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ABSTRACT The Late Embryogenesis Abundant (LEA) gene family is considered 

vital for plant's ability to survive freezing and desiccation, affecting important 

developmental and growth processes. These proteins possess notable hydrophilicity 

and thermal stability, which are essential for preserving cell membrane integrity, 

forming molecular barriers, aiding in ionic binding, and mitigating oxidative damage 

during extended periods of exposure to abiotic stress conditions. Although LEA 

proteins have been extensively studied in numerous plant species, this study represents 

the initial comprehensive exploration and characterization of LEA proteins in 

Phaseolus vulgaris L. In this context, the biochemical/physicochemical properties of 

the LEA family at both the gene and protein level have been deeply characterized and 

defined using various bioinformatics tools. Through comprehensive bioinformatics 

analyzes, we identified 80 LEA genes in common bean and phylogenetically 

categorized their proteins into eight major groups. Investigating gene duplications, we 

uncovered 28 events, including 24 segmental and 4 tandem duplications, significantly 

influencing the evolutionary trajectory of this gene family. In silico micro-RNA 

(miRNA) target analyzes revealed that 21 PvLEA genes were targeted by various 

miRNAs, with miRN2588 and miR164 being the most prevalent. PvLEA-63 emerged 

as the most highly expressed gene across tissues, followed by PvLEA-27, PvLEA-35, 

PvLEA-41, PvLEA-49 and PvLEA-52 genes, demonstrating their ubiquitous expression 

patterns. Moreover, using publicly available RNAseq data, a comparative expression 

study of PvLEA genes was carried out, and expression alterations in PvLEA-02, -08,  

-20, -21, -40, -42, -50 and -51 genes were detected under both salt and drought stress 

conditions. These results constitute a substantial resource for future researchers 

interested in unravelling the functional intricacies of PvLEA genes. 

Keywords LEA gene family, Phaseolus vulgaris L., bioinformatics, RNAseq 

 

1. INTRODUCTION 

Common bean is a plant classified under the genus Phaseolus vulgaris L. that 

formed seven thousand years ago in separate regions of the South and North 

American continents and is known as “new global crop” [1]. The common bean 

(Phaseolus vulgaris, 2n = 22) is an essential component of vegetable protein for 

millions of people throughout the world and is the most consumed legume in 

both developing and developed countries [1, 2]. It is sometimes called as "poor 

man’s meat” due to its considerable protein, minerals, soluble fiber, starch, 

phytochemicals and vitamin content [3]. Furthermore, because of the high 
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protein content, people who ate a diet high in common bean had a decreased 

frequency of cancer, cardiovascular disease (CVD) and diabetes [4]. Several 

biotic factors, such as bacteria, viruses and fungal infections, as well as abiotic 

challenges like low temperature, drought, and salt, significantly impact the yield 

and quality of common bean [5]. The significance of drought and salt resistance 

in bean cultivation cannot be ignored, as they are essential to produce food for 

human consumption [6]. 

In the 21st century, food problems have arisen due to global climate change, 

drought, population growth and reduction of agricultural lands. Salinity and 

drought are environmental stress conditions that induce major modifications in 

controlling how genes are expressed, including the activation or suppression of 

genes, as well as the modulation of signal transduction pathways, and these 

changes have serious effects on the life cycle of plants [6, 7, 8]. In common bean 

production, cultivating plants tolerant to abiotic stress is crucial [6]. However, 

developing plants resilient to stress requires further investigation into identifying 

genes that contribute to the way plants react to stress conditions [9]. Furthermore, 

two fundamental stress-inducing gene sets that are assumed to be crucial for 

stress response were found in a study on Arabidopsis [10]. The initial category 

involves regulatory proteins, protein kinases and transcription factors that 

regulate other signaling molecules. The next category consist of  chaperones that 

regulate osmotin, abiotic stress tolerance, mRNA binding proteins, antifreeze 

proteins, water channel proteins, and late abundant embryogenesis (LEA) 

proteins [10].  

Activating the LEA gene family confers resistance to abiotic stressors, including 

drought, cold, and salinity, which are critical for plant development and growth 

[6, 8, 11-13]. LEA proteins show a strong affinity to water and possess a 

remarkable capacity to resist extreme temperatures. Moreover,  they play a vital 

role in plant cell membrane stabilization, anti-oxidation, establishing molecular 

barriers and ionic binding under prolonged abiotic stress [14]. During the late 

phases of embryonic development,  LEA proteins stored in seeds were found to 

respond to diverse abiotic stresses especially drought stress in higher plants [15]. 

Previous studies also indicated that the upregulation of LEA genes in various 

plant species, including wheat, lettuce, rice, tobacco, and Arabidopsis, enhanced 

their ability to withstand abiotic stresses [16].  

