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ABSTRACT

The predominance of A, cytoplasm in sorghum hybrid breeding has limited the exploitation of alternative cytoplasmic male
sterility (CMS) sources such as A,, A, and A,. This study evaluated the combining ability and heterosis of hybrids derived
from diverse CMS backgrounds (A, A,, A, and A,) under both drought and irrigated conditions. A total of 241 F, hybrids,
35 parents and 4 checks were assessed for yield and related traits across two seasons and moisture regimes. Significant gen-
otype X environment interactions were observed, highlighting the need for environment-specific recommendations. Notably,
A, (ICSA 38, ICSA 55 and ICSA 502), A, (ICSA 724) and A, (ICSA 758) CMS lines exhibited strong general combining ability
(GCA) for grain yield under drought, while several A, and A, lines performed well under irrigation. Restorer lines Parbhani
Shakti and ICSR 13038 produced high-yielding hybrids across environments, with ICSV 15014 and ICSR 13009 showing
universal fertility restoration. Specific combining ability (SCA) and heterosis analyses identified ICSA 675x ICSR 13038 (A,)
and ICSA 724 XICSV 15014 (A,) as top performers under drought, and ICSA 735X ICSR 13038 (A,) under irrigation. Mean
versus stability analysis revealed G151 and G229 as highly stable hybrids. The results confirm the competitive potential of
A, CMS as an alternative to A,, supporting cytoplasmic diversification for enhanced yield stability and resilience in sorghum
breeding programmes.

1 | Introduction moisture regimes remains a significant challenge for breeders.

Since the crop is primarily grown in semi-arid environments,

Sorghum (Sorghum bicolor L. Moench) is widely cultivated as
a staple commodity for both human consumption and animal
feed in several countries around the world. As a resilient crop,
sorghum plays a critical role in food security, bio-energy pro-
duction and livestock feed, particularly in arid and semi-arid
regions. However, improving its productivity under varying
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drought stress is the most consequential abiotic factor affect-
ing sorghum production. This stress considerably undermines
productivity, posing threats to food and nutritional security for
communities dependent on sorghum (Eggen et al. 2019). The
global demand for food is estimated to double by 2050 (Tilman
et al. 2011), yet increasing water scarcity poses a major hazard

Plant Breeding, 2026; 0:1-15
https://doi.org/10.1111/pbr.70061


https://doi.org/10.1111/pbr.70061
mailto:
mailto:ephrem.habyarimana@icrisat.org
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fpbr.70061&domain=pdf&date_stamp=2026-01-08

to food production systems, concerns that are projected to
intensify as climate change accelerates (Rabara et al. 2018;
IPCC 2014).

Stephens and Holland (1954) identified the first source of cy-
toplasmic male sterility (CMS) in sorghum. Following the de-
ployment of the CMS in commercial hybrid production first
released hybrid, CSH1 in 1961 in India, numerous sorghum
hybrids have been developed and commercialized for global
cultivation. Most of these hybrids are derived from the A,
cytoplasmic source (Praveen et al. 2015; Prasad et al. 2017;
Reddy et al. 2010), which has become the choice for hybrid
breeding because of the paucity of restorers for other CMS sys-
tems (Moran and Rooney 2003). Over the decades, the adop-
tion of hybrids has significantly enhanced grain and fodder
yields, contributing to increased production of the crop wher-
ever the technology reached. In many countries, sorghum
plays a pivotal role for food security and supports livestock
production. It provides a stable crop option for smallholder
farmers, particularly in areas prone to drought and other
environmental stresses. Despite the success of A -based hy-
brids, there remains untapped potential in exploring alter-
native cytoplasmic sources, such as A, A;, A,, 9E and A,
(Stephens and Holland 1954; Quinby 1970; Jebril et al. 2021;
Reddy et al. 2008). The use of these alternative sources may
strengthen hybrid breeding programmes, offering improved
resilience and performance under a wider range of growing
conditions. The utilization of diverse cytoplasmic sources has
the potential to broaden the genetic base, improve adaptabil-
ity and enhance tolerance to biotic stresses such as disease,
pest and abiotic stresses, such as drought. Diversifying CMS
cytoplasm can help prevent disease outbreaks by increasing
genetic diversity, as large-scale cultivation of crops with a
single, narrow CMS source can create vulnerability to pests
and diseases. For example, in maize, the widespread use of
a specific T-type cytoplasm for hybrid production led to ge-
netic vulnerability, creating susceptibility to diseases. The
development of high-yielding hybrid requires comprehensive
insights on combining ability and the nature of gene action,
and diversity or parental lines including the use of diverse
cytoplasmic backgrounds. Evaluation of available sorghum
germplasm for agronomic performance under drought stress
conditions can help breeders identify tolerant genotypes that
can be used as parents for developing hybrids with improved
drought tolerance.

Sorghum hybrid technology is a powerful tool for increas-
ing production. For hybrid technology to be successful, it is
essential that suitable and stable pollen parental lines on di-
verse cytoplasmic sources be identified so that developing vi-
able hybrid combinations becomes easy and rapid. Identifying
stable restorer lines with significant GCA effects for yield
has profound implications for enhancing crop productiv-
ity. These lines are valuable genetic resources for developing
high-yielding hybrids, thereby contributing to food security.
Understanding the genetic factors contributing to high yield
allows breeders to target specific genotypes for further explo-
ration and utilization in hybridization, which facilitates the
development of superior hybrids with optimized yield perfor-
mance. Considering these critical factors, the present research
aimed to identify promising parental lines and hybrids across

diverse cytoplasmic backgrounds, with a particular emphasis
on performance under drought stress conditions. The primary
objective was to develop and harness high-yielding sorghum
hybrids that combine drought resilience with cytoplasmic di-
versity, thereby facilitating their potential for commercial cul-
tivation in drought-prone regions.

