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1. Introduction
Temperatures fluctuate continuously worldwide and 

severely affect plants [1]. Extreme crop production reduc-

tions are expected, threatening future food supply and 
security [2,3]. Any plant, however, responds to heat stress 
via multiple pathways and regulatory networks, requiring 
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Improving crop plants using biotechnological implications is a promising and modern approach compared to 
traditional methods. High-temperature exposure to the reproductive stage induces flower abortion and declines 
grain filling performance, leading to smaller grain production and low yield in lentil and other legumes. Thus, 
cloning effective candidate genes and their implication in temperature stress tolerance in lentil (Lens culinaris 
Medik.) using biotechnological tools is highly demandable. The 12-oxophytodienoic acid reductases (OPRs) 
are flavin mononucleotide-dependent oxidoreductases with vital roles in plants. They are members of the old 
yellow enzyme (OYE) family. These enzymes are involved in the octadecanoid pathway, which contributes 
to jasmonic acid biosynthesis and is essential in plant stress responses. Lentil is one of the vital legume crops 
affected by the temperature fluctuations caused by global warming. Therefore, in this study, the LcOPR1 gene 
was successfully cloned and isolated from lentils using RT-PCR to evaluate its functional responses in lentil 
under heat stress. The bioinformatics analysis revealed that the full-length cDNA of LcOPR1 was 1303 bp, 
containing an 1134 bp open reading frames (ORFs), encoding 377 amino acids with a predicted molecular 
weight of 41.63 and a theoretical isoelectric point of 5.61. Bioinformatics analyses revealed that the deduced 
LcOPR1 possesses considerable homology with other plant 12-oxophytodienoic acid reductases (OPRs). Phy-
logenetic tree analysis showed that LcOPR1 has an evolutionary relationship with other OPRs in different 
plant species of subgroup I, containing enzymes that are not required for jasmonic acid biosynthesis. The 
expression analysis of LcOPR1 indicated that this gene is upregulated in response to the heat-stress condition 
and during recovery in lentil. This study finding might be helpful to plant breeders and biotechnologists in 
LcOPR1 engineering and/or plant breeding programs in revealing the biological functions of LcOPR1 in len-
tils and the possibility of enhancing heat stress tolerance by overexpressing LcOPR1 in lentil and other legume 
plants under high temperature.
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coordination between several subcellular compartments 
[4–6]. Therefore, improving temperature stress (TS) tole-
rance in plants through boltechnological approach is high-
ly demandable in this context.

As vital crops worldwide, legumes are subjected to 
various biotic and abiotic stress conditions. However, the 
abiotic stresses severely affect legumes' adaptability and 
productivity [7,8]. Lentil is a vital cool-season legume 
crop that encounters numerous stresses and is known to be 
highly sensitive to rising temperatures [9–11]. Heat stress 
in this legume is associated with cellular membrane da-
mage, a significant reduction in relative leaf water content, 
and a substantial decrease in the chlorophyll concentration 
and fluorescence, resulting in a reduced photosynthetic 
rate [10,12]. Thus, understanding molecular mechanisms 
with the development of high temperature-tolerant geno-
type and temperature-resilient crops using a biotechnolo-
gical approach is highly desirable.

Jasmonates (jasmonic acid (JA), methyl jasmonate, 
12-Oxo-phytodienoic acid (OPDA), and related cyclo-
pentenones) are lipid-derived compounds that play a role 
in plant development signaling. They are also implicated 
in the responses to biotic and abiotic stresses [13–15]. Jas-
monate biosynthesis originates from releasing polyunsa-
turated fatty acids like linolenic or hexadecatrienoic acids 
from chloroplast-membrane lipids [16]. They are first 
oxygenated by 13 lipoxygenases (13-LOX) to produce 
their hydroperoxy derivatives. By the consecutive action 
of allene-oxide synthase and allene-oxide cyclase, the 
hydroperoxy-fatty acids are converted to the first cyclic 
intermediate of the pathway, i.e., 12-oxophytodienoic acid 
(OPDA). The subsequent reduction of the cyclopentenone 
ring of OPDA to the corresponding cyclopentanone is 
afforded by peroxisomal 12-OPDA reductase (OPR3) to 
yield OPC-8:0 (3-oxo-2-(2’-pentenyl)-cyclopentane1-oc-
tanoic acid. Finally, the alkanoic acid side chain of OPC-
8:0 is shortened in three cycles of β-oxidation, resulting in 
the formation of JA [17].

The oxylipin 12-OPDA was first described and 
synthesized in 1978 [18]. For a long, 12-OPDA has been 
considered to act only as a JA precursor. However, accu-
mulating evidence points toward the involvement of 12-
OPDA in signaling functions in different developmental 
processes of plants, such as germination, seed dormancy, 
and embryogenesis [19]. Several publications elucidate 
the physiological role of 12-OPDA in wounding plant 
response [20–23]. In addition, it is becoming established 
that 12-OPDA functions independently as an effector in 
plant defense. In one such study, 12-OPDA enhanced the 
resistance of maize against corn leaf aphid Rhopalosiphum 
maidis [24]. In contrast, in another study, rice mutants lac-
king 12-OPDA seemed to have a varying defense against 
Magnaporthe oryzae. [25]. Moreover, 12-OPDA increased 
Arabidopsis resistance to various pathogens without JA/
JA-isoleucine (JA-Ile) [21,26]. Other research groups 
have also revealed the role of OPDA in ameliorating the 
accumulation of callose in host plants and limiting infec-
tion caused by pathogens [27,28]. In addition, subjecting 
Arabidopsis (wild-type ) to heat stress causes enhanced 
12-oxo-phytodienoic acid (OPDA) accumulation accom-
panying JA and a JA-Ile conjugate [29].

