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ABSTRACT. Because of differences in molecular structure, biochemical
properties, and carbohydrate binding specificity, lectins are considered a complex
and heterogeneous group of proteins found in all organisms. Plant lectins are
important proteins in terms of their benefits in cancer treatments, biomedical
applications, and many medical uses due to their numerous biological roles such as
intercellular interactions, defense mechanisms formation, immunomodulation, and
anticarcinogenic activity. Despite the discovery of significant amounts of lectin
proteins in different plant species, many questions about their potential biological
role remain unanswered in P. vulgaris L. In this study, using bioinformatics tools,
52 Pvul-LEC genes were identified in the P. vulgaris genome and these genes were
clustered into three subgroups based on phylogenetic analysis. The majority of
Pvul-LEC proteins in the same subfamily of phylogenetic tree shared similar motifs
and gene structures. Eight pairs of segmental duplications were discovered based
on genome wide duplication analysis. Pvul-LEC proteins' three-dimensional
structure and functions were also predicted. Simultaneously, gene expression levels
of Pvul-LEC genes against drought and salt stress in leaf tissues were evaluated
based on publicly available RNAseq data. As a result, it is anticipated that the data
obtained in the current study will be beneficial to literature and following studies
related to lectin genes.

1. INTRODUCTION

Lectins are proteins that bind reversibly to carbohydrate epitopes on
polysaccharides, glycoproteins and glycolipids. They can be found in animals,
plants, fungi, bacteria and viruses [1]. Because of variances in molecular
structure, biochemical characteristics and carbohydrate binding selectivity, plant
lectins are thought to constitute a complex and heterogeneous group of proteins.
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Plants contain lectins in a variety of parts, including seeds, leaves, bark, roots,
tubers and fruits [2]. Many plant lectins linked to cell motility, cell-cell
interaction, embryogenesis and organ formation have been identified as
secretory proteins, meaning they enter the secretory system and accumulate in
vacuoles, cell walls, or intercellular spaces [3-6].

Plants use lectins to protect themselves from insects and fungus, as well as to
transport and store sugar [7]. To defend themselves against invading diseases,
plants have evolved an innate immune system [8]. One of the major hormones
regulating the pathogen-induced immune response in plants is salicylic acid
(SA). The activation of a local sensitivity reaction that inhibits the biotrophic
pathogen's proliferation is typical of this response [9]. According to the previous
studies, lectin genes play a crucial role in SA biosynthesis. Using Pseudomonas
syringae pv. avirulence strains on tomato, Armijo et al. (2013) found that
increased expression levels of SAI-LLP genes triggered cells to avoid leaf death,
suggesting that lectin genes are components of SA-mediated defensive pathways
[10]. Luo et al. (2017) showed that LecRK genes have a role in plant
immunological signaling and SA buildup [11]. Furthermore, some lectins are
critical for nitrogen fixation in the atmosphere [7]. Lectins operate as
immunomodulatory molecules in addition to having antinutritional effects [12-
14]. They can adhere to the surface of epithelial cells in the digestive system and
generate harmful responses in intestinal permeability because this category of
proteins is always resistant to destruction by temperature and digestive enzymes
[15, 16].

Plant lectins have also been reported to have biological and medical applications,
including the isolation of glycoconjugates from cells, microorganism
recognition, monitoring of changes in carbohydrate expression on living cells,
mitogenic simulation, anti-proliferative effects, anti-tumor, and drug targeting to
the gastrointestinal tract [17-20]. Lectins are one of the most studied protein
groups because to their extraordinary biological roles [18]. They are found in
legumes, which are an essential food source for both humans and animals.
Phaseolus vulgaris, a legume, is grown for direct human consumption in a
number of countries. Protein (22-27 percent of seed weight) and carbs (39-47
percent of seed weight) are abundant in P. vulgaris L., making it an excellent
food. Although lectins have been discovered in large quantities in P. vulgaris,
many issues about their biological function remain unanswered [21, 22].

Plant lectins, specifically P. vulgaris lectins, have been found to inhibit leukemia
viruses, acquired immunodeficiency syndrome (AIDS) virus, and coronaviruses
potently and selectively [23, 24]. As a result, P. vulgaris lectins exceptional anti-
HIV effectiveness has become a major research topic in recent years. Total
parenteral nutrition (TPN) is a valuable medical treatment option that satisfies
all of the body's nutritional requirements. Because they can bind to diverse areas
of the gastrointestinal tract and induce epithelial proliferation, P. vulgaris lectins
have recently been proposed as medicines to prevent mucosal atrophy and related
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difficulties when patients receive TPN [25]. Furthermore, in recent years, lectin-
mediated drug delivery methods have spawned fascinating fields of research in
terms of lectin binding to receptor-like structures of the cell membrane and
epithelial cells and initiating active transport of medicinal components [26].

Consumption of P. vulgaris lectins is critical due to multiple health hazards and
major pharmacological effects in humans, however not all of the Pvul-LEC genes
have been found and characterized so far. For this reason, this study will be used
to strategically accompany future studies by discovering Pvul-LEC genes
utilizing bioinformatics methods.

