kochummen, 2000). The log and timber prices of the species were 22.90 USD m-3 and 50.88 USD m-3, respectively (Karmini et al., 2020).

The chloroplast genome displays a quadripartite structure and is circular. The structure comprises a large single-copy region (LSC) and a small single-copy region (SSC), separated by a pair of inverted repeats (IRs), with some exceptions noted where the loss of an IR or the SSC has occurred. The size of the chloroplast genome in terrestrial plants ranges from 19 to 217 kb, with the IRs generally measuring 20-26 kb in length (http://www.ncbi.nlm.nih.gov/genome/organelle). The chloroplasts proteome consists of around 3000 proteins that play roles in photosynthesis, and the biosynthesis of fatty acids, amino acids, hormones, vitamins, nucleotides, and secondary metabolites (Dobrogojski et al., 2020). The advancement and utilization of chloroplast genome engineering technology may inform the investigation of chloroplast gene functions, gene editing, gene expression regulation, and genome analysis (An et al., 2022). Regulation of chloroplast gene expression in chloroplast genome engineering is employed to achieve high-value industrial targets, improve photosynthetic capacity, and biofortify food crops (Boynton et al., 1988). This study presents the results of the chloroplast genome sequencing of the A. tamaran species.




2 Method



2.1 Plant material, DNA extraction and sequencing

A sample of A. tamaran was obtained from the living collection of Bogor Botanical Gardens in West Java, designated with collector number IN577. The plant sample originated from Central Kalimantan. Genomic DNA was extracted from fresh leaves utilizing the CTAB (cetyltrimethylammonium bromide) method as described by Doyle and Doyle (1987). The initial quantification and purity of DNA were evaluated using a Nanodrop 2000 (Thermo Scientific) and visualized through agarose gel electrophoresis with 1% TBE agarose. The Qubit dsDNA HS Assay Kit (Thermo Scientific) was utilized for enhanced DNA quantification accuracy. The integrity of DNA was assessed utilizing the 4150 TapeStation (Agilent).

Genomic DNA was utilized as the input for library preparation. The genomic DNA was enzymatically fragmented to obtain the required insert size. The fragmented DNA was ligated with MGI-compatible adapters, each containing a unique barcode for each sample. PCR was performed to amplify the library. The quality and quantity of library samples were assessed using Tape Station and Qubit Fluorometer, respectively. The amplified library samples underwent circularization, and the resulting circular DNA served as input for the DNB formation process. The DNBs were loaded onto the flow cell, and sequencing was conducted for 612 cycles (PE300) utilizing the MGI DNBSEQ-G400.




2.2 Chloroplast genome assembly and annotation

Quality control was conducted to evaluate the quality of reads utilizing FASTQC software version 0.11.8 (Andrews, 2010). Low-quality bases (less than 30), adapters, nucleotide position biases at the 3’ and 5’ ends, and sequence contamination were eliminated through trimming and filtering with Trimmomatic version 0.39. The parameters used were TruSeq3-PE.fa:2:30:10, SLIDINGWINDOW:4:28, LEADING:28, TRAILING:28, and MINLEN:20 (Bolger et al., 2014). The clean reads were then assembled using GetOrganelle version 1.7.7.1 (Jin et al., 2020). Annotation was conducted with CPGAVAS2 (http://47.96.249.172:16019/analyzer/annotate) (Shi et al., 2019), utilizing the cp genome of Artocarpus gomezianus Wall. ex Trécul (accession number: NC_080592) as a reference. This was followed by manual verification in Unipro Ugene v. 45.1 (Okonechnikov et al., 2012) and NCBI Genomic Workbench v. 3.8.2 (Kuznetsov and Bollin, 2021). The circular genome was visualized with OrganellarGenomeDRAW (OGDRAW) via the MPI-MP Chlorobox (Greiner et al., 2019).





3 Results

The complete chloroplast genome of A. tamaran has been successfully assembled, measuring 160,294 bp and exhibiting a quadripartite structure comprising four regions: the large single-copy (LSC) region, the small single-copy (SSC) region, and two inverted repeats (IR) regions (Figure 1). The LSC region has a length of 88,789 bp, the SSC region measures 20,015 bp, and each IR region is 25,745 bp. The genome exhibits a total GC content of 36%, with the highest concentration observed in the IR regions at 46.2%, followed by the LSC region at 34.2% and the SSC region at 28.9%. A total of 129 genes, comprising 110 unique genes, were annotated in the A. tamaran chloroplast genome. The identified genes comprised 84 protein-coding genes (77 unique), 37 tRNAs (29 unique), and 8 rRNAs (4 unique). Of the 129 genes analyzed, 14 exhibited a single intron, while three genes (rps12, ycf3 and clpP) contained two introns (see Table 1).

[image: Circular diagram of the Artocarpus tamaran chloroplast genome, spanning 160,294 base pairs. Genes are color-coded, representing different functions such as photosystems, cytochrome b/f complex, ATP synthase, and ribosomal proteins. Arrows indicate direction of transcription, with sections labeled LSC, SSC, IRa, and IRb.]
Figure 1 | Gene map of the A. tamaran chloroplast genome.

Table 1 | List of genes in the A. tamaran chloroplast genome.


[image: A table categorizing genes by function with four main categories: Self-replication, Photosynthesis, Other function, and Unknown function. Each category lists groups of genes and their specific names. Annotations include gene duplication, single intron, and double intron, marked respectively by superscripts.]
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Roses (Rosa chinensis) are among the most cherished ornamental plants globally, yet they are highly susceptible to infections by Botrytis cinerea, the causative agent of gray mold disease. Here we inoculated the resistant rose variety ‘Yellow Leisure Liness’ with B. cinerea to investigate its resistance mechanisms against gray mold disease. Through transcriptome sequencing, we identified 578 differentially expressed genes (DEGs) that were significantly upregulated at 24, 48, and 72 hours post-inoculation, with these genes significantly enriched for three defense response-related GO terms. Further domain analysis of the genes in these GO terms reveal that 21 DEGs contain the Bet v 1 family domain, belonging to the major latex protein (MLP) gene family, suggesting their potential key role in rose disease resistance. Furthermore, we systematically identified 46 RcMLP genes in roses and phylogenetically categorized them into two distinct subfamilies: group I and II. Genomic duplication analysis indicates that tandem duplication is the main driver for the expansion of the RcMLP family, and these genes have undergone by purifying selection. Additionally, detailed analyses of gene structure, motif composition, and promoter regions reveal that RcMLP genes contain numerous stress-responsive elements, with 32 RcMLP genes harboring fungal elicitor/wound-responsive elements. The constructed potential transcription factor regulatory network showed significant enrichment of the ERF transcription factor family in the regulation of RcMLP genes. Gene expression analysis reveal that DEGs are mainly distributed in subfamily II, where four highly expressed genes (RcMLP13, RcMLP28, RcMLP14, and RcMLP27) are identified in a small branch, with their fold change exceeding ten folds and verified by qRT-PCR. In summary, our research results underscore the potential importance of the RcMLP gene family in response to B. cinerea infection and provide comprehensive basis for further function exploration of the MLP gene family in rose resistance to fungal infections.
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1 Introduction

Rosa chinensis, commonly known as the Chinese rose, is highly valued as both a garden ornamental and a source for cut flowers. It holds a pivotal role in horticulture and the economy, especially being indispensable in perfumery and cosmetic industries (Bendahmane et al., 2013; Mileva et al., 2021; Shang et al., 2024). However, the splendor and economic worth of roses are frequently threatened by various pathogens, with Botrytis cinerea being a particularly catastrophic fungus, notorious for causing gray mold disease across over 1000 plant species (Dean et al., 2012). This necrotrophic fungus can rapidly lead to significant crop losses, affecting not only the aesthetic appeal of roses but also their marketability (Ullah et al., 2024).

Given the enduring significance of roses in the floriculture industry, there is a pressing need to unravel the molecular mechanisms underlying their defense against such pathogens. Recent research has gradually uncovered how roses combat diseases through complex molecular mechanisms. For instance, the WRKY gene family has demonstrated potential in enhancing the disease resistance of roses (Liu et al., 2019, Liu et al., 2023). Major latex-like proteins (MLPs) homologs can be divided into three groups: MLPs, Bet v 1s, and pathogenesis-related proteins class 10 (PR-10s), one of the 17 members of the PR family (Fujita and Inui, 2021). These regulatory proteins are responsive to biotic and abiotic stress and involved in various physiological and biochemical processes, including responses to drought, salt, plant hormones, and pathogen infections (Fujita and Inui, 2021). They have been identified in many plants, such as Malus domestica (Yuan et al., 2020), Cucumis sativus (Kang et al., 2023), peanut (Li et al., 2023), Populus (Sun et al., 2024). A recent study identified the MLP gene family in Pyrus bretschneideri, with PbrMLP genes deemed as vital candidates for resistance to Colletotrichum fructicola in pears (Su et al., 2024a). Furthermore, a handful of studies have established the PR-10 proteins’ role as a signaling module in defense against Botrytis cinerea, outlining regulatory mechanisms such as the ‘Ethylene-MPK8-ERF.C1-PR’ module and the RhERF005/RhCCCH12–RhPR10.1 module, which mediate resistance and cytokinin-induced defense responses, respectively (Deng et al., 2024; Liu et al., 2024). Proteomic analysis has uncovered the role of four PR10 proteins and a plasma membrane aquaporin in the rose defense against Botrytis cinerea infection (Li et al., 2024). These studies highlight the potential of MLP gene family as significant regulators in response to fungal infections. However, a comprehensive identification of MLP genes in roses and an in-depth exploration of their expression patterns in response to Botrytis cinerea infection remain underexplored.

In this study, leveraging publicly available genomic data, we analyzed the transcriptional changes in rose petals during B. cinerea infection, identifying 578 significantly upregulated DEGs at 24, 48, and 72 hours post-infection. Gene Ontology (GO) analysis of these DEGs reveals a significant enrichment of defense response-related terms among RcMLP genes. Furthermore, we systematically identified and analyzed 46 RcMLP genes, including their gene structure, motif composition, evolutionary relationships, chromosomal localization, collinearity analysis, and transcription factor regulatory networks, highlighting the potential significance of the MLP gene family in rose resistance to fungal infection. Our research not only provides new insights into the genomic evolutionary characteristics of the MLP gene family but also lays an essential foundation for exploring their expression patterns and functional mechanisms under pathogen invasion.




2 Materials and methods



2.1 Plant materials and fungal growth and plant infection

Rose cultivars were grown in greenhouses in Suzhou Polytechnic Institute of Agriculture (Jiangsu, China), under the controlled conditions of 75% relative humidity and 25°C under a 16 h light and 8 h dark photoperiod. An B. cinerea strain was isolated from typical diseased petals and then stored in 15% (v/v) glycerol at −80°C. B. cinerea was cultured on potato glucose agar (PDA) media in 25°C growth chamber for about 2 weeks. The inoculum was prepared by harvesting B. cinerea spores with ddH2O and then suspending in 1/2 PDB to a final concentration of 1×105 conidia/mL. For inoculation, B. cinerea inoculum were sprayed evenly on the flowers, with 1 mL inoculum per flower, then the inoculated flowers were covered with plastic bags to ensuren100% humidity. A comprehensive screening for resistance to B. cinerea was conducted across all cultivars with stable phenotypic traits in the germplasm repository at Suzhou Agricultural Vocational College under uniform irrigation and fertilization practices. This systematic evaluation led to the identification of two distinct rose varieties with markedly different responses to the disease: “Yellow Leisure Liness” which demonstrated high resistance, and “Miyaho,” which exhibited sensitivity to gray mold. Control and infected petals for two cultivars were individually sampled in a randomized manner at 0 h, 24 h, 48 h and 72 h, with three biological repeats at each time point. Petals were immediately frozen in liquid nitrogen at the time of harvesting and stored at −80°C.




2.2 RNA-seq library construction

Following the OMEGA RNA kit protocol, total RNA was extracted from rose petals with three replicates. Subsequently, the purity, concentration and integrity of RNA samples were examined by NanoDrop, Qubit 2.0, Agilent 2100, etc., respectively. Qualified RNA was processed for library construction. Subsequently, the first-strand of cDNA was synthesized with fragmented mRNA as template and random hexamers as primers, followed by second-strand synthesis with addition of PCR buffer, dNTPs, RNase H and DNA polymerase I. Purification of cDNA was processed with AMPure XP beads. Then, Double-strand cDNA was subjected to end repair. Adenosine was added to the end and ligated to adapters. AMPure XP beads were applied here to select fragments within size range of 300–400 bp. Finally, cDNA library was obtained by certain rounds of PCR on cDNA fragments generated from on step. In addition, to ensure the quality of library, Qubit 2.0 and Agilent 2100 were used to examine the concentration of cDNA and insert size. The libraries were then sequenced by on Illumina platform with PE150 mode.




2.3 Reads processing and differentially expressed genes analysis

It is crucial to ensure the quality of the reads before moving onto following analysis. Low quality sequences, primers were removed by BMKCloud (www.biocloud.net) and clean data were collected. Then, clean reads were aligned to the reference genome R. chinensis ‘Old Blush’ (v2.0) by HISAT2 v2.2.1 software (Kim et al., 2015). The R. chinensis genome was downloaded from Genome Database for Rosaceae (https://www.rosaceae.org/). The read count for each gene was determined by the StringTie v2.2.0 (Pertea et al., 2015), and the FPKM (Fragments Per Kilobase of transcript per Million fragments mapped) was used to quantification the expression level of each gene. Furthermore, DEGs were identified based on the criteria of an absolute log2Ratio > 1 and the false discovery rate (FDR) < 0.01, utilized the R package DESeq2 (Love et al., 2014). Additionally, GO enrichment and KEGG pathway analyses were performed to explore the biological functions of the DEGs, utilizing clusterProfiler (Yu et al., 2012) and KOBAS software (Xie et al., 2011), respectively.




2.4 Genome-wide identification and characterization of RcMLP genes

To identify candidate members of the MLP genes within the R. chinensis ‘Old Blush’ (v2.0) genome, the hidden Markov model (HMM) profile for the Bet_v_1 (PF000407) domain was retrieved from the Pfam database (http://pfam.xfam.org/) database. All rose genes were then screened using HMMER 3.0 (http://hmmer.org/), with an E-value threshold of < 1e−10, and those containing the Bet_v_1 domain were designated as candidate RcMLP genes. Further validation of the conserved domain in these candidate RcMLP genes was conducted using the SMART database (https://smart.embl.de/) and the NCBI-CDD platform (https://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml) to ensure accuracy. Characteristics of the RcMLP genes, including amino acid length, molecular weight (MW), theoretical isoelectric point (PI), and grand average of hydropathicity (GRAVY), were analyzed using the ExPASy website (http://web.expasy.org/protparam/) (Artimo et al., 2012). Additionally, the predicted subcellular locations of these genes were determined using the Plant-mPLoc tool (http://www.csbio.sjtu.edu.cn/bioinf/plant-multi/).




2.5 Multiple sequences alignment, phylogenetic analysis, and tertiary structure prediction of RcMLP genes

To explore the evolutionary relationships of MLPs, sequences from R. roxburghii, Oryza sativa, and Arabidopsis thaliana were retrieved from the CNCB (https://ngdc.cncb.ac.cn/gwh/Assembly/84056/show), Phytozome (https://phytozome-next.jgi.doe.gov/), and TAIR (https://www.arabidopsis.org/) databases, respectively. Subsequently, the complete MLP protein sequences from these four species were aligned using MAFFT (Katoh and Toh, 2008) v7.4.1. An un-rooted phylogenetic tree was constructed using the maximum likelihood (ML) method in MEGA 11 (Kumar et al., 2018) with 1000 replicates boot-strap test. The tree was further refined and visualized on the Evolview v3 (Subramanian et al., 2019) platform (https://www.evolgenius.info/evolview/). Additionally, the conserved domains Bet_v_1 of all RcMLPs were annotated and visualized using the ggMSA software (Zhou et al., 2022) with default parameters. The tertiary structure of typical Bet_v_1 domain was retrieved from the AlphaFold Protein Structure Database (https://alphafold.ebi.ac.uk/).




2.6 Chromosome location and gene syntenic analysis of RcMLP genes

The physical locations of the RcMLP genes across various chromosomes were determined from the gff annotation of the rose genome and visualized using TB-tools with advanced Circos options (Chen et al., 2020). Gene duplication events among the RcMLP genes were identified using MCScanX (Wang et al., 2012). Furthermore, the rates of nonsynonymous substitution (Ka), synonymous substitution (Ks), and the Ka/Ks ratio for the duplicated RcMLP genes were calculated with KaKs_Calculator 3.0 (Wang et al., 2010). Genes with a Ka/Ks ratio greater than 1 are considered to be under positive selection; those with a Ka/Ks ratio equal to 1 are considered neutral; and those with a Ka/Ks ratio less than 1 are considered to be under negative or purifying selection.




2.7 Gene structure, conserved motif and cis-element analysis of RcMLP genes

The exon and intron sequences of the RcMLP genes were extracted from the gff annotation file of the rose genome. Following this, the web-based tool MEME v5.5.0 (http://meme-suite.org/tools/meme) was utilized to identify conserved motifs, employing all default parameters. Subsequently, PlantCARE (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/) was used to scan the 2-kilobase pair upstream regions of each RcMLP gene for the presence of potential cis-acting regulatory elements.




2.8 Transcription factor regulatory network analysis of RcMLP genes

Potential regulatory interactions involving transcription factors (TFs) within the 2-kilobase pair upstream regions of candidate RcMLP genes were predicted using the Plant Transcriptional Regulatory Map (PTRM, http://plantregmap.gao-lab.org/), with Arabidopsis thaliana as the reference species and a screening threshold of P ≤ 1e−5. Visual representations of the predicted TF networks using Cytoscape software (Shannon et al., 2003). The wordcloud is generated by the ggplot2 package. Furthermore, we also conducted protein-protein interaction (PPI) networks analysis by RcMLP protein sequences by STRING (https://cn.string-db.org/).




2.9 Quantitative real-time PCR analysis

To validate the results from the RNA-Seq assay, 6 DEGs with great alterations were chosen and validated by qRT-PCR. The flowers of ‘Yellow Leisure Liness’ were evenly sprayed with B. cinerea, and the petals were collected at 0 h, 24 h, 48 h and 72 h to detected the expression. The primers for the candidate DEGs and GAPDH gene were designed by Primer 5.0 software and are shown in Supplementary Table S1. Following the standard protocol of the ABI7500 system, the amplification programs for candidate genes in triplicate were validated by qRT-PCR, and the relative quantitative method (2−△△CT) was used to calculate the fold changes to define the expression levels of target genes (Schefe et al., 2006).





3 Results



3.1 Transcriptome profiling of rose in response to B. cinerea infection

Through inoculation with B. cinerea, we have identified two different resistant rose cultivars, ‘Yellow Leisure Liness’ and ‘Miyako’ (Figure 1A). The ‘Yellow Leisure Liness’ cultivar exhibited exceptional resistance, with no noticeable disease spots on the petals even 48 hours post-inoculation (hpi). In contrast, the ‘Miyako’ cultivar had begun to show expanding lesions after 24 hpi. The ‘Miyako’ cultivar’s spots were significantly more severe than those on ‘Yellow Leisure Liness’ at all teat time points, suggesting that ‘Yellow Leisure Liness’ has a decreased susceptibility to the pathogen, marking it as a resistant cultivar.

[image: Panel A shows flowering stages of two rose varieties, "Yellow Leisure Lines" and "Miyako", at 0, 24, 48, and 72 hours post-inoculation (hpi). Panels B, D, and F are volcano plots illustrating significant gene expression changes at these time points (0 vs 24 hpi, 0 vs 48 hpi, and 0 vs 72 hpi). Panels C, E, and G display corresponding heat maps of differentially expressed genes, shaded from blue to red, representing expression levels.]
Figure 1 | Development of B. cinerea on rose petal and analysis of DEGs in roses across control and time-based infections. (A) Variably severe disease lesions observed in two rose cultivars post-inoculation under different time of treatment. The volcano plots show DEGs of ‘Yellow Leisure Liness’ cultivar between uninfected rose petals (0 hour) and infected by B. cinerea at 24 hours (B), 48 hours (D), and 72 hours (F), based on the criteria of log2 fold change (FC) > 1 and FDR value < 0.01. Heatmaps show the expression levels of DEGs in different samples at 24 hours (C), 48 hours (E), and 72 hours (G) post-infection with B. cinerea. Data were homogenized by Z-score.

To elucidate the resistance mechanisms of the ‘Yellow Leisure Liness’ rose cultivar, we selected uninfected and treated at 24, 48, and 72 hpi petals for comprehensive transcriptomic sequencing analysis. The sequencing yielded a total of 52,906,936 reads, with at least 81.14% aligning to the reference genome (Supplementary Table S2). This dataset allowed us to identify DEGs in infected petals compared to the controls, with criteria set at a log2 fold change (FC) > 1 and FDR < 0.01.

At 24 hpi, we identified 1,797 DEGs, with 1,211 upregulated and 586 downregulated (Figures 1B, E; Supplementary Table S3). At 48 hpi, the number of significantly altered DEGs was 1,200, including 850 upregulated and 350 downregulated (Figures 1C, F; Supplementary Table S4). By 72 hpi, the number of DEGs had risen to 2,449, with 1,381 upregulated and 1,068 downregulated (Figures 1D, G; Supplementary Table S5). These DEGs are considered part of the rose’s response repertoire to Botrytis cinerea infection.




3.2 MLP genes are involved in rose resistance to B. cinerea

By comparing the upregulated DEGs at 24 hpi, 48 hpi, and 72 hpi, 578 significantly upregulated DEGs were identified across all three time points (Figure 2A). GO enrichment analysis of these 578 DEGs revealed significant enrichment in three infection response-related pathways: the abscisic acid-activated signaling pathway, defense response, and response to biotic stimulus (Figure 2B). Protein domain analysis of the 31 DEGs annotated in three pathways (part of genes shared) revealed that the 23 genes with the pathogenesis-related protein Bet v 1 family (PF000407) domain, belonging to the MLP gene family (Figure 2C), suggesting their potential role in plant disease resistance. It is noteworthy that RcMLP9, RcMLP7, RcMLP6, RcMLP32, RcMLP8, and RcMLP14 exhibited significant differential expression at 24 hpi with a log2 fold change >5 and FDR value < 0.01. Similarly, at 48 hpi, RcMLP9, RcMLP32, RcMLP7, RcMLP6, RcMLP8, RcMLP16, RcMLP14, Chr4g0410081, RcMLP28, RcMLP13, RcMLP27, and RcMLP31 demonstrated significant differential expression and RcMLP9, RcMLP32, and RcMLP6 were identified as significant differential expression genes at 72 hpi (Supplementary Table S6).

[image: Venn diagram (A) shows overlaps in gene expression at different time points: 0, 24, 48, and 72 hours. Bar chart (B) presents biological processes with differentially expressed genes, highlighting pathways like defense response. Heatmap (C) displays gene expression levels over time, with associated Gene IDs and functional descriptions indicating roles in pathogenesis-related protein Bet v 1 family.]
Figure 2 | Identification of candidate B. cinerea infection-regulated rose genes. (A) Venn diagram depicting number and overlap among upregulated DEGs from each time point. (B) The bar plot illustrates the top 10 Biological Process (BP) GO terms enriched with commonly upregulated DEGs in (A), highlighting the three most significant infection-related terms in red, and the genes enriched within these terms are considered potential candidates. (C) Heatmap depicting the expression patterns and protein domain annotations of the candidate genes identified in (B). Data normalized using Z-score method. FC represents fold change between control and different infection time points.




3.3 Systematic identification of MLP genes family in rose

In order to comprehensive study the roles of MLPs in resisting rose pathogens, we carried out the genome-wide identification of MLP gene family in rose. Utilizing the pathogenesis-related protein Bet v 1 family domain (PF000407, abbreviated as Bet v 1) as a signature motif, we identified 46 RcMLP genes in the rose genome (Supplementary Table S7). These genes are named sequentially from RcMLP1 to RcMLP46 based on their chromosomal positions. The members of the RcMLP gene family exhibit significant differences in amino acid length and physicochemical properties. The number of amino acids ranges from 124 (RcMLP41) to 227 (RcMLP19), molecular weight of proteins varies between 14118.77 (RcMLP41) and 25532.37 Da (RcMLP19), the theoretical isoelectric point ranges from 4.7 (RcMLP38) to 9.15 (RcMLP39), and the Grand Average of Hydrophobicity Index (GRAVY) values range from −0.611 (RcMLP23) to 0.113 (RcMLP16). Predictive analysis of subcellular localization indicates that all RcMLPs were located in the cytoplasm.




3.4 Phylogenetic analysis of the RcMLP gene family

The conserved domains and phylogenetic relationships of RcMLP proteins were explored through multiple alignment Bet v1 domain sequences. The results of the multiple sequence alignments indicate that RcMLP could be distinctly divided into two groups, namely group I and group II (Figure 3A). The 3-D structural analysis of this domain reveals three α-helices (short α1 and α2, and a long, flexible α3), seven β-strands (β1 to β7), and nine loops (L1 to L9), as illustrated in Figure 3B, based on the AlphaFold database. Group I has some amino acid deletions compared to group II, including the absence of Valine (V), Isoleucine (I) and Proline (P) residues at positions 13-15 in the L1 loop, the absence of Aspartic acid (D) at position 94 in L7 loop, the absence of V at position 127 in L9 loop, and the absence of Alanine (A) at 136 and Glycine (G) at 137 in α3. Both group I and group II have a conserved Gly-rich loop GDG[G/T][V/A]G[T/S][I/V]K located in the L4 Loop, which connects β2 and β3, which is crucial for the endonuclease activity of MLP (Fernandes et al., 2013).
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Figure 3 | Evolution analysis of RcMLPs in rose. (A) The multiple sequence alignment of RcMLPs Bet v1 domain sequences. Sequence logo of Bet v1 domain, generated by WebLogo. We have marked the positions of the 3-D structure predicted in (B) atop the aligned 1D sequence diagrams. (B) The 3D structure model of Bet v1 domain predicted by AlphaFold3. (C) The ML phylogenetic tree of 117 MLPs from four species.

To study the evolutionary relationship between the MLP gene family in different plant species, we combined the protein sequences of 45 RcMLPs from rose, 36 RrMLPs from R. roxburghii, 26 AtMLPs from A. thaliana and 9 OsMLPs from rice (Supplementary Table S12) to construct a ML phylogenetic tree. The results showed that a total of 117 MLP genes can be phylogenetically divided into three subfamilies: I, II, and III (Figure 3C). 14 RcMLP genes in rose were clustered within group I, aligning with the members of group I depicted in Figure 3A and present across all four species, suggesting a possible common ancestry among them. 32 RcMLP genes were clustered within group II and this group is uniquely comprised of MLPs indigenous to the genus Rosa, with no homolog genes detected in A. thaliana or O. sativa. Group III is only found in rice and no any member were found for rose, indicating the evolutionary variations between monocotyledons and dicotyledons.




3.5 Gene duplication and collinearity analysis of RcMLP genes

Our genomic analysis of roses revealed that RcMLP genes are dispersed across five out of the seven chromosomes, with a significant clustering on chromosome 4 (Figure 4A). Using MCScanX, we discovered 33 tandem and 2 segmental duplicates in the rose RcMLP gene family (Supplementary Table S8), suggesting that tandem duplication events may have contributed to the expansion of the RcMLP gene family in rose genome. Of particular note in subfamily II (Figure 3C), tandem duplicated genes account for a substantial 84.38%, and an overwhelming 93.75% of these genes are clustered on chromosome 4, with the exception of RcMLP45 and RcMLP46. This distribution strongly suggests that these RcMLPs have emerged from distinctive tandem duplication events which specific to genus Rosa. Furthermore, intraspecific collinearity analysis identified only one gene pair, RcMLP16 and RcMLP45, suggesting a minor impact of segmental duplication on the expansion of RcMLP genes (Figure 4A). The Ka/Ks ratio, a measure of evolutionary pressure, was analyzed for RcMLP gene duplicates and results showed Ka/Ks ratios were below 1(Supplementary Table S9), suggesting purifying selection in RcMLP evolution.

[image: Circular diagram labeled "A" displays chromosome synteny among several species, highlighting connections between Chr5 and Chr6. Linear diagrams labeled "B" show syntenic relationships of Rosa chinensis with Rosa roxburghii, Arabidopsis thaliana, and Oryza sativa across multiple chromosomes. Red lines indicate syntenic regions.]
Figure 4 | Collinearity analysis of RcMLP gene family. (A) Chromosomal locations and their synteny of RcMLP genes in rose. Gray lines indicate all synteny blocks in the rose genome and red line indicates segmental duplication of RcMLP genes. (B) Synteny analysis RcMLP genes between rose and R. roxburghii, A. thaliana, and O. sativa, respectively. The syntenic MLP gene pairs were highlighted in red lines.

To further explore the possible evolutionary processes of the RcMLP genes among species, we analyzed the collinearity of the MLP family genes between rose with R. roxburghii, O. sativa, and A. thaliana, respectively (Figure 4B). The collinearity analysis between R. chinensis and R. roxburghii indicated the RcMLPs has the most synteny with the RrMLPs, exhibiting a predominant one-to-one homozygosity. Comparisons with A. thaliana uncovered extensive of chromosomal rearrangements, identifying only four syntenic gene pairs: RcMLP37-AtMLP17 (AT1G70890), RcMLP36-AtMLP19 (AT2G01530), RcMLP40-AtMLP16 (AT1G70880), and RcMLP42-AtMLP8 (AT1G24020), and they were all in group I subfamily. Notably, there was only one collinear gene RcMLP32, classified under the group II subfamily, exhibited syntenic relationship with the rice gene OsMLP1 (LOC_Os03g18850). These results demonstrated that the rapid evolution and contribution of species-specific genes tandem duplication in the expansion of the MLP gene family.




