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Background: The basic helix-loop-helix (bHLH) transcription factor is a vital component in plant biology, with a significant impact on various aspects of plant growth, cell development, and physiological processes. Grass pea is a vital agricultural crop that plays a crucial role in food security. However, the lack of genomic information presents a major challenge to its improvement and development. This highlights the urgency for deeper investigation into the function of bHLH genes in grass pea to improve our understanding of this important crop.
Results: The identification of bHLH genes in grass pea was performed on a genome-wide scale using genomic and transcriptomic screening. A total of 122 genes were identified as having conserved bHLH domains and were functionally and fully annotated. The LsbHLH proteins could be classified into 18 subfamilies. There were variations in intron-exon distribution, with some genes lacking introns. The cis-element and gene enrichment analyses showed that the LsbHLHs were involved in various plant functions, including response to phytohormones, flower and fruit development, and anthocyanin synthesis. A total of 28 LsbHLHs were found to have cis-elements associated with light response and endosperm expression biosynthesis. Ten conserved motifs were identified across the LsbHLH proteins. The protein-protein interaction analysis showed that all LsbHLH proteins interacted with each other, and nine of them displayed high levels of interaction. RNA-seq analysis of four Sequence Read Archive (SRA) experiments showed high expression levels of LsbHLHs across a range of environmental conditions. Seven highly expressed genes were selected for qPCR validation, and their expression patterns in response to salt stress showed that LsbHLHD4, LsbHLHD5, LsbHLHR6, LsbHLHD8, LsbHLHR14, LsbHLHR68, and LsbHLHR86 were all expressed in response to salt stress.
Conclusion: The study provides an overview of the bHLH family in the grass pea genome and sheds light on the molecular mechanisms underlying the growth and evolution of this crop. The report covers the diversity in gene structure, expression patterns, and potential roles in regulating plant growth and response to environmental stress factors in grass pea. The identified candidate LsbHLHs could be utilized as a tool to enhance the resilience and adaptation of grass pea to environmental stress.
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INTRODUCTION
Grass pea (Lathyrus sativus L.) is a highly valued legume crop due to its remarkable ability to withstand a variety of environmental conditions, making it a key player in climate-resilient agriculture (Aci et al., 2020). With a rich history of cultivation stretching across three continents, grass pea is widely used as a source of high-quality protein, especially in the arid regions where it serves as a cheap and valuable food, feed, and fodder crop (Campbell et al., 1994; Lambein et al., 2019). Its tolerance to abiotic stresses such as drought, salt, and water-logging make it a favored crop in low-input farming systems, especially in South Asia and Sub-Saharan Africa, as well as throughout the Mediterranean Basin (Chtourou-Ghorbel et al., 2002; Piwowarczyk et al., 2016; Aci et al., 2020). Its importance as a food source in the developing countries such as India, Bangladesh, Pakistan, Nepal, Afghanistan, and Ethiopia cannot be overstated (Dixit et al., 2016). With its diploid genome (2n = 14, 8.12 Gbp), the analysis of its genome holds the key to unlocking numerous benefits of grass pea and filling the gap in food production (Almeida et al., 2015). In particular, studying its genome structure will provide valuable insights into the gene families controlling economically relevant traits.
Plant growth and survival are susceptible to biotic and abiotic stresses, especially in harsh environmental conditions such as dry areas. To overcome these challenges, plants employ a range of physiological and biochemical mechanisms, which are regulated by transcription factors (TFs) (Sun et al., 2015). These TFs, including MYBs (Jin and Martin, 1999), bHLHs (basic helix-loop-helix) (Massari and Murre, 2000), ERFs (ethylene responsive element binding factor) (Rehman and Mahmood, 2015), bZIPs (basic region/leucine zipper motif) (Corrêa et al., 2008), and WRKYs (Zhang and Wang, 2005), play a crucial role in plant defense mechanisms against environmental stress (Rehman and Mahmood, 2015). Studying gene expression in plants, particularly those grown in dry areas and subjected to various biotic and abiotic stresses, sheds light on the significance of gene families and TFs in physiological and biochemical processes (Sun et al., 2015), and helps to uncover the mechanisms involved in these processes.
