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Abstract

This study integrates a line x tester analysis with SSR marker-based diversity assessment in Indian mustard (Brassica juncea (L.) Czern. & Coss.)
to identify promising parent combinations for breeding. Ten elite mustard lines and four testers were crossed (line x tester) to produce 40
hybrids, which along with parents were evaluated in a randomized block design with 3 replicates for 15 agro-morphological and quality traits.
Analysis of variance (ANOVA) revealed significant genetic variability in both general combining ability (GCA) and specific combining ability
(SCA) effects for most traits, indicating the involvement of both additive and non-additive gene actions. Notably, lines such as PR-2019-9 and
PR-2019-2 showed high positive GCA for seed yield and key yield components, while certain crosses like PR-2019-2 x Albeli and
PR-2017-11 x RB-101 exhibited high SCA for yield. Significant heterosis for seed yields were observed, with better-parent heterosis reaching
approximately 68 % and standard heterosis up to 50 %, the highest standard heterosis being recorded in the cross PR-2019-2 x Albeli.
Molecular characterisation with 20 polymorphic SSR markers yielded a high polymorphism information content (PIC) up to 0.79. Pairwise
Jaccard similarity ranged from 0.45 to 0.85, with the most genetically distant genotypes being PRD-14-13 and PR-2019-9. The UPGMA
clustering grouped the 14 genotypes into 3 major clusters, broadly separating the parental lines and identifying distinctly divergent
genotypes. Interestingly, line PR-2019-2 and tester Albeli fell into different clusters, reflecting their divergent genetic backgrounds. These
findings demonstrate how integrating phenotypic combining ability analysis with molecular diversity assessment can guide the strategic
selection of parent lines for developing high-yield mustard hybrids.
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Introduction Combining ability and heterosis in mustard breeding is a
proven strategy to boost crop yield potential. India’s first commercial
hybrid, DMH-1, delivered about 25-30 % more seed yield than the
best check varieties in multi-location trials (5). Recent work
continues to show large heterotic gains for seed-yield up to 74 %
over the better parent was recorded in a 48-crosses of line x tester set
(6). To harness this potential, breeders must identify parental lines
that combine well. For that the line x tester designs remain the
method of choice because they quantify general combining ability
(GCA) which reflects additive gene effects of a parent (average
performance in hybrids) and specific combining ability (SCA) reflects
non-additive (dominance and epistatic) gene interactions in
particular cross combinations (7-9). Many Indian studies report both
additive and dominant/epistatic gene action for yield traits, some
find non-additive gene action control predominantly (10). Generally,
a predominance of additive effects (high GCA) suggests traits can be
improved via selection, whereas dominant gene action (high SCA,
heterosis) implies hybrid development would be effective. In
practice, this means selecting parents with high GCA to ensure good
transmission of traits whereas targeted crosses with high SCA and
heterosis helps to create superior hybrids.

Indian mustard (Brassica juncea (L.) Czern. & Coss.) is a major oilseed
crop in South Asia, especially in India, where it plays a key role in
edible oil production and supports rural livelihoods. In India,
rapeseed-mustard is cultivated on approximately 6 to 7 million
hectares, producing 9 to 11 million tons annually. This accounts for
about 25 % of the country’s total oilseed output (1). Despite its
importance, the national average yield remains low at around 1.2 to
1.3 tons per hectare, mainly due to a narrow genetic base and
susceptibility to both biotic and abiotic stresses(2). The demand for
mustard oil is steadily rising. To meet the projected edible oil
demand of 34 million tons by 2025, about 14 million tons must come
from domestic mustard production (3). This calls for significant
genetic improvement in yield. The impact of climate change has
further intensified this challenge, as Indian mustard is highly
sensitive to temperature and sowing time. A delay of just one month
in sowing can result in yield losses exceeding 40 % (4). Therefore,
developing high-yielding varieties and hybrids is a crucial breeding
objective.
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The important step in hybrid breeding is to measure how
genetically different the parent lines are from each other. When 2
parents come from wider gene pools, their progeny is more likely to
combine complementary alleles and show strong heterosis (11).
Pedigree information and observable traits provide only indirect
measures of genetic distance and may be influenced by
environmental effects, whereas DNA markers offer a more objective
assessment of genetic divergence. Among them, simple-sequence
repeats (SSRs) are especially useful because they are plentiful in
Brassica genome, multi-allelic, co-dominant and highly polymorphic
(11). Using 20 SSR loci, (12) clustered 48 mustard lines into 3 groups
and recorded polymorphic-information-content (PIC) values as high
as 0.69. A larger survey of 87 released cultivars with 200 SSRs
produced an average PIC of 039 and resolved two clear sub-
populations (13). Such data helps breeders choose the most
genetically distant parents. Links between marker distance and
hybrid performance are encouraging but not absolute. In Indian
mustard, found a positive relationship of molecular and phenotypic
divergence with hybrid performance (14). These findings suggest
that molecular-diversity metrics are a useful guide, but they should
be combined with GCA/SCA tests to select parents that both
combine well and widen the crop’s genetic base. Therefore,
incorporating molecular diversity data can guide the choice of
parental lines in hybrid breeding programs to ensure a broad genetic
base and maximise heterotic gains.

The present study was designed to integrate phenotypic and
molecular analyses to support hybrid breeding in Indian mustard. We
conducted a line x tester mating analysis using 14 diverse genotypes
to estimate combining ability and heterosis for seed yield and its
related traits. Simultaneously, genetic diversity among the parental
genotypes was assessed using SSR marker analysis and cluster-based
grouping. The objective of this study is to identify parental lines and
testers with high GCA, cross combinations with high SCA and
heterosis for yield components. Also to characterised the genetic
relationships among these parental genotypes using SSR markers
and evaluate the extent to which molecular diversity complements
combining ability and heterosis effects. By integrating phenotypic
and molecular approaches, this study aims to provide a more
comprehensive strategy for selecting parents and cross combinations
in Indian mustard breeding programs, ultimately contributing to the
development of high-yielding hybrids and varieties.