3.6 Gene structure, conserved motifs and promoter analysis RcMLP gene family

We used the protein sequences of 45 RcMLPs from rose to construct a ML phylogenetic tree. The results showed that RcMLP genes can be phylogenetically divided into two subfamilies: I and II (Figure 5A; Supplementary Figure S1). To elucidate the structural attributes and potential functions of the MLP gene family in rose, we undertook a comprehensive analysis of gene structures and motif compositions. Exon/intron structure analysis revealed that among the 46 RcMLPs, the coding sequences (CDSs) of 30 (~65.22%) were interrupted by introns (Figure 5B). Of these, 27 RcMLPs has two exons, and 3 RcMLPs has three exons. These variations may have arisen from changes during gene duplication events. Genes clustered within the same subgroup exhibited similar exon/intron structures. Using motif-based sequence analysis tool (MEME), motifs were identified and sequence logos for motifs 1 through 9 were created to predict the structural features of the RcMLP proteins and to identify conserved amino acid residues (Figure 5C; Supplementary Figure S2). Notably, members of the same subgroup shared similar motif composition. The RcMLP proteins functional domain Bet_v_1 were also shown in Supplementary Figure S3. The most of RcMLPs in subfamily I has motifs 1 to 4, with only two genes RcMLP19 and RcMLP23 has motif 5, whereas the majority of RcMLPs in the subfamily II has motifs 6 to 9. This result was consistent with previous studies (Feki et al., 2023).
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Figure 5 | The phylogenetic tree, gene structures, protein motifs, and cis-regulatory elements analysis among RcMLPs. (A) The phylogenetic tree of RcMLPs was built with full-length protein sequences by the maximum likelihood (ML) method. (B) The gene structures of RcMLP gene family genes. Yellow boxes, green boxes and black horizontal lines displayed the CDS regions, UTR regions and introns, respectively. (C) The 9 conserved motifs of RcMLP gene family were represented by boxes with different colors. (D) Cis-regulatory elements (CREs) distribution of each RcMLP was shown.

Furthermore, we predicted cis-regulatory elements (CREs) within the 2-kilobase pair upstream regions of the RcMLP genes using PlantCARE. A total of 1,495 CREs were predicted in the promoter regions of RcMLPs (Supplementary Table S10) and the representative CREs were shown in Figure 5D. All CREs can be divided into four main categories. The first category is related to stress responsiveness (627), mainly including MYC binding site (132, 21.05%), MYB binding site (122, 19.46%), stress response element (102, 16.27%), anaerobic induction (92, 14.67%), fungal elicitor/wound responsiveness (52, 8.29%), and drought inducibility (41, 6.54%). Our focus is on the fungal elicitor/wound responsive elements (W Box), which are associated with 32 RcMLP genes. Notably, the genes RcMLP45, RcMLP46, and RcMLP7 contain at least three of these elements each. The second category is related to hormone responsiveness (323), including abscisic acid (ABA) responsiveness (123, 38.08%), MeJA responsiveness (67, 20.74%), salicylic acid (SA) responsiveness (53, 16.41%), gibberellin (GA) responsiveness (34, 10.53%), and ethylene response element (28, 8.67%). Among them, the promoter regions of 41 and 25 RcMLPs abundantly displayed ABA responsiveness (ABRE) and MeJA responsiveness (CGTCA motif and TGACG motif), respectively. The RcMLP12 gene contained the highest number of ABA regulatory elements with totaling of 11 elements, while the RcMLP37 gene has the most MeJA regulatory elements, with 8 elements. Additionally, we found that the RcMLP17 and RcMLP24 genes contained the greatest variety of hormone responsiveness elements, amounting to six types, a broad spectrum of functions within roses. The third category is related to light responsiveness (459). CREs associated with light-responsive elements (such as G-box Box 4, GT1-motif, TCT-motif et al.) were present in the promoter region of all RcMLPs. The remaining category is related to growth and development responsiveness (86), mainly including zein metabolism regulation (25), meristem (22), and circadian (21), and the genes RcMLP28, RcMLP13, and RcMLP17 contain more than five of these elements. In summary, these analyses collectively offer insights into the physiological functions of RcMLPs in rose under both normal and stress conditions.




3.7 Regulatory network analysis of RcMLP genes

To predict the transcription factors (TFs) potentially regulating the RcMLP genes, we conducted an analysis of the CREs within the promoter regions of these genes using the Plant Transcriptional Regulatory Map. Our analysis identified a total of 41 putative TFs with 4,360 binding sites, suggesting a complex regulatory landscape for the RcMLP gene family (Figure 6A; Supplementary Table S11). The TFs were abundant in C2H2 (42), MYB (37), Dof (36), ERF (36), MIKC_MADS (33), AP2 (31), and B3 (31) (Figure 6B), and the least abundant TF families distributed only a few members, such as EIL (2), FAR1 (2), RAV (2), VOZ (2), and LFY (1) (Supplementary Table S11). According to the prediction results, RcMLP39 has the highest number of regulatory factors among all RcMLP genes, with a total of 24 TFs, followed by RcMLP19 and RcMLP37, each having 23 TFs (Supplementary Table S11). In addition, the top ten enriched TF gene families predicted to be involved in regulating RcMLPs were identified, including C2H2, MYB, Dof, ERF, MIKC_MADS, AP2, B3, BBR-BPC, NAC, and bHLH (Figure 6C). Notably, the ERF family showed the broadest regulatory influence across various RcMLP members with the most enriched TFs (total 1,040 members) (Figure 6D).Our predictions aligned with the known RhERF005/RhCCCH12–RhPR10.1 module, which is implicated in cytokinin-induced defense responses to B. cinerea in roses (Liu et al., 2024).Overall, the predicted TFs regulatory network of RcMLPs suggests their potential roles in responses to biotic stresses and network interactions.

[image: A four-part composite graphic shows gene regulatory network analyses. Panel A displays a network diagram of transcription factors (TFs) interacting with RcMLPs, represented as diamonds and hexagons. Panel B is a word cloud highlighting TF types, with "MYB" and "MADS" prominently featured. Panel C presents a circular network map of TF interactions, color-coded by rank. Panel D is a heatmap indicating expression levels of various TFs and RcMLPs, with a color gradient from blue (low) to orange (high).]
Figure 6 | The putative TFs regulatory network analysis of RcMLPs. (A) All putative transcription factors (TFs) were represented by diamond nodes, RcMLPs were represented by rectangle nodes. The putative TFs and related mediated RcMLPs were linked by grey lines. (B) Wordcloud for TFs. Font size is positively correlated with the gene number of corresponding TFs. (C) Top 10 highly enriched and targeted RcMLPs were shown and the darker the color shows highly enriched. (D) The number of top 10 enriched TFs distributions across the targeted RcMLP genes.




3.8 Expression patterns of RcMLP gene family response to B. cinerease

MLPs enhance plant resistance to pathogens by inducing the expression of disease resistance-related genes, playing a crucial role in plant responses to diseases. At all treatment time, 21 RcMLP genes were significantly upregulated, and RcMLP9 has the highest fold change at 48 hpi (Figure 2C). Phylogenetic analysis of the 46 RcMLPs revealed that in subfamily II, 19 genes were significantly upregulated at all three-time points treatment (Figure 7A), accounting for 90.5% of the significantly upregulated genes, suggesting that this clade may play a key role in responding to B. cinerea infection. Among them, RcMLP13, RcMLP28, RcMLP11, RcMLP14, and RcMLP27 exhibited relatively high expression levels at all treatment time and were clustered together. Notably, RcMLP13, RcMLP14, RcMLP27, and RcMLP28 at 48 hpi and RcMLP14 at 24 hpi had a fold change more than 10. To verify the expression data obtained by RNA sequencing, qRT-PCR was used to examine the expression patterns of six RcMLP genes selected under B. cinerea infection stress (Figure 7B). The expression levels of the RcMLP genes under B. cinerea infection stress were largely consistent with the transcriptome data.

[image: Panel A shows a heatmap of RNA-seq expression for various RcMLP genes, with rows indicating genes and columns indicating different time points. Expression levels range from low (blue) to high (red). Panel B presents a bar graph of q-PCR expression for selected RcMLP genes at time points 0, 24, 48, and 72 hours, showing relative expression levels with statistical significance indicated by asterisks.]
Figure 7 | Expression patterns of RcMLP family at different time points during B. cinerea infection of rose. (A) The heatmap shows the expression levels of 46 genes encoding MLP gene family in rose petals at 0 hours (uninfected control) and at 24, 48, and 72 hours post-B. cinerea infection. (B) qRT-PCR results of eight selected RcMLPs genes under B. cinerea infection stress. * represents p < 0.05, ** represents p < 0.01, *** represents p < 0.001, **** represents p < 0.0001.





4 Discussion

Despite the significant economic implications of gray mold disease on roses, the intricacies of rose defense mechanisms during B. cinerea infection are not well understood. In this study, we conducted transcriptome sequencing on petals of the resistant rose cultivar at 24, 48, and 72 hpi with B. cinerea to elucidate the temporal defense responses (Figure 1). The analysis revealed that 578 DEGs were significantly upregulated at all three time points (Figure 2A). Notably, these DEGs were enriched in the MLP gene family containing the Bet_v_1 domain (Figure 2B).

The MLP gene family is crucial in mediating both biotic and abiotic stress responses in plants (Agarwal and Agarwal, 2014; Liu and Ekramoddoullah, 2006). The Bet_v_1 domain, a distinct feature of MLP proteins, is integral to their function (Kofler et al., 2014; Song et al., 2020). This domain facilitates small-molecule binding, thereby regulating the immune system and enabling MLP to participate in defense mechanisms against various biotic stresses (Jain et al., 2016; Radauer et al., 2008). MLP were initially discovered in the Papaver somniferum and have since been identified in multiple plant species (Song et al., 2020). For instance, 10 PR-10 genes have been identified in P. bretschneideri (Su et al., 2024a), and 13 members have been identified in Phaseolus vulgaris (Feki et al., 2023). These gene families play critical roles in plant growth, development, and responses to both biotic and abiotic stresses. The MLP genes likely enhance plant disease resistance by regulating specific defense pathways, such as allergen signaling and PR protein responses (Hendrich et al., 2024; Melnikova et al., 2024; Metwally et al., 2024). Furthermore, some MLP genes may work synergistically with other defense-related genes, forming a complex immune network. These genes not only function in B. cinerea resistance but may also confer broad-spectrum resistance to other pathogens (Castro et al., 2016; Varveri et al., 2024). Similarly, research has shown that MLP genes play pivotal roles in various stresses by modulating or participating in plant defense pathways to enhance resistance (Longsaward and Viboonjun, 2024; Sun et al., 2024, Sun et al., 2023). In Nicotiana benthamiana, NbMLP28 is upregulated through the jasmonic acid (JA) signaling pathway, contributing to plant defense responses and significantly enhancing resistance to Potato virus Y, improving disease resistance in tobacco (Song et al., 2020). In peach, PpMLP10 is significantly upregulated during cold storage in response to cold stress, and its overexpression enhances membrane stability and reduces damage, increasing cold tolerance in peach (Ma et al., 2024). In Brassica napus, BnMLP6 is a key defense gene, encoding a protein that interacts with NPF5.12 at the plasma membrane and endoplasmic reticulum, fortifying the plant’s root barrier by increasing suberin deposition to limit Verticillium longisporum infection and spread (Dolfors et al., 2024). These findings indicate that the MLP gene family broadly participates in plant responses to diverse biotic and abiotic stresses.

However, research on MLP in roses remains limited. To further investigate the role of MLP genes in rose’s response to B. cinerea infection, we conducted a systematic identification of the MLP gene family in roses and identified 46 MLP genes (Figure 3). Multiple sequence alignment revealed that MLP genes across different evolutionary branches retain the core Bet_v_1 domain, indicating that MLP genes have conserved biological functions across evolution, participating in the regulation of plant immune responses to pathogens (Schenk et al., 2009). Phylogenetic analysis of the Rosa genus has revealed a unique subset of MLP genes, Subfamily II, which are indigenous to Rosa and not found in A. thaliana or O. sativa (Figure 3). This suggests a distinct evolutionary path for MLP genes in Rosa. The high proportion of tandem duplicated genes within Subfamily II, particularly their clustering on chromosome 4 (Figure 4A), indicates that these genes likely emerged from specific tandem duplication events unique to Rosa. This clustering and duplication could be linked to the genus’s adaptation, possibly contributing to antifungal capabilities. Additionally, functional characterization through gene expression, indicating the group II subfamily genes tends to respond to B. cinerea infections, suggesting their roles in the adaptation and survival of Rosa species in their natural habitats. The absence of these genes in A. thaliana and O. sativa implies that their functions may be specific to Rosa or have evolved for unique roles within this genus. Further research, including a broader species comparison and functional studies, is needed to substantiate this hypothesis and understand the role of these genes in the biology of Rosa species. Comparative genomics across more Rosaceae family members and other plant families could provide insights into the conservation and divergence of these genes.

Additionally, cis-regulatory element analysis revealed that these genes contain functional elements related to hormone response, environmental response, and growth and development (Figure 5). Particularly, the presence of ABA response elements (ABRE) suggests that these genes could be targets of ABA signaling. Previous studies have demonstrated that MLP genes are induced under abiotic stress conditions and enhance plant resistance by promoting ABA signaling (Wang et al., 2016). PsnMLP5 was activated after ABA treatment, suggesting its regulatory role under abiotic stress conditions via the ABA pathway (Sun et al., 2024). In tobacco, NtMLP423 regulates drought resistance via the ABA pathway, and its overexpression significantly improves drought tolerance (Liu et al., 2020). To further analysis how the MLP gene family responds to B. cinerea infection, we predicted the transcription factor binding sites in MLP genes and found that NAC, bHLH, BBR-BPC, and ERF gene families might be involved in regulating MLP genes (Figure 6). These transcription factors are likely to work in concert with the MLP gene family to regulate plant immune responses and play key roles in specific signaling pathways, providing new insights into the regulatory mechanisms of rose’s response to B. cinerea infection (Liu et al., 2020; Song et al., 2020). The ERF family of transcription factors (TFs) exhibited the broadest regulatory influence across various RcMLP members, which aligns with previous studies that have implicated ERF TFs in the regulation of plant defense responses (Deng et al., 2024; Liu et al., 2024).

In the expression analysis results, the upregulation of RcMLP genes in response to B. cinerea highlights their critical role in rose defense mechanisms. The significant expression of subfamily II genes, particularly RcMLP13, RcMLP14, RcMLP27, and RcMLP28 (Figure 7), indicates their potential as key regulators in the resistance against gray mold disease. Future studies should focus on functional validation of these genes and their roles in other environmental stresses, offering new strategies and directions for crop improvement and breeding projects.




5 Conclusions

This study investigates the transcriptomic profiling of the resistant rose cultivars, ‘Yellow Leisure Liness’, in response to Botrytis cinerea infection, revealing the pivotal role of the RcMLP gene family in fungal resistance. We systematically identified and classified 46 RcMLP genes into two subfamilies, and gene duplication analysis indicates that tandem duplication contributes to the expansion of the MLP gene family, especially for group II subfamily. All RcMLP genes were showed evidence of purifying selection. Detailed structural and promoter analyses, along with the regulatory network construction, reveals a complex interplay of transcription factors, particularly the ERF family, in modulating MLP gene. Expression analysis confirms that the upregulation of 21 RcMLP genes in response to B. cinerea are all belonging to the group II subfamily, suggesting their potential roles in disease resistance. This comprehensive analysis of the rose transcriptome and MLP gene family enhances our understanding of the molecular mechanisms underlying rose resistance to gray mold disease and provides a foundation for future breeding efforts.
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Drought, a major consequence of climate change, initiates molecular interactions among genes, proteins, and metabolites. Agropyron mongolicum a high-quality perennial grass species, exhibits robust drought resistance. However, the molecular mechanism underlying this resistance remaining largely unexplored. In this study, we performed an integrated analysis of the transcriptome, proteome, and metabolome of A. mongolicum under optimal and drought stress conditions. This combined analysis highlighted the pivotal role of transporters in responding to drought stress. Moreover, metabolite profiling indicated that arginine and proline metabolism, as well as the pentose phosphate pathway, are significantly involved in the drought response of A. mongolicum. Additionally, the integrated analysis suggested that proline metabolism and the pentose phosphate pathway are key elements of the drought resistance strategy in A. mongolicum plants. In summary, our research elucidates the drought adaptation mechanisms of A. mongolicum and identifies potential candidate genes for further study.
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1 Introduction

In the context of agricultural development, drought serves as a pivotal constraint, hindering plant growth, diminishing crop yields, and limiting the extent of cultivable land. Arid and semi-arid regions, which represent about 36% of the global land area and 43% of the world’s arable land, are particularly susceptible to this issue. As a result, global water scarcity has emerged as a significant factor contributing to the decline in crop yields (Du et al., 2017; Han et al., 2017; Zurbriggen et al., 2010). To survive under such conditions, plants have developed a range of defense mechanisms that facilitate adaptation to arid environments. The study of these adaptive mechanisms is essential for advancements in agriculture, crop breeding, and the enhancement of varietal resilience (Alvarez et al., 2008).

Recent studies on the drought resistance of plant stems and roots have underscored the importance of several key agronomic traits. Firstly, the length of roots during the seedling stage is identified as a critical factor in improving crop yield under drought stress (Ahmed et al., 2019). Additionally, in situations where subsoil moisture is limited, enhancing root mass and density can significantly improve yield components by facilitating more efficient water uptake (Fang et al., 2017). Furthermore, the total root length is another trait that plays a role in drought resistance, as it affects the soil distribution of roots and the amount of water they can absorb (Wasaya et al., 2018). Moreover, the survival or vigor of seedlings is a practical indicator for assessing drought tolerance in controlled laboratory conditions. Lastly, early growth, or vigor, especially concerning the size of leaves and stems at the early stages of plant development, is a crucial crop trait associated with enhanced water utilization, greater biomass, and higher grain yields (Zhao et al., 2019).

Agropyron mongolicum Keng, a diploid allogamous species (2n = 2x = 14, PP), belongs to the genus Agropyron Gaertn and is renowned as a high-quality perennial forage grass. It is predominantly distributed across regions in China, such as Hebei, Shanxi, Gansu, Ningxia, and Inner Mongolia (Boyer, 1982). This species flourishes in sandy and desert grasslands and frequently acts as a companion species in areas prone to desertification (Vij and Tyagi, 2010). A. mongolicum is primarily cultivated in arid and semi-arid regions characterized by water scarcity, where drought stress markedly constrains its growth and productivity. In 1990, the species was officially designated as a wild-type cultivated variety by the National Forage Variety Appraisal Committee.

Agropyron mongolicum exhibits high seed-setting and germination rates, robust vitality and adaptability, early greening in spring, and late senescence in autumn. These attributes render it an ideal forage option for areas with scarce resources, especially during the winter and spring seasons. The species boasts a high nutritional content, tender shoots and roots, and is characterized by good palatability and resistance to cold, drought, adverse soil conditions, and sandstorms. These characteristics make A. mongolicum particularly suitable for enhancing natural grasslands, serving as a windbreak and for sand stabilization, as well as for establishing artificial grasslands. Despite the substantial research on its agronomic properties, there has been limited exploration into the molecular basis of its drought resistance. Considering its outstanding drought tolerance, A. mongolicum shows potential as a genetic resource for the development of stress-resistant crops through breeding programs (Che and Li, 2007; Esfahanian et al., 2017; Zurbriggen et al., 2010).

Drought stress markedly impacts the growth and productivity of A. mongolicum, triggering alterations in its intrinsic molecular responses. An integrated multi-omics strategy yields profound insights into essential biological processes, metabolic pathways, and regulatory networks within plants (Amiour et al., 2012; Bittencourt et al., 2022; Chin et al., 2020; Leao et al., 2022; Li et al., 2019; Moreno et al., 2021; Remmers et al., 2018; Shu et al., 2022; Srivastava et al., 2013; Wang et al., 2019; Yun et al., 2019). Advances in sequencing technologies have facilitated comprehensive analyses of gene expression patterns, providing robust tools for molecular diagnosis and classification (Xia et al., 2023).

Multi-omics technologies have been extensively employed to elucidate the mechanisms of stress resistance in diverse plants and crops, encompassing responses to water stress, salt stress, disease resistance, and drought stress. These studies have pinpointed genes and metabolites associated with pivotal traits, as well as variations in the accumulation of bioactive components. Findings indicate that various plants and crops mount unique responses to different abiotic stresses. For instance, multi-omics high-throughput technologies have uncovered that E3-ubiquitin ligase proteins play a role in regulating abiotic stress responses in rice (Li et al., 2023; Melo et al., 2021). In wheat, proteomic and metabolomic approaches have been utilized to investigate the drought resistance mechanisms of two spring wheat varieties, Bahar (drought-resistant) and Kavir (drought-sensitive). Metabolomic analysis revealed marked alterations in primary metabolites, including amino acids, sugars, and organic acids, under drought stress. Specifically, the Bahar variety exhibited accumulation of branched-chain amino acids, lysine, proline, aromatic amino acids, arginine, and methionine, with the branched-chain pathway involved in tryptophan accumulation activated, thus contributing to auxin production. Conversely, the Kavir variety’s metabolome exhibited fewer affected pathways, with purine metabolism being one of only two significantly impacted under stress conditions (Amirbakhtiar et al., 2019; Francki et al., 2016; Guo et al., 2020b; Michaletti et al., 2018; Saini et al., 2022; Shewry et al., 2017).

In the present study, we performed an integrated omics analysis of the transcriptome, proteome, and metabolome in the shoots and roots of A. mongolicum under both normal and drought stress conditions to elucidate its drought tolerance mechanisms. Differential expression analysis identified substantial changes in transcripts, proteins, and metabolites among various plant tissues in response to drought stress. Our comprehensive multi-omics investigation highlighted the pivotal roles of arginine and proline metabolism, as well as the pentose phosphate pathway, in the drought resistance of A. mongolicum. These findings offer new perspectives on the genes that could potentially enhance plant drought tolerance.




2 Materials and methods



2.1 Plant material

The A. mongolicum was gifted by Inner Mongolia Agricultural University. The seeds were initially surface-sterilized with 2% sodium hypochlorite for 45 minutes, then soaked overnight in distilled water. Germination took place on a moist blotting sheet within a petri dish at 28°C, under a 14-hour light/10-hour dark photoperiod. Seven days after germination, the seedlings were transferred to a hydroponic system with 1/2-strength Murashige and Skoog (MS) medium as the nutrient source, and were cultivated for an additional 14 days. The 14-day-old seedlings were subjected to a 20% (w/v) PEG 6000 solution to simulate drought stress. Following a 24-hour treatment period, both treated (drought-stressed) and untreated (control) seedlings were harvested, flash-frozen in liquid nitrogen, and stored at -80°C for subsequent analysis. The growth and sample collection were conducted across three independent biological replicates. These samples were utilized for subsequent transcriptomic, proteomic, and metabolomic analyses.




2.2 Transcriptome analysis

Total RNA was extracted using ethanol precipitation and the CTAB-PBIOZOL method. The quality and quantity of the RNA samples were evaluated using a Qubit fluorometer and a Qsep400 high-throughput bio-fragment analyzer (Met ware Biotechnology Co., Ltd. Wuhan, China). The library preparation followed standard Illumina protocols, and sequencing was carried out on the Illumina Nova-seq 6000 platform by a commercial service provider. The raw reads were filtered using Fastq to remove reads with adapters (Patel and Jain, 2012). Owing to the absence of a reference genome, transcriptome assembly was conducted de novo. Novel gene prediction was performed using String Tie, which applies network flow algorithms and optional de novo transcript assembly to splice transcripts. Gene expression was quantified using feature counts to calculate gene alignment statistics, followed by the computation of FPKM (Fragments Per Kilobase Million mapped reads) values based on gene length. Differential gene expression (log2 fold change ≥ +1 or ≤ -1 and FDR ≤ 0.05) was analyzed using edgeR (Robinson et al., 2010).




2.3 Protein sample preparation and proteomic analysis

The protein extraction and nano LC-MS/MS analysis were performed following the method described by (Singh et al., 2023). Total protein was extracted by suspending 1 g of ground tissue in an extraction buffer containing 1% SDS, 100 mM Tris-HCl, 7 M urea, 2 M thiourea, 1 mM PMSF, and 2 mM EDTA. The mixture was shaken, ultrasonicated on ice for 10 minutes, and the centrifuged to obtain the protein solution. Four times the volume of chilled acetone was added, and the proteins were precipitated overnight at -20°C, followed by centrifugation at 4°C to collect the precipitate. The precipitate was washed with cold acetone and dissolved in 8 M urea. Protein concentration was determined using a BCA kit according to the manufacturer’s instructions.

For tryptic digestion, equal number of proteins were taken from each sample. The proteins were reduced with 10 mM DTT for 45 minutes at 37°C and alkylated with 50 mM iodoacetamide (IAM) for 15 minutes in the dark at room temperature. The protein precipitate was collected using 4 times the volume of chilled acetone precipitation at -20°C for 2 hours and resuspended in 200 μL of 25 mM ammonium bicarbonate solution. Protein was digested overnight at 37°C with 3 μL of trypsin (Promega). After digestion, peptides were desalted using a C18 cartridge, drying using a vacuum concentrator, and redissolved in 0.1% (v/V) formic acid.

LC-MS/MS analysis was performed on an Orbitrap Astral MS system coupled to a Thermo Scientific™ Vanquish™ Neo UHPLC system, Samples were injected via an autosampler and trapped on a PepMap Neo Trap Cartridge column (300 μm ×5 mm, 5 μm), then separated on an Easy-Spray™ PepMap™ Neo UHPLC column (150 µm × 15 cm, 2 μm) over a 22-minute gradient. For DIA experiments, the Orbitrap Astral MS was set to a full MS resolution of 240,000 at 200 m/z with a scan range of 380-980 m/z. The full MS AGC was set to 500%. Fragment ion scans were recorded at a resolution of 80,000 and Maximum injection time (ms) of 3 ms using 299 windows of 2-Th scanning from 380-980 m/z. Ions were fragmented using HCD with a normalized collision energy (NCE) of 25%.

MS raw data were analyzed using DIA-NN (v1.8.1) with a library-free method. Three databases were used to create a spectra library utilizing deep learning algorithms from neural networks: the MWXS-24-694-a_Agropyron_mongolicum_Keng. blast. pep. fasta (containing 25,403 sequences)、MWXS-24-694-a_Agropyron_mongolicum_Keng.angel.pep.fasta (containing 337 sequences)、and iRT2.fasta (containing 1 sequences).of. The Match Between Runs (MBR) option was employed to generate the spectral library from the DIA data, which was then reanalyze using this library. The Flase discovery rate (FDR) for search results was set to < 1% at both the protein and precursor ion levels. The remaining identifications were used for further quantitative analysis. Differentially expressed proteins (with a log2 fold change ≥ +1 or ≤ -1 and FDR ≤ 0.05) were identified using edgeR.




2.4 Metabolite profiling using GC-MS

The samples were subjected to vacuum freeze-drying using a lyophilizer (Scientz-100F) and then ground into powder form using a grinder (MM 400, Retsch) at 30 Hz for 1.5 minutes. Fifty milligrams of powdered sample were weighed using an electronic balance (MS105Dμ), followed by the addition of and then 1200 μL of a -20°C pre-cooled 70% methanolic aqueous extract solution (adjusted to maintain the ratio of 1200 μL extract per 50 mg sample). internal standard was added, the mixture was vortexed every 30 minutes for 30 seconds, repeating this process 6 times. After centrifugating at 12,000 rpm for 3 minutes, the supernatant was collected, filtered through a 0.22 μm microporous membrane, and stored in injection vial for UPLC-MS/MS analysis. Metabolites levels were normalized using ribitol as an internal standard, and differential expression analysis (log2fold change ≥ +1 or ≤ - 1 and FDR ≤ 0.05) was perform educing edgeR (Robinson et al., 2010).




2.5 Integration of transcriptome, proteome and metabolome data

Based on the results of Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis, pathways shared between differentially expressed genes (DEGs) and proteins (DEPs), DEGs and differentially expressed metabolites (DEMs), or DEPs and DEMs were selected to assess their roles in A. mongolicum under drought conditions.





3 Results

To elucidate the regulatory mechanisms of A. mongolicum under drought stress, we conducted transcriptomic, proteomic, and metabolomic analyses on drought-stressed seedlings. Drought stress negatively impacts multiple biological processes in plants, such as growth and physiological metabolism. Plants counteract drought stress by engaging physiological functions that mitigate, alleviate, or repair damage. Proline (Pro), a compound ubiquitous in plants, serves as a pivotal marker for evaluating drought tolerance, with elevated Pro levels being associated with enhanced drought resilience. Consequently, we conducted physiological assays to assess the drought response characteristics of A. mongolicum shoots. Our findings revealed a marked increase in proline activity 24 hours after the onset of drought stress (Supplementary Figure 1).



3.1 Transcriptional dynamics of A. mongolicum under drought stress

To elucidate the transcriptional changes elicited by drought stress, RNA sequencing was performed on the roots and shoots of 14-day-old seedlings that were either treated or untreated with PEG6000 for 24 hours. A total of 104.24 Gb of clean data was generated from the 12 samples, with each sample exceeding 7 Gb and a Q30 score greater than 94% (Supplementary Table 1). The differential gene expression analysis, conducted using DESeq2, involved P-value adjustments according to the Benjamini & Hochberg method. Our analysis revealed 7661upregulated and 5346 downregulated genes in the shoots (fold change ≥2 and q-value ≤0.05), as well as 9,592 upregulated and 6,215 downregulated genes in the roots (Figure 1A, Supplementary Tables 2, 3). Hierarchical clustering analysis uncovered distinct expression profiles between the shoots and roots. Furthermore, to assess the expression patterns of differentially expressed genes (DEGs) under varying treatment durations, we aggregated the DEGs from the comparison groups, performed hierarchical clustering, normalized the data using Z-score, and constructed a heatmap (Figure 1B). The heatmap revealed that the 0 h vs 24 h comparison groups exhibited opposite trends.
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Figure 1 | Differential expression genes identified under PEG treatment. (A) Venn diagrams showing the differentially expressed genes identified in PEG treatment in shoots (left) and roots (right). (B) Heatmaps displaying the normalized read counts of differentially expressed genes in PEG treatment in shoots (left) and roots (right).