LEA proteins were initially discovered in the latter stages of cotton seed 

embryogenesis [17]. Subsequent research has revealed the presence of LEA 

proteins in various plant tissues, including stems, leaves, flowers, and roots, 

across a diverse array of plant species such as rice, wheat, potato, maize, barley, 

rye, sunflower, bean, grape, carrot, apple, Arabidopsis, soybean, tomato and 

canola [18, 19, 20]. These proteins are mostly located in intracellular organelles 

like mitochondria, cytoplasm, and chloroplasts [13, 21]. Their presence extends 

to various ecosystem of prokaryotes, invertebrates, and plants ranging from algae 

to angiosperms [7]. Different types of higher plants including P. trichocarpa L., 

O. sativa L., and A. thaliana (L.) Heynh have different members of LEA protein 
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family due to differences in their amino acid sequences, evolutionary 

relationships and conserved domains.  

In current plant biology, it is significant to be able to examine and evaluate 

massive, complicated datasets [22]. Thanks to technological strides in genome-

wide sequencing, the LEA proteins have now been identified in numerous plant 

species [19, 20, 23, 24]. The genome-wide characterization and identification 

studies of commercially important plants like P. vulgaris are expected to be 

valuable. This study aims to identify genes that could enhance plant resistance 

and reduce crop losses caused by environmental and biological factors in plants. 

It provides a comprehensive genome-wide analysis along with detailed 

categorization and identification of P. vulgaris LEA genes, a novel contribution 

to the existing literature. Also, the identification of 80 PvLEA genes from the P. 

vulgaris genome was validated by analyzing publicly available RNAseq data 

which shows transcriptomic changes in response to drought and salt stress in 

common bean. We anticipate that the information we have collected may 

contribute to the future studies of the LEA gene family in P. vulgaris. 

  2. MATERIALS AND METHODS 

2.1 Identification of PvLEA gene family members 

LEA protein sequences of P. vulgaris were obtained from Phytozome v13 

database through keyword search with default parameters using following Pfam 

codes: [(LEA_1 (PF03760), LEA_2 (PF03168), LEA_3 (PF03242), LEA_4 

(PF02987), LEA_5 (PF00477), LEA_6 (PF10714), DHN (PF00257), and SMP 

(PF04927)] (http://pfam.xfam.org/) [25, 26]. To identify the putative proteins, 

redundant sequences were manually eliminated, and the remaining PvLEA 

proteins were then subjected to blastp analysis in NCBI database. 

Physicochemical properties such as amino acid composition, molecular weights 

(MWs), isoelectric points (pIs) and grand average hydropathicity values 

(GRAVY) were determined using the ProtParam tool 

(https://web.expasy.org/protparam/), while protein domains were identified 

using HMMER (www.ebi.ac.uk/Tools/hmmer/) [27]. Subcellular localization of 

the PvLEA proteins in P.vulgaris was predicted using the WoLF PSORT: Protein 

Subcellular Localization Prediction Tool [28]. 

2.2 Phylogenetic analysis and classification of PvLEA members 

The alignment of Arabidopsis thaliana and Phaseolus vulgaris LEA proteins 

was performed using ClustalW [29]. The phylogenetic tree was created utilizing 

the neighbor-joining (NJ) method with 1000 bootstrap replicates in MAFFT 

(https://mafft.cbrc.jp/alignment/software/). The resulting tree was visualized 

using the  iTOL online tool (https://itol.embl.de/) [30, 31]. 
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2.3 Chromosomal localization, gene structure, and conserved motif analyses 

P. vulgaris general feature format (GFF3) was downloaded from JGI Data Portal 

(https://data.jgi.doe.gov/). The chromosomal distribution of PvLEA genes was 

illustrated using the GFF3 file in TBtools software [32]. MEME tool (Multiple 

Expectation Maximization for Motif Elicitation) 

(http://meme.nbcr.net/meme/cgi-bin/meme.cgi) was employed to identify 

conserved motifs in PvLEA proteins using specified parameters including 

maximum number of motifs ‘10’; site distribution, any number of repetitions for 

site distribution, a minimum motif width of ‘2’ and a maximum motif width ‘50’ 

[33]. TBtools software was utilized to visualize the exon-intron structure of 

PvLEA genes via GFF3 file [32]. 

2.4 Gene duplication and synteny analysis 

GFF3 and genome sequence files of G.max, A.thaliana, and P.vulgaris species 

were downloaded through the JGI Data Portal (https://data.jgi.doe.gov/). Gene 

duplication events were analyzed in the TBtools program using the Multiple 

Collinearity Scan toolkit (MScanX). Gene duplication analyses were conducted 

using the Multiple Collinearity Scan toolkit (MScanX) in TBtools program. 