However, research has also been conducted on 12-
OPDA reductases (OPRs) and their role in plant develop-
ment and response to biotic and abiotic stressors [16,17]. 

Multiple genes encode this gene family, and its members 
can be grouped according to substrate specificity into 
OPRI and OPRII [30]. Members preferentially reduce cis-
(-) OPDA over cis-(+) OPDA belonging to class OPRI. 
At the same time, OPRII members are directly related to 
jasmonic acid biosynthesis (such as OPR3) since they ca-
talyze the reduction of cis-(+) OPDA [30]. Most recently, 
Chini et al. [31] identified an alternative pathway for JA 
synthesis that is peroxisomal OPR3-independent and en-
tails Arabidopsis OPR2 (OPRI member) in atopr3 mutant 
plants reducing 4,5-dihydro-JA in the cytoplasm.

OPR gene family has been thoroughly examined in the 
case of Arabidopsis, and their physiological role in alle-
viating photooxidative stress was suggested. In barley, the 
expression profile of two OPRI genes suggests their role 
in response and defense to abiotic stresses [32,33]. Addi-
tionally, it was discovered that AsOPR1 controls the deve-
lopment and production of nodules in Astragalus sinicus 
and influences endogenous JA metabolism[34]. Transcrip-
tome analysis performed by [35] in inbred lines of maize 
revealed differing responses to drought stress, where three 
members of the OPRI subgroup (ZmOPR1, 2, and 3) were 
found to be upregulated in maize roots when drought-
sensitive seedlings were subjected to water deficiency 
(drought) stress for 24, 48 and 72h. Furthermore, ZmOPR1 
and ZmOPR2 were upregulated when drought-tolerant 
seedlings were subjected to similar conditions. Moreover, 
in Arabidopsis thaliana and tomato, six and three genes 
were identified, respectively [36,37], 13 OPR genes were 
reported in the rice genome [38], six OPR genes were 
characterized in pea, the model legume [39], and 48 OPR 
genes were recently identified and described in wheat [40].

Plant defense against biotic and abiotic stresses is com-
plex. Hence, revealing the role of OPRI in this process 
is crucial to understanding the role of OPDA-related pa-
thways other than the JA biosynthesis pathway. However, 
information about this gene family in legumes is restricted 
to peas and alfalfa [39,41]. Thus, we believe that cloning 
and subsequent functional characterization of LcOPR1 
will explore a new avenue to legume breeders for develo-
ping temperature-tolerant lentil genotypes with high-tem-
perature resilient smart crop production. 

2. Materials and Methods
2.1. Plant material and heat stress treatment

Lentil (Lens culinaris Medik.) seeds were grown in pots 
containing soil/perlite mixture (3:1) under a controlled 
greenhouse environment. Three-week-old seedlings were 
subjected to 40 °C for 0, 0.5, 1, 2, 3, and 4h. Following 4 
h of heat stress (HS) treatment at 40 °C, lentil plants were 
allowed to recover HS at 22 °C for 2, 4, 24, and 48 h. The 
control and HS and HS-recovered plant samples were col-
lected, then quickly frozen with liquid N2 and kept at -80 
°C until further molecular analysis.

2.2. Cloning of LcOPR gene cloning and bioinforma-
tics analysis

RNA isolation from lentil plants and cDNA synthesis 
were done with Spectrum™ Plant Total RNA Kit (Sigma-
Aldrich, USA) and PrimeScript™ RT Master Mix (Takara, 
Japan). A pair of gene-specific primers Table 1 represents 
the primer details which were synthesized based on the 
contig sequence of Lens culinaris OPR gene (l.culinaris_
csfl_reftransV1_0021166) available from Cool Season 
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(l.culinaris_csfl_reftransV1_0021166) accessible from 
Cool Season Food Legume Genome Database given 
above. Sequencing results indicated that LcOPR cDNA of 
full length was 1303 bp, comprising an 1134 bp ORF with 
a 96-bp 5′ UTR and 73-bp 3′ UTR (Figure 1). This gene 
was designated LcOPR1 and deposited in the GenBank 
(GenBank accession no. MH491550). The LcOPR1 ORF 
encodes a protein of 377 amino acids. Analysis of deduced 
protein using the ProtParam tool showed that LcOPR1 has 
a predicted molecular weight of 41.63 and a theoretical 
isoelectric point of 5.61.

Three online tools, namely CELLO, TargetP, and 
ProtComp, were used to predict LcOPR1 subcellular lo-
calization. The results revealed that LcOPR1 was located 
in the cytoplasm, indicating the lack of any known organ-
elle-localization signals in LcOPR1. However, this protein 
targeting prediction of LcOPR1 should be further explored 
in vivo. OPR isozymes can be found in either the peroxi-
some or the cytoplasm. 

