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Abstract

In the current era of continuously shifting environmental conditions, drought remains a major abiotic constraint, significantly impacting crop
growth and productivity. This study assessed genetic variability and trait associations and effects in 65 Indian mustard genotypes under
normal and drought stress conditions to identify key traits for drought tolerance. These genotypes were analyzed in randomized block design
with three replications under irrigated and drought stress conditions for two consecutive years Rabi 2020-21 and 2021-22 at the Instructional
research farm, SKRAU, Bikaner. Analysis of variance were found to be highly significant for all the traits analyzed over years and environments,
suggesting the existence of significant genetic variation for these traits in the present germplasm. High heritability along with high genetic
advance were observed for number of primary branches, number of secondary branches, number of siliqua per plant, test weight, harvest
index, seed yield per plant, root diameter, membrane stability index, leaf water potential and proline content under both the conditions,
suggesting the predominance of additive gene effects, hence these traits can be efficiently improved through direct selection. Seed yield per
plant showed significant positive associations with most traits, except plant height and root diameter and a negative association with leaf
water potential under drought stress, suggesting these traits as key targets for selection to enhance yield under limited moisture. Path
analysis indicated that HI and BYPP were the most critical determinants of SYPP under drought stress, while other traits contributed mainly
through indirect effects, underscoring the pivotal role of HI-mediated pathways in yield enhancement.
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Introduction under rainfed cultivation where the crops are mostly grown on
conserved soil moisture with one supplemental irrigation in the
Indian subcontinent (7). Brassica crops are the most susceptible
to drought that limits their survival and growth (8). Therefore,
occurrence of drought is a usual feature during the crop growth
period especially at reproductive phases of growth in Brassica
species, when the seed yield is reduced drastically.

Oilseed crops are next to cereals in production of agricultural
commodities in India, occupying a place of vital importance in
Indian economy. Rapeseed-mustard occupies the first position
among the edible oilseed production in India, contributing to
33.24 % of total oilseeds production, with a record production of
13.16 million tonnes (1). Among the different Brassica species,
Brassica juncea (Indian mustard) holds significant importance as The existence of genetic variability within the population
a primary edible oilseed crop in India, occupying a substantial is of paramount importance to a breeder to develop varieties
area of cultivation. B. juncea is a natural amphidiploid (AABB; 2n with desirable traits such as resistance to biotic and abiotic
= 36) from the interspecific cross between two diploid species, ~ Stresses, improved quality as well as wide adaptability (9, 10).
namely B. campestris (AA; 2n = 20) and B. nigra (BB; 2n = 16), Analysis of variability parameters for various traits and realization
followed by spontaneous chromosome doubling (2, 3). Under of association between yield and its attributing traits are basic
the changing climatic scenario, plants are encountered with and foremost endeavour to determine the benchmark for plant
various biotic and abiotic stresses (4). Among all the various selection (11). Despite its importance, genetic improvement in B.
abiotic stresses that leads to a decline in crop productivity, Juncea is constrained by its limited genetic diversity, a
drought is the most devastating one and the most recalcitrant to ~ characteristic of its amphidiploid nature. This narrow genetic
breeders’ efforts (5, 6). Nearly, 37 % area of rapeseed-mustard is ~ Variability hampers efforts to improve yield, stress tolerance and
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adaptability, critical for addressing climate change and rising
demand for edible oils (12). Therefore, the present study was
undertaken to estimate the magnitude of genetic variability
among the genotypes and to determine the desirable traits for
drought tolerance that can be incorporated in elite varieties for
improving their performance under drought stress conditions in
Indian mustard.

Materials and Methods

The present investigation was carried out at the Instructional
research farm, College of Agriculture, SKRAU, Bikaner during the
Rabi season of two successive years 2020-2021 and 2021-2022.
The experimental material comprised of 65 genotypes of Indian
mustard (B. juncea) procured from ICAR-DRMR, Bharatpur; ARS,
Sri Ganganagar and ARS, Bikaner. The experiment was laid in
randomized block design with three replications under two soil
moisture regimes i.e., normal sown and drought stress. Pre-
sowing irrigation was applied to both the fields. The normal
irrigated environment received four irrigations - first at vegetative
stage (30 DAS), second at pre-flowering stage (45 DAS), third at
post-flowering stage (65 DAS) and fourth at pod setting stage (80
DAS). The drought stress environment was created by
withholding irrigation after germination. The restricted moisture
trials received only two post-germination irrigations - first at pre-
flowering stage (40-45 DAS) and second at pod setting stage (80
DAS). Each environment was separated by at least 5 m to avoid
experimental error. The genotypes were raised in paired rows of
3 m length with a spacing of 45 cm between rows and 15 cm
between plants. All the recommended package of practices were
followed during the crop growth period (13).

