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Extended Abstract
Introduction
Feeding the ever-increasing global population under conditions of limited arable land and

environmental degradation is one of the greatest challenges of the 21st century. Among abiotic
stresses, drought is the most critical factor limiting crop productivity worldwide, causing yield
losses of up to 50% and exacerbating food insecurity. Plants respond to drought by activating
antioxidant defense systems, including enzymes such as superoxide dismutase (SOD), catalase
(CAT), and ascorbate peroxidase (APX), which help detoxify reactive oxygen species (ROS).
However, severe drought increases lipid peroxidation and malondialdehyde (MDA)
accumulation, leading to membrane damage and reduced photosynthetic capacity. Quinoa
(Chenopodium quinoa Willd.) has emerged as a resilient crop with exceptional nutritional
value. Its high protein content, balanced amino acid profile, and rich micronutrient
composition have led the FAO to recognize it as a “plant-based caviar.” Quinoa’s adaptability
to harsh conditions makes it a promising candidate for food security in drought-prone regions.
Recent studies have highlighted the role of growth regulators, such as brassinosteroids (BRs)
and melatonin, in enhancing drought tolerance. Exogenous application of BRs enhances
antioxidant activity, osmotic adjustment, and membrane stability, while melatonin acts as a
direct ROS scavenger, boosting antioxidant defenses and photosynthetic efficiency. These
strategies offer promising tools to enhance crop resilience under water-limited environments.
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Materials and Methods
A field experiment was conducted during 2019-2021 at Shahid Bahonar University of Kerman, Iran (30°14'36"

N, 57°07'13" E; 1774 m a.s.l.), using a split-plot design based on a randomized complete block with three
replications. The main factor was irrigation at three levels (100, 75, and 50% of field capacity), while the sub-
factor was nine foliar spray treatments: control, melatonin (0.5 and 1 pM), brassinosteroid (0.25 and 0.5 pM),
and their various combinations. Soil samples (0—30 and 30-60 cm) were analyzed before sowing, and
fertilization was applied according to soil test results (100 kg ha™! triple superphosphate and 150 kg ha™! urea in
three splits). Weed control was performed with trifluralin (2 L ha™'). Quinoa cultivar Titicaca was sown in early
August in 3-m plots with 40-cm row spacing, later thinned to 7.5 cm plant spacing (=33 plants m2). Irrigation
was furrow-based, with 6440 m? ha™! applied for the 100% field capacity treatment, calculated using gravimetric
and TDR methods. Foliar sprays were applied twice: at panicle initiation and grain filling, early in the morning.
Stress treatments were imposed after the first foliar spray. Physiological measurements included lipid
peroxidation (MDA content, Buege & Aust, 1978) and antioxidant enzyme activities: catalase (CAT),
peroxidase (POD), and polyphenol oxidase (PPO), using spectrophotometric methods. Protein content was
determined via the Bradford assay. Yield was estimated by harvesting the central rows, measuring biomass, and
grain weight. Data were statistically analyzed using SAS 9.1 with ANOVA and Duncan’s test at the 5%
significance level.

Results and Discussion

ANOVA revealed significant main effects of drought, foliar spraying, and their interaction on leaf
malondialdehyde (MDA), soluble protein, catalase (CAT), peroxidase (POD), and yield, whereas polyphenol
oxidase (PPO) was significantly affected only by drought. MDA increased with drought severity, peaking under
no-spray x 50% FC, at 52.36% compared with no-spray x 100% FC. Foliar sprays at 75% and 50% FC
significantly reduced MDA relative to unsprayed plots. Soluble protein declined with increasing drought; the
minimum occurred under no-spray x 50% FC, 22% lower than no-spray x 100% FC, while melatonin and/or
brassinosteroid (BR) mitigated losses. CAT activity was highest with melatonin 0.5 uM + BR 0.5 uM at 75%
FC, not different from melatonin 1 uM + BR 0.5 pM or melatonin 0.5 pM + BR 0.25 uM; the lowest CAT
occurred in no-spray x 50% FC. POD activity was significantly enhanced by foliar melatonin 0.5 uM + BR 0.5
pM at 75% and 50% FC (modest increases), indicating strengthened antioxidant capacity. PPO increased with
drought (=25% at 50% vs 100% FC); numerical increases under some foliar treatments (e.g., melatonin 1 pM
x BR 0.5 uM, melatonin 1 uM) were not consistently significant. Yield exhibited significant effects of drought,
foliar spraying, drought X spray, and year x drought. The highest yields occurred at 100% FC; the lowest at
50% FC (year 2). Under 75% FC, melatonin 1 pM x BR 0.5 pM increased yield by 8.50% over no-spray; under
50% FC, by 64.97%, comparable to melatonin 0.5 uM x BR 0.5 pM. These findings align with the literature
that drought elevates ROS and MDA, while BRs and melatonin enhance antioxidant defenses and yield.

