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ABSTRACT

Guar (Cyamopsis tetragonoloba L.) is a drought-tolerant crop and an important source of gum and bioactive compounds. The
present study was conducted to investigate the response of 15 different guar genotypes under three soil moisture levels (100%,
70%, and 45% FC). The results indicated that drought stress caused significant reductions in physiological traits such as relative
water content (RWC), seed gum (SG), viscosity, and dry matter digestibility (DMD). For instance, mean RWC decreased from
85.96% under non-stress conditions to 79.58% at 70% FC and 64.23% at 45% FC, whereas genotypes showed considerable variation
in their responses (at 70% FC, the lowest reduction was observed in S6673 with —2.0%, and the highest reduction in RGC-1066
with —13.6%). SG decreased from 28.17 at 100% FC to 25.63 and 21.11 at 70% and 45% FC, respectively, and DMD declined from
46.96 to 43.63 and 37.1. Viscosity also decreased from an average of 2645 under non-stress conditions to 1906 and 1603 at 70%
and 45% FC, respectively. In contrast, bioactive compounds and antioxidant indices increased under drought stress. Reductions
in protein and carotenoids were also observed; protein content decreased from 28.07 to 24.2 and 16.29, and carotenoids declined
from 2.12 to 1.58 and 1.25. Based on the MGIDI, genotype RGC-986 showed the highest similarity to the ideal genotype and
was identified as the superior genotype with high performance in physiological and biochemical traits. Genotypes RGC-1031,
Saravan, and S6566 also exhibited acceptable performance under drought stress, whereas genotypes such as S-5885 and BR-99
showed the lowest adaptability. These results demonstrated that despite reductions in some quantitative and nutritional traits,
drought stress enhanced phenolic compounds, tannins, flavonoids, and antioxidant capacity, and these findings can be utilized
in breeding programs and targeted cultivation of guar in water-limited regions.

1 | Introduction et al. 2024). This crop is well adapted to arid and semiarid re-

gions worldwide and exhibits satisfactory performance under
Guar (Cyamopsis tetragonoloba L.) is a short-duration, conditions of low rainfall and high temperatures, a charac-
drought-tolerant leguminous forage species belonging to the teristic that renders guar a strategic crop under warm and
family Fabaceae, and it is widely recognized as a major nat- water-limited environments (Ravelombola et al. 2021; Kumari

ural source of guar gum with extensive industrial, food, and et al. 2024). The galactomannan compounds present in guar
pharmaceutical applications (Avola et al. 2020; Khurizadeh seeds constitute the primary source of guar gum, which is
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extensively utilized as a thickening, stabilizing, and emulsi-
fying agent in the food industry, as well as in non-food sec-
tors including oil and gas extraction (hydraulic fracturing),
textiles, pharmaceuticals, paper manufacturing, and cosmet-
ics (Gresta et al. 2014). Guar's ability to fix atmospheric nitro-
gen through symbiotic associations with Rhizobium bacteria,
along with its positive effects on soil fertility, makes it a suit-
able option for crop rotation systems and a low-input agricul-
tural crop (Mudgil et al. 2014; Ravelombola et al. 2021). In
addition to its industrial importance, guar is consumed as a
fresh vegetable and used as livestock fodder in certain regions,
highlighting its multifunctional role in diverse agricultural
systems (Mudgil et al. 2014).

Recent studies have demonstrated that guar can be successfully
cultivated and achieve acceptable performance under the semi-
arid climatic conditions (Ghorbani et al. 2019; Mahdipour-Afra
et al. 2021; Hoseinollahi et al. 2025). Given the increasing global
demand for natural products and the diverse industrial and
food applications of guar, coupled with its potential for sustain-
able production in water-limited environments, this crop has
emerged as an important target for scientific research, genetic
improvement, and the development of climate-resilient agricul-
tural systems (Ravelombola et al. 2021; Hoseinollahi et al. 2025).
Therefore, investigating and improving guar genotypes and elu-
cidating their physiological and biochemical responses to abiotic
stresses such as drought can contribute to enhanced yield, pro-
duction stability, and added economic value, which constitutes
the core focus of the present study (Avola et al. 2020). In addi-
tion to its industrial importance as a major source of guar gum
with a high galactomannan content (~28%-32% of the seed),
guar possesses considerable nutritional value and is recognized
as an important source of protein, dietary fiber, and bioactive
compounds used in human diets and animal feed (Khurizadeh
et al. 2024; Rani et al. 2025). Guar seeds contain substantial
levels of protein, reported to range from approximately 24% to
45%, and provide a valuable source of essential amino acids;
moreover, their dietary fiber content contributes to improved
digestive health (Mohamed et al. 2011; Rani et al. 2025). The
presence of phenolic and flavonoid compounds in guar, such as
quercetin and gallic acid, confers notable antioxidant capacity
and highlights their potential role as health-promoting bioactive
constituents (Hamdani and Wani 2017).

Recent climate change has intensified drought events, severely
impacting plant growth, reproduction, and physiological ef-
ficiency (Alshameri et al. 2019; Mahdipour-Afra et al. 2021;
Habibi et al. 2024; Hoseinollahi et al. 2025). Drought stress (DS)
reduces relative water content (RWC), disrupts photosynthesis,
and impairs enzymatic and chloroplast functions, whereas ele-
vated temperatures exacerbate water deficits (Avola et al. 2020;
Pandey et al. 2022; Khurizadeh et al. 2024). In crops like guar,
DS decreases protein, fiber, and carotenoid contents due to
limited photosynthesis and altered resource allocation yet si-
multaneously enhances phenolic and flavonoid compounds
as part of antioxidant defense mechanisms (Kusvuran and
Kusvuran 2019; Ghotbi et al. 2022; Sarwar et al. 2024). These
complex biochemical responses can negatively affect nutri-
tional quality (protein and carotenoids) while improving bio-
active properties (phenolics), highlighting the importance of
understanding plant responses for developing drought-tolerant

genotypes with stable nutritional value and supporting sustain-
able agriculture (Ravelombola et al. 2021).

Evaluating genetic diversity and screening superior genotypes
for enhanced nutritional value and stress tolerance, particularly
drought, are essential strategies in plant breeding for sustainable
crop development (Avola et al. 2020; Habibi et al. 2025). Genetic
diversity provides the basis for identifying beneficial genes to
improve drought resilience and supports the selection of geno-
types with optimal performance and nutritional traits, including
higher protein, fiber, and phenolic content under water-limited
conditions (Ghotbi et al. 2022; Vahdati et al. 2023). Assessing di-
versity enables the distinction of drought-tolerant and sensitive
groups, reduces yield risk under adverse conditions, and facili-
tates the integration of well-adapted genotypes into breeding pro-
grams (Zubair et al. 2017; Malani et al. 2024; Sarwar et al. 2024).
Focusing on nutritional traits during screening can lead to culti-
vars with improved protein quality and antioxidant content, main-
taining both yield and food quality under drought (Ravelombola
et al. 2021; Kumari et al. 2024; Hoseinollahi et al. 2025). Overall,
combining genetic diversity assessment with targeted trait evalu-
ation ensures the development of drought-tolerant, nutritionally
superior crops while conserving valuable germplasm for future
breeding efforts (Malani et al. 2024).

Understanding the physiological and biochemical responses of
guar genotypes to DS is therefore essential for the identification
of drought-tolerant cultivars capable of maintaining productiv-
ity and quality under water-limited conditions. Genetic diver-
sity within guar germplasm provides valuable opportunities for
selecting superior genotypes with improved drought tolerance
and desirable nutritional characteristics. Screening diverse gen-
otypes using physiological and biochemical indicators can help
identify genetic resources with enhanced adaptability and re-
silience, thereby supporting breeding programs aimed at devel-
oping climate-resilient cultivars suitable for arid and semiarid
regions.

Therefore, the present study aimed to evaluate the responses of
15 guar genotypes under three irrigation regimes (100%, 70%,
and 40% field capacity) in order to investigate the effects of DS
on key physiological, biochemical, and nutritional traits, in-
cluding RWC, seed gum (SG) content, viscosity, dry matter di-
gestibility (DMD), protein, carotenoids, and antioxidant-related
compounds. The study also aimed to identify superior genotypes
capable of maintaining gum quality, physiological stability, and
nutritional value under drought conditions, thereby providing
useful information for guar breeding programs and sustainable
cultivation in water-limited environments.