The Basic Helix-Loop-Helix (bHLH) protein family is one of the largest and most important transcription factor families in plants. It plays a crucial role in controlling growth, development, and stress response by regulating gene expression (Rehman and Mahmood, 2015; Zhou et al., 2020). The bHLH motif was first discovered in the study of muscle growth in mice (Mao et al., 2017). The bHLH proteins are characterized by their highly conserved alkaline/helix-loop-helix domains, which give them their name (Yin et al., 2015). Based on sequence similarity, evolutionary relationship, and DNA binding ability, bHLH proteins are generally classified into six major groups (A to F) (Zhou et al., 2020). The exact number of groups in plants is still not well defined, but it is estimated to be between 15 and 26 (Pires and Dolan, 2010). Some studies have increased that number to 32 through genetic analysis of typical bHLH proteins (Carretero-Paulet et al., 2010). Its domain typically contains 50–60 amino acids and can be divided into two functional segments: the N-terminal basic domain, which binds the transcription factor to DNA at a consensus hexanucleotide sequence, and the C-terminal, which is made up of two α-helices joined by a loop. The BHLH domain can form dimers with different bHLH transcription factors through homo- or heterodimerization, leading to a range of diverse activities (Wang et al., 2018; Shen et al., 2019). The sequence variation of bHLH genes across plant species may shed light on its functionality and the biological processes it controls.
The study of the bHLH gene family structure in grass pea is crucial in gaining a deeper understanding of its evolution and gene functionality. While systematic identifications of bHLH genes have been conducted in various plant species, including apple, mango, potato, tomato, and sweet cherry, there is a lack of information on the structure, function, and activity of it in grass pea. This study aims to address this gap and uncover the secrets of bHLH functional proteins in grass pea. The phylogenetic analysis was employed to investigate the classification of bHLH genes across the genome. The functional biological properties, structures, and conserved domains of these genes were also analyzed. Furthermore, the protein-protein interaction network and sequence similarity with other plants were used to predict their interaction mechanisms. The expression levels of transcripts were analyzed using RNA-seq differential gene expression analysis, which was conducted on published data from various environmental conditions. To validate the activity and expression of some of the reported bHLH genes, real-time PCR was used in the laboratory to confirm their viability and significance. Our study highlights the importance of these genes in performing their key roles in grass pea and other plants, particularly in improving the crop’s resilience in dry areas and challenging climatic conditions. This research is expected to contribute to a better understanding of the role of bHLH genes in plant growth and survival, especially in the context of environmental stresses.
MATERIALS AND METHODS
Genomic data sources
The genomic data of grass pea genotype LS007 was obtained from the NCBI database (https://www.ncbi.nlm.nih.gov, NCBI ID: CABITX010000000). The genome assembly size is 8.12 Gbp with a coverage of 60X, an N50 of 59,728 bp, and a total of 669,893 sequences, as reported in Emmrich et al. (2020). To enhance the genomic data, transcriptomic sequences were obtained from NCBI (https://www.ncbi.nlm.nih.gov/bioproject/PRJNA258356), totaling 103.3 Mbp of sequences. To identify the bHLH genes in grass pea, a total of 7,021 amino acid sequences of bHLH genes from various plant species were obtained from NCBI. For categorization purposes, sequences of bHLH genes and their classification information were taken from previously published studies on apple (Malus domestica) (MdbHLH) (Mao et al., 2017) and Arabidopsis thaliana (AtbHLH) (Zhang et al., 2020).
Annotation of bHLH gene family
The identification of bHLH genes in grass pea was carried out through a combination of sequence alignment, protein domain identification, and annotation techniques. Local tblastn was utilized to extract LsbHLH genes from the grass pea genome based on their similarity (90%) and sequence length (600 nucleotides) to the bHLH genes obtained from other plant species (Seppey et al., 2019). TransDecoder (Release v5.5.0) (Bryant et al., 2017) was applied to predict possible coding regions (https://github.com/TransDecoder/TransDecoder). HMMER (v3.1b2; http://hmmer.org) was used to search for the presence of bHLH domains in the grass pea proteins generated by TransDecoder. A Hidden Markov Model (HMM) file of the LsbHLH domains (PF00010) was obtained from the Pfam database (https://pfam.xfam.org) and used as a query against the grass pea proteins. The results of this search were then verified using the NCBI CDD tool (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) to confirm the domain structure and to provide further information about the identified bHLH domains. Augustus (v3.3; https://bioinf.uni-greifswald.de/augustus/) was used to generate annotation files (GFF) for the LsbHLHs (Kapli et al., 2020).