Data were recorded on 5 randomly selected plants per
genotype in each replication and averaged during both the Rabi
seasons. Observations were obtained for twelve agro-
morphological traits viz., days to 50 % flowering (DTF), days to
maturity (DTM), plant height (PH), number of primary branches
(NPB), number of secondary branches (NSB), siliqua length (SL),
number of seeds per siliqua (SPS), number of siliqua per plant
(NSPP), test weight (TW), biological yield per plant (BYPP),
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harvest index (HI), seed yield plant (SYPP); four physiological
traits i.e., root length (RL), root diameter (RD), membrane
stability index (MSI), leaf water potential (LWP) and a biochemical
parameter i.e., proline content (PC) (13). The data were subjected
to analysis of variance by Panse and Sukhatme (14); estimation
of genetic variability parameters by Burton and Devane (15),
Johnson et al. (16) and Hanson et al. (17), analysis of phenotypic
correlation coefficient by Singh and Chaudhary (18) and path
coefficient analysis by Dewey and Lu (19) using INDOSTAT v7.1
software.

Results and discussion
Analysis of variance (ANOVA)

The ANOVA revealed highly significant differences among the
genotypes for all the seventeen traits under both the conditions
(Table 1). Variance due to genotypes were found to be highly
significant for all the 17 characters thereby, indicating the presence
of wide spectrum of variability in the genotypes selected for this
study. Similar findings were also reported earlier in various studies
(20-22).

Genetic variability parameters

Assessment of genetic diversity in crop plants aids in crop
improvement strategies. The phenotype of an individual is
determined by the genotype and environment along with their
interaction. Parameters such as genotypic coefficient of variation
(GCV) and phenotypic coefficient of variation (PCV) determine that
whether the traits are under genetic control or influenced by the
environment. In the present study, it was observed that the
magnitude of PCV was found slightly higher than their
corresponding GCV for all the analyzed traits under both the
sowing conditions, indicating a greater contribution of genotypic
variance to the total phenotypic variance and the effect of
environment is minimal.

The analysis of coefficient of variation depicted high
magnitude of GCV and PCV for PC (66.47 %, 66.61 %), LWP (29.73
%, 31.38 %) and RD (20.04 %, 23.89 %) under recommended
irrigation conditions. The moderate estimates of GCV and PCV

Table 1. Analysis of variance for 17 characters in Indian mustard (Brassica juncea L.) under normal sown and drought stress conditions

Mean sum of squares

‘S’::ira(:tcie:: Genotype Replication Error
d.f.=64 df.=2 d.f.=128
SC NS DS NS DS NS DS
DTF 39.73** 40.65** 0.20 1.68 1.17 1.08
DTM 85.05** 71.51** 2.47 0.10 2.58 2.05
PH 670.05** 604.63** 129.37 73.76 95.76 78.21
NPB 3.47** 1.75** 0.48 0.64 0.42 0.43
NSB 9.75** 4.69** 0.19 1.62 1.28 0.94
SL 0.38** 0.43** 0.40 0.37 0.23 0.15
SPS 7.91** 6.75** 0.25 0.77 1.25 1.35
NSPP 28321.87** 22029.56** 8125.45 1356.08 3380.52 2050.09
TW 1.19** 1.4** 0.05 0.01 0.03 0.02
BYPP 404.13** 309.66** 31.18 51.10 4391 26.59
HI 32.38** 50.19** 0.57 0.15 2.14 1.98
SYPP 41.38** 55.02** 0.52 2.96 2.66 1.73
RL 7.55** 16.62** 3.10 0.42 1.02 1.78
RD 0.54** 0.4** 0.01 0.05 0.05 0.05
MSI 183.61** 238.67** 10.93 1.86 5.77 2.90
LWP 14.61** 19.63** 0.19 0.65 0.14 0.21
PC 18.69™* 22.11** 0.01 0.01 0.01 0.01

SC: sowing condition; NS: normal sown; DS: drought stress trait details are given in Materials and Methods.