Materials and Methods
Plant material (Genotypes and pedigrees)

Fourteen Indian mustard genotypes (10 lines and 4 testers) were
used in this study as the breeding material. These parental
genotypes were selected based on their agronomic performance,
genetic background and adaptation to the Tarai agro-climatic
region. These lines represented diverse pedigree backgrounds and
advanced breeding material including lines developed at G.B. Pant
University of Agriculture & Technology (Pantnagar, India) and a few
released varieties, representing a broad genetic base. The list of
genotypes and their pedigrees is given in Table 1. The female parent
lines (denoted L1-L10) comprise selections from diverse cross
backgrounds. The male testers (T1-T4) were chosen for their higher
general combining ability. The PR-20 (a bold-seeded selection from
Varuna), Albeli (an out-cross derivative), Giriraj (HB-9908 x HB-9916)
and RB-101 (RH-30 x MCN-8). Two check varieties - Kranti (national
check) and RH-749 (recent high-yielding variety).

Table 1. List of mustard genotypes and their pedigree

T'éis'::{_s Indian mustard lines Pedigree
L1 PR-2016-8 PR-05-24 x Maya
L2 PR-2016-4 PR-05-24 x Varuna
L3 PR-2015-5 PBR-375-2 x RW-8559
L4 PR-2017-8 (PRK-28 x Kranti) x PAB-9511
L5 PR-2019-9 Urvashi x PRB-2006-5
L6 PR-2019-2 Krishna x NRCHB-101
L7 PR-2017-11 MCN-15-25 x Kranti
L8 PRL-2017-7 EC-552579 x Vaibhav
L9 RGN-73 -- Not available --
L10 PRD-14-13 Varuna x PAB-9511
T1 PR-20 Bold seeded selection From Kranti
T2 Albeli -- Not available --
T3 Giriraj HB-9908 x HB-9916
T4 RB-101 RH-30xMCN-8

Hybridization and field experiment

A line x tester mating design was employed during the 2020-2021
rabi season to generate hybrid seeds. Each of the 10 female lines was
crossed with each of the 4 male testers to produce 40 F, hybrids.
Crosses were made by hand-emasculation and pollination in
isolation. The resulting F; progeny along with the 14 parents, were
evaluated during the 2021-2022 rabi season at the Norman E.
Borlaug Crop Research Centre, Govind Ballabh Pant University of
Agriculture & Technology, Pantnagar, Uttarakhand, India
(29°N, 79° E; 243.8 m above mean sea level). The region falls under a
sub-humid, sub-tropical climate. The soil is predominantly Mollisols,
with loam to sandy clay loam texture. The trial was laid out in a
randomized block design (RBD) with 3 replications. Each entry
(parent or F, hybrid) was grown in a single 3 m row plot, with inter-
row spacing of 30 cm and plant spacing of ~10 cm (thinned after
emergence). Standard agronomic practices for mustard were
followed and border rows were planted to minimise edge effects.

Traits recorded

Atotal of 15 characters (12 agronomic and 3 seed quality traits) were
recorded on five random plants per plot for each entry. The
morphological traits included: 1. Days to 50 % flowering (DF), 2. Days
to maturity (DM), 3. Plant height (PH), 4. Length of main raceme
(LMR), 5. Number of siliquae on main raceme (SMR), 6. Number of
primary branches per plant (PB), 7. Number of secondary branches
per plant (SB), 8. Siliqua length (SL), 9. Number of seeds per siliqua
(SS), 10. Siliqua density (SD) (siliquae on main raceme divided by
raceme length) and 11. 1000-seed weight (TW). In addition, three
seed quality traits were measured on harvested seed samples: 12. Oil
content (OC), 13. Protein content (PC) and 14. Glucosinolate content
(GC). Standard procedures were used for quantifying OC, PC and GC
via Near-Infrared Reflectance (which was calibrated with wet
chemistry). 15. Seed yield per plant (SY) was computed from the
total seed weight (g) from randomly selected 5 plants and their
average was taken to calculate the seed yield per plant.

Molecular characterisation (SSR marker analysis)

Genomic DNA was extracted from young leaves of each genotype
using the CTAB (cetyltrimethylammonium bromide) method of
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previous researchers, with minor modifications (15). The quality and
concentration of DNA were checked and samples were diluted to
approximately 100 ng/uL for polymerase chain reaction (PCR)
analysis. A set of 20 SSR markers known to be polymorphic in
Brassica was used for molecular characterisation (primer details are
listed in Table 2). These included both genomic SSRs and EST-SSR
primers such as At5g41940, BRMS-033, Ni2-D10 and sORA43-
selected based on earlier reports (13). Although the 20 SSR markers
used were polymorphic and informative, the marker density
represents a moderate coverage of the genome. Therefore, the
diversity patterns observed should be considered indicative rather
than exhaustive of genome-wide variation. The PCR amplification
was performed in 15 pL reactions containing template DNA, 0.2 uM
of each primer, 2 mM MgCl,, 0.2 mM dNTPs, 1x PCR buffer and 1 U
Tag DNA polymerase. The thermal cycling conditions were as
follows: initial denaturation at 94 °C for 3 min; followed by 35 cycles
of 94 °C for 45 sec, an appropriate annealing temperature (50-60 °C
depending on the primers) for 45 sec and 72 °C for 1 min; with a final
extension at 72 °C for 7 min. The PCR products were resolved by
electrophoresis on 2.0 % agarose gels or 3.5 % agarose (for higher
resolution of close alleles) and stained with ethidium bromide. Gel
images were visualised under UV light and recorded. Fig. 1 and 2
show examples of SSR banding patterns for all 14 genotypes (gel
images of loci NA10-COlc and Ni2-A07), confirming clear

Table 2. List of primers used in this study

polymorphic profiles. For each SSR locus, the presence [1] or
absence [0] of allelic bands was scored for all genotypes, generating
a binary matrix. The polymorphism information content (PIC) was
calculated for each marker using the formula PIC=1 - X (p?), where
pi is the frequency of the i " allele among the genotypes. The mean
PIC across all loci was also determined to assess the overall
informativeness of the marker set.

