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LB 5,8 5 (5l s
Treatments Chl a Chl b CARs Anthocyanin Ascorbic acid
Irrigation regimens  GABA application (mg gh (mg gh (mg gh (nmol g1 (nmol g1
0 mM (Control) 19.77de 15.21de 12.121 0.388j 233.94j
MADs 0.5 mM 24.33bc 17.97bc 13.24kl 0.469ij 262.471
1 mM 25.96ab 18.49b 13.96jk 0.414j 272.13hi
2 mM 24.71b 19.08ab 13.67kl 0.439ij 252.014j



4 mM 27.42a 20.24a 15.33hij 0.518hi 284.4%h

0 mM (Control) 15.89¢g 12.11fg 14.54ijk 0.756de 355.11de

0.5 mM 19.47def 14.71e 16.73fg 0.867c 371.52cd

MADs 1 mM 18.3%ef 15.94cde 15.78ghi 0.903bc 385.72bc
2 mM 20.87d 14.98e 17.18ef 0.969b 379.48bc

4 mM 22.87c 17.31bcd 18.24de 1.07a 416.34a

0 mM (Control) 11.611 8.501 16.09fgh 0.613gh 315.71g

0.5 mM 13.26hi 9.67hi 20.51ab 0.656fg 331.38fg

MAD>s 1 mM 14.23gh 10.56gh 19.88bc 0.693efg 342.61ef
2 mM 14.94gh 11.45gh 19.12cd 0.714ef 326.124g

4 mM 17.96f 13.90ef 21.38a 0.816cd 393.53b

LSD .05 1.79 2.13 1.38 0.09 20.28
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UL 2,115 5 5 bl oo Zghaw ;50 Codd Lol8 0l 5 (Ha02) 39,38 SmS 154 9 (( SOD) U goumnsd

Mean squares

Source of Variation df APX POX SOD H,O,
Block 2 0.056 " 0.047" 1.36™ 0.2"s
Irrigation regimes (I) 2 0.622™ 0.727" 83.6™ 75.8"
Error a 4 0.037 0.006 2.47 0.11
GABA 4 0.049™ 0.055™ 3.01™ 4.45™
I x GABA 8 0.017"" 0.019" 1.15" 1.51™
Error b 24 0.0012 0.0009 0.22 0.024
CV (%) 9.2 12.6 10.1 8.3

Ao ) SG g Jloks !l e 53 (6413 Sxo 15 Sre DgldT pas Cud iy *F g M

(APX) iy g poSuw) (Sl 5] (s 531 ol 2 U 3,15 g (55l o gk ;315 .0 Jgu

S o8 (H:0:) (539 e 88815 9 ((SOD) 36 9omnd g1 2300 (POX) jlapmT 2

Treatments APX POX

o ) GABA (umol min"' mg~  (umol min"! mg™! S_?D . H20;
Irrigation regimens app LB ! protein) protein) (U mg™" protein) (nmol g1 FW)
0 mM (Control) 0.243k 0.357k 3.11h 3.86hi
0.5 mM 0.399hi 0.508ij 3.87gh 2.97jk
MAD:>s 1 mM 0.3361j 0.481ijk 3.38h 3.48ij
2 mM 0.305jk 0.441jk 3.98gh 2.54kl
4 mM 0.436gh 0.557hij 3.5%h 2,121
0 mM (Control) 0.605de 0.764c-f 5.99¢ 6.58d
0.5 mM 0.812ab 0.802cde 7.69cd 4.76fg
MADsy 1 mM 0.655cd 0.896bc 8.24bc 5.12ef
2mM 0.729bc 0.949ab 8.84ab 4.32gh
4 mM 0.876a 1.042a 9.36a 4.07ghi
0 mM (Control) 0.469gh 0.593ghi 4.76fg 8.59a
0.5 mM 0.497fg 0.621f-1 5.01f 7.95ab
MAD7s 1 mM 0.515fg 0.677¢-h 5.44ef 7.38bc
2 mM 0.566¢ef 0.722d-g 5.65ef 6.89cd
4 mM 0.681cd 0.856bcd 7.17d 5.69¢
LSD .05 0.08 0.14 0.98 0.71
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Effect of Exogenous Foliar Application of Gamma-Aminobutyric Acid on Growth,
Enzymatic Activity, and Yield of Camelina in Response to Drought Stress