**Significant at 1 % level of significance.
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were manifested by MSI (16.04 %, 16.70 %), NSPP (15.87 %, 19.34
%), HI (15.49 %, 16.76 %), NPB (15.20 %, 18.62 %), NSB (13.93 %,
17.21 %), SYPP (13.40 %, 14.90 %), TW (13.03 %, 13.44 %) and RL
(10.70 %, 13.54 %). In contrast to this, when plants were irrigated at
only pre-flowering and pod setting stage, the traits viz., PC (57.22
%, 57.37 %), MSI (26.83 %, 27.50 %), LWP (23.24 %, 24.52 %) and
SYPP (21.34 %, 22.36 %) had the highest GCV and PCV. The
characters such as NSPP (19.90 %, 22.85 %), HI (19.64 %, 20.97 %)
and RD (17.70 %, 21.80 %) showed moderate GCV and high PCV
(Table 2). These findings indicated the existence of wide range of
genetic variability for the traits having high to moderate values of
GCV and PCV, thereby providing a greater scope for further
improvement through simple selection. Earlier findings reported
that these traits are considered as major yield contributing traits
(22-24). Similar outcomes pertaining to the presence of high to
moderate genetic variability were also observed by former
researchers (20, 24-26). The occurrence of low GCV and PCV values
for a character indicated the presence of limited variability for
these traits among the tested accessions. Therefore, the
improvement of these characters cannot be achieved effectively
through mere selection (10, 20, 27-29).

The detection of significant genetic variability suggests the
existence of genetic variation in the germplasm pool but does not

provide any idea about the range of genetic variability within a
particular population. The estimation of broad sense heritability
provides information on the relative magnitude of genetic and
environmental variation present in a crop population. In the
present study, the heritability estimates recorded high magnitude
for PC (99.60 %), TW (94.10 %), MSI (92.30 %), DTM (90.30 %), LWP
(89.80 %), DTF (86.60 %), HI (85.40 %), SYPP (81 %), BYPP (74.90 %),
RD (70.40 %), NSPP (67.30 %), NPB (66.60 %), NSB (65.50 %) and RL
(62.40 %) under recommended irrigation conditions (Fig. 1). The
traits viz., number of seeds per siliqua (56.90 %), plant height (51.50
%) and siliqua length (31.70 %) display moderate heritability.
However, under restricted (two) irrigation conditions, high
heritability was manifested by PC (99.50 %), TW (95.70 %), MSI
(95.20 %), DTF (91.40 %), SYPP (91 %), DTM (90.40 %), LWP (89.90
%), HI (87.70 %), BYPP (76.70 %), NSPP (75.80 %), RL (73.70 %), RD
(65.90 %), PH (64 %) and NSB (63.80 %). Moderate values of
heritability were observed for NPB (57.10 %), SPS (54.30 %) and SL
(37.70 %) (Fig. 2). High heritability for one or more of the studied
traits were also reported in earlier studies (5, 18, 30, 31). These
findings depicted that the major proportion of the observable
phenotypic variance of these traits were due to the genotypes and
they can be easily improved through individual plant selection due
toits high heritability value and better response to selection.

Table 2. Estimates of genetic variability parameters for 17 characters studied among 65 genotypes of Indian mustard (Brassica juncea L.) under