2. MATERIALS AND METHODS
2.1. Identification of lectin proteins in P. vulgaris genome

P. vulgaris lectin family sequences were obtained from NCBI (http
https://www.ncbi.nlm.nih.gov/) and Pfam databases [27]. Putative P. vulgaris
lectin proteins were used for query in blastp (NCBI) for characterization of
hypothetical proteins. The physicochemical properties of lectin proteins were
calculated using ProtParam Tool (http:web.expasy.org/protparam) and detection
of domains was performed using HMMER (http:www.ebi.ac.uk/Tools/hmmer/).

2.2. Structure and physical locations of lectin genes and conserved motifs

'‘Gene Structure Display Server v2.0' (GSDS, http:// gsds.gao-lab.org) was used
to illustrate the exon—intron structure of Pvul-LEC genes [28]. The lectin genes
have been mapped on P. vulgaris chromosomes using the MapChart program
[29]. Multiple Expectation Maximizations for Motif Elicitation tool (EM) was
used to categorize additional conserved motifs for Pvul-LEC proteins (MEME
4.11.1; http://meme-suite.org/) [30].

2.3. Phylogenetic analysis and sequence alignment

The ClustalW was used to align various sequences of lectin proteins [31]. For
the creation of phylogenetic trees with a bootstrap value of 1000 replicates
(MEGAL11), the Neighbor-joining (NJ) method was used, and the tree was
constructed using an Interactive Life Tree (iTOL;
http://itol.embl.de/index.shtml) [32].

2.4. Promoter analysis of lectin genes

The PlantCARE database was used to do a cis element scan on the 5" upstream
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regions (2 kb of DNA sequence from each Pvul-LEC gene) using the Phytozome
database v11 (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/).

2.5. In-silico prediction of miRNA targets in lectin genes

MiRBase v21.0. has been used to download all known miRNA plant sequences
(http://www.mirbase.org). The default miRNA prediction parameters were
applied using the psRNA Target Server
(http://plantgrn.noble.org/psRNATarget) [33]. BLASTX was used to search in-
silico predicted miRNA targets against common bean Expressed Sequenced
Tags (ESTs) in the NCBI database with a 1e° threshold.

2.6. Detection of gene duplication events and prediction of synonymous
and non-synonymous substitution rates

The Plant Genome Duplication Database service
(http://chibba.agtec.uga.edu/duplication/index/locus) was used to examine
duplicated gene pairs with a display range of 2000 kb. The amino acid sequences
of duplicated lectin genes were predicted using the CLUSTALW program. To
estimate synonymous (Ks) and non-synonymous (Ka) substitution rates, the
PAML (PAL2NAL) CODEML program (http://www.bork.embl.de/pal2nal) was
used [34]. The following formula was used to compute the duplication period
(Million Years Ago, Mya) and divergence of each lectin gene: T = Ks/2A
(A=6.56E7) [35].

2.7. ldentification of expression level of lectin genes through transcriptome
data

lllumina RNA-seq data was collected from the Sequence Read Archive (SRA)
to measure the Pvul-LEC gene expression levels. For this reason, the accession
numbers SRR957667 (control leaf) and SRR957668 (salt-treated leaf) were used
as defined by Biiyiik et al. (2016) [36, 37]. The heat maps of hierarchical
clustering were eventually built using the CIMMiner algorithm
(http://discover.nci.nih.gov/cimminer).

2.8. Homology modeling of lectin proteins

BLASTP (with default parameters) was used to search all lectin proteins against
the Protein Data Bank (PDB) to identify the best template(s) with identical
sequence and three-dimensional structure [38]. The data was loaded into Phyre2
(Protein Homology/AnalogY Recognition Engine;
http://www.sbg.bio.ic.ac.uk/phyre2), which used homology modeling in 'intense’
mode to predict protein structure [39].
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3. RESULTS AND DISCUSSION

3.1. Determination of Pvul-LEC genes in the genome of P. vulgaris

The analyses resulted in the discovery of 52 lectin genes encoded in the P.
vulgaris genome. The order of chromosome placement was taken into account
when naming the genes, and all lectin genes were categorized into two groups
based on their domain types: Legume lectin domain (Lectin legB) and L-Type
Lectin. According to this, starting from Pvul-LLEC-1 to Pvul-LLEC-30, and
starting from Pvul-BLEC-1 to Pvul-BLEC-22, the naming process was carried
out using the Latin name of the bean plant (Phaseolus vulgaris).

According to the studies, lectin legB plays a critical role in biotic and abiotic
stress responses. For example, Jiang et al. (2010) discovered that lectin legB
genes revealed a wide range of expression profiles, especially under salt, cold
and drought stress and that they may operate as a regulator of environmental
conditions. With their work on Arabidopsis, it was also hypothesized that lectin
legB and the kinase domains, a structurally conserved protein domain that carries
out the phosphorylation process common to all living things, may have
duplicated to protect against stressors during the evolutionary process [40].