The results of the NCBI BLAST search indicated that 
LcOPR1 had high sequence similarity percentages with 
homologous proteins of the OPRI group, such as MtOPR1 
in Medicago truncatula (93%), GmOPR1 in Glycine max 

Food Legume Genome Database (https://www.coolsea-
sonfoodlegume.org). Further, we performed PCR to am-
plify the coding sequence of LcOPR using cDNA from 
heat-stressed lentil plants. The amplified PCR product was 
cloned using pGEM-T Easy vector (Promega, USA) and 
then sequenced.

ORF finder of NCBI (http://www.ncbi.nlm.nih.gov/
gorf/gorf.htm) was employed to study LcOPR nucleic acid 
sequence, and ExPASy was used to translate LcOPR ORF 
(http://web.expasy.org/translate/). The expected isoelec-
tric point and the molecular weight of the deduced LcOPR 
protein were obtained using ProtParam (http://web.expasy.
org/protparam/). Prediction of protein subcellular localiza-
tion was performed using TargetP 2.0 (http://www.cbs.dtu.
dk/services/TargetP/), CELLO (http://cello.life.nctu.edu.
tw/), and ProtComp 9.0 onlintool(http://linux1.softberry.
com/berry.phtml?topic=protcompplandgroup=programsa
ndsubgroup=proloc) were used to predict subcellular loca-
lization of protein. Conserved domains of LcOPR protein 
were predicted using http://www.ncbi.nlm.nih.gov/Struc-
ture/cdd/wrpsb.cgi [42].

Homologs of the LcOPR protein from different plant 
species were retrieved by NCBI BLAST search, and the 
Clustal-Omega program [43] was employed to execute 
multiple sequence alignments. The dendrogram was 
constructed using MEGA 7.0 [44] software, where the 
neighbor-joining method with a bootstrap value of 1000 
replicates was applied.

2.3. LcOPR1 Gene Expression Analysis
The changes in LcOPR1 expression under diverse 

stress treatments were evaluated using quantitative qRT-
PCR using KAPA SYBR® FAST qPCR Kit (KAPA BIO, 
USA). Primers used in qRT-PCR were designed using 
Primer3 software [45] and are listed in Table 1. The am-
plification of the LcOPR1 gene was performed using a 
q-RT PCR system (CFX-96™). The LcOPR1 gene was 
amplified based on the program used previously[46]. The 
qRT-PCR data were normalized using the LcRPL2 (ribo-
somal protein L2) gene (GeneBank accession number: 
YP_009141575), which is the most stable reference gene 
in lentils under abiotic stresses and among different deve-
lopmental stages [47]. 

2.4. Statistical analysis
The observation was repeated three times, and a two-

tailed t-test (p ≤ 0.05) was used to calculate the data.

3. Results 
3.1. Confirmation of LcOPR1 cloned gene 

The cDNA of putative LcOPR was amplified by RT-
PCR using a pair of specific primers synthesized based 
on contig sequence information of lentil OPR gene 

Fig. 1. cDNA sequence of LcOPR1 and its deduced amino acid 
sequence. A single-letter code designates amino acids under the 
middle nucleotide of each codon. The start codon is underlined, and 
an asterisk marks the stop codon.

Purpose Primer name Sequence (5′–3′)
cDNA cloning LcOPR-F TCCCACAGTAATTGAAGGTCTCC

LcOPR-R CACATATTGCTGAGCTGACACA
qRT-PCR qLcOPR-F GGAGACTCTAACCCTCAAGCTT

qLcOPR-R AAGCTACCAAATCTGCACCATC
qLcOPR2-F ACAGCATCATTGTGGTAAAGGG
qLcOPR2-R TGTGTGCATTTCGATTAGGGTC

Table 1. List of primers used in the present study.
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(90%), PsOPR1 in Pisum sativum (83), SlOPR1 in Sola-
num lycopersicum (83%), AtOPR1 in Arabidopsis thali-
ana (80%), ZmOPR1 in Zea mays (80%), and OsOPR1 in 
Oryza sativa (78%). The present homology analysis indi-
cated that LcOPR1 belongs to the OPR gene family. Mul-
tiple sequence alignment was performed with LcOPR1 
and another OPRI protein member, including AtOPR1, 
GmOPR1, and MtOPR1. The results showed the presence 
of conserved residues responsible for binding substrate 
and flavin mononucleotide (FMN) (Figure 2).

To explore the evolutionary divergence of LcOPR1 
compared to other OPR proteins, a phylogenetic tree 
(dendrogram) was designed using the LcOPR1 protein 
sequence and 39 other OPR proteins from different plant 
species (Figure 3). The dendrogram showed that these pro-
teins are divided into subgroups, subgroup I and subgroup 
II. In the present investigation, LcOPR1 was clustered in 
subgroup I. Thus, LcOPR1 may not be required for JA 
biosynthesis. However, since an alternative pathway of JA 
biosynthesis through a peroxisomal OPR3-independent 
pathway has been described recently in Arabidopsis [31], 
this assumption remains to be tested in the cytosolic LcO-
PR1. LcOPR1 was most closely related to OPRs of Medi-
cago truncatula and Glycine max, both of which belong to 
the Fabaceae family.