2 | Materials and Methods

2.1 | Field Site Description, Plant Materials,
and Research Design

The study was conducted at Ardakan University, Yazd Province,
Iran. A total of 15 guar (C. tetragonoloba L.) genotypes originat-
ing from three geographical regions: India, Pakistan, and Iran
were evaluated. Iranian local genotypes were collected and tax-
onomically verified by the Medicinal Plant Research Institute
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of Ardakan University, whereas non-native genotypes were ob-
tained from the Rajasthan Agricultural Research Center (India)
and Bahawalpur (Pakistan) (Table 1). Prior to planting, the
experimental field was plowed, disked, and leveled in June to
prepare a uniform seedbed. Guar seeds were sown at a depth of
2cm, with inter-row and intra-row spacing of 50 and 30cm, re-
spectively, resulting in a plant density of approximately 8 plants
m~2. Each experimental unit measured 2x4m, and treatments
were arranged in a randomized complete block design (RCBD)
with three replications. Number of plants per plot was 60 plants,
and for physiological and biochemical analysis, 10 representa-
tive plants were randomly selected from the central rows of each
plot to avoid border effect.

Water stress was applied during experiment (4 months) using
three gradient levels. Soil moisture content in each plot was
daily measured by means of a time-domain reflectometry sensor
from a 20 cm soil layer. The depth of water (d,,,) required to bring
moisture content of soil back to the FC was assessed according
to the following equation (Cuenca 1989):

d;,, = (PFC — Pi) x D x By 1

PFC and Pi are water content at FC and at the time before irri-
gation (in terms of weight percentage), respectively, Bd is bulk
specific gravity in g cm™, and D is effective root depth in cm.
The total volume of irrigation water in the scale of plot area was

TABLE 1 | The specification of guar (Cyamopsis tetragonoloba L.)
genotypes.

ID Genotypes Origin

1 RGC-986 Rajasthan, India

2 S6673 Bahawalpur, Pakistan

3 BR-99 Bahawalpur, Pakistan

4 S6566 Bahawalpur, Pakistan

5 S-6560 Rajasthan, India

6 S-5885 Bahawalpur, Pakistan

7 S-6581 Bahawalpur, Pakistan

8 Grembite Sistan va Baluchistan, Iran
9 S6260 Bahawalpur, Pakistan
10 Saravan Sistan va Baluchistan, Iran
11 S6553 Bahawalpur, Pakistan
12 S6486 Bahawalpur, Pakistan
13 RGC-1031 Bahawalpur, Pakistan
14 RGC-1066 Rajasthan, India

15 Pishen Sistan va Baluchistan, Iran

determined after calculation of d . Irrigation at each stage was
performed when soil's moisture content was not more than FCs.

The experiment was conducted on clay silt textured soil, and the
main physicochemical characteristics of the soil are summarized
in Table 2. Prior to sowing, a basal fertilization was applied at rates
of 40kgha™ nitrogen and 50kgha~! phosphorus (P,0.). Irrigation
was supplied using a drip (trickle) irrigation system to ensure pre-
cise water application. Weed management was carried out manu-
ally throughout the growing season using hand hoeing.

2.2 | RWC

The RWC of fully expanded young leaves was measured accord-
ing to the formula: RWC (%)= [(FM —DM)/(TM — DM)] X 100.
Here, FM represents the fresh weight of the leaves at the time
of sampling, TM is the turgid weight obtained after immersing
the leaves in distilled water at 4°C for 24h in complete dark-
ness, and DM corresponds to the dry weight measured following
oven-drying at 75°C for 72 h.

2.3 | Guar Gum Extraction

Guar gum was isolated from the seeds using established pro-
tocols with slight modifications. Initially, the seeds were im-
mersed in distilled water and allowed to hydrate for a period of
7h to facilitate softening of the seed coat. Following hydration,
the seeds were manually processed to separate the structural
components, namely, the seed coat (hull), endosperm, and em-
bryo. The extraction of gum from the isolated endosperm was
subsequently carried out according to the procedure reported by
Ganatra et al. (2013), which was specifically designed for effi-
cient recovery of guar gum polysaccharides.

2.4 | Chemical Composition Analysis

The proximate composition of guar seeds was evaluated through
standardized analytical methods. Protein concentration (calcu-
lated as %N x6.25) was determined following the guidelines
of the American Association of Cereal Chemists (American
Association of Cereal Chemists (AACC) Approved Methods
Committee 2000). Lipid and crude fiber contents were measured
using automated systems, specifically the Soxtec 2045 (Foss) for
lipids and Fibertech 2023 (Foss) for crude fiber, according to the
manufacturer's protocols.

2.5 | Viscosity Assessment

The rheological properties of guar gum were evaluated following
Sabahelkheir Murwan et al. (2012). Purified gum powder was
fully hydrated in water, centrifuged to remove insoluble residues,

TABLE 2 | The soil physical and chemical characteristics of the experimental field before planting.

Texture Clay (%) Silt (%) Sand (%) K (mg/kg) P (mg/kg) N (%) 0oC (%) pH EC (dS/m)
Clay-silt 40 32 28 264 8.4 0.17 1.07 7.8 3.12
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and precipitated with ethanol. The resulting fibrous gum was
oven-dried at 40°C for 6 h. Aqueous solutions at 0.1%, 0.25%, and
0.5% w/w were prepared and magnetically stirred overnight.
Viscosity measurements were conducted using a Brookfield DV3
Ultra viscometer as described by Casas et al. (2000).

2.6 | DMD

The digestibility of dry matter was evaluated using a two-
step in vitro procedure as outlined by Tilley and Terry (1963).
Initially, the samples were oven-dried at 105°C until a constant
weight was achieved, then ground, and sieved through a 1-mm
mesh. A 0.5g aliquot of the prepared sample was incubated
anaerobically with a buffer solution and fresh rumen fluid at
39°C for 48 h to simulate microbial fermentation in the rumen.
Following this, the gastric digestion phase was conducted by
adding a pepsin-containing hydrochloric acid solution and in-
cubating the mixture for an additional 48 h under the same tem-
perature conditions. After the completion of both incubation
stages, the remaining residues were dried and weighed. The
DMD was then calculated according to the standard formula.

DMD (%) = [initial dry weight — residual dry weight] /
[initial dry weight]| x 100

2.7 | Determination of Tannin Content

For tannin analysis, 0.2g of the powdered seed material was
precisely weighed and extracted using a 70% (v/v) acetone-
water solution in a 3:1 ratio. The mixture was then centrifuged
at 2000rpm for 5min to remove solids, and the residue was sub-
jected to a second extraction with the same acetone solution. The
combined extracts were subsequently separated into two phases
by adding a sodium chloride solution. The aqueous fraction was
further extracted with 70% acetone, followed by solvent removal
through evaporation. To complete the extraction, 2mL of distilled
water was added to the remaining solution, and the process was
repeated three times. Any residual solvent was eliminated using
a rotary evaporator under reduced pressure. The final extract's
absorbance was determined at 765nm with a spectrophotometer
according to the protocol described by Price et al. (1979).

2.8 | Total Phenolic Content (TPC)

The total phenolic content (TPC) of guar flour was quantified
using the Folin-Ciocalteu colorimetric assay, as per the pro-
cedure outlined by Singleton et al. (1999). This method relies
on the reduction of the Folin-Ciocalteu reagent by phenolic
hydroxyl groups, producing a blue chromophore. Absorbance
was measured at 765nm using a spectrophotometer (Thermo
Spectronic 200, India) to calculate the phenolic concentration
on a percentage basis.

2.9 | Flavonoid Content

The quantification of flavonoids was conducted using the alu-
minum chloride colorimetric assay following the procedure

described by Chang et al. (2002). For this analysis, 0.2g of
dried sample powder was extracted with 10mL of 80% metha-
nol. The extract was then centrifuged at 3000rpm for 10 min,
and the supernatant was collected. A 0.5mL aliquot of the
extract was combined with 0.1 mL of 10% aluminum chloride
solution, 0.1 mL of 1M potassium acetate, and 3.4mL of dis-
tilled water and then incubated for 30 min at room tempera-
ture in darkness. Absorbance was recorded at 415nm using
a spectrophotometer. The flavonoid concentration was calcu-
lated against a quercetin standard curve and expressed as a
percentage of dry weight.