Synteny maps were generated using the Dual Synteny Plotter software based on 

orthologous genes between P. vulgaris and other species (A.thaliana and G.max 

L.) [32]. Collinearity analysis validated paralogous relationships which were 

then visually represented using the Circos tool in TBtools software [32]. 

Duplicated gene pairs identified through synteny analysis were examined for 

selective pressure using the ratio of nonsynonymous (Ka) and synonymous (Ks) 

substitutions (Ka/Ks) calculated with KaKs_Calculator [32]. The duplication 

period (MYA-million years ago) and divergence of each PvLEA gene were 

calculated using T = Ks/2λ (λ = 6.56E-9) formula [34]. 

2.5 Cis-Regulatory element analyses in promoter regions of PvLEA genes 

and protein structure homology modeling  

To examine the cis-regulatory elements within the promoter region of PvLEA 

genes, the 1500 bp genomic sequence before the initiation codon (ATG) of each 

gene was obtained from the Phytozome database. Potential cis-elements in the 

promoter sequence were assessed using PlantCARE 

(http://bioinformatics.psb.ugent.be/webtools/plantcare/html/) [35]. 

Additionally, all PvLEA proteins were searched against the Protein Data Bank 

(PDB) using BLASTP (default settings) to recognize templates with similar 

sequences and three-dimensional structures [36]. Subsequently, Phyre2 (Protein 

Homology/AnalogY Recognition Engine; http://www.sbg.bio.ic.ac.uk/phyre2) 

was employed for protein homology modeling in "intensive" mode to forecast 

protein configurations [37]. 
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2.6 miRNA analysis in the PvLEA gene family 

The PmiREN database (https://www.pmiren.com/) was utilized to download all 

known P.vulgaris miRNA sequences [38]. The psRNATarget Server was then 

used to determine the miRNAs targeting PvLEA genes 

(https://www.zhaolab.org/psRNATarget/) [39]. The miRNAs and targeted 

PvLEA genes were displayed using the Cytoscape software [40]. 

2.7 Tissue-specific mRNA levels of PvLEA genes  

The Phytozome v13 Database was utilized to evaluate the expression levels of 

PvLEA genes across various plant tissues during different developmental stages, 

including root 10, nodules, root 19, young buds, stem 10, stem 19, green mature 

buds, leaves, young trifoliates, flower buds, and flowers [26]. In-silico 

expression levels were quantified using FPKM (fragments per kilobase of 

transcript sequence per million base pairs sequenced) values, which were log2 

transformed for analysis. A heatmap illustrating the expression patterns was 

created utilizing the TBtools program [32]. 

2.8 Identification of PvLEA expression levels in response to salt and drought 

stresses through RNAseq analysis 

The expression levels of PvLEA genes were quantified using Illumina RNA-seq 

data obtained from the Sequence Read Archive (SRA) during exposure to salt 

and drought stressors. The data accession numbers SRR957667 (control leaf for 

salt experiment), SRR957668 (salt-treated leaf), SRR8284481 (drought-treated 

leaf), and SRR8284480 (control leaf for drought experiment) were utilized as 

previously specified by Büyük et al. (2016) [9, 41, 42]. Expression data 

underwent conversion to Log2 format, followed by the creation of a heatmap 

using the TBtools software to visualize the results [32]. 

3. RESULTS AND DISCUSSION 

3.1 An extensive LEA gene family in P. vulgaris 

In this study, 80 LEA genes have been identified in P. vulgaris genome 

(Supplementary Table 1). These genes were named from PvLEA-01 to PvLEA-

80 according to their chromosomal order. The PvLEA genes were found to be 

classified into eight subfamilies [(LEA_1 (PF03760), LEA_2 (PF03168), 

LEA_3 (PF03242), LEA_4 (PF02987), LEA_5 (PF00477), LEA_6 (PF10714), 

SMP (PF04927), and DHN (PF00257)] based on sequence homology. The 

number of identified PvLEA genes in P. vulgaris genome was found to be higher 

than those previously identified in Solanum tuberosum L. (n = 74) [7], Zea mays 

L. (n = 32) [43], Oryza sativa L. (n = 34) [44] and Cucumis sativus L. (n = 79) 

[45]. However, Triticum aestivum L. (n = 179) [46], Nicotiana tabacum L. (n = 

123) [8], and Arachis hypogaea L. (n = 126) genomes were found to have more 

LEA genes than Phaseolus vulgaris L. (n = 80) [21].  

https://www.pmiren.com/
https://www.zhaolab.org/psRNATarget/
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PvLEA genes were mostly found to be clustered in LEA_2 subfamily according 

to the phylogenetic analysis. Similarly, the majority of LEA genes from Camellia 

sinensis L. [23], Sorghum bicolor (L.) Moench [47], and Triticum aestivum [48] 

were also found to be clustered in LEA_2 subfamily. LEA_6 subfamily was the 

cluster with lowest number of genes and contained only single PvLEA gene in 

this study. In previous studies on Camellia sinensis [23] and Solanum 

lycopersicum [49], LEA_6 subfamily could not even be detected. This absence 

might be attributed to the LEA_6 subfamily being considered the most recent 

addition to the LEA family in plants, emerging only in early angiosperms [50]. 

