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Abstract: Stable, drought-tolerant, and high-yielding dual-purpose hybrids are needed for cultivation
in the drought-prone areas of India. Working towards this, this study was conducted to assess the
associations between grain yield and its component traits and the relationships among genotypes to
select the most promising hybrids based on multiple traits. In the present investigation, thirty newly
developed three-way hybrids (TWHs), along with four popular commercial single-cross hybrids and
two open pollinated varieties (OPVs) were evaluated at three sites in the drought-prone ecology of
India during the rainy season of 2021–2022. A principal component analysis (PCA) revealed that
the first three component axes (PC) were significant, with eigenvalues more than one, and together
contributed to 74.10% of the total variance. A hierarchical cluster analysis based on the Euclidean
distance between hybrids suggested the existence of three clusters. Cluster III (C-III) had hybrids
with maximum grain yield, dry fodder yield, and important component traits such as panicle harvest
index and grain harvest index that are required for adaptation to drought-prone environments. A
genotype by yield × trait (GYT) biplot and a superiority index (SI) were generated to identify the
best hybrids with high grain yield and other component traits. These results were used to identify
TWHs, namely TH-114, TH-138, TH-49, TH-67, and TH-79, with more than 30% standard heterosis
and stable performance coupled with better drought-adaptive traits.

Keywords: multivariate analysis; pearl millet; drought tolerance; three-way hybrids; principal
component analysis (PCA); hierarchical clustering; genotype × yield × trait (GYT) biplot

1. Introduction

Pearl millet (Pennisetum glacum (L.) R. Br., syn Cenchrus americanus (L.) Marrone) is
a climate-resilient C4 crop that can withstand harsh agro-climatic conditions in the arid
and semi-arid regions of Asia and Africa. It ranks as the sixth most important cereal crop
globally, after rice, wheat, maize, barley, and sorghum [1,2]. It provides a nutritive staple
food grain for human consumption and forage for livestock. It is cultivated on about
31.2 million hectares in different agro-ecologies by over 90 million farmers [1,3]. In India,
it is the fourth most important cereal crop, after rice, wheat, and maize, and is grown
over an area of 6.93 million hectares (mha) with a production of 8.6 million tonnes (mt),
with an average productivity of 1243 kg/hectare, accounting for two-thirds of national
millet production. It is grown in dryer areas of India, mainly in states such as Rajasthan,
Maharashtra, Gujarat, Uttar Pradesh, and Haryana [2].
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The arid zone of pearl millet cultivation in north-western India includes drought-prone
areas from parts of the state, such as Rajasthan, Haryana, and Gujarat, that receive less than
400 mm of annual rainfall [4]. Pearl millet is cultivated in areas with limited rainfall, where
other cereals, such as sorghum or maize, face challenges due to water scarcity; therefore, in
such areas, enhancing drought tolerance is an important area of research in pearl millet
improvement program [5]. Low and erratic rainfall, with an uneven distribution in this
drought-prone region, leads to varying levels of moisture stress, timing, intensity, and
duration at different stages of the crop cycle. The grain productivity level in this arid
ecology is 35% lower than the average productivity in India [4,6].

The differential response of crops to varied intensity and timings of drought during
particular crop growth phases is key to understand the breeding activities of this ecology.
Unpredictable and scanty rainfall patterns in this ecology lead to major constraints in
crop productivity and create challenges while breeding for this ecology [7]. The occur-
rence of drought during the seedling stage is prevalent in such ecosystems and leads to
seedling mortality, resulting in poor crop stands and, consequently, reduced grain and
fodder yields [8–11]. However, moisture stress during the vegetative phase is the most
commonly encountered challenge and significantly affects the phenological development
of crops [12,13], tillering [14], and flowering [15,16]. However, the flowering and post-
flowering stages of crops are the most sensitive to drought stress, which has a substantial
impact on both grain and fodder production due to a reduction in the number of panicles
per plant, fertility of florets per panicle, and grain size [6,10,12,15–17]. Thus, breeding
programs in this region primarily concentrate on developing drought-tolerant cultivars to
address mid-season and terminal drought stress in pearl millet [18].

