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Proline accumulation and drought tolerance in green gram (Vigna radiata L.)

ABSTRACT

Green gram (Vigna radiata L.), a key legume crop in Asia, contributes to sustainable agriculture by fixing
atmospheric nitrogen and providing valuable nutrients. Despite its importance, productivity is hindered by
various factors including drought, affecting key physiological and biochemical processes, leading to
reduced vyields. This study aimed to identify drought-tolerant green gram-genotypes by evaluating 50

accessions for root, shoot and biochemical parameters under controlled moisture stress.

An increase in root length and diameter under. stress. was observed, which aids in nutrient uptake and
osmoregulation. Conversely, shoot length and dry.weight decreased due to moisture limitations, with
genotypes like VBN 3 and PLM 38 showing resilience by maintaining higher dry weights. Biochemical
analysis revealed that proline accumulation, which correlates positively with drought tolerance, increased
in most genotypes, particularly in IC 395518 and ML 1415. This suggests its role in maintaining cell turgor
and mitigating stress effects. Chlorophyll content decreased under stress, while total phenolic content
increased in some genotypes, further indicating drought tolerance.Correlation and path analysis revealed
strong positive relationships.between root traits and proline content, emphasizing their importance in

drought tolerance.

The study concludes that genotypes with robust root systems and higher proline accumulation are more
capable, of withstanding drought, highlighting the need for breeding programs targeting these traits for

improved green gram productivity under changing climates.
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1. INTRODUCTION

Green gram (Vigna radiata L.) holds significant importance as a grain legume in Asia. Among the
13 food legumes cultivated in India, it stands as the third most crucial pulse crop, following chickpea and
pigeon pea [1]. This crop is characterized by being diploid, self-pollinating, fast-growing, and having short
growth duration [2].



Green gram possesses wide adaptability and demands minimal input resources [1]. Its robust
root system architecture actively participates in fixing atmospheric nitrogen (30-50kgha'1) through
symbiosis with Rhizobium bacteria [3], contributing significantly to soil fertility enhancement and
sustainable agricultural yields. Additionally, as a rich source of vegetable proteins, micronutrients, and
antioxidants like flavonoids and phenolics, green gram serves various purposes including food, animal

feed, fodder, and green manure [4].

Despite its economic importance, the productivity of green gram remains stagnant due to
unpredictable weather patterns and various environmental stresses. Among these stresses, drought

poses the greatest challenge to green gram cultivation, hindering its growth and development [5].

Drought stress impacts various physiological processes crucial for. growth and. molecular
functioning, resulting in reduced pod vyield [6]. Initially, drought stress hampers seed germination and
disrupts seedling establishment by affecting cell division and elongation, thereby impeding crop growth. It

also disrupts assimilate balance, reduces sucrose content, and ultimately decreases dry matter allocation

[7].

The characters like plant height, seed weight, root architecture ‘and crop yield are significantly
reduced under the drought stress conditions in green gram and other legumes. Zare et al. (2013)[8]
reported a significant yield reduction of 51% to 85.5% due to drought stress in green gram, with flowering
and post-flowering stages being more sensitive than the vegetativestage.Hence, there is an utmost need

to develop drought tolerant varieties to.improve crop productivity especially under the changing climate.
2. MATERIALS AND METHODS

The experimental material consisted of 50 different green gram (Vigna radiata) accessions collected from
National Bureau of Plant Genetic Resources, New Delhi, Tamil Nadu Agricultural University, Coimbatore,
SardarkrushinagarDantiwada Agricultural University, Gujarat, National Pulse Research Centre Vamban,
RARS Pattambi under Kerala Agricultural University and various other local accessions. The experiments
were conducted at College of Agriculture, Vellayani located 8.5° N, longitude of 76.9°E and an altitude of
96 m above;mean sea level. The study was conducted during February to April 2024 in Completely
Randomized Design inthree replications. Four seeds of each accession were raised in pot. The moisture
stress was imposed'in the pot by withdrawing irrigation for 15 days at critical growth stagesviz., flowering
and podding.stage of the crop (reproductive stage). The soil moisture was also measured during this
period using thegravimetric method. One control with all genotypes was maintained under irrigated
conditions. Observations were recorded 15 days after drought on various traitsnamely, seedling shoot
length (cm), seedling root length (cm), seedling dry weight (g), root diameter (cm) and root dry weight (g).