The lengths and molecular weights of identified PvLEA proteins ranged from 82 

to 468 amino acids and from 8.76 to 50.61 kDa, respectively. The pI (the 

theoretical isoelectric point) values of PvLEA proteins were between 4.7 to 10.3. 

It was determined that 80% (64 members) of PvLEA proteins showed basic 

properties. Calculated grand average of hydropathy index (GRAVY) values of 

all PvLEAs were between −1.558 and 0.411. A significant number, constituting 

71% of PvLEAs (57 members), demonstrated GRAVY values below zero 

suggesting the hydrophilic nature of most PvLEAs. Similarly, previous studies 

conducted on Salvia miltiorrhiza Bunge [14], Brassica campestris L. [51] and 

Panax notoginseng L. [52] also showed that LEA proteins were mostly 

hydrophilic. The aliphatic index, which shows the amount of aliphatic side 

chains (leucine, isoleucine, valine, and alanine) in a protein, is known to increase 

its overall thermostability [53]. The aliphatic index values of PvLEA proteins 

were between 23.3 and 121.3, indicating the high level of protein thermostability. 

The instability index values were found to range between -3.16 and 68.04 and it 

was determined that instability index values of 48 members (60%) were below 

40, signifying the stability of the majority of PvLEA proteins. Notably, PvLEA-

26 stands out as the protein with the lowest instability index value, suggesting 

the most stable protein structure. In a previous study on tomato, more than %50 

of SlLEA proteins were also found to be stable according to the instability index 

values [54]. 

The subcellular localization analysis of PvLEA proteins showed that 

approximately 27.5% and 32.5% of PvLEA proteins were located in cytoplasm 

and chloroplast, respectively (Supplementary Table 1). In previous studies, LEA 

proteins were mostly shown to localize in cytoplasm, mitochondria, and 

chloroplasts [7, 13, 55]. A study by [43] showed that 56.3% of ZmLEA proteins 

from maize were specifically localized in the nucleus while the remaining part 

was predominantly distributed in chloroplast, mitochondria, and cytoplasm. The 

presence of LEA proteins across various cellular compartments and tissues 

strongly implies their essential role in cellular activities during stress [14].  

 

 



 

 

 

D. FARHOOMAND AKSOY, S. E. AKBULUT, İ. BÜYÜK 

 

87 

3.2 Phylogeny, conserved motif and gene structure analysis of PvLEA 

members  

To date, the LEA gene family has been identified in across diverse plant species 

[16]. However, the specific number of genes encoding LEA proteins in P. 

vulgaris remains unknown. Thus, we conducted a phylogenetic analysis to 

characterize the LEA protein family in P. vulgaris. Accordingly, 80 LEA 

proteins were identified which were found to be categorized into eight main 

clades. Phylogenetic studies revealed that eight clades could be distinguished 

based on different structural domains of PvLEA proteins [15]. Among these 

clades, the LEA_2 subfamily was notable for having the most members with 101 

(63.5%). Following the LEA_2 subfamily LEA_1, LEA_3, LEA_4, LEA_5, 

LEA_6, SMP and DHN, subfamilies contained 8 (5%), 13 (8.1%), 7 (4.4%), 4 

(2.5%), 4 (2.5%), 10 (6.2%) and 12 (7.5%) proteins, respectively. Similar to the 

findings obtained in this study, LEA_2 group was also found to have the most 

LEA members in Solanum lycopersicum, Camellia sinensis and Nicotiana 

tabacum genomes in previous studies [8, 12, 54]. The group with fewest PvLEA 

proteins was LEA_6 with only single member (PvLEA-20). 

In addition to phylogenetic analysis, motif structure analysis was carried out to 

assess the distribution and characteristics of motifs found in PvLEA proteins 

(Figure 2).  

In general, the distribution of motifs was found to be different in different PvLEA 

subgroups shown in phylogenetic tree, while proteins in the same subgroups 

were found to have similar motif distribution pattern [56]. The number of motifs 

present in each LEA_2 subgroup member was different. For example, the 

majority of proteins in LEA_2 subgroup contained 5 motifs however PvLEA-13, 

PvLEA-15, and PvLEA-37 proteins restrict the content to a singular motif. The 

LEA_4 subgroup was found to have proteins including all 10 conserved motifs 

(PvLEA-03 and PvLEA-50 proteins). Due to the presence of diverse conserved 

motifs in various subgroups, it is probable that these subgroups might be 

originated from independent ancestors that possessed different conserved motifs 

[49].  Furthermore, this analysis highlighted that the closely related proteins 

displayed a characteristic motif composition and showed greater structural 

similarity, while the genes encoding them having significantly different exon and 

intron lengths (Figure 2 and 3).  
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Figure 1. Phylogenetic analysis of LEA proteins from P. vulgaris and A. thaliana. 

