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ABSTRACT

Background: Black gram (Vigna mungo (L.) Hepper) is an important crop legume grown in South and Southeast Asia for its
high protein content and contribution towards sustainable agricultural practices. Drought stress is one of the significant abiotic
factors affecting crop growth through adverse effects on water relations and excessive production of reactive oxygen species
(ROS) causing oxidative damage to cellular membranes and biomolecules.

Objective: The objective of the present study was to investigate the growth, physiological and biochemical reactions in Vigna
mungo seedlings subjected to progressive drought stress with special reference to the activities of antioxidant enzymes and
accumulation of osmolytes.

Methods: The seedlings were raised in controlled environment in the greenhouse and subjected to treatments involving
control, moderate drought and severe drought stress by withholding irrigation from the plants so that they were at 100% field
capacity, 60% field capacity and 30% field capacity, respectively for three weeks. Growth parameters were assessed and also
relative water content, chlorophyll content, antioxidant enzymes (SOD, CAT, POD, APX, GR), oxidative stress indicators
(MDA, H202), and osmolytes (proline, glycine betaine, soluble sugars, soluble proteins) were determined by one-way
ANOVA followed by Tukey's HSD post hoc test.

Results: Drought stress caused a considerable drop in parameters like plant height, biomass, relative water content, and
chlorophyll content, while root length under normal conditions was long. Activity of antioxidant enzymes and osmolytes levels
were growing continuously by the magnitude of stress, along with MDA and H202 accumulation which indicate the
coordinated enzymatic and osmotic reaction for oxidative and water stress.

Conclusion: The coordinated induction of the antioxidant enzymes and accumulation of osmolytes is a critical adaptation
mechanism that allows Vigna mungo plants to be resistant to oxidative stress and provides important physiological indices for
developing drought-resistant black gram varieties.
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1. Introduction
Pulses are important when it comes to global food and nutrition security as they provide low-cost protein, amino acids, and

micronutrients in most of the developing world M. Black gram (Vigna mungo (L) Hepper) is an important pulse crop in South Asia
because of its short duration, nitrogen-fixation ability, and adaptability to different cropping systems 1,

Drought is by far the most common abiotic factor affecting the yields of legumes; it has detrimental effects such as interference in
stomatal conductance, photosynthesis and source-sink relations causing loss in biomass and yield 24, At the cellular level, drought
affects both the chloroplast and mitochondrial electron transport by generating excessive amounts of reactive oxygen species (ROS)
like superoxide, hydrogen peroxide and hydroxyl radicals ], leading to oxidative stress via lipid peroxidation, proteins oxidation and
nucleic acids damage [,

The coordinated antioxidant mechanism of plants includes enzymes-SOD, CAT, POD, APX, and GR-and non-enzymatic
antioxidants, like ascorbate, glutathione, carotenoids, and phenolics, which work together to maintain their redox state. In addition,
the process of osmotic adjustment with the help of compatible solutes-proline, glycine betaine, soluble sugars, and soluble proteins-
reduces the osmotic potential of the cells and usually helps as an ROS scavenger. Nevertheless, relative to chickpea and mungbean,
physiological and biochemical drought tolerance markers are poorly characterized in Vigna mungo.

As a result, this paper attempts to analyze different characteristics-above mentioned, growth, water relations, oxidative stress markers,
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antioxidant enzyme activities, osmolyte accumulation in Vigna
mungo under different drought conditions and find the
physiological background of drought tolerance in this plant
species.

2. Related Work

Drought stress consistently reduces leaf water potential,
stomatal conductance, and net photosynthesis across crop
species, while increasing root-to-shoot ratio as a compensatory
response 4 141 Stomatal closure, though limiting water loss,
restricts CO2 diffusion and over-reduces the photosynthetic
electron transport chain, driving ROS overproduction 1,
SOD catalyzes dismutation of superoxide radicals into H202
and oxygen, forming the first line of defense [ 71; CAT and POD
subsequently decompose H202 into water and oxygen in
peroxisomal and cytosolic compartments respectively 1, while
APX and GR operate through the ascorbate-glutathione cycle,
with APX showing high H202 affinity and GR regenerating
reduced glutathione [ %61, Elevated activities of these enzymes
under drought correlate with improved membrane stability and
reduced lipid peroxidation in several legumes [, Non-
enzymatic antioxidants-ascorbate, glutathione, tocopherols,
carotenoids, and phenolics-complement these enzymes by
directly quenching ROS and regenerating oxidized cofactors,
with their relative contribution varying by stress severity and
tissue type [ 9],