Various biochemical parameters indicating drought tolerance were also estimated.

2.1. Estimation of Proline (umol g™)



Proline levels were determined using the acid ninhydrin method proposed by Bates et al. in 1973
[9]. To create the sample extract, 0.5 grams of fresh leaf were blended in 10 ml of 3% aqueous
sulphosalicylic acid. After filtering the mixture, 2 ml of the filtrate was combined with 2 ml each of acetic
acid and acid ninhydrin in a test tube. The mixture underwent heating at 100°C for an hour in a water
bath. Subsequently, the reaction was halted by immersing the test tubes in an ice bath for 10 minutes.
After adding 4 ml of toluene and thorough stirring, the toluene-containing chromatophore was gathered,
brought to room temperature, and its absorbance at 520 nm was measured using toluene.as a reference.
By preparing a range of proline standards using L-proline powder and constructing a_standard curve, the

proline content in the sample was determined.

Proline content (umol g'l) = (M proline/ml x ml toluene) x 5
115.5 g sample

2.2. Estimation of chlorophyll (mg g™)

The chlorophyll content in leaves was determined following the procedure of Yoshida et al. in
1971 [10]. A 0.5 g sample from the third fully expanded leaf was finely chopped and placed into a test
tube. These samples were then allowed to incubate overnight:with;a 10'ml mixture of 80% acetone and
DMSO in a 1:1 volume ratio. The resulting solution;was transferred.to a measuring cylinder and diluted to
a total volume of 25 ml with the 80% acetone and DMSO mixture. Absorbance measurements were taken
at 480 nm, 510 nm, 645 nm, and 663 nm against a.blank consisting of only the 80% acetone and DMSO
mixture. The chlorophyll content was calculated.in mg g'l using the provided equations.

Chlorophyll a (mg g™*) = (12.7 x Aggz - 2.69 X Agas) X1 x V
1000xfresh weight

Chlorophyll b (mg g™*) = (22.9:x Agss — 4.68 XAges) X 1 x V
1000xfresh weight

Total chlorophyll (mg g'l) =(20.2 x Agss + 8.02 xAgg3) X 1 xV
1000xfresh weight

Where, A = absorbance at specific wavelength,

V = final velume of chlorophyll extract in 80% Acetone: DMSO mixture;
W = fresh weight of tissue extracted

2.3. Total phenol content (mg g™)

The phenol content in seeds was determined following the method recommended by Sadasivam
and Manickam in 1996 [11]. Initially, 0.5 g of leaf was homogenized in 5 ml of 80% ethanol. The resulting
homogenate was then centrifuged at 10,000 rpm for 20 minutes, and the supernatant obtained was
evaporated to dryness. The residue was subsequently dissolved in 5 ml of distilled water. A 2 ml aliquot

was pipetted into test tubes and the volume was adjusted to 3 ml with distilled water. To this solution, 0.5



ml of Folin-Ciocalteau reagent was added. After 3 minutes, 2 ml of 20% Na,CO; solution was added to
each tube and thoroughly mixed. The tubes were then placed in boiling water for 1 minute, cooled, and
absorbance readings were recorded at 650 nm against a reagent blank. The phenol content of the

sample was determined from a standard curve prepared with various concentrations of catechol.

Phenol content (mg g'l) = concentration of catechol in mg/ml xvolume of extract in ml
weight of plant extract in g

All the observations were subjected to standard statistical procedures using GRAPES software version

1.1.0 [12].

3. RESULTS AND DISCUSSION
3.1. Assessment of variability

The mean values of 50 genotypes for the characters: namely, froot length, shoot length, root
diameter, total plant dry weight, root dry weight, proline content, total chlorophyll content, total phenol
content are presented in table 1 and fig 1.The average soil moisture content of treatment pot was 24.39%
and 1.72% at 8" and 15" day respectively. While the control pot recorded an average moisture content of
27.32% and 30.8% at 8" and 15" day respectively.