normal sown and drought stress conditions

Trait GCV (%) PCV (%) Heritability (%) GA (k=2.06) GA as % of mean
NS DS NS DS NS DS NS DS NS DS
DTF 6.43 7.45 6.91 7.79 86.60 91.40 6.66 7.25 12.34 14.67
DTM 3.58 3.50 3.76 3.68 90.30 90.40 10.00 9.41 7.00 6.85
PH 7.12 7.78 9.92 9.72 51.50 64.00 20.31 21.35 10.50 12.82
NPB 15.20 14.57 18.62 19.28 66.60 57.10 1.66 1.12 25.55 22.68
NSB 13.93 14.02 17.21 17.55 65.50 63.80 2.77 2.04 23.23 23.07
SL 5.63 6.91 10.00 11.25 31.70 37.70 0.36 0.41 6.54 8.73
SPS 9.32 11.26 12.35 15.27 56.90 54.30 2.50 2.36 14.48 17.10
NSPP 15.87 19.90 19.34 22.85 67.30 75.80 164.99 154.12 26.84 35.69
TW 13.03 16.20 13.44 16.56 94.10 95.70 1.25 1.36 26.04 32.64
BYPP 9.53 10.97 11.01 12.53 74.90 76.70 22.40 19.98 17.00 19.80
HI 15.49 19.64 16.76 20.97 85.40 87.70 6.38 7.85 29.50 37.88
SYPP 13.40 21.34 14.90 22.36 81.00 91.00 7.01 8.72 24.84 41.94
RL 10.70 13.09 13.54 15.24 62.40 73.70 2.90 4.63 17.40 23.15
RD 20.04 17.70 23.89 21.80 70.40 65.90 0.64 0.61 34.65 29.60
MSI 16.04 26.83 16.70 27.50 92.30 95.20 15.59 18.11 31.74 53.91
LWP 29.73 23.24 31.38 24.52 89.80 89.90 4.02 4.92 58.02 45.40
PC 66.47 57.22 66.61 57.37 99.60 99.50 5.13 5.54 136.63 117.57
SC: sowing condition; NS: normal sown; DS: drought stress. Trait details are given in Materials and Methods.
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Fig. 1. Graphical representation of inheritance of 17 characters in Indian mustard under normal sown conditions.
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Fig. 2. Graphical representation of inheritance of 17 characters in Indian mustard under drought stress conditions.

Genetic advance under selection is the improvement in
mean genotypic value of selected population over that of base
population. It determines the expected genetic gain under a
particular selection pressure. The analysis of magnitude of genetic
advance as percent of mean depicted that characters such as PC
(136.63 %), LWP (58.02 %), RD (34.65 %), MSI (31.74 %), HI (29.50
%), NSPP (26.84 %), TW (26.04 %), NPB (25.55 %), SYPP (24.84 %)
and NSB (23.23 %) had high GA as percentage of mean under
recommended irrigation conditions. Traits viz., RL (17.40 %), BYPP
(17 %), SPS (14.48 %), DTF (12.34 %) and PH (10.50 %) had
moderate GA, whereas low GA as percent of mean was observed
for DTM (7 %) and SL (6.54 %). In contrast, under limited irrigation
conditions, high GA as percent of mean was displayed by PC
(117.57 %), MSI (53.91 %), LWP (45.40 %), SYPP (41.94 %), HI (37.88
%), NSPP (35.69 %), TW (32.64 %), RD (29.60 %), RL (23.15 %), NSB
(23.07 %) and NPB (22.68 %). Characters like BYPP (19.80 %), SPS
(17.10 %), DTF (14.67 %) and PH (12.82 %) showed moderate GA,
whereas SL (8.73 %) and DTM (6.85 %) had low GA as percent of
mean. Similarly, previous studies have reported high genetic
advance as a percentage of the mean for the number of siliquae
per plant (31) as well as for seed yield per plant, number of siliqua
per plant, number of secondary branches and test weight (32). The
consistency of these findings across different studies highlights the
stability of additive genetic effects controlling these traits in Indian
mustard. Among them, the number of siliquae per plant and
branching traits directly contribute to reproductive sink capacity,
while test weight reflects seed size and density, thereby exerting a
strong influence on yield potential.

However, the estimates of heritability and genetic advance
alone do not clearly depict the real insight of genetic improvement.
Heritability along with genetic advance is more reliable in
predicting the effectiveness of selection on the phenotypic
expression of a trait rather than the heritability estimates alone
(14). In the present study, high heritability combined with high
genetic advance was recorded for NPB, NSB, NSPP, RD, SYPP, HI,
TW, MSI, LWP and PC under both conditions, while for RL, this
association was observed only under drought stress. The results
depicted the preponderance of additive gene effects in the
genotypic variation of these traits and they can be improved
through simple or progeny selection methods (5, 8, 10). Existing
literatures reported high heritability in conjugation with high

genetic advance for harvest index, secondary branches per plant,
number of siliqua per plant, seed yield per plant and for test weight
(22, 26, 27, 32-34). The high GAM coupled with substantial
heritability estimates suggests that these yield-attributing traits
can be effectively improved through direct selection.