2.10 | Carotenoids

Total carotenoids were measured using a modified version of
the method described by Lichtenthaler (1987). Initially, 0.2 g
of dried sample powder was extracted with 10 mL of 80% ac-
etone and stirred in the dark for 15min. After centrifugation
at 3000rpm for 10 min, the clear supernatant was collected.
Absorbance readings were taken at 470, 645, and 663 nm using
a spectrophotometer, and total carotenoid content was calcu-
lated based on the standard Lichtenthaler equations. Results
were reported as milligrams of carotenoids per gram of fresh
sample weight.

2.11 | Total Antioxidant Capacity (TAC)

The total antioxidant activity (TAC) was assessed through the
DPPH (1,1-diphenyl-2-picrylhydrazyl) radical scavenging assay
according to Koleva et al. (2002). Different concentrations of
guar seed extract were prepared, and 0.025g/L of DPPH solu-
tion was added to each. The mixtures were kept at room tem-
perature in the dark for 30 min. A blank sample was included for
reference. Absorbance was measured at 517 nm using a spectro-
photometer. Quercetin was used as the reference standard. The
percentage inhibition of free radicals (%I) for each extract was
calculated using the standard formula.

TAC (%) = (A control — A sample) / A control x 100

2.12 | Statistical Analysis

Mean comparisons were performed using Duncan's multiple
range test at a 5% significance level. All statistical analyses
were carried out using R software. Phenotypic plasticity (PP)
between the stress and control treatments were calculated
using the equation: PP (%)=|[(stress value —control value)/
stress value] X 100. Multivariate analyses, including hierarchi-
cal cluster analysis (HCA) and heat map visualization, were
performed using the factoextra and pheatmap packages in
R. Pearson correlation coefficients were calculated to evalu-
ate relationships between traits using the ggplot2 package for
visual display. Associations between physiological variables
were assessed using linear regression analyses also provided
by the ggplot2 package in R. Principal component analysis
(PCA) was performed to extract key traits and explain vari-
ance. In addition, the multi-trait genotype-ideotype distance
index (MGIDI) was used to systematically evaluate and rank
genotypes based on multiple traits. An ideotype genotype was
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defined based on the desired values for each trait and the dis-
tance of each. The genotype was calculated from this ideo-
type to produce the MGIDI. The genotypes with the smallest
distance showed the closest match to the ideotype. The re-
sults were used to rank the genotypes, identify the superior
genotypes, and visualize using MGIDI graphs (Olivoto and
Nardino 2021).

3 | Results
3.1 | Relative Leaf Water Content

Descriptive statistics of the RWC across the 15 guar genotypes
are presented in Table 3. The relative changes in RWC of dif-
ferent guar genotypes under 70% FC and 45% FC irrigation re-
gimes, compared with the 100% FC, further demonstrated that
the magnitude of RWC reduction increased with drought se-
verity in all genotypes. At 70% FC, the percentage changes in
RWC among genotypes ranged from —2.0% to —13.6%. At this
level, genotype S6673 exhibited the lowest reduction in RWC
(—2.0%), whereas the greatest reduction was observed in geno-
type RGC-1066 (—13.6%) (Figure 1A and Figure 6A). At45% FC,
the decline in RWC was substantially greater in all genotypes,
with percentage changes ranging from —22.2% to —29.7%. The
highest reduction in RWC at this stress level was recorded in
genotype BR-99 (-29.7%), whereas genotype S-6560 showed the
lowest reduction (-22.2%) (Figure 1A and Figure 6B).

3.2 | SG Content

Table 3 summarizes the descriptive statistical parameters of
the SG content in the 15 different guar genotypes. The relative
changes in SG among guar genotypes under 70% FC and 45% FC,

compared with the control condition, indicated that the magni-
tude of SG reduction increased consistently with drought sever-
ity across all genotypes. At 70% FC, the percentage reduction in
SG among genotypes ranged from —1.4% to —14.1%. At this level,
genotype S6553 exhibited the lowest reduction in SG (-1.4%),
whereas genotype BR-99 showed the greatest reduction (—14.1%)
(Figure 1B and Figure 6A). At 45% FC, SG reduction was more
severe in all genotypes, with percentage changes ranging from
—16.3% to —31.4%. The highest reduction in SG at this stress level
was observed in genotype S-6560 (—31.4%), whereas genotype
S6553 exhibited the lowest reduction (-16.3%) (Figure 1B and
Figure 6B).

3.3 | Viscosity

The descriptive statistics associated with the viscosity traits
in 15 guar genotypes are reported in Table 3. The results of
changes in viscosity among different guar genotypes under
the two irrigation regimes of 70% FC and 45% FC compared
with the control condition demonstrated that the reduction in
this trait was considerable across all genotypes and intensified
with increasing DS severity. At the 70% FC level, percentage
changes in viscosity among genotypes ranged from —11.6% to
—40.0%. At this level, genotype S-5885 exhibited the lowest re-
duction in viscosity (-11.6%), whereas genotype S6673 showed
the highest reduction (—40.0%). Additionally, genotypes
Pishen, BR-99, and RGC-1031 recorded substantial reductions
of —39.6%, —35.4%, and —33.5%, respectively (Figure 1C and
Figure 6A). At the 45% FC level, viscosity reduction was more
severe in all genotypes, with percentage changes ranging
from —30.2% to —49.3%. The greatest reduction at this level
was observed in genotype Pishen (—49.3%), whereas the low-
est reduction was recorded for genotype Saravan (—30.2%)
(Figure 1C and Figure 6B).

TABLE 3 | The descriptive statistics of the studied variables in 15 genotypes of guar (Cyamopsis tetragonoloba) under 100% FC, 70% FC, and 45%
FC.
100% FC 70% FC 45% FC
Min Max  Mean Ccv Min Max  Mean CcV Min Max  Mean Ccv
RWC 81.5 89.6 85.96 2.7 71.2 86.5 79.58 4.88 57.8 69.5 64.23 3.93
SG 24.5 334 28.17 7.55 22.4 29.4 25.63 6.62 18.5 24.5 21.11 7.09
Flavonoids 0.21 0.29 0.25 7.78 0.24 0.36 0.309 10.02 0.29 0.44 0.3487 9.24
TAC 41.5 48.2 44.9 3.57 44.1 54.3 48.35 5.73 43.5 55.6 51.03 5.25
TPC 0.57 2.1 1.04 32.05 0.98 2.5 1.55 22.34 1.8 3.5 2.367 16.19
Viscosity 2200 3500 2645 13.57 1325 2600 1906 20.57 1150 2200 1603 16.8
TO 1.8 3.5 2.59 17.16 2.1 3.3 2.48 13.14 1.5 2.9 2.213 11.58
Fiber 10.2 13.2 11.71 5.513 9.58 12.1 10.4 4.32 8.5 10.2 9.377 3.69
Tannin 1.9 2.98 2.43 8.77 2.45 3.3 2.81 7.39 2.8 3.6 3.27 6.24
Protein 24 35 28.07 9.19 20 28 24.2 7.19 12 22 16.29 11.46
DMD 42.38 52.4 46.96 5.9 40.1 48.5 43.63 4.11 31.2 45.4 37.94 13.88
Carotenoids 1.3 2.8 2.12 15.66 1.1 2.2 1.58 17.54 0.8 1.6 1.253 13.88
Legume Science, 2026 50f 21



34 | DMD

The descriptive statistics associated with the DMD in 15
guar genotypes are reported in Table 3. The results related to
changes in DMD among different guar genotypes under the
two irrigation regimes of 70% FC and 45% FC relative to the
control condition indicated that the magnitude of DMD reduc-
tion increased in all genotypes with increasing DS intensity.
At the 70% FC level, percentage changes in DMD ranged from
—1.3% to —12.4%. At this level, genotype Pishen exhibited the
lowest reduction in DMD (-1.3%), whereas the highest reduc-
tion was observed in genotype S-6581 (—12.4%) (Figure 2A
and Figure 6A). At the 45% FC level, DMD reduction was more

severe across all genotypes, with a substantially wider range of
variation, such that percentage changes ranged from —14.8%
to —47.6%. The greatest reduction in DMD at this level was
recorded for genotype S-5885 (—47.6%), whereas the lowest re-
duction was observed in genotype S6673 (-14.8%) (Figure 2A
and Figure 6B).