2 | Material and Methods

2.1 | Parental Materials and Establishment
of L XT Crosses

Twenty-three CMS seed parents, representing four diverse cyto-
plasmic backgrounds A, A,, A; and A, (which includes 15 CMS
lines from the A, cytoplasmic source, three from A, three from
A, and two from A,) and 12 testers from the ICRISAT sorghum
breeding programme were used in this study. The selected pa-
rental lines were crossed using the Line X Tester mating design
as outlined by Kempthorne (1957) during the Rabi 2020 season.
A total of 276 successful crosses were generated through hand
pollination. Fertility restoration ability was assessed for all 12
testers, with all identified as effective restorers on A, and A, cy-
toplasmic sources, and five showing restoration ability on A3
and A, cytoplasmic backgrounds based on their respective F;
hybrids. Out of the 276 hybrids, only 241 F,  that exhibited com-
plete seed set under bagging conditions during the 2021 rainy
season evaluation were selected for yield trials. The agronomic
performance trial was conducted during the post-rainy 2021 and
summer 2022 seasons under irrigated and drought stress (two
cropping seasonsXtwo irrigation regimes) evaluating a total
of 280 genotypes (comprising 241 F, hybrids, 35 parents and 4
checks).

2.2 | Phenotypic Data Collection and Statistical
Analysis

Depending on the intended attributes, the hybrid F,  were
phenotyped either per plant or per plot basis. In each plot, five
healthy plants were randomly selected to measure plant height
(PH), number of leaves per plant (NL), panicle length (PL) and
panicle width (PWI). The mean values of these measurements
were used for subsequent statistical analysis. On a plot basis,
the following metrics were recorded: days to 50% flowering
(DFF), days to maturity (DM), hundred seed weight (HSW),
panicle weight per hectare (PWt) and grain yield per hectare
(PY). Just 1week before harvest, the average height of five
plants in the elementary plot was taken using a 5-m telescopic
rod (5-m grade rod aluminium) that was vertically laid on
the ground. Five panicles were randomly selected from each
genotype to measure the length from the base of the panicle
to the tip of the topmost spikelet, and the average length was
expressed in centimetres. Plants in the experimental plot were
hand-harvested at grain maturity; the panicles were weighed,
and the grain yield was calculated. At the widest point, the
panicle’'s width was measured in centimetres. PWI and length
measurements were followed by threshing to calculate grain
yield. After thoroughly drying the seeds at a moisture level of
12%, the weight of 100 well-filled grains from each plant was
counted and recorded in grams.
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2.3 | Design, Layout of the Experiment,
Experimental Site and Soil Topography

Seed parents, pollen parents and their F, hybrids were grown
in two seasons, i.e., post-rainy 2021 and summer 2022, each
under irrigation and drought stress conditions using alpha lat-
tice design with two replications at the International Crops
Research Institute for the Semi-Arid Tropics, Patancheru,
Hyderabad, Telangana, India (latitude 20°42’10.59” N and longi-
tude 76°59'57.97” E), at 285 m above mean sea level. The soil was
medium black with clay, properly levelled with uniform topog-
raphy and a precise drainage system. Plants in both the water
regimes were raised under the same field conditions till 65days
after sowing (DAS), ensuring that the crop does not face water
stress. To simulate drought-stressed condition and to stress the
plants at flowering, irrigation was stopped at 65 DAS (10days
prior to anthesis) (Upadhyaya et al. 2017). Care was taken to
avoid seepage entry of water by planting five border rows along
the water stressed field.

2.4 | Statistical Analyses and Software Used

For each measurement, the mean values from all replicates
were computed. ‘R’ software version 4.2.3 was used for all
statistical analysis, including the computation of analysis of
variance (ANOVA) for the two moisture regimes. The effects
of genotype on the yield components and yield were parti-
tioned into parent, hybrid and environment effects to assess
the significance of combining ability of the parental lines and
hybrids under different environments. The hybrid effects were
further subdivided into three components: CMS line X restorer
interaction effects, restorer line and CMS line. They repre-
sent the specific combining ability (SCA) effects, the general
combining ability (GCA) effects for restorer line and the GCA
effects for CMS line, respectively. The GCA and SCA effects
were tested for significance using a t-test. Correlation be-
tween different traits was assessed by the Pearson correlation
coefficient.

2.5 | Estimation of Heterosis

The heterosis effects, expressed as percentage increase or de-
crease relative to the parents or standard check (useful hetero-
sis), were calculated according to the established procedure
(Shull 1914).

2.5.1 | Mid-Parent Heterosis (MPH)

MPH is determined by the difference between the mean of the F;
hybrid and the mean of its parental lines, calculated as follows:

F, - Mp
MPH (%) = ——— X 100
MP

where MP = @ (mid-parent value), P,=mean performance
of first parent, P,=mean performance of second parent and
F,=mean performance F, hybrid.