Gene Ontology (GO) enrichment analysis revealed that both upregulated and downregulated genes in the shoots were significantly associated with metabolic pathways, including those involved in redox enzyme activity, α-linolenic acid metabolism, and cytokinin metabolism (Figure 2A). Similarly, in the roots, pathways related to eicosanoid metabolism and cytokinin metabolism were prominently enriched (Figure 2B). Utilizing the Kyoto Encyclopedia of Genes and Genomes (KEGG) database, we identified key pathways that were enriched under drought stress conditions. Specifically, in the shoots, genes exhibiting changes in expression were primarily enriched in pathways such as secondary metabolite biosynthesis, glycerophospholipid metabolism, and pentose and glucuronate interconversions (Figure 2C). In the roots, the enriched pathways encompassed nucleotide sugar biosynthesis, glycerophospholipid metabolism, and pentose and glucuronate interconversions (Figure 2D).
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Figure 2 | Differential expression genes identified under PEG treatment. (A, B) GO analysis of the differentially expressed genes in shoots (A) and roots (B). (C, D) KEGG analysis of the differentially expressed genes in shoots (C) and roots (D).

In a similar vein, we identified 841 differentially expressed transcription factors (TFs) belonging to 26 TF families under drought conditions. Notably, TF families such as C2H2, AP2/ERF, bZIP, bHLH, and NAC were highly expressed in both shoots and roots, highlighting their pivotal roles in regulating the plant’s response to drought stress (Figure 3A). Moreover, the KEGG enrichment circle plot analysis revealed that differentially expressed genes (DEGs) in both shoot and root tissues were primarily enriched in pathways including KEGG pathway ko1100 (Metabolic pathways), ko01110 (Biosynthesis of secondary metabolites), ko04626 (Plant-pathogen interaction), and ko03010 (Ribosome), suggesting a significant association between amino acid metabolism and oxidative phosphorylation (Figure 3B). The comprehensive analysis indicates that DEGs are particularly enriched in amino acid biosynthesis and carbohydrate metabolism pathways.
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Figure 3 | Differentially expressed transcription factors (DE-TFs) identified under PEG treatment. (A) The distribution of differentially expressed transcription factors (DE-TFs) under drought conditions in both shoot and root, with a family-wise breakdown of the up-regulated DE-TFs in response to drought stress. (B) KEGG Enrichment Circle Plot of Differential Genes expressed genes under drought conditions in the shoot (above) and root (below).




3.2 Proteomic analysis of A. mongolicum in response to drought stress

To augment the insights gained from the global transcriptome analysis, we undertook a high-throughput proteomic study. This effort yielded a dataset comprising 95,877 peptides, which facilitated the identification and quantification of 7,286 distinct proteins (Supplementary Figure 2). Within this dataset, we identified 1,179 differentially expressed proteins (DEPs), with 773 in the shoots and 406 in the roots, based on a stringent criterion of a fold change ≥2 and a q-value <0.05 (Figure 4A). Hierarchical clustering analyses elucidated the differential protein expression patterns between shoots and roots, revealing distinct protein profiles for each tissue (Figure 4B). Gene Ontology (GO) enrichment analysis indicated that, under drought stress conditions, the shoots exhibited upregulated pathways such as cold acclimation, positive regulation of the response to water deprivation, and peptidyl-threonine dephosphorylation (Figure 5A). Conversely, downregulated pathways in the shoots pertained to photosynthesis, light harvesting in photosystem I, and the metabolic processes of galacturonan and pectin (Figure 5B). In roots, upregulated pathways were associated with responses to hydrogen peroxide, as well as the degradation of cell wall polysaccharides and hemicellulose (Figure 5C). In contrast, downregulated pathways in the roots involved activities such as fructose-bisphosphate aldolase, sucrose: sucrose 1F-fructosyltransferase, and hexose alcohol dehydrogenase (Figure 5D). These observations suggest that carbohydrate metabolism is profoundly impacted by drought stress, with alterations in both shoot and root tissues (Figures 5A–D).
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Figure 4 | Proteome response of shoot and root under drought stress conditions. (A) Volcano plot of differentially expressed proteins (log2 fold change≥1 or ≤1 and P-value ≤ 0.05) under drought (DS) and control (CK) conditions in shoots (left) and roots (right) (B) Heatmaps displaying the normalized read counts of differentially expressed proteins in PEG treatment in shoots (left) and roots (right).

[image: Bar charts labeled A, B, C, and D display gene expression data as percentages for different biological processes in plants. A and B represent "Shoot-up" and "Shoot-down," showing categories like "cold acclimation" and "photosystem II." C and D depict "Root-up" and "Root-down," including processes like "response to hydrogen peroxide" and "tricarboxylic acid metabolic process." Percentages range from about 0.47% to 1.91%. Each chart uses color coding to differentiate activities.]
Figure 5 | Proteome response of shoot and root under drought stress conditions. GO analysis of differentially expressed genes that are up-regulated (A) and down-regulated (B) in shoot, as well as those that are up-regulated (C) and down-regulated (D) in root. The green purple, and pink terms present biological process (BP), cellular component, and the molecular function (MF) category, according to GO analysis, respectively.

To delve into the interplay between differentially expressed proteins (DEPs), amino acid biosynthesis, and carbohydrate metabolism, we conducted a Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis. In the shoots, the upregulated DEPs were predominantly enriched in pathways such as isoflavonoid biosynthesis, arginine and proline metabolism, degradation of valine, leucine, and isoleucine, as well as starch and sucrose metabolism (Figure 6A). Conversely, the downregulated DEPs pertained to pathways including phenylpropanoid biosynthesis, plant hormone signal transduction, and ATP-dependent chromatin remodeling (Figure 6B). In the roots, the upregulated DEPs were implicated in the degradation of valine, leucine, isoleucine, tryptophan, and lysine (Figure 6C), while the downregulated DEPs were associated with pathways such as photosynthesis-antenna proteins, valine, leucine, and isoleucine degradation, histidine metabolism, glycolysis/gluconeogenesis, and carbon metabolism (Figure 6D). The analysis highlights a significant enrichment of DEPs in the pathways of amino acid metabolism and carbohydrate metabolism, suggesting a crucial role for these pathways in the plant’s response to drought stress.
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Figure 6 | Proteome response of shoot and root under drought stress conditions. KEGG analysis of differentially expressed genes that are up-regulated (A) and down-regulated (B) in shoot, as well as those that are up-regulated (C) and down-regulated (D) in root.




3.3 Integrated analysis of DEGs and DEPs

To explore the relationship between transcriptomic and proteomic responses to drought stress, we combined mRNA expression data from the transcriptome with protein abundance data from the proteome (Figure 7A). A comparative Gene Ontology (GO) enrichment analysis of differentially expressed genes (DEGs) and differentially expressed proteins (DEPs) uncovered critical biological pathways affected by drought stress. In the shoots, both DEGs and DEPs exhibited enrichment in pathways related to the catabolic process of L-phenylalanine, cold acclimation, and the biogenesis of plant-type primary and secondary cell walls. For cellular components (CC), an enrichment in the chloroplast thylakoid membrane was observed, and in terms of molecular functions (MF), the analysis emphasized the pathways involving cellulose synthase (UDP-forming) and cellulose synthase activity.
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Figure 7 | DEGs/DEPs identified in drought conditions. (A) Correlated genes and proteins expressed in drought conditions. all_ proteins/transcripts present the numbers of total proteins/transcripts identified under PEG treatments. diff_ proteins/transcripts present the numbers of differentially expressed proteins/transcripts identified in the treatments. (B) GO analysis of the differentially expressed genes in shoots (above) and roots (below). (C) KEGG analysis of the differentially expressed genes in shoots (left) and roots (right).

In roots, both differentially expressed genes (DEGs) and differentially expressed proteins (DEPs) were found to be enriched in biological processes (BP) such as cellulose biosynthesis and the plant-type primary cell wall pathway. The cellular component (CC) analysis highlighted the plasma membrane-anchored component pathway, while the molecular function (MF) analysis showed enrichment in pathways related to secondary active sulfate transporter activity. These findings imply that the identified DEGs and DEPs may be involved in regulating transport proteins, cell wall synthesis, and the production of metabolic products (Figure 7B). Notably, under drought stress, there was significant enrichment of pathways such as cold acclimation, plant-type primary cell wall process, secondary cell wall biogenesis, and nitrate assimilation in both DEGs and DEPs, emphasizing the significance of carbohydrate and amino acid metabolism in the plant’s response to drought.

Further Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis of DEPs and DEGs indicated that in the shoots, the primary enrichment occurred in pathways related to flavonoid and flavanol biosynthesis, starch and sucrose metabolism, glycerophospholipid metabolism, and the photosynthesis-antenna proteins pathway. In contrast, the roots showed enrichment in pathways such as photosynthesis-antenna proteins, carbon metabolism, nitrogen metabolism, cofactor biosynthesis, fatty acid metabolism, and phenylpropanoid biosynthesis. These results underscore the importance of starch and sucrose metabolism, carbon metabolism, nitrogen metabolism, and phenylpropanoid biosynthesis in the plant’s response to drought stress, with a notable differential expression of genes and proteins that are integral to carbohydrate metabolism and amino acid metabolism (Figure 7C).




3.4 Metabolite analysis under drought stress

To connect transcriptomic and proteomic findings with metabolic pathways, we investigated the changes of major metabolites accumulation in shoots and roots of A. mongolicum under drought conditions. Employing ultra-high-performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS), we generated detailed metabolite profiles. Principal component analysis (PCA) revealed that the expression profiles of differentially expressed metabolites (DEMs) were distinct across the samples, with the exception of the shoot-CK and root-CK samples (Figure 8A). The shoot-D-24h and root-D-24h samples were distinctly separated from the quality control (QC) group based on principal component 1 (PC1), which accounted for 57.93% of the variance. A heatmap depicted the differential regulation of various metabolite categories under drought conditions (Figure 8B). Furthermore, a venn diagram showed that out of the DEMs, 121 were shared between shoots and roots, with 230 unique to shoots and 303 unique to roots (Figure 8C). The volcano plot in illustrated that there were 241 upregulated DEMs and 110 downregulated DEMs in the shoots, whereas in the roots, there were 110 upregulated DEMs and 323 downregulated DEMs (Figure 9A). KEGG pathway enrichment analysis showed that the upregulated DEMs in shoots were involved in pathways such as phenylalanine metabolism, amino acid biosynthesis, ABC transporters, and carotenoid biosynthesis. In roots, upregulated DEMs were linked to glycolysis/gluconeogenesis, galactose metabolism and linoleic acid metabolism, while downregulated DEMs were associated with propanoate metabolism, ABC transporters, and pantothenate and CoA biosynthesis (Figure 9B). After analyzing samples from CK and drought-treated groups (Shoot-D-24h and Root-D-24h), significantly differential metabolites were identified. In the CK and Shoot-D-24h samples, major upregulated metabolites included lipids (e.g., Beta-Hydroxypalmitic Acid), amino acids and derivatives (e.g., asn-pro-lys, aspl-pro, leu-Pro), and alkaloids (e.g., demissine, 6-Methylnicotinamide, alanine betaine) (Supplementary Table 4). For the CK and Root-D-24h samples, significantly downregulated metabolites included phenolic acids (e.g., 5-O-Galloyl-D-hamamelose*, 2-O-P-Coumaroylhydroxycitric Acid, 1,2-O-Diferuloylglycerol*), flavonoids (e.g., Tricetin 3’-glucuronide*, Tricin-7-O-(2’’-Malonyl) rhamnoside) and others (e.g., 4-Hydroxybenzaldehyde, Sorbitol-6-phosphate, Maltotriose) (Supplementary Table 5). Our findings suggested that metabolites in shoots were largely associated with amino acid metabolism, whereas those in roots were primarily linked to carbohydrate metabolism. Overall, the results indicate that metabolites are primarily associated with carbohydrate metabolism, amino acid metabolism.

[image: Paneled image showing data analysis results. Panel A: 2D PCA plot displaying group separation based on PC1 and PC2 with various time points and treatments for shoots and roots. Panel B: Heatmaps for shoot and root groups, showing Z-score variations of metabolites across treatments, colored by metabolite categories. Panel C: Venn diagram comparing differentially expressed metabolites between root D 24h vs root CK and shoot D 24h vs shoot CK, with overlapping and unique metabolites indicated.]
Figure 8 | Metabolite response of shoot and root under drought stress conditions. (A) Principal components analysis (PCA) of the differentially expressed metabolites. (B) Heatmaps displaying the normalized read counts of differentially expressed proteins in PEG treatment in shoots (above) and roots (below). (C) Venn diagrams showing the differentially expressed metabolites identified in PEG treatment in shoots (right) and roots (left).

[image: Two-part figure comparing shoot and root data.   (A) Two volcano plots showing log fold change against negative log p-value. In the shoot plot, 241 points are upregulated (red), 110 downregulated (green), and 1610 insignificant (gray). In the root plot, 101 are up, 323 down, and 1504 insignificant. VIP values range from 0.25 to 1.25.  (B) Two bar plots display differential abundance scores for metabolic pathways. Shoot pathways include phenylalanine metabolism and carotenoid biosynthesis, while root pathways feature linoleic acid metabolism and propanoate metabolism. P-values are color-coded; count size varies by dot size.]
Figure 9 | Metabolite response of shoot and root under drought stress conditions. (A) Venn diagrams showing the differentially expressed metabolites identified in PEG treatment in shoots (left) and roots (right). (B) KEGG analysis of the differentially expressed metabolites in shoots (left) and roots (right).




3.5 Integrated analysis of transcriptomics, proteomics, and metabolomics

To gain a deeper understanding of the interplay among transcriptomics, proteomics, and metabolomics datasets, an integrated multi-omics analysis was conducted using a functional relatedness framework. The differentially expressed genes (DEGs, 26,131), differentially expressed proteins (DEPs, 1,179), and differentially expressed metabolites (DEMs, 775) identified in both shoots and roots were concurrently mapped to Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways (Supplementary Tables 6–8), which allowed for the elucidation of their functional interconnections.

A KEGG pathway enrichment analysis was performed, and the bubble chart revealed that in the shoots, the most prominently enriched pathways included the degradation of valine, leucine, and isoleucine, galactose metabolism, arginine and proline metabolism, arginine biosynthesis, tryptophan metabolism, and phenylalanine metabolism. In contrast, the roots exhibited significant enrichment in pathways such as starch and sucrose metabolism, the pentose phosphate pathway, phenylalanine metabolism, carbon metabolism, and glycolysis/gluconeogenesis. Specifically, the interplay among genes, proteins, and metabolites was analyzed for the arginine and proline metabolism pathway and the pentose phosphate pathway (Figure 10). The findings suggested that under drought conditions, amino acid metabolism is predominantly enriched in the shoots, whereas carbohydrate metabolism is mainly enriched in the roots.

[image: Bar plots illustrate metabolic pathway analyses for shoots and roots. Each plot shows pathways along the y-axis and rich factor on the x-axis. Symbol shapes indicate data types: circles for metabolome, triangles for proteome, and squares for transcriptome. Symbol sizes represent count, and colors represent p-values, with a gradient from green (1.00) to red (0.00). For shoots, pathways include phenylalanine and tryptophan metabolism, while roots include starch, sucrose, and carbon metabolism.]
Figure 10 | DEGs, DEPs and DEMs identified in drought conditions. KEGG analysis of the DEGs、DEPs and DEMs in shoots (left) and roots (right).

Moreover, the KEGG pathway maps illustrated that the arginine and proline metabolism pathway showed significant differences in the expression of related genes and proteins, including L-Arginine-P, Agmatine, Putrescine, and S-Adenosyl-L-methionine. In response to drought stress, the pentose phosphate pathway exhibited considerable changes in metabolite expression, with notable alterations observed in metabolites such as β-D-Fructose-1,6-bisphosphate, D-Erythrose 4-phosphate, D-Ribose 5-phosphate, and D-Glucose 6-phosphate (Supplementary Figure 3).




3.6 Differential genes under drought stress

This study employs integrated transcriptomic, proteomic, and metabolomic analysis techniques to systematically investigate the regulatory pathways of A. mongolicum under drought stress. Initially, in the proteomic screening, the GO database was analyzed for biological processes, cellular components, and molecular functions, identifying 16 highly expressed differentially expressed proteins (DEPs) associated with drought resistance. By querying the TAIR (https://www.arabidopsis.org/) website, the homologous gene families for these proteins were identified, including 14779 (ASNS3), 18687 (ALDH7), 18892 (ALDH7B4), 19487 (AtUGT85A2), 20718 (TA), 22603 (SLC52A), 17999 (UDP-glucose), 23189 (AtXTH13), 25241 (AtOEP16-2), 25473 (GAPDH), 25717 (MBF1), 994 (ABCB), 2543 (LKR), 3137 (P53), 8113 (P5CS1), and 17705 (AtCIMS). Following a combined analysis of transcriptomic, proteomic, and metabolomic data, four genes were selected: ALDH7B4, ASNS3, P5CS1, and LKR. The study revealed that each of these genes has corresponding differentially expressed genes (DEGs) and differentially expressed metabolites (DEMs). To validate the RNA-seq results for ASNS3, P5CS1, LKR, and ALDH7B4 under drought stress, we performed an expression validation analysis using qRT-PCR. The results indicated that ASNS3 expression was significantly upregulated at 24 h post-drought treatment relative to the control, while the expression levels of P5CS1, LKR, and ALDH7B4 remained unchanged (Supplementary Figure 4). The KEGG Orthology (KO) numbers associated with these genes are Ko00280, Ko00310, Ko00330, Ko00380, and Ko01230 (Supplementary Figure 5 and Supplementary Table 9). Additionally, the study discovered that ASNS3, P5CS1, and LKR are primarily enriched in amino acid biosynthesis pathways and their derivatives, whereas ALDH7B4 is mainly associated with the pentose phosphate pathway.





4 Discussion

Drought is a major environmental stressor affecting plant growth. Therefore, elucidating the mechanisms of drought stress tolerance in A. mongolicum is important to enhance plant stress resistance. Multi-omics analysis has become established as an important analytical tool for understanding biochemical processes. The variations in amino acids profiles under distinct water stress conditions mirrored those found in Lotus japonicus (Sanchez et al., 2012) and maize plants (Alvarez et al., 2008). Proline levels are associated with severe water shortages in numerous plant species (Witt et al., 2012), with variations being genotype-specific and contingent upon the degree of water stress (Bowne et al., 2012). As a recognized compatible solute, prolines crucial for osmotic adjustments; It shields cellular structures during water stress periods and plays a significant role in neutralizing reactive oxygen species (ROS),thereby mitigating the negative impacts of drought stress on plant metabolism (Zadehbagheri et al., 2014).



4.1 Arginine and proline as determinative amino acids in drought stress

Amino acids are pivotal in modulating plant stress resilience to stress by affecting osmotic balance, ion movement, stomatal regulation, and chemical equilibrium. Proline, known for its role as an osmotic regulator, can enhances plant tolerance and defend cells against various abiotic stresses (Jia et al., 2016). In addition to functioning as an effective Osmo protectant, proline is involved in multiple biochemical processes, especially under challenging environmental conditions. It also plays essential roles in neutralizing free radicals, regulating cellular redox status, sequestering metal ions, and triggering protective responses within plants (Raza et al., 2023). Proline is synthesized from glutamate, a precursor, by the enzymes pyrroline-5-carboxylate synthase (P5CS) and pyrroline-5-carboxylate reductase (P5CR) (Hu et al., 1992). Inducing P5CS expression to elevate proline concentrations enables Oryza sativa to tolerate increased salt and water stress (Su and Wu, 2004). While arginine, an essential amino acid, serves diverse function in plants, providing crucial nitrogen and supporting cellular processes that enhance resistance to various abiotic stresses (Wang et al., 2024). Arginine has been demonstrated to stimulate the synthesis of proline (Bokhary et al., 2020).

Recent studies have highlighted the roles of urea cycle intermediates, including ornithine, aspartate, arginine, and citrulline, in the mechanisms that confer plant tolerance to abiotic stress (Blume et al., 2019; Kalamaki et al., 2009; Shi et al., 2013; Song et al., 2020). In peanut plants, aspartate, a precursor to arginine, also showed a decrease under most abiotic stress conditions. The significance of urea cycle intermediates, including ornithine, aspartate, arginine and citrulline, in enhancing plant resilience to abiotic stress has been increasingly recognized, leading to increased production of other amino acids (Matysiak et al., 2020; Song et al., 2020). Exogenous application of arginine has been shown to increase both fresh and dry weight of shoots and roots in maize plants, and pre-treatment with arginine has similarly effect on stressed sunflower plants. The stimulation effect of arginine on water deficit-stressed plants may be attributed to its role as an essential amino acid that promotes plant growth (Faraji and Sepehri, 2019). Arginine is crucial for plant growth and stress resistance. In some barley varieties, arginine can significantly enhance the morphological growth characteristics. Its application to Helianthus annuus L. results in increased branch and root length, as well as a greater number of leaves. Furthermore, pre-treatment with arginine can mitigate the effects of drought on wheat plant growth. Under drought stress, arginine treatment can lead to increased height, tiller number, leaves number, and flag leaf area in barley plants. These effects may be attributed to the conversion of L-arginine to proline and nitric oxide, and crucial for plants to counteract drought stress (Jarzyniak and Jasinski, 2014; Ramadan et al., 2019).

Drought stress triggers hyperosmotic stress in plant cells, negatively impacting growth, development, and productivity (Zhang et al., 2022). To counteract these effects, plants have various mechanisms such as enhancing photosynthesis and water use efficiency, or stimulating the synthesis and accumulation of osmoprotectant small molecules and antioxidant enzymes. Increased proline or soluble sugar accumulation under stress conditions can help maintain cellular osmotic potential (Sun et al., 2003).

After joint analysis, the genes regulated by amino acid and pentose phosphate metabolic pathways include ASNS3, P5CS1, and LKY, among which ASNS3 has the highest expression abundance. Therefore, further studying the role of Asn gene in plant abiotic stress response is of great significance for improving plant stress tolerance and sustainable agricultural production.es are vital for plant adaptation to abiotic stress (Kausar et al., 2022; Kosova et al., 2021, Kosova et al., 2018; Nawae et al., 2020). Amino acids are key molecules for plant growth and development and in response to abiotic stress. Among them, asparagine (Asn) has the highest expression level in plants and plays a crucial role in plant stress tolerance. Asn is involved in multiple processes in plants, such as nitrogen metabolism, protein synthesis, and storage (Iqbal et al., 2022). Under non-biological stress conditions, including drought stress, plants accumulate Asn as a compatible solute (Altman, 2003; Qu et al., 2019), Therefore, further studying the role of Asn gene in plant abiotic stress response is of great significance for improving plant stress tolerance and sustainable agricultural production. Under drought stress, ASN and SNP treatment enhances drought resilience in plants by increasing osmolyte concentration, relative water content, and leaf water potential, promoting osmolyte synthesis. Our research shows that A. mongolicum resists drought stress by accumulating more Asn. Akin et al (Akin and Kaya, 2024). research found that the synergistic effect of Asn and SNP on osmolyte synthesis and water status is more pronounced, suggesting their potential as a complementary strategy for improving plant drought resistance. The stronger synergistic effect of Asn and SNP on osmolyte production and water status indicates their potential as a complimentary approach to enhancing plant drought resistance. It is likely that Asn and NO interact with each other and the plant in certain ways that increase the plant’s tolerance to drought, which might account for the synergistic action of these two compounds in enhancing the water relations of cotton plants during drought stress. Asn plays a role in osmoregulation and supports the maintenance of cellular turgor under drought stress (Schwendner et al., 2018; Yadav et al., 2019).

A variety of plant species harness the key function of Asn in response to abiotic stress. Under stress conditions, increased activities of asparagine synthetase (AS) and glutamate dehydrogenase help counteract NH4+ accumulation. Asparagine (Asn), a product of AS, plays a crucial role in nitrogen storage and transport due to its stability and high N:C ratio (Lam et al., 1996). In energy-limited conditions such as salinity, where glutamine synthetase (GS) and glutamate synthase (GOGAT) are inhibited and AS is activated, Asn is involved in nitrogen recycling and flow in plant cells, promoting nitrogen assimilation into Asn, which is rich in nitrogen and suitable for long-distance transport or long-term storage. Consequently, the upregulation of OsAS1 enhances salt tolerance and grain yield in rice under salt stress conditions. Furthermore, Asn, the main N-transporter in alfalfa, accumulates in nodules and has been associated with N feedback, which inhibits symbiotic N2 fixation (King and Purcell, 2005; Larrainzar et al., 2009; Serraj et al., 2001). Studies have shown lower transpiration may alter the long-distance transport of nitrogen compounds, leading to an accumulation of nitrogen compounds in nodules under water stress. However, recent studies have not found any accumulation of nitrogen compounds in pea nodules under artificial reduction of plant transpiration, indicating that transpiration affects the long-distance transport of metabolites and its effects on the drought-induced inhibition of symbiotic nitrogen fixation (Aldasoro et al., 2019). In our study, we found that under drought stress, the accumulation of Asn in A. mongolicum significantly increased and the abundance of Asn is about five times that of other genes, playing an important regulatory role in the biosynthesis metabolism pathway of amino acids. Asn can participate in regulating plants’ responses to drought stress, helping plants better adapt to drought environments.

Moreover, the variable number of genes encoding ASNS among plant species, such as the single gene identified in alfalfa (Shi et al., 1997), rice (Nakano et al., 2000), soybean (Yamagata et al., 1998), and asparagus (Davies and King, 1993). Multiple ASNS genes have been found in pea (Tsai and Coruzzi, 1990),sunflower (Herrera-Rodríguez et al., 2002, Herrera-Rodríguez et al., 2004), soybean (Hughes et al., 1997), barley (Moller et al., 2003) and Arabidopsis. Some ASNS genes (e.g. pea AS1, AtASN1, sunflower HAS1, HAS1.1) are negatively regulated by light and sugars, being primarily expressed in dark-grown plants (Herrera-Rodríguez et al., 2004). RNA profiling of wheat identified three putative ASNS genes that were up-regulated in response to drought stress (Mohammadi et al., 2007). The result is the same as the experimental results. Under severe drought conditions, ASNS, which accumulates in ageing leaves, suggesting drought-induced senescence (Begona Herrera-Rodriguez et al., 2006; Eason et al., 2000). In a recent study, metabolites belonging to the aspartate pathway (including Asn, Ser, and Met) were reported as biomarkers for yield gap-based drought tolerance, accurately predicting more than 94% of drought tolerance in wheat (Yadav et al., 2019).

Drought responses in plants are closely related to the enzymes P5CS and ProDH involved in proline metabolism, which are influenced by soil moisture. H2O2production is also related to soil moisture across various stages of development, emphasizing the importance of considering seedlings and soil moisture conditions when studying drought stress. These results highlight the significant influence of soil moisture treatment on plant drought stress and provide insights into the underlying mechanisms. H2O2, as a ROS, plays a crucial role in intracellular communication and participates in plant adaptation to specific conditions. Oxidative stress caused by unfavorable environmental conditions, such as heat or drought, results in excessive ROS accumulation and triggers protective mechanisms, including proline accumulation through the upregulation of P5CS activity and the decrease of ProDH activity. Thus, H2O2 is involved in proline metabolism as a regulatory signaling molecule (Ben Rejeb et al., 2014; Uchida et al., 2002; Wen et al., 2013; Yang et al., 2009). This conclusion is consistent with the experimental results.

Drought resistance mechanisms in plants are diverse, with increasing root length and osmotic pressure regulatory substances being common strategies. as a crucial osmotic regulatory substance, proline plays a pivotal role in lowering the water potential of plant cells, strengthening their water absorption and retention capabilities, and thus safeguarding cellular osmotic balance and subcellular structural stability (Trovato et al., 2008). P5CS genes, a key role in plant proline biosynthesis, have been reported in a variety of plant species, such as A. thaliana, Cajanus cajan, N. benthamiana, and Oryza sativa (Guo et al., 2024; Igarashi et al., 1997; Ku et al., 2011; Su and Wu, 2004; Surekha et al., 2014) P5CS, a key enzyme in the proline biosynthesis pathway, not only enhances root growth but also plays a crucial role in plant resistance to drought. The electrical conductivity of cell leakage provides an indirect assessment of cell membrane damage (Bajji et al., 2002). OE-SpP5CS in A. thaliana exhibited a lower degree of membrane damage compared to the wild type (WT). Transgenic rice with P5CS increased their proline content under water shortage conditions and demonstrated an increased fresh shoot weight of 50-95% after PEG treatments (Su and Wu, 2004). The overexpression of SpP5CS in A. thaliana augments the proline content to enhance drought stress resistance. Drawing upon the results from heterologous expression in A. thaliana and qPCR in S. purpurea, it can be concluded that SpP5CS enhances the drought resistance of plants by boosting proline production.

LKR is a key enzyme in the lysine metabolism pathway, involved in the conversion of lysine to alpha-amino hexanoic acid, which is part of the saccharopine pathway. Lin et al (Lin et al., 2023). study identified proline as a crucial metabolite in grapevines’ responses to water stress. The study also discovered that the expression levels of genes associated with proline synthesis, such as P5CS and LKR/SDH, are upregulated during drought stress. Furthermore, the research suggests that grapevines bolster their drought resistance through the production of proline, a process mediated by P5CS and LKR/SDH enzymes (Degu et al., 2019; Hochberg et al., 2013)




4.2 Auxiliary pentose phosphate pathway under drought stress

In this study, several genes screened are involved in the glycolysis and pentose phosphate pathways. The pentose phosphate pathway (PPP) is closely linked to glycolysis and contributes to numerous metabolic pathways, contributing to numerous metabolic pathways. Sugars are vital participants in alleviating plant tolerance to abiotic stress (Keunen et al., 2013). Carbohydrate metabolism serves as a primary pathway in regulating cellular carbon and energy demands during drought stress, particularly through the accumulation of water-soluble sugars, which is of great significance for the induction of drought resistance in rice. Research on PEG-induced drought responses have demonstrated alterations in carbohydrate metabolism across various plant species, including lilac, pitaya, lentil, soybean, perennial ryegrass, alfalfa, sorghum and tomato (Abdel-Ghany et al., 2020; Cao et al., 2018; Foti et al., 2021; Guo et al., 2020a; Li et al., 2015; Siddiqui et al., 2021; Wang et al., 2021; Zhang and Shi, 2018; Zhou et al., 2022).

