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ABSTRACT

Background: Aldehyde dehydrogenase (ALDH) genes constitute an important family of supergenes that play key
roles in synthesizing various biomolecules and maintaining cellular homeostasis by catalyzing the oxidation of
aldehyde products. With climate change increasing the exposure of plants to abiotic stresses such as salt and
drought, ALDH genes have been identified as important contributors to stress tolerance. In particular, they help
to reduce stress-induced lipid peroxidation. Objectives: This study aims to identify and characterize members of
the ALDH supergene family in Phaseolus vulgaris through a genome-wide bioinformatic analysis and investigate
their role in response to abiotic stressors such as drought and salt stress. Methods: Genome-wide identification of
26 ALDH genes in P. vulgaris was performed using bioinformatics tools. The identified ALDH proteins were ana-
lyzed for molecular weight, amino acid number, and exon number. Phylogenetic analysis was performed to clas-
sify P. vulgaris, Arabidopsis thaliana, and Glycine max ALDH proteins into different groups. Strong links between
these genes and functions related to growth, development, stress responses, and hormone signaling were identified
by cis-element analysis in promoter regions. In silico expression, analysis was performed to assess gene expression
levels in different plant tissues. Results: RT-qPCR results showed that the expression of ALDH genes was signif-
icantly altered under drought and salt stress in beans. This study provides a comprehensive characterization of the
ALDH supergene family in P. vulgaris, highlighting their potential role in abiotic stress tolerance. Conclusion:
These findings provide a basis for future research on the functional roles of ALDH genes in enhancing plant resis-
tance to environmental stressors.
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1 Introduction

Common bean (Phaseolus vulgaris L.) is an important food source in meeting the nutritional needs of
humans in terms of protein, carbohydrate, mineral, and vitamin content [1]. It also has health-beneficial
components and phenolic compounds with antioxidant activity [2]. Compared to other legumes, beans are
very valuable in terms of nutritional value, with 20.9/100 g protein, 2.49/100 g lipid, 8.55/100 g crude
fibre, and 54.3/100 g carbohydrate content [3]. When the legume production in 2021 was analyzed, beans
were the most produced legume, with 27 million tons on 35 million hectares of the cultivated area [4].
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With global climate change, environmental stress events to which plants are exposed have started to
occur more frequently and for longer periods [5]. Stresses to which plants are exposed are divided into
two parts: biotic and abiotic stresses. Factors such as heavy metals, drought, extreme heat, extreme cold,
and salinity are classified as abiotic stresses. Stresses caused by pathogenic and parasitic organisms such
as bacteria, insects, fungi, and viruses are classified as biotic stresses [6]. As a result of changing
environmental conditions, soil salinity is accelerating in arid and semi-arid regions of the world [7]. As a
result, there are negative effects on the growth, development, and yield of plants [5].

Drought stress reduces nutrient uptake and translocation of these nutrients from roots to shoots, causing
all metabolic processes to be affected [8]. Drought stress, especially during flowering and pod-filling periods
of beans, causes serious damage to the number of seeds and pods per plant, dry matter production, leaf area,
seed size, and grain yield [9]. The accumulation of reactive oxygen species (ROS) in plant cells as a result of
drought stress can disrupt membrane integrity and cause oxidative damage to DNA, lipids, and proteins [10].

Salinity stress is one of the most important factors affecting agricultural yield. The use of inadequate and
salt-containing irrigation water in arid and semi-arid regions, salt accumulation in the upper part of the soil
due to excessive irrigation, and the increase of salts in groundwater in the plant root zone due to excessive
evaporation cause salinity stress [11]. As a result of this stress, negative effects such as osmotic stress,
impaired hormone regulation, nutrient imbalance, and decreased carbon fixation are observed in plants [12].

The ALDH super gene family includes 13 different families in plants. These families are ALDH 2-3-5-6-
7-10-11-1218-21-22-23 and 24 families, and ALDH 10-12-21-22-23 and 24 families are plant-specific gene
families [13]. As a result of sequence comparison of ALDH genes in different organisms, marker amino acid
motifs were identified. One of them is the glutamic acid (PS0687) active site, and the other is the cysteine
(PS0070) active site [14,15]. The aldehyde dehydrogenase (ALDH) (E.C.: 1.2.1.3) superfamily includes
NAD(P)+ dependent enzymes that catalyze the oxidation of endogenously and exogenously produced
aromatic and aliphatic aldehydes. They play important roles in the synthesis of various biomolecules
including amino acids, carbohydrates, lipids, and vitamins [16]. Aldehyde dehydrogenases are
components involved in basic plant metabolism and stabilize aldehyde concentrations [17]. Under stress
conditions, reactive oxygen species (ROS) are formed as a result of damage to plant cells. As a result,
lipid hydrogen peroxides and their aldehyde products can cause damage to lipid membranes and increase
cellular toxicity [18]. As a result of such disturbances in plant metabolism due to abiotic stress, aldehyde
dehydrogenases provide homeostasis by reducing aldehydes [17]. ALDHs metabolize the toxic aldehyde
intermediate betaine aldehyde to glycine betaine [16]. ALDHs have been found to be very important in
tolerance to oxidative damage caused by abiotic stress. In Arabidopsis thaliana, overexpression of
ALDH3I1 and ALDH7B4 genes was found to reduce lipid peroxidation caused by salt and drought stress
[19]. Similarly, overexpression of the ALDH22A1 gene in Zea mays decreased MDA levels [20]. The
increased expression level of the ALDH2B8 gene in Vitis vinifera plants showed a tolerance effect under
high salt and drought stress [21]. ALDH7B1-5A gene in Triticum aestivum was found to increase drought
tolerance [22].