2.5.2 | Better-Parent Heterosis (BPH; Heterobeltiosis)

The formula utilized to calculate heterosis over the better parent
(BP) is as follows:

F, — BP
Heterobeltiosis (%) = IT X 100

where BP =mean performance of better parent in desired direc-
tion, and F, = mean performance F, hybrid.

2.5.3 | Percent Heterosis Over Standard Check
(Standard Heterosis)

. F, —sc
Standard heterosis = ——— x 100
sc

F,=mean performance of F, hybrid, and SC=mean of stan-
dard check.

The significance of heterosis was evaluated using the ‘t’ test. The
computed ‘t’ value was compared to the tabulated ‘t’ value at
the degrees of freedom from ANOVA, which included parents,
checks and F's, at significance levels of p=0.05 and p=0.01.

2.6 | Seed Producibility

The seed producibility of maintainer lines was evaluated by bag-
ging the panicles at flowering. After maturity, the seed set under
bagging was recorded and expressed as a percentage, ranging
from 0% (no seed set) to 100% (complete seed set).

3 | Results

3.1 | ANOVA for Yield and Its Attributing
Parameters

The ANOVA for yield and yield-related traits revealed highly sig-
nificant (p<0.001) differences among genotypes, environments
and their interaction effects across all traits studied (Table 1). The
presence of significant genotypeXxenvironment interactions in-
dicates substantial genetic variability among the genotypes, with
performance strongly influenced by environmental conditions.
These findings highlight the importance of environment-specific
recommendation of genotypes to enhance breeding efficiency.

3.2 | Correlation of Yield and Yield
Associated Traits

The magnitude and direction of correlations among plant traits
were interpreted following the classification of Gomez and
Gomez (1984), wherein correlation values of 0-0.1, 0.1-0.5,
0.5-0.8 and 0.8-1.0 are categorized as zero, low, medium and
high, respectively, while a value of 1.0 denotes a perfect cor-
relation. A high positive correlation was observed between PWt
and PY across both environments, i.e., drought (Figure 1A)
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| ANOVA for yield and its attributing parameters in sorghum.

TABLE 1

Mean sum of squares

PHT (cm) PL (cm) PWI (cm) HSW (g) PWt (t/ha) PY (t/ha)

NL

DM

DFF

df

Source of variation

35159.6%** 2355.04*** 542736.05%** 1178.35%** 90.62%** 84.65%** 52.6%** 52.13%**

29330.65***

3

Environment

107.72%** 5.3k 9237.27%** 34.48%+* 1.03%** 0.76%** 3.3k 2.17%k*

88.08%***

279

Genotypes

174.15 7.46 277.68 0.062 4.92 1.51 0.02 0.002

26.29

Replications

24.28%** 28.39%%* 1.86%** 557.7%%* 3.61%** 0.25%** 0.12%** 0.97%** 0.76%**

837

Genotype X Env

6.57 2.05 235.5 1.37 0.24 0.07 0.42 0.2

5.14

68

Rep x Block

0.19 0.06 0.38 0.25

3.99 4.86 0.89 148.03 1.77

1051

Residuals

Abbreviations: DFF, days to 50% flowering; DM, days to maturity; HSW, 100 seed weight; NL, number of leaves per plant; PHT, plant height; PL, panicle length; PWI, panicle width; PWt, panicle weight per hectare; PY, yield per

hectare.

***Significant at 0.001% level.

and irrigated (Figure 1B), as well as in the pooled analysis
(Figure 1C). Similarly, medium positive values of correlation
were recorded between PWI and PY under all environments.
Low positive correlations were noted between yield and PH, NL,
PL and HSW. Conversely, low but negative and significant cor-
relations were observed between yield and both DFF and DM
under the irrigated environment.

3.3 | ANOVA for Combining Ability

The ANOVA was used to determine different sources of vari-
ations related to combining ability of the nine characteris-
tics investigated in both irrigated and drought environments.
ANOVA for yield and yield-related traits have revealed signif-
icant (p<0.01 and p<0.05) differences between lines, testers,
line X tester, environments and their interaction components
for all the plant characteristics studied under drought stress
(Table 2) and irrigated environments (Table 3). The significant
effects of lines, testers, lineXtester, line X environment, tes-
terXenvironment and line X tester X environment interaction
under both the environments, i.e., irrigated and drought envi-
ronments of the traits under investigation, justifies the selec-
tion of genotypes through combining ability estimates in order
to determine the environmental and the genotypic behaviours
allowing targeted breeding recommendations to expedite the
hybrid development process, making downstream testing more
efficient for different moisture regimes.

3.4 | Combining Ability Variances and Gene Action
for Drought Stress and Irrigated Environments

The analysis revealed that the degree of dominance exceeded
unity for PH and PL in both drought stress (Table 4) and irri-
gated conditions (Table 5), indicating the presence of additive
gene action. The NL displayed additive gene action specifically
in the irrigated environment. PH inheritance was mainly in-
fluenced by the GCA variance of the restorer lines, whereas PL
inheritance was primarily determined by the GCA variances of
both CMS lines and restorer lines.

The GCA to SCA variance ratio was found to be less than one,
suggesting that nonadditive gene action played a dominant role
in most traits, including DFF, PWI, PWt, HSW and PY, across
both irrigated and drought stress conditions. Inheritance of
these traits was largely driven by SCA variance, emphasiz-
ing the importance of nonadditive gene action in their genetic
determination.

