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Biotic and abiotic stresses are the main problems affecting the quantity and
quality losses of antioxidants in wild cherry (Prunus avium L), which provide
health benefits to humans, such as anti-allergic, anti-inflammatory, antimicrobial,
and anti-cancer benefits. Glutathione peroxidase (GPX) isoenzymes act a major
role in responding to oxidative stresses through the multiple metabolic pathways.
Protein sequences of GPXs family form Arabidopsis thaliana and Oryza sativa
were used to identify homologous proteins by the BlastP in the sweet cherry’s
genome. After the alignment, the existence of the specific domain, phylogenetic
relationships, subcellular localization analysis, as well as exon-intron structures
and conserved motives were evaluated in this study. MicroRNA target site and
codon usage bias were also investigated. Furthermore, the existence of cisregulatory element and SSR markers were identified. The three-dimensional
structure of the GPXs protein prediction and the accuracy of the predicted model
was also investigated. Regarding molecular docking, the best pose for considering
the accuracy of binding site was evaluated. Finally, by analyzing biological
process and molecular function, gene ontology of the predicted protein was
considered. We identified the five GPX genes in P. avium that classified into 3
separate groups based on their phylogenetic relationships. The predicted
subcellular localization showed the GPX proteins that localized both chloroplast
and mitochondria. Also, results showed ENC values were ranked 45.92 to 59.21 in
PavGPX3 and PavGPX2. The results of cis‐regulatory elements showed PavGPX8
contained ten cis‐regulatory elements which was the lowest number among
PavGPXs. The best pose and protein interaction in the verified 3D model were the
first pose with the -28.5 minimization energy in docking process. It was
concluded that the precise information on putative roles of P. avium GPXs genes
could be helpful in determining their functional characterizations. The presence
of several developmental process, stresses, light and hormones- responsive
elements in the upstream of these genes, and GPXs‐targeted miRNAs suggested
that GPX family members may play various roles in different biological responses.
Finally, the GPXs gene was proposed as a good candidate for genetic engineering
and breeding programs in order to introduce an abiotic stress- tolerant cultivar.

*Corresponding Author: Zahra Shirazi (z.shirazi@rifr-ac.ir)