The first studies related to ALDH genes in plants examined betaine accumulated in plant tissues and its
catalyzer betaine aldehyde dehydrogenase (BADH). One study examined betaine accumulation and enzyme
activity in Spinacia oleracea during water stress, another study characterized BADH in Spinacia oleracea,
another study examined betaine accumulation and enzyme activity in Spinacia oleracea under salt and
drought stress, and another study examined betaine accumulation and enzyme activity in Hordeum
vulgare under salt stress [23–26]. The first identification of ALDH was the homology study of the rf2
gene, which is involved in pollen development in maize, with mammalian mitochondrial aldehyde
dehydrogenase genes. As a result of this study, the rf2 gene was thought to encode an ALDH [27]. In the
first study on the ALDH superfamily, 39 ALDH genes in 18 different plant species were named and listed
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[28]. In the first comprehensive study, 14 ALDH genes encoding 9 different protein family members were
classified in Arabidopsis thalina [17], moreover, ALDH genes have been identified in Populus
trichocarpa, Selaginella moellindorffii, Sorghum bicolor [13], Oryza sativa, Zea mays, and Vitis vinifera
[29–31], G. max, Zea mays, and Malus domestica [32–34], Setaria italica, Gossypium raimondii, Populus
trichocarpa, and Solanum lycopersicum [35–38]. Also, the ALDH gene family was studied in Gossypium
arboreum, Gossypium barbadense and Gossypium hirsutum [39], Brassica rapa, Brassica rapa subsp.
Pekinensis, Solanum tuberosum, and Cicer arietinum [40–43], Saccharum spontaneum, Allium sativum,
Arachis hypogaea, and Phyllostachys edulis [44–47].

The study of genes that show different expression profiles in plants grown under stress conditions may
lead to the identification of useful genes to increase the tolerance of varieties to salt and drought stress [48].
The cultivation and productivity of beans, an important legume, is also affected by abiotic stresses like other
crops. Considering the threatening scenarios of climate change in the future, a research approach compatible
with globally sustainable agricultural practices is needed [49]. There are no studies on the genome-wide
analysis of the ALDH gene family in Phaseolus vulgaris. Therefore, this study aims to contribute to the
literature with the information obtained from genome-wide analysis of PvALDH genes.

2 Material and Method

2.1 Identification of ALDH Super Gene Family Members in P. vulgaris Genome and Determination of
Protein Properties
Pfam Accession Number (PF00171) obtained from the Pfam database [50] was used to access the

protein sequences of ALDH supergene family members in the genomes of Phaseolus vulgaris (https://
phytozome-next.jgi.doe.gov/info/Pvulgaris5_593_v1_1) (accessed on 15 October 2024), Glycine max [51]
and Arabidopsis thaliana [52]. ALDH protein sequences in the Phytozome v13 database were searched
using this accession number [53]. The coding and non-coding regions of PvALDH genes were identified
and visualized in the Gene Structure Display (GSDS) v2.0 web tool using the genomic and CDS
sequences included in the sequence information [54]. In addition, the positions of PvALDH genes on the
chromosome were plotted with the help of the TBtools program [55]. The presence of ALDH domains in
plant genomes was screened using the HMMER database [56]. Conserved glutamic acid (PS0687) and
cysteine (PS0070) active sites in PvALDH proteins were searched using the PROSITE database [57]. The
amino acid number, molecular weight, theoretical isoelectric point (pI), and stability status of PvALDH
proteins were obtained with the help of the Protparam tool using the aliphatic index and protein
sequences [58]. Localization information of ALDH genes using PvALDH protein sequences was obtained
with the WoLF PSORT web tool [59].

2.2 Gene Duplication, Conserved Motif, and Phylogenetic Analysis of PvALDH Super Gene Family
Members
With the help of PvALDHCDS and protein sequences, the non-synonymous ratio (Ka) and synonymous

ratio (Ks) of duplicated genes divided by the evolutionary change (Ka/Ks) were calculated using the TBtools
program [55]. Time (million years ago, Mya) of duplication and divergence of each ALDH gene were
estimated based on T = Ks/2λ (λ = 6.56E-9) formula [60,61]. The Multiple EM for Motif Elimination
(MEME) tool was used for the detection of conserved motifs in PvALDH amino acid sequences [62].
The settings used in the analysis were as described by Muslu et al. [63]. In addition, BioEdit Sequence
Alignment Editor v7.7.1 (https://thalljiscience.github.io/) (accessed on 15 October 2024) was used to
screen for conserved glutamic acid (PS0687) and cysteine (PS0070) active sites between ALDH genes.
The phylogenetic analysis between P. vulgaris, G. max, and A. thaliana ALDH genes was plotted by the
Maximum likelihood method, with 1000 replicated bootstrap values using Mega 7 software [64]. The
phylogenetic tree was visualized using the iTOL web tool [65].
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2.3 Synteny Analysis of PvALDH Super Gene Family Members
MCScanX tool was used to determine the orthologous relationship between P. vulgaris, G. max, and A.

thaliana ALDH genes [66]. The synteny map was visualized using the gene information in the files obtained
as a result of the analysis with the help of TBtools software [55].

2.4 Cis-Element Analysis of PvALDH Super Gene Family Members in the Upstream Region
The upstream 2 kb region of PvALDH genes was retrieved from the Phytozome database, and then, with

the help of this sequence information, cis-elements in the upstream region of PvALDH genes were screened
using the PlantCARE database [67].

2.5 Protein-Protein Interactions, Gene Ontology Analysis, and Homology Model of PvALDH
To examine the protein-protein interactions of PvALDHs, protein sequences were analyzed using the

STRING database (https://string-db.org/) (accessed on 15 October 2024). The results were visualized
using Cytoscape software [68]. The P. vulgaris annotation file was retrieved from the Phytozome
v13 database. GO ID and description information of PvALDH genes in this file were taken out. In
addition, the STRING database (https://string-db.org/) was searched using PvALDH protein sequence
information. As a result of this search, GO ID and definition information were obtained and merged with
the previous data. Protein homology models were obtained with the help of the Phyre2 database using
PvALDH protein sequences [69]. As a result of the analysis, the 3D protein structures with the highest
confidence value score were selected.

2.6 In-Silico Analysis of PvALDH Members
The expression data of PvALDH genes in leaves stems, roots and flowers of bean plants were obtained

from the Phytozome v13 database. Expression values in FPKM were log2 transformed and visualized in
TBtools software. In addition, RNA-seq data of P. vulgaris under salt and drought stress were obtained
from the SRA library in the NCBI database. The accession numbers SRR957668 for salt stress
SRR958469 for salt stress control [70] SRR8284481 for drought stress, and SRR8284480 for drought
stress control [71] were searched. Expression values in RPKM were log2 transformed and visualized in
TBtools [55].