3.2. Expression patterns of LcOPR1 gene 
The expression pattern of the LcOPR1 gene indicated 

it responded after 0.5 h exposure to heat (40 °C), and the 
highest expression was observed at 3h (Fig. 4). However, 
the gene expression was gradually declined following a 
consecutive reduction of temperature with time intervals 
(Fig. 4). Compared to the untreated control, the expression 
level of LcOPR1 increased to 5.4-fold after 1 h under the 
HS condition. Then, the expression steadily increased with 
an increase in the treatment time and reached the expres-
sion peak of 17.7-fold at 3 h, then slightly dropped after-

ward at 4 h (Figure 4). Therefore, the observed enhanced 
LcOPR1 expression is expected to cope with the improved 
level of reactive carbonyls produced due to heat-stress-
associated oxidative damage. After moving heat-stressed 
seedlings to room temperature for a 48 h recovery period, 
the expression levels of LcOPR1 were relatively high at 
2 and 4 h of recovery treatment. They scored 13.2 and 
11.3-fold over untreated control, respectively. On the oth-
er hand, LcOPR1 expression dropped at 24 and 48 h of 
recovery and reached 2.2-fold at the end of the recovery 
treatment (Figure 4). This result suggested that activation 
of LcOPR1 genes gradually declined due to the reduction 
of temperature in lentil. 

4. Discussion
This study implies that LcOPR1 was successfully clo-

Fig. 2. Multiple sequence alignment of lentil LcOPR1 (MH491550) 
with related OPR proteins from Arabidopsis (AtOPR1, AAM65337), 
Soybean (GmOPR1, XP_006581134.1), and barrel clover (MtOPR1, 
XP_013462297.1). A gray background indicates the conserved FMN 
binding sites. The putative conserved residues implicated in the bind-
ing of substrates are depicted with triangles.

Fig. 3. Neighbour-Joining phylogenetic tree of OPR proteins from dif-
ferent plant species. The phylogenetic tree was created using MEGA 
7.0 with 1000 bootstrap replicates.

Fig. 4. Relative expression levels of LcOPR1 in response to heat 
stress (HS) and during recovery. qRT-PCR assay was performed to 
examine the expression of LcOPR1 in three-week-old seedlings sub-
jected to HS at 40 °C for 0, 0.5, 1, 2, 3, and 4h (black bars). After 4 
h of treatment at 40 °C, lentil plants were allowed to recover at room 
temperature for 2, 4, 24, and 48 h (white bars). The qRT-PCR data 
were normalized using the LcRPL2 (ribosomal protein L2) gene, and 
a ratio proportional to the untreated seedlings was indicated at each 
time point, set at 1.
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ned, and the gene was fully active in response to tempe-
rature stress in lentil. Thus, the clone's efficiency is ap-
parent and encourages us to apply deep biotechnological 
application in lentil and other legumes. Plant OPRs were 
first isolated in Arabidopsis and tomato [36,48], and many 
OPR genes have since been identified and characterized 
in different crop species [32,39,49–51]. Strassner et al. 
[36] demonstrated that OPRI proteins from Arabidopsis 
and tomato are cytoplasmic, whereas OPRII members, in 
contrast, possess C-terminal peroxisomal targeting signals 
and are therefore targeted to peroxisomes. OPR proteins 
are known to noncovalently bind FMN as cofactors [52], 
which NADPH reduces, indicating that these proteins are 
flavin-dependent oxidoreductases. Since NADPH reduces 
FMN, indicating that OPR proteins are flavin-dependent 
oxidoreductases. The phylogenetic tree illustrated that 
these proteins could be divided into two subgroups, in 
which cluster analysis classified subgroups I and II. Mem-
bers of the OPRI subgroup are more likely to be involved 
in eliminating cis-(-) OPDA than cis-(+) OPDA. Previous 
received have revealed that OPR family members are ca-
tegorized into 2 subgroups (OPRI and OPRII) according 
to their different preferences for stereoisomers of OPDA, 
and each subset contains members of both monocot and 
dicot plants [30,36,49,50,53]. Subgroup members of OPRI 
are preferentially involved in reducing cis-(-) OPDA than 
cis-(+) OPDA. Compared, cis-(+) OPDA are catalyzed by 
OPRII subgroup members and are directly related to jas-
monic acid biosynthesis [30]. 

Heat stress is a major abiotic factor limiting legume 
growth and productivity [54]. The severity and impacts of 
heat stress are expected to exaggerate with climate change 
[55]. Therefore, exploring gene expression patterns of 
defense genes would help understand the molecular res-
ponses of plants to heat stress and aims to develop heat-
resilient crops. Heat stress stimulates the accumulation 
of reactive oxygen species (ROS). Uncontrolled produc-
tion of ROS mediates non-enzymatic lipid peroxidation, 
accumulating an array of lipid peroxide-derived α and 
β-unsaturated reactive carbonyls [56]. Plants have deve-
loped a detoxifying system against toxic reactive carbo-
nyl, consisting of aldehyde dehydrogenase, aldo-keto 
reductase, and aldehyde reductase [57]. The expression 
pattern and function of 12-oxophytodienoic acid reductase 
(OPR) family genes are promising. In the same study, it 
was explored that OPR3 triggers the reduction of the long 
spectrum of electrophilic species (ES) that leads to the 
reactivation of glutathione and ascorbate, and OPR3 was 
also capable of generating ascorbate. Several lines of evi-
dence have indicated that proteins of the OPRI subgroup 
reduce the double bonds in α and β-unsaturated carbo-
nyl compounds [58,59]. In our current study in lentil, the 
considerable upregulation pattern of the LcOPR1 gene un-
der heat stress indicates that LcOPR1 is a temperature-res-
ponsive gene. Further, it suggested that the LcOPR1gene 
was fully active lentil under temperature stimuli that effec-
tively balanced plants' redox homeostasis and heat stress 
tolerance. This insight will help us understand molecular 
mechanisms that lead to heat-resilient crop development.