Table 1. Differences between green gram germplasm with respect to morpho-physiological and

biochemical characters under moisture stress

Sl. No. Genotypes RL SL RD TPDW | RDW | PRO TC PHE
1 Andhra local 30.16 | 10.00 | 0.46 2.30 0.40 15.11 0.07 3.40
2 T™ 96 27.59 | 34.78 | 0.44 0.17 0.25 0.85 0.41 3.35
3 IPM 205 7 1864 | 22.74 | 0.43 2.75 0.33 10.90 0.53 1.80
4 Thiruvalla:local 29.67 8.48 | 0.49 3.33 0.32 30.29 0.81 2.56
5 EC 396143 20.37 | 10.33 | 0.54 2.17 0.35 15.44 0.14 2.30
6 IPM 031 25.69 | 35.77 | 0.37 1.13 0.51 6.89 0.69 1.89
7 C4.PDM 139 2597 | 11.93 | 0.45 2.69 0.95 26.90 1.08 2.65
8 ML 1415 34.37 5.20 | 0.38 3.76 0.32 35.60 0.97 5.18
0 Co GG 912 7.31 34.67 | 0.37 1.31 0.15 23.98 251 6.27
10 Co 8 32.33 | 12.36 | 0.42 3.00 2.76 28.45 0.87 2.79
11 1€ 395518 43.00 554 | 043 3.29 0.45 37.61 0.14 3.83
12 GM 4 26.54 | 28.11 | 0.34 2.35 0.62 9.06 0.44 1.46
13 VBN 4 13.25 | 44.33 | 0.39 3.40 0.22 4.24 2.58 1.00
14 IPM 312 20 19.66 | 32.46 | 0.43 2.21 0.27 16.86 1.21 1.82
15 IC 148530 48.40 6.58 | 0.54 3.40 0.66 34.12 1.41 2.90
16 Co9 15.90 | 38.67 | 0.49 0.27 0.40 0.65 0.68 0.54
17 VBN 2 12.98 | 48.22 | 0.42 541 0.35 5.05 0.75 511
18 VBN 3 9.87 4533 | 0.44 6.26 0.32 0.26 0.40 0.04




19 PLM 963 15.30 | 37.33 | 0.41 3.78 0.30 7.68 1.23 3.72
20 VBN 1 18.58 | 4.69 0.48 2.61 0.28 23.22 0.60 2.20
21 IC 553601 28.77 | 3748 | 0.41 3.55 0.61 18.95 1.94 2.28
22 EC 398884 32.19 | 29.33 | 0.46 1.60 0.76 3.64 0.63 3.39
23 C5 SML 668 28.13 8.65 | 0.33 2.77 0.37 31.84 1.68 5.17
24 C21PM2 14-1 16.76 | 39.35 | 0.39 2.94 0.32 5.28 3.07 1.36
25 GM 6 16.76 | 39.35 | 0.45 2.94 0.62 7.91 0.52 1.14
26 GM7 20.77 | 27.16 | 0.45 2.75 0.54 15.20 0.47 2.18
27 GM 8 23.62 | 39.30 | 0.45 2.27 0.42 6.56 1.16 1.30
28 IC 148531 2473 | 24.83 | 0.45 0.85 0.51 9.98 2.74 2.35
29 IC 597670 13.91 | 36.79 0.4 2.94 0.11 0.85 0.24 0.22
30 IC 607183 9.59 39.22 | 0.37 1.08 0.10 8.40 0.28 9.47
31 VBN 5 28.33 9.42 0.61 3.19 0.58 29.00 0.93 231
32 C21PM2 14-2 6.85 30.55 | 0.35 1.66 0.09 10.60 1.06 8.24
33 Kayamkulam local 23.48 6.50 | 0.52 2.62 0.29 25,22 0.90 2.92
34 GM 9 22.24 | 33.31 | 0.44 2.62 0.65 13.16 0.52 1.18
35 Trivandrum local 2141 | 3549 | 0.37 2.39 0.75 14.26 1.99 3.78
36 Kozhikode local 23.22 7.33 0.63 0.67 0.22 5.36 2.68 1.86
37 IC 148516 17.40 | 27.50 | 0.45 0.96 0.18 7.91 3.31 1.48
38 EC 396142 20.37 | 10.33 | 0.72 2.17 0.47 15.44 0.14 2.30
39 HDM 12 32.11 | 38.55 | 0.35 0.78 0.37 1.98 0.46 3.43
40 EC 314302 13.91 | 36.79 | 0.38 2.94 0.19 24.28 1.26 1.93
41 IC 520034 12.02 | 28.37 | 0.35 2.08 0.23 2.49 0.94 0.13
42 EC 165632 1453 | 55.00 | 0:43 5.12 0.41 19.56 1.64 2.45
43 PLM 38 14.53 | 55.00 4 0.76 5.12 0.39 23.00 1.86 2.68
44 PLM 794 2192 | 4.33 0.60 1.19 0.46 2.59 2.73 2.13
45 IC 548369 32.95 |.35.38 | 0.36 0.10 1.13 0.30 1.26 2.69
46 IC 606545 19.90 | 15.96 | 0.47 1.12 0.41 14.2 1.99 1.94
47 IC 418452 32.93 8.27 0.61 2.67 0.56 24.7 0.36 281
48 EC 272458 11.61 | 49.33 | 0.38 3.17 0.32 2.75 0.29 7.39
49 IC 488962 35.79 | 26.17 | 0.38 4.03 0.84 2.83 0.43 1.28
50 C11PM02 3 21.79 | 34.16 | 0.38 3.16 0.40 6.80 0.95 1.36