2.7 Plant Material and Stress Treatments
This study utilized P. vulgaris cv. “Serra” and P. vulgaris cv. “Elkoca-05” is sourced from the

Department of Molecular Biology and Genetics at Erzurum Technical University. These types were
favored because Aygören et al. [72] established their resilience to salinity and drought stress. The seeds
were immersed in a 1% (v/v) NaOCl solution for 5 min for surface sterilization. The seeds were
subsequently sown in pots filled with wet perlite and Hoagland’s solution for germination. Seedlings were
maintained in pots until they attained the three-leaf stage. Seedlings were maintained in a regulated
environmental growth chamber at 25°C, 70% relative humidity, under illumination with a photosynthetic
photon flux of 250 µmol m−2 s−1. They were additionally irrigated with Hoagland’s solution as required.
Subsequently, seedlings of uniform size were relocated to a hydroponic medium comprising 0.2 L of
modified 1/10 Hoagland solution. The Hoagland solution comprises both macronutrients and
micronutrients. The nutrient concentrations are 2 mM Ca, 10−6 Mn, 4 mM NO3, 2.10−7 M Cu,
1 mM Mg, 10−8 M NH4, 2 mM K, 10−6 M Zn, 0.2 mM P, 10−4 M Fe and 10−6 M B ions [73]. Salt stress
was administered under identical growth conditions using a Hoagland solution with 150 mM NaCl for
9 days [72]. For drought stress, samples cultivated under identical conditions were maintained in
Hoagland solution with 0% (control) and 20% PEG6000 for 24 h [72]. Upon completion of the stress
treatments, the leaf tissues extracted from the samples were immersed in liquid nitrogen and preserved at
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−80°C until the analysis was conducted. The samples included in the study were cultivated in three replicates,
and qRT-PCR tests were conducted in three biological replicates.

2.8 Total RNA Isolation, cDNA Synthesis, and qRT-PCR Analysis
Total RNA extraction from the samples was conducted with Trizol® Reagent (Invitrogen Life

Technologies, Carlsbad, CA, USA). Following isolation, RNA quality was assessed using a Multiskan Go
spectrophotometer (Thermo Fisher Scientific, Vantaa, Finland) and subsequently visualized using 1%
agarose gel electrophoresis. cDNA synthesis was conducted utilizing the SensiFAST™ cDNA Synthesis
Kit (Cat. No. Bio-65053, UK) in accordance with the manufacturer’s instructions. Based on the RNAseq
data, five PvALDH genes were chosen for qRT-PCR investigations (the primer list and additional
information are included in the Table S1). Quantitative reverse transcription polymerase chain reaction
(qRT-PCR) was conducted using the RotorGene® Q Real-Time PCR System (Corbett Research, Qiagen
GmbH, Germany) with ABT SYBER Green (Cat. No. Q03-02-01, Ankara, Türkiye) mix. The qRT-PCR
reaction mixture totaled 20 μL, comprising 200 ng of cDNA, 0.4 μL each of forward and reverse primers,
and 10 μL of 2× ABT SYBER Green Mix, with double distilled water added to get a final volume of
20 μL. The procedure was conducted as follows: 95°C for 10 min, succeeded by 40 cycles of 94°C for
15 s, 60°C for 30 s, and 72°C for 30 s. The β-Actin gene of P. vulgaris was utilized as the housekeeping
gene. For relative quantification, qRT-PCR data were standardized using the 2−ΔΔCT technique [74]. The
primers utilized in this work are detailed in the Table S1. Statistical analyses were conducted utilizing
GraphPad Prism 9 software (http://www.graphpad.com/) (accessed on 15 October 2024) employing one-
way ANOVAwith Dunnett’s test at a significance level of 0.05.

3 Results and Discussions

3.1 Nomenclature and Protein Properties of PvALDH Super Gene Family Members
In the Phytozome v13 database, 26 genes belonging to 10 ALDH families (2, 3, 5, 6, 7, 10, 11, 12, 18,

and 22) were found in the P. vulgaris genome using accession number PF00171. The nomenclature of
PvALDH genes was performed according to the Brockers method [13]. The presence of the aldehyde
dehydrogenase domain was confirmed as a result of the analysis of the found PvALDH genes in the
HMMER database. The information about these 26 genes is listed in Table 1 and protein properties are
listed in Table 2. To understand the evolution of ALDH genes in different organisms, G. max and A.
thaliana ALDH gene sequences were obtained with the same accession number.

Table 1: ALDH supergene family in the P. vulgaris genome

ALDH
family

PvGene name Phytozome ID Chr
name

Strand Gene
start (bp)

Gene
end (bp)

Family 2 PvALDH2B1 Pv5-593.02G072200.1 PvChr2 Reverse 11269056 11272768

PvALDH2B2 Pv5-593.03G052000.1 PvChr3 Reverse 6972753 6976332

PvALDH2B3 Pv5-593.03G194300.1 PvChr3 Forward 43279557 43284130

PvALDH2B4 Pv5-593.04G020700.1 PvChr4 Reverse 4413218 4419071

PvALDH2C1 Pv5-593.02G307500.1 PvChr2 Forward 49323677 49329273

PvALDH2C2 Pv5-593.02G307600.1 PvChr2 Forward 49330968 49334986

PvALDH2C3 Pv5-593.04G162400.1 PvChr4 Reverse 54221974 54227654

PvALDH2C4 Pv5-593.04G162500.1 PvChr4 Forward 54237929 54241660
(Continued)
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Table 1 (continued)

ALDH
family

PvGene name Phytozome ID Chr
name

Strand Gene
start (bp)

Gene
end (bp)