3.5 | Fiber Content

Descriptive statistics of the fiber traits across the 15 guar geno-
types are presented in Table 3. The findings related to changes
in fiber content among different guar genotypes under the two
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FIGURE 2 | Impact of three irrigation regimes (100% FC, 70% FC, and 45% FC) on 15 guar genotypes for (A) dry matter digestibility (DMD) and

(B) fiber. Bars represent the mean + standard deviation of each genotype under the respective irrigation treatment. Asterisks indicate the significance

level of treatment effects: *p <0.05, **p <0.01, *p <0.001, and ns denotes nonsignificant differences.

irrigation regimes of 70% FC and 45% FC relative to the control
condition indicated that the magnitude of fiber reduction in-
creased in all genotypes with increasing DS intensity. At the 70%
FC level, percentage changes in fiber content ranged from —2.7%
to —15.7%. At this level, the lowest reduction in fiber content was
observed in genotype Pishen (—2.7%), whereas the highest re-
duction was recorded for genotype BR-99 (-15.7%) (Figure 2B
and Figure 6A). At the 45% FC level, fiber reduction was more
severe across all genotypes, with percentage changes ranging
from —12.7% to —25.2%. The greatest reduction in fiber content
at this level was observed in genotype S-5885 (—25.2%), whereas
the lowest reduction was recorded for genotype Pishen (—12.7%)
(Figure 2B and Figure 6B).

3.6 | Total Oil (TO)

The results of the interaction effects of three different soil
moisture levels on total oil (TO) content in 15 guar genotypes
showed that this trait did not show significant differences
in response to DS severity. However, significant differences
were observed for the main effects of genotype and DS
(Figure 3A,B). Under 100% FC, TO values ranged from 1.8 to
3.5 with an overall mean of 2.59. With soil moisture reduced

to 70% FC, TO values showed a slight decrease, with mini-
mum and maximum values being 2.1 and 3.3, respectively,
and the average TO decreased to 2.48. Under 45% FC, a more
pronounced decrease in TO was observed, with values rang-
ing from 1.5 to 2.9 and an overall mean of 2.213 (Table 3 and
Figure 3A). Also, the results of the main effect of genotypes
showed that the first genotype showed the highest oil content
(Figure 3B).

3.7 | Tannin Content

Table 3 summarizes the descriptive statistical parameters of
the tannin traits in the 15 different guar genotypes. The re-
sults related to changes in tannin content among different
guar genotypes under the two irrigation regimes of 70% FC
and 45% FC relative to the control condition indicated that
tannin levels increased in all genotypes with increasing DS
severity. At the 70% FC level, percentage changes in tannin
content among genotypes ranged from 0.8% to 39.1%. At this
level, the lowest increase in tannin content was observed in
genotype BR-99 (0.8%), whereas the highest increase was re-
corded in genotype Pishen (39.1%) (Figure 4A and Figure 6A).
At the 45% FC level, tannin accumulation intensified across
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FIGURE 3 | Effect of the individual three irrigation regimes level
(100% FC, 70% FC, and 45% FC) (A) and the main effect of genotype
(B) on total gum content in 15 guar genotypes. Bars represent the
mean + standard deviation for each genotype under the respective ir-
rigation regimes levels. Asterisks indicate the significance of the ef-
fects: *p<0.05, **p<0.01, *p<0.001, and ns denotes nonsignificant
differences.

all genotypes, and the range of percentage changes expanded
from 22.3% to 53.4%. The highest tannin increase at this level
was observed in genotype Pishen (53.4%), whereas the lowest
increase was recorded in genotype S6260 (22.3%) (Figure 4A
and Figure 6B).

3.8 | Protein Content

Descriptive statistics of the protein content across the 15 guar
genotypes are presented in Table 3. The findings related to
changes in protein content among different guar genotypes
under the two irrigation regimes of 70% FC and 45% FC relative
to the control condition indicated that protein reduction was
considerable in all genotypes as DS intensified. At the 70% FC
level, percentage changes in protein content among genotypes
ranged from —5.3% to —20.6%. At this level, the lowest reduction
in protein content was observed in genotype Pishen (-5.3%),
whereas the highest reduction was recorded in genotype S6566

(-20.6%) (Figure 4B and Figure 6A). At the 45% FC level, pro-
tein reduction intensified across all genotypes, and percentage
changes ranged from —34.3% to —49.2%. The greatest pro-
tein reduction at this level was observed in genotype S6566
(—49.2%), whereas the lowest reduction was recorded in geno-
type Saravan (—34.3%) (Figure 4B and Figure 6B).

3.9 | Carotenoid Content

The descriptive statistics associated with the carotenoid con-
tent in 15 guar genotypes are reported in Table 3. The results
related to changes in carotenoid content among different guar
genotypes under the two irrigation regimes of 70% FC and 45%
FC relative to the control condition indicated that carotenoid
reduction intensified in all genotypes as DS severity increased.
At the 70% FC level, percentage changes in carotenoid content
among genotypes ranged from —1.9% to —35.2%. At this level,
the lowest reduction in carotenoid content was observed in
genotype Pishen (—1.9%), whereas the highest reductions were
recorded in genotypes S-5885 and S-6581 (—35.2%) (Figure 4C
and Figure 6A). At the 45% FC level, carotenoid reduction be-
came more severe across all genotypes, and the range of per-
centage changes expanded from —18.4% to —49.3%. The highest
reduction at this level was observed in genotype S6486 (—49.3%),
whereas the lowest reduction was recorded in genotype Pishen
(—18.4%) (Figure 4C and Figure 6B).

3.10 | TPC

Table 3 summarizes the descriptive statistical parameters of
the TPC in the 15 different guar genotypes. The findings re-
lated to changes in TPC among different guar genotypes under
the two irrigation regimes of 70% FC and 45% FC relative to
the control condition indicated that TPC increased in all gen-
otypes with increasing DS severity. At the 70% FC level, per-
centage changes in TPC among genotypes ranged from 7.3% to
238.1%. At this level, the lowest increase in TPC was observed
in genotype Pishen (7.3%), whereas the highest increase was
recorded in genotype RGC-986 (238.1%). Genotypes S-6581,
S6553, and Grembite also exhibited high increases, ranging
from 184.1% to 220.4% (Figure 5A and Figure 6A). At the
45% FC level, TPC continued to increase across all genotypes,
and the range of percentage changes expanded from 70.7% to
238.1%. The highest TPC increase at this level was observed
in genotype RGC-986 (238.1%), whereas the lowest increase
was recorded in genotype Pishen (70.7%) (Figure 5A and
Figure 6B).

3.11 | Flavonoid Content

The descriptive statistics associated with the flavonoid content
in 15 guar genotypes are reported in Table 3. The findings re-
lated to changes in flavonoid content among different guar gen-
otypes under the two irrigation regimes of 70% FC and 45% FC
relative to the control condition indicated that flavonoid con-
tent increased in all genotypes as DS intensified. At the 70% FC
level, percentage changes in flavonoid content among genotypes
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FIGURE 4 | Impact of three irrigation regimes (100% FC, 70% FC, and 45% FC) on 15 guar genotypes for (A) tannin, (B) protein, and (C) carot-
enoids. Bars represent the mean + standard deviation of each genotype under the respective irrigation treatment. Asterisks indicate the significance

level of treatment effects: *p <0.05, **p <0.01, *p <0.001, and ns denotes nonsignificant differences.

ranged from 12.1% to 77.7%. At this level, the lowest increase
in flavonoid content was observed in genotype S-5885 (12.1%),
whereas the highest increase was recorded in genotype RGC-986
(77.7%) (Figure 5B and Figure 6A). At the 45% FC level, flavonoid
accumulation continued across all genotypes, and the range of
percentage changes expanded from 28.4% to 77.7%. The highest
flavonoid increase at this level was observed in genotype RGC-
986 (77.7%), whereas the lowest increase was recorded in geno-
type Saravan (28.4%) (Figure 5B and Figure 6B).