Farmers in this area prefer dual-purpose hybrids with higher grain yield and an
optimum dry fodder yield. The use of landraces/OPVs (open-pollinated varieties) for
cultivation in this driest track [19] and the cultivation of popular hybrids, such as HHB-
67-improved [20], show the potential of improved cultivars and hybrids under such harsh
climatic conditions. The development of stable and high-yielding pearl millet hybrids
according to consumer preferences is one of the main objectives of pearl millet hybrid
breeding programs for drought-prone ecology. Earlier studies on three-way cross hybrids
(TWHs) in the case of maize have shown the potential utilization of this type of hybrid
under drought stress conditions to achieve higher grain yield [21,22] and fodder yield [23].
In addition, using three different parents leads to increased heterozygosity, with a better
buffering capacity of the TWHs, to adapt under water stress conditions. Additionally,
using F1s as female parents in three-way cross hybrids helps reduce seed production costs,
making it possible for seed vendors to provide seeds at more affordable prices to farmers
in such marginal ecologies [24]. Considering these advantages, a novel kind of TWH was
developed in pearl millet using hybrid parental lines that were selected based on their
productivity characteristics and drought-adaptive traits.

Different multivariate methods were adopted in the present study to select desirable
hybrids, such as PCA (principal component analysis), cluster analysis, and GYT biplot tech-
niques. Genotypes with identical responses can be clustered together through multivariate
analysis [25], guaranteeing that the variety or hybrid within a cluster performs similarly
across various locations [26]. Recently, the utilization of the genotype by yield × trait (GYT)
biplot to select promising breeding material has been adopted by many breeders. GYT plots
are utilized for effective and comprehensive graphical representations of genotypic data
with respect to the yield × trait combinations, according to the strengths and weaknesses
of each genotype, which are determined using a superiority index (SI) [27]. Considering
these facts, this study investigated the genetic variation among the genotypes and the
trait associations and identified the most promising, high-yielding, and stable three-way
hybrids (TWHs) with multiple desirable traits for the drought-prone environments of
north-western India.
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2. Materials and Methods
2.1. Plant Materials

The parental lines viz., A/B-lines and R-lines known for their better performance
under drought-prone conditions were used in this study to produce TWHS. Three-way
hybrids (TWHs) were developed by crossing sterile F1 (A1-line × B2-line) with a restorer
line (R-line) at the International Crop Research Institute for Semi-arid Tropics (ICRISAT),
Patancheru. The female sterile F1 hybrid was developed by crossing two different seed
parental lines, which involved a male sterile female A1-line crossed with a non-isogenic
maintainer B2-line. A1 and B1-lines are isogenic seed parental lines that provide seed of the
A1-line when crossed. A set of 30 promising TWHs (hybrid codes ranging from TH-1 to TH-
137) were selected from 152 TWHs that were evaluated in two different sets during the rainy
season of 2020 (the original hybrid codes were from TH-1 to TH-152). This set of 30 hybrids
was evaluated at three different drought-prone sites in north-western India with six popular
checks, which included four commercial single-cross hybrids (SCH) (HHB-67-Imp coded
as CK-1; MPMH-17 coded as CK-2; RHB-177 coded as CK-3; and GHB-538 coded as CK-5)
and two open-pollinated varieties (OPVs) (Dhanashakti coded as CK-4 and Raj-171 coded
as CK-6). The genotypes used in this study are listed in Supplementary Table S1.

2.2. Field Evaluation

This study was conducted at the research farms of Swami Keshwanand Rajasthan
Agriculture University (SKRAU), Bikaner, Rajasthan; Hytech Seeds Pvt Ltd., Hyderabad,
India, Malakhera-Alwar, Rajasthan and JK Seeds Pvt Ltd., Hyderabad, India, Chirkhna-
Alwar, Rajasthan during the rainy season of 2021. Details regarding the agro-climatic
features of these test locations are presented in Table 1 (Supplementary Figure S1).

Table 1. Geographic and meteorological specifications of experimental sites during the crop season.