5. Conclusions
This study implies a biotechnological insight into LcO-

PR1 mediating lentil plants' temperature tolerance. Suc-
cessful cloning and functional characterization of the LcO-

PR1 gene in lentil seedlings under heat stress suggest that 
the LcOPR1 is a temperature-responsive candidate gene 
fully active in response to temperature in lentil. This in-
sight might be helpful to plant biotechnologists and lentil 
breeders for enhancing temperature tolerance in lentil and 
producing sustainable and smart lentil production under 
high-temperature conditions. 

Conflict of interest
The authors declared they have no competing conflict of 
interest.

Consent for publications
The author read and approved the final manuscript for 
publication.

Ethics approval and consent to participate
No human or animals were used in the present research.

Informed consent
The authors declare not used any patients in this research. 

Availability of data and material 
The data that support the findings of this study are available 
from the corresponding author upon reasonable request.

Authors' contributions
Saeid Abu-Romman , Sonia Mbarki, El Sabagh Ayman , 
designed, conducted the research, analyzed the data, and 
prepared the manuscript. Saurabh Pandey, Abdulrahman 
Alasmari , Fahad M. Alzuaibr, Mohamed Sakran , Sezai 
Ercisli, Mohamed El-Sharnouby, also contributed during 
writing the manuscript and advised scientific suggestions 
as well as revised/edited the manuscript.

Funding
The paper was funded by Taif University by Project No. 
(TU-DSPP-2024-134), Taif University, Taif, Saudi Arabia.

Acknowledgments
The authors extend their appreciation to Taif Univer-
sity for funding current work by Project No. (TU-
DSPP-2024-134), Taif University, Taif, Saudi Arabia. we 
would like to express our deep gratitude to Dr. Md Atikur 
Rahman and Dr. Karthika Rajendran, for the guidance and 
useful critiques of this research work.

References 

1.  Hossain A, Alam MN, Chan Z, El Sabagh A, Fahad S, Hasa-
nuzzaman M (2022). Heat-Induced Oxidative Stress in Plants: 
Consequences and Survival Mechanisms. In Improvement of 
Plant Production in the Era of Climate Change (pp. 41-70). CRC 
Press doi:10.1201/9781003286417-3

2.  Jha UC, Bohra A, Singh NP (2014) Heat stress in crop plants: Its 
nature, impacts and integrated breeding strategies to improve heat 
tolerance. Plant Breed. 133(6): 679-701. doi: 10.1111/pbr.12217

3.  Bita CE, Gerats T(2013) Plant tolerance to high temperature in a 
changing environment: scientific fundamentals and production of 
heat stress-tolerant crops. Front. Plant Sci. 4: 273. doi: 10.3389/
fpls.2013.00273

4.  Bakhshi, B. (2021). Heat and Drought Stress Response and Rela-
ted Management Strategies in Oilseed Rape. Agrotech Ind Crops. 
1(4): 170-181. doi: 10.22126/atic.2022.7239.1034.



6

Characterization of heat-responsive lentil gene.                                                                                                                                                                              Cell. Mol. Biol. 2024, 70(7): 1-7

5.  El Sabagh A, Hossain A, Islam MS, Ahmed S, Raza A, Iqbal MA, 
Wasaya A, Ratnasekera D, Arshad A, Kumari A, Danish S, Igboji 
PO, Datta R, Oksana S, Milan S, Brestic M, Singh K, Raza MA, 
Fahad S (2021) Elevated CO2 in combination with heat stress in-
fluences the growth and productivity of cereals: adverse effect and 
adaptive mechanisms. in Fahad S, Sönmez O, Saud S, Wang D, 
Wu C, Adnan M, Arif M, Amanullah. (Eds.), (2021) Engineering 
tolerance in crop plants against abiotic stress, (1st edn.) Footprints 
of climate variability on plant diversity. CRC Press, Boca Raton. 
pp 310. ISBN 9780367750091

6.  Heap B, Holden C, Taylor J, McAinsh M. (2020) ROS Crosstalk 
in Signalling Pathways . In eLS; Wiley, 2020; pp. 1–9.

7.  Dita MA, Rispail N, Prats E, Rubiales D, Singh KB (2006) 
Biotechnology approaches to overcome biotic and abiotic 
stress constraints in legumes. Euphytica. 147:1-24. https://doi.
org/10.1007/s10681-006-6156-9

8.  Islam MS, Fahad S, Hossain A, Chowdhury MK, Iqbal MA, Du-
bey A, El Sabagh A (2021) Legumes under Drought Stress: Plant 
Responses, Adaptive Mechanisms, and Management Strategies in 
Relation to Nitrogen Fixation. In Engineering Tolerance in Crop 
Plants Against Abiotic Stress; CRC Press: New York, NY, USA, 
2021; pp. 179–207.