1. Introduction
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lants are subjected to the several
adverse environmental stresses such
as heavy metals, drought as well as
salinity ultimate to the enhanced
production of reactive oxygen species
(ROS) due to damage to cellular parts and
macromolecules e.g. lipids, proteins, and DNA
[1]. Plants use two various scavenging systems
called
enzymatic
and
non-enzymatic
antioxidants
to
overcome
harmful
consequences of higher amounts of ROS. One of
the enzyme systems against oxidation is
glutathione peroxidase, which turns hydrogen
peroxide (H2O2) and other hydroxides of
organic hydrogen peroxide to water and
alcohol. The process of scavenging of ROS is
done by reducing glutathione, thioredoxin and
other reducing agents [2].
GPX is one the most important scavenger of
H2O2, and it has been shown to be less specific
in the choice of its substrate and the ability to
reduce the level of peroxidases to a greater
extent than others. Second, some GPX isoforms
have a unique ability to protect cell wall against
lipid peroxidation and oxidative stress [3].
Finally, some GPX isoforms have superiority
over ascorbate peroxidase to the elimination of
ROS [4]. To confirm the function of this enzyme,
its three-dimensional GPX structure has been
determined by crystallography [7]. Also,
transgenic plants have been produced with the
GPX gene to confirm the function of the enzyme
in the conditions of in vivo [5].
Some previous studies have shown the
encoded proteins of GPXs are members of genes
family in the different plant species such as
Citrus sinensis [6], Populus trichocarpa [7],
Triticum aestivum [8], Panax ginseng [9],
Thellungiella salsuginea [10] and Oryza sativa
[11].
Furthermore, some studies have reported
GPXs proteins family have pivotal function in
responding to environmental abiotic stresses
through the numerous metabolic pathways. For
instance, in Arabidoposis the eight detected
GPXs had distinguished responses to various
treatment of salt and drought stresses in the
wild-type and atgpx mutants. The reported
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results showed the atgpx3 and atgpx8 mutants
were sevenfold more susceptible to the salt and
drought conditions than wild- type [11]. Five
GPX genes were detected in rice that
unregulated in response to cold and exogenous
H2O2 treatments, but down-regulated to the
response of UV-B and drought [2].
Sweet cherry (Prunus avium L.) as an
economically significant fruit tree, is
particularly rich in various polyphenolic
compounds especially flavonoids, anthocyanins
and hydroxycinnamic acids. In addition to the
fruit, the petiole has a significant amount of
nutrients and can be used as herbal teas for
health and included in dietary regimens. The
compounds isolated from this plant have
antioxidant, anti-allergic, anti-inflammatory,
antimicrobial, anti-cancer and anti-mutant
properties [12].
Today, the genomic sequences of many
organisms, as well as information about their
documentation, are available in databases.
Intelligent use of this information can
accelerate the advancement of biological
knowledge. Using the information about the
organization and structure of the genomes of
different organisms, genes can be researched
and compared to the homologous sequences.
The obtained information from genome
comparisons can also be used to identify
ancestors of living organisms and to predict the
function of genes and proteins. Such activities
are commonly referred to as data mining [13].
With this in mind, the current work was
accordingly aimed to determine genes isoforms
encoding GPX in the wild cherry genome and
examine from various biological aspects such as
analysis of phylogenetic relationships, gene
structure, intracellular location, identification
of elements in the upstream, SSR marker,
microRNA, gene ontology, 3D structure and
protein-ligand docking.
2. Materials and Methods
2.1. Identification of Gene Family Members
of GPX in P. avium
Protein sequences of the GPXs family from
Arabidopsis thaliana [14] and Oryza sativa [11]
61
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were used to identify homologous proteins by
the BlastP in the sweet cherries genome at the
Ensembl
Plants
(http://plants.ensembl.org/index.html)
database. Hidden Markov model (HMM) profile
of GPX domain (PF00255) was achieved from
the Pfam database (http://pfam.sange r.ac.uk/),
and the existence of the domain in desired
proteins confirmed using the HMMER-EMBLEBI database [15].
2.2.
Nomenclature
Relationships

and

Phylogenetic

The detected GPXs from P. avium were
named as PavGPXs based on the obtained
results of sequence similarities from MatGAT
software. The GPX Protein sequences of P.
avium, A. thaliana, O. sativa, G. hirsutum and H.
vulgare were aligned using ClustalX 2.0.8 [16],
and phylogenetic relationships were performed
using the MEGA 5.2 with neighbor-joining (NJ)
method and 1000 bootstrap replicates [17].
2.3. Sequence Analysis of GPX Proteins
The theoretical isoelectric points (pI) and
molecular weights (kDa) of PaGPXs were
characterized
by
ProtParam
(http://
web.expasy.org/protparam)
[18].
Transmembrane helix was detected by TMHMM
serve, v .2.0 [19] and the subcellular
localization analysis was done using the PlantmPLoc
server
(http://csbio.sjtu.
edu.cn/bioinf/plantmulti/) [20].
2.4. Exon-Intron Structures and Conserved
Motives
In order to examine the exon-intron
structures, the related DNA and CDS sequences
were collected and the distribution of exonintron graphically displayed using the GSDS
[21]. Conserved motives were anticipated by
the
MEME
tool
(http://memesuite.org/tools/meme) by parameters as
follow: 60≥ widths ≥5 and the highest number
of motives 5 [22]. Finally, the role of the
motives was analyzed by the hmmscan tool
(https://
www.ebi.ac.uk/Tools/hmmer/search/hmmsca
n).
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2.5. MicroRNA Target Site and Codon Usage
Bias
The CDS sequences of the putative genes
were inspected for finding the miRNAs
targeting PavGPXs in the psRNATarget database
schema V2 (http://plantgrn.noble.org/psRNA
Target/), using the parameters as follow:
Target accessibility (UPE) 25, max expectation
3 and miRNAs networks were illustrated using
Cytoscape software [23]
The sequences of PavGPXs were analyzed for
GC content, second codon positions, GC content
at the third site position (GC3s), ENC, relative
synonymous codon usage (RSCU), codon bias
index (CBI) and scaled chi-square (SChi2) were
confirmed were confirmed using DnaSP
program [24]. Statistical analysis was carried
out by excel software. A complete linkage
algorithm and Pearson correlation was used for
clustering the resulted data. Finally, the heat
maps were done by Mev4.0 software [25].
2.6. Cis‐Regulatory Element and the Simple
Sequence Repeat Markers
For existence of cis-regulatory elements in
the each gene, a 1500 bp upstream fragment of
PavGPX genes was assumed as the promoter
and the sequence was evaluated using
PlantCare
(http://www.bioinformatics.psb.ugent.be/webt
ools/plantcare/html/), and only cis‐elements
with scores ≥ 6 were examined, [42]. SSR
markers in PavGPX genes were identified by the
BatchPrimer3v1.0 serve [26].
2.7. 3D structure and Molecular Docking
The PavGPX8, due to the presence of the
complete GPX domain and long length of the
protein was considered to study the 3D
structure using I-TASSER software. The best
model was selected was retrieved with "Mod
Refinder"
and
evaluated
using
the
Ramachandran diagram and online version of
VADAR 1.8 server (Volume, Area, Dihedral
Angle Reporter). The backbone dihedral phi ()
and psi () angels were measured based on the
Ramachandran diagram.
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For molecular docking, the ligand structure
of H2O2 was obtained from the PubChem
database. Docking of the ligands and proteins
was conducted using Molegro Virtual Docker
software. The best pose with minimizing energy
was selected from five poses. The interaction of
the amino acids and the related atomic ligand
were also investigated by Molegro Molecular
Viewer software [27].
2.8. Gene Ontology
Gene ontology of the predicted protein,
which candidate of PavGPX family, was
evaluated by analyzing biological process,
molecular function, and subcellular localization
using
Meta
Go
tool
(https://zhanglab.ccmb.med.umich.edu/MetaG
O/).
3. Results
3.1. Genome-Wide Identification
Properties of GPXs in P. avium