Osmolyte accumulation is a well-studied hallmark of osmotic
adjustment. Proline, synthesized via the ornithine/glutamate
pathways with reduced catabolism, is among the most
consistently reported drought responses, contributing to osmotic
balance, membrane stabilization, and ROS scavenging [ 12,
Glycine betaine similarly stabilizes protein quaternary structures
and photosynthetic complexes 1% 231 while soluble sugars from
starch hydrolysis aid osmotic adjustment and serve as recovery
substrates; soluble protein often declines due to enhanced
proteolysis under severe stress 14 161,

Legume studies-chickpea, mungbean, cowpea-show genotype-
dependent variation in antioxidant induction and osmolyte
accumulation, with tolerant genotypes exhibiting greater
upregulation 1" %1 Recent work on Vigna mungo has begun
characterizing responses to water deficit, reporting growth and
chlorophyll reductions alongside enhanced antioxidant activity
[19. 20, 211 " hyt comprehensive studies integrating growth, water
relations, oxidative markers, and the full antioxidant-osmolyte
complement remain limited for this species-a gap the present
study addresses.

3. Materials and Methods

3.1 Plant Material

Certified seeds of Vigna mungo cv. Pant U-31 were procured
from a recognized agricultural research institute, surface-
sterilized with 0.1% mercuric chloride, rinsed, and germinated
in polybags containing a sterilized soil-sand-farmyard manure
mixture (2:1:1, w/w). The experiment followed a completely
randomized design (CRD) with three treatments and five
biological replicates per treatment.

3.2 Growth Conditions
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Plants were raised in a naturally lit greenhouse at 28 + 2 °C / 22
+ 2 °C (day/night), 60-65% relative humidity, and a 12 h
photoperiod, irrigated to field capacity on alternate days until
drought treatments began at the trifoliate leaf stage (21 days after
sowing).

3.3 Drought Stress Treatment

Three treatments were imposed: control (100% field capacity),
moderate drought (60% field capacity), and severe drought
(30% field capacity), maintained by withholding irrigation. Soil
moisture was monitored gravimetrically every 48 h and adjusted
to sustain target field capacity. Stress was maintained for 21
consecutive days, after which physiological and biochemical
measurements were made on the third fully expanded trifoliate
leaf, with five replicates per treatment arranged randomly.

3.4 Physiological Measurements

Plant height and root length were measured with a graduated
scale; total biomass was recorded after oven-drying at 70 °C to
constant weight. Relative water content (RWC) was determined
from fresh, turgid, and dry weights of leaf discs, leaf water
potential via pressure chamber, and total chlorophyll content
spectrophotometrically after 80% acetone extraction.

3.5 Biochemical Analyses

Enzyme extracts were prepared by homogenizing leaf tissue in
chilled phosphate buffer (pH 7.0) with EDTA and
polyvinylpyrrolidone, followed by centrifugation (12,000 x g,
20 min, 4 °C). SOD was assayed via inhibition of nitroblue
tetrazolium photoreduction; CAT from H202 decomposition at
240 nm; POD using guaiacol as substrate; APX from ascorbate
oxidation at 290 nm; and GR from NADPH oxidation at 340 nm.
Lipid peroxidation was quantified as MDA equivalents by the
thiobarbituric acid reactive substances method, and H202 by the
titanium chloride method. Enzyme activities were expressed per
milligram soluble protein (Bradford method).

3.6 Osmolyte Determination

Free proline was quantified by the acid-ninhydrin method,
glycine betaine by the periodide method, total soluble sugars by
the anthrone method, and soluble protein spectrophotometrically
via the Bradford assay using bovine serum albumin as standard.

3.7 Statistical Analysis

Data were analyzed by one-way ANOVA, with means compared
using Tukey's HSD test at p < 0.05. Pearson correlation
coefficients examined relationships among growth, oxidative
stress, and biochemical parameters. Analyses were performed
using SPSS (version 26.0).