Location Latitude Longitude Elevation
Average Temperature (◦C) Average Relative

Humidity (%)
Rainfall

(mm)Maximum Minimum

SKRAU, Bikaner,
Rajasthan 28◦09′ N 73◦35′ E 230 37.35 27.06 49.74 142.67

Hytech Seeds Pvt. Ltd.,
Malakhera-Alwar,

Rajasthan
27◦38′ N 76◦62′ E 253 35.05 23.8 79.98 399

JK Seeds Pvt. Ltd.,
Chirkhna-Alwar,

Rajasthan
27◦67′ N 76◦69′ E 253 32.16 24.76 81.84 519.66

A set of 36 genotypes (30 TWHs + 6 checks) was evaluated using an alpha lattice
design with two replications at each location. Each entry was planted in a plot size of four
rows of 4 m length. Inter-row spacing of 45 to 60 cm and inter-plant spacing of 10–15 cm
was maintained at all the sites. A recommended package of practice was followed to raise
a good crop stand at each location. Agro-morphological data for grain yield and other
yield-related traits were recorded. The days to 50% flowering (DB) (days) were recorded
on a plot basis, and the days were counted from the date of sowing to the date when
50% of plants in the plot showed full stigma emergence. Five random plants from the
middle of the rows were tagged from each plot, and the data for plant height (PH), panicle
length (PL), and panicle diameter (PD) were recorded at maturity. For PH, the length of the
fully matured plant from the base of the plant to the tip of the panicle was measured in
centimeters. The PL was measured in centimeters from the base of the panicle to the tip,
whereas PD was measured using a Vernier caliper at the maximum thickness of the panicle
in millimeters (mm). At physiological maturity, the panicles were harvested from each
plot, sun-dried for 7–10 days, and then weighed to obtain the panicle yield (PY) in grams
per plot. After recording the data for PY, the panicles were threshed, and grain weight
was measured to record the grain yield (GY) (gm/plot). The harvested plants were also
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sundried for 7–10 days and then weighed to obtain the dry fodder yield (DFY) (grams per
plot). The weights recorded for PY, GY, and DFY in grams per plot were then converted to
kilograms per ha. The biomass/biological yield (BY) was calculated by summing the PY
and DFY values for each plot. The panicle harvest index (PNHI) was calculated as the ratio
of GY to PY, whereas the harvest index (HI) was calculated as the ratio of GY to BY, which
was expressed as a percentage.

The weather data for each site were generated using synthesized data provided by
NASA POWER [28]. Earlier reports have proven that the NASA POWER data adequately
reflect the observed meteorological data [29,30]. Weather parameters such as daily precipi-
tation, minimum and maximum temperatures, and relative humidity were collected from
synthesized data records to understand rainfall patterns and temperature variations during
the crop cycle.

2.3. Statistical Analysis

Data on grain yield and its component traits were subjected to a combined analysis of
variance (ANOVA) to investigate the genotype (G), environment (E), and genotype× environment
interaction (G × E) effects. The adjusted means were estimated using a linear mixed model,
in which the effects of the environment, replication, block, and genotype factors were kept
random. The single stage combined analysis of multi-environment trials was performed
jointly, and the following statistical model was adopted:

Yijkl = µ+ ei + (e/r)ij + (e/r/b)ijk + gl + (eg)il + εijkl (1)

where µ is the grand mean, ei is the random effect of the ith environment, (e/r)ij is the
random effect of replication j nested within environment i, (e/r/b)ijk is the random effect
of block k nested within replication j and environment, gl is the random effect of genotype
l, (eg)il is the random effect of interaction between environment i and genotype l, and εijkl
is the random residual effect. The BLUPs (best linear unbiased predictors) were estimated
for environments (E), genotypes (G), and genotype × environment (G × E) from combined
analysis and calculated pairwise comparisons using the t-statistic (LSD) for significant
effects at 0.05 probability levels. The variance component was computed fitting the liner
model explained in Equation (1) using the “lme4” package in R-environment [31]. The
heritability (h2) for the combined analysis was calculated as follows:

h2 =
σ2

g

σ2
g +

(
σ2

eg
e

)
+

(
σ2

e
rxe

) (2)

where σ2
g is the genotypic variance, σ2

eg is the genotype × environment variance, σ2
e is the

error variance, e is the number of environments, and r is the number of replicates within
the environments.

The estimated BLUP values from combined analysis were then subjected to a calcu-
lation of Pearson’s correlation coefficient to understand the association among the traits
using the “psych” package in R-environment [32]. The standard heterosis for yield and
component traits for all TWHs was calculated over the most popular hybrid of the target
ecology HHB-67-Imp using the formulae suggested by Meredith and Bridge [33]. Stable
and high performing hybrids were identified based on a plotting technique that was gen-
erated using data for mean performance and coefficient of variation of genotypes across
environments, as suggested by Francis and Kannenberg [34] using GEA-R software [35].
Principal component analysis (PCA) was performed to visually assess the patterns of
morphological variation among genotypes. Cluster analysis was performed to generate a
dendrogram depicting genotypes into similar groups based on their agro-morphological
performance. The hierarchical clustering of genotypes was performed using the Euclidean
distance among genotypes. PCA and dendrogram were developed using the R-package
“Factoshiny” [36].
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Genotype by yield × trait (GYT) data were generated by considering trait data as a
function of grain yield as per the procedure proposed by Yan and Frégeau–Reid [27]. Based
on the breeding objective, the weight of each yield × trait combination was determined
by multiplying or dividing the grain yield (Y). For traits such as DFY, PY, PH, PNHI, HI,
PL, and PD, for which higher values were desirable, the GY*T values were estimated by
multiplying with yield values for each trait (e.g., Y*DFY). Meanwhile, for traits such as days
to 50% flowering (DB), where higher values are undesirable, the values were determined by
dividing grain yield (Y/DB). The superiority index (SI) was calculated using standardized
values for each yield–trait combination. The standardization of data was computed by
adopting the formula suggested by Yan and Frégeau–Reid [27].