Phylogenetic analysis of bHLH protein
A phylogenetic analysis was performed to determine the relationships among the predicted genes and classify LsbHLH proteins into subfamilies. The alignment of grass pea bHLH proteins with previuosly classified Apple (Malus domestica) and Arabidopsis (Arabidopsis thaliana) bHLH proteins was conducted using the multiple sequence alignment tool MUSCLE (Edgar, 2004) (v3.8.1551; https://www.drive5.com/muscle/) with four iterations. The phylogenetic tree was constructed using Randomized Axelerated Maximum Likelihood (RAXML) (Guindon et al., 2010) with the “PROTGAMMAWAG” model, and the best likelihood was selected among the ten maximum likelihood trees (-N 10) generated from diverse starting points. The optimal number of bootstrap replicates was automatically determined by RAXML. The interactive Tree of Life (iTOL) (Letunic and Bork, 2007) online tool was used to visualize the resulting phylogenetic tree.
Gene structure and conserved motifs identification
Characterization of gene structure and motifs was conducted to identify the gene structure and features and predict its potential function. The MEME software v5.3.1 (https://meme-suite.org/meme/) was used for motif identification, using the following parameters: minimum width of 6, maximum width of 50, and 10 optimum motifs. The predicted protein sequences of the annotated genes were extracted from the GFF file. The Gene Structure Display Server (GSDS) (http://gsds.gao-lab.org) was used to visualize the schematic structures of the intron-exon regions, conserved domains, and motifs generated by MEME. The conserved domains were retrieved from NCBI CDD (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi).
Protein–protein interaction network prediction, gene ontology, and cis-regulatory elements
The prediction of protein-protein interactions among LsbHLH proteins was conducted using String tool (https://string-db.org/), where Cicer arietinum was used as a plant model, with a minimum interaction score of 0.4 (Szklarczyk et al., 2015). The highly interactive genes were visualized using Cytoscape software (Kohl et al., 2011). A functional enrichment analysis table (Supplementary Table S1) was produced by the STRING tool, and the frequency of Gene Ontology terms was plotted using R programming language. The 1.5 kb upstream promoter sequences of each LsbHLH start codon were retrieved from the grass pea genome and submitted to the PlantCARE database (Lescot et al., 2002) (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/) for the prediction of putative cis-elements. The mapping of identified cis-element regions of LsbHLHs was performed using TBtools (Chen et al., 2018a).
Gene expression analysis
RNA expression analysis was performed to evaluate and visualize the mRNA transcript levels of bHLH genes, identify functional genes, and infer potential biological roles. The gene expression data was obtained from four RNA-Seq experiments retrieved from the Sequence Read Archive (SRA) database https://www.ncbi.nlm.nih.gov/sra: SRP145030 (Xu et al., 2018) with three samples from shoots and seedlings after 2, 6, and 25 days of germination, SRP045652 with two control and two inoculated samples from seedlings, SRP092875 (Hao et al., 2017) with six samples from roots, stems, and leaves, and SRP327502 with 12 samples from shoots. The samples were single-end sequencing data. Quality control of the FASTQ files was performed using FastQC (Li et al., 2015), and adapter and low-quality sequence trimming was done using Fastp (Chen et al., 2018b), fqtrim (Islam et al., 2022), and fastq-quality-filter (Fu and Dong, 2018). After the quality control, the reads were then aligned to the reference genome of the grass pea using the HISAT2 software (Pertea et al., 2016). The HISAT2 software aligns the reads to the genome while taking into account splice-sites and exon information, obtained from the GFF annotation file using python scripts included in the HISAT2 package. HTseq (Srinivasan et al., 2020) was then used to count the number of aligned reads that overlap each gene exon (Ardern et al., 2011). The mapped gene counts were then normalised using the Z-score and plotted in a heatmap using the pheatmap R package. The heatmap was combined with the previously constructed LsbHLH phylogenetic tree, providing a visual representation of the gene expression patterns across different samples.
Quantitative PCR (qPCR)
Plant materials, growth conditions, and stress treatment
The experimental material consisted of grass pea seeds that were germinated and grown in a 3:1:1 mixture of nutritious soil, vermiculite, and perlite in pots. The growth conditions were maintained in a controlled greenhouse with a temperature of 25°C (day) and 18°C (night), 80% relative humidity, a photoperiod of 16 h (day) and 8 h (night), and a photosynthetically active radiation of 250 mol m2s−1 provided by cool white fluorescent lamps. After 30 days of growth, the plants were subjected to salt treatment by adding sodium chloride (NaCl) at concentrations of 0, 50, 100, and 200 mM to the soil. After 72 h of treatment, three biological replicates (one leaf from each seedling) were harvested, flash frozen, and stored at −80°C.