Mean 22.84 | 26.27 | 0.44 2.48 0.47 13.59 1.13 2.76

SE(d) 3.96 3.01 0.03 0.49 0.12 3.01 0.56 0.51

CD (5%) 7.49 3.39 0.06 0.95 0.26 4.49 1.12 1.02

CV 21.28 | 14.07 | 9.23 24.24 32.36 | 27.16 | 60.68 | 22.83

RL — Root length (cm); RD — Root diameter (cm); SL — Shoot length (cm); TPDW — Total plant dry weight
(g); RDW — Root dry weight gg); PRO - Proline content (umolg'l); PHE — Total phenol content (mg g'l);
TC — Total Chlorophyll (mg g™)



Fig 1. Morpho-physiological and biochemicalcharacterization of green gram genotypes under drought
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3.1.1. Root parameters

A wide variation was. recorded’ among ‘the genotypes with respect to various parameters,
indicating ample scope of selection. A significant difference was noted among genotypes for root length
which ranged from 6.85 to 48.40 cm. Root length was found to be higher in majority of genotypes under
moisture stress condition than control. This was in conformity with the results of Prakash et al. (2018) [13]
in black gram. The genotypes IC 148530 and IC 395518 recorded longer root length under stress
conditions. Under. moisture stress condition, an increase in root diameter was recorded in majority of the
genotypes compared to control condition. This was in accordance with reports of Prakash et al. (2018)
[13]}.and Zhou et al. (2018) [7] in green gram. Thicker root helps plants to acquire nutrients faster and
increase the reserve of non-structural carbohydrates which inturn help in osmoregulation and
osmoprotection.In this study, PLM 38 and EC 396142 recorded greater diameter under moisture stress
condition. Genotypes with superior root architecture will be able to avoid drought. Similar observation was

made by Amarapalli (2022) [14] in green gram.

3.1.2. Shoot parameters

A reduction in shoot length was recorded under moisture stress condition compared to control

condition in all genotypes. Similar observations were made by Ranawakeet al. (2011) [15] in green gram



and Pandiyan et al. (2017) [16] in black gram and green gram. The decrease in shoot length could be
attributed to deeper root growth, which is promoted by shorter plant height and enables the plant to
absorb more moisture under water stress conditions. Genotypes with longer shoot lengths relative to their
roots tend to be more sensitive to moisture stress.In the present study, longer shoot lengths were
recorded by PLM 38, VBN 3, EC 272458, IC 606545, IC 520034, C2 IPM2 14-2, IC 597670 and Co 9

which also had lower root length making them sensitive to moisture stress condition.

3.1.3. Dry weight

Seedling dry weight reduced under moisture stress condition compared to control. in'majority of
the genotypes which were in confirmatory with the observations of Kaur et al: (2017)-[17] in ' mungbean
and Meena (2017) [18] in chickpea.The decrease in the plant dry weight could:be attributed to the
reduction in shoot and root length, which may result from inhibited cell division. and.differentiation under
conditions of moisture stress. The genotypes with higher root and shoot length namely VBN 3, IC 553601
and PLM 38 recorded higher plant dry weight compared to control in:moisture stress conditions.
Corresponding observation was made by Kumar et al. (2011) [19] in pigeon pea.An increase in root dry
weight was observed in some genotypes in moisture stress, conditionicompared to control pots. The
genotypes TM 96, IPM 031, C4 PDM 139, Co 8, I€ 553601, Trivandrum local and IC 548369 recorded
higher root dry weight. This was in confirmation with findings of Prakash et al. (2018) [13] and Santos et
al. (2020) [20] in green gram. Increased root dry. weight may be due to increased allocation of dry matter
to roots under stress condition.On contradictory to this, C2 IPM 2 14-2, Andhra local, ML1415, GM 6, IPM
2057, VBN 1, GM 8, GM 7, and IC 148516 showed decrease in root dry weight under stress condition. A

similar observation was made by Dien et al. (2017){21] in rice.