L-type lectins are mostly present in the seeds of leguminous plants, and they are
delivered to the vacuole where they are condensed by specific vesicles after
being generated during seed development a few weeks after blooming. L-type
lectins remain stable during the drying process of the seeds and can do so
indefinitely until the seeds germinate. They are typically referred to as storage
proteins because they are one of several types of proteins that are kept in high
concentrations in seeds [41, 42]. L-type lectins, which have structural motifs seen
in glycan-binding proteins, are also found in the bark of some legume trees and
to a lesser extent in other vegetal tissues of legumes (GBPs). Most of their
structures have been determined, and numerous L-type lectins have been
reported to be employed in a variety of biological and analytical techniques [43].
L-type lectins also play a part in plant-nitrogen-fixing bacteria symbiosis, such
as Rhizobium-legumes symbiosis, however the exact role of lectins in this
system is unknown. However, investigations demonstrate that the seed lectin is
a lipoxygenase with the activity required to start the plant defense pathway [7,
44].

So far, lectin genes have been identified in several plant species. The number of
lectin genes (n=52) in P. vulgaris in this study is higher than the number
identified in Cucumis sativus (n=46) [45] however less than the number
identified in Arabidopsis thaliana (n=72) [46], Setaria italica (n=120), Zea mays
(n=126), Oryza sativa (n=153), Sorghum bicolor (n=153), Brachypodium
distachyon (n=204) and Saccharum spontaneum (n=429) [47].
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Protein length (aa), the isoelectric point (pl), molecular weight (Da), instability
index, aliphatic index and GRAVY value were calculated for all identified Pvul-
LEC proteins. Accordingly, the lengths of Pvul-LEC proteins ranged from 259
to 699 amino acids. Additionaly, 10 Pvul-LEC proteins were found to have basic
and 42 Pvul-LEC proteins have acidic properties (Table 1). The molecular
weights of Pvul-LEC proteins were between 26.96 to 78.50 kDa and 5 Pvul-LEC
proteins were found to be unstable according to instability index scores. The
most of the Pvul-LEC proteins were found to be hydrophilic according to the
GRAVY values which ranged between -0.294 to 0.229 (Table 1).

The aliphatic index value, defined as the relative volume occupied by the
aliphatic side chains (alanine, valine, isoleucine and leucine) can be considered
to be a positive factor for enhancing global protein thermostability [48]. These
values ranged from 73.71 to 96.06 for Pvul-LECs, suggesting the strong
thermostability of these proteins.

All Pvul-LEC genes were found to be unevenly distributed on 10 out 11
chromosomes of P. vulgaris with the exception of chromosome 9. chromosome
1 contained the most Pvul-LEC genes (eleven), whereas chromosome 11
contained only one (Figure 1). Surprisingly, chromosome 4 contained only Pvul-
BLEC genes while chromosome 5 and 6 contained only Pvul-LLEC genes. Dang
et al. (2016) discovered that the lectin gene was found in all chromosomes (7
chromosomes) of C. sativus and at different rates, similar to Pvul-LEC genes
[49]. In another study on the mungbean plant, Singh et al. (2021) classified lectin
genes into three types: G-type, L-type, and C-type, and 59 of 73 VrLecRLK were
randomly distributed on 11 chromosomes. Furthermore, the remaining
VrLecRLK genes in the study were discovered to be unattached to any specific
chromosome [50].
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TABLE 1. Detailed descriptive information for Pvul-LLEC proteins

1D

Pvul-LLEC-1
Pvul-LLEC-2
Pvul-LLEC-3
Pvul-LLEC-4
Pvul-LLEC-5
Pvul-LLEC-6
Pvul-LLEC-7
Pvul-LLEC-8
Pvul-LLEC-9
Pvul-LLEC-10
Pvul-LLEC-11
Pvul-LLEC-12
Pvul-LLEC-13
Pvul-LLEC-14
Pvul-LLEC-15
Pvul-LLEC-16
Pvul-LLEC-17
Pvul-LLEC-18
Pvul-LLEC-19
Pvul-LLEC-20
Pvul-LLEC-21
Pvul-LLEC-22
Pvul-LLEC-23
Pvul-LLEC-24
Pvul-LLEC-25
Pvul-LLEC-26
Pvul-LLEC-27
Pvul-LLEC-28
Pvul-LLEC-29
Pvul-LLEC-30