4. Results

4.1 Plant Growth Responses

Drought stress significantly reduced plant height and total
biomass in a dose-dependent manner, with severe drought
causing the greatest reduction relative to control plants (Table
1). In contrast, root length increased progressively under both
moderate and severe drought treatments, reflecting an adaptive
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shift in biomass allocation favoring root growth to enhance
water acquisition from deeper soil layers.

4.2 Water Status

Relative water content declined substantially with increasing
drought severity, indicating progressive dehydration of leaf
tissue (Table 1). Chlorophyll content followed a similar
declining trend, consistent with drought-induced pigment
degradation and impaired chloroplast integrity.

4.3 Oxidative Stress Indicators

Both H202 content and MDA levels increased significantly with
increasing drought intensity (Table 2), confirming that water
deficit induced substantial oxidative stress and membrane lipid
peroxidation. The magnitude of increase was considerably
greater under severe drought than under moderate drought,
indicating a threshold-dependent escalation of oxidative
damage.

4.4 Antioxidant Enzyme Activities

All five antioxidant enzymes-SOD, CAT, POD, APX, and GR-
exhibited significant, progressive increases in activity with
increasing drought severity (Table 2). SOD activity increased by
approximately 113% under severe drought relative to control,
while APX and GR activities increased by 154% and 140%,
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respectively, reflecting robust activation of the ascorbate-
glutathione cycle alongside primary ROS-scavenging enzymes.

4.5 Osmolyte Accumulation

Proline content increased markedly with drought severity,
showing the largest relative change among all measured
osmolytes (nearly 5.7-fold increase under severe drought).
Glycine betaine and soluble sugar contents likewise increased
significantly, whereas soluble protein content declined
progressively, likely reflecting enhanced proteolytic activity and
reduced de novo protein synthesis under water-deficit conditions
(Table 2).

4.6 Correlation Analysis

Correlation analysis revealed strong positive associations
between antioxidant enzyme activities and osmolyte
concentrations (r = 0.87-0.94, p < 0.05), suggesting coordinated
regulation of enzymatic and osmotic protective mechanisms.
Both enzyme activities and osmolyte levels were positively
correlated with MDA and H202 content, reflecting their
induction in direct response to oxidative stress intensity. In
contrast, plant height, biomass, and relative water content were
negatively correlated with oxidative stress markers and
positively correlated with soluble protein content, indicating that
maintenance of tissue hydration and protein integrity was
closely linked to better growth performance under drought.

Table 1: Effects of Different Drought Stress Levels on Growth and Physiological Parameters of Vigna mungo

Parameter Control Moderate Drought (60% FC) Severe Drought (30% FC)
Plant height (cm) 386+14 31.2+1.2* 21.7 £ 1.6**
Root length (cm) 124+0.6 158 +0.7* 18.3 £ 0.9**
Total biomass (g plant™) 6.82 +0.31 5.14 £ 0.28* 3.26 £ 0.24**
Relative water content (%) 884111 716 £1.8* 54.2 +2.3**
ChlomphyHFCV'C;tem (mg g 2.14+0.09 1,62 +0.08* 1.05 + 0.07%*

Values are means + standard error (n = 5). *p < 0.05, **p < 0.01 compared with control (Tukey's HSD test).
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Fig 1: Biochemical pathway illustrating reactive oxygen species (ROS) generation and antioxidant defense mechanisms in Vigna mungo under
drought stress.
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As illustrated in Figure 1, drought-induced stomatal closure
disrupts photosynthetic electron transport, leading to ROS
generation that is subsequently detoxified through the
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coordinated action of SOD, CAT, POD, APX, and GR, thereby
limiting downstream oxidative membrane damage.