312 | TAC

Table 3 summarizes the descriptive statistical parameters
of the TAC in the 15 different guar genotypes. The findings
related to changes in TAC among different guar genotypes
under the two irrigation regimes of 70% FC and 45% FC rel-
ative to the control condition indicated that TAC values
changed across all genotypes with increasing DS severity. At
the 70% FC level, changes in TAC among genotypes ranged
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FIGURE 5 | Impact of three irrigation regimes (100% FC, 70% FC, and 45% FC) on 15 guar genotypes for (A) total phenolic content (TPC), (B) flavo-

noids, and (C) total antioxidant capacity (TAC). Bars represent the mean +standard deviation of each genotype under the respective irrigation treatment.

Asterisks indicate the significance level of treatment effects: *p <0.05, **p <0.01, *p <0.001, and ns denotes nonsignificant differences.

from 0.7% to 19.4%. At this level, the lowest increase in TAC
was observed in genotype S6486 (0.7%), whereas the highest
increase was recorded in genotype S-6581 (19.4%) (Figure 5C
and Figure 6A). At the 45% FC level, TAC values in all gen-
otypes showed either an increasing or stabilizing trend, and
the range of changes expanded from 6.4% to 19.4%. The high-
est TAC at this level was again observed in genotype S-6581
(19.4%), whereas the lowest increase was recorded in genotype
RGC-1066 (6.4%) (Figure 5C and Figure 6B).

313 | PCA

PCA conducted on 15 guar genotypes and their morphophysio-
logical and chemical traits under 70% FC revealed that the first
two principal components, PC1 and PC2, accounted for 57.7%
and 17.0% of the total variance, respectively (Figure 7A). PC1
mainly represents traits related to seed quality and nutritional
performance (protein, TPC, SG, carotenoid, and fiber), whereas
PC2 primarily reflects variation in secondary metabolites.
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Particularly tannins and flavonoids, which are associated with
antioxidant defense mechanisms under DS. Collectively, these
two components explained 74.7% of the overall data variability,
indicating a strong explanatory power. Along the PC1 axis, the
genotypes RGC-986, S6673, and BR-99 were positioned on the
positive side, whereas S-6560, S-5885, and S-6581 were located
on the negative side of this axis. The remaining genotypes, in-
cluding Pishen, RGC-1066, S6553, S6260, Saravan, S6486, RGC-
1031, S6566, and Grembite, occupied intermediate positions
along PC1. Along the PC2 axis, genotype Pishen exhibited the
highest positive score, whereas S-6581 and S-5885 showed more
negative scores.

For the 45% FC treatment, PCA revealed that the first two prin-
cipal components (PC1 and PC2) explained 51.9% and 12.0% of
the total variance, respectively (Figure 7B). Together, they ac-
counted for more than 63% of the overall variability, reflecting
a high explanatory capacity of these two components. Along
the PC1 axis, variables related to seed quality and nutritional
traits, including protein, TPC, SG, TO, fiber, carotenoids, and
TAC, were aligned in a common direction, indicating that PC1
represents the principal axis of quantitative trait differentiation
among the samples. In contrast, PC2 tended to separate sam-
ples with higher tannin and flavonoid contents, suggesting that
these traits exhibit relative independence from the other mea-
sured variables. At the genotype level, RGC-986, with strongly
positive scores along PC1 and near-zero values on PC2, was
clearly separated from the other genotypes, reflecting superior
characteristics associated with protein content and phenolic
compounds. Conversely, genotypes such as S6566, S6260, and
Saravan were located on the negative side of PC1, indicating
lower values for these traits. Additionally, genotypes including
Pishen, S6673, and BR-99 were positioned on the positive side
of PC2, which was associated with higher tannin and flavonoid
contents, distinguishing them from the remaining genotypes in
this regard.

3.14 | MGIDI Analysis Under 70% and 45% FC

The results of the MGIDI calculated to evaluate the multi-trait
performance of guar genotypes under DS at 70% FC revealed sub-
stantial differences in the distance of genotypes from the ideal gen-
otype. According to this index, RGC-986, with the lowest MGIDI
value (0.87), was identified as the genotype closest to the multi-trait
ideotype under mild DS conditions. This was followed by S6673
and BR-99, with MGIDI values of 2.54 and 2.96, respectively, in-
dicating a moderate distance from the ideal genotype (Figure 8A).
The results of the MGIDI calculated to evaluate the multi-trait
performance of 15 guar genotypes under 45% FC indicated a pro-
nounced increase in the distance of genotypes from the ideal geno-
type. Under this stress level, RGC-986 exhibited the lowest MGIDI
value (1.07), showing the smallest deviation from the multi-trait
ideotype and was therefore identified as the superior genotype in
terms of desirable trait combination under severe drought condi-
tions. This was followed by RGC-1031, which ranked second with
an MGIDI value of 3.15 (Figure 8B).

3.15 | Contribution of Genotypes to MGIDI Factors
70% and 45% FC

The results related to the contribution of guar genotypes to
the first (FA1) and second (FA2) factors of the MGIDI under
70% FC revealed a markedly heterogeneous distribution of
genotype contributions between the two factors. At this stress
level, RGC-986 exhibited the highest contribution to FA1l
(69.96%) and a lower contribution to FA2 (30.04%), indicat-
ing a strong dependence on the first factor. This was followed
by Pishen, which contributed 59.24% to FA1 and 40.76% to
FA2. The genotype RGC-1066 showed a more balanced pat-
tern, with 48.90% contribution to FA1 and 51.10% to FA2. In
contrast, the genotypes S-6560 and S-5885 exhibited domi-
nant contributions to FA2, with FA2 accounting for 99.63%
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and 92.80% of their total contributions, respectively, although
their FA1 contributions remained below 8%. Similarly, S-6581,
BR-99, and Grembite were grouped with genotypes showing
predominant dependence on FA2, with FA1 contributions of
less than 21%. The remaining genotypes, including RGC-1031,
S6260, Saravan, S6486, S6673, and S6566, displayed relatively
balanced contribution patterns between the two factors, with
FA1 contributions ranging from 21.2% to 32.3% and FA2 con-
tributions between 67.7% and 78.8%. In addition, S6553, with
39.63% contribution to FA1 and 60.37% to FA2, represented an
intermediate pattern between balanced genotypes and those
predominantly influenced by FA2 (Figure 9A).

The results related to the contribution of guar genotypes to
the three MGIDI factors (FA1, FA2, and FA3) under 45% FC
revealed a highly heterogeneous and genotype-dependent dis-
tribution pattern. Under this stress level, RGC-986 showed
the highest contribution to FA1 (66.69%), although its contri-
butions to FA2 and FA3 were 4.95% and 28.36%, respectively.

Similarly, Pishen exhibited a multi-factor contribution pat-
tern, with 44.06% contribution to FA1 and 16.32% and 39.62%
contributions to FA2 and FA3, respectively. In contrast, the
highest contributions to FA3 were observed in S-5885, S-6581,
and S6553, for which FA3 accounted for 91.65%, 84.86%, and
84.85% of their total contributions, respectively, whereas con-
tributions to FA1 and FA2 remained minimal (Figure 9B).
The genotype BR-99 also showed a strong dependence on FA3,
with 81.31% contribution. The genotypes S6486, S6673, and
Saravan likewise allocated a major proportion of their con-
tributions to FA3, with FA3 contributions of 75.06%, 77.53%,
and 64.07%, respectively. In contrast, S6566 exhibited its
highest contribution to FA2 (47.46%), whereas FA3 accounted
for 52.04% and FA1 contributed less than 1%. The genotypes
Grembite, S-6560, S6260, and RGC-1066 displayed more dis-
persed contribution patterns across the three factors, with
FA3 contributions ranging from 51.97% to 67.46%, FA2 con-
tributions between 24.23% and 32.72%, and relatively lower
contributions to FA1. Moreover, RGC-1031, with contributions
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of 33.61% to FA1, 14.96% to FA2, and 51.43% to FA3, showed
a relatively balanced distribution between the first and third
factors.