and

The five putative GPXs were identified in P.
avium. Nomenclatures of PavGPXs were done
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Based on similarity to AtGPXs using MatGAT
software and include PavGPX1, PavGPX2,
PavGPX3, PavGPX5 and PavGPX8 (Table 1).
Specification of PavGPXs is shown in Table 1.
The putative amino acids sequences showed
that more homology with conserved active site
of all the GPX proteins conserved domain were
also detected in the PavGPX1, 2 and 3 proteins.
Subcellular localization results, each of the five
identified PavGPXs, were localized both
chloroplast, mitochondrion, that had a similar
results to that of the other family members in
the other plants, which are assumed to act main
roles in the function of this protein [28].
TMHMM analysis showed based on the
physicochemical properties, the three putative
PavGPXs had zero transmembrane domains, in
which PavGPX1 and PavGPX8 included one and
four transmembrane, respectively. Previous
results showed the four of five GPXs of Rhodiola
Crenulata were without any transmembrane
domains [28]. Furthermore, the putative
PavGPX proteins lengths, molecular mass and
isoelectric point were predicted to be 172–
1984 amino acids, 19.37–226.36 kDa, and 5.28–
9.31, respectively.

Table 1 GPX proteins information for sweet cherry
Gene

Accession number

Peptide
length

PI

MW
(kDa)

TMD NO. N
to C

PavGPX5

Pav_sc0000890.1_g240.1.mk

244

9.31

26.76

0

PavGPX3

Pav_sc0000599.1_g150.1.mk

211

5.28

23.97

0

PavGPX8

Pav_sc0000599.1_g140.1.mk

1984

7.78

226.36

4/ out to out

PavGPX1

Pav_sc0000146.1_g100.1.mk

172

8.97

19.37

0

PavGPX2

Pav_sc0005373.1_g020.1.mk

210

8.27

23.76

1/ in to out

Gene (gene name based on sequence
similarity to Arabidopsis and GPXs); MW
(predicted molecular weight); pI (predicted
isoelectric point); predicted TMDs (no. of the
transmembrane domains); in (cytoplasmic) or
out (extracellular) predicted from N to C
terminus.
Phylogenetic tree of PavGPX was done with
four species from dicot and monocot plants
(Figure 1). According to the phylogenetic