Phaseolus vulgaris Genomic

Database Identifier
Phvul.001G045400.1.p
Phvul.001G040800.1.p
Phvul.001G040700.1.p
Phvul.001G040600.1.p
Phvul.001G040500.1.p
Phvul.001G040400.1.p
Phvul.001G040300.1.p
Phvul.001G040100.1.p
Phvul.001G040000.1.p
Phvul.001G234200.1.p
Phvul.002G214900.1.p
Phvul.002G215200.1.p
Phvul.002G215300.1.p
Phvul.002G215400.1.p
Phvul.003G204500.1.p
Phvul.005G103200.1.p
Phvul.005G103300.1.p
Phvul.006G087700.1.p
Phvul.006G185000.1.p
Phvul.006G200800.1.p
Phvul.007G078200.1.p
Phvul.007G260300.1.p
Phvul.007G260400.2.p
Phvul.007G260500.1.p
Phvul.008G117700.1.p
Phvul.008G117800.1.p
Phvul.008G239600.1.p
Phvul.008G279300.1.p
Phvul.010G015800.1.p
Phvul.011G119200.1.p

Physical position on P. vulgaris genome

Chr.  Start position (bp) End Position (bp)

0000w NNNNOOOOOOU O WNNNNRRRRRRRPRPRPR

R
=R

3.677.580
4.327.634
4.336.106
4.339.156
4.359.201
4.370.066
4.379.952
4.394.207
4.399.520
4.880.986
38.345.248
38.371.310
38.383.003
38.393.780
43.061.296
32.195.113
32.198.665
19.974.245
28.613.191
29.750.251
7.489.146
38.169.156
38.176.633
38.182.876
14.407.039
14.436.075
58.823.983
62.071.477
2.345.298
18.774.057

3.680.026
4.329.496
4.338.606
4.340.979
4.361.618
4.372.118
4.382.583
4.396.266
4.401.949
48.811.980
38.347.335
38.373.253
38.384.994
38.395.786
43.063.308
32.197.596
32.200.731
19.976.281
28.616.354
29.752.428
7.491.182
38.172.057
38.178.637
38.185.141
14.409.057
14.438.400
58.826.861
62.073.771
2.347.358
18.775.652

Protein
length (aa)
667
620
672
607
661
636
664
636
666
664
695
647
663
668
670
691
688
678
692
639
678
670
450
657
672
668
699
662
686
531

6.04
5.68
5.77
6.01
5.73
5.62
5.63
5.62
5.83
8.68
5.85
7.31
7.32
6.75
5.11
5.99
6.34
5.75
5.51
6.96
6.24
6.25
7.61
6.43
7.01
7.32
5.59
6.64
5.74
5.98

Molecular
weight (kDa)
75.27
68.75
74.99
67.9
73.92
70.87
73.98
71.1
74.15
73.85
77.3
72.85
74.17
75.53
73.7
77.7
77.07
72.71
78.5
72.04
75.42
74.86
50.66
72.94
74.2
73.97
74.93
72.8
75.22
59.06

Instability = Aliphatic

index index
32.38 87.06
27.71 90.05
28.89 83.11
31.81 94.43
25.07 89.05
34.63 91.89
25.57 87.91
34.65 90.66
25.7 88.11
33.83 92.3
32.79 87.8
30.71 85.09
31.47 90.89
36.9 91.44
42.72 86.1
41.04 86.43
34.86 91.89
36.68 85.27
36.34 89.22
36.62 88.17
41.56 84.1
36.79 84.51
39.48 84.6
37.51 88.23
34.28 99.33
33.83 94.03
33.42 87.78
38.34 86.56
36.4 93.76
34.97 94.11

GRAVY

-0.176
-0.085
-0.189
-0.064
-0.14
-0.142
-0.161
-0.154
-0.129
-0.104
-0.128
-0.229
-0.201
-0.147
-0.074
-0.115
-0.078
-0.04
-0.143
-0.155
-0.087
-0.263
-0.294
-0.212
-0.066
-0.115
-0.018
-0.003
-0.068
-0.007

NCBI Accession
No.

XP_007161136.1
XP_007161076.1
XP_007161075.1
XP_007161074.1
XP_007161073.1
XP_007161072.1
XP_007161071.1
XP_007161068.1
XP_007161067.1
XP_007163432.1
XP_007159169.1
XP_007159173.1
XP_007159174.1
XP_007159175.1
XP_007155476.1
XP_007149844.1
XP_007149845.1
XP_007146994.1
XP_007148157.1
XP_007148350.1
XP_007143518.1
XP_007145693.1
XP_007145694.1
XP_007145695.1
XP_007140498.1
XP_007140499.1
XP_007141948.1
XP_007142422.1
XP_007134058.1
XP_007132721.1
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TABLE 2. Detailed descriptive information for Pvul-BLEC proteins

1D

Pvul-BLEC-1
Pvul-BLEC-2
Pvul-BLEC-3
Pvul-BLEC-4
Pvul-BLEC-5
Pvul-BLEC-6
Pvul-BLEC-7
Pvul-BLEC-8
Pvul-BLEC-9
Pvul-BLEC-10
Pvul-BLEC-11
Pvul-BLEC-12
Pvul-BLEC-13
Pvul-BLEC-14
Pvul-BLEC-15
Pvul-BLEC-16
Pvul-BLEC-17
Pvul-BLEC-18
Pvul-BLEC-19
Pvul-BLEC-20
Pvul-BLEC-21
Pvul-BLEC-22