3.16 | Results of Factor Analysis of Traits Under
70% and 45% FC

Under 70%, FC, two main factors (FA1 and FA2) were extracted,
explaining the underlying structure of variation among the
studied traits. The FA1 exhibited strong negative factor load-
ings for viscosity (—0.94), SG (—0.86), TO (-0.85), TAC (-0.73),
RWC (-0.72), TPC (-0.68), and DMD (—0.60), whereas tannin
showed a strong positive loading (0.85) on this factor. The FA2
was mainly characterized by high positive loadings for flavo-
noids (0.90), protein (0.83), carotenoids (0.74), fiber (0.64), DMD
(0.58), and TPC (0.58). Communality values indicated that flavo-
noids (0.94), viscosity (0.88), SG (0.88), protein (0.85), and TPC
(0.81) were the traits most strongly explained by the extracted
factors, whereas fiber (0.47) exhibited the lowest communality.
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Correspondingly, uniqueness values revealed a low proportion
of specific variance (error) for flavonoids (0.06) and for viscosity
and SG (each 0.12) (Table 4).

Under 45% FC, three main factors (FA1, FA2, and FA3) were
extracted, reflecting a more complex structure of trait varia-
tion. The first factor (FA1) showed strong negative loadings for
TAC (—0.92), viscosity (—0.75), SG (=0.64), DMD (—0.62), TPC
(=0.58), and TO (—0.54), whereas tannin displayed a dominant
positive loading (0.83) on this factor. The second factor (FA2)
was primarily defined by a very high positive loading for RWC
(0.85), accompanied by moderate negative loadings for SG
(—0.48), DMD (—0.46), protein (—0.44), and flavonoids (—0.40).
The third factor (FA3) accounted for the highest positive load-
ings for flavonoids (0.81), fiber (0.72), TPC (0.63), protein (0.61),
TO (0.59), and carotenoids (0.65). Communality estimates at this
stress level demonstrated that tannin (0.90), TAC (0.86), flavo-
noids (0.83), SG (0.80), and viscosity (0.79) were well explained
by the extracted factors, whereas TO (0.66) exhibited the lowest
communality. Uniqueness values further indicated a low level
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Factor loadings, communalities, and residual (unexplained) variances of traits based on factor analysis derived from the MGIDI index for the assessed variables in 15 guar (Cyamopsis

tetragonoloba) genotypes under 70% and 45% FC.

TABLE 4

70% FC

TO

Protein Flavonoids Fiber TAC

TPC Tannin

SG

Vis

Carotenoids DMD

RWC

-0.73 —0.85

—0.26

0.36

—0.39

—0.94 —0.86 —0.68 0.85

—0.60

—0.38

-0.72

FA1

0.38 0.25

0.64

0.90

0.83

-0.14

—0.01 0.38 0.58

0.58

0.74

0.16

FA2

0.68 0.79

0.88 0.81 0.74 0.85 0.94 0.47

0.88

0.54 0.70 0.69

Communality

0.32 0.21

0.12 0.19 0.26 0.15 0.06 0.53

0.12

0.30 0.31

0.46

Uniquenesses

45% FC

Tannin Pro Flavonoids Fiber TAC TO

TPC

SG

Vis

Carotenoids DMD

RWC

-0.75 —0.64 —0.58 0.83 —0.44 0.13 —0.40 —0.92 —0.54

—0.62

—0.50

0.06

FA1l

—0.15

—0.31 —0.48 —0.19 —0.33 —0.44 —0.40 0.25 —0.11

—0.46

0.07

0.85

FA2

-0.32 0.61 0.81 0.72 0.04 0.59

0.36 0.40 0.63

0.42

0.65

—0.03

FA3

0.86 0.66

0.83 0.74

0.68 0.78 0.79 0.80 0.77 0.90 0.77

0.73

Communality

0.14 0.34

0.17 0.26

0.22 0.21 0.20 0.23 0.10 0.23

0.32

0.27

Uniquenesses

of specific variance for tannin (0.10) and a comparatively high
specific variance for TO (0.34) (Table 4).

3.17 | Interpretation of the Selection Index at 70%
70% and 45% FC

Under 70% FC, the measured traits were mainly grouped into
two major factors (FA1 and FA2), indicating a coherent and well-
structured pattern of genotypic responses under favorable soil
moisture conditions. The FA1 accounted for the largest propor-
tion of variation in physiological and antioxidant-related traits.
Traits such as RWC, DMD, viscosity, SG, TPC, TAC, and TO were
strongly associated with this factor. The FA2 mainly included
carotenoids, protein, flavonoids, and fiber. Although the magni-
tude of genetic gain for these traits was lower than that observed
for FA1, their positive and stable selection responses suggest that
these quality-related traits can be considered as complementary
breeding targets under non-stress conditions (Table 5).

Under 45% FC, the trait structure became more complex, and
three major factors (FA1, FA2, and FA3) were identified in the
selection index analysis, reflecting a shift in the pattern of trait
associations under DS. The FA1l primarily comprised DMD,
viscosity, SG, TAC, and tannin. The FA2 included only RWC,
which exhibited a slight decrease after selection and, due to its
lower heritability, suggests a limited responsiveness of this trait
to direct selection under DS. The FA3 played a critical role in im-
proving biochemical and nutritional traits. Traits such as TPC,
protein, flavonoids, fiber, TO, and carotenoids were grouped
within this factor (Table 5).

3.18 | Cluster Analysis of Traits Under DS

In this study, cluster analysis of measured traits was performed
on 15 genotypes under two DS levels, namely, 70% and 45% of
FC. The results indicated that under the 70% FC drought con-
dition, the genotypes were classified into two main clusters
with several subclusters. One cluster exclusively comprised
the genotype RGC-986, whereas the remaining genotypes
were grouped into the second cluster with further subdivi-
sions. Trait clustering at the 70% FC level revealed that tannin
formed a distinct and separate cluster, whereas the remaining
traits were grouped into another major cluster with diverse
subclusters. Specifically, flavonoids, fiber, carotenoids, TPC,
and protein were grouped together in one subcluster, whereas
RWC, DMD, TO, viscosity, SG, and TAC were classified into
another subcluster. Notably, the highest correlation between
traits and genotypes was observed for RGC-986, indicating its
distinct physiological and biochemical response under moder-
ate DS (Figure 10A).

Similar clustering patterns were observed under the 45% FC.
At this stress intensity, genotype RGC-986 again formed a dis-
tinct and independent cluster, whereas the remaining genotypes
were grouped together with diverse subclusters. Trait cluster-
ing under 45% FC showed that RWC and tannin were placed in
separate and independent clusters, whereas all other traits were
classified within a major cluster with heterogeneous subgroup-
ings. In this condition, TO content, carotenoids, viscosity, TAC,
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-
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=
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TABLE 5 | Predicted genetic gain for traits influencing MGIDI index of the studied variables in 15 genotypes of guar (Cyamopsis tetragonoloba)
at 70% FC and 45% FC.
70% FC
Traits Factor Xo Xs SD SDperc h2 SG SGperc Sense Goal
RWC FA1 79.58 80.93 1.35 1.69 0.59 0.80 1.00 Increase 100
DMD FA1 43.63 45.74 2.12 4.85 0.78 1.64 3.77 Increase 100
Vis FA1l 1906.31 2076.36 170.05 8.92 0.73 123.39 6.47 Increase 100
SG FA1 25.63 27.72 2.09 8.14 0.87 1.81 7.06 Increase 100
TPC FA1 1.54 1.89 0.34 22.37 0.81 0.28 18.09 Increase 100
Tannin FA1 2.81 2.75 -0.05 -1.95 0.56 -0.03 -1.09 Increase 0
TAC FA1 48.35 51.17 2.81 5.82 0.81 2.28 4.71 Increase 100
TO FA1 2.47 2.70 0.23 9.40 0.89 0.21 8.32 Increase 100
Carotenoids FA2 1.58 1.71 0.13 7.96 0.51 0.06 4.03 Increase 100
Pro FA2 24.18 25.33 1.16 4.78 0.70 0.81 3.33 Increase 100
Flavonoids FA2 0.31 0.32 0.01 4.58 0.63 0.01 2.90 Increase 100
Fiber FA2 10.40 10.60 0.20 1.91 0.56 0.11 1.06 Increase 100
45% FC