Family 3 PvALDH3F1 Pv5-593.03G253800.1 PvChr3 Reverse 50667423 50671407

PvALDH3F2 Pv5-593.05G150300.1 PvChr5 Forward 43167746 43171475

PvALDH3F3 Pv5-593.11G061800.1 PvChr11 Reverse 5722140 5725509

PvALDH3H1 Pv5-593.01G074500.1 PvChr1 Reverse 9913658 9932190

PvALDH3H2 Pv5-593.09G129300.1 PvChr9 Reverse 20942178 20946446

PvALDH3I1 Pv5-593.02G268700.1 PvChr2 Reverse 45686977 45693802

Family 5 PvALDH5F1 Pv5-593.05G049100.1 PvChr5 Reverse 6869234 6902812

Family 6 PvALDH6B1 Pv5-593.02G208700.1 PvChr2 Reverse 39413859 39421408

Family 7 PvALDH7B1 Pv5-593.09G228800.1 PvChr9 Reverse 36638421 36643778

Family 10 PvALDH10A1 Pv5-593.03G191900.1 PvChr3 Reverse 42997213 43002776

PvALDH10A2 Pv5-593.09G183900.1 PvChr9 Forward 29700767 29705316

Family 11 PvALDH11A1 Pv5-593.01G046200.1 PvChr1 Reverse 4824919 4829762

PvALDH11A2 Pv5-593.03G153100.1 PvChr3 Reverse 38359606 38363932

Family 12 PvALDH12A1 Pv5-593.03G187400.1 PvChr3 Forward 42537497 42545113

Family 18 PvALDH18B1 Pv5-593.01G235000.1 PvChr1 Reverse 52160199 52166299

PvALDH18B2 Pv5-593.08G110200.1 PvChr8 Forward 13339683 13348649

PvALDH18B3 Pv5-593.08G223700.1 PvChr8 Forward 57363078 57371029

Family 22 PvALDH22A1 Pv5-593.03G109700.1 PvChr3 Reverse 30613650 30621621

Table 2: Characteristics of ALDH proteins in the P. vulgaris genome

PvGene name Molecular
pI

Theoretical Stability
state

GRAVY Localization
(WolfPsort)

Glutamic Cysteine

Weight
(kDa)

Site
PS00687

Site
PS00070

PvALDH2B1 58.34 6.45 Stable −0.096 Cyto ✓ ✓

PvALDH2B2 58.37 6.58 Stable −0.096 Mito ✓ ✓

PvALDH2B3 58.80 7.66 Stable −0.05 Mito ✓ ✓

PvALDH2B4 59.05 7.51 Unstable 0.025 Chlo ✓ ✓

PvALDH2C1 54.42 5.99 Stable −0.073 Cyto ✓ ✓

PvALDH2C2 55.02 5.93 Stable −0.103 Cysk ✓ ✗

PvALDH2C3 54.64 6.54 Stable 0.008 Chlo ✓ ✓

PvALDH2C4 54.71 5.55 Stable 0.048 Cysk ✓ ✓

PvALDH3F1 54.73 7.61 Unstable 0.004 Cyto ✗ ✗

PvALDH3F2 54.38 8.96 Unstable 0.006 Cyto ✗ ✗

(Continued)
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23 ALDH genes encoding 10 different protein family members in B. rapa [40], 22 ALDH genes
encoding 10 different protein family members in S. tuberosum [42], 27 ALDH genes encoding
10 different protein family members in C. arietinum [43], 34 ALDH genes encoding 10 different protein
family members in S. bicolor [75], 34 ALDH genes encoding 9 different protein family members in A.
sativum [45], 71 ALDH genes encoding 10 different protein family members in A. hypogaea [46] and 60
ALDH genes encoding 10 different protein family members in P. edulis [47].

As a result of the analysis, between 9 and 20 exons and between 8 and 19 introns were found in PvALDH
genes, as shown in Fig. 1. PvALDH18B1 and PvALDH18B2 had the highest number of exons and introns.
There were 2 to 21 exons in P. edulis [47], 5 to 20 exons in S. bicolor [75], and 2 to 20 exons in S.
spontaneum [44]. When these data were analyzed, it was found that the B subfamily genes of the ALDH
18 family were the genes with the highest number of introns and exons.

Fig. 2 presents PvALDH genes, which are distributed on 8 different bean chromosomes (PvChr1,
PvChr2, PvChr3, PvChr4, PvChr5, PvChr8, PvChr9, PvChr11). The most genes are located on PvChr3.
Only the PvALDH3F3 gene is located on Chromosome 11.

The amino acid number of PvALDH proteins varies between 489–720 amino acids. Molecular weights
(mW) ranged between 53.05–78.23 kDa, and the theoretical isoelectric point was found. When GRAVY
values were analyzed, 10 genes with negative values and 16 genes with positive values were found.
Negative values indicate hydrophilicity and positive values indicate hydrophobicity [76].

Table 2 (continued)

PvGene name Molecular
pI

Theoretical Stability
state

GRAVY Localization
(WolfPsort)

Glutamic Cysteine

Weight
(kDa)