3.5 | GCA Effects Estimates of Diverse Male Sterile
Lines and Universal Restorer Parents

The GCA effects of the CMS line and pollen parents for all
measured traits were evaluated under drought stress (Table S5)
and irrigated environment (Table S6). Negative GCA was crit-
ical for DFF, PH and DM, whereas positive GCA was a pre-
requisite for other traits examined in the study. None of the
CMS lines consistently functioned as good general combiners
for all traits across environments, indicating specificity in their
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FIGURE1 | Heatmap visualizing the correlation of yield and yield parameters in sorghum under drought environment (1A), irrigated environ-

ment (1B) and pooled environments (1C).

performance. Notably, CMS lines ICSA 38, ICSA 55 and ICSA
502 from the A, cytoplasmic background, along with ICSA 724
from A, and ICSA 758 from A,, showed positive and signifi-
cant GCA effects for yield under drought conditions. In con-
trast, under irrigated conditions, CMS lines such as ICSA 37,
ICSA 56, ICSA 57, ICSA 433, ICSA 502, ICSA 675 and ICSA
29005 from A, as well as ICSA 724 from A, exhibited similar
positive effects for yield. Similarly, among the testers in terms
of grain yield under irrigated conditions, the stable restorers
ICSV 15014 and ICSR 13009 exhibited positive and significant
GCA effects, with Parbhani Shakti and ICSR 13038 also show-
ing strong performance across both environments. This high-
lights their potential as key genetic contributors for improving
sorghum grain yield.

3.6 | SCA Effects Estimates of Diverse
Cytoplasmic-Based Hybrids

The SCA effects for the nine traits in both irrigated and drought
environments are detailed in Tables S1 and S2. Among the traits
evaluated, PH exhibited the widest range of SCA effects, with
a greater number of hybrids showing significant SCA values
(p<0.05) compared to the other traits. For DFF, DM and PH,
negative SCA effects were desirable, reflecting a preference for
shorter crop duration and reduced plant stature. In contrast,
positive SCA effects were favourable for yield-related traits and
other productivity-associated attributes. Some hybrids displayed
negative and significant SCA effects for DFF, DM and PH traits,
while others showed positive and significant SCA effects for yield
and productivity-related traits. For example, the hybrid ICSA
675xICSR 13038 (A, cytoplasmic background) demonstrated the
highest positive and significant SCA effect for grain yield, identi-
fying it as the most promising hybrid under drought conditions.
Similarly, hybrids ICSA 724 X ICSV 15014 (A, background), as well
as ICSA 52xGiddi Maldandi, ICSA 627xICSR 17008 and ICSA
502xSPV 1411 (all from the A, background), also exhibited sub-
stantial positive and significant SCA effects for grain yield, plac-
ing them among the top performers. For irrigated environments,
the optimal heterotic hybrids were ICSA 735X ICSR 13038, ICSA
724 xICSR 13041 and ICSA 712 x Parbhani Shakti from A, along
with ICSA 56 X Giddi Maldandi and ICSA 29005 x Giddi Maldandi
from A . These hybrids exhibited the highest positive and signifi-
cant SCA effects for grain yield, establishing them as the leading
choices for high productivity in irrigated conditions.

3.7 | Heterosis Analysis

3.71 | MPH and BPH of Hybrids Under Drought
and Irrigated Environments

MPH and BPH were evaluated by comparing hybrids with
their respective parents in experiments conducted under both
drought stress and irrigated conditions. The sorghum hybrids

displayed significant MPH and BPH, with notable variation
in the heterosis observed across different traits (Tables S3 and
S4). The BPH range for PWt, HSW and plot yield under drought
stress conditions was as follows: —12.0% to 145.4%, —22.9% to
44.4% and —34.9% to 208.8%, while under irrigated conditions,
the BPH values for these traits ranged from —22.3% to 102.63%,
—27.8% to 44.3% and —37.1% to 174.1%, respectively. All hybrids
exhibited favourable MPH across all nine traits, highlighting the
potential of these hybrids for improving key agronomic traits in
both environments.

3.7.2 | Selection of Hybrids Based on Standard
Heterosis of Hybrids Under Drought and Irrigated
Environments

The evaluation of hybrids under irrigated and drought stress
conditions revealed significant heterotic responses for yield.
Across the environments, the direction and magnitude of het-
erosis varied, highlighting the influence of environment in
shaping hybrid performance. For grain yield, the hybrid ICSA
735xICSR 13038 (A,) exhibited the highest and most consis-
tent heterotic advantage, with a 65.70% increase under irrigated
environment. Similarly, under drought, ICSA 675xICSR 13038
(A,) recorded a 42.64% yield increase over check, reinforcing the
strong combining ability of ICSR 13038 as a restorer in enhanc-
ing yield resilience. The other hybrids also displayed substantial
heterosis, indicating their potential utility in hybrid breeding
programmes aimed at enhancing productivity under irrigated
and drought conditions.

3.8 | Parents and Hybrid Stability Across
Environments

The upset style plot visualizing the stable GCA of seed parents
(Figure 2A) and pollen parents (Figure 2B) across environments
highlighted several stable GCA parental lines. The pollen pa-
rental lines, such as ICSR 13038, Parbhani Shakti and M35-1-19,
displayed stable GCA performance across all four environments
(E1, E2, E3 and E4). Seed parental lines, notably, ICSA 724
ranks as high stability of GCA in both E1 and E4, while ICSA
57 (E2 and E3) and ICSA 88001 (E3) display more environmen-
tal specificity. ICSA 38 displayed high stability of GCA in three
environments (E1, E2 and E3).