3.1.4.Biochemical parameters

Proline levels are a_key factor in enhancing water stress tolerance in plants. An increase in
proline content was observed in majority of the genotypes compared to the control condition. This was in
agreement with the findings of Naidu et al. (2008) [22] Bangar et al. (2019) [23] in green gram. The
increase in levels of proline content can be used by plants to combat moisture stress condition by
maintaining cell turgor.and preventing electrolyte leakage thus keeping reactive oxygen species (ROS)
levels normal.In the present study, IC 395518, ML 1415, IC 148530 and C5 SML 668 recorded higher
proline content under stress condition. This suggests their ability to tolerate moisture stress indicating that
varieties with elevated proline levels are more capable of withstanding the negative impacts of moisture

stress and can achieve higher yields.

A reduction in chlorophyll content was observed in majority of the genotypes under moisture
stress condition than control. Similar results were reported by Pandiyan et al. (2017) [16] in green gram
and black gram and Jincy et al. (2020) [24] in green gram. The decrease in chlorophyll content during

moisture stress might be caused by photo-oxidation and degradation of chlorophyll. The genotypes IC



148516, C2 IPM2 14-1, IC 148530, PLM 794, Kozhikode local, VBN 4, and Co GG 912 recorded higher

chlorophyll content indicating their level of tolerance to drought.

Green gram is rich source of polyphenolics, the major phenolic constituent in green gram are
phenolic acids. Under moisture stress conditions, an increase in phenol content was observed in some of
the genotypes. This was in accordance with reports of Varela et al. (2016) [25]. In the current study, the

genotype IC 607183 recorded higher total phenol content reflecting their ability for drought tolerance.
3.2. Correlation studies

Correlation coefficient measures the extent and direction of association-between:characters and
thus helps in effective selection.The genotypic correlation matrix with respect to the various characters
have been estimated and is presented in table 2 and figure 2. The character root length had maximum
positive correlation with root diameter (0.949) followed by proline content (0.700) and root dry weight
(0.636) whilea significant negative correlation was observed with shoot length (-0.331).Root diameter
expressed a significant positive correlation with all the characters considered except for shoot length
which had a nonsignificant correlation. The proline content of the drought affected seedlings were
positively correlated with root diameter (0.747), root length (0.700), total plant dry weight (0.424), phenol
content (0.356), root dry weight (0.325) and total chlorophyll (0.155) while a significant negative
correlation was recorded for shoot length (-0.465). The root diameter (0.509) of the affected plants alone
exhibited a significant positive correlation with the biochemical parameter, total chlorophyll content. The
phenol content of the affected plants also did not show a very high correlation with any of the biometric
parameters. Proline content of the drought affected plants can be considered as a reliable indicator of
drought tolerance. Proline accumulation in stressed plants was earlier reported by Anaytullahet al.
(2007)[26] and Baroowa_and Gogoi (2012).[6]. Fahramandet al. (2014) [27] observed the increased
proline accumulation in tolerant genotypes than that of other amino acids; therefore, proline can be used

as a criterion for screening drought tolerant varieties.

A notable connection of chlorophyll content with proline was earlier reported by Bangar et al.,
2019 [23].Prakash et al.(2018) [13] evaluated black gram genotypes for drought tolerance based on root
dynamics and observed higher values in root parameters viz. root length and dry weight of root under
severe water stress.Chlorophyll content exhibited a notable connection with proline and protein content.
Plant height showed a strong correlation with leaf area, seed count per pod, and pod count per plant. Leaf
area displayed a negative correlation with proline but demonstrated positive associations with RWC,
protein content, and yield components [23].Santos et al. (2020) [20] reported that when subjected to
moisture stress, drought tolerant cowpea genotypes recorded increased root dry weight of
24.57%.Sivakumar et al. (1998) [28] reported that proline could be used as biochemical marker for
drought tolerance.Proline accumulation in stressed plants was reported by Anaytullahet al. (2007)

[26].Baroowa and Gogoi (2012) [6] observed an accumulation of proline in leaves during stressed period



and decreased in the subsequent recovery stages.Fahramandet al. (2014) [27] observed the increased
proline accumulation in tolerant genotypes than that of other amino acids; therefore, proline can be used
as a criterion for screening drought tolerant varieties.According to Dutta and Bera (2016) [29] proline
content increased with decreasing water potential at all stages of observation irrespective of cultivars
tested.