RNA extraction and gene expression analysis
The total RNA was extracted from both control and salt-stressed grass pea leaves using the TRIzol reagent (Invitrogen, Carlsbad, CA, United States) according to the manufacturer’s protocol and treated with RNase-free DNase (Promega Corporation, Madison, WI, United States) to eliminate genomic DNA contamination. The quality and purity of the extracted RNA were determined using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA), and 1.5 μg was used for the synthesis of cDNA using the M-MLV Reverse Transcription Kit (Promega Corporation, United States). The cDNA was then diluted to 1/10 before being used in the quantitative PCR (qPCR) analysis. The qPCR-specific primers were designed using the Primer-Quest Tool (https://www.idtdna.com/PrimerQuest/Home/Index) (Supplementary Table S8).
Analysis of LsbHLH expression levels
Seven LsbHLH genes were selected for qPCR analysis based on their gene expression in RNAseq data and clustering in the phylogenetic tree. We made an effort to select genes from as many different clusters as possible to ensure that we had a representative sample of the gene family. To determine the expression levels of the selected LsbHLH genes in all samples, quantitative PCR (qPCR) was performed on an Agilent Stratagene Mx3005p real-time PCR detection system using BioEasy Master Mix Plus (SYBR Green Mix) according to the manufacturer’s instructions. The reaction mixture, in a final volume of 20 μl, contained 1 μl of diluted cDNA, 10 μl of 2x SYBR Green PCR Master Mix, and 0.4 μl (10 μl) of each forward and reverse primer. The amplification program consisted of initial denaturation at 95°C for 60 s, followed by 40 cycles of denaturation at 95°C for 3 s and annealing at 60°C for 40 s. A melting curve analysis was performed from 65°C to 95°C to verify the specificity of the qPCR products. The genes ABCT and Elf1b were used as internal reference genes for normalization (Zhang et al., 2022). All reactions were conducted in triplicate, and relative expression levels were calculated using the 2−△△Ct method (Schmittgen and Livak, 2008).
RESULTS
Identification and characterization of bHLH gene family
The identification of LsbHLHs was performed on a genome-wide scale using a combination of genomic and transcriptomic screening based on the reported bHLH genes from NCBI and involved the use of HMMER search and NCBI CDD analysis. A total of 130 genes were indicated as having conserved bHLH domains. Out of these, eight genes were ruled out as non-functional, while 122 were confirmed as functional bHLH genes and fully annotated. The resulting LsbHLH amino acid sequences generated by the Augustus annotation tool ranged in length from 74 to 719 amino acids, with an average length of 310.9 amino acids and approximately 60 conserved domains. The molecular weight of the sequences varied from 8.56 to 79.5 kDa and the isoelectric point values ranged from 4.09 to 11.39 (Supplementary Tables S2, 4).
Phylogenetic and evolutionary analysis of bHLH gene family
The sequences of the 122 LsbHLH proteins generated by Augustus were aligned with previously identified MdbHLH and AtbHLH proteins (187 and 157, respectively) (Mao et al., 2017; Wang et al., 2018) to classify the LsbHLH proteins into 18 subfamilies (Figure 1). The subfamilies ranged in size from one to fifty-seven proteins. The clustering of LsbHLHs into distinct subfamilies suggests that diverse evolutionary mechanisms drive gene differentiation. The phylogenetic analysis revealed sequence similarities and potential functional homology, which were further confirmed by gene enrichment analysis. The results revealed both similarities and differences in the classification of grass pea LsbHLH genes compared to these reference plants. Nonetheless, the presence of grass pea genes in all subgroups with sequence similarity to genes in other plant species suggests potential functional conservation. In Arabidopsis, some genes have been linked to both stomatal development and flower and fruit development, such as AtbHLH45, AtbHLH97, and AtbHLH98 (Carretero-Paulet et al., 2010). These genes have been found to cluster with bHLH genes in grass pea, including LsbHLHD16, LsbHLHD27, LsbHLHD18, LsbHLHD12, LsbHLHR51, LsbHLHR83, LsbHLHD20, and LsbHLHD76. Similarly, genes involved in synthesizing anthocyanin in Arabidopsis such as AtbHLH38, AtbHLH39, AtbHLH100, and AtbHLH101 (Zhao et al., 2011) were linked to several bHLH genes in grass pea, including LsbHLHR68, LsbHLHD29, LsbHLHD19, LsbHLHD7, LsbHLHD31, among others.