Traits Factor Xo Xs SD SDperc h2 SG SGperc Sense Goal
DMD FA1l 37.94 39.18 1.24 3.28 0.95 1.18 3.11 Increase 100
Vis FA1 1602.89 1786.47 183.58 11.45 0.86 157.65 9.84 Increase 100
SG FA1 21.11 22.53 1.42 6.74 0.90 1.29 6.09 Increase 100
Tannin FA1l 3.27 3.23 -0.04 -1.07 0.50 —0.02 —0.54 Increase 0
TAC FA1l 51.03 51.46 0.43 0.85 0.81 0.35 0.69 Increase 100
RWC FA2 64.34 64.08 —0.26 -0.40 0.31 —0.08 -0.13 Increase 0
Carotenoids FA3 1.25 1.26 0.01 0.52 0.06 0.00 0.03 Increase 100
TPC FA3 2.37 2.80 0.43 18.15 0.95 0.41 17.33 Increase 100
Pro FA3 16.24 18.04 1.79 11.04 0.86 1.54 9.48 Increase 100
Flavonoids FA3 0.35 0.39 0.04 10.62 0.80 0.03 8.54 Increase 100
Fiber FA3 9.38 9.60 0.22 2.35 0.66 0.15 1.55 Increase 100
TO FA3 2.21 2.39 0.18 8.17 0.82 0.15 6.72 Increase 100

and TPC were grouped within one subcluster, whereas fiber,
DMD, flavonoids, SG, and protein were grouped within another
subcluster. Furthermore, the highest positive correlations were
observed between TPC, flavonoids, and protein with genotype
RGC-986, highlighting its superior biochemical performance
under severe DS. In contrast, the strongest negative correlation
was detected between DMD and genotype S-5885 (Figure 10B).

3.19 | Correlation Analysis of Traits Under 70%
and 45% of FC

In the present study, correlation analysis among the investigated
traits was conducted in 15 guar (C. tetragonoloba L.) genotypes
under two DS levels, namely, 70% and 45% of FC. The correlation

results under the 70% FC revealed strong positive associations
between SG and carotenoids (0.66***), DMD (0.63***), protein
(0.73***), fiber (0.65***), and viscosity (0.72**¥). In addition, vis-
cosity showed significant positive correlations with carotenoids
(0.66***), protein (0.66***), and fiber (0.64***) while exhibiting
a strong negative correlation with tannin content (—0.60%**).
Moreover, fiber content exhibited strong positive correlations
with carotenoids (0.67***), DMD (0.70***), and protein (0.73%**)
(Figure 10C).

Under 45% FC, The RWC showed strong positive correlations
with carotenoids (0.79***), DMD (0.68***), protein (0.84***), fiber
(0.84**%), viscosity (0.77***), and SG (0.80***). In contrast, RWC
exhibited strong negative correlations with TPC (—0.83**¥), TAC
(—0.87**%), and flavonoids (—0.84***). Similarly, SG displayed
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FIGURE 10

| Cluster analysis based on the heatmap of at 70% FC (A) and 45% FC (B) and Pearson correlation coefficients of the studied variables

at 70% FC (C) and 45% FC (D) in 15 difference genotypes. The color scale, ranging from green to blue, represents correlations from highly positive to
highly negative. The numbers in the figure indicate the Pearson correlation coefficients between the traits. Square stars denote the significance of

the correlation coefficients (*p <0.05, **p <0.01, and ***p <0.001).

strong positive correlations with DMD (0.72**¥), protein (0.93%**),
fiber (0.91***), and viscosity (0.88***) while showing strong neg-
ative associations with tannin (—0.82***), TPC (—0.73***), TAC
(—0.63***), and flavonoids (—0.79***) (Figure 10D). Also, RWC
showed a significant positive relationship with SG (0.683***),
protein content (0.776**), and carotenoids (0.546***) while ex-
hibiting a strong negative association with TPC (—0.592***)
(Figure 11A-D). In addition, a strong positive relationship was
observed between flavonoids and TPC (0.565***), as well as be-
tween TPC and TAC (0.517***) (Figure 11E,F).

4 | Discussion

DS is a major agricultural constraint that markedly affects
plant water status and physiological performance in guar. Leaf

RWC is a sensitive and widely used indicator of plant responses
to water deficit, and its reduction reflects decreased leaf water-
holding capacity under limited moisture conditions. Numerous
studies have consistently reported significant declines in RWC
in guar subjected to DS (Avola et al. 2020; Upreti et al. 2021;
Khurizadeh et al. 2024). Drought-tolerant genotypes are gen-
erally able to maintain higher RWC levels, whereas drought-
sensitive genotypes show more pronounced reductions,
highlighting RWC as a reliable marker of physiological ad-
aptation to water deficit (Shrestha et al. 2022; Khurizadeh
et al. 2024). Genetic variation in drought response has been
documented, with tolerant genotypes maintaining relatively
higher RWC, particularly during early stress stages, compared
with sensitive ones. Overall, the reduction in RWC remains a
robust and reliable indicator for assessing drought tolerance
and sensitivity among guar genotypes.
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Relationships between (A) relative water contact (RWC) with (A) seed gum (SG), (B) protein, (C) carotenoids, (D) total phenol com-

pounds (TPC), (E) flavonoids, and (F) total antioxidant capacity (TAC), with TPC and F TPC with TAC after interaction of 15 genotypes of guar under
three irrigation (100%, 70%, and 45% FC). The coefficients of determination (R?) of the relationships are given (p <0.01).

The results of the present study also demonstrated that gum con-
tent (SG) in the leaves of the 15 guar genotypes declined mark-
edly with increasing DS intensity. This physiological response
is in close agreement with changes reported in previous studies
on guar under DS, as water limitation disrupts metabolic pro-
cesses and alters the distribution of soluble components within
leaves, with variable effects among guar genotypes (Khurizadeh
et al. 2024). Under 70% FC, the observed reduction in SG in-
dicated a decreased ability of the genotypes to maintain leaf
soluble content compared with the control treatment, reflecting
a dynamic plant response to reduced water availability—a pat-
tern also reported as a common response in guar under drought
conditions (Upreti et al. 2021; Gresta et al. 2017). With further
intensification of DS to severe levels (40% field capacity), SG
declined more sharply across genotypes, indicating an expan-
sion of the adverse effects of water deficit on the plant's capac-
ity to retain soluble compounds in leaf tissues. This finding is
consistent with previous reports on biochemical and physio-
logical alterations in guar subjected to DS (Pandey et al. 2022;
Khurizadeh et al. 2024). Earlier studies have also highlighted
enhanced activity of osmotic adjustment pathways and shifts in
carbohydrate metabolism as key adaptive mechanisms in guar

under DS, processes that may be closely associated with changes
in SG, as this parameter reflects the status of soluble compounds
within leaf tissues (Ghotbi et al. 2022; Sarwar et al. 2024).

The findings of this study demonstrated that a reduction in soil
moisture resulted in a significant decline in guar gum viscos-
ity, and the pattern of variation among genotypes revealed clear
differences in DS responses. Specifically, drought-tolerant gen-
otypes exhibited smaller reductions in viscosity compared with
drought-sensitive ones. Under 70% FC, the magnitude of vis-
cosity reduction among genotypes ranged from 11.6% to 40.0%.
With increasing drought severity to 45% FC, viscosity reduc-
tions intensified across all genotypes, with values ranging from
—30.2% to —49.3%. At this stress level, genotype Pishen exhibited
the greatest reduction in viscosity (—49.3%), whereas Saravan
showed a comparatively smaller decline (—30.2%), reflecting dif-
ferential physiological responses among guar genotypes. These
results indicate that guar genotypes respond differentially to DS
in terms of leaf physiology, carbohydrate metabolism, and other
key functional traits, and that such variation provides a valuable
basis for the selection and improvement of drought-tolerant guar
genotypes in breeding programs.
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Water deficit reduces the activity of enzymes involved in met-
abolic processes and negatively affects the nutritional qual-
ity of plant tissues (Sodaeizadeh et al. 2024). Under 70% DMD
values varied widely among genotypes, with some exhibiting
only slight reductions and others showing more pronounced de-
clines, confirming the presence of genetic variability and differ-
ing adaptive capacities among guar genotypes, an observation
also reported in studies examining genetic diversity and drought
responses in guar (Narayan et al. 2023). At this stress level, gen-
otype Pishen exhibited the smallest reduction in DMD, whereas
S-6581 showed the greatest decline, illustrating the broad range
of genotypic responses to water deficit. Previous research has
similarly confirmed contrasting physiological responses be-
tween drought-tolerant and drought-sensitive guar genotypes
(Vishnyakova et al. 2023). With further intensification of DS to
45% FC, the range of DMD variation increased markedly, with
genotype S-5885 showing the greatest reduction and S6673 ex-
hibiting the smallest decline. This pattern suggests that guar
genotypes differ substantially in their capacity to maintain dry
matter quality under water-limited conditions, consistent with
molecular and physiological studies indicating that drought re-
sponses in guar are strongly influenced by genetic background
and metabolic adaptability.