Subcellular
localization
Chloroplast.
Mitochondrion
Chloroplast.
Mitochondrion
Chloroplast.
Mitochondrion
Chloroplast.
Mitochondrion
Chloroplast.
Mitochondrion

results, GPX proteins could be classified into 3
groups: I, II and III groups. The Groups I, III
contained at least two members of PavGPX, and
the Group II did not include PavGPX members.
Based on the results, it seems, the members of
GPXs proteins had paralog groups among
themselves. In addition, it has recently have
been reported that sweets cherry and cotton
have orthologous in closely related GPXs,
indicating that they may have a similar function
pattern. Furthermore, PavGPX exhibited the
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relationship between Arabidopsis and cotton
was closer than that between rice and barley,
indicating the key functions of these family
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members in plants had altered before dicot and
monocot
was
diverged.

Figure 1. Phylogenetic relationship of GPX proteins in Prunus avium, Arabidopsis thaliana, Oryza
sativa, Gossypium hirsutum and Hordeum vulgare based on the neighbor-joining (NJ) method and
MEGA 5.2 software. Bootstrap values are indicated (1000 replicates).
3.2. Exon-Intron Structures and Conserved
Motives
Moreover, according to the phylogenetic tree
analysis of PavGPX, the 5 PavGPX putative
proteins can be separated into three groups:
PavGPX3, PavGPX8 were categorized into group
I; PavGPX2 into group II; PavGPX5, PavGPX2
into group III (Figure 2). The exon and intron
structures of the PavGPX genes were varied,
ranging from 6 to 17 exons. PavGPX3- PavGPX8
contained six exons and five introns, which are
homologous to exon-intron number of GPX
genes in Thellungiella salsuginea [10], cotton
[29], and cucumber [30], indicating high
conservation of this gene structure in different
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species of plants. Since this diversity in
structure often acts as an important agent in
the evolution the family members, examination
of the exon-intron structure can also prepare
important evidence to aid phylogenetic
grouping and evolutionary relationships. [49].
All of the five PavGPX proteins contained five
conserved motives (Figure 3), in which motives
1 and 2 had functional glutathione reductase
according to the annotation results from the
Pfam tools. It seems, motives 3, 4 and 5 had no
known functions. All of the family members of
GPXs proteins from cucumber, Arabidopsis, and
rice comprised the two main motives as the
GPXs signatures[30].
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Figure 2. Exon-intron organization of the PavGPX gene family. The introns are illustrated in black
lines and exons in yellow boxes

Figure 3. Conserved motives were identified by MEME and are displayed in different colored boxes.
Motives 1 and 2 possess glutathione reductase function. Motives 3-4-5 have no known function
3.3. GPXs‐Targeted MiRNAs and Codon
Usage Bias Analysis
The results of the analysis of thirty-two
miRNAs are targeted for the four PavGPX genes
(Figure 4a). The results showed PavGPX1 and
PavGPX2 are associated with five miRNAs and
the PavGPX5 gene is associated with at one
miRNA. The highest numbers of associated
results with miRNAs was related to the
PavGPX8 gene, which is targeted with twelve
miRNAs. miRNA 19-24 bp sequences are small
non-coding RNAs that have a main task in plant

growth in response to environmental tensions
by post-transcriptional modification in genes
[50]. MiRNAs carry out their regulatory
function by targeting specific mRNAs for mRNA
degradation and thus suppressing gene
expression [31]. Many researches have shown
growth-related metabolic pathways, signal
transduction, and response to biological and
non-biological stresses are regulated by miRNA
[32]. Bioinformatics is a useful method for
identifying miRNAs that target the members of
gene families [32].
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Figure 4- a) miRNA interaction network that targets PaVGPX genes. b) Heat map of relative
synonymous codon usage analysis (RSCU) values of PavGPXs.The color boxes indicate RSCU values,
the lowest (green), and the highest (red) usage of codons. The heat map was drawn with Mev
software
The codon usage pattern in PavGPX gene was
investigated using genetic index (Table 2). The
GC3s value ranged from 0.33 and 0.52 in
PavGPX3 and PavGPX1 respectively. Also, the
results showed ENC values were ranked 45.92
to 59.21 in PavGPX3 and PavGPX2. ENC values
showed a range from 20 to 61. The ENC values
was the lowest (20) when each amino acid was
specified by only one single codon, whereas the
highest values (60) indicated that all the