Site
PS00687

Site
PS00070

PvALDH3F3 55.17 8.73 Unstable −0.01 Pero ✗ ✗

PvALDH3H1 53.56 9.05 Stable 0.034 Cyto ✓ ✗

PvALDH3H2 53.63 6.44 Stable −0.03 Cyto ✓ ✗

PvALDH3I1 62.75 6.19 Unstable −0.004 Cyto ✗ ✗

PvALDH5F1 57.44 6.86 Stable −0.013 Chlo ✓ ✓

PvALDH6B1 57.73 8.05 Stable −0.034 Mito ✗ ✓

PvALDH7B1 54.10 5.43 Stable 0.076 Plas ✓ ✗

PvALDH10A1 54.36 5.31 Stable 0.038 Pero ✓ ✓

PvALDH10A2 54.68 5.05 Stable −0.04 Pero ✓ ✓

PvALDH11A1 53.05 8.30 Stable −0.004 Cysk ✓ ✓

PvALDH11A2 53.24 6.76 Stable 0.032 Cyto ✓ ✓

PvALDH12A1 61.42 6.48 Stable −0.108 Mito ✗ ✓

PvALDH18B1 77.77 6.21 Stable −0.045 Chlo ✗ ✗

PvALDH18B2 78.12 6.11 Stable −0.03 Plas ✗ ✗

PvALDH18B3 77.80 6.16 Stable −0.025 Chlo ✗ ✗

PvALDH22A1 65.79 7.55 Stable 0.035 Vacu ✓ ✓
Note: Chlo: Chloroplast; Cysk: Cell Skeleton; Cyto: Cytoplasm; Mito: Mitochondria; Plas: Plastite; Pero: Peroxisome; Vacu: Vakuol.
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A. sativum ALDH proteins were found to have a range of 103–626 amino acids, a molecular weight of
11.75–69.58 kDa, and an isoelectric point range of 5.1–9.36 [45]. In A. hypogaea, ALDH proteins were
found to have an amino acid count range of 309–791, a molecular weight of 32.48–88.83 kDa, and an
isoelectric point range of 4.91–9.61 [46]. In P. edulis, ALDH proteins were found to have an amino acid
count range of 97–970, a molecular weight of 11.13105.2 kDa, and an isoelectric point range of 4.03–
9.63 [47]. In S. bicolor, ALDH proteins were found to have a range of amino acids 391–729, a molecular
weight of 41.5–78.36 kDa, and an isoelectric point range of 4.85–9.45 [75]. In C. arietinum, ALDH
proteins were found to have an amino acid count range of 134–759, a molecular weight of 15.07 to
82.38 kDa, and an isoelectric point range of 4.34–9.49 [43]. ALDH proteins in the S. tuberosum plants
were found to have a range of 120–717 amino acids, a molecular weight of 9.35–77.47 kDa, and an
isoelectric point range of 5.10–10.0 [42].

When the subcellular localization of PvALDH proteins was examined, it was found that they were most
often located in the cytoplasm. Chloroplast and mitochondria followed this. ALDH proteins in A. sativum
were most commonly found in cytoplasm [45], while ALDH proteins in P. edulis were in chloroplast
[47]. In S. bicolor, ALDH proteins are localized mostly in the mitochondria [75], and in S. tuberosum,
ALDH proteins are mostly localized in the cytoplasm [42].

As a result of the analysis of the active sites of preserved glutamic acid (PS0687) and cysteine (PS0070)
in PvALDH proteins, two regions were found in 13 proteins. Neither of the two preserved regions could be
found in 7 proteins. These conserved regions were also screened in A. sativum, and two regions were not
detected in PvALDH3F proteins (PvALDH3F1, PvALDH3F2, and PvALDH3F3), nor proteins in the F
subfamily of the AsALDH3 family, as in the PvALDH3I1 protein [45]. Similar results have been
observed in the ALDH3F proteins of C. arietinum [43].

Figure 1: Structural representation of PvALDH genes. Orange color indicates exon and black lines indicate
intron regions. Blue parts indicate 5′ and 3′ UTR regions
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3.2 Gene Duplication Events, Protected Motif, and Phylogenetic Analysis of PvALDH Super Gene
Family Members
Of the 26 P. vulgaris ALDH genes, 13 were found to be segmentally duplicated gene pairs.

PvALDH2B1-PvALDH2B2, PvALDH2B2-PvALDH2B3, PvALDH2B2-PvALDH2B4, PvALDH2B3-
PvalDH2B1-PALDH2C1-PALDH2VALD, PvALDH18B1-PvALDH18B2 and PvALDH18B2-PvALDH18B3
gene pairs were segmentally duplicates. In addition, 2 tandemly duplicated gene pairs have been
identified. PvALDH2C1-PvALDH2C2 and PvALDH2C3-PvALDH2C4 gene pairs were tandemly
duplicated genes (Fig. 2). In A. sativum, 8 of 34 ALDH genes were segmentally, and 3 were tandemly
duplicated [45], in S. bicolor, 4 of 34 ALDH genes were segmentally and one was tandemly duplicated
[75] and in S. tuberosum, 3 of 22 ALDH genes were segmentally and 3 were tandemly duplicated [42].

Segmental gene pairs diverged before the time period, which ranged from 47 to 130 million years ago
(MYA). The PvALDH2C1-PvALDH2C2 and PvALDH2C3-PvALDH2C4 tandem gene pairs diverged 53 and
72 MYA, respectively (Table 3). The fact that the Ka/Ks result obtained as a result of the analysis has a value
less than 1 indicates that the gene pairs are subjected to purifying selection. If it is larger than 1, positive
selection and equals 1, neutral selection occurs [77,78]. PvALDH segmental and tandem duplicated gene
pairs have been found to undergo purifying selection because the Ka/Ks ratio is smaller than 1.

Figure 2: Location of PvALDH genes on P. vulgaris chromosomes. Genes with the same color represent
tandem duplicated genes, and genes with corresponding lines represent segmentally duplicated genes
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As a result of the motif scan, given in Fig. 3, performed in PvALDH proteins, 10 preserved motifs were
found. The motifs found have amino acids ranging from 21 to 49. PvALDH2B1, PvALDH2B2, PvALDH2B3,
PvALDH2B4, PvALDH2C1, PvALDH2C2, PvALDH2C3, PvALDH2C4, PvALDH5F1, PvALDH10A1, and
PvALDH10A2 genes also contain 10 motifs.

The PvALDH18B1 and PvALDH18B3 genes contain only 1 motif (motif 9). This motif is common to all
PvALDHs. In A. sativum, only 22 motifs in the AsALDH2A2 gene were observed. Genes have been found to
have mostly 9 motifs.

In A. sativum, all 10 motifs were observed only in the AsALDH22A2 gene. In addition, motif similarity
in PvALDH2, PvALDH3, and PvALDH10 family genes was also detected in A. sativum [45]. In B. rapa
subsp. Pekinensis, 15 motifs were screened in ALDH genes, and between 3 and 11 motifs were found. As
in PvALDH genes, the genes belonging to the BrALDH2 and BrALDH10 families contain the highest
number of motifs. In addition, this plant also exhibits similar motifs [41].

Alignment analyses were conducted between the PvALDH gene sequences, and results were given in
Fig. 4. Glutamic acid region has been detected in all genes except the PvALDH6B1, PvALDH18B1,
PvALDH18B2, and PvALDH18B3. Except for PvALDH18B genes, other PvALDH genes were found to
contain cysteine regions. However, in S. bicolor, the cysteine region was found in genes belonging to the
SbALDH18 family [75]. The ALDH genes in S. tuberosum showed similar results as in S. bicolor [42].