Further investigation was carried out on the gene structure of the PvLEA gene 

family (Figure 3). According to the findings of gene structure and chromosomal 

distribution analyses, it is emphasized that tandem duplication events can 

increase the number of genes in a gene family and duplications are also important 

for increasing adaptation of plants to different environmental conditions [57, 58]. 

In this perspective, the organization of exon and intron structures in PvLEA genes 

reflected the diversity in gene structures which could contribute to the functional 

variations observed in homologous genes. Homologous genes in a group 

typically have a similar structure, involving the length and number of exons of 

the genes (Figure 3). Analyses of the 80 PvLEA genes demonstrated that 56.25% 

(45) of these genes lacked introns (intronless), while 43.75% (35) of them had a 

range of 1 to 3 introns (intron-poor) (Figure 3). In a study on Nicotiana tabacum, 

it was also revealed that among the 123 NtLEA genes, two were characterized as 

intron-rich, while the remaining 121 were identified as intron-poor genes [8]. 

PvLEA-48 was found to have the most exons and introns in PvLEA gene family 

bearing 4 exons and 3 introns. 
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Figure 2. Motifs of PvLEA proteins in P. vulgaris. Each motif category was shown 

with a unique color and the numbers (1-10). 
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Figure 3. The exon and intron arrangement of PvLEA genes in P. vulgaris. Blue 

boxes in the diagram denote untranslated regions (UTR), purple boxes signify coding 

regions (CDS), and lines are used to represent introns. 
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PvLEA-17, -21, -25, -27, -28, -36, -47 and -76 genes are intron and exon (3 exons 

and 2 introns) rich members after PvLEA-48. The PvLEA-38 gene, which 

belongs to the LEA_2 subfamily, was found to be longer than all other genes, 

having a gene structure of around 3000 bp, as well as intronless (0 intron) and 

including 1 exon. There was also a significant relationship within each 

phylogenetic group in terms of intron-exon structures (Figures 1 and 3).  

3.3 Chromosomal localization, gene duplication and syntenic analysis of the 

PvLEA genes 

The genomic localization analysis showed the localization of PvLEA througout 

11 common bean chromosomes. According to Figure 4, the highest number of 

PvLEA genes was found on chromosome 7 (11 genes) and the lowest on 

chromosome 11 (4 genes). Furthermore, five PvLEA genes were found to be 

located on chromosome 3, with six genes on each of chromosomes 4, 6, and 9. 

Chromosomes 2 and 10 housed seven PvLEA genes each, while chromosome 8 

contained eight, chromosome 5 held nine, and chromosome 1 accommodated 10 

genes. The PvLEAs were distributed unevenly among the 11 chromosomes in 

Phaseolus vulgaris. Moreover, just one gene (PvLEA-80) was identified on the 

unassembled scaffolds (Figure 5). Interestingly, all genes on chromosomes 11 

and 2 were from LEA_2 subfamily, and LEA_2 members were detected to be 

present on all chromosomes. This pattern aligns with the findings obtained from 

a previous study on Arachis hypogaea L., which reported the presence of 126 

AhLEA genes spreaded out across 20 chromosomes. In their study, LEA_2 

members were also found to be present on all chromosomes of Arachis hypogaea 

similar to our findings [21]. Moreover, our analysis identified four sets of tandem 

duplication events, encompassing eight genes found on chromosomes 1, 2, and 

7 (Figure 4). 

 

 

Figure 4. The chromosomal positioning of PvLEA genes and gene duplication 

events. The PvLEA genes were mapped onto the chromosomes of P. vulgaris, and 

tandemly repeated gene pairs were indicated by orange lines. 
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Genomic duplications, tandem and segmental duplications, are important events 

which contribute to the expansion of gene families [59]. In this study, four pairs 

of tandem duplication and 24 pairs of segmental duplication were detected 

(Figure 5). In previous studies, different numbers of tandem duplications were 

also found in LEA genes from different plant species including P. trichocarpa, 

S. lycopersicum and S. pimpinellifolium [54, 60] [24, 54]. In this study, the origin 

of tandem duplication events in PvLEA genes was found to date back to 0.41 to 

25.8 million years ago (MYA) while segmental duplication events were recorded 

approximately 3.58 to 23.38 MYA. Three of four tandem duplication events were 

in between PvLEA genes from LEA_2 group and the other one was in between 

PvLEA genes from SMP group. The majority (83.3%) of segmentally duplicated 

genes was from LEA_2 group, followed by LEA_3 (8.3%), LEA_1 (4.1%) and 

LEA_4 (4.1%) groups. Similarly, in a study on Arachis hypogaea, it was 

discovered that 79.5% of the segmentally duplicated genes belonged to the 

LEA_2 group [21].  