synonymous codons were used at the same
frequencies [33]. The CBI index was 0.23-0.43.
The particular used codon for all the amino acid
frequency from more to less frequently in a
gene is shown as RSCU > 1 and < 1, respectively,
in Figure 4b. The SChi2 value ranged from 0.150.48 range in PavGPX8 and PavGPX3,
respectively. A higher value of SChi2
represented a higher deviation from the casual
use of synonymous codons [34]

Table 2. The codon usage pattern in PavGPX genes was investigated using several genetic indexes.
Gene
PavGPX8
PavGPX3
PavGPX5
PavGPX1
PavGPX2

66

ENC
53.862
45.925
49.631
58.619
59.217

CBI
0.231
0.432
0.342
0.310
0.299

SChi2
0.150
0.482
0.419
0.268
0.260

G+C2
0.369
0.356
0.424
0.361
0.323

G+C3s
0.401
0.338
0.370
0.524
0.417

G+C
0.433
0.401
0.419
0.451
0.403
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The sequences were analyzed for GC content
GC content at second codon positions (GC2) GC
content at the third site position (GC3s), codon
bias index (CBI), effective codon number (ENC),
scaled chi-square (SChi2).
3.4. Cis‐Regulatory Element and the SSR
Markers
The analysis of 1,500 bp upstream of GPX
genes in wild cherry led to identification of
ninety-two important regulatory elements in
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the four different groups: Response to plant
growth hormones, responder to environmental
stress, light regulated and responder to
different stages of development (Table 3). The
results showed, PavGPX8 contained ten cis‐
regulatory elements which was the lowest
number among PavGPXs. The highest number
was filthy-five, observed in PavGPX2. Box 4
(responsive to light) with a frequency of eleven
loci is the most regulatory element, identified in
the upstream of PavGPX genes.

Table 3. Cis‐regulatory element of PavGPXs are divided into four groups depending on their
putative main cellular functions, i.e., light responsive (yellow), regulation of plant development
(blue), phytohormone responsive (orange), environmental stress responsive (green).
Regulator element
P-box
ABRE
CGTCA-motif
TGACG-motif
GARE-motif
TATC-box
TGA-element
TCCC-motif
Sp1
Box 4
G-Box
G-box
GT1-motif
L-box
TCT-motif
I-box
MRE
ATCT-motif
GT1-motif
LAMP-element
Box II
ARE
TC-rich repeats
GC-motif
MBS
LTR
O2-site
MBS
CAT-box
HD-Zip 1
GCN4_motif
RY-element

PavGPX1
1
1

PavGPX2
1
3
3

1
1

1
6
1

1

PavGPX3
2
1
3
3
1

PavGPX5
5

PavGPX8
1

1
1
1
1

4
1
5

1
1

2
1
1
1
1

1
1

1

1
2

1
2

1
3

3

1

2
1

1

1
1

1
1
1

1
1

1

1

2
1
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Each gene in the upstream region has a
unique combination of regulatory elements that
regulate gene expression at different times, in
the cell, and in response to different stimuli.
Therefore, a thorough understanding of
regulatory elements can be effective in
determining the role of genes [35]. The
existence of different regulatory regions in the
progenitor of genes is due to their activity in
different plant biological function e.g. growth,
development and response to different stimuli.
Regulatory elements have a major role in the
regulation of gene expression and responses to
various stimuli and stressors in plants. Under
different environmental stresses, a specific
messaging pathway is activated and affects
gene expression by affecting different
transcription factors and binding them to the
upstream regulatory elements of genes [35].
Genes that have the same regulatory elements,
due to activation with a particular type of
transcription factor, are expressed in a
response consistent with transcription factor
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activation, and thus affect gene expression and
plant response.