A phylogenetic tree shown in Fig. 5 has been created with the help of the protein sequences of P.
vulgaris, G. max, and A. thaliana ALDH. The maximum likelihood method was used when creating this
tree. Out of a total of 105 ALDH proteins, 18 belong to ALDH2B, 15 to ALDH2C, 10 to ALDH3F, 7 to
ALDH3H, 3 to ALDH3I, 4 to ALDH5F, 7 to ALDH6B, 4 to ALDH7B, 7 to ALDH10A, 7 to
ALDH11A, 6 to ALDH12A, 11 to ALDH18B and 6 to ALDH22A. In the phylogenetic analysis of
ALDHs in A. sativum with A. thaliana and O. sativa, the tree was divided into 10 different classes [45].
In A. hypogaea, ALDH proteins were divided into 12 different classes in the phylogenetic analysis
carried out among A. thaliana, O. sativa, H. Sapiens, G. hirsutum, G. max, and V. vinifera [46].

Table 3: Duplication states and evolutionary analysis in P. vulgaris ALDH genes

Gene1 Gene2 Ka Ks Ka/Ks MYA Duplication type

PvALDH2B1 PvALDH2B2 0.08 0.62 0.13 47.23 Segmental

PvALDH2B2 PvALDH2B3 0.15 1.38 0.11 105.09 Segmental

PvALDH2B2 PvALDH2B4 0.17 1.72 0.10 131.30 Segmental

PvALDH2B3 PvALDH2B4 0.17 1.58 0.11 120.42 Segmental

PvALDH2B1 PvALDH2B3 0.16 1.40 0.11 106.81 Segmental

PvALDH2C1 PvALDH2C3 0.14 0.71 0.20 54.20 Segmental

PvALDH3F2 PvALDH3F3 0.17 0.95 0.18 72.64 Segmental

PvALDH3H1 PvALDH3H2 0.13 0.68 0.20 51.61 Segmental

PvALDH10A1 PvALDH10A2 0.10 0.77 0.13 58.84 Segmental

PvALDH11A1 PvALDH11A2 0.07 1.71 0.04 130.62 Segmental

PvALDH18B1 PvALDH18B3 0.08 0.63 0.13 48.04 Segmental

PvALDH18B1 PvALDH18B2 0.19 1.54 0.12 117.14 Segmental

PvALDH18B2 PvALDH18B3 0.18 1.68 0.11 127.98 Segmental

PvALDH2C1 PvALDH2C2 0.16 0.70 0.23 53.38 Tandem

PvALDH2C3 PvALDH2C4 0.15 0.95 0.15 72.73 Tandem
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3.3 Comparative Synteny Analysis with Other Species of PvALDH Super Gene Family Members
As a result of the analysis to determine the relationship between the P. vulgaris ALDH genes, a syntenic

relationship was found between 13 gene pairs. This relationship occurred between the families PvALDH 2, 3,
10, 11 and 18 (Fig. 2). In the comparative analysis between the P. vulgaris and A. thaliana ALDH genes, a
synteny relationship was observed between 19 gene pairs (Fig. 6a). As a result of the synteny analysis
between P. vulgaris and G. max, 64 relationships were identified (Fig. 6b). The PvALDH 2 and 3 families
are the families that show the most orthology with other species. Among them, the subfamily B of the
PvALDH2 family is the most closely related genes. As a result of the comparative analysis of ALDH
genes in A. hypogaea with A. thaliana, 24 gene pairs showed syntenic relationships [46], and in this
analysis, the gene named AT5G62530.1 in AtChr5 showed no relations. However, the PvALDH12A1
gene is in orthology with the AT5G62530.1 gene.

Figure 3: Preserved motif analysis in PvALDH proteins
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Figure 4: Screening of glutamic acid and cysteine sites in PvALDH genes. The orange star symbolizes
glutamic acid and the green star cysteine region

Figure 5: Phylogenetic analysis of ALDH in P. vulgaris, G. max and A. thaliana. The image was created
with the Clustal Omega web tool. 105 ALDH proteins were divided into 13 different classes
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3.4 Promotor Analysis of the PvALDH Super Gene Family
When the cis-elements in the upstream region of the PvALDH genes were examined, the TATA-box (%

56), CAATBOX (%25), box-4 (%4), MYC (%2) and other elements were found and visualized in Fig. 7.
Among these elements, there are also elements associated with abiotic stress [79,80]. The gene with the
highest number of these elements (201) is PvALDH18B2. The following genes are PvALDH2C1 (192)
and PvALDH2B4 (187). Abiotic stress elements such as ARE, LTR, MBS, MYB, MYC, STRE, TC-rich
repeats, W box, etc., were examined. The genes containing the most stress elements were PvALDH11A2
and PvALDH3F2. Also, among these elements was the MYB (10) on the gene PvALDH3F2, the most
abundant element on a gene. Similar stress elements have been found in S. bicolor. The gene with the
highest number of these elements was SbALDH12A1 gene together with SbALDH3E2, which is a
member of ALDH3 family, as in PvALDH genes [42]. However, in the A. thaliana MBS and MYB cis
elements were found mostly in the AtALDH6B2, AtALDH7B4, and AtALDH18B2 genes [81]. While MBS
was mostly found in the PvALDH18B1 gene, MYB was in the PvALDH3F2 gene.

3.5 PvALDH Super Gene Family Gene Ontology Analysis, 3D Protein Homology and Protein-Protein
Interactions
Biological processes of PvALDH genes were examined and presented in Fig. 8, and it was found that the

most cellular metabolic and organic matter were involved in metabolic processes. When all the metabolic
processes found as a result of the analysis were examined, it was observed that the genes PvALDH3H1,
PvALDH3H2, PvalDH7B1 and PvALDH12A were the most involved in the process with 8 different
processes. When the molecular functions of the genes were scanned, it was found that they showed the
most oxidoreductase activity. They were followed by aldehyde dehydrogenase (NAD+) activity and
glyceraldehyde-3-phosphateactivity. The genes with the most molecular functions were PvALDH3H1,
PvALDH3H2, PvALDH3I1, PvALDH11A1 and PvalDH11A2, with 4 different molecular functions. ALDH
proteins in P. edulis were found to be most involved in metabolic biological processes and had
oxidoreductase activity [47]. Similar results were observed in G. max [82].