Combining ability analysis

The line x tester experimental data were first subjected to analysis of
variance (ANOVA) to confirm significant differences among entries
(parents and hybrids). Thereafter, combining ability analysis was
performed following standard line x tester methodology (fixed
effects model) as described earlier (8). The GCA effects were
estimated for each parent (lines and testers) and SCA effects for each
hybrid cross, for all 15 traits. Mean square expectations from ANOVA
tested the significance of GCA and SCA variances. Desirable GCA
effects were considered positive for yield-enhancing traits (e.g. seed
yield, branches, siliqua number) and negative for traits where a
lower value is favorable (e.g. days to flowering/maturity, plant height
for lodging developing lodging resistant lines). Similarly, SCA effects
of crosses were noted and t-tests were used to identify significantly
positive or negative combining ability effects.

Sl. No Locus Forward sequence (5’-3’) Reverse sequence (5’-3’)
1. At5g41940 TGGCCGTTCCTACTTGGAGT CGACACTGTCTCCGCAGGT
2. 0110B11 AAAATGTGAGGCTGTTTGGG TTTCGCAGCAGTAAACATGG
3. BN6A3 GCTACCCACTCATGTCCTCTG CCAAGCTTATCGAATCTCAGCTA
4, Ni2D10 GATGCCCCAAATCTGTTACG CAATTCGTGAAAAATAGCCG
5. BrgMS339 CTACCTGAAGATGACCCAGACG GCATACAAACCTCGTCCTAAGC
6. BN25A CACGTGGTATGTTGGTATTGGG TGATTCTCCTCCGACGCATGC
7. At5g41560 CCTCACAATTTCAGTCAACATCGT GAGGTGGAAGAGTACGGTTGTG
8. MB5 AACATCTTTTTGCGTGATAT AATAGCATTGAAGCCTTAC
9. BRMS-033 GCGGAAACGAACACTCCTCCCATGT CCTCCTTGTGCTTTCCCTGGAGACG
10. Ni3C05 TTTCGTGCTTTGGTGTGAAG TCCCCAAATCGAACCATAAG
11. BrgMS329 TCATCATCATAGCTTTCGCTTC AAAACCTCCTCCTCCTCCTC
12. sORA43 GCGCGTGTGGGATCAGAA CTTCTCCACCGTCGATCG
13. BRMS-006 TGGTGGCTTGAGATTAGTTC ACTCGAAGCCTAATGAAAAG
14. NA10-CO1c TTTTGTCCCACTGGGTTTTC GGAAACTAGGGTTTTCCCTTC
15. Ni2B03 ACTTCTTGCCCTCCTCACC AAATACTCACTGCAATACCCAGG
16. NI02-D08a TTTAGGGAAAGCGAATCTGG ACAACAACCATGTCTTCCG
17. BrgMS1237 ATCAAAAGATGCAGGGAGAGAG GTCCTCAATGGATTACACATGC
18. BrGMS70 TACAATGAAGATGTGATCCCGA CGTGCGTGAGCTTATCAATACA
19. SSR Ni2-A07 GGAACCCAACAAGTGAGTCC AGAGCTTGAGACACATAACACC
20. BRMS-017 GGAAAGGGAAGCTTCATATC CTGGAAAGCATACACTTTGG
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Fig. 1. NA10-CO1c SSR loci amplicons pattern among 14 genotypes under study.
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Fig. 2. SSR Ni2-A07 loci amplicons pattern among 14 genotypes under study.

Heterosis estimation

For each hybrid, three types of heterosis were calculated for key yield
traits:

(1) Mid-parent heterosis = [(F, - average of parents)/average of
parents] x 100

(2) Better-parent heterosis = [(F, — superior parent)/superior parent] x
100

(3) Standard heterosis = [(F, - check variety)/check variety] x 100,
using RH-749 as check.

Heterosis values were tested for significance with appropriate t-tests.
The magnitude and direction of heterosis for each cross and trait
were analysed to identify crosses with significant desirable heterosis.

Molecular data analysis

The SSR marker data were scored as a binary matrix (presence =1,
absence =0) and used to estimate pairwise genetic similarity among
genotypes using Jaccard’s similarity coefficient:

a

]ij:a-l—h-l—-:

where a represents the number of shared bands between
genotypes i and j, b denotes bands present in i but absent in j and ¢
denotes bands present in j but absent in i. Genetic distance was

calculated as:

A Jaccard similarity matrix (14 x 14) was generated to
describe genetic relatedness among all genotype pairs. Cluster
analysis was performed using the Unweighted Pair Group Method
with Arithmetic Mean (UPGMA) based on the Jaccard distance
matrix. The dendrogram was constructed using DARwin version 6.0
to classify genotypes according to SSR-based genetic diversity.

To further validate clustering patterns, Principal Coordinate
Analysis (PCoA) was conducted on the same similarity matrix using
DARwin. The first two principal coordinates were used to visualise
genetic relationships among genotypes in a two dimensional space,
enabling independent confirmation of clusters and identification of
potential outliers. Cluster delineation was determined using an
empirical similarity threshold from the UPGMA dendrogram and was
supported by the grouping patterns observed in the PCoA.

Statistical analysis

Analysis of variance (ANOVA) and combining ability analyses were
performed using SPAR version 2.0. Estimation of heterosis and
statistical parameters was carried out using INDOSTAT. Significance
was assessed atp<0.05and p<0.01, wherever applicable.