Abstract

Introduction: Drought stress is a critical abiotic factor limiting crop productivity, particularly in arid and semi-arid
regions. Gamma-aminobutyric acid (GABA), a non-proteinogenic amino acid, plays a pivotal role in modulating stress
responses by enhancing osmoprotection, regulating stomatal conductance, and mitigating oxidative damage. Despite
its known protective functions, the potential of exogenous GABA application in improving drought tolerance
in camelina (Camelina sativa), an emerging oilseed crop with promising agronomic attributes, remains insufficiently
explored. This study aimed to elucidate the physiological and biochemical responses of camelina to foliar-applied
GABA under varying drought stress conditions, with a focus on its effects on growth, photosynthetic pigments,
antioxidant enzyme activities, and yield components.

Materials and Methods: A field experiment was conducted during the 2023-2024 growing season at the research
farm of the Faculty of Agriculture, University of Maragheh, East Azerbaijan province, Iran: The study employed a
split-plot experimental design based on a randomized complete block design (RCBD) with three replications. The
main factor comprised three irrigation regimes based on soil moisture depletion levels (25%, 50%, and 75% of
maximum allowable depletion), while the sub-factor included five concentrations of foliar-applied GABA (0, 0.5, 1,
2, and 4 mM). Morphophysiological traits (plant height, biomass accumulation, chlorophyll content), biochemical
responses (antioxidant enzyme activities, hydrogen peroxide accumulation), and agronomie characteristics (seed yield,
oil content, and oil yield) were evaluated. Data were subjected to analysis of variance (ANOVA) using SAS software,
and mean comparisons were performed using the LSD test at a significance level of P<0.01.

Results: The findings revealed that drought stress significantly reduced camelina growth, photosynthetic pigment
content, and yield attributes. However, foliar application of GABA substantially alleviated the adverse effects of water
deficit by enhancing physiological and biochemical responses. The highest plant height (62.2% greater than severe
drought without GABA) was observed under optimal irrigation with 4 mM GABA. Similarly, seed yield and oil yield
reached their maximum in the same treatment, exhibiting respective increases of 120.87% and 241.4% compared to
the severe drought control. Drought stress markedly reduced chlorophyll a, chlorophyll b, and carotenoid contents,
but exogenous GABA application significantly improved amount of these pigments. Under non-stressed conditions,
foliar-applied GABA at 4 mM enhanced chlorophyll a, chlorophyll b, and carotenoid contents by 137.1%, 131.6%,
and 76.4%, respectively, compared to severe drought without GABA. Additionally, GABA application activated key
antioxidant enzymes, including ascorbate. peroxidase (260.4% increase), peroxidase (190.8% increase), and
superoxide dismutase (201.1% increase) under. moderate drought stress at 4 mM GABA. Concomitantly, hydrogen
peroxide accumulation was reduced by 76.4%, indicating lower oxidative stress levels. These results suggest that
GABA-mediated drought tolerance is' primarily associated with enhanced antioxidant defense mechanisms and
improved photosynthetic efficiency, contributing to higher productivity under water-limited conditions.

Conclusion: This study provides compelling evidence for the efficacy of foliar-applied GABA in mitigating drought-
induced damage in camelina. The application of 4 mM GABA proved most effective in enhancing physiological and
biochemical responses; leading to substantial improvements in seed yield and oil productivity under drought stress.
Given its role in modulating stress tolerance, GABA can be integrated into sustainable agronomic practices to enhance
crop resilience in water-limited environments. Future research should explore the molecular mechanisms underlying
GABA-mediated drought tolerance and assess its practical applicability across diverse agroecological conditions.
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