Phaseolus vulgaris
Genomic Database
Identifier

Phvul.001G239200.1.p
Phvul.002G119900.1.p
Phvul.002G144200.1.p
Phvul.002G215000.1.p
Phvul.003G286700.1.p
Phvul.003G286800.1.p
Phvul.003G286900.1.p
Phvul.003G287000.1.p
Phvul.003G287101.1.p
Phvul.004G158000.1.p
Phvul.004G158100.1.p
Phvul.004G158200.1.p
Phvul.004G158300.1.p
Phvul.007G070100.1.p
Phvul.007G070300.1.p
Phvul.007G234400.1.p
Phvul.007G239800.1.p
Phvul.008G094500.1.p
Phvul.008G111500.1.p
Phvul.008G188700.1.p
Phvul.010G006300.1.p
Phvul.010G060800.1.p

Physical position on P. vulgaris genome

Chr.

00 00 00 N N NN PP WWWWWNNDNPRE

B
o o

Start position (bp)
49.244.673
25.542.601
29.269.216
38.350.955
52.442.001
52.444.624
52.450.066
52.452.303
52.459.994
46.239.426
46.258.583
46.261.905
46.267.391
6.474.389
6.481.954
35.840.909
36.355.865
9.626.760
12.658.909
52.631.783

923.471
9.503.176

End Position (bp)

49.246.082
25.545.814
29.270.007
38.353.003
52.442.780
52.445.439
52.450.845
52.453.082
52.462.334
46.240.567
46.259.432
46.262.865
46.268.336
6.475.216
6.483.109
35.843.746
36.356.814
9.628.781
12.659.979
52.634.655
924.954
9.505.775

Protein
length (aa)

345
693
263
664
259
271
259
259
449
277
244
279
272
275
299
643
274
673
356
677
348
662

5.28
6.16
4.72
6.01
4.87
4.93
6.21
4.69
6.35
4.73
5.03
5.15
4.92
5.37
5.3
7.96
5.53
5.25
9.28
7.28
9.2
5.47

Molecular
weight (Da)

37.51
76.67
28.25
73.69
27.66
29.7
27.85
27.72
49.81
29.97
26.96
30.26
29.55
30.64
3291
70.63
29.36
74.54
39.36
75.82
38.09
73.7

Instability = Aliphatic

index index
28.22 89.77
33.71 90.71
34.77 87.07
35.44 88.09
32.2 88.84
30.56 87.05
36.21 93.4
32.79 88.84
36.53 96.06
24.31 89.03
33.15 83.85
21.46 95.05
26.45 89.56
31.26 73.71
27.95 79.57
41.18 84.07
34.33 91.5
34.81 88.78
34.84 82.33
38.29 85.64
32.36 85.34
45.83 89.08

GRAVY

-0.126
-0.127
0.102
-0.133
0.214
0.049
0.223
0.229
-0.032
-0.02
-0.22
0.031
-0.041
-0.29
-0.223
-0.189
0.039
-0.156
0.057
-0.18
0.063
-0.096

NCBI Accession
No.

XP_007163496.1
XP_007158049.1
XP_007158339.1
XP_007159169.1
XP_007156448.1
XP_007156449.1
XP_007156450.1
XP_007156451.1
XP_007156452.1
XP_007152769.1
XP_007152770.1
XP_007152771.1
XP_007152772.1
XP_007143413.1
XP_007143415.1
XP_007145382.1
XP_007145445.1
XP_007140223.1
XP_007140433.1
XP_007141356.1
XP_007133954.1
XP_007134605.1
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In order to expand and diversify, genes engage in a dynamic replication process
which is referred to as gene duplication. Specialized genes or new gene functions
can arise as a result of these evolutionary processes. For this reason, the location
of Pvul-LEC genes on P. vulgaris chromosomes was investigated, as well as their
duplications. While no tandem duplication events were discovered, 8 pairs of
segmental duplication events were detected in Pvul-LEC genes. The duplicated
genes homologous (Ks) and non-homologous (Ka) exchange rates were
calculated (Table 3). Accordingly, the calculated mean Ka/Ks ratios were found
to be 0.12 and hence this is a purifying selection since Ka / Ks <1 [51]. In
addition, it was determined that the average time of duplications was 76.62 MY A
(Table 3).