[image: Figure 1]FIGURE 1 | Phylogenetic tree of bHLH protein domains from Arabidopsis thaliana, Manus domestica, and grass pea. The tree was generated using the MUSCLE and RAXML algorithms, and the Maximum Likelihood method was employed with the best bootstrap replicates. The tree displays the 18 subfamilies, which are marked with distinct colors.
Gene structure, cis-regulatory element analyses, and motif identification analyses
The gene structure analysis confirmed several key aspects of the main bHLH phylogenetic tree. The exon-intron diversity of the gene family members plays a crucial role in the evolution of multiple gene families (Xu et al., 2012). We analyzed 122 LsbHLHs to determine the intron-exon distribution and crucial protein domains in the bHLH gene family. Every gene has exons, three genes (LsbHLHD10, LsbHLHD21, LsbHLHD8) have four exons, four genes (LsbHLHD11, LsbHLHD13, LsbHLHD30, LsbHLHD7) have three exons, ten genes have two exons, and 105 genes are composed of a single exon. In the genes that contain introns, the number of introns ranges from one to three (LsbHLHD10, LsbHLHD13, LsbHLHD21, LsbHLHD7, and LsbHLHD8) (Supplementary Table S5). Despite intronless genes often showing elevated expression levels in response to pathogenic stimuli, they are thought to have lower response levels in plants (Wang et al., 2018). For instance, intronless genes such as (LsbHLHR40 and LsbHLHR1) displayed higher expression levels in response to external stress.
The analysis of cis-elements in the LsbHLHs of grass peas reveals their involvement in various plant functions, including cell cycle regulation, expression in meristems and endosperms, regulation of metabolism, and response to phytohormones, abiotic factors, and defense stress. These cis-elements have been grouped into three categories based on their functional roles (Figure 2). The first category includes elements related to cell cycle regulation and expression in meristems and endosperms, as well as regulation of metabolism, such as MSA, AACA_motif, CAT-box, and O2-site. The second category encompasses phytohormone-related cis-elements, including ABRE, TGA, P-box, and CGTCA-motif, and the third category encompasses elements related to abiotic factors such as defense stress, light response, drought inducibility, and low-temperature response, including TC-rich, Box_4, MBS, and LTR. The presence of essential Cis element domains, including MYC (Boter et al., 2004), ACT (Journot-Catalino et al., 2006), ZAPB (Takatsuji, 1998), and SMC (Schubert, 2009) (Figure 3 and Supplementary Table S6), confirms their involvement in key plant processes such as growth, gene expression regulation, and defence responses. Previous studies (Qian et al., 2019; Zhou et al., 2020) have reported the remarkable similarity of these domains to those found in our study, further supporting their importance.
[image: Figure 2]FIGURE 2 | The cis-elements identified in the promoter regions of 28 bHLH genes in grass pea. The promoter regions, 1,500 bp upstream of the gene start sites, were analyzed using the PlantCARE software to predict potential cis-regulatory elements. The elements related to cell cycle regulation, meristem-endosperm expression, metabolic regulation, and responses to various plant hormones (abscisic acid, auxin, methyl jasmonate, gibberellic acid, and salicylic acid) and environmental stimuli (anaerobic induction, light, low temperature, and drought) are depicted in different colors.
[image: Figure 3]FIGURE 3 | The gene structure, conserved motifs, and phylogenetic relationships of LsbHLH genes from grass pea. A phylogenetic tree of 122 LsbHLH proteins, their exon-intron organization, and transcription factor (TF) domains retrieved from NCBI-CDD are presented. Additionally, the arrangement of ten conserved motifs in the LsbHLH proteins is depicted, each represented by a different color box.
The analysis of the amino acid motifs in the LsbHLH gene family revealed the presence of ten distinct sequence patterns. The identification of these motifs provides valuable information about the molecular interactions, localization, and regulation of the corresponding proteins. The number of motifs present in each LsbHLH gene varied from zero to nine (Supplementary Table S7). The lengths of the motifs range from 10 to 42 amino acids. The results of the LsbHLHs phylogenetic analysis demonstrate that proteins with similar sequences also possess similar amino acid motif structures. This highlights the importance of motif analysis in understanding the functions of proteins and in predicting the functions of homologous proteins in other organisms.