Figure 6: Synthenic analysis of the ortholog ALDH genes of P. vulgaris, G. max, and A. thaliana. (a)
comparative synteny of P. vulgaris and A. thaliana, (b) comparative synteny of the P. vulgaris and G.
max ALDH genes
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Figure 7: Cis-acting element analysis of PvALDH genes (cis-elements identified to be associated with
stresses are included in the figure)

Figure 8: Analysis of gene ontology involving biological processes and molecular functions of PvALDHs
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As a result of the structural analysis of the PvALDH protein, when the models obtained with a high
confidence interval were examined, it was found to have an alpha-helical structure (Table 4). Models
have alpha-helix structure between 31–42. PvALDH3F1, PvALDH3F2, and PvALDH3H1 are the
proteins with the highest alpha-helix structure, with 42% of the protein. In addition, PvALDH proteins
contain between 19%–22% beta-sheet layer. The protein containing the most beta-sheet layers is the
PvALDH2C3 protein, with 22%. In S. tuberosum, ALDH proteins were found to consist of between 29%
and 56% alpha-helix and between 4% and 11% beta-sheet [42].

Table 4: 3D homology models of PvALDH proteins

PvALDH2B1 PvALDH2B2 PvALDH2B3 PvALDH2B4

PvALDH2C1 PvALDH2C2 PvALDH2C3 PvALDH2C4

PvALDH3F1 PvALDH3F2 PvALDH3F3 PvALDH3H1

PvALDH3H2 PvALDH3I1 PvALDH5F1 PvALDH6B1

PvALDH7B1 PvALDH10A1 PvALDH10A2 PvALDH11A1

(Continued)
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The interactions of PvALDH proteins among themselves and with other proteins were analyzed. As a
result of the interactions with each other, the most interacting proteins were PvALDH12A1,
PvALDH18B1, PvALDH18B2 and PvALDH18B3 (Fig. 9a). When the protein interactions of the
PvALDH2 family were analyzed, the B subfamily and the C subfamily were grouped among themselves.
B subfamily members interact with methylmalonate-semialdehyde dehydrogenase protein (Pv5-
593.02G208700) and polyamine oxidase protein (Pv5-593.05G023200). Subfamily C interacts with
ferulate-5-hydroxylase proteins (Pv5-593.02G109600, Pv5-593.03G254300, Pv5-593.03G254400)
(Fig. 9b). The PvALDH 3 family includes polyamine oxidase protein (Pv5-593.05G023200),
methylmalonyl-CoA synthetase (Pv5-593.10G150900), pantothenate synthetase protein (Pv5-593.
07G207900), beta-ureidopropionase protein (Pv5-593.02G207200) and methylmalonate-semialdehyde
dehydrogenase protein (Pv5-593.02G208700) (Fig. 9c). Proteins interacting with PvALDH families 5-6-
7 and 10 are saccharopin dehydrogenase protein (Pv5-593.03G121800), chlorophyllide-a oxygenase
protein (Pv5-593.08G156800), choline monooxygenase protein (Pv5593.03G135600), gamma-amino-N-
butyrate transaminase protein (Pv5-593.11G024700) and Succinate semialdehyde dehydrogenase protein
(Pv5-593.05G049100) (Fig. 9d). PvALDH 11-12-18 and 22 families were glutamate synthase protein
(Pv5-593.01G077900), ornithine aminotransferase protein (Pv5-593.02G177300), glutamate-5-
semialdehyde dehydrogenase protein (Pv5-593.10G021400), triosephosphate mutase protein
(Pv5593.01G180000) and triose-phosphate isomerase protein (Pv5-593.05G146800) (Fig. 9e). In S.
spontaneum, ALDH proteins have been found to interact with ornithine aminotransferase, succinic
semialdehyde reductase and saccharopine dehydrogenase proteins [44].

3.6 In Silico Expression Analysis of PvALDH Super Gene Family in Different Plant Tissues
PvALDH genes showed high expression in the floral part of the plant according to the results of in silico

analysis and the results are given in Fig. 10. Again, the place where the lowest expression is observed is the
body part. While PvALDH11A1 is the gene with the least expression across examined tissues,
the PvALDH2B2 gene is the gene with the most expression. When the body part has been examined, the
PvALDH2C1 gene has been found to be the most expressed and the PvALDH3I1 gene has been the least
expressed. In the root part, the PvALDH11A1 gene has shown the least, and the PvALDH2B2 gene has
shown the most expression levels. The expression levelof PvALDH11A2 gene in the leaves has been
observed to be the most and PvALDH2C2 gene has been observed to be the least expressed. In the floral
parts, PvALDH11A1 has been identified as the gene with the least expression and the PvALDH3H1 gene
with the most expression levels. In A. sativum, AsALDH2C4 has been found to be the most highly
expressed gene in the root part [45]. In the A. hypogaea, AhALDH2C7 gene has also been found to be
highly expressed in the root [46]. In S. bicolor, SbALDH2C3 showed a high expression in all tissues [42].
In tissues of S. tuberosum, the StALDH2B2 gene has been found to have high expression levels [42].

Table 4 (continued)

PvALDH11A2 PvALDH12A1 PvALDH18B1 PvALDH18B2

PvALDH18B3 PvALDH22A1
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Using tissue libraries derived from P. vulgaris leaves under salt and drought stress, expression levels of
PvALDH genes were examined. As a result of the silico analysis, it was determined that the expression of
PvALDH genes under salt and drought stress changed (Fig. 11). Under drought stress, the expression
levels of PvALDH2B1, PvALDH2C2, PvALDH2C4, PvALDH3F1, PvALDH3F3, PvALDH7B1,
PvALDH10A2, PvALDH11A2 and PvALDH12A1 genes decreased. The expression levels of PvALDH2B4,
PvALDH2C1, PvALDH3F2, PvALDH3H2, PvALDH3I1, PvALDH18B1 and PvALDH18B2 genes increased.

Under salt stress, the expression of PvALDH2B2, PvALDH2C1, PvALDH2C2, PvALDH2C3,
PvALDH2C4, PvALDH6B1, PvALDH10A1, PvALDH11A1, PvALDH18B1 and PvALDH18B3 genes
decreased. The expression levels of PvALDH2B3, PvALDH2B4, PvALDH3F1, PvALDH3F2,

Figure 9: Interactions of PvALDH proteins between themselves and other proteins. (a) Interactions between
PvALDH proteins, (b) Interactions of subfamilies B and C of the PvALDH 2 family, (c) Protein interactions
of the PvALDH 3 family, (d) Protein interactions of families PvALDH 5-6-7 and 10, (e) Protein interactions
of the PvALDH 11-12-18 and 22 families
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PvALDH3F3, PvALDH3F3, PvALDH3H2, PvALDH3I1, PvALDH5F1, PvALDH10A2, PvALDH11A2 and
PvALDH18B2 genes increased.