The presence of high heritability coupled with moderate
to low genetic advance for a character is an indication of
involvement of non-additive gene action in their genetic control.
The high magnitude of heritability of these traits could be due to
favourable influence of environment on their phenotypic
expression rather than the genotype. Hence, the selection for
such traits may not be rewarding. For improvement of such
traits, the breeder might resort to diallel selective mating or
reciprocal recurrent selection (33, 34).

Correlation analysis

The potential productivity of a crop is manifested in terms of
seed yield. Seed yield per plant (SYPP) in Indian mustard is a
highly complex trait governed by multiple genetic and
environmental factors and direct selection for yield is often
inefficient due to its low heritability (35). The estimation of
correlation quantifies the degree of genetic and non-genetic
association between traits thus, allowing the indirect selection
through component character with high heritability (36). In the
present study, phenotypic correlation analysis provided insights
into the association of SYPP with its component traits under both
normal and drought stress conditions, thereby identifying the
most reliable characters for indirect selection. Under normal
sown conditions (Table 3 and Fig. 3), SYPP exhibited significant
and positive associations with HI (0.7659**), NSPP (0.6323**),
NSB (0.6088**), NPB (0.591**), DTF (0.5672**), TW (0.4838**),
DTM (0.3571**), MSI (0.2891**), SPS (0.1564*) and RL (0.1509%)
under normal sown condition. These results suggest that
improvement in these traits may lead to a corresponding
increase in seed yield, emphasizing their potential as effective
selection indices. The strong association of HI and branching
traits with SYPP particularly highlights their role in enhancing
source-sink balance and assimilate partitioning efficiency.

Interestingly, under drought stress conditions (Table 3
and Fig. 4), the association pattern of SYPP with component
traits was altered, with stronger positive correlations observed
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Fig. 3. Phenotypic correlation between yield and its related traits in 65 genotypes of Indian mustard under normal sown conditions.
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Fig. 4. Phenotypic correlation between yield and its related traits in 65 genotypes of Indian mustard under drought stress conditions.

for HI (0.8501**), DTF (0.7639**), NSB (0.7199**), NPB (0.6914**),
TW (0.6318**), NSPP (0.6311**), MSI (0.4912**), DTM (0.4611**),
BYPP (0.3801**), PC (0.3731**), RL (0.2734**), SPS (0.1844**), SL
(0.1823**) and PH (0.1538%). The magnitude of correlation for HI
and DTF under stress conditions was higher compared to normal
conditions, indicating that these traits play a critical role in yield
stability under moisture-limited environments. Furthermore,
additional significant associations of SYPP with PC, SL and PH
were observed under stress, reflecting their adaptive
contribution to drought tolerance.

Previous studies have similarly reported a positive
relationship of SYPP with TW, SL, DTM, PH and branching traits,
reinforcing the current findings (8, 34). The contrasting
observation that SYPP correlated positively with nearly all yield-
attributing traits under drought stress, except SL, suggests that
under stress, multiple traits act in coordination to sustain yield
performance. This aligns with the reports of earlier researchers

who emphasized the importance of simultaneous selection for
yield components in stressed environments (4, 37).

Overall, the results demonstrate that SYPP improvement
in Indian mustard can be achieved more effectively by indirect
selection through HI, branching traits, siliqua-related traits and
TW, especially under stress conditions where these characters
show enhanced association with yield. The presence of mutual
and positive inter-relationships among component traits further
implies that selection for one trait may result in correlated
improvement in others, thereby enhancing overall breeding
efficiency. Thus, incorporating these key traits into breeding
programs will accelerate the development of high-yielding and
stress-resilient mustard genotypes.