Protein-protein interaction and GO annotation analysis
The protein-protein interaction (PPI) analysis showed a significant level of interaction between the bHLH sequences. The gene annotation revealed that several of the LsbHLH proteins exhibit high levels of interaction, as illustrated by nine genes (LsbHLHR21, LsbHLHR60, LsbHLHR77, LsbHLHR72, LsbHLHR7, LsbHLHR63, LsbHLHR35, LsbHLHR16, LsbHLHR88) demonstrating substantial interaction (Figure 4). Gene Ontology (GO) annotation revealed various crucial functions for the bHLH gene family in grass pea. Of the 92 genes that were annotated, most had significant roles in molecular functions, biological processes, or cellular components. According to the GO Cellular Component, the majority of the annotated genes were found to be important components of the nucleus. Biological Process annotated genes play important roles in the development of various plant systems, including 16 genes involved in plant system development, eight genes involved in flower development, and four genes involved in stomal development. The molecular function annotated genes were found to play crucial roles in protein dimerization activity and DNA binding.
[image: Figure 4]FIGURE 4 | The Functional Regulatory Network of Grass Pea (LsbHLH) Proteins. The figure presents a visual representation of the protein-protein interactions among 79 grass pea LsbHLH proteins, predicted using the STRING database and visualized using Cytoscape software. The Interaction Count panel displays the number of interactions each gene has, with R21 being the most interactive gene. Gene names are abbreviated by removing the “LsbHLH” prefix for clarity. The color-coding of the nodes provides insights into the biological functions of the genes. Green borders indicate involvement in stomatal lineage progression; yellow indicates involvement in embryonic development; blue indicates involvement in plant epidermis development; pink indicates involvement in flower development.
The results of a gene ontology analysis revealed that seven significant genes (LsbHLHR21, LsbHLHR60, LsbHLHR63, LsbHLHR72, LsbHLHR16, LsbHLHR77, LsbHLHR35) are involved in multiple biological processes and molecular functions (Figure 5).
[image: Figure 5]FIGURE 5 | The gene ontology (GO) analysis of LsbHLH proteins was conducted in seven distinct categories, including Go Biological Process, Go Cellular Component, Interpro Domains, SMART Domains, STRING Clusters, UniProt, and Go Molecular Functions. The figure represents the number of genes involved in each gene ontology term as a bar graph.
Differential expression analysis of LsbHLHs
RNA-seq analysis was employed to validate and confirm the activity of the identified genes and assess the transcript levels of LsbHLHs mRNA under the influence of various external factors. The high expression levels of LsbHLHs observed across a range of conditions highlight the importance of these genes in the plant’s stress response. The expression levels of genes such as (LsbHLHR1, LsbHLHR5, LsbHLHR6, LsbHLHR13, and LsbHLHR16) increased with the plant development stage, while expression levels of (LsbHLHD11, LsbHLHR76, LsbHLHR83, and LsbHLHR30) decreased across different developmental stages as seen in the gene expression data of SRP145030 (Figure 6). In the gene expression study focused on disease infection (SRP045652), 45 genes, including (LsbHLHD11, LsbHLHR81, LsbHLHR83, and LsbHLHR76), showed no expression, while 77 genes displayed high expression levels, particularly in inoculated samples in response to pathogens. Additionally, the bHLH genes produced different amounts of transcripts in normal conditions as seen in other gene expression data such as SRP327502 and SRP092875 (Figure 6). The results reinforce the crucial role of the 122 identified LsbHLH genes for various aspects of plant biology, particularly in plant development and stress response. The abundance of LsbHLH genes in plants highlights their importance in these processes.
[image: Figure 6]FIGURE 6 | Heatmap represents the normalized count of mapped reads for the 122 identified LsbHLH genes, organized based on their phylogenetic relationships. The data was derived from four RNA-seq experiments conducted on grass pea under different conditions, each containing multiple runs or samples. The accession number for each experiment is displayed above the corresponding plot. The color scale represents the level of gene expression, with red indicating high expression and blue indicating low expression.