 

 

Figure 5. Synteny analysis of PvLEA genes. 
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The expansion of the common bean LEA gene family might primarily be 

attributed to the occurrence of segmental duplication events, which outnumber 

tandem duplication pairs and therefore serve as the main contributing factor [61]. 

The rate of nonsynonymous substitutions per nonsynonymous site (Ka) and the 

rate of synonymous substitutions per synonymous site (Ks) commonly utilized 

to find out how fast protein-coding genes are changing [62]. The Ka/Ks ratio 

serves as an indicator of the selection pressure and evolutionary rate on a gene. 

In our analysis for duplicated PvLEA genes, the Ka/Ks ratio ranged from 0.649 

to 0.114, all falling below 1 (refer to Supplementary Table 2). A Ka/Ks ratio less 

than 1 signifies purifying selection, where natural selection acts to eliminate 

deleterious variations, maintaining the functionality of the gene [63, 64]. The 

constant pattern seen in the ratios indicates that the LEA gene family in these 

species has mostly undergone purifying selection throughout evolution. This 

observation aligns with findings from the studies on Cucumis sativus, Populus 

trichocarpa, and Arachis hypogaea L. species, where genes were similarly found 

to be affected by purifying selection [21, 45, 65]. It was estimated that tandem 

duplications occurred 13.81 MYA and segmental duplications occurred 9.10 

MYA in this study. These observations indicated that segmental duplications 

played a more prominent role than tandem duplications for the expansion of 

PvLEA genes. This highlights the essential function of segmental duplication 

events in stimulating the duplication of LEA genes. 

 

 

Figure 6. The number of ortholog gene pairs (P. vulgaris L.-A. thaliana; P. vulgaris 

L.-G. max) as well as the tandem and segmental duplication events in P. vulgaris L., 

along with their respective estimated duplication times in million years ago (MYA) 
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In this study, we explored the orthologous relationships in LEA genes among the 

genomes of P. vulgaris, A. thaliana, and G. max. The orthologous genes, derived 

from a shared ancestral gene and exhibiting similar functions in different species, 

were examined. The genomic comparisons revealed that P. vulgaris shares 59 

orthologous gene pairs with A. thaliana and 184 orthologous gene pairs with G. 

max (Figure 6 and 7, Supplementary Table 2). Notably, an orthologous 

relationship was identified between LEA genes from G. max and the PvLEA-80 

gene located on an unassembled scaffold, stemming from the orthologous 

relationships among P. vulgaris and G. max. The estimated timeline for these 

orthologous relationships indicates the occurrence of duplications 5.06 MYA for 

P. vulgaris-G. max and 15.7 MYA for P. vulgaris-A. thaliana (Figure 6 and 7, 

Supplementary Table 2). Our findings revealed that the highest number of LEA 

orthologous gene pairs were observed between P. vulgaris and G. max. This 

highest similarity for the LEA genes from P. vulgaris, and G. max is unsurprising 

given the known genetic resemblance between the two genomes. 

 

Figure 7. The collinearity map illustrates the relationships among LEA genes in 

common bean and two representative plant species, Glycine max and Arabidopsis 

thaliana. In the diagram, blue lines represent collinearity, specifically highlighting 

synthetic orthologous gene pairs. The background gray lines indicate the collinearity 

existing among the common bean and the other two species. 

 

3.4. Analysis of cis-regulatory elements and homology modeling of PvLEA 

gene family 

The presence of a diverse array of cis-regulatory elements (CREs) in gene 

promoters suggests a range of functions for these genes, encompassing aspects 

such as plant growth, responses to abiotic stress, and adaptation to environmental 

factors [66]. Consequently, the cis-acting elements present in PvLEA genes were 

investigated and 110 cis elements were found accordingly (Figure 8, 

Supplementary Table 3). These predicted CREs were classified into eight classes 

rely on their functions and these classes were named as CREs associated with (1) 

responses to stimuli, including environmental stress, (2) light, (3) development, 
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(4) hormone, (5) promoter, (6) site binding, (7) biotic stress, and (8) CREs with 

unknown functions (Supplementary Table 3).  

The highest number of CRE was in the LEA_2 (66.1%) subfamily, followed by 

LEA_3 (10.6%), LEA_1 (6.7%), SMP (5.1%), DHN (4.6%), LEA_4 (2.9%), 

LEA_5 (2.4%) and LEA_6 (1.3%) subfamilies. When CREs were evaluated 

excluding promoter, site binding, and unknown function groups, the group with 

the highest CRE was found to be light with 36.01%, followed by hormone 

(26.54%), environmental stress (19.15%), biotic stress (9.9%) and, development 

(8.38%) respectively (Figure 8).  

