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Article Info Extended Abstract

Article type: Introduction. Drought stress represents one of the most formidable abiotic challenges to global agricultural productivity,
Research Article particularly in arid and semi-arid regions where water scarcity is a pervasive issue. The escalating frequency, intensity, and
duration of drought events, exacerbated by climate change, pose a significant threat to food security and sustainable agricultural
practices worldwide. Lentil (Lens culinaris), a diploid legume, stands as a cornerstone of global food systems, ranking as the sixth
most important pulse crop by production volume. Its nutritional density, providing substantial plant protein, complex
carbohydrates, dietary fiber, and essential micronutrients, underscores its critical role in human diets. In Iran, where rainfed lentil
cultivation is prevalent and water scarcity is a national concern, understanding and mitigating the adverse effects of drought on

Article history: this vital crop is paramount. This study was designed to elucidate the multifaceted responses of lentil to varying degrees of drought
Received: July 21, 2025 stress, focusing on two distinct genotypes: One previously identified as drought-sensitive (FLIP2002-55) and another as drought-
Revised: December 02, 2025 tolerant (FLIP2002-57). . ) ) )

Accepted: December 03, 2025 Materials and Methods. The experimental design was employed a factorial arrangement based on a randomized complete block

design with three replications, conducted under controlled greenhouse conditions. Drought stress was incrementally applied at
three distinct levels: Control (90% field capacity), moderate stress (60% field capacity), and severe stress (30% field capacity).
Subsequently, comprehensive measurements were taken on a wide array of morphological, physiological, and biochemical traits,
alongside an investigation into the relative expression of key drought-responsive genes using quantitative real-time PCR (qQRT-
PCR).

Results and Discussion. Morphological assessments revealed significant reductions in plant height, shoot and root fresh and dry
weights, and leaf area index across both genotypes as drought intensity increased. Physiological analyses demonstrated a
significant decline in relative leaf water content (RWC) with escalating drought stress in both genotypes, although the tolerant
genotype generally maintained higher RWC values, indicative of better osmotic adjustment and cell wall elasticity. Electrolyte
leakage, a direct measure of membrane damage, significantly increased in both genotypes under drought, with a more pronounced
increase observed in the sensitive genotype. This highlights the superior membrane stability of the tolerant genotype under stress.
Biochemical investigations revealed a consistent pattern of stress-induced changes. Increasing drought intensity led to a significant
decrease in chlorophyll and total leaf protein content, consistent with oxidative damage to photosynthetic machinery and protein
degradation. Conversely, the concentrations of carotenoids, proline, total carbohydrates, malondialdehyde (MDA), and hydrogen
peroxide (H»0:) significantly increased. Furthermore, the activities of key antioxidant enzymes, including catalase (CAT),
ascorbate peroxidase (APX), and guaiacol peroxidase (GPX), were evaluated. While the overall trend showed increased
antioxidant enzyme activity under moderate stress, particularly in the tolerant genotype, severe stress sometimes led to a decline,
possibly due to enzyme denaturation or overwhelming oxidative load. The tolerant genotype consistently demonstrated a more
robust and sustained antioxidant defense system compared to the sensitive genotype, which is critical for detoxifying ROS and
mitigating oxidative damage. At the molecular level, qRT-PCR was employed to assess the relative expression of five key genes
implicated in drought tolerance pathways: Beta Amylase (B4), Dehydration-Responsive Element-Binding protein (DREBIC),
ABA-WDS induced protein (4BAWDS), High Chlorophyll Fluorescence 136 (HCF136), and myo-inositol monophosphatase
(MIMP). In the tolerant genotype, severe drought stress significantly upregulated the expression of ABAWDS and HCF136 genes
by approximately 2.5-fold and 2-fold, respectively, compared to control conditions. ABAWDS is associated with abscisic acid
(ABA) signaling, a crucial hormone in drought response, mediating stomatal closure and root growth adjustments. The increased
expression of HCF136, a gene involved in photosystem II stability, suggests an adaptive mechanism to maintain photosynthetic
efficiency under stress. Conversely, the expression of Beta Amylase, DREBIC, and MIMP genes significantly decreased in the
tolerant genotype under severe drought. While Beta Amylase is involved in starch degradation for sugar accumulation, its
downregulation might indicate a shift in carbohydrate metabolism or a genotype-specific response. Similarly, the reduced
expression of DREBIC, a transcription factor typically associated with stress gene activation, and MIMP, involved in myo-inositol
metabolism, in the tolerant genotype under severe stress warrants further investigation to fully understand their nuanced roles in
this specific context. In the sensitive genotype, HCF136 showed a modest increase (approximately 1.5-fold), while the other genes
(ABAWDS, DREBIC, BA, and MIMP) exhibited a general downregulation or minimal change, indicating a less effective molecular
response to drought compared to the tolerant genotype.