Results and Discussion
Genetic variability

The analysis of variance revealed considerable genetic variability
among the set of mustard parents and their hybrids. The treatment
means squares (genotypes) were highly significant (p <0.01) for all 15
traits, confirming the presence of substantial phenotypic variation.
This included significant differences among the parents, among the
F, hybrids and between parents vs hybrids, for key vyield
components (Table 3). The significance of “parents vs crosses”
comparison for most traits signalled overall heterosis effects. The
combining ability ANOVA (Table 4) further revealed that both GCA
(due to lines and testers) and SCA (due to line x tester interaction)
variances were significant for all traits.

Importantly, for most yield-contributing traits (branches per
plant, siliqua number, seeds per siliqua, seed yield), the SCA variance
exceeded GCA variance (GCA/SCA ratio<l, pointing to a
preponderance of non-additive gene action). This was evidenced by
the high heterosis observed and aligns with the expectation that
yield is a complex trait often influenced by dominance interactions
(16). The significant variability for all traits and the predominance of
SCA over GCA for most yield components are consistent with earlier
line x tester studies, where yield and its associated traits frequently
showed stronger non-additive control, making heterosis breeding
advantageous (17-19). Classical quantitative genetic theory also
supports that complex traits such as yield are often governed by
dominance and epistatic interactions, whereas traits like maturity
and plant height may show relatively greater additive contribution
and respond well to selection (9, 20, 21).

The substantial phenotypic variability observed among the
traits was supported by genetic parameter estimates (Table 5). High
PCV and GCV were recorded for secondary branches and seed yield
per plant, with seed yield showing PCV of 26.26 % and GCV of 21.15
%. Secondary branches exhibited high heritability (>80 %) along with
high genetic advance (GA) as percentage of mean (>40 %), indicating
strong heritable control. Seed yield per plant showed moderate
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Table 3. ANOVA for Line x Tester mating design including parents and crosses for all 15 traits

Source of Mean sum of squares
Variation df DF DM PH LMR SMR PB SB SL SS SD T™™W PC GC ocC Sy
Replication 2 093 4091 6.12 0.86 215 010 469 0.01 024 0.007 002 233 1.78 0.12 3.98

Treatments 53 19.52** 16.04** 382.34** 10891 4500 *+ 149** 1523*% 0.26** 4.62** 0.01 0.38** 2.35** 187.31** 4.43** 7.5**

Parent 13 20.72** 10.95** 564.54** 114.19%* 32.81** 1.51** 7.19** 0.25** 4.880** 0.02* 0.49** 2.35** 203.66** 6.14** 7.02**
Crosses 39 17.13** 16.85** 240.45** 100.45** 44.36** 1.50** 17.87** 0.26** 4.58** 0.01** 0.35** 1.82** 149.24** 3.34** 7.63**
z*r‘or:::s"/s 1 97.10** 50.48** 3547.42**370.07** 388.75** 0.61** 16.88** 0.33** 2.71 0.01 0.52** 23.27**1459.67** 24.94** 8.88**
Error 106 153 175 861 442 093 005 118 002 133 001 003 059 438 083 121

** =Significance at 1 % probability level; * = Significance at 5 % probability level.

Table 4. ANOVA for combining ability for 15 traits

Source of Mean sum of squares

Variation df  DF DM PH LMR SMR PB SL Ss SD TwW PC GC oc sy
Line 9 243  24.04* 431.24* 143.88 37.62 2.78* 41.64** 0.43 11.01** 0.024* 0.826** 1.8 208.68 3.23 10.4
Tester 3 4.89 59.96** 438.05 58.81 6257 1.43 1038 0.31 4.47 0.01 0.52 425 47899** 506 1691*
.II'.Iensi:r 27 16.16 ** 9.66 ** 154.89 ** 90.59 ** 44.58 **1.08 **10.79 **0.19 ** 2.45* 0.008 **0.178 ** 1.55** 92,78 ** 3.18** 5.67**
Error 106 1.53 1.75 8.61 4.42 0.93 005 118 0.02 1.33 0.01 0.03 0.59 4.38 0.83 1.21
** =Significance at 1 % probability level; * = Significance at 5 % probability level.

Table 5. Estimates of genetic variability, heritability and genetic advance for all traits

Characters PCV (%) GCV (%) ECV (%) H? ps (%) GA GA as % of Mean

DF 4.99 4.48 2.2 0.81 4.57 8.27

DM 1.85 1.6 0.93 0.75 3.85 2.85

PH 6.05 5.9 1.35 0.95 233 11.84

LMR 10.26 9.45 4 0.85 11.11 17.93

NSMR 10.29 10.01 2.38 0.95 8.12 20.06

PB 12.32 11.81 3.49 0.92 1.36 23.34

SB 24.49 22.22 10.31 0.82 4.2 41.51

SL 6.99 6.44 2.72 0.85 0.55 12.22

NSPS 11.89 8.55 8.26 0.52 1.58 12.66

SD 11.25 9.37 6.22 0.69 0.11 16.09

T™W 11.31 10.19 4.9 0.81 0.68 18.91

PC 4.3 3.05 3.03 0.5 1.12 4.46

GL 8.24 7.96 2.15 0.93 1541 15.82

ocC 3.56 2.81 2.19 0.62 191 4.57

YPP 26.26 21.15 15.58 0.65 2.4 35.07

heritability (65 %) coupled with high genetic advance (35.07 % of
mean), suggesting the involvement of both additive and non-
additive gene effects (17). These results indicate that while selection
can be effective for improving yield-related traits, hybrid breeding
approaches may also offer advantages for enhancing seed yield.

General combining ability (GCA) of carents

The GCA effects for both lines and testers for all evaluated traits in
this study are presented as a heatmap in Fig. 3 to facilitate
comprehensive interpretation of results. Positive GCA effects
generally indicate that a parent transmits favourable alleles for
increasing the value of a trait, whereas negative effects are typically
considered unfavourable for yield traits, except in cases where trait
reduction is beneficial such as for days to flowering to achieve earlier
maturity and plant height.