As knows ALDH7B4 is primarily enriched in the pentose phosphate pathway. Expression of plant ALDH7B4 is responsive to turgor and can protect cells from oxidative stress. In Arabidopsis thaliana, the ALDH7B4 protein is induced by ABA, osmotic, and wound stress, as well as transgenic overexpression, leading to osmotic and oxidative stress tolerance (Hou and Bartels, 2015). Ectopic expression of the soybean ALDH7 gene in tobacco and A.thaliana reduces MDA levels and sensitivity to hydrogen peroxide and methyl viologen, while rice ALDH7 T-DNA insertion mutants show increased sensitivity to various stresses (Kirch et al., 2004; Kotchoni et al., 2006; Missihoun et al., 2014). These findings collectively indicate that ALDH7B4 plays a crucial role in plant adaptation and tolerance to abiotic stress (Shin et al., 2009; Suzuki et al., 2016).





5 Conclusion

This study conducted an analysis of transcriptome, proteome, and metabolome data from the shoots and roots of A. mongolicum seedlings to elucidate the underlying mechanisms of drought response and tolerance. The study found that arginine, proline, and Pentose Phosphate pathway metabolites play significant roles in the drought resistance of A. mongolicum. The comprehensive analysis of the integrated data revealed a synchronized response of genes, proteins, and metabolites associated with amino acid and pentose phosphate metabolic pathways in A. mongolicum under drought stress. This integrated approach is expected to enhance detailed investigations into the mechanisms of abiotic stress tolerance and response in A. mongolicum and potentially in other plant species.
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Supplementary Figure 1 | After 24 hours of drought treatment, the proline content in the seedlings of A. mongolicum significantly increased.

Supplementary Figure 2 | Protein level identification results.

Supplementary Figure 3 | Under drought conditions, The KEGG pathway maps for Arginine and proline metabolism(left) and Pentose phosphate metabolism(right).

Supplementary Figure 4 | Expression analysis of ASNS3, P5CS1 LKR and ALDH7B4 genes during drought treatment ing to qRT-PCR.

Supplementary Figure 5 | correlation-network diagram.
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Sophora flavescens is a traditional Chinese medicinal herb rich in various bioactive secondary metabolites, such as alkaloids and flavonoids, and exhibits remarkable resistance to abiotic stress. The WRKY transcription factor (TF) family is one of the largest plant-specific TF families and plays a crucial role in plant growth, development, and responses to abiotic stress. However, a comprehensive genome-wide analysis of the WRKY gene family in S. flavescens has not yet been conducted. In this study, we identified 69 SfWRKY genes from the S. flavescens genome and classified them into seven distinct subfamilies based on phylogenetic analysis. Transposed duplications and dispersed duplications were found to be the primary driving forces behind the expansion of the SfWRKY family. Additionally, several cis-acting elements related to the stress response and hormone signaling were discovered within the promoter regions of SfWRKYs. Transcriptomic analyses across five tissues (leaves, flowers, pods, roots, and stems) revealed that genes exhibiting high expression levels in specific tissues generally showed high expression across all the examined tissues. Coexpression network constructed based on metabolomic and transcriptomic analyses of root and pod development indicated that SfWRKY29 may play a significant role in regulating the biosynthesis of secondary metabolites during tissue development. The RT-qPCR results of gene expression analysis revealed that several SfWRKY genes were significantly induced in response to the accumulation of secondary metabolites or salt stress. Our study systematically analyzed WRKY TFs in S. flavescens, which provides valuable reference data for further studies on the key roles of SfWRKY genes in growth development as well as their responses under salt stress conditions.
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1 Introduction

The WRKY family is one of the largest transcription factor (TF) families, which has been reported extensively involved in regulating the biosynthesis of secondary metabolites, developmental processes and stress responses (Goyal et al., 2022; Song et al., 2023). Since the first WRKY protein structure was found in sweet potato (Ipomoea batatas L.) (Ishiguro and Nakamura, 1994), WRKY TFs have been extensively identified in many plants, such as Polygonum cuspidatum, Artemisia annua, Fagopyrum tataricum etc (Bao et al., 2018; Lv et al., 2020; Chen et al., 2021). The WRKY proteins are named for their highly conserved WRKY domain (~60 amino acids), which contains a conserved motif (WRKYGQK) located at the N-terminus, followed closely by a zinc finger motif (Eulgem et al., 2000; Cheng et al., 2019). The WRKY region consists of four lines with a β-fold composition of Zn2+ that coordinates with Cys/His residues to form a zinc finger structure (Yamasaki et al., 2005; Duan et al., 2007).

In terms of phylogeny, WRKY proteins are classified into three groups (I-III) based on the number of WRKY domains and the type of zinc finger structure. Group I proteins contain two WRKY domains and a C2H2 (CX4-5CX22-23HXH) zinc finger motif. In contrast, both Group II and Group III proteins possess only a single WRKY domain along with either a C2H2 or a modified C2HC (CX7CX23HXC) zinc finger motif (Goyal et al., 2022; Long et al., 2023). Furthermore, Group II can be subdivided into five distinct subgroups (IIa~IIe). The amino acid sequences of WRKY proteins specifically bind to the W-box cis-regulatory element (TTGACT/C) within target gene promoters, thereby inducing their expression. This interaction plays a crucial role in regulating plant secondary metabolite synthesis, growth and development, as well as responses to biotic and abiotic stresses (Wani et al., 2021; Zhang et al., 2018).

Increasing evidence suggested that WRKYs serve as important regulatory foundations for plant growth and development (Jiang et al., 2017; Wang et al., 2023). Under short-day conditions, WRKY12 and WRKY13 were involved in regulating the flowering time of Arabidopsis thaliana (Li et al., 2016; Ma et al., 2020). In rice, OsWRKY78 plays a role in stem elongation and seed development (Zhang et al., 2011). WRKY26, WRKY45, and WRKY75 participate alongside ethylene in inhibiting the growth of primary roots and lateral roots during shade-avoidance response (Rosado et al., 2022). Following treatment with As + Fe, the expression of rice OsWRKY71 increases, promoting root system development while also participating in the regulation of gibberellin synthesis pathways (Mirza and Gupta, 2024). In both A. thaliana and rapeseed, WRKY70 was primarily expressed in leaves where it plays a significant role in leaf senescence (Ülker et al., 2007; Liu et al., 2023). Furthermore, it has been demonstrated that WRKY TFs possess functions that regulate the biosynthesis of terpenoids, alkaloids, flavonoids, etc. AaWRKY1 positively regulates artemisinin biosynthesis by promoting the expression of DBR2, CYP71AV1, and ADS genes within A. annua (Han et al., 2014). VqWRKY31 activates salicylic acid defense signals, which alter the accumulation of quercetin, flavonoids, and proanthocyanidins (Yin et al., 2022). In Coptis chinensis, CcWRKY7, CcWRKY29 and CcWRKY32 may regulate berberine alkaloid biosynthesis (Huang et al., 2023). PeWRKY30 serves as a key factor for flavonoid biosynthesis in passion fruit (Ma et al., 2024).

Previous studies have demonstrated that WRKY TFs play a crucial role in plant defensive responses to environmental stress (Jiang et al., 2017; Goyal et al., 2022; Feng et al., 2023). The overexpression of SlWRKY8 in tomato significantly enhances its resistance to pathogen infection and positively regulates responses to drought and salt stress (Gao et al., 2019). Furthermore, in tomato, SlWRKY57 functions as a negative regulator in the response to salt stress by directly inhibiting the transcription of salt-responsive genes (SlRD29B and SlDREB2) as well as ion homeostasis genes (SlSOS1) (Ma et al., 2023). Under low temperature and drought conditions, the overexpression of PoWRKY1 in A. thaliana has been shown to improve seed germination activity and promote root growth in transgenic plants (Wei et al., 2021). In addition, under drought and salt stress, the overexpression of MfWRKY40 facilitates taproot elongation, enhances osmoregulation, and improves tolerance in A. thaliana plants (Huang et al., 2022). In wheat, the TaWRKY plays a role in regulating the response to aluminum and manganese ion stress (Luo et al., 2024). Tomato WRKY23 can enhance the salt and osmotic stress tolerance of transgenic Arabidopsis by modulating the ethylene and auxin pathways (Singh et al., 2023). Overexpression of TaWRKY17 can significantly enhance the salt tolerance of wheat (Yu et al., 2023). Therefore, WRKY TFs can regulate the growth and development and environmental adaptation from multiple dimensions.

Sophora flavescens (Kusen), a Chinese herbal medicine, is widely used in the treatment of inflammation, solid tumors, and analgesic effect (Lee et al., 2018; Cheng et al., 2022). The main active ingredients in S. flavescens are alkaloids and flavonoids (Dong et al., 2021), which are involved in treating diseases such as hepatitis, tumors, and diabetes. Comparative genomics analysis can provide us with an efficient way to identify members of certain gene family and conduct studies on their potential functions (Liu et al., 2024). Given the significant contribution of the WRKY gene family to plant stress tolerance and secondary metabolite biosynthesis, in this study, we conducted phylogenetic analysis, sequence characters, tissue-specific expressions of WRKY genes in S. flavescens. Our findings will provide insight into the mechanism of environmental adaptability and secondary metabolite biosynthesis in S. flavescens, and also provide reference information for molecular breeding.




2 Materials and method



2.1 WRKY gene identification and sequence retrieval in S. flavescens

The genome and protein sequences of S. flavescens and Sophora moorcroftiana were obtained from previous studies (Qu et al., 2023; Yin et al., 2023). The HMM configuration file for WRKY domain (PF03106) was downloaded from the Pfam database (El-Gebali et al., 2019). Candidate WRKY members coding in the genomes of S. flavescens and S. moorcroftiana were identified using HMMER (v3.2.1) software, with an E-value threshold set at 10-2 (Prakash et al., 2017). Only sequences containing the WRKY domain were considered as members of the WRKY family. To ensure the completeness of SfWRKY repertoire, we also examined the assembled novel transcripts obtained from the transcriptome assembly in section 2.5 for member identification. Furthermore, the WRKY genes in A. thaliana were derived from previous study (Abdullah-Zawawi et al., 2021).




2.2 Physicochemical properties of WRKY TFs

The WRKY genes of S. flavescens were named according to their relative positions on the chromosomes. To investigate their protein properties, we utilized the ProtParam program (ExPASy tools, http://web.expasy.org/protparam/) to estimate the molecular weights (MWs) and theoretical isoelectric points (pI).




2.3 Phylogenetic analysis of the WRKY family

To construct the phylogenetic tree of the WRKY members, we utilized the ClustalW program in MEGA 7 (v7.0.26) software (Kumar et al., 2016) to perform multiple sequence alignments of the WRKY domain regions from above mentioned three species. Subsequently, we employed the Neighbor-Joining (NJ) method within MEGA 7 to build the phylogenetic tree, selecting Poisson model for amino acid substitution and applying pairwise deletion for gap treatment. To ensure the accuracy, we assessed the support for each relative branch through 1000 bootstrap replicates.




2.4 Prediction of gene duplications and cis-acting regulatory elements

The DupGen_finder software (Qiao et al., 2019) was employed to conduct analysis of gene duplication patterns in S. flavescens. It includes whole genome duplication (WGD), tandem duplication (TD), transposed duplication (TRD), proximal duplication (PD), and dispersed duplication (DSD). The non synonymous substitution rate (Ka) and synonymous substitution rate (Ks) for TD gene pairs were calculated using KaKs_calculator3 (Zhang, 2022). The YN (Yang and Nielsen) model (Yang and Nielsen, 2000) was selected to compute the Ka/Ks ratio, which serves as an indicator of selective pressure on duplicated gene pairs. The gene density and intergenomic syntenic block analysis were conducted following the methods of Feng et al. (2024). Based on the genomic annotation information, TBtools software was utilized to obtain the upstream two kb genome sequence of SfWRKY genes from start codon. Subsequently, potential cis-regulatory elements were predicted and identified using default parameters via the PlantCARE website (Lescot, 2002).




2.5 Analysis of SfWRKY expression profiles based on transcriptome sequencing

To investigate the expression patterns of the SfWRKY genes in different tissues and growth stages, we collected four tissues (stem, flower, leaf, and root) of S. flavescens cultivated for over five years at Changzhi International Shennong Traditional Chinese Medicine Cultural Expo Park (Shangdang District, Changzhi City, Shanxi Province) on July 12, 2021. Additionally, we sampled pods at six different developmental stages between July 12 and August 6, 2021, with sampling conducted every five days. The roots of S. flavescens at eight distinct developmental stages, which were sown in September 2022, were collected on the 20th day of each month from April to November 2023 in Dianshang County (Lucheng District, Changzhi City, Shanxi Province). Each sample comprised three biological replicates collected in 50 mL centrifuge tubes and immediately frozen in liquid nitrogen before being stored at -80°C for further analysis. The experimental methods and analytical approaches for transcriptomics (stem, flower, leaf, and root; pod and root development) and metabolomics (pod and root development) were adapted from Zhong et al. (2024). The raw data from RNA-seq samples were archived in the NCBI database under accession number PRJNA1136989. The co-expression network of transcriptomes and metabolomes for pods and roots was constructed using R (v 4.2.2) with the WGCNA (v1.71) (Langfelder and Horvath, 2008) following the methods of Liu et al. (2024). The networks with inter-gene weight values greater than 0.3 were visualized using Cytoscape (v.3.8.2) (Otasek et al., 2019).




2.6 Expression analysis of SfWRKY genes based on RT-qPCR

The roots of S. flavescens cultivated in Dianshang County were collected for real-time quantitative PCR (RT-qPCR) analysis. The plants included two different cultivation years, C and S represent the S. flavescens sowed in 2024 and 2022, respectively (sowing occurs every April), with samples collected in July 2024. For salt stress treatment, one-year-old seedlings of S. flavescens were irrigated with 250 mM NaCl solution (Salt), while the normal condition (NC) irrigated with equivalent distilled water. After treatment for 14 days, leaves were collected for RT-qPCR analysis. Each sample consisted of three biological replicates were collected into 50 mL centrifuge tubes and immediately frozen in liquid nitrogen before being stored at -80°C.

Total RNA was extracted from the tissues of S. flavescens using the polysaccharide polyphenol total RNA extraction kit (Beijing GeneBetter, China). The integrity of the RNA was confirmed with a Nanodrop 2000 spectrophotometer (Thermo Fisher, USA). Reverse transcription was performed using the HiScript II Q RT SuperMix kit (Takara, Takara Biomedical Technology (Beijing) Co., Ltd.), followed by qPCR utilizing the SYBR qPCR Master Mix kit (Vazyme, Nanjing, China). Specific primers were designed using Primer5 software (v5.00) (Supplementary Table S1). EF-1α was utilized as the reference gene. All reactions were performed in triplicate, and the relative expression levels of genes were calculated using the 2−△△Ct method. Statistical significance was assessed using Student’s t test.





3 Results



3.1 Sixty-nine SfWRKY genes identified in S. flavescens genome

We totally identified 69 SfWRKY genes based on genomic and transcriptomic data, which were named SfWRKY01-SfWRKY69 according to their positions on the chromosomes (Figure 1; Supplementary Table S2). The 69 SfWRKY genes encoded proteins of varying sizes, ranging from the largest protein (SfWRKY12) with a molecular weight (MW) of 83.5 kD and composed of 757 amino acids, to the smallest protein (SfWRKY56) with an MW of 18.8 kD and containing 167 amino acids. The theoretical isoelectric point (pI) ranges from 4.8 (SfWRKY05) to 9.78 (SfWRKY18), indicating that different SfWRKY proteins perform various functions under different microenvironments. The 69 SfWRKY genes are unevenly distributed across nine chromosomes of S. flavescens (Figure 1), with the majority located on chromosome 4 (Chr4, 15 genes) and Chr6 (12 genes), followed by Chr7 with 10 genes, and the least on Chr9 with only three genes.

[image: Diagram showing the distribution of SfWRKY genes across nine chromosomes, labeled Chr1 to Chr9. Each chromosome is represented as a blue bar with gene names and positions marked on the sides. Chromosome lengths are indicated in megabases (Mb) on the left, ranging from 0 to 300 Mb.]
Figure 1 | Chromosome distribution of SfWRKY genes. The chromosomal position of each SfWRKY gene was mapped according to the genome annotation file of S. flavescens. The chromosome number is labeled at the top of each chromosome. The scale is in mega bases (Mb) on the left.

Through correlation analysis between the WRKY gene numbers from the previous studies and their corresponding genome size, the former was not linearly correlated with the latter (Pearson’s correlation coefficient (r) = -0.0440, p > 0.05; Supplementary Figure S1). The number of SfWRKY genes was lower than those of A. thaliana (72), S. moorcroftiana (83), Medicago sativa (91), and Arachis hypogaea (158). However, it is relatively higher compared to other plants, such as Panicum miliaceum (32), Platycodon grandiflorus (42), and Dendrobioum catenatum (62). This indicates that there is no significant correlation between the size of a species’ genome and the size of the WRKY gene family.




3.2 Multiple sequence alignment, phylogenetic analysis and classification of SfWRKY genes

To further understand the evolutionary diversity of the SfWRKY genes, we constructed an NJ tree for the WRKY family members of S. flavescens, S. moorcroftiana, and A. thaliana based on their WRKY domains (Figure 2). Accordingly, the SfWRKY members were classified into three well defined groups. The 69 SfWRKY genes were unevenly distributed among the three groups, with 16 members in Group I, 44 members in Group II, and nine members in Group III (Figure 2B). The majority of S. flavescens and S. moorcroftiana WRKY members exhibit a one-to-one clustering pattern on the evolutionary tree, whereas the Arabidopsis WRKY members tend to form a cohesive cluster. Members in Group I have two WRKY domains located in N-terminal and C-terminal regions. Group II has largest member number, which is further subdivided into five subfamilies (Figure 2C, IIa-IIe). Groups IIa and IIb tend to cluster into one branch, while groups IId and IIe tend to cluster together. In Group III, four closely located members (within 0.32 Mb) on the chromosome of S. moorcroftiana tend to cluster together, possibly originating from tandem duplication events. Among these groups or subfamilies, the member number in S. flavescens and S. moorcroftiana was similar (Figures 2B, C).

[image: Phylogenetic and motif analysis of WRKY gene families. Panel A shows a phylogenetic tree categorizing different groups and subgroups labeled as IN, III, IIc, etc. Panels B and C are bar charts illustrating gene numbers across species: Sophora flavescens, Sophora moorcroftiana, and Arabidopsis thaliana, with various gene categories. Panel D displays WRKY motif logos for Groups I, II, and III, detailing the WRKY motif and zinc finger types.]
Figure 2 | Phylogenetic analysis of SfWRKY genes. (A) Phylogenetic tree of WRKY proteins of S. flavescens, S. moorcroftiana, and A. thaliana. Different shapes (square, circle, and triangle) labeled at the end of each branch are used to mark the corresponding species, while different colors represent different groups. (B) The gene number comparison of 3 WRKY groups (I, II and III) among the S. flavescens, S. moorcroftiana and A. thaliana; (C) The member number comparison of five subfamilies in group II (IIa, IIb, IIc, IId, and IIe) among the S. flavescens, S. moorcroftiana and A. thaliana; (D) The comparative analysis of the conserved motif for the three groups of SfWRKYs based on multiple sequence alignment. The overall height of each stack represents the conservation degree of the sequence at the position. The letter at the top indicates the amino acid residue that occurs most frequently at that position.

Subsequently, multiple sequence alignments were conducted for the WRKY domains of the three SfWRKY groups (Figure 2D). The results revealed that the WRKY domains were highly conserved across all categories, containing a heptapeptide domain (WRKYGQK) and a zinc-finger domain (C2H2 or C2HC). Additionally, there were six WRKY domain variants, five of which were WRKYGEK (SfWRKY56, and SfWRKY61). The other three variants included WRKYGKK (SfWRKY35 and SfWRKY47), WKKYAQT (SfWRKY29), and WRVKGQE (SfWRKY28). The gene structure and motif distribution analyses showed members from same group or subfamily showed similar characteristics (Figure 3), which also provided evidence for the classification based on only phylogenetic analysis.

[image: Phylogenetic tree and domain architecture diagram showing WRKY proteins with various conserved motifs. The left side displays proteins SWRKY01 to SWRKY66 with motifs in different colors. The right side visualizes coding sequences in pink and untranslated regions in blue, aligned with corresponding proteins.]
Figure 3 | The motif distribution and gene structure of SfWRKY genes. The distribution of MEME motifs among the 69 WRKY members of S. flavescens was analyzed to unveil conserved motifs shared by related proteins. Additionally, the gene structure of these 69 SfWRKY genes was examined, with gray lines representing intron regions within the gene sequence. Different colors were employed to denote distinct motifs or gene regions, as depicted in the upper right corner of the figure.




3.3 Gene duplication and collinearity of WRKY genes in S. flavescens

The DupGen_finder was used for analysis of SfWRKY gene duplication pattern, which included one pair of genes derived from WGD (such as SfWRKY04 and SfWRKY33), 8 pairs from TRD (such as SfWRKY20 and SfWRKY33), and 10 pairs of DSD (such as SfWRKY61 and SfWRKY20) events (Figure 4A). Among these TRD and DSD gene pairs, it is generally presenting one gene corresponding to multiple duplicate genes rather than one corresponding to one, which may be related to multiple rounds of duplication occurred in S. flavescens genome. For example, the TRD genes corresponding to SfWRKY33 are SfWRKY03, SfWRKY20, SfWRKY30, SfWRKY61, and SfWRKY68, and the DSD genes corresponding to SfWRKY53 are SfWRKY06, SfWRKY31, and SfWRKY48. We further calculated the Ka, Ks, and Ka/Ks values for the duplicated SfWRKY gene pairs, and the results showed that the Ka/Ks values ranged from 0.09 to 0.39 (< 1), indicating that these genes underwent strong purifying selection during evolution (Table 1). This implies that gene duplications may contribute to the diversification and expansion of the SfWRKY gene family, while these duplicated genes are subject to strong functional constraints.
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Figure 4 | Gene duplication patterns and syntenic analyses of WRKY genes in S. flavescens, S. moorcroftiana, and A. thaliana. (A) The chromosome locations of duplicated SfWRKY genes resulted from WGD, TRD and DSD events on the Circos diagram. The different colors (red to yellow to green) in the middle track indicated high to low gene density (the number of genes per bin determined by sliding window analysis). (B) The intergenomic syntenic blocks identified among A. thaliana (Atha), S. flavescens (Sfla), and S. moorcroftiana (Smoo). The collinear blocks are represented by gray lines, while the WRKY gene collinearity is highlighted by green and red lines.

Table 1 | Synonymous and nonsynonymous substitution rates for the duplicated gene pairs among S. flavescens WRKY genes.


[image: Table showing gene duplication data, including pairs of duplicate genes (e.g., SfWRKY04 and SfWRKY33), duplication patterns (WGD, DSD, TRD), and numeric values for Ka, Ks, and Ka/Ks ratios.]
We also conducted a collinearity analysis among the three species, S. flavescens, S. moorcroftiana, and A. thaliana. The results showed that 16 SfWRKY genes from S. flavescens are present in collinear blocks with 11 counterparts from A. thaliana, and 24 SfWRKY genes from S. flavescens are present in collinear blocks with 12 counterparts from S. moorcroftiana (Figure 4B). It was observed that collinear genes tended to cluster into the same groups in phylogenetic tree (Figure 2), implying that they have a common evolutionary origin.




3.4 Cis-regulatory element distribution of SfWRKY genes

To understand the potential roles of the SfWRKY family members in plant growth and development, response to plant hormones, and environmental stresses, we analyzed the distribution of cis-elements in the upstream promoter regions of the SfWRKY genes (Figure 5). Totally, 18 plant growth and development related cis-elements were identified. The most abundant elements were the Box-4 (ATTAAT) and the G-box (TACGTG), which were involved in light responsiveness. They accounted for 30% and 20% of the total elements identified in this category. SfWRKY51 contains the highest number of such elements (13). Other elements were also observed, such as circadian control and tissue-specific motifs like the GT1-motif (photosynthetic reaction regulation), TCT-motif (light-responsive elements), and GATA-motif (plant development). Regarding the phytohormone responsive elements, the ABRE element involved in ABA responsiveness, the TCA-element involved in salicylic acid responsiveness, the TGACG-motif involved in MeJA-responsiveness and the ERE element involved in ethylene signal regulation were identified abundant in upstream regions of the SfWRKY genes. These four pattern elements represent more than 45% of the total hormone-responsive elements. In SfWRKY67, the number of ABRE elements is the highest (8), while in SfWRKY11, the number of ERE elements is the highest (7). In addition, other elements were also found, like the as-1 element involved in SA and oxidative stress responsiveness, and the CGTCA-motif involved in MeJA-responsiveness in this category.
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Figure 5 | Analysis of the cis-elements located in the promoter regions of SfWRKY genes. (A) The different intensity colors indicate the numbers of different cis-elements in the promoter regions of SfWRKY genes (upstream 2kb region). (B) The different colored histograms represent the sum of the cis-acting elements in each category.

In the abiotic and biotic stress category, different elements associated with stress responses, such as oxidation, defense, drought, wounding, heat, and low temperature, were observed. After our analysis in S. flavescens, the largest part of the elements belonging to the abiotic and biotic stress category corresponds to two general stress-responsive motifs, namely the MYB (CCAAT box) and MYC (CACATG box) binding sites, representing 30% and 20% of the total identified cis-elements, respectively. In addition, other stress-specific cis-elements were identified. Several of them were responsive to wounding and pathogens—including the WRKY-box (W-box), the TC-rich repeats, and the wound responsive motif (WUN-motif). Temperature-related elements, such as the stress responsive element (STRE) and the low-temperature responsive (LTR) motifs; drought related elements, such as the MYB BINDING SITE (MBS) and the Dehydration -responsive element (DRE)-core; and anaerobic conditions like the Anaerobic response element (ARE) motif (Figure 5). Among them, SfWRKY37 contains the highest number of such elements, followed by SfWRKY60.




3.5 Expression profiles of SfWRKY genes among different tissues

To investigate the expression patterns of SfWRKY family members among different tissues, we analyzed their expression levels in four different tissues, including leaves, flowers, roots, and stems, as well as different development stages of pods and roots. The results showed significant variations in the expression patterns of different SfWRKY genes across various tissues (Figure 6). Notably, SfWRKY52 and SfWRKY66 exhibited consistently high expression levels throughout all examined tissues and developmental stages. We can classify the expression patterns of SfWRKY genes among different tissues mainly into three categories based on the tissue expression profiles: the first category includes genes with high expression levels, such as SfWRKY52, SfWRKY66, SfWRKY43, and SfWRKY52, which are highly expressed among the root, stem, leaf, and flower tissues, and across all the six developmental stages of the pod tissue. The second category includes low-expressed genes among many tissues, such as SfWRKY28, SfWRKY68, and SfWRKY47, among all the four tissues; SfWRKY12 and SfWRKY28 across the pod tissues; and SfWRKY12, SfWRKY28, and SfWRKY21 across the root tissues. The third category includes genes that do not express, such as SfWRKY61, SfWRKY63, and SfWRKY62, which are not expressed in any of the five tissues. It is noteworthy that the genes exhibiting high expression levels in one tissue or nearly ubiquitous high expression across all tissues, implying their predominant involvement in plant growth and development.
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Figure 6 | Expression patterns of SfWRKY genes among different tissues. (A) Expression profiles of the SfWRKY genes among different tissues or developmental stages. (B) Coexpression network of SfWRKY genes reconstructed based on transcriptome and metabolome during the pod development. (C) Coexpression network of SfWRKY genes reconstructed based on transcriptome and metabolome during the root development.

The gene coexpression networks were constructed based on transcriptome and metabolome data obtained from developmental stages of S. flavescens pods and roots. The results revealed that SfWRKY29 and SfWRKY41 were identified as hub-genes among the pod network (Figure 6B), indicating their pivotal roles in regulating the biosynthesis of secondary metabolites during pod development. IFR (2’-hydroxyisoflavanone reductase) and IFS (2-hydroxyisoflavanone synthase) emerged as key enzymes within the highly interconnected metabolic pathways. We further analyzed the coexpression network constructed based on the transcriptomics and metabolomics of S. flavescens root development, revealing SfWRKY29 as a central hub with the highest connectivity to other genes (Figure 6C), indicating its crucial involvement in regulating biosynthesis of secondary metabolites during root development. Notably, only I2’H (isoflavone 2’-hydroxylase) and I3’H (isoflavone 3’-hydroxylase) were identified as pivotal enzymes operating within this metabolic pathway.




3.6 Expression analysis of SfWRKY genes in S. flavescens roots with different cultivated years based on RT-qPCR

As we know, the roots of S. flavescens can accumulate secondary metabolites such as flavonoids and alkaloids as they grow, and the accumulation increases with the growing years (Lei et al., 2021). Excessive accumulation often leads to autotoxicity, which inhibits plant growth or causes continuous monocropping obstacle. Given the outstanding performance of WRKY genes in resistance to adverse conditions, we used RT-qPCR technology to analyze the expression patterns of WRKY family members in the roots of S. flavescens with cultivated years. As shown in Figure 7, among the 15 selected SfWRKY genes, all showed significantly higher expression in the SR (roots from S. flavescens sowed two years ago) than in the CR (roots from S. flavescens sowed in current years), with the greatest expression difference being observed in SfWRKY44 (upregulated by more than 335 times), followed by SfWRKY41 and SfWRKY39. Other SfWRKY genes also showed varying degrees of significant upregulation. This result implies that WRKY genes in S. flavescens play an important role in the response to the accumulation of secondary metabolites.