Table 2. Genotypic correlation matrix of drought related characters in green gram

RL SL RD RDW TPDW PRO TC PHE

RL 1
SL -0.331** 1
RD 0.949** -0.061 1

RDW 0.636** 0.035 0.387** 1

TPDW 0.206* 0.331* 0.472** 0.196* 1

PRO 0.7** -0.465** 0.747** 0.325** 0.424** 1
TC 0.004 0.105 0.509** -0.014 -0.138 0.155* 1

PHE 0.131 0.205* 0.192* 0.038 0.127 0.356** 0.037 1

RL — Root length (cm); RD — Root diameter (cm); SL — Shoot length (cm); TPDW — Total plant dry weight
(g); RDW — Root dry weight (g); PRO — Proline content (pmolg'l); PHE — Total phenol content (mg g'l);
TC — Total Chlorophyll (mg g™)

*significant at 5% level; **significant at 10% level

Figure 2. Genotypic correlation of drought related characters in green gram
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3.3. Path analysis

Path coefficient divides the correlation coefficient into direct and indirect effects and gives
information about the influence of one variable upon another.Proline can be used as a criterion for
screening drought tolerant varieties, hence the direct and indirect effects of the various characters on

proline content was estimated and is presented in table 3.

The highest positive direct effect on proline content was recorded by total plant dry weight
(0.5080) followed by phenol content (0.3790) and root diameter (0.2010). A very high negative direct
effect was imposed by shoot length on proline content (-0.7080). Although total plant dry weight had a
very high direct effect, it was negatively affected by shoot length by its indirect effect (-0.2350) on proline
content. The character root length (0.0450) had very small direct effect on<proline content but it exhibited
indirect effect through shoot length (0.2320), root diameter (0.1890) and root dry weight (0.1060). The
residual effect of the path analysis was 0.2683, indicating that almost 73% of the factors affecting proline

content of the plant has been included in the study.

Proline accumulation as a mechanism to prevent adverse effects of drought in various plants
have been earlier reported by Man et al. (2011) [30]; Sahaet al. (2019) [31]; Furlanet al. (2020) [32];
Kijowska-Obercet al. (2023) [33] and Nutthapornnitchakulet al. (2024) [34].

Table 3. Direct and indirect effects of drought related characters on proline content in

green gram
RL sL RD RDW | TPDW | TC pHE | Genotypic correlation
with main variable
RL 0.045 | 0232 |.0180 [.0083 | 0106 | -0001 | 0.049 0.703
sL 0015 | 0708 | -0.011 | 0.005 | 0.168 | 0019 | o0.078 -0.463
RD 0043 | 0040 | 0201 | 0051 | 0240 | 0092 | 0.074 0.740
RDW 0029 | -0.026 | 0078 | 0131 | 0100 | -0.002 | 0.014 0.325
TPDW | 0009 | 0235 | 0095 | 0026 | 0508 | -0.025 | 0.048 0.427
TC 0.000 | -0.076 | 0.03 | -0.002 | -0.071 | 0179 | o0.014 0.148
PHE 0.006 | -0.146 | 0.039 | 0005 | 0065 | 0007 | 0.379 0.354

RL — Root length (cm); RD — Root diameter (cm); SL — Shoot length (cm); TPDW — Total plant dry weight
(9); RDW — Root dry weight (g); PHE — Total phenol content (mg g'l); TC — Total Chlorophyll (mg g'l)

Residual effect — 0.2683
4. CONCLUSION
This study highlights the significant variation in characters for screening against drought tolerance among

50 green gram genotypes, emphasizing the importance of root architecture and proline accumulation in

withstanding moisture stress. Genotypes with longer roots and higher proline levels, such as IC 395518,



ML 1415 and Co 8 showed greater drought resilience, suggesting their potential for breeding programs

aimed at improving green gram productivity under adverse environmental conditions.The study's findings

provide valuable insights for developing drought-tolerant varieties, crucial for enhancing crop yields in the

face of unpredictable weather patterns and climate change, ultimately contributing to sustainable

agriculture and food security.
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