TABLE 3. Information regarding segmental duplication events between Pvul-LEC
genes (Ka: non-synonymous divergence value; Ks: synonymous divergence value;
Ka/Ks: rate of change; MYA: Million years ago)

Gene IDs Gene IDs Ka Ks Ka/Ks MYA
Pvul-BLEC-3 Pvul-BLEC-5 46.1974 0.4735 0.0102 355,36
Pvul-LLEC-10 Pvul-LLEC-25 4.0418 0.2910 0.0720 31,09
Pvul-LLEC-16 Pvul-LLEC-19 3.0242 0.3787 0.1252 23,26
Pvul-LLEC-16 Pvul-LLEC-30 2.6967 0.3044 0.1129 20,74
Pvul-BLEC-18 Pvul-LLEC-29 11.3547 0.6572 0.0579 87,34
Pvul-LLEC-18 Pvul-LLEC-27 1.1548 0.1411 0.1222 88,83
Pvul-BLEC-19 Pvul-BLEC-21 0.7361 0.2274 0.3089 5,66
Pvul-LLEC-25 Pvul-LLEC-29 0.6383 0.1574 0.2465 4,91

A comparison was made between the 52 Pvul-LEC genes identified in the P.
vulgaris genome and the lectin genes of A. thaliana and G. max. (Supplementary
Table 1). As aresult, 11 orthologous gene pairs were found to be shared between
Phaseolus vulgaris and Arabidopsis thaliana, and 8 orthologous pairs were
shared between Phaseolus vulgaris and Glycine max. The average Ka/Ks ratios
were 0.07 and 0.028, respectively (Supplementary table 1).

When orthologous lectin genes between P. vulgaris and G. max were analyzed,
it was discovered that approximately 88% of them were Pvul-BLEC genes. This
situation has increased the possibility that the lectin legB genes were duplicated
in the evolutionary process in parallel with the findings of Jiang et al. (2010)
[40]. The number of Pvul-LLEC genes was compared to the total number of
protein-coding genes in different genomes. Accordingly, G. max, A. thaliana, T.
aestivum and O. sativa had rates of 60/56044 (0.107%), 42/27416 (0.153%),
84/99386 (0.085%), and 72/22273 (0.323%), respectively. In this study, the
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number of protein-coding genes in P. vulgaris was determined to be 85,167,
while the number of L-type genes was discovered to be 30, yielding a 30/85167
(0.035%) ratio. Various LLEC gene growth rates in different genomes, as well
as changes in genome size, could explain differences in Pvul-LLEC gene copy
counts. Furthermore, it was discovered that only A. thaliana, which included
Pvul-LEC genes, increased the L-type genes to a larger extent than the other
types (55-57).
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FIGURE 2. Time of duplication and divergence (MYA) based on synonymous
substitituon rate (Ks).

3.2.  Structure of Pvul-LEC genes, phylogenetic tree analysis,
determination of preserved motifs, homology modeling and promoter
analysis

The structure of Pvul-LEC genes was investigated using exon and intron regions.
Exon and intron regions play a significant role in modulating gene expression
and regulating genes differently [52, 53]. There were no introns discovered in 42
of the Pvul-LEC genes. The Pvul-BLEC-16 gene was discovered to be the only
one with multiple intron regions among all the genes examined. Furthermore,
this gene has been found to have the most recent orthologous relationship with
Glyma.20G072500, a Glycine max LEC gene (MYA=1.66). In a study on Vigna
radiata (mung bean) [50], Singh et al. (2021) discovered that 27 VrLecRLK
genes (out of 73 total) do not have introns. In soybean, Liu et al. (2018)
discovered that nearly 70% of 60 L-type GmLec genes do not have intron regions
[54]. The presence or lack of introns in many genomes has evolutionary
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advantages for a gene’s protein output by changing numerous characteristics,
such as reverse transcriptase activity or mRNA stability [55].
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FIGURE 3. Gene structures of lectin family members from P. vulgaris with clustering
based on NJ phylogenetic tree. Introns are presented by lines. UTR and CDS are
indicated by filled black and green boxes, respectively.

A phylogenetic tree was drawn using the neighbor joining method using the
evolutionary processes of different organisms (P. vulgaris, A. thaliana and G.
max) to examine the kinship for lectin genes. The examined phylogenetic tree
with 196 members was found to be divided into three major groups.
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According to this, the smallest group was ‘A’ with 3 genes and the largest group
was ‘D’ with 106 genes (D1-30/D2-76). Group ‘B’ and ‘C’ was found to contain
45 and 42 genes, respectively. The all lectin genes in group ‘B’ belong to Pvul-
BLEC family.

Groups C and D contained all of the intron-containing genes. Genes with
identical motif content weree clustered in the same groups of the phylogenetic
tree; Pvul-BLEC-5, Pvul-BLEC-8, Pvul-BLEC-11, Pvul-BLEC-13, Pvul-BLEC-
15 and Pvul-BLEC-17 in group B, Pvul-LLEC-1, Pvul-LLEC-2, Pvul-LLEC-5,
Pvul-LLEC-6, Pvul-LLEC-7, Pvul-LLEC-8, Pvul-LLEC-9 and Pvul-LLEC-14
were in group C, while Pvul-LLEC-17 and Pvul-LLEC-19 were in group D2.

FIGURE 4. Phylogenetic analyses of lectin proteins from three plant species. The
phylogenetic tree was constructed using the NJ method. The identifier names of lectin
proteins of Phaseolus vulgaris L., Arabidopsis thaliana and Glycine max start with
‘Pvul’, ‘AT’ and ‘Glyma’, respectively.
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In genome investigations, the detection of conserved motifs is critical for protein
identification and categorization, as well as the identification of functional areas
and particular binding sites [56]. In this context, we evaluated the conserved
motif structures of lectin proteins in the P. vulgaris genome, and the results were
reported in Supplementary Table 2. Accordingly, twenty conserved motif
patterns were found in 52 Pvul-LEC proteins. As a result, all Pvul-LLEC genes
were found to contain Motifs 1, 2, 3, 5, and 9, while all Pvul-BLEC genes
contained Motif 14.