The GGE biplot mean vs. stability represents the mean yield
versus stability view for all tested genotypes, with PC1 and
PC2 explaining 41.24% and 23.75% of the variation, respec-
tively (Figure 3). The genotypes are distributed throughout the
plot, with most clustering between mean yields of 2.0 and 3.2.
Notably, a few genotypes such as G229 (ICSA 735xICSR 13038)
and G151 (ICSA 675xICSR 13038) exhibit exceptionally high
mean yields, above 4.0, and also display considerable stability
values.
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TABLE 4 | Estimates of GCA and SCA variances, proportionate gene action and contribution of lines, testers and line X tester interaction on the
performance of sorghum hybrids for the characters under study in drought stress.

Variances of

Degree of dominance

Contributions of

S.no. Trait o?>GCA o2SCA ¢2GCA/s2SCA Nature of gene action Line Tester Line X tester
1 DFF 4.10 5.35 0.77 Nonadditive 21.40 40.15 38.45
2 DM 4.95 5.74 0.86 Nonadditive 21.89 41.99 36.12
3 PHT 196.83 112.13 1.76 Additive 9.96 64.71 25.33
4 NL 0.002 0.006 0.33 Nonadditive 13.56 24.10 62.34
5 PL 0.77 0.49 1.58 Additive 36.39 34.16 29.45
6 PWI 0.00 0.01 0.29 Nonadditive 11.97 13.12 74.91
7 PWt 0.02 0.23 0.08 Nonadditive 9.42 11.69 78.89
8 HSW 0.01 0.01 0.77 Nonadditive 19.45 30.71 49.84
9 PY 0.01 0.20 0.05 Nonadditive 6.72 11.23 82.05

TABLE 5 | Estimates of GCA and SCA variances, nature of gene action and contribution of lines, testers and line X tester interaction on the
performance of sorghum hybrids for the characters under study in irrigated environment.

Variances of

Degree of dominance

Contributions of

S.No Trait o?>GCA o?SCA 0 2GCA/c 2SCA Nature of gene action Line Tester LineXtester
1 DFF 2.60 4.11 0.63 Nonadditive 21.08 35.90 43.02
2 DM 3.34 4.97 0.67 Nonadditive 19.68 37.89 42.43
3 PHT 217.07 62.15 3.49 Additive 11.36 72.23 16.41
4 NL 0.003 0.003 1.07 Additive 20.92 27.09 51.98
5 PL 1.04 0.39 2.67 Additive 34.48 41.22 24.30
6 PWI 0.01 0.03 0.35 Nonadditive 11.86 17.40 70.74
7 PWt 0.05 0.22 0.21 Nonadditive 11.32 20.91 67.78
8 HSW 0.01 0.04 0.33 Nonadditive 20.28 20.89 58.84
9 PY 0.04 0.19 0.21 Nonadditive 12.53 20.95 66.52

3.9 | Parental Lines Seed Producibility Under
Drought and Irrigated Environments

Depending on a variety of parameters, such as the producibility
of the female parent, the synchronization of female and male
flowering, the lack of processing losses and the presence of ac-
ceptable seed quality characteristics, each hybrid parent had a
unique degree of producibility. The yield potential is a genetically
determined ability of parents/genotypes to generate optimal
yield in specific environments. The results (Figure 4) clearly in-
dicate that the yield potential is largely a genetically determined
ability of parental lines to perform optimally in specific envi-
ronments. Under drought conditions, ICSB-735 (A,) recorded
the highest seed producibility (97.0%), followed by ICSB-502
(94.3%), ICSB-37 (93.3%), ICSB-52 (93.3%) and ICSB-56 (93.3%)
also maintained high stability. In contrast, ICSB-57 showed the

lowest seed producibility (78.3%) under drought stress. Under
irrigated conditions, the seed parental lines ICSB-724 (97.5%)
(A,) and ICSB-712 (96.5%) (A,) performed the best, followed
closely by ICSB-758 (96.5%). The seed parental lines, ICSB-502
and ICSB-88001 (A,), also showed strong performance, each re-
cording 96%. Across environments, B-lines associated with the
A, conversion stream exhibited higher seed producibility than
those associated with the A, stream. Because these evaluations
were conducted on maintainer lines, the observed differences
reflect the genetic backgrounds of the B-lines and should not
be interpreted as cytoplasm (A, vs. A)) effects. The consistently
higher seed producibility observed among A, stream main-
tainer lines across environments underscores the value of their
nuclear genetic backgrounds and, operationally, the A, CMS
system's capacity owing to fewer restorers to broaden and diver-
sify the female pool, including drought-tolerant lines.
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A UpSet-style Plot: Top Female Parents Across Environments
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B UpSet-style Plot: Top Male Parents Across Environments
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FIGURE2 | Legend on next page.
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FIGURE2 | Upsetstyle plot visualizing the top-performing seed parent (Figure 2A) and pollen parent (Figure 2B) among the environments stud-

ied. (E1: 2021 post-rainy—drought, E2:2021 post rainy—irrigated, E3:2022 summer—drought, E4: 2022 summer—irrigated).