Among the lines, PR-2019-9 (L5) exhibited the highest and
highly significant positive GCA effect for seed vyield per plant
(SY=+1.29, p<0.01), along with significant positive effects for siliquae
on the main raceme (SMR =+3.13) and seeds per siliqua (SS=+1.91).
This highlights PR-2019-9 as a strong general combiner for yield
improvement. The PR-2019-2 (L6) also demonstrated a significant
positive GCA for seed yield (SY =+1.25), oil content (OC =+0.70) and

seeds per siliqua (SS = +1.10), making it a strong candidate for
breeding programs targeting enhanced yield and oil content. The
PR-2016-8 (L1) stood out for its significantly negative GCA for plant
height (PH =-12.01), a desirable attribute for developing semi-dwarf
and lodging-resistant varieties that can be grown at higher densities
and may provide improved harvest index without compromising
yield. In contrast, RGN-73 (L9) displayed a significantly negative GCA
for seed yield (SY=-1.67, p<0.01), suggesting a tendency to transmit
alleles associated with reduced yield. Notably, RGN-73 had a high
positive GCA for days to flowering (DF = +2.81), indicating delayed
flowering, which is generally undesirable when breeding for
earliness.

Among the testers, PR-20 (T1) showed the highest positive
GCAfor seedyield (SY=+1.12,p<0.01), along with a positive effect for
siliquae on the main raceme (SMR = +0.52). RB-101 (T4) exhibited a
significant negative GCA for plant height (PH = -3.40) and days to
maturity (DM =-1.41), indicating its usefulness for developing shorter
and earlier genotypes.

In summary, lines such as PR-2019-9 and PR-2019-2, along
with the tester PR-20, emerged as superior general combiners for
seed yield and key agronomic traits. These parents represent useful
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PR20168 (L) - 0.4 | 1427 2.88™ | 126 | 0.53* | 2.98% |.019% | -043 | -0.01 | -0.23% | 029 |-3.77%| 022 | 031
PR-2016-4 (L2) - -0.68 0.08 5645 183+ | -0.63* | 0.16* 0.45 |-0.13*= | -0.41 -0.02 | -0.23%* | 0.02 | -2.77% | 0.48 | -0.86** -4
PR20155 (L3) --1.56% | 275+ BCEIEN 0.96 | -2.75% | 1.03* | 171* | 029 | 042 |-0.04* | -0.35% | 035 | 2.69* | 035 | -0.69*
-2
PR-2017-8 (L4) - -0.43 0.5 1.01 | -2.77* | 0.78* | 0.13* | 1.16** | -0.08* 0.5 0.04* | -0.20** | -0.62** | -4.47* | 0.01 0.27
PR-2019-9 (LS) --1.26%* | -0.08 -0.91 | -3.46% [ 3.13% | -0.45% | -1.76** | 0.06 1.91% | 0.07** | 0.21* | -0.32 P-GI09%Y 0.07 Y205k -0
PR20192(L6)- 0.07 | 1.42% | 0.49 | 0.87 |-1.19% | -0.55= | 246" | 011" | 1.10% | -0.05% | 027" | -022 | 5.57% | 0.70 | 125"
PR-2017-11 (L7) = 1.56** 0.75 595 0.07 [ -2.22%* | -0.19% | -0.84* | 0.20* | -0.43 -0.03* | 0.37*+ 0.32 2.03% | -1.06* | 0.27 g
{ w
PRL-2017-7 (L8) --1.60** | 0.92* | 3.05%% | 528% | (.96%* 0.14 1.75% | -0.05 -0.80* | -0.04** | -0.07 -0.21 5.84%* | -0.58* 0.29 4 é
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Fig. 3. Heatmap of general combining ability effects of parents for all 15 traits

genetic resources for hybrid breeding programs targeting yield
improvement. Lines with significant negative GCA for flowering time
(such as PR-2015-5 and PRL-2017-7) and for plant height (such as
PR-2016-8 and Giriraj) can also be strategically utilised to develop
early maturing and semi-dwarf varieties. However, as non-additive
effects were also prominent it is important to examine SCA effects
and heterosis.

Specific combining ability (SCA) and heterosis of F.’s

While GCA identifies good parents, SCA pinpoints parental
combinations that produce better progeny, which are due to
dominance/epistatic gene effects. In this study, several crosses
displayed significant positive SCA effects for seed yield per plant and
other traits which are presented as a heatmap in Fig. 4. The top SCA
cross for seed yield was PR-2019-2 x Albeli, which had the highest
SCA effect i.e., SCA = +2.59 among the 40 hybrids. Interestingly, this
cross involves PR-2019-2 (a line with highest GCA for yield) and Albeli
(tester with modest GCA), suggesting an interaction where Albeli’s
specific genetic background complements PR-2019-2. Another
notably high SCA was observed in cross of PR-2017-11 x RB-101
which have low GCA’s. In general, crosses involving the top GCA
parents tended to feature among the best SCA performers, a pattern
seen in case of PR-2016-8 x Giriraj (high SCA for plant height and
branches) and PR-2016-4 x PR-20 (high SCA for raceme length and
glucosinolate content). This indicates some “good x good” parent
combinations yielded best hybrids, aligning with the conventional
expectation that good combiners can produce superior crosses if
their gene complementation is favorable.

However, we also observed instances where a parent of only
average GCA, when paired with a good combiner, resulted in high
SCAi.e. “good x average” combinations giving heterotic crosses. For
example, RGN-73 x Albeli (neither parent was top in GCA) showed
one of the highest SCA for the number of siliquae on the main
raceme and that translated into high heterosis for that trait. This
suggests the presence of complementary epistasis, certain allele
combinations from these genetically distant parents unlocked new

potential in F;. Such crosses would particularly benefit from
heterosis breeding, as their performance cannot be predicted by
GCA alone. Indeed, crosses with good x average or even good x poor
combiners exhibiting high SCA underline the value of maintaining
broad genetic diversity among parents. This is consistent with
theoretical expectations that more divergent parents can create
novel positive interactions in hybrids.