In this study, homology was determined using modeling of Pvul-LEC proteins
with a confidence level of 90% or higher in order to obtain information about the
protein structures. As a result, all of the proteins were found to be 90% or more
reliable belong to the Pvul-BLEC family. Legume lectin loops have a jelly roll
subtopology, also known as a superfold [57]. This fold is thought to have had
multiple evolutionary origins rather than a single common ancestor [58]. The
fact that approximately 88 percent of the existing orthologous genes located
between Pvul-LEC and G. max are Pvul-BLEC genes supports the findings.

The hydrogen bond pattern between adjacent strands is broken in two places,
resulting in the formation of two four-stranded sheets. Because adjacent strips
appear in different layers, both layers are completely anti-parallel, with the
exception of the fourth and fifth strands, which appear in the same layer. This
results in a structure with a single hairpin and arched - junctions [59]. When
Pvul-BLEC proteins were examined, anti-parallel — structures could be found in
all of them. In addition to these structures, almost all Pvul-BLEC proteins had
alpha structures (Figure 5).

Pvul-BLEC-3 Pvul-BLEC-5 Pvul-BLEC-6 Pvul-BLEC-7 Pvul-BLEC-8
s

Pvul-BLEC-10 Pvul-BLEC-12 Pvul-BLEC-13

g{v

wlp"

g N

FIGURE 5. Predicted 3D models of common bean Pvul-BLEC proteins. Models were
generated by using Phyre2 server. The secondary structure elements: a-helices (pink), -
sheets (yellow), and coils (blue-white) are indicated for the predicted 3D structures of
Pvul-BLECs.
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Cis-acting regulatory sequence elements are involved in the transcriptional
regulation of gene activities, which control many biological processes,
particularly abiotic stress responses, hormones, and development [60]. In this
study, in silico promoter analysis was done in order to better understand the
regulatory mechanisms of Pvul-LEC genes. The discovered cis-acting elements
were classified into following eight categories: development, environmental
stress, hormone, light, promoter, site binding, biotic stress, and others
(Supplementary Table 3).

Plants require a variety of signaling chemicals, including SA (Salicyclic acid),
JA (Jasmonic acid), ABA (Abscisic acid), and ET (Ethylene) to respond to stress.
MYCs, which are the major regulators of the JA signaling pathway and are
categorized in the environmental stress category, are found in roughly 55% (29
genes) of Pvul-LEC genes. MYB, which is categorized in the biotic stress
category and is known to have a role in the regulation of auxins as well as
drought, salt, and abscisic acid, was discovered to be present in around 53% of
Pvul-LEC genes (28 genes). In the promoters of 20, 19, and 11 Pvul-LEC genes,
ABA-sensitive elements (ABREs), MeJA-responsive elements (CGTCA-
pattern), and SA-responsive elements (TCA-elements) were found respectively.
Additionaly, Pvul-LLEC-12 and Pvul-BLEC-6 genes, which both have ABRE,
CGTCA motif, TCA-element and WUN-motifs, were found to reveal almost
same expression patterns according to the heatmaps drawn in this study (Figure
6and 7).

3.3. Detection of miRNAs targeting Pvul-LEC genes

Plants exposed to abiotic stress factors develop response mechanisms at the
transcriptome level. MiRNAS, in addition to TF in restoring metabolism, are
involved in the regulation of gene expression [61, 62]. Under abiotic stress
conditions, plants can increase or decrease the efficiency of miRNAs or
synthesize new miRNAs [62). MiRNAs and associated Pvul-LEC genes were
identified in this study (Supplementary Table 4). A total of 8226 targets were
examined, and it was discovered that the most targeted gene was Pvul-LLEC-14
among all Pvul-LLEC genes, and the most targeted gene was Pvul-BLEC-4
among all Pvul-BLEC genes. It was worth noting that both genes were clustered
together in the phylogenetic tree's group C (Figure 4).

MiRNAs targeting Pvul-LLEC-14 gene, which was most targeted Pvul-LLEC
gene, were studied based on the targeting frequency. Among these, miR169 is a
miRNA which involves in early flowering. Additionaly, in a study to grow
resistant tobacco varieties, Jianyu et al. (2019) discovered that miRNA169
played a role in response to low temperature stress. In the same study, LTR
elements were detected in the promoter region of the genes targeted by miR169
in tobacco [63]. Similarly, an LTR element was also found in the promoter region
of the Pvul-LLEC-14 gene. Based on this information, it is believed that the
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miR169 and LTR element may interact to reveal stress response in P. vulgaris
under stress conditions.