GGE Biplot: Mean vs Stability View
PC1: 41.24%, PC2: 23.75%
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FIGURE3 | GGE biplot: mean vs. stability showing the relationship between mean performance and stability of genotypes evaluated across four
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FIGURE4 | Seed producibility of parental lines under drought and irrigated conditions.
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4 | Discussion

Estimates of GCA indicate the prevalence of favourable alleles
with additive effects in parental lines. Assessing the GCA of
each parent is essential for the development of superior hybrid
genotypes as it provides information for breeders to assess the
genetic potential of breeding material for various desired traits
(Medraoui et al. 2023). Conversely, SCA effects offer valuable
insights into hybrid performance (Cruz et al. 2012). The mag-
nitude of the GCA/SCA ratio is strongly influenced by the ge-
netic divergence between female and male pools. In our opinion,
however, the establishment of heterotic pools does not neces-
sarily increase the GCA effects in sorghum; rather, it utilizes
and identifies desirable GCA effects within distinct germplasm
groups to efficiently develop superior hybrids. According to
Singh and Gupta (2019), establishing heterotic pools allows for
the improvement of GCA within the pools and, consequently,
for the increase of SCA between them. By grouping genetically
dissimilar individuals into distinct heterotic pools, breeders can
maximize heterosis in crosses between these pools, leading to
superior hybrid performance and higher yields. This under-
standing is crucial for breeding programmes, as knowledge of
combining ability components is vital for selecting genetically
diverse parents for cross-breeding initiatives. This is crucial for
identifying promising hybrids or developing superior lines from
them (Allard 1956).

The correlation coefficients between grain yield (PY) and most
of the evaluated traits were generally low, except for panicle
weight (PWt), which exhibited a consistently high positive cor-
relation both within individual environments and across envi-
ronments. Panicle weight was therefore identified as the sole
trait capable of reliably determining grain yield, in conjunction
with the major component traits examined in this study. This
finding is particularly valuable in the context of shuttle breed-
ing or when cropping seasons occur in close succession (e.g.,
kharif and rabi in Asia), where limited time and resources con-
strain the ability to thresh entire plots or record grain weight
across extensive breeding pipelines. Under such conditions,
panicles can be harvested from whole plots and weighed for
selection purposes, while only a portion may be threshed to
obtain seed for advancing selected lines to the next season.
Threshing of the remaining panicles and/or weighing of the
seed can be deferred to a more convenient time or omitted al-
together, depending on the breeder's requirements, thereby op-
timizing both efficiency and resource use. Therefore, selecting
for panicle weight can significantly speed up sorghum breed-
ing because it allows breeders to select for high-yield potential
before threshing and individual grain calibration, which are
labour-intensive post-harvest processes. High panicle weight is
linked to desirable traits like large panicles, good grain filling
and a high grain-setting rate, making it an effective indirect
selection criterion for increasing yield.

The predominance of GCA effects for several traits highlights
the role of additive gene action, particularly for PL and PH,
where GCA/SCA variance ratios exceeded unity, indicating
strong heritability and scope for early selection. These results
corroborate earlier reports that additive effects largely deter-
mine the inheritance of morphological traits in sorghum (Sarker

et al. 2003; Hill and Mackay 2004). In contrast, significant SCA
effects for grain yield, panicle weight and HSW underscore the
contribution of nonadditive gene action, including dominance
and overdominance, which are critical for identifying superior
hybrids (Zhou et al. 2017; Alam et al. 2007). Such patterns re-
flect the complexity of genetic control in sorghum and the im-
portance of exploiting both additive and nonadditive effects in
hybrid development. Among CMS lines, ICSA 38 and ICSA 502
(A,)), ICSA 724 (A,) and ICSA 758 (A,) showed desirable GCA
effects for grain yield and panicle weight, while exhibiting neg-
ative effects for DFF, maturity and PH, making them ideal for
breeding medium-height, high-yielding hybrids under drought
conditions. Under irrigated environments, lines such as ICSA
37, ICSA 56, ICSA 57, ICSA 433, ICSA 502, ICSA 627, ICSA 675
and ICSA 29005 (A,), along with ICSA 724 (A,), emerged as ef-
fective combiners for multiple traits.

Under drought conditions, the restorer lines Parbhani Shakti and
ICSR 13038, effective on both A, and A, cytoplasmic backgrounds,
exhibited strong GCA for PWt, grain yield, early flowering, early
maturity and medium PH. In irrigated environments, ICSV 15014,
Parbhani Shakti, ICSR 13009 and ICSR 13038 were identified as
good general combiners for DFF, DM, panicle weight and grain
yield, with ICSV 15014 and ICSR 13009 further demonstrating sta-
bility as universal restorers across A}, A,, A, and A, cytoplasmic
backgrounds (Kasanaboina et al. 2024). Collectively, these results
highlight the availability of restorer lines with both drought toler-
ance and broad adaptability across environments and cytoplasmic
sources. Notably, Parbhani Shakti and ICSR 13038 showed desired
GCA effects for grain yield and associated traits, making them
exceptional candidates for restorer parents on A, and A, back-
grounds. Incorporation of such stable and universal restorers into
breeding pipelines will not only sustain hybrid seed production but
also diversify hybrid development, thereby enhancing resilience to
climate variability and contributing to sustainable food produc-
tion. The hybrid ICSA 675X ICSR 13038 (A,) exhibited the highest
significant SCA effects for grain yield under drought conditions,
while ICSA 735xICSR 13038 (A,) had the highest SCA effects for
grain yield under irrigated conditions. The significance of SCA
effects in determining hybrid performance has been highlighted
in numerous studies. Various studies, Sayed and Said (2016),
Mengistu et al. 2020, Kenga et al. 2004, Jain and Patel (2014),
Aruna et al. 2010 and Akata et al. (2017), have reported that SCA
effects play a more dominant role than GCA effects in influencing
grain yield and its related traits in sorghum.