Phytohormones are essential for regulating growth and coordinating responses 

to environmental and biological stresses [67]. In the promoters of PvLEA genes, 

researchers have identified eight CRE groups and some of them were found to 

be associated with plant hormone responses. These plant hormone related 

elements were ABREs (26.8%, abscisic acid- related), TGA-element (3.5%, 

auxin-related), GARE-motif (1.3%, gibberellin-related), P-box (2.1%, 

gibberellin- related), CGTCA-motif (9.4%, methyl jasmonate-related), TGACG-

motif (9.1%, methyl jasmonate- related), TCA element (6.3%, salicylic acid-

related) and ERE (28.1%, ethylene-related). Moreover, many elements, 

including G-Box, ACE, Box-4, Sp1, TCT-Motif and GATA motifs, have 

previously been associated with drought, salinity, cold and heat-sensitive genes, 

and were found to have an important role in modifying transcriptional activity of 

these genes in different plant species [68, 69].  

Furthermore, the promoter regions of PvLEA genes were found to contain 

numerous stress- and phytohormone-responsive CREs. These CREs were MYC 

(37.2%, linked to drought stress), ARE (26.1%, ABA responsive element), 

WUN-motif (8.5%, sensitive to wound), MBS (7.9%, associated with drought 

stress) and LTR (2.9%, responsive to low temperature) elements. In a previous 

study on LEA promoter regions of A. thaliana, the presence of ABRE (82%) or 

LTRE (69%) CREs was already reported similar to our findings in this study 

[19]. The diversity of CREs in PvLEA genes implies potential involvement of 

these genes in a range of developmental processes in plants. Therefore, our 

results offer valuable insights into how the PvLEA gene family might be 

regulated, revealing its role in stress tolerance, response to phytohormones, 

defense mechanisms, and developmental processes. 
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Figure 8. The cis-regulatory elements in the promoters of PvLEA genes. Different 

cis-acting elements are represented by colored rectangles. 
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The 3D structure prediction and homology modeling of 80 PvLEA proteins were 

conducted using BLASTP against the Protein Data Bank (PDB). Creating 3D 

models provides valuable insights into protein structure, localization, function, 

and interaction networks [69]. Differences in 3D topologies were observed in the 

structure of PvLEA proteins (Figure 9).  

Protein models demonstrating high confidence and identity levels surpassing 

90% were chosen. A total of four PvLEA proteins [PvLEA-38 (96%), PvLEA-

59 (93%), PvLEA-71(99%), and PvLEA-78 (90%)] exhibited high homology 

with a confidence level higher than 90% in intensive analysis mode (Figure 9). 

β-sheets were found to be dominant in the secondary structure of PvLEA protein 

models. Some amino acids are known to disrupt hydrogen bonds during folding 

due to conflicts among the conformational energy of the side chain and maximal 

hydrogen bonding [70]. PvLEA-71 (%99) contained the most β sheet structure. 

Previous studies already showed that LEA_2 group proteins mostly contained β-

sheets formation and also some amount of α-helix formation [43, 71]. This 

structure, like fibronectin Type III domains seen on animal cell surfaces, could 

function in reducing fluid loss to alleviate the impact of stress or damage on plant 

tissues [43, 71]. These predicted protein structures are thought to be useful for 

future molecular biotechnology studies.  

 

 

Figure 9. The three-dimensional structures and binding locations of the PvLEA 

proteins. 

 

3.5. miRNA analysis of PvLEA gene family 

MiRNAs affect target gene expression in plants under abiotic and biotic stress 

conditions, thereby contribute to the determination of the role of the targeted 

genes [70, 72]. Therefore, using data obtained from the PmiREN and 

psRNATarget databases, the interactions between miRNAs and PvLEA genes 

were depicted in Figure 10. A total of 21 PvLEA gene (PvLEA-07, -09, -13, -14, 

-23, -24, -31, -35, -42, -43, -46, -49, -50, -53, -58, -62, -63, -64, -66, -69, -79) 

were found to be targeted by miRNAs (Figure 10 and Supplementary Table 4). 

Among the PvLEA genes, specifically PvLEA-14, PvLEA-63, and PvLEA-64, 

were the primary targets of miRNAs, with miRN2588 and miR164 being the 

most prevalent. Kavas et al. (2022) investigated the role of R2R3-MYBs, and 

genes associated with anthocyanin biosynthesis in the development of seed color 
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in P. vulgaris. Interestingly, they discovered that the R2R3-MYB gene was 

likewise a target of Pvu-miRN2588 [73]. According to the previous findings in 

the literature, the primary role of miR164 in plants is to regulate cell division, 

root development, and stress tolerance [74, 75]. Some other studies also 

demostrated that miR164 expression was strongly affected by mechanical 

stresses including tension and compression, as well as by drought stress in 

various plant species including poplar, Medicago truncatula L. and Populus 

trichocarpa [76, 77]. Understanding the structure of miRNAs may facilitate the 

discovery of miRNAs that are particular to certain tissues, hence enhancing our 

overall comprehension of gene regulatory networks in plants. 