9.  Bhandari K, Siddique KHM, Turner NC, Kaur J, Singh S, Agrawal 
SK, Nayyar H (2016) Heat Stress at Reproductive Stage Disrupts 
Leaf Carbohydrate Metabolism, Impairs Reproductive Function, 
and Severely Reduces Seed Yield in Lentil. J. Crop Improv. 30(2): 
118-151. doi:10.1080/15427528.2015.1134744

10.  Sita K, Sehgal A, Bhandari K, Kumar J, Kumar S, Singh S, Sid-
dique KHM, Nayyar H (2018) Impact of heat stress during seed 
filling on seed quality and seed yield in lentil (Lens culinaris 
Medikus) genotypes. J. Sci. Food Agric. 98(13):5134-5141.. doi: 
10.1002/jsfa.9054

11.  Kumar J, Sen Gupta D, Djalovic I (2020) Breeding, genetics, and 
genomics for tolerance against terminal heat in lentil: Current sta-
tus and future directions. Legum. Sci. e38. doi: 10.1002/leg3.38

12.  Gupta D Sen, Kumar J, Gupta S, Dubey S, Gupta P, Singh NP, 
Sablok G (2018) Identification, development, and application of 
cross-species intron-spanning markers in lentil (Lens culinaris 
Medik.). Crop J. 6(3): 299-305. doi: 10.1016/j.cj.2017.09.004 

13.  Manzoor H, Mehwish Bukhat S, Rasul S, Rehmani MIA, Noreen 
S, ... & El Sabagh A (2022). Methyl jasmonate alleviated the ad-
verse effects of cadmium stress in pea (Pisum sativum L.): A nexus 
of photosystem II activity and dynamics of redox balance. Fron-
tiers in plant science, 13, 860664. doi: 10.3389/fpls.2022.860664

14.  Wasternack C, Hause B (2013) Jasmonates: biosynthesis, per-
ception, signal transduction and action in plant stress response, 
growth and development. An update to the 2007 review in Annals 
of Botany. Ann. Bot. 111: 1021–1058. doi: 10.1093/aob/mct067

15.  Wasternack C, Strnad M (2018) Jasmonates: News on occurrence, 
biosynthesis, metabolism and action of an ancient group of si-
gnaling compounds. Int. J. Mol. Sci. 19(9):2539. doi: 10.3390/
ijms19092539

16.  Koo AJ (2018) Metabolism of the plant hormone jasmonate: a 
sentinel for tissue damage and master regulator of stress response. 
Phytochem. Rev. 17: 51–80. doi: 10.1007/s11101-017-9510-8

17.  Al-Momany B, Abu-Romman S (2016) Homologs of old yellow 
enzyme in plants. Aust. J. Crop Sci. 10(4):584-590 doi: 10.21475/
ajcs.2016.10.04.p7555x

18.  Zimmerman DC, Feng P (1979) Characterization of a prosta-
glandin-like metabolite of linolenic acid produced by a flaxseed 
extract. Lipids , 13: 313–316.

19.  Dave A, Vaistij FE, Gilday AD, Penfield SD, Graham IA (2016) 
Regulation of Arabidopsis thaliana seed dormancy and germina-
tion by 12-oxo-phytodienoic acid. J. Exp. Bot., 67: 2277–2284.

20.  Farmer EE, Ryan CA (1992) Octadecanoid precursors of jasmonic 
acid activate the synthesis of wound-inducible proteinase inhibi-
tors. Plant Cell. . 4(2):129-134. doi: 10.1105/tpc.4.2.129.

21.  Stintzi A, Weber H, Reymond P, Browse J, Farmer EE (2001) Plant 
defense in the absence of jasmonic acid: The role of cyclopente-
nones. Proc. Natl. Acad. Sci., 98: 12837–12842. . doi:10.1073/
pnas.211311098

22.  Taki N, Sasaki-Sekimoto Y, Obayashi T, Kikuta A, Kobayashi K, 
Ainai T, Yagi K, Sakurai N, Suzuki H, Masuda T, et al. (2005) 
12-Oxo-Phytodienoic Acid Triggers Expression of a Distinct Set 
of Genes and Plays a Role in Wound-Induced Gene Expression in 
Arabidopsis. Plant Physiol., 139: 1268–1283.

23.  Pérez‐Salamó I, Krasauskas J, Gates S, Díaz‐Sánchez EK, Devo-
to A (2019) An Update on Core Jasmonate Signalling Networks, 
Physiological Scenarios, and Health Applications. In Annual 
Plant Reviews online; Wiley; pp. 387–452.

24.  Varsani S, Grover S, Zhou S, Koch KG, Huang PC, Kolomiets 
MV, Williams WP, Heng-Moss T, Sarath G, Luthe DS, et al (2019) 
12-Oxo-Phytodienoic Acid Acts as a Regulator of Maize De-
fense against Corn Leaf Aphid. Plant Physiol., 179: 1402–1415. 
doi:10.1104/pp.18.01472

25.  Riemann M, Haga K, Shimizu T, Okada K, Ando S, Mochizuki S, 
Nishizawa Y, Yamanouchi U, Nick P, Yano M, et al (2013) Iden-
tification of rice Allene Oxide Cyclase mutants and the function 
of jasmonate for defence against Magnaporthe oryzae. Plant J. 74: 
226–238. doi:10.1111/tpj.12115

26.  Schilmiller AL, Koo AJK, Howe GA (2007) Functional Diver-
sification of Acyl-Coenzyme A Oxidases in Jasmonic Acid Bio-
synthesis and Action. Plant Physiol. 143: 812–824.doi: 10.1104/
pp.106.092916