Table 2: Activities of Antioxidant Enzymes and Osmolyte Accumulation under Control and Drought Stress Conditions

Biochemical Parameter Control Moderate Drought Severe Drought
SOD (U mg! protein) 184 +0.9 276 £1.3* 39.2£1.8**
CAT (U mg! protein) 22110 315+1.4* 448 £2.1**
POD (U mg™ protein) 15.7+0.8 243+1.1* 36.5£1.7**
APX (U mg™ protein) 9.8+£05 16.2 £0.8* 249 £1.2*%*

GR (U mg™! protein) 72+04 11.6 £ 0.6* 17.3 £0.9**
Proline (pg g' FW) 46%0.3 128 +£0.7* 26.4 £1.5**
Glycine betaine (ug g' FW) 3.1+£0.2 7.4 +05* 13.9£0.8**
Soluble sugars (mg g FW) 10.2+0.6 16.5 £ 0.9* 23.1+£1.2*%*
Soluble proteins (mg g™' FW) 89+05 6.7 £0.4* 4.3 +0.3**
MDA (nmol g! FW) 54+03 9.8+0.6* 16.7 £ 1.0**
H20: (umol g! FW) 126 +0.7 214 +1.1* 348 +1.9**

Values are means = standard error (n = 5). *p < 0.05, **p < 0.01 compared with control (Tukey's HSD test).
SOD, superoxide dismutase; CAT, catalase; POD, peroxidase; APX, ascorbate peroxidase; GR, glutathione

reductase; MDA, malondialdehyde.
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Fig 2: Proposed mechanism of osmolyte accumulation and cellular protection against drought-induced oxidative stress in Vigna mungo.

Figure 2 depicts how osmotic signal perception under water
deficit activates biosynthetic pathways for proline, glycine
betaine, and soluble sugars, which collectively lower cellular
water potential, stabilize membranes and proteins, and support
ROS-scavenging capacity, thereby contributing to overall
drought tolerance.

5. Discussion

These findings show that drought imposes substantial
physiological and biochemical perturbations in Vigna mungo,
with reduced growth and water status accompanying
coordinated activation of antioxidant and osmotic defenses. The
progressive decline in relative water content and chlorophyll
confirms that water deficit compromises both cellular hydration

and photosynthetic integrity, consistent with other legumes &4
14]

Rising H202 and MDA levels confirm that water deficit triggers
excessive ROS accumulation, chiefly through impaired electron
transport and enhanced photorespiration under stomatal closure
5 151 This oxidative burden was effectively countered by
upregulated SOD, CAT, POD, APX, and GR activities,
mirroring the cascade in which SOD converts superoxide to
H202, subsequently detoxified by CAT and POD, while the
ascorbate-glutathione cycle (APX, GR) provides an additional,
finely regulated scavenging route © 7 ° The pronounced
APX/GR increases under severe drought suggest this cycle gains
importance as stress escalates, a pattern also reported in
chickpea and munghbean [*6. 171,
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Marked accumulation of proline, glycine betaine, and soluble
sugars indicates osmotic adjustment operating alongside
antioxidant defense. Proline's dual role as osmoprotectant and
direct ROS scavenger explains its disproportionately large
accumulation ™% 12, Declining soluble protein under severe
drought likely reflects enhanced proteolysis and reduced
translation, which may itself supply substrates for proline
biosynthesis [* 181,

Strong positive correlations between antioxidant activities and
osmolyte levels support an integrated stress-response network,
likely co-regulated through shared abscisic acid signaling 13 22,
consistent with prior legume studies -1 28T while extending this
understanding to Vigna mungo specifically.

The enzymatic and osmolyte responses identified-particularly
proline accumulation and APX/GR induction-may serve as
physiological markers for rapid drought-tolerance screening in
black gram breeding. Limitations include reliance on a single
cultivar and greenhouse conditions, which may not fully capture
field variability. Future work should incorporate multiple
genotypes, field validation, and molecular/transcriptomic
analyses to support marker-assisted breeding of drought-tolerant
cultivars.

6. Conclusion

This research shows that drought stress in Vigna mungo leads to
a synchronized response that includes a combination of
physiological and biochemical reactions indicated by stunted
growth and water content, accompanied by enhanced activity of
antioxidant enzymes as well as the production of compatible
solutes. The ramp-up of SOD, CAT, POD, APX, and GR
activities demonstrate that Vigna mungo has a good strategy of
overcoming oxidative stress, while the presence of proline,
glycine betaine as well as other solubles contributes to osmotic
adjustment and stability of cells in drought conditions. In fact, it
allows us to understand how black gram manages to survive
during a drought, and also points to the physiological markers
that can be used in the process of identification of plants that are
resistant to drought. The results of the study are highly important
for further studies in stress physiology and crop breeding.
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