The heterosis analysis for yield (Table 6) was consistent with
the SCA results. We found substantial mid-parent and better parent
heterosis in many hybrids for yield and its components. The
maximum better-parent heterosis for seed yield was +68.74 %,
observed in the cross PRL-2017-7 x PR-20. Standard heterosis over
the best check (RH-749) was also pronounced, reaching a maximum
in PR-2019-2 x Albeli. The crosses showing the highest heterosis
largely correspond to those with high SCA effects, indicating the
contribution of non-additive gene action in yield expression. The PRL
-2017-7 x PR-20 and PR-2019-2 x Albeli emerged as promising
combinations for seed yield improvement. These results indicate
that specific parental combinations can generate substantial hybrid
vigor. The close association between high SCA effects and high
heterosis for seed yield in the present study supports the role of non-
additive gene action in hybrid performance (19, 20). However, not all
crosses between good general combiners (“good x good”) produced
the highest heterosis. This indicates that GCA alone may not fully
predict hybrid performance, as heterosis also depends on the
interaction and complementation of alleles between parental
genomes (20).

From a practical breeding perspective, we can highlight
several superior hybrids that could be advanced for further testing or
used in breeding programs: 1. PR-2019-2 x Albeli - top for yield per
se and standard heterosis; 2. PRL-2017-7 x PR-20 - top for
heterobeltiosis in yield and also early maturing; 3. PR-2016-8 x Giriraj
- good for branch number; 4. PR-2019-9 x PR-20 - very high seeds/
siliqua and yield; and 5. PR-2017-11 x Albeli - notable for 1000-seed
weight and oil content improvement. Some could be potential
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PR-2016-8 x PR-20 = -3.23 ** -1.75% ‘ 4.39* | 2.07 =2.33** 0.14 0.21 -0.18* -1.08 -0.06* 0.26** 018 2.51* -0.57 -0.19
PR-2016-8 x Albeli= 1.37 =2.38% 11.21% =3.72% -1.45% -0.43* -0.12 -0.03 -0.72 0.02 -0.02 -0.76 -3.08* 1.14* 1.63%
PR-2016-8 x Giriraj = =1.76 * 3.88** 3.01% 221 0.75** 112 0.11 0.6 -0.01 -0.04 0.69 0.05 -0.24 -0.98
PR-2016-8 x RB-101 = 3.63** 0.25 4.06* -1.35 1.56** -0.46** -1.21 0.11 12 0.05* -0.20* -0.11 0.52 -0.34 -0.46
PR-2016-4 X PR-20 = 3.18** -0.25 2815 SEBFAE] 269 | -0.63% | -4.46% | -0.21%* 017 -0.06* -0.09 0.95* 11.35+ [EEELEE] 0.38 |
PR-2016-4 x Albeli~ -0.88 112 -B8.56** -8.91** -4.29** 0.07 1.64* (1] -0.2 0.02 0.01 -0.62 0.32 0.58 -0.24 <10
PR-2016-4 x Giriraj - -0.68 0.05 8.72% -1.38 -4.32%% 0.09 0.78 0.04 0.75 -0.06* 0.03 -0.36 -10.52* -0.57 -0.34
PR-2016-4 x RB-101 - -1.62* -0.92 231 -0.83 592% | 047+ | 2,05 0.17% 0.72 0.10%* 0.05 0.03 -1.15 0.42 0.2
PR-2015-5 x PR-20 - -0.32 -0.75 -1.07 3.36% 4.81% 0 -0.83 -0.21%+ -0.52 0.04 0.39%* -0.52 -4.56%* 0.43 -0.05
PR-2015-5 x Albeli~ -1.05 128 4.16* 7.06%* 1.03 0.54% -0.15 0.08 0.04 -0.03 -0.34** 0.65 4.98% -0.43 -0.19
PR-2015-5 x Giriraj = 2.15%** 0.22 0.47 -7.56%* -3.27* -0.25* 0.56 0.35** 0.02 0.03 0.01 -0.34 -3.88% -0.17 -0.58 -5
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PR-2017-8 x PR-20- -1.4 -0.67 -2.28 5.39** 3.546 ** 0.24 0.49 0.169 * 0.06 o 0.15 -0.48 -3.96%* 1.07* 1.45%
PR-2017-8 x Albeli~ 0.87 -2.30** -1.59 15 0.56 -1.03= -l1.24 0.12 -0.11 -0.03 -0.42%* 0.37 -1.55 -0.02 -0.92
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PR-2019-9 x PR-20- -1.23 -0.42 3.76* 1.08 2.93** 0.05 -1.22 -0.07 -1.42% -0.01 0.08 013 4.34%* -0.71 0.45
PR-2019-9 x Albeli- -0.3 -0.05 67+ 1.45 1.61** 0.08 -0.95 -0.06 1.67% 0.05% 0.22% 1.06% 0.26 -1.09* -0.32
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PR-2019-2 x RB-101 - -2.36%* -0.92 -1.38 0.66 0.48** -1.93% -0.26%* -1.56% 0.02 -0.14 0.19 -0.72 -0.32 -2.15%
PR-2017-11 x PR-20 - 1.60* 0.58 -3.82% -1.92%* 0.59* 1.07 0.53% 0.93 0 -0.25% -0.39 -4.89%* 0.01 -0.71
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Fig. 4. Heatmap of SCA effects of all 40 crosses for all 15 traits.
Table 6. Estimates of all three heterosis (%) for seed yield per plant
Sl. No. Crosses Mid parent Better parent Standard
1 PR-2016-8 x PR-20 50.14 ** 50.08 ** 51.49 **
2 PR-2016-8 x Albeli 60.96 ** 57.15** 58.64 **
3 PR-2016-8 x Giriraj -8.97 -20.46 7.4
4 PR-2016-8 x RB-101 -12.32 -30.71** 20.46
5 PR-2016-4 x PR-20 40.72 ** 39.22* 40.41*
6 PR-2016-4 x Albeli 5.48 4.13 2.78
7 PR-2016-4 x Giriraj -16.36 -27.61* -2.25
8 PR-2016-4 x RB-101 -18.54 -36.15** 11.01
9 PR-2015-5 x PR-20 31.41* 28.35 35.76 *
10 PR-2015-5 x Albeli 5.89 1.09 6.92
11 PR-2015-5 x Giriraj -19.93 -28.61* -3.6
12 PR-2015-5 x RB-101 -10.2 -27.78 ** 25.56
13 PR-2017-8 x PR-20 68.68 ** 59.11 ** 81.01**
14 PR-2017-8 x Albeli 5.87 -2.31 11.13
15 PR-2017-8 x Giriraj 10.65 1.94 37.65*
16 PR-2017-8 x RB-101 -26.75 ** -39.41** 5.33s
17 PR-2019-9 x PR-20 65.01 ** 52.52 ** 81.26 **
18 PR-2019-9 x Albeli 31.19* 18.68 41.05*
19 PR-2019-9 x Giriraj -14.13 -19.28 9
20 PR-2019-9 x RB-101 22.31* 2.96 79.00 **
21 PR-2019-2 x PR-20 20.6 -4.59 65.26 **
22 PR-2019-2 x Albeli 43.78 ** 11.81 93.66 **
23 PR-2019-2 x Giriraj -7.96 -18.1 41.85*
24 PR-2019-2 x RB-101 -38.58 ** -38.69 ** 6.58
25 PR-2017-11 x PR-20 12.23 -6.4 41.32*
26 PR-2017-11 x Albeli -29.25* -42.09 ** -12.57
27 PR-2017-11 x Giriraj -0.39 -5.65 4244~
28 PR-2017-11 x RB-101 1.03 -5.61 64.09 **
29 PRL-2017-7 x PR-20 70.47 ** 68.74 ™ 70.18 **
30 PRL-2017-7 x Albeli 19.24 17.65 16.24
31 PRL-2017-7 x Giriraj 34.03** 16.05 56.70 **
32 PRL-2017-7 x RB-101 -31.51** -46.29 ** -6.63
33 RGN-73 x PR-20 -7.8 -11.08 -10.32
34 RGN-73 x Albeli 11.22 9.77 5.57
35 RGN-73 x Giriraj -23.69 -35.38 ** -12.74
36 RGN-73 x RB-101 -17.76 -36.72** 10
37 PRD-14-13 x PR-20 32.70* 29.37 37.37*
38 PRD-14-13 x Albeli 6.31 1.3 7.56
39 PRD-14-13 x Giriraj 0.46 -10.27 21.16
40 PRD-14-13 x RB-101 -16.82 -33.01 ** 16.46
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candidates for developing commercial hybrid cultivars if a viable
hybrid seed production system (e.g. cytoplasmic male sterility) is in
place for mustard. The superior crosses identified in this study
warrant further multi-environment evaluation to assess their yield
stability and commercial potential. For instance, hybrids such as PR-
20192 x Albeli demonstrated substantial yield advantages under
the present experimental conditions. However, its performance
should be validated across multiple environments to confirm the
stability and consistency of this heterotic response.