 

 

Figure 10. The miRNAs targeting the PvLEA genes.  
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3.6 Tissue‑specific mRNA levels of PvLEA genes 

Expression profiles provide important insights into the gene activities [78]. To 

understand the likely functions and expression patterns of PvLEA genes 

throughout various developmental stages, we investigated their tissue-specific 

expression under normal conditions. Expression data from eleven distinct tissues 

including flower buds, flowers, green mature pods, leaves, nodules, root 10, root 

19, stem 10, stem 19, young pods, and young trifoliates were analyzed. The 

resulting expression heatmap visually represents the tissue-specific expression 

patterns of PvLEA genes, aiding in our understanding of their roles in various 

parts of the common bean (Figure 11). Notably, PvLEA-63 exhibited the highest 

expression level, followed by PvLEA-27, PvLEA-35, PvLEA-41, PvLEA-49, and 

PvLEA-52 genes which are also highly expressed across most tissue types. All 

PvLEA genes, except for PvLEA-11, were shown to be expressed in at least one 

tissue analyzed. Conversely, eight genes (PvLEA-9, PvLEA-23, PvLEA-24, 

PvLEA-31, PvLEA-32, PvLEA-46, PvLEA-70, and PvLEA-71) exhibited low 

expression levels across most tissue types. These findings suggest that PvLEA 

genes exhibit diverse expression patterns across tissues and are implicated in 

growth and development processes (Figure 11). 

 

Figure 11. Tissue-specific expression level of PvLEA genes. Genes exhibiting 

increased expression levels are shown in red, whereas genes displaying reduced 

expression levels are represented in blue. 
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3.7. RNAseq analysis of PvLEA genes under salt and drought stresses 

The expression patterns of PvLEA genes under salt and drought stresses were 

analyzed using RPKM values, revealing differential expression compared to the 

control (Figure 12). Notably, when comparing the expression values of PvLEA 

genes under salt and drought stresses, a clear contrast emerged: while salt stress 

led to decreased expression levels of the affected members, drought stress 

resulted in increased expression levels compared to the control (Figure 12). 

Notably, PvLEA-11 and PvLEA-29 exhibited no change in expression levels 

under either stress condition compared to the control. Furthermore, a closer 

examination based on severe expression changes revealed nuanced responses: 

some genes, such as PvLEA-08, -21, -40, -42, and -75, showed decreased 

expression levels under salt stress, whereas others, including PvLEA-01, -02, -

26, -50, -51, and -57, exhibited increased expression levels. Similarly, under 

drought stress, while certain genes like PvLEA-02, -20, -50, -51, and -79 showed 

decreased expression, others such as PvLEA-44 and -53 displayed increased 

expression levels. Overall, when evaluating the cumulative expression changes 

under both salt and drought conditions, the LEA_2 subfamily emerged as 

particularly responsive, exhibiting the most significant expression changes 

compared to the control post-stress. In their study, Khodajou-Masouleh et al. 

(2021) emphasized the presence of late embryogenesis proteins throughout 

normal plant growth and development. These proteins play a significant role in 

responding to abiotic challenges, namely drought tolerance [79]. In summary, 

these findings provide valuable insights for future research endeavors aimed at 

understanding plant growth, development, and stress tolerance in the context of 

both abiotic and biotic stresses.  
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Figure 12. A heatmap illustrating the differential expression of PvLEA genes in 

response to drought and salt stress conditions. 
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4. CONCLUSIONS 

In this study, we identified 80 LEA genes which were classified into eight 

subfamilies according to the phylogenetic analyzes. The diversed expression 

patterns across different tissues and the regulation by both cis-regulatory 

elements and miRNAs highlight the complexity and importance of LEA genes in 

P. vulgaris. The functional significance of gene duplication events and the 

preservation of these genes via purifying selection highlights their importance in 

evolutionary insights. The LEA_2 subfamily is particularly noteworthy because 

to its high prevalence and substantial alterations in gene expression in response 

to salt and drought stress. It might play a crucial role for enhancing resistance to 

abiotic stress. These findings offer a valuable genetic resource for further 

functional characterization studies, which could pave the way for genetic 

improvements in crop resilience to environmental stresses. Overall, this work 

establishes a robust framework for future investigations into the roles of LEA 

proteins in Phaseolus vulgaris and potentially other legume crops. 
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