The evaluation of soil moisture regimes revealed that TO con-
tent in guar was significantly affected by DS intensity, with clear
genotype-dependent responses. Under optimal irrigation (100%
FC), TO levels reflected the inherent oil synthesis capacity of the
genotypes, consistent with previous reports indicating that guar
can maintain compositional traits under adequate water supply
(Ali et al. 2020). At moderate stress (70% FC), TO decreased in
some genotypes while increasing in others, highlighting distinct
genotypic strategies for coping with water limitation, as previ-
ously observed in guar (Khurizadeh et al. 2024). Notably, S6673
showed the largest reduction, whereas S-6581, RGC-1031, and
Saravan exhibited increased TO, indicating differential meta-
bolic adaptation (Azizi et al. 2022). It seems that these findings
confirm that drought severity alters lipid accumulation in guar
through genotype-specific modifications of lipid metabolism
and energy balance (Ali et al. 2020).

Under optimal irrigation (100% FC), fiber levels reflected the
inherent capacity of genotypes to maintain cell wall structure,
which is critical for the nutritional and industrial quality of guar
(Pileh et al. 2025). At moderate stress (70% FC), fiber content de-
creased overall, but clear genotypic variation was observed, with
some genotypes maintaining higher fiber levels than others, indi-
cating differential drought responses (Vishnyakova et al. 2023).
Under severe stress (45% FC), fiber reduction became more
pronounced in all genotypes, with S-5885 and Pishen showing
the greatest and smallest decreases, respectively. These results
highlight substantial genotypic differences in the ability of guar
to maintain structural integrity under increasing drought sever-
ity, reflecting coordinated metabolic and structural responses to
water limitation. Numerous studies have demonstrated that DS
leads to increased accumulation of TPC and flavonoids; these
compounds mitigate ROS activity, inhibit lipid peroxidation, and
contribute to the stabilization of membranes and proteins, play-
ing a key role in stress tolerance (Khurizadeh et al. 2024; Pileh
et al. 2025). In the present study, a significant increase in TPC
and flavonoid content was observed across all guar genotypes as

drought intensity increased from 100% FC to 70% FC and subse-
quently to 45% FC. In particular, the enhancement of TPC under
moderate and severe drought conditions reflects the active stim-
ulation of the phenylpropanoid pathway in response to reduced
water availability, leading to increased production of nonenzy-
matic antioxidants (Puzanskiy et al. 2025).

This progressive increase with drought severity is mediated by
the activation of phenolic and flavonoid biosynthetic pathways,
a response that has also been widely reported in previous stud-
ies (Khurizadeh et al. 2024). Beyond their antioxidant function,
phenolic and flavonoid compounds contribute to drought toler-
ance by regulating stress-related signaling pathways and modu-
lating the expression of genes associated with stress responses.
For instance, studies in other plant species have shown that key
genes involved in flavonoid biosynthesis are upregulated under
DS, promoting enhanced phenolic accumulation and improved
drought tolerance (ElSayed et al. 2019; Soltani-Gerdefaramarzi
et al. 2024).

Atthe level of the antioxidant defense system, an increase in TAC
was observed under both moderate and severe DS, indicating an
overall enhancement of the plant's ability to neutralize ROS. This
increase in TAC is largely attributed to the accumulation of phe-
nolic compounds and flavonoids as nonenzymatic antioxidants,
which contribute to mitigating oxidative damage at the cellular
level. Similar trends have been reported in numerous previous
studies, confirming the critical role of TAC in maintaining phys-
iological performance and reducing lipid peroxidation under DS
(Sarker and Oba 2018; Mohagheghian et al. 2025). Moreover,
the present study revealed a very strong positive correlation be-
tween phenolic compounds and TAC, in agreement with earlier
reports documenting a close association between phenolic accu-
mulation and antioxidant potential (Hamdani and Wani 2017;
Habibi et al. 2024; Soltani-Gerdefaramarzi et al. 2024).

DS enhances ROS production, which can lead to protein oxi-
dation, membrane damage, and reduced metabolic activity. In
many plant species, water deficit is associated with a decline
in total protein content in leaf tissues, as DS suppresses pro-
tein synthesis while accelerating protein degradation through
oxidative pathways and increased energy demand for cellular
defense. This phenomenon is consistent with the observations
in the present guar genotypes, which showed a substantial re-
duction in protein content with increasing drought severity
(up to approximately 42% at 45% FC), reflecting diminished
physiological and metabolic activity under stress conditions
(Tahmouzi et al. 2023; Habibi et al. 2023). In contrast to pro-
teins, flavonoids, TPC and tannins, as major components of the
nonenzymatic antioxidant defense system, exhibited significant
increases under DS. These compounds play a crucial role in
scavenging ROS and indicate that plants reinforce their second-
ary defense line against oxidative stress through enhanced ac-
cumulation under water deficit conditions (Shrestha et al. 2022;
Farajpour 2025). The pronounced increase in tannins and fla-
vonoids, particularly under severe drought across different guar
genotypes, demonstrates the activation of the phenylpropanoid
pathway for antioxidant production. This adaptive response is
more pronounced in drought-tolerant genotypes, as enhanced
accumulation of these compounds contributes to improved
cellular protection. Numerous studies have similarly reported
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that phenolic and flavonoid traits are strongly associated with
ROS scavenging capacity and tend to accumulate to a greater
extent in stress-tolerant genotypes (Alshameri et al. 2020; Pileh
et al. 2025). Conversely, carotenoids that play a vital role in pro-
tecting the photosynthetic apparatus and photoprotective sys-
tems generally decline with increasing DS. This reduction may
result from chlorophyll degradation, increased lipoxygenase ac-
tivity, and structural damage to chloroplasts under water deficit
conditions (Ghotbi et al. 2022). Although carotenoids normally
protect chloroplast membranes against oxidative damage, their
decline under severe drought reflects damage to photosynthetic
structures and an imbalance between carotenoid biosynthesis
and degradation (Mohamed et al. 2011; Rani et al. 2025). At the
genotypic level, drought-tolerant guar genotypes not only ex-
perience smaller reductions in protein content but also demon-
strate a greater capacity to accumulate tannins and phenolic
compounds and to activate antioxidant pathways, thereby lim-
iting the progression of ROS-induced damage (Avola et al. 2020;
Mahdipour-Afra et al. 2021). These genotypes may possess more
efficient hormonal regulatory systems, enhanced biosynthetic
pathways, and tighter regulation of stress-related gene expres-
sion, enabling improved maintenance of photosynthetic perfor-
mance, antioxidant production, and cellular integrity (Yan et al.
2016). In contrast, drought-sensitive genotypes exhibit more
pronounced protein loss, lower tannin accumulation, and a lim-
ited ability to preserve carotenoid content, reflecting a weaker
defensive capacity against oxidative stress (Zubair et al. 2017;
Khurizadeh et al. 2024; Sarwar et al. 2024).

5 | Conclusion

The results of this study demonstrated that guar genotypes ex-
hibit diverse responses to DS, and the severity of soil moisture re-
duction has a significant effect on the physiological, nutritional,
and biochemical traits of the plants. Genotypes that exhibited
superior performance in physiological and nutritional traits,
such as RGC-986, RGC-1031, and Saravan, showed high poten-
tial for cultivation in water-limited regions. These genotypes,
while tolerating DS, were able to maintain nutritional quality
and enhance the accumulation of bioactive compounds, mak-
ing them valuable genetic resources for guar breeding programs.
Overall, the findings of this study emphasize the importance of
identifying and selecting drought-tolerant genotypes with high
nutritional quality and demonstrate that integrating quantitative
and qualitative trait analyses with multi-trait indices provides a
comprehensive and effective approach for the development of
guar cultivation under water-limited environmental conditions.
This approach can contribute to improved yield, enhanced pro-
duction sustainability, and increased economic and nutritional
value of guar in arid regions and may serve as a transferable
model for other drought-tolerant crops.
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