[image: Bar graphs A to O show relative expression levels of various SfWRKY genes, comparing carrot (CR) and sugar beet root (SR) conditions. Each graph indicates significantly higher expression in SR compared to CR, with significance levels (***, **, *) denoted above bars.]
Figure 7 | Expression analysis of SfWRKY genes in S. flavescens roots with different cultivated years by RT-qPCR. Panels (A–O) represent the relative expression of SfWRKY11, SfWRKY16, SfWRKY18, SfWRKY26, SfWRKY29, SfWRKY30, SfWRKY37, SfWRKY38, SfWRKY39, SfWRKY40, SfWRKY41, SfWRKY44, SfWRKY50, SfWRKY62, and SfWRKY66 genes, respectively. Each sample included three biological replicates. The symbols *, **, and *** above the error bar indicate a statistically significant difference between CR (roots from S. flavescens sowed in current years) and SR (roots from S. flavescens sowed two years ago) samples at p < 0.05, p < 0.01, and p < 0.001 significance level.




3.7 Expression analysis of WRKY genes in leaves of S. flavescens under salt stress based on RT-qPCR

To investigate the expression patterns of WRKY family members in the leaf tissues of S. flavescens under salt stress, we used RT-qPCR to analyze the expression patterns of 9 SfWRKY genes (Figure 8). The results showed that seven SfWRKY genes (SfWRKY18, SfWRKY20, SfWRKY35, SfWRKY52, SfWRKY55, SfWRKY66, and SfWRKY67) were downregulated under salt stress, while two genes (SfWRKY03 and SfWRKY50) were upregulated. The downregulation of SfWRKY55 was the most significant, while the SfWRKY03 was upregulated by 1.8 times when exposed to salt stress. Their significant expression differences under salt stress may suggest that they are involved in the response of S. flavescens to salt stress.
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Figure 8 | Expression analysis of SfWRKY genes in the leaves of S. flavescens under salt stress by RT-qPCR. Panels (A–I) represent the relative expression of SfWRKY03, SfWRKY18, SfWRKY20, SfWRKY35, SfWRKY50, SfWRKY52, SfWRKY55, SfWRKY66, and SfWRKY67 genes, respectively. Each sample contain three biological replicates. The symbols *, **, and *** above the error bar indicate a statistically significant difference between the NC (normal condition) and Salt (250 mM NaCl) treatments at p < 0.05, p < 0.01, and p < 0.001 significance level (Student’s t test). N.S., not significant.





4 Discussion

S. flavescens is an herbaceous plant whose roots are often used in traditional Chinese medicine. It contains various active ingredients, including alkaloids, flavonoids, and others, which have shown significant effects in treating inflammation, fever, cancer, and skin diseases (He et al., 2015; Gao et al., 2024). S. flavescens also has a wide suitable growth range, including in barren gullies, shrublands, or fields. The plants exhibited robust stress resistance, demonstrating practical cold tolerance, heat resistance, and saline-alkali tolerance. It has been reported that the members of the WRKY family participate in various stress regulation networks in plants (Jiang et al., 2017; Goyal et al., 2022). Recently, studies were mainly focused on the analysis of effective components in S. flavescens and their related therapeutic mechanisms (Kong et al., 2024; Lin et al., 2024), but the regulatory roles of WRKY TFs in the growth and development of S. flavescens, especially in the regulation of stress conditions, are not clear. In this study, we conducted a comprehensive analysis of the 69 S. flavescens WRKY members based on the recently published genome of S. flavescens (Qu et al., 2023), suggesting the evolutionary diversity and complexity of the SfWRKY gene family. It has a significantly lower count than the 74 WRKYs in Arabidopsis and the 109 WRKYs in Oryza sativa (Supplementary Table S3) (Abdullah-Zawawi et al., 2021) but higher than those in Nelumbo nucifera (65), Ananas comosus (54), and Glycyrrhiza uralensis (52) (Xie et al., 2018; Li et al., 2019; Xiao et al., 2024).

Our evolutionary analysis classified the SfWRKY genes into three main groups, with the second group having the highest number of members, further divided into five subgroups, consistent with classifications in other plants (Eulgem et al., 2000; Rushton et al., 2010; Liu et al., 2020). Following the well-defined classification, the SfWRKY gene family was subdivided into three groups (Figure 2A). Notably, Group II contains the highest number of SfWRKY genes, which may be attributed to gene duplication. In Group II, a total of 11 gene duplications were identified (Table 1). It also revealed extensive collinearity between S. flavescens, A. thaliana, and S. moorcroftiana, suggesting a common ancestor before the divergence of these lineages. The variation in collinearity between S. flavescens and S. moorcroftiana, compared to A. thaliana, is consistent with their evolutionary relationships. The presence of conserved motifs in SfWRKY genes supports their functional conservation across different plants. Gene and genome duplications have long been considered as a fundamental source of evolutionary innovation, offering an expanded molecular reservoir for the adaptive evolution of key pathways, plant development, and ecological transitions (Panchy et al., 2016). Previous studies suggest that the expansion of the WRKY gene family was mainly due to tandem and segmental duplication events (Chen et al., 2019). Gene duplication analysis suggests that TRD and DSD have greatly contributed to the expansion of SfWRKY gene family (Table 1). Selection pressure analysis showed that SfWRKYs have undergone purifying selection, offering an explanation for the observed differences. The Ka/Ks ratio calculations for all inferred duplicated genes were less than one. Therefore, these gene pairs may have experienced negative selection after duplication, with limited functional divergence, indicating stable changes in amino acid sequences and subfuncitionalization during the evolution of S. flavescens (Cusack and Wolfe, 2007).

WRKY TFs are crucial in the regulation of gene expression, as they specifically bind to the W-box motif located within the promoter regions of target genes (Jiang et al., 2017). Similar to other plant species, the majority of SfWRKY proteins possess a WRKYGQK domain. Nevertheless, multiple variants of the SfWRKY gene have been identified (Figure 5); for instance, the WRKYGKK variant in soybean failed to effectively bind to the W-box (Zhou et al., 2008). The similarities in characteristics between SfWRKY35 and SfWRKY47 in S. flavescens require further investigation.

The cis-acting elements within gene promoters are crucial for understanding gene regulation, as they interact with transcription factors (Hernandez-Garcia and Finer, 2014). The promoters of SfWRKY genes contain various cis-acting elements that are closely associated with stress responses, plant hormone signaling, and plant growth and development. This indicates their significant roles in the response to both biotic and abiotic stresses. Previous study indicates that the expression of WRKY genes in specific tissues significantly influences plant growth and development (Wang et al., 2023). In this study, we observed significant differences in the expression levels of various SfWRKY genes across the leaves, flowers, pods, roots, and stems of S. flavescens. Among these, SfWRKY52 and SfWRKY66 exhibited consistently high expression levels across all the tissues and developmental stages (Figure 6A), suggesting their crucial roles involved in plant growth and development. Furthermore, through a coexpression network analysis of transcriptomic and metabolomic data from the pods and roots of S. flavescens, we identified SfWRKY29 as a core gene. This finding implies its key regulatory role in biosynthesis during pod and root development.

The WRKY gene family plays a crucial role in regulating plant responses to various abiotic and biotic stresses (Jiang et al., 2017). To investigate the response of SfWRKY genes under salt stress, we analyzed their expression levels. The results indicated that eight SfWRKY genes exhibited differential expression under salt stress conditions. Overexpression of the GmWRKY34 gene in A. thaliana significantly enhanced the plants’ salt tolerance (Zhou et al., 2015), while CdWRKY2 was found to negatively regulate lateral root growth under salt stress (Shao et al., 2023). Therefore, we hypothesize that these eight SfWRKY genes may be involved in the regulation of leaf responses to salt stress in S. flavescens. Of course, more studies are required to provide functional validation of SfWRKY genes through molecular biology techniques.




5 Conclusion

Our study conducted a comprehensive analysis of the SfWRKY gene family in S. flavescens through bioinformatic methods. A total of 69 SfWRKY genes were identified and classified into seven subfamilies (I, IIa, IIb, IIc, IId, IIe, and III), and characterize the physicochemical properties, chromosomal locations, phylogenetic relationships, synteny features, gene structures and cis-regulatory elements were characterized. Coexpression analysis of the transcriptomes and metabolomes from different tissues or different stages, it was found that SfWRKY29 exhibited the highest connectivity with other genes, indicating that it plays a crucial role in regulating the biosynthesis of secondary metabolites. The RT-qPCR results of gene expression analysis revealed that some SfWRKY genes of S. flavescens were significantly induced in response to the accumulation of secondary metabolites or salt stress. Our study would lay a foundation for understanding the roles of WRKY genes in the growth and development of S. flavescens as well as their molecular mechanisms under abiotic stress.
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Elymus sibiricus L., an excellent forage and ecological restoration grass, plays a key role in grassland ecological construction and the sustainable development of animal husbandry. In China, the wild germplasm resources of E. sibiricus are abundant, and they are shaped by similar and contrasting climatic conditions to form distinct populations, which enrich the genetic diversity of E. sibiricus. To more comprehensively aggregate E. sibiricus germplasm resources at a lower cost and to more accurately utilize its genetic variation, this study conducted a preliminary exploration of core germplasm collections and fingerprinting of E. sibiricus using single nucleotide polymorphism (SNP) markers. By combining multiple evaluation measures with weighted processing, we successfully identified 36 materials from 90 wild E. sibiricus samples to serve as a core collection. Genetic diversity assessments, allele evaluations, and principal component analyses of the 36 core germplasm samples all indicate that these 36 samples accurately and comprehensively represent the genetic diversity of all 90 E. sibiricus germplasm accessions. Additionally, we identified 290 SNP loci from among the high-quality SNP loci generated by whole-genome sequencing of the 90 E. sibiricus samples as candidate markers. Of these, 52 SNP loci were selected as core markers for DNA fingerprinting of E. sibiricus. Using kompetitive allele-specific PCR (KASP) technology, we also performed population origin identification for 60 wild E. sibiricus germplasm accessions based on these core markers. The core SNP markers screened in this study were able to accurately distinguish between E. sibiricus germplasms from the Qinghai–Tibet Plateau and those from elsewhere. This study not only provides a reference for the continued collection and identification of E. sibiricus germplasm resources but also offers a scientific basis for their conservation and utilization.
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1 Introduction

Elymus sibiricus L., the Elymus L. genus type species, is a perennial, self-pollinating, and allotetraploid grass widely distributed across Eurasia that plays a crucial role in meadow steppe and meadow communities, often as a dominant species (Yan et al., 2007b; Li et al., 2021). Elymus sibiricus has strong adaptability, and high forage quality. It naturally occurs across various habitats, including alpine meadows at elevations ranging from 1,500 to 4,900 meters, forest clearings, shrublands, slopes, and gravel beds along river valleys (Peng et al., 2022; Yen and Yang, 2022; Chen et al., 2023). Elymus sibiricus has abundant wild resources within China, where it mainly occurs in Northeast China, North China, Northwest China, and the Qinghai–Tibet Plateau (Li et al., 2021). E. sibiricus exhibits excellent cold resistance, with its seedlings able to withstand temperatures as low as -4°C, and it can safely overwinter under extreme low temperatures ranging from -40°C to -30°C (Yan et al., 2010). Chen and He (2004) found that even at an altitude of 3200 m in the Qinghai Lake region, E. sibiricus cv.duoye maintains high yields of forage and seeds. In North China, E. sibiricus typically returns to green in April, and in the Northwest region, it starts to germinate when the daily average temperature reaches above 0°C, and enters the greening period when the daily average temperature rises above 4°C (Li et al., 2000; Abulaiti et al., 2008). As a meso-xerophytic plant, E. sibiricus exhibits strong drought resistance during the germination and seedling stages, outperforming Agropyron cristatum (L.) Gaertn, and other congeneric species such as E. dahuricus Turcz., E. nutans Griseb., E. excelsus Turcz., and E. tangutorum (Nevski) Hand.-Maz in terms of drought tolerance (Yu et al., 2011; Chen et al., 2016; He et al., 2023). Liu et al. (2022) found that under drought stress, apoplastic barrier in the endodermis could maintain the balanced growth of E. sibiricus, which contributes to drought tolerance of E. sibiricus. The antioxidant defense system, key metabolic substances, specific transcription factor families, and genes related to signal transduction are also considered important factors in E. sibiricus’ strong drought resistance (Li et al., 2020; Yang et al., 2020; Yu et al., 2022; An et al., 2024). Additionally, E. sibiricus has a certain tolerance to salt stress, which makes it suitable for the restoration and improvement of saline-alkali lands (Yang et al., 2015). Based on these characteristics, E. sibiricus is extensively used for the revegetation of degraded grasslands, soil stabilization, and forage production in the Qinghai–Tibet Plateau and other high-altitude areas of western China (Xie et al., 2015; Bai and Yan, 2020). Thus far, E. sibiricus is among the few native grass species that have achieved large-scale seed production and commercial utilization in the Qinghai–Tibet Plateau region owing to its high seed yield potential (Yan et al., 2024). Previously, research on the germplasm resources of E. sibiricus has primarily focused on resource evaluation and genetic diversity assessment based on phenotypic characteristics and second-generation molecular markers such as simple sequence repeats (SSRs) and sequence-related amplified polymorphisms (SRAPs) (Ma et al., 2008; Yan et al., 2008; Zeng et al., 2022; Zhang et al., 2024). In contrast, Guo et al. (2016) used morphological traits and SSR markers to identify four E. sibiricus cultivars from the Northwest Plateau of Sichuan, China. Additionally, Xie et al. (2015) utilized start codon targeted polymorphisms (SCoT) markers to identify 69 different cultivars and wild accessions of E. sibiricus. However, there have been no reports identifying the population origins for wild E. sibiricus germplasm accessions. E. sibiricus germplasm from different habitats have experienced varying climate types, leading to significant phenotypic and genetic differences among wild eco-geographic populations, which provides rich genetic resources and diverse selection bases for E. sibiricus germplasm improvement (Zhang et al., 2022; Xiong et al., 2024b; Yan et al., 2024). Characterizing and analyzing wild E. sibiricus germplasm greatly facilitates the preservation and utilization of these resources. However, methods based on morphological traits and the use of second-generation molecular markers to identify the origins of wild E. sibiricus germplasm are both time-consuming and inefficient. Moreover, the morphological variation in wild E. sibiricus germplasm is extensive, and its traits are often influenced by environmental changes, dramatically increasing the difficulty of source identification and hindering the collection and utilization of these germplasm resources (Yan et al., 2007a; Li et al., 2023a). Therefore, establishing an economical, efficient, and accurate method for identifying the population source of E. sibiricus germplasm is crucial for advancing the research and conservation of its genetic resources, origin identification, and sustainable development of the E. sibiricus industry.

Recently, a high-quality E. sibiricus reference genome (6.53 GB) of ‘Chuancao No. 2’, a nationally approved variety in China, has been released, which provides a foundation for population genomics studies of E. sibiricus. Yan et al. (2024) performed whole-genome resequencing of 90 wild E. sibiricus germplasm samples from various habitat types and thus identified 80,148,422 high-quality SNP loci by alignment and comparison with the ‘Chuancao No. 2’ E. sibiricus reference genome. Based on these SNP loci, the study not only highlighted the rich genetic diversity of wild E. sibiricus germplasm but also was able to divide the 90 wild E. sibiricus germplasm samples into four distinct groups, Qinghai–Tibet Plateau (QTP), Northwest China (NW), North China (NC), and Northeast China (NE) groups, providing important genetic evidence for the population classification of E. sibiricus resources. Compared with molecular markers such as SSRs, inter-simple sequence repeat (ISSRs), and SRAPs, SNP markers are distributed more evenly across the entire genome, and they are characterized by higher density, greater polymorphism, and more stable inheritance (Rafalski, 2002; Varshney et al., 2009; Li et al., 2023c). SNPs can be readily adapted to automated genotyping methods and can be identified via high-throughput automated detection (Zhang et al., 2020). The KBiosciences Kompetitive allele-specific PCR (KASPar) system is one of the most ideal high-throughput SNP genotyping platforms given its high accuracy and low cost (Semagn et al., 2014), and it has been widely utilized in studies on wheat (Grewal et al., 2020), rice (Steele et al., 2024), cotton (Islam et al., 2015), cucumber (Kahveci et al., 2021), and broccoli (Shen et al., 2020, 2021). Thus, constructing a core collection based on SNP markers is more accurate and effective (Van Inghelandt et al., 2010; Dou et al., 2023). A core collection is characterized by its heterogeneity, diversity, representativeness, and practicality, as it is not merely a simple molecular genetic snapshot of an entire species but rather a representative subset that retains most of the genetic information of the original broader germplasm (Brown, 1989; Gu et al., 2023). The construction of a core collection not only provides strong support for genetic breeding, conservation biology, and systematic studies, but also has high academic and practical value in promoting germplasm resource exchange and utilization as well as gene bank management more generally (Gautam et al., 2004; Gu et al., 2023; Aribi, 2024). Lee et al. (2020) selected 67 pumpkin accessions as a core collection from among 610 pumpkin (Cucurbita moschata) germplasm accessions based on 2,071 high-quality SNPs. Similarly, Ketema et al. (2020) identified 94 accessions as a core collection from among 357 Ethiopian cowpea (Vigna unguiculata [L.] Walp.) germplasm samples based on genetic diversity analysis using SNP markers. These core accessions captured the full genetic diversity of the 357 Ethiopian cowpea germplasm samples, providing an empirical foundation for the collection, conservation, and utilization of Ethiopian cowpea germplasm. Girma et al. (2020) selected 387 sorghum (Sorghum bicolor L.) accessions as a core collection from 1,628 sorghum germplasms based on SNP markers, providing important resources for subsequent sorghum breeding, genomic research, and genetic studies.

Additionally, SNP markers are one of the marker types recommended by the International Union for the Protection of New Varieties of Plants (UPOV) in the BMT Molecular Testing Guidelines for constructing DNA fingerprint databases (Button, 2008). DNA fingerprint markers consist of a small number of highly representative markers that can be used to distinguish between different individuals or groups within the same species, and because of their advantages of being convenient and enabling rapid identification, as well as their accurate and stable results, they are widely used in the study of crop germplasm resource diversity and in variety identification (Karihaloo, 2015; Luo et al., 2023). Fan et al. (2021) selected 24 SNP loci with high polymorphism information content and strong sequence conservation to construct a DNA fingerprint map for tea plant (Camellia sinensis [L.] O. Kuntze) varieties, and it was used to accurately distinguish all 103 tested tea plant germplasm samples. Tian et al. (2021) constructed an SNP-DNA fingerprint database containing more than 20,000 maize (Zea mays L.) samples based on 200 core SNP loci; this database can thus be used in variety authentication, purity determination, and the protection of plant variety rights. Wang et al. (2021a) used SNP markers to construct a DNA fingerprint map for 216 cigar tobacco (Nicotiana tabacum L.) germplasm resources, providing a scientific basis for the selection and identification of high-quality cigar tobacco germplasm resources. However, the application of SNPs in the study of E. sibiricus has primarily focused on molecular marker-assisted breeding and inferring the demographic history of populations. For instance, Zhang et al. (2019) employed specific-locus amplified fragment sequencing (SLAF-seq) technology to successfully construct a high-density genetic linkage map for E. sibiricus and identify QTLs and candidate genes associated with seed traits. Moreover, they successfully identified genes related to the adaptation of E. sibiricus to high-altitude climatic conditions and important agronomic traits through Genetic Selection and Genome-Wide Association Analysis (GWAS) (Zhang et al., 2022). Xiong et al. (2024b) based on SNP data from the pan-chloroplast genome, inferred that the ancestors of E. sibiricus originated from the Qinghai-Tibet Plateau and underwent a complex migration history. Han et al. (2022) explored the factors influencing the geographic distribution pattern and genetic spatial structure of E. sibiricus on the Qinghai-Tibet Plateau using SNP markers. To date, there have been no reports on the construction of a core germplasm collection and DNA fingerprinting map for E. sibiricus based on SNP markers.

In this study, we thus constructed a core collection of E. sibiricus based on high-quality SNP markers generated from whole-genome resequencing of 90 wild E. sibiricus accessions (Yan et al., 2024). We further conducted genetic diversity analyses on these core accessions to evaluate their representativeness. Additionally, to accurately distinguish among different E. sibiricus germplasm sources and identify the population sources of wild germplasm accessions, we explored the construction of an E. sibiricus DNA fingerprint map based on SNP markers. Ultimately, a set of 52 core SNP markers was selected for the construction of the DNA fingerprint map. Subsequently, we utilized the KASPar platform to genotype 60 representative wild E. sibiricus accessions in order to differentiate them and identify their population sources, thereby validating the accuracy and effectiveness of the characterized core SNP markers. These findings not only enhance the conservation and utilization of E. sibiricus germplasm resources but also provide scientific evidence and data references for their continued collection and identification.




2 Materials and methods



2.1 Plant materials and DNA extraction

Nine E. sibiricus samples (Supplementary Table 1) were selected for Sanger sequencing to validate the accuracy of the core SNP loci. Sixty wild E. sibiricus samples (Supplementary Table 2) were also selected for KASP genotyping to evaluate the effectiveness of the 31 KASP markers. All plant materials were provided by the Sichuan Academy of Grassland Sciences (SAG). The seeds of these E. sibiricus samples were germinated in nutrient bowls (16 cm in diameter and 16 cm in height) filled with mixed soil (soil:nutrient soil:vermiculite, 3:4:1.5 [V:V:V]). The nutrient bowls were then placed in a growth chamber under controlled conditions (day/night cycle 16/8 h, 20/15°C; 60 ± 5% relative humidity; 400 µE·m−2 ·s −1 PPFD). For each germplasm accession, when the plants reached the seedling stage, young leaves were collected from each plant and stored at -80°C for subsequent DNA extraction.

The leaf samples were ground with approximately 4-mm-diameter steel beads in a Sceintz-48 tissue grinder (SCIENTZ, Ningbo, China) after sufficient chilling in liquid nitrogen. Genomic DNA was extracted from the plant samples using the TIANGEN Kit (TIANGEN BIOTECH, Co., Ltd., Beijing, China) according to the manufacturer’s instructions. The concentration and purity of the DNA were measured using a NanoDrop2000 UV spectrophotometer (Thermo Scientific, Waltham, MA, USA).




2.2 Data collection

The genomic data of E. sibiricus ‘Chuancao No. 2’ and the whole-genome sequencing data of 90 wild E. sibiricus samples (Supplementary Table 1) were downloaded from the National Genomics Data Center (NGDC) (BioProject accession number PRJCA029280). All SNP markers used in this analysis were derived from 80,148,422 high-quality SNP loci identified in the resequencing data of these 90 E. sibiricus germplasm samples (Yan et al., 2024).




2.3 Core collection development

To establish a core germplasm collection of E. sibiricus accessions, Core Hunter II software (Thachuk et al., 2009) was used to analyze and evaluate the representativeness of 90 E. sibiricus accessions. Using Core Hunter II software, we applied a weighted approach combining multiple evaluation measures (modified Roger’s distance and Shannon’s Diversity Index) to screen the number of core accessions for proportions of 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, and 0.9 of the total germplasm collection, which was based on the parameters recommended on the Core Hunter website (https://github.com/cropinformatics/CoreHunter). The final core collection size was determined by evaluating allele coverage (CV) and comparing the expected heterozygosity (He), Shannon–Weaver index, Nei’s gene diversity index, and polymorphism information content (PIC) between the core collection and the entire germplasm collection.




2.4 SNP selection

To select SNP markers with high marker quality, strong representativeness, high discriminative power, a uniform distribution across the genome, and high specificity for fingerprinting analysis, we followed five criteria (outlined below), based on the research of Sun (2017) and Wang et al. (2021a): (1) specificity, (2) uniform marker distribution and high marker quality, (3) substantial PIC values, (4) Hardy–Weinberg equilibrium, (5) uniqueness. (1) To ensure that the selected SNP markers have high specificity, we extracted 200 bp sequences upstream and downstream of each SNP, totaling 401 bp. We then performed BLAST alignments and retained only those SNPs that uniquely aligned to the reference genome. (2) Based on the premise that the SNP markers were uniformly distributed across the 14 chromosomes of E. sibiricus, we retained SNPs with no missing genotype data and discarded those with a minor allele frequency (MAF) below 20%. (3) The PIC values of SNP loci were calculated by a Perl script, and loci with PIC values less than 0.35 were discarded. (4) Hardy–Weinberg equilibrium was tested using VCFtools software (v.0.1.13) (Danecek et al., 2011) with the parameters –max-missing 1 –maf 0.2 –hwe 0.01, and the loci with a p-values greater than 0.01 were retained. (5) A Perl script was used to identify SNP loci that did not have mutations in other loci within 100 bp before and after labeling. Thus, we ultimately selected high-quality SNP markers for subsequent fingerprinting analysis.




2.5 Fingerprint construction and generation of 2D barcodes

The screened SNP loci were used to construct a DNA fingerprint map using RStudio (R version 4.4.0). To facilitate the viewing of genotype information for each germplasm accession, 2D barcodes were generated for each accession using the online software Caoliaoerweima (http://cli.im/), which can provide the genotype of each germplasm accession after the barcode is scanned.




2.6 Verification of SNP locus authenticity by sanger sequencing

The specific primers for 52 core SNP loci were designed using Primer Premier5 software (Lalitha, 2000). Parameters for primer design were as follows: GC content, 44%–72%, melting temperature (Tm), 56-68°C, and length, 19-25 bp, and the primers were synthesized by Sangon Bioengineering Co., Ltd. (Shanghai, China) (Supplementary Table 3). DNA from nine E. sibiricus samples, selected from the 90 materials, was used as the template for PCR amplification. The total volume of the PCR mixture was 20 μl, containing 1 μl Phanta Max Super-Fidelity DNA polymerase (Vazyme, Nanjing, China), 10 μl 2X Phanta Max buffer, 1 μl dNTP (10 mM each), 2 μL of genomic DNA, 0.8 μl of primer mix (containing 10 μM of primer F and 10 μM of primer R), and 5.2 μL of ddH2O. The PCR reaction conditions were as follows: initial denaturation at 94°C for 3 min, followed by 35 cycles of denaturation at 94°C for 30 s, annealing at 55°C for 30 s, and extension at 72°C for 1 min, with a final extension at 72°C for 5 min. All PCR-amplified products were separated by agarose gel electrophoresis, and the target fragments were extracted and recovered under a Tanon-3500 Gel Imaging System (Tanon Science & Technology Co., Ltd., Shanghai, China). The specific procedure is as follows: 5 ml of PCR product were subjected to 1% agarose gel electrophoresis at 150 V and 100 mA. After observing for 10-20 minutes, the target PCR band was excised from the gel, recovered. Subsequently, the target fragments were sequenced using the 3730XL sequencer (Thermo Fisher Scientific), and the sequencing data were analyzed using SnapGene (V6.0.2) (Li et al., 2023b) and SeqMan (v7) software (Swindell and Plasterer, 1997).




2.7 Kompetitive allele-specific PCR genotyping

For each SNP locus retained after screening, 200 bp sequences upstream and downstream of the SNP were extracted, and KASP primers were designed and developed by Genepioneer Biotechnologies (Nanjing, China). The online platform Primer3Plus (https://www.primer3plus.com/) was utilized for the design of KASP markers, wherein for each KASP target site, one common reverse primer and two allele-specific forward primers were designed based on the flanking sequences around the variant position (SNP). The primer design parameters are as follows: GC content between 30% and 60%, with an optimal GC content of 45%, Tm value between 55 and 61°C, and the size of the PCR product not larger than 120 bp. Primers were appended with tails compatible with the standard FAM or VIC labels (FAM tail: 5′-GAAGGTGACCAAGTTCATGCT-3′; VIC tail: 5′-GAAGGTCGGAGTCAACGGATT-3′), with a targeted SNP positioned at the 3′ end. Kompetitive Allele-Specific PCR (KASP) assays were performed using the CFX Connect™ Real-Time System (Bio-Rad, Hercules, CA, USA). The newly synthesized primers were diluted to 10 μM using TE buffer (pH 8.0) and mixed according to a ratio of forward genotyping primer 1:forward genotyping primer 2:reverse universal primer of 1:1:3 (V:V:V) to serve as the primer mix. DNA samples were diluted to match the concentration of the lowest concentration sample in the batch, and each 5-μL reaction mixture contained 1.25 μL of the diluted DNA sample. Finally, the total amplification reaction volume was 5 µL in each well of a 96-well plate and consisted of 2.5 µL of 2× KASP Master mix (JasonGen Biological Technology Co., Ltd, Beijing, China), 1.25 µL of primer mix, and 1.25 µL of DNA sample as described previously. The 96-well PCR reaction plates are subjected to sealing, shaking, and centrifugation to ensure thorough and even mixing of the reaction system. After centrifugation, the PCR reaction is carried out using the following cycling program: activation at 95°C for 10 min, 10 touchdown cycles of 95°C for 20 s and 61–55°C for 60 s (decreasing by 0.6°C each cycle), and then 27 cycles of denaturation and annealing/elongation at 95°C for 20 s and 55°C for 60 s. Fluorescent signals of the reactions were detected and genotyping data were analyzed using the Omega Fluorostar scanner (BMG Labtech, Ortenberg, Germany) and KlusterCaller (v2.22.0.5) software (Bansal et al., 2021).




2.8 Data analysis

Based on the population VCF file, we organized the genotyping information of selected SNP loci in 90 samples using the Notepad– (version 2.2) (https://gitee.com/cxasm/notepad–) text editor. Subsequently, the organized results were imported into PowerMarker (version 3.25) software to calculate genetic diversity indices, including Polymorphic Information Content (PIC), heterozygosity rate, Minor Allele Frequency (MAF), and Nei’s gene diversity index (Liu and Muse, 2005). Principal component analysis (PCA) was performed using Tassel (v5.1) (Bradbury et al., 2007), and based on the clustering results of the samples, the graphical representations were created using R language and ggplot2 package (Pryszcz and Gabaldón, 2016). The distance matrix between individuals was calculated based on SNPs using MEGA X (v10.2.6) (Kumar et al., 2018). The phylogenetic tree was constructed using IQ-TREE2 software (v2.2.0) based on the neighbor-joining method, with 1,000 bootstrap replicates (Minh et al., 2020). The specific parameter settings were as follows: -s *.phy  –seqtype DNA -T 10 -B 1000 -m NJ –boot-trees. Based on the filtered SNPs, population structure was analyzed using Admixture software (v1.3.0) with the parameters -C 0.01 -s time –cv -j4 (Alexander et al., 2009). The number of subpopulations (K value) was pre-set to range from 1 to 10 for clustering, and cross-validation was performed on the clustering results. The optimal number of clusters was determined based on the minimum cross-validation error rate.