Path analysis

The results of correlation analysis alone may be misleading, as
apparent associations between traits can arise due to their mutual
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dependence on a third variable. Path coefficient analysis
overcomes this limitation by partitioning correlations into direct
and indirect effects, thereby providing precise insights into trait
contributions and guiding effective selection for yield
improvement. Path analysis at the phenotypic level in Indian
mustard revealed the magnitude of direct and indirect effects of
various yield-attributing traits on seed yield per plant (34). As
depicted from Table 4, among the traits studied, HI (1.0528)
exerted the highest positive direct effect on seed yield per plant
under normal sown conditions, followed by BYPP (0.6865) and
NSPP (0.0559). This suggests that these three traits were the most
important contributors to seed yield at the phenotypic level.
Moderate positive direct effects were also contributed by SPS
(0.0254) and MSI (0.0151). On the contrary, traits such as DTF (-
0.0162), TW (-0.0158), PC (-0.0120) and SL (-0.0096) exhibited
negative direct effects on SYPP, indicating their limited role in
direct improvement of yield. Root-related traits viz., RL (-0.0091
and RD (-0.0007) also had negligible or unfavourable direct effects
under irrigated conditions (Fig. 5). In addition to the direct
contributions, several traits showed substantial indirect effects via
major yield-contributing traits. NPB and NSPP exerted strong
positive indirect effects on SYPP through HI and BYPP; DTM had
negligible direct effect (0.0049) but contributed indirectly through
HI (0.3025) and BYPP (0.0344); SPS and MSI also enhanced yield

indirectly via HI and NSPP. Despite its negative direct effect, DTF

influenced yield indirectly through HI (0.4325) and BYPP (0.1103).
The coefficient of determination (R?=0.9875) indicated that the set
of characters included in the model explained about 98.75 % of the
total variation in seed yield per plant, with a residual effect of
0.1120. Overall, the study clearly indicated that harvest index,
biological yield per plant and number of siliquae per plant are the
most important determinants of seed yield per plant in Indian
mustard under normal sown conditions. Therefore, selection
strategies emphasizing these traits would be highly effective for
yield improvement (32, 37).

However, under drought stress sown conditions (Table 5),
the highest positive direct effect on SYPP were observed via HI
(0.9233) and BYPP (0.5196). Other traits with positive but small
direct effects included NSPP (0.0083), TW (0.0047), SL (0.0045),
SPS (0.0042) and MSI (0.0035). Traits viz., NSB (-0.0362), DTF (-
0.0059), PC (-0.0053), PH (-0.0052) and RD (-0.0188) had negative
direct effects on SYPP, thus limiting their direct contribution to
yield under stress. A large part of the yield variation was also
explained through indirect effects via HI and BYPP (Fig. 6). For
instance, NPB and NSPP recorded strong indirect contributions
to SYPP via HI (0.5256 and 0.4223, respectively); DTM though
showing a small direct effect (0.0196), contributed indirectly
through HI (0.4015) and BYPP (0.0437); DTF despite its negative
direct effect, showed a substantial positive indirect effect via HI

Table 4. Path coefficient analysis depicting the direct and indirect effect of yield attributing traits on seed yield per plant at phenotypic level

under normal sown conditions in Indian mustard (Brassica juncea L.)