Conclusion. These findings collectively underscore the intricate interplay of morphological, physiological, biochemical, and
molecular mechanisms contributing to drought tolerance in lentil. The tolerant genotype's superior performance across multiple
parameters — including better maintenance of water status, reduced membrane damage, enhanced antioxidant defense, and specific

KeyYVOI‘.ds: gene expression patterns — highlights its adaptive capacity. The differential gene expression profiles, particularly the upregulation
Antioxidant Enzymes, of ABAWDS and HCF136 in the tolerant genotype, provide valuable molecular markers for drought resilience. This comprehensive
malondialdehyde, analysis not only deepens our understanding of drought tolerance mechanisms in Lens culinaris but also offers critical insights for
proline, future lentil breeding programs. By leveraging these identified traits and genetic markers, it is possible to develop and select new

real time PCR drought-tolerant lentil varieties, thereby enhancing crop productivity and ensuring food security in regions increasingly threatened
? by water scarcity. Further research should focus on validating these findings in field conditions and exploring the functional
RNA sequencing. genomics of these candidate genes to accelerate the development of climate-resilient lentil cultivars.
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1. Relative Water Content (RWC)
2. Electrolyte Leakage Index (ELI)
3. Leaf Area Index (LAI)

4. Ninhydrin
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Table 1. Names and sequences of designed primers.

o ST axhad Job dgu0 Wa'e Jy Sl et s,
180-190 bp 5'CATTGTGGAATTGGGATGGT 3' BA-F 1
180-190 bp 5'CGATGGTGTTATGGTTGATGTC 3' BA -R 2
180-190 bp 5S'TTCCTATTCCTGCAACCTCG 3 DREBIC -F 3
180-190 bp 5S'TCATATCCAACACTGCCTCC 3' DREBIC -R 4
180-190 bp 5'TGGTGGTTATGCTTTGTATGAG 3' ABAWDS -F 5
180-190 bp 5S'GTGTTTCTTCTTTCCATGAGCT 3' ABAWDS R 6
180-190 bp 5'GAGGTGGTCTTTATCTCAGCA 3' HCF136-F 7
180-190 bp 5'GTCACGAATCCATGACTTGC 3' HCF136-R 8
180-190 bp 5'CCTGTGCTCTTAATCTTTGTGG 3' MIMP -F 9
180-190 bp S'GGTTTGAAGCAGCTATACGC 3' MIMP -R 10

101 bp 5'ACGTCCCTGCCCTTTGTACAC 3' 18srRNA-F 11
101 bp 5'CACTTCACCGGACCATTCAAT 3" 18srRNA-F 12
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Shoot Dry Weight :SDW Shoot Fresh Weight :SFW Root Dry Weight :RDW Root Fresh Weight :RFW (Trichome Concentration :TC Shoot Height :SH ¢Cu jdy cadsee &yl
:APX (Catalase :CAT Malondialdehyde :MDA Soluble Sugar :SS Relative Water Content :RWC Leaf Area Index :LAI Electrolyte Leakage Index :ELI Root lenght :RL
.Guaiacol Peroxidase :GPX Ascorbate Peroxidase
Table 2. Analysis of variance (ANOVA) results for the different traits evaluated in two lentil genotypes (FLIP2002-57L and FLIP2002-55L) under three irrigation regimes
(control, 60% field capacity, and 30% field capacity). The abbreviations correspond respectively to: SH: Shoot Height, TC: Trichome Concentration, RFW: Root Fresh Weight,

RDW: Root Dry Weight, SFW: Shoot Fresh Weight, SDW: Shoot Dry Weight, RL: Root Length, ELI: Electrolyte Leakage Index, LAI: Leaf Area Index, RWC: Relative Water
Content, SS: Soluble Sugar, MDA: Malondialdehyde, CAT: Catalase, APX: Ascorbate Peroxidase, GPX: Guaiacol Peroxidase.