27.  Marcos R., Izquierdo Y, Vellosillo T, Kulasekaran S, Cascón 
T, Hamberg M, Castresana C(2015) 9-Lipoxygenase-derived 
oxylipins activate brassinosteroid signaling to promote cell 
wall-based defense and limit pathogen infection. Plant Physiol. 
169:pp.00992.2015. doi: 10.1104/pp.15.00992

28.  Scalschi L, Sanmartín M, Camañes G,; Troncho P, Sánchez-Ser-
rano JJ, García-Agustín P, Vicedo B (2015) Silencing of OPR3 in 
tomato reveals the role of OPDA in callose deposition during the 
activation of defense responses against Botrytis cinerea. Plant J. 
81(2):304-15 doi: 10.1111/tpj.12728

29.  Clarke SM, Cristescu SM, Miersch O, Harren FJM, Wasternack 
C, Mur LAJ (2009) Jasmonates act with salicylic acid to confer 
basal thermotolerance in Arabidopsis thaliana. New Phytol. 
182(1):175-187. doi: 10.1111/j.1469-8137.2008.02735.x

30.  Schaller F, Hennig P, Weiler EW (1998) 12-Oxophytodie-
noate-10,11-Reductase: Occurrence of Two Isoenzymes of Dif-
ferent Specificity against Stereoisomers of 12-Oxophytodienoic 
Acid. Plant Physiol. 118: 1345–1351. doi: 10.1104/pp.118.4.1345

31.  Chini A, Monte I, Zamarreño AM, Hamberg M, Lassueur S, Rey-
mond P, Weiss S, Stintzi A, Schaller A, Porzel A, et al (2018) An 
OPR3-independent pathway uses 4,5-didehydrojasmonate for jas-
monate synthesis. Nat. Chem. Biol. 14: 171–178. doi: 10.1038/
nchembio.2540

32.  Abu-Romman S (2012) Molecular cloning and expression of 
12-oxophytodienoic acid reductase gene from barley. Aust. J. 
Crop Sci. 6: 649–655.

33.  Al-Momany B, Abu-Romman S (2014) Cloning and molecular 
characterization of a flavin-dependent oxidoreductase gene from 
barley. J. Appl. Genet. 55: 457–468. doi: 10.1007/s13353-014-
0227-8

34.  Wei F, Lei L, Chen F, Wu M, Chen D, Li Y(2017) Identification 
and Symbiotic Phenotype Characterization of an OPDA Reduc-
tase Gene AsOPR1 in Chinese Milk Vetch. Plant Mol. Biol. Re-
port. 35: 469–479. doi: 10.1007/s11105-017-1038-y



7

Characterization of heat-responsive lentil gene.                                                                                                                                                                              Cell. Mol. Biol. 2024, 70(7): 1-7

35.  Zheng H, Yang Z, Wang W, Guo S, Li Z, Liu K, Sui N (2020) 
Transcriptome analysis of maize inbred lines differing in drought 
tolerance provides novel insights into the molecular mechanisms 
of drought responses in roots. Plant Physiol. Biochem. 149:11-26. 
doi: 10.1016/j.plaphy.2020.01.027 

36.  Strassner J, Schaller F, Frick UB, Howe GA, Weiler EW, Amrhein 
N, Macheroux P, Schaller A (2002) Characterization and cDNA-
microarray expression analysis of 12-oxophytodienoate reduc-
tases reveals differential roles for octadecanoid biosynthesis in the 
local versus the systemic wound response. Plant J. 32:585–601.
doi: 10.1046/j.1365-313x.2002.01449.x.

37.  Stintzi A, Browse J (2000) The Arabidopsis male-sterile mutant, 
opr3, lacks the 12-oxophytodienoic acid reductase required for 
jasmonate synthesis. Proc. Natl. Acad. Sci. 97:10625–10630.doi: 
10.1073/pnas.190264497

38.  Agrawal GK, Jwa NS, Shibato J, Han O, Iwahashi H, Rakwal R 
(2003) Diverse environmental cues transiently regulate OsOPR1 
of the “octadecanoid pathway” revealing its importance in rice 
defense/ stress and development. Biochem. Biophys. Res. Com-
mun. 310(4):1073-82. doi: 10.1016/j.bbrc.2003.09.123.

39.  Matsui, H.; Nakamura, G.; Ishiga, Y.; Toshima, H.; Inagaki, Y.; 
Toyoda, K.; Shiraishi, T.; Ichinose, Y. Structure and expression 
of 12-oxophytodienoate reductase (subgroup I) genes in pea, and 
characterization of the oxidoreductase activities of their recombi-
nant products. Mol. Genet. Genomics 271: 1–10.