3 Result



3.1 Screening of core germplasm collection

In this study, a comprehensive evaluation and screening of 90 accessions of E. sibiricus germplasm resources were conducted according to weighted values of modified Roger’s distance (weight 0.7) and Shannon’s diversity index (weight 0.3). Through an assessment of coverage, 36 accessions (representing 40% of the germplasm resources) were ultimately identified as representative core germplasm accessions for E. sibiricus (Figure 1A; Supplementary Table 4, Supplementary Data 1). Further, we analyzed the genetic diversity of these 36 core accessions. The observed heterozygosity (Ho) ranged from 0.028 to 1.000 (mean = 0.044), while the expected heterozygosity (He) ranged from 0.095 to 0.500 (mean = 0.293). The Nei diversity index ranged from 0.097 to 0.509. Additionally, the average values of the Shannon–Wiener index and PIC were 0.459 and 0.243, respectively. These genetic diversity metrics of the core germplasm collection were found to be similar to those of the original full set of 90 accessions of E. sibiricus germplasm accessions (P < 0.05), indicating that the core germplasm collection effectively represents the overall genetic diversity (Supplementary Table 5). The allele frequency assessment revealed that the ten potential genotypes derived from the four nucleotides A, C, G, and T (as well as their dinucleotide combinations) were consistently distributed across all germplasm and the core germplasm (Figure 1B; Supplementary Table 6). Furthermore, the comparison of MAF values between the 36 core accessions and the entire germplasm pool indicated that the highest proportion of MAF values fell within the range of 0.05–0.10. The distribution of MAF values in the range of 0.20–0.50 was consistent between the core germplasm collection and the original full germplasm collection (Supplementary Figure 1). Finally, PCA of all germplasm materials and the core germplasm indicated that the core germplasm collection aligned well with the distribution plot of all E. sibiricus materials (Figure 1C). These results demonstrate that the 36 core accessions accurately capture the genetic diversity of all 90 E. sibiricus germplasm accessions.
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Figure 1 | Screening and evaluation of the Elymus sibiricus core collection. (A) The evaluation of allele coverage for 90 E. sibiricus samples. The red dot in the graph represents the E. sibiricus core collection of 36 accessions. (B) The frequency distribution of genotypes in all 90 E. sibiricus samples and the core collection of 36 accessions. The ten potential genotypes are shown along the x-axis, and the y-axis shows the proportion of each genotype. The red dashed line indicates the genotype distribution of all germplasm resources, while the blue dashed line indicates the genotype distribution of the selected core germplasm accessions. The red solid line represents the fitted curve based on the genotype distribution of all germplasm resources, and the blue solid line represents the fitted curve based on the genotype distribution of the selected core germplasm. The upper right corner of the graph shows the linear equation fit to the data, and R2 is the coefficient of determination. (C) The principal component analysis (PCA) plot of 90 E. sibiricus samples and the selected core collection. Each dot represents a sample, the red dots represent all 90 E. sibiricus samples, and the blue dots represent the core collection of 36 accessions.




3.2 SNP fingerprint construction



3.2.1 The screening and evaluation of SNP markers

Based on resequencing data from 90 E. sibiricus germplasm accessions derived from four populations (NW, NE, NC, and QTP), with an average sequencing depth of approximately 11×, a total of 80,148,422 high-quality SNPs were identified for fingerprint profiling marker screening (Yan et al., 2024). Considering the subsequent application of the selected SNP loci for KASP genotyping, the primary screening criterion was set to ensure specificity by requiring each SNP marker to align uniquely to the reference genome within a sequence window of 200 bp upstream and downstream (totaling 401 bp). Furthermore, based on other key criteria, such as the distribution of SNP markers across the genome, the missing base call rate of 0, the MAF greater than 0.2, and the PIC values greater than 0.35, a total of 290 SNP loci were ultimately selected as candidate markers (Supplementary Table 7).

The genetic diversity analysis of the 290 candidate markers revealed that Ho ranged from 0.333 to 0.633, with an average value of 0.495; the MAF ranged from 0.340 to 0.50, with an average value of 0.415. Additionally, the average values for Nei’s genetic diversity index, the Shannon–Wiener index, and PIC were 0.485, 0.675, and 0.366, respectively (Figures 2A–D; Supplementary Table 8). These results indicated that the 290 candidate markers exhibited high levels of polymorphism. The accuracy and effectiveness of the candidate markers were assessed through population structure analysis of the 90 wild E. sibiricus germplasms using the 290 candidate markers. Through the construction of a phylogenetic tree, it was found that the 290 candidate loci could effectively distinguish E. sibiricus germplasms from the QTP population from those of non-QTP populations (including MW, NC, and NE populations) (Figure 3A). However, there was a certain degree of error in identifying E. sibiricus germplasms from the NW, NC, and NE populations. For example, although 15 E. sibiricus germplasms from the NW population clustered together, 11 E. sibiricus germplasms from the NW population were scattered among the NE and NC populations. Furthermore, some E. sibiricus germplasms from the NC and NE populations were also clustered together. PCA also indicated a clear overlap among the E. sibiricus accessions from the NC, NE, and NW populations (Figure 3B).
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Figure 2 | Population genetic analysis of Elymus sibiricus accessions based on SNP loci. (A) Observed heterozygosity (Ho), (B) minor allele frequency (MAF), (C) Nei’s diversity index, and (D) polymorphism information content (PIC) values of 90 E. sibiricus samples based on a set of 290 candidate SNP markers. (E) Ho, (F) MAF, (G) Nei’s diversity index, and (H) PIC values of 90 E. sibiricus samples based on a set of 338 candidate SNP markers (FP338).

[image: Circular phylogenetic trees and PCA plots illustrate genetic relationships among groups. Panel A displays a phylogenetic tree with color-coded branches. Panel B shows two PCA plots with clusters. Panel C presents another phylogenetic tree, while Panel D provides additional PCA plots. The legend identifies colors representing different groups: NW, NE, QTP, NC. Labels indicate the variance explained by each principal component.]
Figure 3 | Population structure analysis of 90 E. sibiricus samples based on the selected SNP loci. (A, B) The phylogenetic tree and principal component analysis (PCA), respectively, of 90 E. sibiricus samples based on a set of 290 candidate SNP markers. (C, D) The phylogenetic tree and PCA, respectively, of 90 E. sibiricus samples based on a set of 338 candidate SNP markers (FP338).

Given that the classification of the NE, NW, and NC populations of E. sibiricus germplasms is based on whole-genome SNP data and that there is geographic overlap among these three populations, some materials from the NE and NC populations and NW and NE populations were obtained from locations that are geographically extremely close to each other (Supplementary Figure 2). Therefore, we hypothesize that it is challenging to completely and accurately distinguish accessions from the NE, NC, and NW populations from each other using a simple set of SNP loci combinations alone. To test this hypothesis, we abandoned the specificity criteria for SNP locus selection and constructed a set of candidate markers comprising 338 SNPs (FP338) with higher genetic diversity (Figures 2E–H; Supplementary Tables 8, 9). Using the FP338 loci, a phylogenetic tree and PCA were conducted for all 90 E. sibiricus germplasm accessions (Figures 3C, D). Using this subset of SNPs, it was still not possible to completely distinguish the materials from the NE, NC, and NW populations, with seven accessions from the NW population, six from the NE population, and two from the NC population still failing to be accurately classified. Notably, in the classification results using the FP338 candidate markers, seven germplasms from the QTP population (SAG-XZ18018, SAG-XZ18002, SAG-XZ18004, SAG-XZ18014, SAG-XZ18006, SAG-XZ18007, and SAG-XZ18012) were clustered together. Additionally, the genetic distances among these seven germplasms were also closer in the clustering results based on the 290 SNP loci, which was consistent with the results of the delineation of QTP populations accessions based on genome-wide SNPs, indicating that these candidate loci effectively reflect the genetic similarities among these germplasms.




3.2.2 Screening of core SNP markers and construction of DNA fingerprints

Despite the limitations of the 290 candidate SNPs for use in identifying the population location of some E. sibiricus germplasm accessions from NE, NC, and NW populations, they could still be used to accurately predict the source of germplasm from the QTP population, as well as distinguish differences among individual germplasm accessions. In order to rapidly and economically distinguish E. sibiricus germplasm sources, 52 core SNPs were ultimately selected after screening for loci with high PIC and MAF values from a pool of 290 candidate markers, and ensuring that these SNP loci were evenly distributed across the 14 chromosomes of E. sibiricus, with the genotypes C/C, A/A, T/T, and G/G represented by yellow, green, blue, and purple, respectively; additionally, missing sites are represented in gray, and heterozygous sites are shown in white (Figure 4A; Supplementary Data 2). Using this set of core SNP loci, pairwise comparisons were conducted for the 90 E. sibiricus samples, and the results successfully distinguished each E. sibiricus germplasm accession (Figure 4B). Furthermore, through the analysis of the population structure of the 90 E. sibiricus samples, it was possible to accurately differentiate germplasms from the QTP population from those obtained from non-QTP populations, which indicated that the 52 core loci indeed effectively represent the 290 candidate SNPs (Figure 5). Genotyping data for the 52 core SNPs of the 90 E. sibiricus germplasms were encoded using the online software Caoliaoerweima (http://cli.im/), and 2D barcode fingerprints were generated for each germplasm (Supplementary Data 3).
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Figure 4 | Fingerprint analysis of 90 Elymus sibiricus samples. (A) The distribution of 52 core SNP markers on 14 E. sibiricus chromosomes. (B) DNA fingerprint composed of 52 core SNP markers. Each row corresponds to a SNP marker, and each column corresponds to a E. sibiricus sample. The genotypes C/C, A/A, T/T, and G/G are represented in yellow, green, blue, and purple, respectively. Missing sites are represented in gray, and heterozygous sites are shown in white.

[image: Dendrogram and bar plot showing genetic clustering. Samples are grouped into two main clusters labeled QTP and NC, NE, NW, with subgroups within each. The bar plot beneath each sample displays genetic composition with varying colors, indicating different genetic admixtures. Clusters K equals two to K equals five are shown, with each level representing different degrees of resolution.]
Figure 5 | Population structure analysis of 90 Elymus sibiricus samples based on the 52 core SNP markers. From top to bottom, the figure shows a phylogenetic tree of 90 E. sibiricus samples based on 52 core SNP markers, the sample names, and the population structure of 90 E. sibiricus germplasm resources for different numbers of subpopulations K.




3.2.3 Design of KASP primers and identification of E. sibiricus germplasm resources

The accuracy of analysis based on the 52 core SNP loci was further evaluated via PCR and Sanger sequencing for nine samples (SAG-NM18033, SAG-HB18004, SAG-XJ18028, SAG-XJ18013, SAG-NM18050, SAG-SC18007, SAG-GS18003, SAG-XZ18007, and PI598784) that were randomly selected from among the 90 samples. We found that the verification results for some SNP loci deviated from those obtained by next-generation sequencing, leading to reduced accuracy and reduced specificity of the loci. Ultimately, only 31 out of the 52 core SNPs could be successfully converted into KASP markers (Supplementary Table 10).

To evaluate the effectiveness of these 31 KASP markers in classifying E. sibiricus germplasms, 16 samples were randomly selected from among the 90 germplasm accessions and subjected to KASP analysis along with 44 other E. sibiricus germplasm accessions from the NC, NW, NE, and QTP populations (Supplementary Table 2). We observed that 27 KASP markers demonstrated a high discriminatory power, which were able to achieve distinct genotyping results in 60 samples (Supplementary Data 4). However, there were four KASP markers (KASP-SNP14, KASP-SNP20, KASP-SNP28, KASP-SNP18) with relatively poor typing results. In some samples, the homozygous or heterozygous status of the corresponding SNP sites could not be accurately identified, which might be related to the specificity of these loci in different samples. A genetic distance matrix and a phylogenetic tree were constructed based on the genotyping results (Supplementary Table 11). Thus, accessions from the QTP population were separated by smaller genetic distances and were clearly clustered together in the phylogenetic tree (Supplementary Figure 3). However, three samples from outside the QTP population (NC-test12, NC-test9, and NE-test6) were mixed into this cluster, such that the genetic distance between NC-test9 and QTP-test4 was 0.0556, that between NE-test6 and QTP-test5 was 0.1429, and that between NC-test12 and QTP-test8 was 0. This unexpected clustering may be related to the failure of some SNP loci to serve as functional KASP markers. Furthermore, there remained a lack of clarity in the population source identification of germplasms from the NW, NC, and NE populations. For example, two samples from the NC population (NC-test4 and SAG-NM18037) and four samples from the NE population (NE-test9, NE-test10, NE-test5, and PI598775) clustered with most of the samples from the NW population. Additionally, three samples from the NE population (NE-test11, NE-test8, and NE-test1) were also clustered with eight germplasms from the NC population. These results again highlight the limitations of using a small number of SNP locus combinations to differentiate E. sibiricus germplasm accessions with similar genetic backgrounds.






4 Discussion

As a widely distributed species across the Eurasian continent, the wild germplasm resources of E. sibiricus are extremely rich and abundant (Ma et al., 2012). Influenced by climatic factors in different habitats, the genetic variation among E. sibiricus accessions exhibits distinct regional characteristics (Li et al., 2023e); for instance, the phenology of heading and the presence of small spines at the base of the stems and leaf sheaths in wild E. sibiricus are significantly associated with high altitude (Li et al., 2023a). The phenotype characterized by the appearance of downy hair on the basal leaf sheaths during the seedling stage is found to have an extremely significant positive correlation with both longitude and latitude, while it demonstrates an extremely significant negative correlation with altitude, annual mean temperature, and annual average rainfall (Li et al., 2023d). Genetic variation in these traits, which manifest clear regional characteristics, may represent adaptations of E. sibiricus germplasm under different environmental conditions, not only enriching the genetic diversity of E. sibiricus but also promoting population differentiation and providing an important genetic resource foundation for the development and breeding of new E. sibiricus varieties with superior traits (Zhang et al., 2022; Xiong et al., 2024a). Furthermore, determining how to scientifically identify, preserve, and protect these wild E. sibiricus germplasm resources is a prerequisite for their effective utilization. The genetic diversity of multiple important crops, including sorghum (Cuevas et al., 2017), sweet potato (Su et al., 2017), pumpkin (Lee et al., 2020), cowpea (Ketema et al., 2020), radish (Xing et al., 2024), and wheat (Soleimani et al., 2020), has been preserved as much as possible through the construction of a core germplasm collection based on SNP markers. However, in the construction of a core germplasm collection for E. sibiricus, the focus has primarily remained on phenotypic traits and the use of SSRs as markers. Yan et al. (2017) used SSR markers to identify 47 accessions as the core germplasm collection from among 148 samples of E. sibiricus. Zeng et al. (2022) identified five accessions as the core germplasm collection for breeding by evaluating nine agronomic traits of 76 E. sibiricus germplasm accessions. The observation of plant phenotypic traits is one of the more traditional and intuitive methods of core germplasm identification. However, most of the phenotypic traits in plants are quantitative traits affected by multiple minor-effect genes and are therefore often susceptible to environmental influences (Wang et al., 2021a; Mackay and Anholt, 2024). Based on literature reports and field observations, we found that even the same E. sibiricus germplasm accession could exhibit significant phenotypic differences under different environmental conditions (Zhang, 2020; Jia, 2021). Additionally, there is substantial variation in the phenotypes of E. sibiricus across different growth years. Specifically, the agronomic traits of E. sibiricus are generally optimal during the second and third years of growth after plants are established, showing considerable differences from those in the first year, indicating the need for a longer period for phenotypic characterization of E. sibiricus germplasm accessions (Zhou et al., 2000; Chen, 2013; Qi et al., 2023). These factors present a substantial hindrance in the construction of a core germplasm bank for E. sibiricus using phenotypic traits. Additionally, although SSR markers are widely used in the construction of plant core germplasm collections, SNP markers offer several advantages: they are more abundant, have higher density, exhibit greater levels of polymorphism, and are more stable (Rafalski, 2002; Mammadov et al., 2012). Moreover, the identification and statistical analysis of SNP markers are even easier and more convenient through the utilization of the high-throughput automatic detection capabilities of the KASP genotyping platform (Smith and Maughan, 2015; Dipta et al., 2024). Therefore, we identified 36 E. sibiricus accessions as the core germplasm collection based on SNP markers, which can accurately represent the genetic diversity of the original 90 E. sibiricus germplasm accessions. This study represents the initial exploration of constructing a core germplasm resource for E. sibiricus based on a large number of SNP markers, providing a valuable reference for future collection and preservation of E. sibiricus germplasm resources. Concurrently, this core collection not only effectively protect the genetic diversity of E. sibiricus germplasm and prevent the loss of resources, but also serve as the basic material for breeding, providing important genetic resources for the breeding of new varieties.

Currently, the identification of wild germplasm resources of E. sibiricus mainly focuses on distinguishing E. sibiricus germplasm from congeneric E. nutans germplasm. Owing to the rich phenotypic variation in the wild germplasm of these two forage grasses, some of the wild germplasm of the two species are morphologically very similar, and the regions of their geographic distributions overlap. Li et al. (2023d) identified 990 E. sibiricus accessions and 246 E. nutans accessions from 1,723 wild Elymus germplasm resources by combining phenotypic trait analysis with flow cytometry. However, the population source identification of wild E. sibiricus germplasms has not been reported. The construction of fingerprints based on SNPs and the combination of KASP for typing identification can be utilized to accurately and efficiently differentiate among various germplasm sources within a species. This approach has been widely applied in the identification of varieties and population structure analysis in many species (Yang et al., 2019; Wang et al., 2021b, 2022; Yang et al., 2022). Therefore, in this study, based on the SNP markers obtained from the whole-genome sequencing data of 90 wild E. sibiricus accessions from the QTP, NC, NE and NW populations, we initially explored the feasibility of identifying the population origins of wild E. sibiricus germplasm accessions using SNP fingerprints combined with KASP genotyping. Unlike diploid species such as maize and cigar tobacco that have already established SNP fingerprints (Tian et al., 2021; Wang et al., 2021a), E. sibiricus, as an allotetraploid species, presents challenges in precise SNP genotyping due to the presence of homologous chromosomes between sub-genomes and a large number of repetitive sequences on the chromosomes, which result in many markers showing multiple copy phenomena (Yan et al., 2024). Therefore, we prioritized the specificity of SNPs as the primary criterion for selecting candidate SNP sites for fingerprint construction, in order to screen SNP sites with single-copy characteristics, thus simplifying the complex polyploid genotyping to a diploid-like genotyping, and facilitating KASP detection. However, similar to findings in the construction of SNP fingerprints for allotetraploid upland cotton (Gossypium hirsutum L.), this screening criterion limits the number of available SNPs and genetic diversity (Sun, 2017). In this study, the selected core SNP markers were able to accurately discriminate germplasm from QTP and non-QTP populations, but there were obvious errors in discriminating germplasm from NC, NE and NW populations. Some of the accessions from these three populations were clustered together based on the genotyping results, which indicated that the selected SNP markers lacked sufficient discriminatory power for differentiating the germplasm from these three populations. We speculate that this result may be related to the similar genetic backgrounds of individuals from these three populations. The materials from geographically closer populations may exhibit more genetic homogeneity owing to both environmental similarities as well as gene flow between populations. Consequently, it is challenging to accurately identify their population source using only a few SNP loci. For the QTP population of E. sibiricus, there was not only a large geographic distance from the NE, NC, and NW populations, but also genetic differences likely shaped by the unique environmental conditions of the QTP, such as its high altitude, which may lead to significant genetic differentiation from the non-QTP populations. Accordingly, even a small number of SNP loci were sufficient to distinguish germplasms from the QTP population from those from other populations. The similar findings have been reported in studies on tobacco (Wang et al., 2021a) and honeysuckle (Li et al., 2023b) fingerprint maps. Additionally, we also infer that a more comprehensive collection and sequencing analysis of E. sibiricus germplasm from the regions corresponding to these three populations would obtain richer SNP information. This will not only facilitate more detailed population differentiation of accessions from these regions but also help construct more discriminative SNP fingerprints, thereby playing a crucial role in identifying the population origins of E. sibiricus accessions. It is noteworthy that Yan et al. (2024), based on SNP datasets obtained from whole-genome sequencing, found that even E. sibiricus germplasm with close geographical origins were classified into different populations. Therefore, compared to the SCoT molecular markers used in previous study to identify the geographical origin of E. sibiricus (Xie et al., 2015), the DNA fingerprints constructed based on SNP markers in this study can identify the population origin of E. sibiricus germplasm, which is more beneficial for analyzing the population structure of E. sibiricus germplasm. Furthermore, studies have indicated that the E. sibiricus germplasm from the QTP population possesses higher genetic diversity, and it is inferred that the Qinghai-Tibet Plateau is very likely the center of origin for E. sibiricus (Xiong et al., 2024b; Yan et al., 2024). Consequently, it is of significant importance for the conservation, rational utilization and molecular breeding of E. sibiricus germplasm resources to rapidly discern whether the E. sibiricus germplasm originates from the QTP population (QTP) through fingerprints.




5 Conclusion

In this study, we successfully constructed a core collection comprising 36 E. sibiricus samples by integrating published sequencing data from 90 wild E. sibiricus accessions. Additionally, 290 candidate SNP markers and 52 core SNP markers were identified for the development of E. sibiricus DNA fingerprints, according to a series of strict screening criteria and evaluation methods. Subsequently, utilizing KASP technology, we genotyped 60 wild E. sibiricus accessions using these core SNP markers. The core SNP makers were able to accurately identify the germplasms from the QTP population, but there were some errors in the population origin identification of E. sibiricus germplasm from the NC, NE, and NW populations. We speculate that this result is owing to the relatively similar genetic backgrounds of E. sibiricus from these three populations. Therefore, we advocate for a more comprehensive collection and sequencing analysis of E. sibiricus germplasm resources from the regions corresponding to these three populations, which would enrich the SNP database and facilitate more precise analyses of population structure and gene flow in these areas, as well as the selection of more effective DNA marker combinations. In summary, our study preliminarily validated the feasibility of constructing a core germplasm set and DNA fingerprint for E. sibiricus based on SNPs. This work not only underscores the reliability and precision of SNP markers but also lays a crucial foundation for future efforts in the collection, conservation, and utilization of E. sibiricus germplasm resources.
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Supplementary Figure 1 | Distribution of minor allele frequency (MAF) values in the core collection and the original full germplasm collection. Intervals of MAF values corresponding to SNPs are shown along the x-axis; the y-axis represents the frequency of all SNPs in each interval.

Supplementary Figure 2 | Geographic distribution of 90 Elymus sibiricus samples, both at a broad scale and locally.

Supplementary Figure 3 | Clustering analysis dendrogram of 60 wild Elymus sibiricus germplasm accessions based on genotyping results for 31 KASP markers. The bands next to the dendrogram indicate the population origin of the samples, where red, purple, blue, and green represent E. sibiricus samples from the QTP, NC, NE, and NW regions, respectively.
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The miR159 gene family plays an essential role in plant growth and development, and stress response. Nevertheless, there are no reports defining its specific function in cucumber fruit expansion and response to abiotic stresses. In this study, we retrieved six Csa-miR159 sequences from the EnsemblPlants database, which were located on chromosome 1, chromosome 3, and chromosome 5 of cucumber, respectively. Phylogenetic analysis showed that Csa-miR159c/d/e/f belonged to one branch and Csa-miR159a/b to another. Cis-acting regulatory elements (CREs) including light response elements, phytohormone response elements, stress response elements, regulatory elements associated with plant growth and development were distributed unevenly in the promoter regions of Csa-miR159s, which indicated that Csa-miR159s might mediate the stress response, and growth and development. Moreover, it was determined that CsMYBs were the target genes of Csa-miR159s through psRNA-Target prediction and qRT-PCR analysis. Further findings suggested that Csa-miR159b might negatively regulate cucumber fruit expansion by targeting Cs1RMYB9, Cs1RMYB31, Cs2RMYB37 and Cs2RMYB64. Similarly, Csa-miR159d might negatively regulate cucumber fruit expansion by targeting Cs2RMYB27 and Cs2RMYB32. In addition, the differential expression of Csa-miR159s suggested their potential response to abiotic stresses and plant phytohormones. This study would provide valuable information on the molecular characterization of Csa-miR159s and establish a foundation for further research on the mechanisms of Csa-miR159s in regulating fruit expansion and stress response.
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1 Introduction

Cucumber (Cucumis sativus L.) is a widely cultivated vegetable worldwide, with China being the largest producer and consumer. In 2023, China cultivated approximately 1.37 million hectares of cucumber, with a total yield of 80.21 million tons. This accounted for 60.40% of the global cucumber cultivation area and 82.01% of the total production (Food and Agriculture Organization of the United Nations, 2023). However, unfavorable environmental conditions such as inappropriate temperature, weak light, drought and salt stresses, have a significant impact on cucumber fruit expansion, leading to the decreased yield and quality. Therefore, it is important to understand the molecular mechanism of cucumber fruit expansion in order to improve yield and stress tolerance in cucumber.

MicroRNA (miRNA) is a class of highly conserved endogenous non-coding small RNA, regulating the expression of its target genes at both the levels of transcription and post-transcription by directly cleaving or inhibiting the translation of target mRNA (Jones-Rhoades et al., 2006). It plays crucial roles in various physiological and metabolic processes, such as plant growth and development, and stress response (Jeong and Green, 2013; Liu et al., 2007; Zhang et al., 2019). miR159 has been extensively studied in plants (Montes et al., 2014) and the studies reveal how it influences plant growth and development by targeting MYB family genes (Dubos et al., 2010). For instance, miR159-GAMYB pathway has been widely implicated in plant growth, stress response, and phytohormone signaling in various species such as Arabidopsis (Allen et al., 2010, 2007; Alonso-Peral et al., 2010), tomato (Zhang et al., 2020) and rice (Zhao et al., 2017). In Gloxinia (Sinningia speciosa), expression patterns of miR159 and GAMYB were negatively correlated during flower development (Li et al., 2013). In addition, some studies have demonstrated the important role of the miR159-GAMYB in fruit development. For instance, in tomato, overexpression of Sl-MIR159 led to the down-regulation of SlGAMYB, thereby inducing parthenocarpy and early fruit ripening (da Silva et al., 2017). Similarly, Sly-miR159-SlGAMYB2 was also found to control fruit growth, as the inhibition of Sly-miR159 and overexpression of SlGAMYB2 resulted in the larger fruit, while the loss of function of SlGAMYB2 led to the smaller fruit (Zhao et al., 2022). In the case of grape, exogenous application of gibberellin (GA) promoted parthenocarpy, accompanied by the up-regulation of Vvi-miR159c and the down-regulation of VvGAMYB (Wang et al., 2018).

The miR159-GAMYB pathway is known to play a crucial role in the response to drought and salt stresses. Studies have shown that miR159 was induced by drought stress in plants such as Arabidopsis (Reyes and Chua, 2007), maize (Wei et al., 2009), wheat (Akdogan et al., 2016), barley (Hackenberg et al., 2015) and poplar (Fu et al., 2023). However, in potato, the expression level of miR159 decreased under drought treatment, while the expression level of GAMYB-like homologues increased (Pieczynski et al., 2013). SlMYB33, the target gene of Sly-miR159, was associated with the accumulation of proline and putrescine, which enhanced plant tolerance to drought stress (López-Galiano et al., 2019). Furthermore, it has been reported that miR159 can be induced by salt stress in Arabidopsis (Liu et al., 2008) and soybean (Li et al., 2023). Additionally, miR159-GAMYB plays a crucial role in some plant phytohormone signaling pathways, such as abscisic acid (ABA) (Reyes and Chua, 2007) and GA (Wang et al., 2017). For instance, in ‘Zuijinxiang’ grape, the expression level of VvimiR159 increased after GA treatment, while the expression level of VvGAMYB significantly decreased (Wang et al., 2018). In ‘Rosario Bianco’ grape, the expression of miR159 was up-regulated in the pulp after GA treatment, whereas the expression of miR159a/c was down-regulated in the pulp and pericarp (Han et al., 2014). Overall, the miR159-GAMYB pathway plays a role in response to abiotic stresses and plant phytohormones. In our previous study, differential expression of Csa-miR159b was observed between the ovary and expanded fruit using small RNA sequencing, which suggested that Csa-miR159b was involved in cucumber fruit expansion (Sun et al., 2019). However, there was a scarcity of studies on the functions of Csa-miR159s in relation to cucumber fruit expansion and stress response.

This study aims to characterize Csa-miR159s in cucumber and to investigate their roles in fruit expansion and stress response. In the present study, multiple sequence alignment, chromosomal location, secondary structure, phylogenetic relationship, cis-regulatory elements (CREs), and the target genes of Csa-miR159s were studied in detail. Additionally, expression profiles of Csa-miR159s were analyzed in the ovary and expanded fruit, and in response to different stresses and plant phytohormones. Our findings will provide valuable information for further functional analysis of Csa-miR159s in cucumber, and also provide references for improving cucumber yield and resilience.




2 Materials and methods



2.1 Identification of Csa-miR159s

A search for miR159 family members in cucumber was conducted using EnsemblPlants database (http://plants.ensembl.org/). The mature sequences of miR159s from various crop species (zucchini, watermelon, pumpkin, cucumber, melon, tomato, rice and Arabidopsis) were obtained from the PmiREN database (Guo et al., 2020). Multiple sequence alignments of Csa-miR159s were performed using ClustalW software (Thompson et al., 1994), and were used to generate a sequence logo diagram through the online website (https://weblogo.berkeley.edu/). TBtools software (Chen et al., 2023) was employed to visualize the distribution of Csa-miR159s on cucumber chromosomes. The RNA secondary structure of pre-MIR159s was predicted using the RNAstructure web server (http://rna.urmc.rochester.edu/RNAstructureWebServers/Predictl/Predictl.html). Mature sequences of miR159s were submitted to MEGA v5.1 software (Kumar et al., 2018) to construct phylogenetic relationships using the neighbor-joining (NJ) method with 1000 bootstrap replicates to assess branch confidence. The 2000 bp promoter sequences upstream from the initiation codon of Csa-MIR159s were extracted from EnsemblPlants database. The putative cis-regulatory elements (CREs) were identified and analyzed using the PlantCARE tool (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/) (Lescot et al., 2002).