MS
S.0.V df SH TC Number — Number RFW RDW SFW SDW RL Greenness ELI LAI
of leaves of leaflets
Block 2 0.30™ 0.04™ 0.38" 176.16™  0.001™ 0.00 0.04" 0.01™ 0.006™ 0.25" 0.84" 31.24%
Drought stress 2 195.28" 497.8™ 1072 987.50™ 097" 263.83" 3512 0.62" 8.65™ 1719.25™ 213.72* 1812.95"
Genotypes 1 0.03" 24797 3.55° 118422° 023" 0.001™ 2.59% 0747 5217 99.40" 1111.40° 11909.90"
Genotype * Stress 2 6.92" 17.15™ 1.7 196.72% 0.07" 0.00™ 0.09™ 0.14* 575" 18.65™ 114.00™ 577.43"
Error 10 036 0.06 0.45 121.90 0.001 0.00 0.53 0.01 0.08 0.11 6.22 104.63
MS
df RWC Total chl H,0, Proline ss Protein MDA Ca"’dte“"' CAT APX GPX
Block 2 2.09™ 0.01™ 0.004™ 0.06™ 0.0 3.96™ 0.03™ 0.05™ 0.0000221™  0.0000151™ _ 0.0000015™
Drought stress 2 189.35™ 13327 26743 566" 42897 3184592 437" 1477 0.0000855" 0.001** 0.92™
Genotypes 1 191.10" 023"  1227.60™ 1.78" 038" 16598 034" 0.16° 0.0 0.003* 0.07"
Genotype * Stress 2 27.01" 1.95 3310 0.10" 023" 62324 007" 0.01™ 0.0000125™  0.0000645™ 0.01™
Error 10 6.88 0.06 435 0.04 0.01 3.52 0.02 0.01 3.52 0.00000816  0.000000416
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Figure 1. Mean comparison of the effects of different stress levels on plant height in two lentil
genotypes (susceptible and tolerant). Columns sharing the same letters do not differ significantly
from each other (Duncan’s test at the 1% significance level).
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Figure 2. Mean comparison of the number of leaves per lentil plant under control, moderate stress, and severe stress
levels (a); mean comparison of the number of leaves per lentil plant in susceptible and tolerant genotypes (b); mean
comparison of the number of leaflets per lentil plant under control, moderate stress, and severe stress levels (c); and mean
comparison of the number of leaves per lentil plant in susceptible and tolerant genotypes (d). Columns sharing the same ,
letters do not differ significantly from each other (Duncan’s test at the 1% and 5% significance levels).
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Figure 3. Comparison of the mean effect of different stress levels on trichome density in two sensitive and
tolerant lentil genotypes. Columns sharing the same letters do not differ significantly from each other
(Duncan’s test at the 1% significance level).
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Figure 4. Mean comparison of the effect of different stress levels on fresh root weight in two sensitive and tolerant lentil genotypes (a); mean
comparison of the effect of different stress levels on dry shoot weight in two sensitive and tolerant lentil genotypes (b); mean comparison of dry
root weight of lentil under control, moderate stress, and severe stress levels (c); mean comparison of fresh shoot weight of lentil under control,
moderate stress, and severe stress levels (d); mean comparison of dry root weight of lentil in two sensitive and tolerant genotypes (e); and mean

comparison of fresh shoot weight of lentil in two sensitive and tolerant genotypes (f). Columns sharing the same letters do not differ significantly
from each other (Duncan’s test at the 1% significance level).
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Figure 5. Mean comparison of the effect of different stress levels on chlorophyll intensity in two sensitive and tolerant lentil genotypes (a);

mean comparison of the effect of different stress levels on total chlorophyll content in two sensitive and tolerant lentil genotypes (b). Columns
sharing common letters do not show significant differences (Duncan’s test at the 1% significance level).
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Figure 6. Mean comparison of the effect of different stress levels on leaf area index in two sensitive and
tolerant lentil genotypes. Columns sharing common letters do not show significant differences (Duncan’s

test at the 5% significance level).
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Figure 7. Mean comparison of the effect of different stress levels on electrolyte leakage index in two sensitive
and tolerant lentil genotypes. Columns sharing common letters do not show significant differences (Duncan’s
test at the 1% significance level).
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Figure 8. Mean comparison of relative water content of lentil leaves at control, moderate stress, and severe stress levels (a); mean
comparison of relative water content of lentil leaves in two sensitive and tolerant genotypes (b). Columns sharing common letters do not
show significant differences (Duncan’s test at the 1% significance level).
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Figure 9. Mean comparison of lentil carotenoid content at control, moderate stress, and severe stress levels (a); mean comparison of
lentil carotenoid content in two sensitive and tolerant genotypes (b). Columns sharing common letters do not show significant differences
(Duncan’s test at the 1% and 5% significance levels).
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Figure 13. Mean comparison of the hydrogen peroxide in lentil under control, moderate stress, and severe stress levels (a); mean comparison
of the hydrogen peroxide in lentil in susceptible and tolerant genotypes (b); mean comparison of the malondialdehyde in lentil under control,