For hybrid breeding programme to be successful, it is essential
to maintain an acceptable amount of heterosis for grain yield
and associated attributes. Thus, the distinct genetic makeup
of the germplasm collection governs the degree of heterosis.
Grain yield heterosis varied from 39% to 80% (Quinby 1967),
whereas Wagaw and Tadesse (2020) reported heterosis rang-
ing from 52.1% to 123.5%. Our research demonstrated that
key agronomic characteristics of sorghum hybrids exhibited
significant MPH and BPH. In the irrigated environment, the
maximum MPH of PY was 220.4%, whereas in a drought en-
vironment, it was 231.5%. The maximum BPH for PY was
174.1% in an irrigated environment and 208.8% in a drought
environment. Since the majority of breeding initiatives prior-
itize increasing grain yield (Blum et al. 1990), we identified

12

Plant Breeding, 2026

85UB0| SUOLULLIOD BAIERID 3|eotidde 8y} Aq peuA0b a1 Sa1LE YO ‘88N J0 S3IN Joj AXe1 1T 3UIUO AB]IM UO (SUORIPUOD-PUR-SWUBIW0D B | 1M ARe1q 1 BUIUO//SHIY) SUORIPUOD PUE SWLB L 8U3 89S *[9202/70/2Z] Uo ARiqiauluo A1 ‘saidoi L Y IWeS 10} ainiisu| yosesssy sdoid feuorieuisiu| Aq 19002 1Gd/TTTT OT/I0p/L00 A8 | 1M Afeiqifeul|uo//Say woiy pepeojunmo ‘0 ‘€2S06EYT


https://www.google.com/search?q=heterotic+pools&oq=Is+it+true+that+the+establishment+of+heterotic+pools+allows+to+improve+GCA+within+pools%2C+and%2C+eventually%2C+increase+SCA+between+pools%3F&gs_lcrp=EgZjaHJvbWUyBggAEEUYOTIHCAEQIRiPAjIHCAIQIRiPAtIBCjg1Mzc5ajBqMTWoAgiwAgHxBQx_Jg01984H&sourceid=chrome&ie=UTF-8&mstk=AUtExfCvFTMZpOICbHpG_FpDBUGRWbdYRYmn7C9DJktfsGFfRK7cJSt1ozZO65I4pfcJRSKfXMsp9Zro2-3BQIIguvEWrbi4oQVn5VfBHG1Fb2v4t7OmQIT2JznXsoEAut97tZEeWXGo270O7_JaCNe__HzpI_oRysxd7fmDiey5CqVU2sNgXDVl9BHID_yNSlaBBCb32jmyT4D_ZxCNibAvHpzkmSE078SRuImLcOq5zY_O0VwG1kE7cIwj2rpPokxRLeFy7N7wsG7hMbdmuWNfO1cL&csui=3&ved=2ahUKEwi19_zev-ePAxXSR2wGHYOUBHAQgK4QegQIARAC

grain yield as a key performance indicator for hybrids since
no F1 sorghum hybrids exhibited strong, desirable SCA and
high heterosis impacts across all the combination traits we
evaluated.

Upon comparison of heterosis across water regimes, PY hetero-
sis tended to be more pronounced under irrigated conditions.
For instance, the cross ICSA 735X ICSR 13038 (A,) recorded
the highest yield heterosis (65.7%) under irrigation, whereas
the best-performing cross under drought (ICSA 675XICSR
13038 [A,]) showed comparatively lower heterosis (42.6%).
This pattern suggests that favourable growing conditions
allow fuller expression of dominance and overdominance ef-
fects, resulting in higher yield heterosis under irrigated condi-
tions. Under drought, heterosis levels were relatively subdued,
possibly due to stress-induced constraints on resource alloca-
tion and reduced expression of genetic potential. The next best
cross under irrigation, ICSA 56 X Giddi Maldandi, expressed
37.41% heterosis for yield, which was slightly lower than the
top-performing cross but still substantial. In contrast, under
drought, ICSA 724 xICSV 15014 recorded 30.23% yield het-
erosis, representing the next best after ICSA 675X ICSR 13038.
This again shows that yield heterosis values are generally
higher under irrigation than drought. The reduction in het-
erosis under drought may be explained by the physiological
and metabolic limitations imposed by water deficit, which
restricts the full expression of hybrid vigour. Similarly, the
PWt exhibited substantial positive heterosis in both regimes,
though higher values were again observed under irrigation
(ICSA 735xICSR 13038, 46.18%) compared to drought (ICSA
675xICSR 13038, 30.65%). This suggests that panicle weight
remains a stable and reliable contributor to yield even under
stress, but its full potential is maximized under irrigated con-
ditions. In nature, drought stress exacerbates the productivity
challenges of sorghum, making the enhanced performance of
hybrids crucial for developing resilient and high-yielding va-
rieties, as heterosis breeding is a key strategy for achieving
drought tolerance in sorghum hybrids. Studies have shown
that hybrids can demonstrate better water use efficiency, root
traits and photosynthetic performance under drought con-
ditions, resulting in higher final productivity and yield (Dai
et al. 2024).