2.2 Prediction of target genes

psRNA-Target uses sequence complementarity and energy-based scoring to predict miRNA-target interactions. A score threshold of ≤5.0 was chosen based on established standards for psRNA-Target to ensure high confidence in predicted interactions. To predict the potential target relationships of Csa-miR159s and CsMYBs, their gene sequences were submitted to the psRNA-Target online website (https://www.zhaolab.org/psRNATarget/) (Liu et al., 2015), and target genes with a score ≤5.0 was selected and submitted to Cucurbit Genomics Database (CuGenDB) for further analysis.




2.3 Plant growth conditions and stress treatments

Seeds of cucumber (cv. Jinyou No. 1) were soaked in water at a temperature of 55°C for 15 min and then incubated at 28°C for 2 days to germinate. The germinated seeds were cultivated in a pot filled with a medium consisting of peat soil, perlite, and vermiculite in a 2:1:1 ratio, and placed in a climate-controlled chamber at a temperature of 28°C with a light period of 16 h and a dark period of 8 h. Cucumber seedlings at the three-leaf stage were transferred to the plastic greenhouse for continuous growth. Samples from ovary (on the day of anthesis), and expanded fruit (5 days after anthesis) were collected for gene expression analysis. For drought and NaCl stresses, cucumber seedlings at the three-leaf stage with a similar size and height were cultured into 40 L (113 cm × 73 cm × 5 cm) hydroponic pots. The control group was cultured in Hoagland nutrient solution. Drought stress was induced using a Hoagland nutrient solution containing 10% PEG-6000, while NaCl stress was induced using a Hoagland nutrient solution containing 150 mmol/L NaCl (Lu et al., 2022). Leaves were collected at 0, 3, 6, 12, and 24 h after treatment for gene expression analysis. For plant phytohormone treatments, the cucumber seedlings at the three-leaf stage were sprayed with 100 µmol L-1 ABA, 100 µmol L-1 salicylic acid (SA), 100 µmol L-1 jasmonic acid (JA), 50 µmol L-1 ethephon (ETH), 50 µmol L-1 2,4-dichlorophenoxyacetic acid (2,4-D), and 50 µmol L-1 GA, respectively, while the control condition was sprayed with double distilled water (Li et al., 2019). Plant phytohormone treatments were conducted once a day. After three consecutive days of treatment, cucumber leaves were collected for gene expression analysis. All treatments were performed with three biological replicates.




2.4 qRT-PCR analysis

RNA was isolated from various cucumber tissues using the TaKaRa MiniBEST Plant RNA Extraction Kit (TaKaRa, Dalian, China). Isolated RNA was stored at -80°C until further use to prevent degradation. The Mir-X miRNA First-Strand Synthesis Kit (TaKaRa, Dalian, China) was then utilized for first-strand complementary DNA (cDNA) synthesis. qRT-PCR was conducted using the TB Green® Premix Ex TaqTM II (Tli RnaseH Plus) (TaKaRa, Dalian, China), using U6 snRNA as the endogenous control for Csa-miR159s, and 18S as the endogenous control for CsMYBs. Stem-loop of mature Csa-miR159s was used for qRT-PCR. The specific primer sequences utilized in this study were provided in detail in Supplementary Table S1. Gene expression levels were calculated using the 2-ΔΔCt method (Livak and Schmittgen, 2001), each expression level was evaluated using three biological replicates.





3 Results



3.1 Identification of Csa-miR159s

Six Csa-miR159 sequences were identified from the EnsemblPlants database. The mature sequences of Csa-miR159s were 21-22 nt in length and highly conserved (Figure 1A). These sequences were mapped to chromosome 1 (Csa-miR159a), chromosome 3 (Csa-miR159b), and chromosome 5 (Csa-miR159c/d/e/f), respectively, based on their physical positions (Figure 1B). Although Csa-miR159c/d/e/f were located on the same chromosome, their mature sequences showed lower similarity. In contrast, Csa-miR159a and Csa-miR159b, which were located on the different chromosomes, shared higher similarity.

[image: Panel A shows a sequence logo representing nucleotide frequencies at each position, with varying heights for letters A, T, C, and G indicating their frequency. Panel B illustrates genomic loci on chromosomes 1, 3, and 5, with specific locations of Csa-miR159 microRNA variants. Each variant includes its mature and complementary sequences.]
Figure 1 | Mature sequences and chromosomal positions of Csa-miR159s. The ratio is measured in megabases (Mb). (A) Mature sequences; (B) Chromosomal positions.

The prediction result of secondary structure showed that all pre-miR159s demonstrated a typical stem-loop structures (Figure 2). The number of sub-loops varied from 12 (Csa-miR159f) to 18 (Csa-miR159a), and the stem-loop folding free energy ranged from -102.5 kcal/mol (pre-miR159b) to -78.7 kcal/mol (Csa-miR159a/f) (Figure 2).

[image: Diagram of RNA secondary structures for six different Csa-miR159 variants, each labeled with its name and free energy value in kilocalories per mole. The structures are depicted with loops and stems, indicating base pairings and sequence positions.]
Figure 2 | Secondary structures of Csa-miR159s.




3.2 Phylogenetic relationship of miR159s

To better understand the evolutionary relationships among miR159s, we further analyzed the mature sequences from cucumber (Csa-miR159a/b/c/d/e/f), melon (Cme-miR159a/b), zucchini (Cma-miR159a/b/c/d), pumpkin (Cmo-miR159a/b), watermelon (Cla-miR159a/b), tomato (Sly-miR159a/b), rice (Osa-miR159a/b/c/d/e/f), and Arabidopsis (Ath-miR159a/b/c) (Figure 3). Twenty-seven miR159s were classified into two branches based on the evolutionary divergence. Csa-miR159c/d/e/f and Cma-miR159a/b belonged to one branch. Csa-miR159a/b were classified into another branch with remaining members. The phylogenetic tree revealed that cucumber miR159s share closer evolutionary relationships with those of zucchini.

[image: Phylogenetic tree showing relationships among various miR159 gene sequences from different plant species, including Sly, Ath, Cla, Cmo, Cma, Cme, Osa, and Csa. Branches indicate sequence divergence, with labels such as Sly-miR159a and Csa-miR159c. Bootstrap values are shown at branch points, with a scale bar representing genetic distance.]
Figure 3 | Phylogenetic analysis of miR159s from cucumber, melon, zucchini, pumpkin, watermelon, tomato, rice and Arabidopsis. Csa, cucumber; Cme, melon; Cma, zucchini; Cmo, pumpkin; Cla, watermelon; Sly, tomato; Osa, rice; Ath, Arabidopsis.




3.3 Cis-regulatory elements analysis of Csa-miR159s

To investigate the potential functions of Csa-miR159s, we analyzed the CREs in the promoter regions. As shown in Figure 4, these CREs were grouped into four functional categories. The most abundant category was light response elements, which included Box 4, AAAC-motif, G-Box, TCT-motif, AE-box, GATA-motif, GT1-motif, I-box, GA-motif, TCCC-motif, ATCT-motif, chs-CMA2a, ATC-motif, and MRE. We also detected various phytohormone response elements, such as abscisic acid responsiveness (ABRE), gibberellin responsiveness (TATC-box and P-box), ethylene responsiveness (ERE), MeJA responsiveness (CGTCA-motif, TGACG-motif) and salicylic acid responsiveness (TCA-element, SARE). Furthermore, stress response elements were identified, including anaerobic induction (ARE), drought inducibility (MBS), heat induction (STRE), low temperature responsiveness (LTR), wound responsiveness (WUN-motif), and defense and stress responsiveness (TC-rich). Additionally, regulatory elements related to plant growth and development were also identified, such as zein metabolism regulation (O2-site), meristem expression (CAT-box), endosperm expression (GCN4-motif) and circadian control (circadian).

[image: Phylogenetic tree and schematic representation of Csa-miR159 gene sequences showing multiple colored motifs associated with light responsiveness, plant growth and development, abiotic and biotic stress, and phytohormone responsiveness. The legend details the type and function of each motif, with categories such as G-Box, CAT-box, MBS, and TCA-element.]
Figure 4 | CREs in the promoter regions of Csa-miR159s. Different CRE was presented in the different color shape.




3.4 Prediction of target genes of Csa-miR159s

To investigate the regulatory mechanisms of Csa-miR159s, potential target genes were predicted using the psRNA-Target tool (Table 1). All target genes were named according to their subgroups and chromosomal positions from top to bottom (from Cs1RMYB to Cs4RMYB). The results revealed that Cs2RMYB37, Cs2RMYB64, Cs1RMYB31, Cs1RMYB9 and Cs2RMYB25 were recognized as the target genes of Csa-miR159a. Similarly, Cs2RMYB37, Cs2RMYB64, Cs1RMYB31, Cs1RMYB9 and Cs3RMYB1 were predicted as the target genes of Csa-miR159b. Additionally, Cs2RMYB27 and Cs2RMYB32 were found to be the target genes of Csa-miR159d. However, no target genes were detected for Csa-miR159c, Csa-miR159e and Csa-miR159f. Notably, all predicted target genes were classified as MYB or MYB-like transcription factors.

Table 1 | Target genes prediction of Csa-miR159s.


[image: A table displaying data on miRNA, including columns for miRNA_ACC, Rename, Target_Acc, Expectation, Target regions, Inhibition, Multiplicity, and Description. Entries describe relationships between miRNAs, target genes, and their roles in transcription regulation, specifying the type of inhibition and expectation scores.]



3.5 Expression profiles of Csa-miR159s and their target genes

In this study, qRT-PCR was used to confirm the expression profiles of Csa-miR159s and their target genes in the ovary and expanded fruit (Figure 5). The expression of Csa-miR159b in the ovary was 2.44-fold higher than that in the expanded fruit, while the expression levels of Csa-miR159a/c/e/f in the ovary were lower than those in the expanded fruit. Notably, Csa-miR159d was only expressed in the ovary and was not detected in the expanded fruit. In terms of the target genes, Cs1RMYB9, Cs1RMYB31, Cs2RMYB37, Cs2RMYB64, Cs2RMYB27 and Cs2RMYB32 showed lower expression in the ovary compared to the expanded fruit, except for Cs3RMYB1 which exhibited the opposite trend. These findings suggested that Csa-miR159b might negatively regulate cucumber fruit expansion by targeting Cs1RMYB9, Cs1RMYB31, Cs2RMYB37 and Cs2RMYB64. Additionally, Csa-miR159d might negatively regulate cucumber fruit expansion by targeting Cs2RMYB27 and Cs2RMYB32. Taken together, these results highlighted the tissue specificity and functional diversity of Csa-miR159s.

[image: Bar charts display the relative expression levels of various genes and miRNAs in fruit and ovary samples. The top row shows expressions of Csa-miR159 variants, while the bottom row presents different CsRMYB genes. Each chart compares expression between fruit (black bars) and ovary (gray bars), with significant differences noted using asterisks.]
Figure 5 | Relative expression of Csa-miR159s and CsMYBs in the ovary and the expanded fruit of cucumber by qRT-PCR. The X-axis indicated the tested tissue samples. Error bars represented ± standard deviation (SD) with three biological replicates. Different asterisks above the bars indicated significant differences. (** p < 0.01, *** p < 0.001, **** p < 0.0001).




3.6 Csa-miR159s response to abiotic stresses and plant phytohormones

The study investigated the expression patterns of Csa-miR159s under different treatments including PEG, NaCl and plant phytohormones. Under PEG stress, the expression levels of Csa-miR159a/f increased gradually, reaching the top at 24 h after treatment. Specifically, Csa-miR159a was 24.4-fold higher than the control, and Csa-miR159f was 174.1-fold higher. Conversely, Csa-miR159c exhibited the increased expression, peaking at 12 h, and then decreasing to the lowest level at 24 h after treatment, 1.3-fold lower than the control. However, Csa-miR159b/d/e were significantly down-regulated under PEG stress. Compared to the control, their expression levels decreased by 76.9, 2.4 and 4.3-fold, respectively (Figure 6). Under NaCl stress, Csa-miR159a/d/e were all significantly up-regulated at 6 h, with increases of 88.5, 33.2 and 3.9-fold compared to the control. While Csa-miR159b was remarkably down-regulated from 3 h to 24 h. In contrast, the expression levels of Csa-miR159c initially decreased at 3 h, then increased at 6 h, and peaked at 24 h. Csa-miR159f showed the increased expression, peaking at 12 h, and then decreasing at 24 h (Figure 7). In relation to plant phytohormones, it was observed that Csa-miR159a/b/c were significantly induced by SA, ETH and 2,4-D. On the other hand, Csa-miR159d showed significant up-regulation in response to ABA, GA, SA, ETH, and 2,4-D. Furthermore, Csa-miR159e exhibited a remarkable down-regulation when exposed to ABA, GA, JA, ETH, and 2,4-D. Additionally, Csa-miR159f displayed significant up-regulation specifically in response to SA, ETH, and 2,4-D (Figure 8). These findings indicated that Csa-miR159s might be involved in plant stress response and phytohormone regulation.

[image: Graphs showing the relative expression of six microRNAs (Csa-miR159a to Csa-miR159f) over time intervals: 0, 3, 6, 12, and 24 hours. Expression generally increases over time for miR159a, miR159c, and miR159f, while miR159b, miR159d, and miR159e show a decrease from the initial time point. Statistical significance is indicated by asterisks.]
Figure 6 | Relative expression of Csa-miR159s in response to 10% PEG-6000 treatment (0, 3, 6, 12 and 24 h). Error bars represented ± standard deviation (SD) with three biological replicates. Different asterisks above the bars indicated significant differences. (* p < 0.05, *** p < 0.001, **** p < 0.0001).

[image: Bar graphs showing relative expression of Csa-miR159 family members (a to f) at 0, 3, 6, 12, and 24 hours. Each graph indicates significant changes in expression levels over time, marked with asterisks.]
Figure 7 | Relative expression of Csa-miR159s in response to 150 mmol/L NaCl treatment (0, 3, 6, 12 and 24 h). Error bars represented ± standard deviation (SD) with three biological replicates. Different asterisks above the bars indicated significant differences. (*** p < 0.001, **** p < 0.0001).

[image: Bar charts displaying the relative expression levels of six Csa-miR159 variants (a to f) under various treatments: CK, ABA, GA, SA, JA, ETH, and 2,4-D. Each chart shows differing expression levels, with significant differences indicated by asterisks.]
Figure 8 | Relative expression of Csa-miR159s in response to different plant phytohormones, such as, ABA, GA, SA, JA, ETH and 2,4-D. Error bars represented ± standard deviation (SD) with three biological replicates. Different asterisks above the bars indicated significant differences. (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001).





4 Discussion

miRNA plays a crucial role in plant growth and development, and stress response by regulating the expression of their target genes. Among these miRNAs, miR159 has been extensively identified and characterized in numerous plant species, such as Arabidopsis (Palatnik et al., 2007), grape (Zhang et al., 2019), soybean (Li et al., 2023) and Dendrobium officinale (Hao and Zhang, 2022). However, there is limited research on the functions of Csa-miR159s regarding fruit expansion and abiotic stress response in cucumber. In this study, we identified six Csa-miR159s and their target genes. Csa-miR159s were unevenly distributed on chromosome 1, chromosome 3, and chromosome 5. Interestingly, Csa-miR159c/d/e/f, which had different mature sequences, were located on the same chromosome. Conversely, Csa-miR159a/b, which had higher sequence homology, were distributed on the different chromosomes. This suggested that the divergent chromosomal localization of Csa-miR159s could be a result of gene duplication events or evolutionary pressures that had caused their dispersion across different chromosomes, and this dispersion might have promoted the diversified functions of Csa-miR159s. Phylogenetic analysis revealed a close relationship between miR159s in cucumber and those in zucchini, possibly due to common evolutionary processes as the members of the Cucurbitaceae family.

The promoter region typically contains specific CREs with distinct functions. Analysis of CREs can offer insights into the potential functions of genes in the growth and development, and stress response. In our study, we identified stress-related elements in Csa-miR159s, including MBS, ARE, LTR, STRE and TC-rich, which suggested that Csa-miR159s might be associated with stress response in cucumber. Previous studies have demonstrated that up-regulated expression of miR159 enhanced stress tolerance in Arabidopsis (Reyes and Chua, 2007; Liu et al., 2008) and sweet potato (Yang et al., 2020). Conversely, some reports indicated that miR159 was down-regulated under salt stress and drought stress (Yang et al., 2020), and overexpression of miR159 increased stress sensitivity in rice (Wang et al., 2012) and potato (Pieczynski et al., 2013). In addition, Peng et al. (2018) observed that the expression of miR159 in rice was down-regulated after 3 h of salt stress treatment, followed by up-regulation. Our results confirmed that Csa-miR159s could respond to PEG and NaCl stresses by qRT-PCR, and significant differences were observed in their expression patterns. Additional experimental validation is necessary to elucidate the transcriptional regulation mechanisms of Csa-miR159s under PEG and NaCl stresses.

Several studies have indicated that miR159 can respond to some plant phytohormones, including ABA (Reyes and Chua, 2007) and GA (Wang et al., 2017). For instance, the application of exogenous GA led to a significant decrease in the expression level of Fa-miR159a, while the expression level of Fa-miR159b remained unchanged in strawberry (Csukasi et al., 2012). Similarly, exogenous GA treatment resulted in the up-regulated expression of VvmiR159c during flowering, whereas VvmiR159a/b showed no significant changes in grape (Wang et al., 2018). In this study, CREs of six Csa-miR159s included various plant phytohormone response elements such as ABA, GA, SARE, ABRE, MeJA and ETH. Csa-miR159s exhibited distinct expression patterns under ABA, GA, SA, JA, ETH and 2,4-D treatments. This suggested that Csa-miR159s might play a significant role in plant phytohormone signaling pathways with varying response mechanisms.

Fruit development is a crucial stage in the life cycle of plants, encompassing a variety of intricate physiological and molecular processes. miR159 has been found to be crucial for ovule development and fruit set in tomato. Overexpression of Sly-miR159 caused abnormal ovule development, premature maturation, and seedless fruit in tomato (da Silva et al., 2017; Deng, 2020). Furthermore, Sly-miR159-SlGAMYB2 pathway has been identified to regulate fruit morphology, whereby inhibition of Sly-miR159 led to larger fruit and a reduced length/width ratio (Zhao et al., 2022). Here, we discovered that the expression of Csa-miR159b/d was significantly higher in the ovary than that in the expanded fruit. Conversely, the expression levels of Csa-miR159a/c/e/f in the ovary were lower than those in the expanded fruit. These findings suggested that Csa-miR159s could be involved in fruit expansion in cucumber. miRNA regulates the growth and development in plants by inhibiting the expression of its target genes. In this study, Cs2RMYB37, Cs2RMYB64, Cs1RMYB31, Cs1RMYB9 and Cs3RMYB1 were predicted as the target genes of Csa-miR159b based on the PsRNA-Target results. While, Cs2RMYB27 and Cs2RMYB32 were found to be the target genes of Csa-miR159d. Furthermore, we found that Cs1RMYB9, Cs1RMYB31, Cs2RMYB37, Cs2RMYB64, Cs2RMYB27 and Cs2RMYB32 showed lower expression in the ovary compared to the expanded fruit by qRT-PCR. These findings suggested that Csa-miR159b might negatively regulate cucumber fruit expansion by targeting Cs1RMYB9, Cs1RMYB31, Cs2RMYB37 and Cs2RMYB64. Similarly, Csa-miR159d might negatively regulate cucumber fruit expansion by targeting Cs2RMYB27 and Cs2RMYB32. Taken together, our results suggested a vital role of Csa-miR159s in fruit expansion and stress response in cucumber. Further research is required to comprehend the functions of Csa-miR159s by performing a gain of function or loss of function assay.




5 Conclusions

In this study, six miR159 family members were identified in cucumber. Bioinformatics and expression profiles of Csa-miR159s were performed to discover their potential functions. The results showed that Csa-miR159s played a crucial role in the response to PEG, NaCl and plant phytohormones. Additionally, it was found that Csa-miR159b/d might inhibit the cucumber fruit expansion by targeting their target genes. Our study provided a theoretical foundation for further investigation into the roles of Csa-miR159s under fruit expansion and abiotic stresses in cucumber.
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1 Introduction

Flax (Linum usitatissimum L.) is valued and cultivated worldwide for its dual-purpose use as both a seed and fiber crop. It is one of the oldest domesticated and most widely used crops (Kvavadze et al., 2009). Flax genome has a diploid chromosome set 2x=2n=30 and a size ~450 Mb (Dvorianinova et al., 2022; You et al., 2023). Flax seeds are rich in omega-3 fatty acids, digestible proteins, dietary fiber, and lignans (Goyal et al., 2014). Consumption of linseed oil has beneficial effects on human health, reducing the risks of many disorders and promoting immunity (Mali et al., 2019; Saini et al., 2021; Al-Madhagy et al., 2023). In addition, flax seed oil is used for technical purposes and also serves as a highly nutritious feed for livestock (Xu et al., 2022; Yadav et al., 2024). Flax fiber goes into the production of eco-friendly textiles with high absorption capacity and composite materials (Asyraf et al., 2022; More, 2022).

Different flax varieties are grown for different purposes and vary considerably in their characteristics. Today, traditional breeding is being aided by biotechnology and molecular genetics to select individuals with the desired traits more quickly and efficiently due to high-quality genome assemblies and their annotations. Since it is the study of transcriptomes in various tissues and organs that allows us to establish the associations between a valuable characteristic and its causative region in the genome (Dmitriev et al., 2020; Guo et al., 2020).

To date, there is a great deal of disparate data on gene expression in different flax organs and tissues, under different growth conditions and at different stages of ontogeny. Much work was devoted to the study of the involvement of specific genes in important agronomic traits, resistance to biotic and abiotic stressors, the regulation of organogenesis in flax plants and other characteristics.

Agriculturally valuable traits include those related to yield and to the quality of oil and fiber. The yield and the quality of oil were the subject of great interest of many studies (Xie et al., 2019; Miart et al., 2021; Gao et al., 2022; Jiang et al., 2022; Wang et al., 2022b; Dvorianinova et al., 2023b; Pushkova et al., 2024). Since the valuable product obtained from flax is fiber, the characteristics of phloem fibers were actively studied (Roach and Deyholos, 2007; Zhang and Deyholos, 2016; Gorshkov et al., 2017; Gorshkova et al., 2018; Gorshkov et al., 2019; Galinousky et al., 2020; Mokshina et al., 2020; Petrova et al., 2021; Guo et al., 2022; Mokshina et al., 2022; Yu et al., 2022; Bao et al., 2023; Gorshkova et al., 2023; Liu et al., 2023; Ibragimova and Mokshina, 2024). In addition, transcriptome analysis largely allowed the identification of genes associated with flax plant height (Guo et al., 2021), the length of the growing season, the time of flowering, and the duration of ripening (Gao et al., 2022; House et al., 2022).

Data on flax gene expression and co-expression under suboptimal environmental conditions allowed researches to assess the association of genes with resistance to pathogen infection (Galindo-González and Deyholos, 2016; Dmitriev et al., 2017; Wu et al., 2019b; Boba et al., 2021; He et al., 2022) and abiotic stressors (Yu et al., 2014; Dmitriev et al., 2016; Dash et al., 2017; Wu et al., 2018; Krasnov et al., 2019; Wu et al., 2019a; Huang et al., 2021; Wang et al., 2021; Soto-Cerda et al., 2022; Wang et al., 2022a; Danaeipour et al., 2023; Kostyn et al., 2023; Qiu et al., 2023; Wang et al., 2023; Zhang et al., 2024).

The regulation of organogenesis in flax plays an important role in understanding the development of valuable flax traits (Saha et al., 2021; Yuan et al., 2021; Qi et al., 2023; Zhao et al., 2023). The comparative study of expression profiles of linseed and fiber flax varieties identified genes associated with flax plant type, flax oil odor, and paleohistorical data (Sveinsson et al., 2014; Povkhova et al., 2021; Yang et al., 2022).

Several synthesis articles with annotations for genome assemblies of flax varieties were published: linseed CDC Bethune (Wang et al., 2012) and fiber flax YY5 (Sa et al., 2021). However, the CDC Bethune genome contains some errors because it was assembled only from Illumina reads, which did not allow researchers to resolve its complexity (Sa et al., 2021; Dvorianinova et al., 2023a). The YY5 genome was annotated with transcriptome data of a different variety for only five samples of mature flax plants: leaf, stem, root, flower, and fruit.

In the NCBI database, the reference genome of L. usitatissimum is currently represented by a high-quality assembly of line 3896 (https://www.ncbi.nlm.nih.gov/datasets/genome/GCA_030674075.2/, accessed on 12 October 2024) obtained by us earlier (Dvorianinova et al., 2023a). Line 3896 belongs to the group of linseed flax and is characterized by resistance to Fusarium wilt (Rozhmina and Loshakova, 2016; Dmitriev et al., 2017) and edaphic stressor (low acidity) (Rozhmina et al., 2020), high seed yield and oil content (our observations). In the present study, we complement previous studies of line 3896 with a transcriptome map and genome annotation, which were necessary to make further progress in the field of flax genome research. Our annotation was obtained with the use of RNA-Seq data, whose positive effect on the annotation result was previously shown (Salzberg, 2019; Gabriel et al., 2024). The study of flax genome organization and gene expression will allow the development of methods to obtain improved varieties with desired traits with high efficiency. The results of the study are of use for the identification of genes and polymorphisms responsible for valuable traits and development of modern breeding technologies: genome editing, marker-assisted and genomic selection.




2 Materials and methods



2.1 Plant material

Seeds of linseed line 3896 were provided by the Institute for Flax (Torzhok, Russia). To obtain transcriptome data, we collected a set of organs (Table 1; Figure 1) of line 3896 plants at different stages of vegetation under optimal growth conditions described in the next subsection.

Table 1 | Examined samples of flax line 3896 organs/tissues at different stages of ontogenesis.


[image: A table lists identifiers, titles, and descriptions of various plant samples. It includes entries such as shoot apical meristems, floral apical meristems, leaf blades, stems, hypocotyls, roots, anthers, carpels, petals, sepals, flowers, pedicels, capsules, and seeds. Each entry specifies pooling details, plant growth stages, and sample characteristics.]
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Figure 1 | Flax organs/tissues studied by transcriptome analysis: (a-d) Apical parts of stem; (e) Seedling; (f) Mature plant with a flower and capsules; (g) Whole flower and its parts; (h) Capsules and seeds. 1 – SAM (shoot apical meristem); 2 – FAM (floral apical meristem); 3 – Leaf lamina of young leaf; 4 – Leaf lamina of intermediate leaf; 5 – Leaf lamina of mature leaf; 6 – Stem fragment 1-3 cm from the top; 7 – Stem fragment 9-10 cm from the top; 8 – SAM of seedling; 9 – Cotyledons of seedling; 10 – Hypocotyl of seedling; 11 – Root of seedling; 12 – Anthers of mature flower; 13 – Carpel of mature flower; 14 – Stamen filaments of mature flower; 15 – Petals of mature flower; 16 – Sepals of mature flower; 17 – Flower without pedicel; 18 – Pedicel; 19-23 – Capsule; 24-28 – Seeds. Numbers in Figure 1 corresponds to those in Table 1.




2.2 Flax cultivation

Flax seeds were sterilized in 1% sodium hypochlorite and 96% ethanol, after which the seeds were washed twice with water and planted in 0.05% fungicide Maxim (Syngenta, Gaillon, France) solution in Petri dishes for 7 days. Seedlings were planted in the soil and continued to grow under greenhouse conditions at 20°C and ~50-70% relative humidity with regular watering.

For transcriptome analysis, a set of different organs/tissues at different development stages was collected. The plant parts and ontogenetic stages used in the study are listed in Table 1. Each of the samples was collected in two biological replicates. Moreover, each sample was a pool of organs from 2-10 different plants (except capsules and seeds), which is necessary to level out differences between samples and be able to capture trends common to the species (Takele Assefa et al., 2020). The flowers were marked with the date of the day it opened (day of flowering). Seeds from the same capsules were pooled. Capsules were not pooled. The age of the plants at the time of each collection and the collection conditions are shown in Table 1. Samples were collected in the middle of the day between 12 and 15 h under similar conditions to smooth the influence of circadian rhythms on gene expression profiles. Samples were collected in liquid nitrogen and stored at -70°C.




2.3 RNA isolation

Samples #1-6 and #8-18 were grinded using a TissueLyser II homogenizer (Qiagen, Hilden, Germany) with the addition of 3 ceramic beads for two minutes. The harder samples (#7 and #19-28) were homogenized using a disposable pestle inserted in a DeWALT DCD701D2 cordless drill/driver (DeWALT, Towson, MD, USA) at 1200-1500 rpm in 1.5 ml tubes in liquid nitrogen to a fine powder, without allowing the sample to thaw. RNA isolation from samples #1-18 was performed using the Quick-RNA Miniprep Kit (Zymo Research, Irvine, CA, USA). RNA isolation from capsule and seed samples (#19-28) was performed by CTAB with modifications described previously (Pushkova et al., 2024). After that, total RNA was additionally cleaned using the CleanRNA Standard kit (Evrogen, Moscow, Russia) according to the manufacturer’s protocol with a DNAase I treatment step from the RNase-Free DNase Set (Qiagen). The quality of isolated RNA was checked by horizontal electrophoresis in 2% agarose gel and using a 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA), and concentrations were measured using a Qubit 4 fluorometer (Thermo Fisher Scientific, Waltham, MA, USA).