MiR395, is an another miRNA targeted Pvul-LLEC-14 gene, has been identified
as a regulatory component of the sulfate assimilation network [64]. The
expression of miR395 was also found to change in response to environmental
stimuli [65]. MiR5241 was found to be significantly increased in a study by Cao
et al (2018) that examined the responses of mMiRNAs to salt and alkali stress in
Medicago truncatula [66].

At the same time, the frequency of miRNA targeting of the Pvul-BLEC-4 gene
was investigated. Plants have a set of defensive responses to prevent pathogen
invasion. Some of these defense mechanisms are built into the plant, while others
can be triggered by pathogen detection. According to our findings, miR160 is
involved in the local defense mechanism, and Natarjan et al. (2018) discovered
an increased susceptibility to infection in potato associated with miR160
regulation [67].

We hypothesize that the interaction of Pvul-BLEC-4 - miR160 - SA may have
an antagonistic effect against infections because lectin genes are known to play
a central role in SA biosynthesis. According to the literature, miR172 confers
plant tolerance, particularly against salt stress and water deficiency, but increases
ABA sensitivity. In a study on Arabidopsis, it was discovered that
overexpression of miR172 kept the plant alive [68].

3.4. Tissue-specific mMRNA levels of the Pvul-LEC genes

The expression data of Pvul-LEC genes in various tissues (flower buds, flowers,
leaves, stem 10, young pods, stem 19, young trifoliats, root 10, root 19, green
mature pods and nodules) was obtained from the Phytosome v12 database and a
heat map was plotted (Figure 6). Accordingly, Pvul-BLEC-1, Pvul-LLEC-15,
Pvul-LLEC-16, Pvul-LLEC-18 and Pvul-LLEC-27 genes were found to be highly
expressed in all tissues in comparison to the other Pvul-LEC genes (Figure 6).
Genes with similar expression levels were surprisingly found to be located in the
same phylogenetic groups (Figure 4 and Figure 6). For example, Pvul-LLEC-15,
Pvul-LLEC-16, Pvul-LLEC-18 and Pvul-LLEC-27 genes with similar expression
levels were found to be located in D1-D2 groups according to the phylogenetic
tree.
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FIGURE 6. Heat map image for tissue specific mMRNA levels of Pvul-LEC genes — from
left to right; FB: Flower Buds, F: Flowers, GMP: Green Mature Pods, L: Leaves, N:
Nodules, R10: Root 10, R19: Root 19, S10: Stem 10, S19: Stem 19, YP: Young Pods,
YT: Young Trifoliates Tempo-spatial expression patterns of Pvul-LEC genes in different
organs in P. vulgaris. The log10-transformation of the average of expression values were
used to generate the heat map with PermutMatrix software. Red and green in the color
scale indicate high and low transcript expression, respectively. Root 19: 19 days after
planting; Root 10: 10 days after planting; Stem 19: 19 days after planting; Stem 10: 10
days after planting.
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3.5.  Responses of Pvul-LEC genes to salt stress and drought stress through
RNAseq analysis

Plants are grown best in environments that are ideal for them. Exposure to an
unexpected condition may result in diseases or physiological changes that affect
the development and survival of the organism [69]. The leading environmental
factors threatening agricultural production are salinity and drought [70]. In this
regard, it is critical to understand plant defense mechanisms against these stress
conditions. Accordingly, the heat map analysis was done in order to examine the
responses of Pvul-LEC genes against salt and drought stress using RNAseq data
obtained from GenBank (Figure 7). Upon salt stress treatment, the expression
levels of Pvul-BLEC-9, Pvul-LLEC-9, Pvul-LLEC-19, Pvul-LLEC-22, and Pvul-
LLEC-29 were decreased, whereas Pvul-BLEC-12, Pvul-BLEC-15, and Pvul-
LLEC-23 expression levels were found to be increased in leaves. On the other
hand, the expression levels of Pvul-BLEC-1, Pvul-BLEC-3, Pvul-LLEC-9, Pvul-
LLEC-17, Pvul-LLEC-18, Pvul-LLEC-19, Pvul-LLEC-27 and Pvul-LLEC-28
genes were found to be increased whereas Pvul-BLEC-11 expression level was
decreased under drought stress conditions.
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FIGURE 7. Heatmaps of Pvul-LEC genes differentially expressed under salt-control /
drought- control stress conditions derived from RNAseq analysis. The logl0-
transformation of the average of expression values were used to generate the heat map
with PermutMatrix software. Red and green in the color scale indicate high and low
transcript expression, respectively.
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4. CONCLUSIONS

The lectin gene family encoded in the P. vulgaris genome was identified and
characterized for the first time in this study. Bioinformatics analyses were used
to determine the properties of 52 newly identified Pvul-LEC genes. RNAseq data
was also used to assess the expression levels of Pvul-LEC genes under salt and
drought stress conditions. Since LEC genes were first discovered in P. vulgaris,
we believe that our findings will open up new avenues for future research on
LEC genes in other plant species.
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