The PvALDH2C2 and PvALDH2C4 genes showed low expression profiles in both types of stress. The
PvALDH2B4, PvALDH3F2, PvALDH3H2, PvALDH3I1 and PvALDH18B2 genes showed high levels of
expression according to control under both drought and salt stress. Unlike the PvALDH7B1 gene under

Figure 10: In silico analysis of expression data of PvALDH genes in different plant parts such as stem, stem,
leaf and flower

Figure 11: In silico analysis of expression states of PvALDH genes under salt and drought stress
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drought stress, in A. sativum, the expression of the ASALDH7B1 gene increased. Under salt stress, there was an
increase in the level of the AsALDH5F1 gene as in the PvALDH5F1 gene [45]. As a result of the drought stress
treatment of P. edulis, the expression of the PeALDH3H2 gene is increased, as did the PvALDH3H1 gene [47].
The expression level of the GmALDH3H2 gene, a member of the ALDH3H family, was found to increase
further under drought stress [82]. Similar results were found in the StALDH3H1 gene, whose expression
was also increased in three different types of stress in S. tuberosum [42].

3.7 Quantitative Real-Time PCR Analysis of the PvALDH Super Gene Family
The expression levels of the PvALDH supergene family in common bean leaf tissue under salt stress

(Fig. 12) and drought stress (Fig. 13) were analyzed in two different genotypes: Elkoca-05 and Serra.

In the analysis conducted on the Elkoca-05 genotype under salt stress, it was observed that there was no
significant change in the expression levels of the PvALDH2B1, PvALDH2B3, and PvALDH2C1 genes.
However, the PvALDH10A2, PvALDH11A2, and PvALDH12A1 genes showed high expression levels.
Among these genes, PvALDH10A2 showed the highest expression level under salt stress in the Elkoca-
05 genotype (Fig. 12).

As a result of the analysis conducted on the Serra genotype under salt stress, it was observed that there
was no significant change in the expression levels of the PvALDH2B1, PvALDH10A2, PvALDH11A2, and
PvALDH12A1 genes. However, the PvALDH2B3 and PvALDH2C1 genes showed high expression levels.
Among these genes, PvALDH2B3 showed the highest expression level under salt stress in the Serra
genotype (Fig. 12).

Based on the analyses conducted, it was determined that the PvALDH genes did not cause a significant
change in leaf tissues under severe salt stress in two different bean genotypes, except for the PvALDH2B3,
PvALDH10A2, PvALDH11A2, and PvALDH12A1 genes.

Figure 12: Tissue-specific expression profiles of six Pvul-ALDH genes determined through qRT-PCR
analysis of leaf and root tissues from Elkoca-05 and Serra cultivars subjected to salt stress. The bars
denote the mean ± standard error (n = 3). Substantial differences between the control and treatment
groups were assessed using the Dunnett test (*p < 0.05, ***p < 0.001, ****p < 0.0001, ns: non-significant)
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In the analysis conducted on the Elkoca-05 genotype under drought stress, an increase in expression
levels was observed for the PvALDH2B1, PvALDH2B3, and PvALDH2C1 genes. The highest expression
level was detected in the PvALDH2C1 gene. No significant increase in expression levels was observed
for the PvALDH10A2 and PvALDH12A1 genes. However, a decrease in expression levels was observed
for the PvALDH11A2 gene under drought stress (Fig. 13).

In the analysis conducted on the Serra genotype drought stress, high expression levels were observed for
the PvALDH2B3, PvALDH2C1, PvALDH10A2, and PvALDH12A1 genes. The highest expression level was
detected in the PvALDH2B3 gene. While no change was observed in the expression level of PvALDH2B1
gene, a significant decrease in the expression level of PvALDH11A2 gene was detected (Fig. 13). Except
for the PvALDH11A2 gene, the expression levels of the other PvALDH genes analyzed were upregulated
in bean leaf tissues under drought stress in both genotypes.

Dong et al. [39] found that ALDH genes on cotton (G. hirsutum) were upregulated in leaf tissues under
severe salt stress. In the study, despite the direct exposure of roots to environmental stresses, the reason for
the increase in the expression level in leaf tissues more than in root tissues was related to the fact that these
two tissues are different in terms of structure and function [39].

In another study with ALDH genes, Wang et al. [82] found that the expression levels of these genes were
upregulated in young leaves of rice (O. sativa) under drought stress. On the other hand, they observed that
none of the eight genes they identified caused a significant change in expression levels in rice panicles under
drought stress. Based on their findings, they concluded that the function of ALDH genes is organ-specific in
response to abiotic stresses in rice plants [83].

4 Conclusion

Plants are struggling with many abiotic stress factors due to their sessile structure. In this struggle,
various toxic aldehyde products accumulate as a result of stress, and aldehyde dehydrogenases (ALDH)
contribute to stress tolerance by providing oxidation of these aldehydes. There are 26 ALDH gene

Figure 13: Tissue-specific expression profiles of six Pvul-ALDH genes determined through qRT-PCR
analysis of leaf and root tissues from Elkoca-05 and Serra cultivars subjected to drought stress (The bars
denote the mean ± standard error (n = 3). Substantial differences between the control and treatment
groups were assessed using the Dunnett test (**p < 0.01, ***p < 0.001, ****p < 0.0001, ns: non-significant))
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families in P. vulgaris. These are divided into 10 different families. As a result of the analysis, cis-elements
associated with abiotic stress have been found on these genes. PvALDH genes have been found to act as the
most oxidoreductase. When all genes are examined, in silico gene expressions are most often seen in the
floral part of the plant. Interestingly, the PvALDH genes show both a very high and very low expression
profile in the plant’s stem. PvALDH genes show varying expression profiles under both salt and drought
stress. Similar to results in other species, the PvALDH3H1 gene shows increased expression levels. Other
studies, which are also discussed in this article, have reported altered expression levels of ALDH genes
under different abiotic stress conditions (increased expression levels of some genes and decreased
expression levels of others). This study provides a basis for further studies of ALDH genes in P. vulgaris.
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