2.4 cDNA library preparation and sequencing on the Illumina platform

The cDNA libraries were prepared using the QIAseq Stranded mRNA Select Kit (Qiagen) according to the manufacturer’s protocol. The quality of the obtained cDNA libraries (agreement of the length of the obtained libraries with the expected one and the absence of adapter dimers) was assessed on a Qsep1-Plus capillary electrophoresis system (BiOptic, New Taipei City, Taiwan), and the concentration was evaluated on a Qubit 4 fluorometer (Thermo Fisher Scientific). The cDNA libraries (all samples from Table 1) were mixed equimolarly and sequenced on a NextSeq 2000 instrument (Illumina, San Diego, CA, USA) using the NextSeq 2000 P3 Reagents (100 Cycles) kit (Illumina) in 51 + 51 nucleotide format.




2.5 Genome assembly annotation

RNA-Seq reads were trimmed with fastp 0.23.4 using default parameters (Chen et al., 2018). Structural annotation for the flax line 3896 genome assembly (https://www.ncbi.nlm.nih.gov/datasets/genome/GCA_030674075.2/, accessed on 12 October 2024) (Dvorianinova et al., 2023a) was performed using BRAKER3 3.0.8 (Gabriel et al., 2024). This process utilized our RNA-Seq transcriptome data in combination with known Viridiplantae sequences from OrthoDB protein database for gene prediction (Kuznetsov et al., 2023). Functional annotation of the predicted genes was carried out using a local version of InterProScan 5.69-101.0 to assign functional domains and predict gene functions (Jones et al., 2014). The completeness of the annotation was assessed using BUSCO 5.7.1 in protein mode (the eudicots_odb10 dataset). Default parameters of program settings were used in the data analysis.




2.6 Analysis of transcriptome data

Gene expression analysis was performed with PPline (Krasnov et al., 2015) with default parameters of program settings and included the following steps:

	Alignment of the trimmed RNA-Seq reads to the annotated in the present study reference genome of flax line 3896 using STAR 2.7.2b (Dobin et al., 2013).

	Quantification of gene expression: read overlaps with annotated genomic features were counted using featureCounts 1.6.0 (Liao et al., 2014).

	Calculation of the normalized gene expression values, in counts per million (CPM), using edgeR.

	Sample normalization using TMM to account for differences in library sizes and composition between samples.






2.7 Gene enrichment analysis

Custom Gene Ontology (GO) annotation for line 3896 was constructed using EggNOG-mapper (–tax_scope 33090) (emapper 2.1.12, eggNOG DB version: 5.0.2) for the longest proteins in the constructed gene annotation (Huerta-Cepas et al., 2019; Cantalapiedra et al., 2021). Differential gene expression analysis was conducted for a balanced subset of flax samples: mature leaf blades from the shoot at 10 cm from the top at 30 days after germination (DAG), stem fragments 1-3 cm from the top at 30 DAG, roots of seedlings at 5 DAG, hypocotyls of seedlings at 5 DAG, mature flower carpels before pollination at 56 DAG, capsule without seeds at 14 days after flowering (DAF), seeds without capsule at 14 DAF, shoot apical meristems (SAM) of seedlings at 5 DAG. Gene expression in each tissue was compared to that in the other tissues from the subset of flax samples. Genes with FDR (QLF) < 0.05 and logFC > 1.5 were selected for gene enrichment analysis. Gene enrichment was performed using the constructed annotation, the selected gene lists, and the topGO 2.54.0 package (Alexa and Rahnenfuhrer, 2023).





3 Preliminary data analysis



3.1 RNA-seq data characteristics

This article presents data of transcriptome analysis of 28 organs/tissues of flax line 3896: 7 samples of vegetative organs of actively growing individuals, 4 samples of seedlings, 7 samples of various parts of generative organs at flowering stage, and 10 samples of fruits and seeds at different stages of maturation (Table 1; Figure 1). We set out to cover all growth stages of flax and all key events in the development of valuable flax traits. From 5.4 to 20.5 million raw reads (51 + 51 bp) were obtained for each sample on the Illumina platform (two biological replicates were sequenced for each sample). The raw data were deposited in the NCBI Sequence Read Archive (SRA) under the BioProject accession number PRJNA1172129.

After trimming, the reads were mapped to the genome assembly of line 3896, and on average ~95% of the reads for each sample were mapped (on average ~90% were uniquely mapped), confirming the high quality of the transcriptome data.




3.2 Genome annotation

We collected extensive data on gene expression in 28 organs/tissues of flax line 3896 at different development stages. Using the obtained transcriptome data and the Viridiplantae protein sequence database, we annotated the line 3896 genome assembly with BRAKER3: 39,055 genes and 45,154 transcripts were predicted, and 37,787 of these genes were annotated using InterProScan (Supplementary Data Sheet S1). The high completeness of annotation was achieved according to BUSCO (Benchmarking Universal Single-Copy Orthologs) – 95.6% (eudicots). Notably, 22.2% of all BUSCO were complete and single-copy and 73.4% were complete and duplicated. Such a high percentage of duplicated BUSCO was expected for an ancient tetraploid (Bolsheva et al., 2017).




3.3 Transcriptome map

Utilizing the obtained annotation of line 3896, we performed an analysis of our transcriptome data, which resulted in the identification of genes exhibiting tissue-specific and development stage-specific expression patterns within flax organs/tissues. This analysis led to the generation of a comprehensive transcriptome map for line 3896. To present the data in a convenient format for further analysis, we used PPline and RTrans (https://github.com/gskrasnov/RTrans, accessed on 17 October 2024). It was applied to evaluate the expression levels of the identified genes as read counts per million reads (CPM). Our transcriptome map is summarized in Supplementary Table S1 and presented as a heatmap (Supplementary Figure S1).




3.4 Gene pathway enrichment analysis

During the gene pathway enrichment analysis, the following was found out. For leaves collected at a distance of 10 cm from the apex, compared to the other organs/tissues, the GO terms were represented by the processes of photosynthesis, carbohydrate metabolism, plastid organization, electron transport chain, pigment synthesis, and transmembrane transport. These processes are characteristic of the main photosynthetic organ of the plant in the active phase (Müller and Munné-Bosch, 2021; Leister, 2023). In the stem fragment, located 1-3 cm from the top, the processes of vascular tissue histogenesis, vascular and phloem transport, stem morphogenesis, and response to auxin synthesized in the apical meristem predominated. This is logical, since we were dealing with an axial organ whose main function is the transport of metabolites, and the incision was made close to the site of differentiation (Yoshida et al., 2009; Kułak et al., 2023). It was determined that the major pathways in the seedling root included the processes of water and solute transport, root hair formation and growth, response to chemical and mechanical stimuli, and metabolism of auxin, other hormones, and secondary metabolites, which are the main processes occurring in the roots of vascular plants (Vissenberg et al., 2020; Li et al., 2021; Castillo-Jiménez et al., 2023). GO analysis of the hypocotyl transcriptome revealed differential expression of genes related to pathways of amino acid biosynthesis, as well as active regulation of biosynthetic processes, brassinosteroid metabolism, and cell growth. These findings indicate the presence of active development processes in the axial organs of seedlings (Favero et al., 2021). GO analysis for flax pistil demonstrated the representation of genes that are associated with the formation and development of generative structures, pollination, and pollen tube growth. Furthermore, it demonstrated representation of genes associated with active ion metabolism, which is necessary for directed pollen tube growth (Zhou et al., 2022). GO analysis for a capsule (14 DAF) indicated that the GO terms associated with the formation of secondary cell wall, synthesis of its components, and lignification prevailed. These processes enable the preparation of dry fruits for opening and seed dispersal (Seymour et al., 2013). Additionally, catabolism of organic compounds used for cell wall construction and seed maturation is active in ripening capsules. The differential expression pattern of flax seeds (14 DAF) was dominated by processes related to seed and fruit development and maturation, lipid storage and fatty acid synthesis, as well as abscisic acid (ABA) metabolism and regulation. Oil accumulation corresponds to the primary function of the seed as a reproductive organ, and ABA regulates its maturation (Sano and Marion-Poll, 2021; Dvorianinova et al., 2023b). The shoot apical meristem displayed a hallmark pattern indicative of actively dividing cells. The process of SAM is characterized by the macromolecule biosynthesis, ribosome assembly, translation, RNA processing, DNA reparation, organelle formation, nucleosome assembly, and chromatin remodeling (Xue et al., 2020; Burian, 2021). Thus, the results of the gene enrichment analysis of the subset of flax samples in general looked logical and confirmed the adequacy of the obtained data. The results are presented in detail in Supplementary Table S2.





4 Conclusions

Flax is of great industrial and nutritional value and is therefore actively studied at the molecular-genetic level. To date, there are several flax genome assemblies, some with annotations, and many scattered gene expression data for different varieties. In this study, we used Illumina sequencing to obtain comprehensive transcriptome data for flax line 3896, whose genome is currently a reference for the species Linum usitatissimum L. in the NCBI database. Gene expression profiles were analyzed in 28 various flax organs/tissues at different stages of ontogenesis. With these data we were able to annotate the genome of line 3896 and generate a high-quality transcriptome map. The transcriptome map will allow the identification of genes that have a high expression level in a particular organ/tissue. Such genes may play a key role in the biological processes taking place in that organ/tissue. In addition, data on gene expression profiles during plant development can help to determine the most important time points at which the processes of interest occur. The transcriptome map also allows the determination of gene functions based not only on homology analysis, but also taking into account gene expression patterns in different organs/tissues. Thus, the transcriptome map and annotation presented in this work allow reaching a new level in the molecular-genetic studies of flax, the search for key genes responsible for the valuable traits, the development of new approaches in flax breeding and the creation of improved varieties.
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Functional category = Group of Gel

Self-replication rRNA

tRNA

Large subunit ribosomal proteins (LSU)

Small subunit ribosomal proteins (SSU)

DNA-dependent RNA polymerase
Subunits of ATP synthase

Subunits of NADH-dehydrogenase

Photosynthesis Subunits of photosystem I

Subunits of photosystem IT

Subunits of cytochrome b/f complex
Subunit rubisco
Subunit of acetyl-CoA-carboxylase
C-type cytochrome synthesis gene
Other function Protease
I Maturase

Envelope membrane protein

Unknown function Conserved open reading frames

4, gene duplication; *, single intron; **, double intron.

Name of Gene

16", rm23%, rrnd 5%, rmst

tmK-UUU, trnQ-UUG, trnS-GCUY, tmR-UCU, trnC-GCA,
tmD-GUC, trnY-GUA, trnE-UUC, tmT-GGU, trn$S-UGA, tmG-
GCC, trnM-CAU, trnT-UGU, trnL-UAA*, trnE-GAA, trnfM-
CAU, trnW-CCA, trnG-UCC, trnP-UGG, trnH-GUG, trnL-CAA®,
trnV-GACY, trnV-UAC*, trnl-GAU™, trnA-UGC™, trnR-ACG*,
trN-GUUY, trnL-UAG, trnl-CAU*

rpl14, rpl16*, rpl2®™, 1pl20, rpl22, rpl23%, rpl32, 1pl33, rpl36

1psL1, rps12%%, rpsld, rps15, rps16*, rps18, rpsl9, rps2, ps3, rpsd,
rps7d, ps8

rpoA, rpoB, rpoCl*, rpoC2
atpA, atpB, atpE, atpF*, atpH, atpl

ndhA*, ndhB™, ndhC, ndhD, ndhE, ndhF, ndhG, ndhH, ndhl,
ndh], ndhK

psaA, psaB, psaC, psal, psa]

psbA, psbB, psbC, psbD, psbE, psbF, psbH, psbl, psb], psbK, psbM,
PsbN, psbT, psbZ, ycf3**

petA, petB*, petD*, petG, petL, petN
rbcL

accD

ccsA

clpP**

matK

cemA

yeft®, yef2®, yeft
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Experimen Group Control group Stress group Compariso Accessiol
Mild-2018M11-R1 Severe-2018M11-R1
SR Mild-2018M11-R2 Severe-2018M11-R2 &
Mild-2018M11-R3 Severe-2018M11-R3
Mild-2018M11-Rd Severe-2018M11-Rd
Experiment 1 PRJNA951807
Mild-2019M2-R1 Severe-2019M2-R1
Mild-2019M2-R2 Severe-2019M2-R2
2019M2 Mild-2019M2-R3 Severe-2019M2-R3 @
Mild-2019M2-R4 Severe-2019M2-Rd
CK_L1 HLB_L1
Leaf CK_L2 HLB_12 c3
CK_13 HLB_13
CK_P1 HLB_P1
Experiment 2 Bark CK_P2 HLB_P2 c4 PRINA599503
CK_P3 HLB_P3
CK_R1 HLB_RI
Root CK_R2 HLB_R2 cs
CK_R3 HLB_R3
Experiment 3 Leaf CS-M_1 CS-HLB_1 C6 PRINA579742
Rh1 Rdl
c7
Calyx Rh2 Rd2
Experiment 4 Abscission PRJNA394061
zones Dh1 Dd1
Dh2 Dd2 &
MEF-CO ME-SY 9
Maee ME-CO ME-AS cio
fruit
ME-CO ME-AH cil
IF-CO IF-SY ci2
Lmematuce IF-CO IF-AS a3
fruit
IF-CO IF-AH Cl4
Experiment 5 PRINA203307
ML-CO ML-SY cis
Mature ML-CO ML-AS ci6
leaves
ML-CO ML-AH c17
YL-CO YL-SY cis
Young YL-CO YL-AS c19
leaves
YL-CO YL-AH c20
MOCK1 HLBI
. Young
Experiment 6 . MOCK2 HLB2 ca1 PRINA953196
MOCK3 HLB3
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Seq 1
XRQ-HanSAMSI

XRQ-HanSAMSI

Seq 2

XRQ-HanSAMS2

XRQ-HanSAMS6
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0.073

Average

0.044

1.530 0.029
1.196 0.043
0.625 0.021
2911 0.029
0.504 0.018
1.088 0.031
2.056 0.025
1.448 0.023
1.724 0.022
4.345 0.016
0.817 0.038
1233 0.022
1.166 0.025
2.458 0.039
1.347 0.028
2.098 0.025
1.303 0.025
1.486 0.025
1.725 0.042
1.635 0.028
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Group GC GCls GC2s GC3s GCi12 ENC

HanSAMSI 49.60 56.98 40.21 51.59 48.60 53.09

HanSAMS2 51.65 58.70 41.33 54.93 50.01 48.88

HanSAMS3 49.05 57.18 40.00 49.96 48.59 51.74

HanSAMS4 51.19 57.91 40.54 55.12 49.23 45.19
HanSAMS5 52.48 57.65 40.74 59.06 49.19 51.30

HanSAMS6 ~ 51.13 57.52 41.33 54.56 4943 52.53

HanSAMS7  51.05 58.21 40.04 54.93 49.12 4223
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Number

2 Molecular - Grand average
Gene Name :;ZTIHO weight ';reoretlcal of hydropathicity
(€5 (Da) (GRAVY)
XRQ-HanSAMS1 HanXRQr2_Chr01g0040721 Chr01 = 141178594 = 141179766 = 390 42968.88 597 -0.346
XRQ-HanSAMS2 HanXRQr2_Chr02g0076781 Chr02 = 151379397 = 151381775 390 42667.34 5.67 -0.337
XRQ-HanSAMS3 HanXRQr2_Chr05g0218761 Chr05 = 123974636 = 123977188 = 391 42737.51 5.65 -0.291
XRQ-HanSAMS4 HanXRQr2_Chr07g0301771 Chr07 = 118073833 = 118076445 = 390 42637.31 5.58 -0.319
XRQ-HanSAMS5 HanXRQr2_Chrl1g0515381 Chrll | 179525398 = 179526763 = 390 42768.54 5.86 -0.341
XRQ-HanSAMS6 HanXRQr2_Chrl13g0586041 Chrl3 = 83908346 83910875 390 42583.22 573 -0.316
XRQ-HanSAMS7 HanXRQr2_Chr14g0659171 Chrl4 = 154860282 = 154862804 390 42640.32 5.58 -0.303
HA89-HanSAMS1 HanHA89Chr01g0035721 Chr01 = 141952252 | 141953424 390 42968.88 597 -0.346
HA89-HanSAMS2 HanHA89Chr02g0072371 Chr02 = 151050725 = 151053081 = 390 42667.34 5.67 -0.337
HA89-HanSAMS3 HanHA89Chr05g0193641 Chr05 = 123509230 | 123511775 = 391 42737.51 5.65 -0.291
HA89-HanSAMS4 HanHA89Chr07g0265261 Chr07 = 118227621 = 118230059 = 390 42637.31 5.58 -0.319
HA89-HanSAMS6 HanHA89Chr13g0512461 Chrl3 = 83922587 83925120 390 42583.22 573 -0.316
HA89-HanSAMS7 HanHA89Chr14g0584821 Chrl4 = 156049129 = 156051559 = 390 42640.32 5.58 -0.303
HA300-HanSAMS1 HanHA300Chr01g0033191 Chr01 = 138801146 = 138802318 = 390 43012.92 597 -0.344
HA300-HanSAMS2 HanHA300Chr02g0063931 Chr02 = 148706034 = 148708390 = 390 42667.34 5.67 -0.337
HA300-HanSAMS3 HanHA300Chr05g0178901 Chr05 = 117579400 | 117581945 = 391 42737.51 5.65 -0.291
HA300-HanSAMS4 HanHA300Chr07g0248451 Chr07 = 115405490 = 115407929 = 390 42637.31 5.58 -0.319
HA300-HanSAMS5 HanHA300Chr11g0422801 Chrll = 174480957 = 174482129 = 390 42768.54 5.86 -0.341
HA300-HanSAMS6 HanHA300Chr13g0480381 Chrl3 = 82039590 82042123 390 42583.22 573 -0.316
HA300-HanSAMS7 HanHA300Chr14g0536951 Chrl4 = 144837421 = 144839851 = 390 42640.32 5.58 -0.303
IR-HanSAMS2 HanIRChr02g0089631 Chr02 = 151201584 = 151206312 390 42667.34 5.67 -0.337
IR-HanSAMS3 HanIRChr05g0235181 Chr05 = 126120008 | 126122677 = 391 42737.51 5.65 -0.291
IR-HanSAMS4 HanIRChr07g0325441 Chr07 = 118275055 = 118277458 = 390 42637.31 5.58 -0.319
IR-HanSAMS5 HanIRChr11g0553961 Chrll = 179753853 = 179758008 = 390 42768.54 5.86 -0.341
IR-HanSAMS6 HanIRChr13g0638071 Chrl3 = 82142037 82144570 390 42583.22 573 -0.316
IR-HanSAMS7 HanIRChr14g0715241 Chrl4 = 158625950 = 158628504 390 42640.32 5.58 -0.303
LRI1-HanSAMSI.1 HanLR1Chr00c0365g0744971 - 50299 51471 390 42968.88 597 -0.346
LRI1-HanSAMS1.2 HanLR1Chr00c0566g0760211 - 47071 48243 390 43012.92 597 -0.344
LR1-HanSAMS2 HanLR1Chr02g0066821 Chr02 = 151075783 = 151076955 390 42667.34 5.67 -0.337
LR1-HanSAMS4 HanLR1Chr07g0247581 Chr07 = 117507373 = 117508545 390 42637.31 5.58 -0.319
LR1-HanSAMS5 HanLR1Chrl11g0424191 Chrll | 179222692 | 179223864 = 390 42768.54 5.86 -0.341
LRI1-HanSAMS6 HanLR1Chr13g0482441 Chrl3 = 81444379 81445551 390 42594.16 547 -0.311
LR1-HanSAMS7 HanLR1Chr14g0547181 Chrl4 = 157346616 = 157349011 = 390 42638.3 5.58 -0.318
OQP8-HanSAMS1 HanOQP8Chr01g0034171 Chr01 = 167373744 = 167374916 = 390 42952.82 597 -0.353
OQP8-HanSAMS2 HanOQP8Chr02g0077651 Chr02 = 166481855 = 166484211 = 390 42667.34 5.67 -0.337
OQP8-HanSAMS4 HanOQP8Chr07g0255101 Chr07 = 117648767 = 117651187 = 390 42637.31 5.58 -0.319
OQP8-HanSAMS5 HanOQP8Chr11g0424921 Chrll | 177950410 | 177951582 = 390 42768.54 5.86 -0.341
OQP8-HanSAMS6 HanOQP8Chr13g0481321 Chr13 83037810 83040343 390 42583.22 573 -0.316
OQP8-HanSAMS7 HanOQP8Chr14g0544331 Chrl4 | 155795294 | 155797687 = 390 42640.32 5.58 -0.303
PI659440-HanSAMS1 HanP1659440Chr00c05g0713751 = — 1573106 1574278 390 42972.81 597 -0.357
PI659440-HanSAMS2 HanP1659440Chr02g0085791 Chr02 = 157900681 | 157906226 = 390 42667.34 5.67 -0.337
PI659440-HanSAMS3 HanP1659440Chr05g0204041 Chr05 = 125469449 | 125472052 391 42737.51 5.65 -0.291
PI659440-HanSAMS5 HanP1659440Chr11g0438411 Chrl1 185595937 | 185599063 = 390 42768.54 5.86 -0.341
PI659440-HanSAMS6 HanP1659440Chr13g0489401 Chr13 = 28919635 28922154 390 42608.23 5.55 -0.312
PI659440-HanSAMS7 HanP1659440Chr14g0565851 Chrl4 = 148426212 | 148428354 = 390 42640.32 5.58 -0.303
PSC8-HanSAMS1 HanPSC8Chr01g0039531 Chr01 = 147977048 | 147980576 = 390 42952.82 597 -0.353
PSC8-HanSAMS2 HanPSC8Chr02g0074491 Chr02 = 156100025 | 156102667 = 390 42667.34 5.67 -0.337
PSC8-HanSAMS3 HanPSC8Chr05g0211181 Chr05 = 124940843 | 124943410 391 42737.51 5.65 -0.291
PSC8-HanSAMS4 HanPSC8Chr07g0292091 Chr07 = 117662755 | 117665348 = 390 42637.31 5.58 -0.319
PSC8-HanSAMS5 HanPSC8Chr11g0496671 Chrll 179223032 = 179225152 390 42784.58 5.86 -0.327
PSC8-HanSAMS7 HanPSC8Chr14g0632221 Chrl4 = 161860094 = 161862616 390 42640.32 5.58 -0.303
RHA438-HanSAMS1 HanRHA438Chr01g0041581 Chr01 = 144767362 = 144769020 390 42968.88 597 -0.346
RHA438-HanSAMS2 HanRHA438Chr02g0088081 Chr02 = 153746776 | 153749342 390 42667.34 5.67 -0.337
RHA438-HanSAMS3 HanRHA438Chr05g0227851 Chr05 = 123778849 | 123781427 = 391 42737.51 5.65 -0.291
RHA438-HanSAMS4 HanRHA438Chr07g0311691 Chr07 = 118251355 | 118254279 = 390 42637.31 5.58 -0.319
RHA438-HanSAMS5 HanRHA438Chr11g0527231 Chrll 178138655 = 178140891 = 390 42784.58 5.86 -0.327
RHA438-HanSAMS6 HanRHA438Chr13g0596681 Chrl3 = 82615728 82618267 390 42583.22 573 -0.316

RHA438-HanSAMS7 HanRHA438Chr14g0670101 Chrl4 = 155470650 | 155474584 390 42640.32 558 -0.303
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# Title Descripti

1 Lin_SAM_I SAM Shoot apical meristems (SAM) from the upper part of the shoot at 30 days after germination (DAG). Their
Lin_SAM_2 diameter was about 0.5 mm. Pool from 10 different plants.

2 Lin_FAM_1 FAM Floral apical meristems (FAM) from the upper part of the shoot at 30 DAG if the shoot reached the early
Lin_FAM_2 bud stage. Pool from 5 different plants.

3 Lin_leaf_blade_top_1 Leaf laminae of Leaf blades of young leaves from the top of the shoot at 30 DAG. Pool from 5 different plants.
Lin_leaf_blade_top_2 young leaves

4 Lin_leaf_blade_top3_1 Leaf laminae of Intermediate leaf blades from the shoot at 3 cm from the top at 30 DAG. Pool from 5 different plants.
Lin_leaf_blade_top3_2 intermediate leaves

5 | Lin_leaf blade_topl0_1 = Leaf laminae of mature Mature leaf blades from the shoot at 10 cm from the top at 30 DAG. Pool from 5 different plants.
Lin_leaf blade_top10_2  leaves

6 Lin_shoot_1-3_1 Stem fragments 1-3 cm Stem fragments 1-3 cm from the top at 30 DAG. Pool from 3 different plants.
Lin_shoot_1-3_2 from the top

7 Lin_shoot_9-10_1 Stem fragments 9-10 cm | Stem fragments 9-10 cm from the top at 30 DAG. Pool from 2 different plants.
Lin_shoot_9-10_2 from the top

$ | Lin_s_SAM_1 SAM of seedlings SAM of seedlings from the upper part of the shoot between cotyledons at 5 DAG on Petri dishes. Pool from
Lin_s_SAM_2 6 different plants.

9 | Lin_s_cotyledon_1 Cotyledons of seedling Cotyledons of seedlings at 5 DAG on Petri dishes. There were no true leaves yet, just the cotyledons. Pool
Lin_s_cotyledon_2 from 6 different plants.

10 | Lin_s_hyp_1 Hypocotyls of seedlings Hypocotyls of seedlings collected as the stem between cotyledons and roots at 5 DAG on Petri dishes. Pool
Lin_s_hyp_2 from 6 different plants.

11 | Lin_s_root_1 Roots of seedlings Roots of seedlings at 5 DAG on Petri dishes. Pool from 6 different plants.
Lin_s_root_2

12 | Lin_anther_1 Anthers of mature Mature flower anthers (before opening) at 56 DAG. Pool from 6 different plants.
Lin_anther_2 flowers

13 | Lin_pistil_1 Carpels of mature Mature flower carpels (before pollination) at 56 DAG. Pool from 6 different plants.
Lin_pistil_2 flowers

14 | Lin_filament_1 Stamen filaments of Mature flower stamen filaments (before opening) at 56 DAG. Pool from 6 different plants.
Lin_filament_2 mature flowers

15 | Lin_petal 1 Petals of mature flowers | Mature flower petals (before opening) at 56 DAG. Pool from 6 different plants.
Lin_petal_2

16 | Lin_sepal 1 Sepals of mature flowers ~ Mature flower sepals (before opening) at 56 DAG. Pool from 6 different plants.
Lin_sepal_2

17 | Lin_flower_1 Flowers without pedicels = Mature flowers without pedicels at 56 DAG. Pool from 4 different plants.
Lin_flower_2

18 | Lin_pedicel 1 Pedicels of mature Pedicels of mature flowers at 56 DAG. Pool from 6 different plants.
Lin_pedicel 2 flowers

19 Lin_capsule 3_1 Capsule at 3 DAF Capsule without seeds at 3 days after flowering (DAF).
Lin_capsule_3_2

20  Lin_capsule_7_1 Capsule at 7 DAF Capsule without seeds at 7 DAF.
Lin_capsule_7_2

21 Lin_capsule_14_1 Capsule at 14 DAF Capsule without seeds at 14 DAF.
Lin_capsule_14_2

22 Lin_capsule_21_1 Capsule at 21 DAF Capsule without seeds at 21 DAF.
Lin_capsule_21_2

23 Lin_capsule_28_1 Capsule at 28 DAF Capsule without seeds at 28 DAF.
Lin_capsule_28_2

24 | Lin_seed_3_1 Seeds at 3 DAF Seeds without capsule at 3 DAF.
Lin_seed_3 2

25 | Lin_seed_7_1 Seeds at 7 DAF Seeds without capsule at 7 DAF.
Lin_seed_7_2

26 | Lin_seed_14_1 Seeds at 14 DAF Seeds without capsule at 14 DAF.
Lin_seed_14_2

27 | Lin_seed_21_1 Seeds at 21 DAF Seeds without capsule at 21 DAF.
Lin_seed_21_2

28 | Lin_seed_28_1 Seeds at 28 DAF Seeds without capsule at 28 DAF.

Lin_seed_28 2
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Camellia sinensis var. assamica

. : Camellia
Category Camellia oleifera cv. Huashuo ot
TV-1 YK10 gigantocarpa
Genome size (bp) 709,309 707,441 701,719 + 177,329 970,410
GC content (%) 45.33 45.75 45.63/45.81 45.00
Total genes number 74 66 73 66
Complex | nadl, nad2*, nad3, nad4*, nad4l,
45", nads
dehydrogenase) e
Complex 1T
(succinate sdh3*(3x)
dehydrogenase)
Complex 111
(ubiquinol 5
cytochrome
¢ reductase)
Complex IV
(cytochrome cox2
Protein-codi ¢ oxidase)
rotein-coding idase) 58 3 o i
genes number
Complex.¥ atpl, atp4, atp6, atp9 (2x)
(ATP synthase) pl, atpd, atp6, atp
Cy!.ochmn‘le ccmB, cemC, cemFc*, cemFn
¢ biogenesis
Ribosomal rpsl, rpsd(2x), rps7, rps12,
proteins (SSU) rps13(2x), rpsi4, rps19(2x)
Ribosomal
proteins (LSU) mpipliD
Maturases matR
Transport . ith
membrane proteins
trnA-UGC*, trnC-GCA,
trnD-GUC (2x), trnF-AAA*,
trnF-GAA, trnK-UUU,
trnM-CAU (5x), trnN-AUU,
Transfer RNAs 29 traN-GUU (2x), trnP-UGG, 29 24 19
trnS-CGA, trnS-GCU,
trnS-UGA* (3x), trnV-GAC,
trnY-GUA, trnl-GAU* (2x),
tranull-NNN (4x)
0rf100, orf101a, orf102 (2x),
Othe 8 4 2 /
€r genes orf104, orf104a, orf106a, orf145
Ribosomal RNAs 2 rrnL, rrnS 2 3 3
Total SSRs 530 529 665 746
RNA-editing sites 413/35 429/31 478/44 483/44

*Gene with introns. Numbers of copies are shown in parenthesis for genes with multiple copies.
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