The mean versus stability analysis identified the hybrids ICSA
675xICSR 13038 (G151) and ICSA 735xICSR 13038 (G229)
as highly stable across environments. Both genotypes demon-
strated superior mean yields in combination with consistent
performance, indicating their suitability for cultivation across
diverse moisture regimes. Such stable hybrids are valuable tar-
gets in breeding programmes aimed at developing varieties with
reliable productivity under variable conditions.

PH is a critical trait influencing both agronomic performance
and harvestability. In modern mechanized systems, partic-
ularly in the United States, Europe and Australia, grain sor-
ghum hybrids exceeding 200cm are considered impractical
for combine harvesting due to increased risks of lodging,
header losses and reduced harvesting efficiency. In these
systems, hybrids are typically bred to a stature of 1.1-1.4m,
with well-exerted panicles and sturdy stalks that facilitate

efficient machine operations (Hu et al. 2018). In contrast, the
production environment in India presents a different context.
Sorghum in many regions is still cultivated under traditional
or subsistence systems where harvesting is carried out man-
ually or with tractor-operated reaper-windrowers (Nalawade
et al. 2009). In such situations, hybrids with PH around 180-
200cm can still be agronomically and commercially viable,
particularly when they combine early maturity, drought resil-
ience and high grain yield. Our results illustrate this trade-off.
Hybrids such as ICSA 675X ICSR 13038 (~200cm) achieved a
42% yield increase over the best-performing check, alongside
early flowering, early maturity and superior grain and pan-
icle weight, indicating strong adaptability under drought.
Similarly, ICSA 55X ICSR 13038 and ICSA 433 xXICSR 13038
(A, cytoplasm) also outperformed checks by 3.38% and 7.88%,
respectively, despite their ~200-cm stature.

Encouragingly, some high-yielding hybrids exhibited more
moderate PH closer to the ideal for mechanization. For instance,
ICSA 724 xICSV 15014 (A, cytoplasm) combined a 30.23% yield
advantage with ~180-cm stature, early maturity and high pan-
icle and grain weight, making it a promising candidate under
drought. Likewise, ICSA 52x Giddi Maldandi (A, cytoplasm;
~180cm) yielded 10.85% more than the check, striking a balance
between productivity and reduced height. These findings sug-
gest that while tall hybrids (~200cm) with high-yield potential
may remain relevant under hand-harvested or semi-mechanized
systems in India, the development of shorter, high-yielding and
drought-tolerant hybrids (~170-180cm) will be increasingly
important to align with evolving mechanization trends. The
contrasting performance of hybrids also underscores the im-
portance of parental lines from cytoplasmic backgrounds and
restorer parents such as ICSR 13038 and Parbhani Shakti, both
of which displayed strong GCA in shaping plant stature and har-
vest suitability.

The present study highlights the contrasting performance of sor-
ghum parental lines under drought and irrigated environments.
Among the evaluated parental lines, ICSB-735 (A,) achieved the
highest producibility under drought (97.0%), while ICSB-724
(97.5%) (A,) and ICSB-712 (96.5%) demonstrated superior per-
formance under irrigation. Lines such as ICSB-502, ICSB-37,
ICSB-52 and ICSB-56 maintained high producibility (>93%)
(A,) across both environments, with ICSB-502 and ICSB-88001
achieving 96% under irrigation. Our findings highlight a breed-
ing programme opportunity rather than a cytoplasmic effect.
Because we scored maintainer (B) lines, we did not evaluate
pollen-sterile A-lines and therefore cannot attribute differences
to A, vs. A, cytoplasm. Future work directly comparing A-lines
in A, and A, cytoplasms under identical nuclear backgrounds is
necessary to quantify cytoplasm effects on seed producibility. In
sorghum, A, typically has fewer restorers than A;, which can
expand the usable female parent pool: Drought-tolerant or oth-
erwise elite backgrounds that would be restored under A, can
remain nonrestored under A,, facilitating their deployment as
female seed parents. Thus, our data were generated on B-lines
(nuclear genetic background), and they support the strategic use
of the A, CMS system to diversify and strengthen the female
pool for hybrid seed production under both stress and optimal
conditions.
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5 | Conclusion

This research underscores the pivotal role of cytoplasmic diver-
sification in advancing sorghum hybrid breeding, with an em-
phasis on the strategic incorporation of A, CMS lines alongside
the widely adopted A, system. Both A, and A, parental lines
demonstrated robust GCA, while their respective hybrids exhib-
ited pronounced SCA and marked heterosis, particularly under
drought conditions. The identification of stable parental lines
and hybrids that consistently perform across varying moisture
regimes highlights their suitability for deployment in environ-
ments with unpredictable water availability. Importantly, PWt
emerged as a dependable indirect selection criterion for grain
yield, thereby streamlining the breeding process and enhancing
selection efficiency. The expansion of the female parent pool
through the inclusion of A ,-based lines facilitates the integra-
tion of drought-tolerant germplasm, directly addressing critical
challenges in sorghum improvement. These findings advocate
for the targeted integration of diverse cytoplasmic sources to
broaden genetic variability, reinforce yield stability and bolster
resilience in sorghum hybrids. Increasing the representation of
A, cytoplasm within breeding programmes is strongly recom-
mended to expedite the development of high-yielding, stress-
resilient cultivars. Overall, this study offers practical guidance
for breeders seeking to enhance sorghum productivity and sus-
tainability, especially in the context of shifting climatic patterns
and the growing need for reliable, adaptable crop varieties.
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