Analysis of SSR marker in the gene sequence
of PavGPX family members showed ten simple
repeat sequence markers as SSR markers for
the four genes (Table 4), from dinucleotides to
hexanucleotides. SSR is a simple repetitive
sequence of nucleotide motives, playing a
prominent role in the gene expression
regulating [36]. In the most monocotyledonous
plants, the predominant SSR include: CCG / CGG
/ CGC / GCG / GCC / GG motifs. In contrast, in
dicotyledonous, SSRs predominantly include:
AAT / ATT / ATA / TAT / TAA / TTA motifs.
Our analysis of SSR marker results distinctly
exhibited that the predominant type of SSR are
plant taxon-dependent [37]. The results
obtained from the SSR marker in the gene
sequence can be used in breeding programs to
identify cultivars with genetic polymorphism in
wild cherries and their relationship to stress
tolerance and identify more resistant cultivars
by marker-association selection (MAS).
Table 4. The list of SSR markers in GPX gene sequence of wild cherry

Gene Name
PavGPX8
PavGPX1
PavGPX3
PavGPX2
3.5. 3D Structure, Protein-Ligand Docking
and Gene Ontology Prediction
The 3D structure of PavGPX8 protein was
investigated by I-TASSER software and
homology method (Figure 5a). Qualitative and
quantitative evaluation of modeling was
conducted and normal β-factor estimated. In
the several predicted models, the 2wgrA
pattern with 85% coverage and 66% identity
was selected as the best pattern. The best
protein model with the highest S-core was
selected with estimated TM-Score (0.41±0.14),
computed RMSD (12.0±0.44A○), and S-core (2.67). The selected model contained 26% helix,
beta 18% coil 55%, and turn 19% and was
evaluated based on the Ramachandran diagram.
According to Ramachandran diagram 64.5%
and 21.3% of the amino acids were in the
68

SSR Motives
(AT)8- (TTTTA)4-(TTTCTC)3
(TC)7- (TA)6-(CCA)5-(TCT)12
(GCCAA)3
(TTTG)3-(TTTCT)3
favored regions
respectively.

and

allowed

regions,

The best pose and protein interaction was
the first pose with the -28.5 minimization
energy in docking process. Then, this pose was
subjected to ligand and protein detail
interaction (Figure 5b) where hydrogen and
ester interaction bond was established with
serine No. 74 and 196, leucine No. 75 and
phenylalanine No. 70.
Gene ontology was exhibited in terms of
molecular function, biological process, and
subcellular localization. At molecular function
level, the results showed this protein activated
with highest probability as antioxidant
GO:006209, peroxidase GO:0004601 and GPX
GO:0004602 roles (p0.05). At the biological
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process, response to stress GO:0006950,
response to oxidative stress GO: 0006979 and
cellular process GO:0009987, cellular oxidant
detoxification GO:0098869, were observed. In
terms of subcellular structure, it was seen in
mitochondria GO:0005739, cellular exosome

2021, Volume 1, Number 1

GO:0070062 and endoplasmic reticulum lumen
GO:0005788. The gene ontology confirmed the
obtained results of conserved domains,
intracellular localization, and the existence of
environmental stress related elements in the
promoter and miRNA that target these genes.

Figure 5. Protein structure and molecular docking of PavGPX8 (a) Homology modeling of the
PavGPX8 protein structure using the I-TASSER software. (b) The interaction of the H2O2 ligandPavGPX8 protein in the best pose was through amino acid and ligand atoms
4. Conclusion
Bioinformatics is a useful tool for identifying
important and effective genes in plant tolerance
to various stresses. Wild cherry is one of the
plant species with antioxidant properties and
contains genes encoding antioxidant enzymes.
Due to the complete sequencing of wild cherry
genome, bioinformatics methods are pivotal to
identify genes such as GPX, which saves time
and money, and can be followed by practical
experiments to confirm the results. In this
study, five genes encoding GPX were
characterized in the wild cherry genome and
examined from various aspects such as analysis
of phylogenetic relationships, gene structure,

and intracellular location, identification of
elements in the upstream, SSR marker,
microRNA, gene ontology, 3D structure and
protein-ligand docking. Identifying the possible
role of GPX genes helps to detect functional
characteristics. Also, using SSR in GPX gene
sequences, stress-resistant cultivars can be
identified by marker selection. Protein- ligand,
which is very benefit in future, studies.
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