moderate stress, and severe stress levels (¢); and mean comparison of the malondialdehyde in lentil in susceptible and tolerant genotypes (d).
Columns sharing the same letters do not differ significantly from each other (Duncan’s test at the 1% significance levels).
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Figure 14. Mean comparison of lentil catalase enzyme activity at control, moderate stress, and severe stress levels (a); mean comparison of
lentil catalase enzyme activity in two sensitive and tolerant genotypes (b); mean comparison of the effect of different stress levels on
ascorbate peroxidase enzyme activity in two sensitive and tolerant lentil genotypes (c); mean comparison of the effect of different stress

levels on guaiacol peroxidase enzyme activity in two sensitive and tolerant lentil genotypes (d). Columns sharing common letters do not show
significant differences (Duncan’s test at the 1% significance level).

L
oods les 5 Jootio cuigi) 93 O (S A 4 gl g Blianl 3 1) (aes (ol Slagli (3485 ol gl
sl sladyl slo S (s cnl g ST ol i ]y (Sdalie g b 5 Jlb et sl S ol e il e ]
yokeo 23 y55 CaunSl (JoSg0 padaid (allS bl )0 Lol wld )l (WS99, iul38l 5 Sy dlas jials wile) eges (6155l
'lLMQASJMBMMM@SJU@ﬂ%Am&MhﬂoSJKWrML@@H@dadﬁohaaﬂ
Jo O:bc,wa 5l ‘L;_\M.J RYRW Owl.\ﬁmflﬁ: ‘oJ);'.MS PRIRWRY wl 4 oo g 4Bl xezd HoOn o ) i (GPX 5
05 Il 1y Sinlon g ¥z (JUb (olis (55155l Sy Jooxio igis oblia 55 13 BBy w59 g Lk (Sl
A5 ST (o)) o) (uilsysi g Lo 5 (S8 (al¥l) (Sujid gbd sloled b wlidesy) gdaw 53 g ltul ol
Ledgonl jidn 5 plojer zeas Jold o5 35800 (Slutdy 10338 (plosdon B> S bwgl (Sjdsid ©in ol
gilo b ook 5l sl G 1 gl S g (g nly cliblone g (gieml wekalS (sl (olre slodB 5 (s
S5 5 s imgid ol bais gl & cuigis ol g BB 4SS .l ROS (¢5lw 5 gy GPX 9 APX (gl 3l ays
25 ol ROS adgs | Sk (sl S s sl ialS 5 oIS a5 Bk 31 JUb (559 cladlons 551
ABA/WDS s 3305 il ol 45 565 o colin JsSlge Modisn Loglall 45 K, Lawgs Kinlan glid sl acules
W.Ja.u 9 co.\wai II W‘““‘"""?“B Y8 Jrosy) d‘)) HCF136 L)L" u,wb.‘)l ABA c_i....jti.w: 9 L5’5)’l> cladlee .)l.’>u‘ LS‘)"
390 93] > o0 ggere )3 sl S JUSew (35 5 SV sk (sl (MIMP g8 s 33Le) SidiSiow (6l prnn (353



1F-4d ‘Jj/n;)lmﬁ:m; clqy:;g 5)5.9:‘3/)'{/‘;‘:/))0[@@.”/4}&21'&0 124

5 ol Clablne (sl e Sinlod (5l Jlab 5y (orlall sl S G5k ) aSk ol unilSle S o)k Sl & oy
Dy o Jols guilinnsT 15 L gty 1> J3SUse 5 (5l Lo (Sl bain oUly g ¢ SlapusT ol

< B als D,\),\,,;uw I .&WD-&MJQ'
35
2.5
3
2
° 2.5 ‘}
°°’” &
215 2
P ¢
= =15
< ! 5
m I I I I m |
0.5 ’-I-‘
0.5
0 1 i = 0 I|*| Im [
BA

HCF136 DREB1 ABA/WDS MIMP

o N\
& ¥ ¥ & &
3 S s
< )
>
High Cholorophyll 136 HCF136) . jwlus g5 (o Joie cudgif (Ll nld & cond ol (35 50 W) (o Gl sloyhages YO JSS
Abscisic acid/water deficit stress ABA/WDS Dehydration-responsive element binding protein 1 DREBI Beta amylase BA Fluorescence
.(myo-inositol monophosphatase MIMP
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