It is also important to examine GCA, SCA and heterotic
profiles simultaneously. In several cases, one parent exhibited high
GCA while the other showed moderate effects, suggesting that
favourable hybrid performance may arise from the interaction of
additive and non-additive gene effects. Crosses between 2 high GCA
parents (“good x good”) generally produced consistent F,
performance; however, they did not always exhibit the highest SCA
effects or heterosis. Therefore, breeding decisions should integrate
not only combining ability but also the genetic divergence among
promising parents. Molecular diversity analysis provides an objective
tool to assess parental relatedness. Accordingly, SSR-based diversity
analysis was conducted to evaluate genetic relationships among the
parental genotypes and to complement the combining ability
findings.

8

Simple sequence repeat (SSR)-based molecular diversity and
cluster analysis

To complement our combining ability findings, the genetic diversity
among the 14 parental genotypes was assessed using 20 SSR
markers. All primers produced clear and scorable amplification
profiles, revealing polymorphism across the genotypes. A total of 40
alleles were detected across the 20 loci, with an average of 2.0 alleles
per locus (ranging from 1 to 4 alleles). Allele sizes varied
approximately from 100 bp to 700 bp across loci. The polymorphic
information content (PIC) values ranged from 0.07 to 0.79, indicating
varying levels of marker informativeness. Markers SORA43 and Ni02-
D08a were the most informative (PIC = 0.79), whereas BRMS-017
showed low polymorphism (PIC = 0.07). The mean PIC value across
all loci was 0.38, reflecting moderate genetic diversity among the
parental genotypes. Rare alleles were also observed at certain loci, a
unique allele at NA10-COlc was detected only in PRD-14-13,
highlighting the presence of genotype-specific variation within the
collection.