Trait DTF DTM PH NPB NSB SL SPS NSPP RL RD BYPP HI TW MSI LWP PC
DTF  -0.0162 -0.0068 -0.0028 -0.0140 -0.0127 -0.0017 -0.0011 -0.0062 -0.0013 -0.0001 -0.0026 -0.0066 -0.0056 -0.0039 -0.0046 -0.0051
DTM  0.0021 0.0049 0.0001 0.0015 0.0014 0.0003 0.0001 0.0010 -0.0010 0.0006 0.0002 0.0014 0.0003 0.0009 0.0012 0.0001
PH 0.0003 0.0000 0.0016 0.0001 0.0002 0.0000 0.0001 0.0001 0.0002 -0.0003 0.0004 -0.0004 0.0002 0.0002 0.0005 0.0007
NPB  0.0261 0.0093 0.0023 0.0302 0.0251 0.0031 0.0023 0.0125 0.0024 -0.0001 0.0055 0.0125 0.0118 0.0077 0.0068 0.0102
NSB  -0.0037 -0.0014 -0.0005 -0.0039 -0.0047 -0.0006 -0.0002 -0.0020 -0.0005 0.0000 -0.0011 -0.0019 -0.0018 -0.0009 -0.0012 -0.0014
SL -0.0010 -0.0006 -0.0001 -0.0010 -0.0012 -0.0096 -0.0019 -0.0006 -0.0010 -0.0009 -0.0003 -0.0005 -0.0031 -0.0013 -0.0004 -0.0016
SPS 0.0017 0.0005 0.0011 0.0019 0.0012 0.0049 0.0254 0.0023 0.0050 0.0037 0.0028 0.0013 0.0038 0.0043 -0.0036 0.0003
NSPP  0.0215 0.0111 0.0040 0.0231 0.0237 0.0037 0.0050 0.0559 0.0097 0.0046 0.0074 0.0259 0.0240 0.0041 0.0017 0.0069
RL -0.0007 0.0018 -0.0009 -0.0007 -0.0011 -0.0010 -0.0018 -0.0016 -0.0091 -0.0019 -0.0015 -0.0003 -0.0008 -0.0007 -0.0001 -0.0015
RD 0.0000 -0.0001 0.0001 0.0000 0.0000 -0.0001 -0.0001 -0.0001 -0.0001 -0.0007 0.0000 0.0000 0.0000 0.0001 0.0001 0.0001
BYPP  0.1103 0.0344 0.1750 0.1255 0.1539 0.0183 0.0742 0.0905 0.1145 0.0171 0.6865 -0.3171 0.1125 0.0207 0.0983 0.1860
HI 0.4325 0.3025 -0.2455 0.4347 0.4296 0.0573 0.0544 0.4878 0.0345 0.0550 -0.4863 1.0528 0.3587 0.2492 -0.0185 -0.0665
TW -0.0055 -0.0011 -0.0018 -0.0062 -0.0058 -0.0051 -0.0024 -0.0068 -0.0015 -0.0004 -0.0026 -0.0054 -0.0158 -0.0038 -0.0030 -0.0055
MSI 0.0037 0.0028 0.0018 0.0038 0.0029 0.0021 0.0025 0.0011 0.0012 -0.0015 0.0005 0.0036 0.0036 0.0151 0.0056 0.0030
LWP  0.0001 0.0001 0.0001 0.0001 0.0001 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0001 0.0001 0.0003 0.0001
PC -0.0038 -0.0002 -0.0055 -0.0041 -0.0036 -0.0020 -0.0001 -0.0015 -0.0019 0.0010 -0.0033 0.0008 -0.0042 -0.0024 -0.0037 -0.0120
SYPP  0.5672 0.3571 -0.0711 0.5910 0.6088 0.0698 0.1564 0.6323 0.1509 0.0761 0.2056 0.7659 0.4838 0.2891 0.0794 0.1138

R2=0.9875; residual effect =0.1120.

Table 5. Path coefficient analysis depicting the direct and indirect effect
under drought stress conditions in Indian mustard (Brassica juncea L.)