Expression profiles of LsbHLHs genes under salinity stress conditions
qPCR-based expression profiles of seven selected LsbHLHs genes were evaluated in response to salinity stress at different concentrations (Figure 7). Most of the genes exhibited comparatively high expression levels at 100 mM NaCl concentrations, compared to 50 and 200 mM NaCl. For example, in response to salt stress, LsbHLHD8, LsbHLHD4 and LsbHLHR14 showed significantly higher expression at 100 mM NaCl by 660, 100, and 69-fold, respectively. However, their expression levels at 200 mM NaCl were reduced by 103, 29 and 16-fold. Interestingly, the expression level of LsbHLHD5 was lower than LsbHLHD8, LsbHLHD4 and LsbHLHR14 at 100 mM by 5-fold, while its expression levels were increased at 200 mM NaCl by 10-fold. Although the expression levels of LsbHLHR68 and LsbHLHR86 showed relatively higher expression at 50 mM by 4- and 3-fold, their expression levels were decreased at 100 mM NaCl by 1.7 and 1.8-fold, and then significantly decreased by 0.8 and 0.2-fold. Nevertheless, LsbHLHR6 showed higher expression at 100 mM NaCl by 5-fold, it was severely down-regulated like the LsbHLHR86 gene.
[image: Figure 7]FIGURE 7 | Gene expression profiles of seven selected LsbHLH were determined using different salt concentrations following a 72-h course. qPCR-analysis was used to determine the relative expression levels of the LsbHLH in seedlings treated with 50, 100, and 200 mM NaCl. Significant differences between treatments are indicated by a small letter (s) above the bars (p ≤0.05; LSD). The 2−△△Ct method was used to calculate the relative expression level.
DISCUSSION
The cultivation of grass pea in areas facing numerous environmental stress factors presents a chance for the development of new food sources, especially in remote regions with inadequate nutritional options. It is crucial to ensure the suitability of grass pea as a food or forage crop through the provision of sufficient genomic information to support the development of sustainable genotypes. To this end, a comprehensive analysis of the grass pea genome was conducted to identify LsbHLH genes and associated transcription factors involved in plant cell growth, evolution, and disease resistance. The approach utilized legume bHLH genes as a reference for identifying LsbHLHs, which were then fully annotated using various bioinformatics tools to determine their functional roles and to confirm their inclusion in the bHLH gene family.
Our analysis identified 122 bHLH genes in the grass pea genome, which were classified into 18 subfamilies based on their alignment with previously identified MdbHLH and AtbHLH proteins (Figure 3). The clustering of LsbHLHs based on their protein sequence is indicative of functional homogeneity among these genes. This number of bHLH genes is similar to those found in other plant species, such as foxtail millet, where 187 bHLH genes were identified and classified into 21 subfamilies (Fan et al., 2021). Tomato also had a high number of bHLH genes, with 159 identified and classified into 21 subfamilies through phylogenetic analysis (Sun et al., 2015). In sweet cherry (Prunus avium), 66 bHLH genes were identified and classified into 17 subfamilies based on the classification of bHLH genes in Arabidopsis thaliana (Shen et al., 2021). We can draw the conclusion that our analysis has provided a comprehensive characterization of the majority of bHLH genes present in the grass pea genome. However, it is possible that some bHLH genes may have gone unnoticed due to their presence in not yet sequenced regions of the genome or as a result of their exclusion due to being partial or incomplete in nature.
The study of gene structure and protein domains is essential to comprehend the function of transcription factors and their impact on plant metabolism. The presence of exons and introns and their distribution play a crucial role in gene family evolution (Xu et al., 2012). In our study, the number of introns in the identified bHLH genes in grass pea ranged from one to four, which is comparable to what was reported in rice (Li et al., 2006), and fewer than what was reported in potatoes (Wang et al., 2018), Ginkgo biloba (Zhou et al., 2020), and apples (Yang et al., 2017). These findings highlight the diversity in gene structure and evolution within the bHLH gene family in different plant species.