The Jaccard similarity matrix (Fig. 5) provided pairwise
genetic similarity coefficients among the 14 genotypes, with values
ranging from 0.45 to 0.85. The lowest similarity (0.45) was observed
between PR-20199 and PRD-14-13, indicating that these 2
genotypes are the most genetically divergent within the panel. In
contrast, the highest similarity (0.85) was recorded between PR-2016
-4 and PRL-2017-7 and between RGN-73 and RB-101, suggesting

PR-2016-8 0 0.68 0.63 . 0.68 ﬂ 0.63 0.58 0.48 0.55 0.53 0.58
PR-2016-4 = 11-1: 085 | 075 | 070 | 065 | 070 | 085 | 075 | 070 | 075 | 073 | 075 | 080
PR-2015-5 IEM 0.85 070 | 065 | 060 | 060 | 075 | 075 | 070 | 0.80 | 068 | 070 | 0.80
PR-2017-8 - 0.68 0.75 0.70 0.75 0.65 0.65 0.80 0.70 0.65 0.65 0.63 0.65 0.70 1.0
PR-2019-9 - 0.63 0.70 0.65 0.75 0.70 0.65 0.80 0 0.68 0
0.9
PR-2019-2 0.65 | 0.60 | 0.65 | 0.70 W 075 | 065 | 070 | 060 068 EOELM o065
082
PR-2017-11- 0.68 | 0.70 | 0.60 | 065 | 0.65 | 0.75 080 | 075 | 065 PO 073 M 0.70 ‘—g
E
-078
PRL-2017-7 = 0.85 0.75 0.80 0.75 0.65 0.65 0.78 0.70 0.75 S
8
RGN-73 - 0. 075 | 075 | 070 0.75 075 | 0.60 | 078 | 065 | 085 Los
PRD-14-13 = 0.70 | 0.70 | 0.5 0.65 | 075 080 | 063 | 070 | 0.75
0.5
PR-20 0.75 | 0.80 | 065 065 | 0.60 | 0.80 0 0.75 | 0.70
Albeli 0.73 0.68 0.63 0.78 0.78 0.63 0 D 0.78
Giriraj 0.75 0.70 0.65 0.70 0.65 0.70 0.75 0 0.70
RB-101 - | 080 | 0.80 | 0.70 075 | 085 | 075 | 0.70 | 078 | 0.70
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Fig. 5. Genetic distance among the genotypes based on Jaccard’s similarity matrix.
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close genetic relatedness within these pairs. Several other pairs also
showed relatively high similarity (=0.80), indicating shared genetic
background among certain lines. Conversely, combinations such as
PR-20 and PR-2019-2 exhibited comparatively lower similarity
(~0.50), reflecting greater genetic divergence.

The presence of both closely related and genetically
divergent genotypes within the panel is advantageous for breeding,
as related lines can be used for trait stabilisation, while divergent
lines may enhance heterosis. For instance, PR-2015-5, PR-2016-4
and PRL-2017-7 formed a genetically close group, likely reflecting
shared Varuna/Pantnagar lineage, whereas lines such as PR-2019-2,
derived from a background involving NRCHB-101, were more
distinct. The UPGMA cluster analysis grouped the 14 genotypes into
3 major clusters (I, Il and Ill), as summarised in Table 7 and the
phylogenetic dendrogram (Fig. 6) clearly illustrated the genetic
distances among genotypes. This clustering pattern was consistent
with the similarity matrix and was further supported by the principal
coordinate analysis (PCoA) shown in Fig. 7.

From a breeding perspective, SSR-based clustering provides
a useful framework for selecting diverse parental combinations. Inter
~cluster crosses generally involve greater genetic divergence than
intra-cluster crosses and may enhance the likelihood of heterosis. In
the present study, several high-performing hybrids involved parents
from different clusters. For example, PR-2016-8 (Cluster ) crossed
with PR-20 or Giriraj (Cluster Il) and PR-2019-2 (Cluster I) x Albeli
(Cluster 1ll), exhibited strong heterosis for seed yield. Similarly, PRL-
2017-7 (Cluster Ill) x PR-20 (Cluster Il) showed substantial heterotic
response. In contrast, crosses among closely related genotypes
within the same cluster, such as PR-2015-5 x PR-2016-4, generally

Table 7. Cluster summary table

displayed lower heterosis. Like previous diversity studies in mustard
(22). Several highly heterotic hybrids involved parents from different
clusters, suggesting that greater genetic divergence may contribute
to improved hybrid performance. However, the relationship
between molecular marker-based genetic distance and heterosis is
not always consistent, as neutral markers may not fully represent
variation at yield-related genes (23). Therefore, SSR-based diversity
should be used as a supportive tool, along with combining ability
and per se performance, for selecting parents and prioritising
crosses for further evaluation.

% Cluster|
»  Cluster i
%  Cluster lil

Fig. 7. Principal coordinate analysis revealing the relation among 14
mustard genotypes.

Cluster Genotypes Breeding Origin Interpretation
. . . . Genetically distinct group: PR-2016-8 may carry
Cluster | PR-2016-8, PR-2019-2, PR-2017-11, L|kelmgg;fér}glgrgz:iﬁe,rggmzhare rare alleles (possibly from Maya); outliers in
& factorial analysis
. 1A B Linked via Kranti/Varuna ancestry Represents “Varuna-Kranti gene pool”; moderate
Cluster Il Giriraj, PRD-14-13, PR-20 (traditional Indian mustard lines)  divergence from Cluster [; high-yielding testers
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Fig. 6. Phylogenetic dendrogram for the 14 genotypes under study.
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Conclusion

The present study demonstrates that integrating combining ability
analysis, heterosis evaluation and SSR-based molecular diversity
assessment provides a comprehensive framework for Indian
mustard improvement. The line x tester analysis identified superior
general combiners, particularly PR-2019-9, PR-2019-2 and PR-20,
along with specific cross combinations such as PR-2019-2 x Albeli
and PRL-2017-7 x PR-20 that exhibited high SCA effects and
substantial heterosis for seed yield under the present experimental
conditions. The results indicate the contribution of both additive and
non-additive gene action in governing yield and related traits.

The SSR-based molecular analysis grouped the parental
genotypes into 3 major clusters and revealed moderate genetic
divergence among lines. Several high-performing hybrids involved
parents from different clusters, suggesting that molecular diversity
can complement combining ability analysis in guiding parental
selection. However, molecular distance alone should not be
considered a definitive predictor of hybrid performance.

Overall, the combined use of phenotypic and molecular
approaches enhances breeding efficiency by enabling informed
parent selection and strategic hybrid development. The superior
crosses identified in this study require further multi-environment
evaluation to assess their stability and potential for commercial
exploitation in Indian mustard breeding programs.
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