40.  Mou Y, Liu Y, Tian S, Guo Q, Wang C, Wen S (2019) Genome-
Wide Identification and Characterization of the OPR Gene Family 
in Wheat (Triticum aestivum L.). Int. J. Mol. Sci. 20: 1914. doi: 
10.3390/ijms20081914

41.  Uppalapati SR, Young CR, Marek SM, Mysore KS (2010) Phy-
matotrichum (cotton) root rot caused by Phymatotrichopsis omni-
vora : retrospects and prospects. Mol. Plant Pathol. 11: 325–334. 
doi: 10.1111/j.1364-3703.2010.00616.x

42.  Marchler-Bauer A, Anderson JB, Chitsaz F, Derbyshire MK, 
DeWeese-Scott C, Fong JH, Geer LY, Geer RC, Gonzales NR, 
Gwadz M et al (2009) CDD: specific functional annotation with 
the Conserved Domain Database. Nucleic Acids Res. 37: D205–
D210. doi: 10.1093/nar/gkn845

43.  Sievers F, Wilm A, Dineen D, Gibson TJ, Karplus K, Li W, Lopez 
R, McWilliam H, Remmert M, Söding J, et al (2011) Fast, sca-
lable generation of high‐quality protein multiple sequence align-
ments using Clustal Omega. Mol. Syst. Biol. 7: 539. doi: 10.1038/
msb.2011.75

44.  Kumar S, Stecher G, Tamura K (2016) MEGA7: Molecular Evo-
lutionary Genetics Analysis Version 7.0 for Bigger Datasets. Mol. 
Biol. Evol. 33:1870–1874.doi: 10.1093/molbev/msw054

45.  Untergasser A, Cutcutache I, Koressaar T, Ye J, Faircloth BC, 
Remm M, Rozen S(2012). Primer3—new capabilities and in-
terfaces. Nucleic Acids Res. 40: e115–e115. doi: 10.1093/nar/
gks596

46.  Livak KJ, Schmittgen TD (2001) Analysis of Relative Gene Ex-
pression Data Using Real-Time Quantitative PCR and the 2−ΔΔCT 

Method. Methods 25: 402–408. doi: 10.1006/meth.2001.1262
47.  Sinha R, Sharma TR, Singh AK (2019) Validation of reference 

genes for qRT-PCR data normalization in lentil (Lens culinaris) 
under leaf developmental stages and abiotic stresses. Physiol. 
Mol. Biol. Plants 25: 123–134. doi: 10.1007/s12298-018-0609-1

48.  Schaller F, Weiler EW (1997) Molecular Cloning and Characte-
rization of 12-Oxophytodienoate Reductase, an Enzyme of the 
Octadecanoid Signaling Pathway from Arabidopsis thaliana . J. 
Biol. Chem. 272(44):28066-72. doi: 10.1074/jbc.272.44.28066

49.  Zhang J, Simmons C, Yalpani N, Crane V, Wilkinson H, Kolo-
miets M(2005) Genomic analysis of the 12-oxo-phytodienoic acid 
reductase gene family of Zea mays. Plant Mol. Biol. 59(2):323-
43.doi: 10.1007/s11103-005-8883-z 

50.  Li W, Liu B, Yu L, Feng D, Wang H, Wang J(2009) Phylogene-
tic analysis, structural evolution and functional divergence of the 
12-oxo-phytodienoate acid reductase gene family in plants. BMC 
Evol. Biol. 9: 90. doi: 10.1186/1471-2148-9-90

51.  Díaz M, Polanco V, Ramírez I, Peña-Cortés H (2012) Molecular 
cloning and expression analysis of 12-oxophytodienoate reduc-
tase cDNA by wounding in Solanum tuberosum. Electron. J. Bio-
technol. 15:10. doi: 10.2225/vol15-issue1-fulltext-3.

52.  Breithaupt C, Kurzbauer R, Lilie H, Schaller A, Strassner J, 
Huber R, Macheroux P, Clausen T (2006) Crystal structure of 
12-oxophytodienoate reductase 3 from tomato: Self-inhibition by 
dimerization. Proc. Natl. Acad. Sci. U. S. A. 103(39):14337-42. 
doi: 10.1073/pnas.0606603103

53.  Schaller F, Biesgen C, Müssig C, Altmann T, Weiler EW (2000) 
12-oxophytodienoate reductase 3 (OPR3) is the isoenzyme in-
volved in jasmonate biosynthesis. Planta . 210(6):979-84. doi: 
10.1007/s004250050706.

54.  Ahmad M, Waraich EA, Skalicky M, Hussain S, Zulfiqar U, 
Anjum MZ, ... & El Sabagh A (2021) Adaptation strategies to 
improve the resistance of oilseed crops to heat stress under a chan-
ging climate: An overview. Frontiers in plant science, 12: 767150. 
doi: 10.3389/fpls.2021.767150

55.  Pareek A, Dhankher OP, Foyer CH (2020) Mitigating the impact 
of climate change on plant productivity and ecosystem sustainabi-
lity. J. Exp. Bot. 71: 451–456. doi: 10.1093/jxb/erz518

56.  Farmer EE, Mueller MJ (2013) ROS-mediated lipid peroxidation 
and RES-activated signaling. Annu. Rev. Plant Biol. 64:429-50. 
doi: 10.1146/annurev-arplant-050312-120132

57.  Mano J (2012) Reactive carbonyl species: Their production from 
lipid peroxides, action in environmental stress, and the detoxi-
fication mechanism. Plant Physiol. Biochem. , 59: 90–97. doi: 
10.1016/j.plaphy.2012.03.010

58.  Straßner J, Fürholz A, Macheroux P, Amrhein N, Schaller A (1999) 
A homolog of old yellow enzyme in tomato. Spectral properties 
and substrate specificity of the recombinant protein. J. Biol. 
Chem. 274 (49): 35067-35073. doi: 10.1074/jbc.274.49.35067

59.  Uchida K (2003) 4-Hydroxy-2-nonenal: a product and mediator 
of oxidative stress. Prog. Lipid Res. 42: 318–343. doi: 10.1016/
S0163-7827(03)00014-6