of yield attributing traits on seed yield per plant at phenotypic level

Trait DOF DOM PH NPB NSB SL SPS  NSPP RL RD BYPP HI TW MSI LWP PC

DTF  -0.0059 -0.0024 -0.0013 -0.0048 -0.0044 -0.0012 -0.0007 -0.0032 -0.0017 0.0000 -0.0019 -0.0037 -0.0034 -0.0020 -0.0003 -0.0022
DTM  0.0079 0.0196 0.0016 0.0058 0.0070 0.0028 0.0011 0.0037 0.0028 0.0012 0.0016 0.0085 0.0047 0.0058 0.0027 0.0040
PH -0.0012 -0.0004 -0.0052 -0.0009 -0.0008 -0.0014 -0.0012 -0.0013 -0.0004 0.0007 -0.0019 0.0002 -0.0012 -0.0014 -0.0006 -0.0025
NPB  0.0237 0.0087 0.0052 0.0292 0.0244 0.0047 0.0033 0.0152 0.0076 0.0024 0.0089 0.0166 0.0163 0.0113 0.0002 0.0101
NSB  -0.0271 -0.0130 -0.0059 -0.0301 -0.0362 -0.0036 -0.0044 -0.0175 -0.0065 -0.0006 -0.0123 -0.0214 -0.0178 -0.0132 -0.0018 -0.0143
SL 0.0009 0.0006 0.0012 0.0007 0.0004 0.0045 0.0011 0.0004 0.0004 0.0003 0.0007 0.0005 0.0014 0.0014 -0.0003 0.0012
SPS 0.0005 0.0002 0.0009 0.0005 0.0005 0.0010 0.0042 0.0007 0.0009 0.0000 0.0011 0.0002 0.0009 0.0008 -0.0005 0.0007
NSPP  0.0045 0.0016 0.0020 0.0043 0.0040 0.0007 0.0014 0.0083 0.0018 0.0000 0.0032 0.0038 0.0037 0.0030 -0.0003 0.0037
RL 0.0022 0.0010 0.0006 0.0019 0.0013 0.0007 0.0015 0.0016 0.0074 0.0019 0.0012 0.0015 0.0007 0.0011 -0.0003 0.0017
RD 0.0000 -0.0011 0.0025 -0.0015 -0.0003 -0.0011 0.0001 0.0001 -0.0048 -0.0188 0.0030 -0.0014 0.0001 0.0025 -0.0003 0.0008
BYPP  0.1698 0.0437 0.1915 0.1585 0.1770 0.0793 0.1315 0.1998 0.0836 -0.0825 0.5196 -0.0807 0.1598 0.1597 -0.0552 0.2231
HI 0.5867 0.4015 -0.0388 0.5256 0.5455 0.0948 0.0456 0.4223 0.1826 0.0688 -0.1434 0.9233 0.4628 0.3195 -0.0375 0.1490
TW 0.0027 0.0011 0.0011 0.0026 0.0023 0.0014 0.0010 0.0021 0.0004 0.0000 0.0014 0.0023 0.0047 0.0015 0.0002 0.0017
MSI 0.0012 0.0010 0.0009 0.0014 0.0013 0.0011 0.0007 0.0013 0.0005 -0.0005 0.0011 0.0012 0.0011 0.0035 0.0004 0.0014
LWP  0.0000 -0.0001 -0.0001 0.0000 0.0000 0.0000 0.0001 0.0000 0.0000 0.0000 0.0001 0.0000 0.0000 -0.0001 -0.0007 -0.0001
PC -0.0020 -0.0011 -0.0025 -0.0018 -0.0021 -0.0014 -0.0009 -0.0024 -0.0012 0.0002 -0.0023 -0.0008 -0.0019 -0.0020 -0.0006 -0.0053
SYPP 0.7639 0.4611 0.1538 0.6914 0.7199 0.1823 0.1844 0.6311 0.2734 -0.0270 0.3801 0.8501 0.6318 0.4912 -0.0950 0.3731

R? =0.9925; residual effect = 0.0864.
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Fig. 5. Phenotypic path diagram for seed yield per plant in 65 genotypes of Indian mustard under normal sown conditions.
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Fig. 6. Phenotypic path diagram for seed yield per plant in 65 genotypes of Indian mustard under drought stress conditions.
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(0.5867) and BYPP (0.1698). MSI, with a minor direct effect
(0.0035), contributed positively through HI (0.3195); RL also
enhanced yield indirectly via HI and BYPP, despite its small direct
contribution (0.0074). The model accounted for 99.25 % (R? =
0.9925) of the variability in SYPP, with a residual effect of 0.0864,
indicating that most of the variation was explained by the
characters included. These results emphasize the central role of
HI as a yield mediator under stress and highlight BYPP as a
complementary selection criterion. Such insights are consistent
with earlier studies where HI and BYPP has been identified as a
key yield determinant under abiotic stress (38, 39). Therefore, in
drought-prone environments, selection strategies focusing on Hl
and BYPP, along with component traits influencing them
indirectly, may offer a promising route for yield enhancement in
Indian mustard.

Conclusion

The analysis of variance confirmed substantial genetic variability
among the experimental material. Key traits such as proline
content, leaf water potential, root diameter, membrane stability
index, number of primary and secondary branches per plant,
number of siliquae per plant and seed yield per plant exhibited
high variability parameters, indicating control by additive genetic
variance. These traits can be effectively improved through simple
or progeny selection methods. Moreover, selecting traits that show
a significant positive correlation and direct effect on seed yield per
plant will facilitate the development of resilient, high-yielding
genotypes for sustainable mustard cultivation in future breeding
programs. Overall, this study indicates that selection focused on Hl,
BYPP and NSPP, together with supporting physiological traits such
as MSl and root traits, would be effective forimproving seed yield in
Indian mustard under drought conditions.
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