Cis-regulatory sequences are essential in development and physiology because they regulate gene expression (Wittkopp and Kalay, 2012). Several cis-element domains have been identified within the bHLH gene family in grass pea, including MYC, ACT, ZAPB, and SMC. These domains, which have been studied extensively, are critical in plant activities such as stomatal growth and anthocyanin synthesis. For instance, in Dahlias, the bHLH transcription factor DvIVS was found to regulate anthocyanin synthesis and its expression was reduced in yellow ray florets (Ohno et al., 2011). The MYB-bHLH-WDR complex was identified as a central regulator of the anthocyanin synthesis pathway in Kiwifruit (Liu et al., 2021). In apples, the cold-induced bHLH transcription factor MdbHLH3 was observed to interact with MdMYB1 and promote anthocyanin accumulation and fruit coloration in response to low temperature (Xie et al., 2012). The SCREAM ACT-like domain has been found to play a role in bHLH partner selection during stomatal differentiation (Seo et al., 2022). The novel bHLH transcription factor PebHLH35 from Populus euphratica has been shown to positively regulate drought stress responses through regulation of stomatal density, aperture, photosynthesis, and growth (Dong et al., 2014). Our findings could inspire researchers to further study the potential of these bHLH genes as a tool to improve the resilience and adaptation of grass pea to environmental stresses, such as drought and cold. Additionally, our analysis revealed ten unique gene sequence motifs in the identified bHLH genes in grass pea (Figure 3). Notably, three of these motifs were present in all genes, lending them significant and distinctive features. The number of motifs in bHLH gene families varies between different plant species, with twelve reported in apples (Mao et al., 2017), twenty in potatoes (Wang et al., 2018), ten in mangoes (Salih et al., 2021), and twenty in Ginkgo biloba (Zhou et al., 2020). These gene motifs offer valuable information about its evolutionary history and can serve as targets for further studies aimed at understanding the role of these genes in plant metabolism.
The analysis of protein-protein interactions and gene enrichment is crucial for understanding the activity of bHLH proteins, which can form homodimers or heterodimers to bind DNA and control transcription (Salih et al., 2021). The interaction network of 122 candidate LsbHLHs was studied using Cicer arietinum as a model organism due to the absence of biological pathway information for grass pea and the similarity between chickpea and grass pea as they belong to the same family. This resulted in a complex network with a high degree of consistency and interactive genes, indicating the important role these genes play in plant biology (Figure 5). Many of these genes were associated with plant system development, flowering, stomal development, protein dimerization, and DNA binding, which supports the conclusions drawn from our results and previous studies in other plant species. For example, some bHLH genes, such as FLOWERING BHLH 4 (FBH4), are known regulators of nitrogen-responsive flowering in Arabidopsis; nitrogen levels were found to fine-tune FBH4 nuclear localization and modulate flowering time by adjusting its phosphorylation state (Sanagi et al., 2021).
We confirmed the gene expression and activity of the 122 candidate LsbHLH genes in grass pea through the analysis of published expression data and laboratory-based qPCR experiments (Figures 6, 7). Four distinct RNA experiments were used to evaluate the expression of LsbHLH genes under different environmental conditions and to ensure that they are expressed and have a potential function. The results from these experiments showed that the expression levels of bHLH genes increased with plant age, which supports the impact of bHLH on plant growth and development. Additionally, some genes showed increased expression in infected samples, indicating that pathogen resistance is one of the bHLH gene family roles. It is important to note that genes with no expression in our data sets may still play a role in different contexts or have an expression that is undetectable. Additionally, the expression profiles of seven selected genes from the LsbHLH family were analyzed in response to different concentrations of sodium chloride (NaCl). Specifically, genes LsbHLHD4, LsbHLHD5, LsbHLHR6, LsbHLHD8, and LsbHLHR14 displayed higher expression in response to salinity stress. These results align with previous studies, which reported increased expression of several basic helix-loop-helix (bHLH) genes under salinity stress. For instance, in the case of jojoba, the JcbHLH8 gene responded significantly to salinity after being exposed to 100 mM NaCl for two and 7 days (Zhang et al., 2020). Similarly, the JcbHLH6 gene responded significantly to 100 mM NaCl for 2 days (Zhang et al., 2020). In the case of Hibiscus, genes HhbHLH6 and HhbHLH8 showed significant response to 400 mM NaCl after 24 h (Ni et al., 2021). In green chiretta, ApbHLH5 and ApbHLH6 showed significant up-regulation in response to 50 and 100 mM NaCl for 5 days, whereas the expression level of the ApbHLH68 gene showed down-regulation at the same concentrations (Xu et al., 2022). On the other hand, the expression level of LsbHLHR86 was consistent with previous reports, while the expression level of the CsbHLH86 gene in cucumber showed significant downregulation after exposure to 100 mM NaCl for 24 h (Li et al., 2020). Interestingly, our results revealed an opposite pattern for genes LsbHLHD4 and LsbHLHR14 compared to other studies that did not show significant upregulation clearly (Xu et al., 2022; Zhang et al., 2022). Overall, these results provide a solid foundation for further studies on the role of the bHLH gene family in grass pea.
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