Conclusion

Overall, reduced irrigation increased malondialdehyde and antioxidant enzyme activity (CAT, POD, PPO)
while decreasing leaf protein and grain yield, indicating that quinoa’s intrinsic defenses were insufficient under
severe drought. However, exogenous melatonin and brassinosteroids improved physiological responses and
mitigated yield losses, particularly under moderate stress. Notably, a 0.5 uM brassinosteroid treatment at 75%
field capacity yielded only 3.73% less than the well-watered control. Thus, these regulators represent effective
strategies to enhance drought resilience in quinoa.
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Table 1: Soil physical and chemical characteristics of experimental location in 2020 and 2021

Soil depth
Year
1400/2021 1399/2020 Soil properties
30-60 0-30 30-60 0-30
Loam Loam Loam Loam Soil texture
0.07 0.06 0.055 0.05 Nitrogen (%)
8.30 7.44 8.00 7.05 Phosphorus (ppm)
320 310 295 290 Potassium (ppm)
2.2 2.5 2.1 2.3 EC (dS m-1)
7.65 7.5 7.5 7.4 pH
0.44 0.46 0.4 0.42 Organic matter (%)
45
=@=Min. 1399
40
Max. 1399
35
30 Min. 1400
Q 25 Max. 1400
% g’\ 20 (ﬂ
5
0

1 2 3 45 6 7 8 9 101112 13 14 15 16

Weeks after sowing
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Fig 1. Average weekly minimum and maximum temperatures during the experiment in the 2020 and 2021
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Table 2. Variance analysis results of measured enzymes and yield of quinoa

Catalase Peroxidase P. phenol
S.0.V df Malondialdehyde Protein - . . oxidase Grain yield
activity activity . .
activity
Year (Y) 1 0.03 ns 0.32ns  0.000009 ns  0.0000001 ns 0.0045 ns 5143.46 ns
Error Y 4 0.08 36.26 0.0010 0.001 0.003 676.02
Drought (a) 2 4.90%* 8218.13**  0.010** 0.194** 0.092%* 121464.71**
axyY 2 0.03 ns 0.32ns  0.00007ns  0.000002%** 0.002 ns 2043.42*
Error a 8 0.01 2.59 0.0006 0.0004 0.002 251.51
Foliar - g 0.20%* 101.88%*  0.00007**  0.000002%** 0.003ns  2754.57%x
application (b)
Y xb 8 0.002 ns 0.31ns  0.000001 ns 0.00000005 ns 0.002 ns 37.85ns
axb 16 0.11* 55.45** 0.000005**  0.0000002** 0.002 ns 1139.24%*
Yxaxb 16 0.002 ns 0.32ns  0.000004** 0.00000008 ns 0.002 ns 17.01 ns
Error 96 0.06 14.09 0.000002 0.00000005 0.002 33.48
CV(©®) — 0.03 6.21 0.12 14.32 2.18

*ns, *¥* and ***: Non-significant and significant at the 1% and 5% probability levels, respectively.
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Fig 2. Comparison of mean drought stress x foliar application of growth regulators on malondialdehyde
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