Pij =
Tij−T j

Sj
(3)

where Pij is the standardized value of genotype i for yield–trait combination j in the
standardized table, Tij is the original value of genotype i for yield–trait combination j, T j is
the mean across genotypes for yield–trait combination j, and Sj is the standard deviation
for yield–trait combination j. GYT biplots were generated from single-value decomposition
(SVD) of the standardized GYT table based on the first two principal components (PC).
The GYT biplot was generated based on yield–trait standardized GYT data (indicated
by “scaling = 1” and “Centering = 2” on biplot) and yield–trait-focused singular value
partitioning (indicated by “SVP = 1”). All GYT biplots were generated using the “metan”
package in R-environment [37].

3. Results
3.1. Analysis of Variance and Mean Performance

The combined ANOVA across environments (Table 2) showed significant differences
among the genotypes for GY, DFY, and DB. However, no significant genotype effect was
observed for the other traits, while a significant location effect was observed for all traits
except for PNHI and HI. High (GY, DFY, and DB) to moderate (PH, PL, and PD) heritability
values were observed across most traits, indicating a considerable contribution of genetic
component to phenotypic variance. A box plot was generated to visually summarize the
performance of the genotypes for different traits across locations (Supplementary Figure S2).
At the Bikaner location, due to water stress during the vegetative phase of the crop cycle,
the genotypes experienced mid-season drought stress, resulting in lower values for GY
and DFY and delayed flowering (Supplementary Figure S2a–c). The adjusted mean values
(BLUP) of the tested genotypes for the nine agro-morphological traits were summarized in
Supplementary Table S2.

Table 2. Estimates of variance components and heritability for grain yield and component traits.

Source
DB GY DFY PH PL PD PY PNHI HI

(Days) (kg/ha) (kg/ha) (cm) (cm) (mm) (kg/ha) (%) (%)

Location (σ2ε) 8.96 ** 224,934.9 * 4,151,695.74 * 196.29 * 3.14 ** 12.5 *** 1,361,283.2 * 17.67 0.50
Genotype (σ2G) 1.57 ** 22,862.1 ** 365,319.84 * 15.83 0.48 0.60 23,238.44 5.12 0.00

Genotype ×
Location (σ2G × E) 1.9 *** 8198.61 88,211.46 17.97 0.64 1.15 * 104,670.19 * 29.81 0.68

Residual 1.92 64,296.88 1,207,954.43 110.81 3.15 3.52 103,208.91 58.87 8.63
Heritability (h2) 0.62 0.63 0.61 0.39 0.39 0.38 0.23 0.14 0.00

Grand mean 49.52 1513.17 6082.94 180.35 21.81 25.21 2532.1 53.96 13.81
Coefficient of

variation (CV) % 2.80 16.76 18.07 5.84 8.14 7.44 12.69 14.22 21.28

LSD 2.27 287.47 1211.29 14.50 1.55 2.26 397.60 6.12 2.17

* p < 0.05, ** p < 0.01, *** p < 0.001. LSD: least significant difference, DB: days to 50% flowering, GY: grain yield,
DFY: dry fodder yield, PH: plant height, PL: panicle length, PD: panicle diameter, PY: panicle yield, PNHI: panicle
harvest index, HI: grain harvest index.
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3.2. Trait Association

A highly significant and positive correlation was observed between GY and PNHI, HI,
PY, DB, DFY and PH. This indicates that it is possible to select desirable hybrids for grain
and fodder yields along with better drought tolerance (higher PNHI). For DFY, a significant
positive correlation was observed between DB, PH, and PNHI (Figure 1). However, highly
significant and negative correlations were estimated between DFY and HI. In addition, a
significant positive association was observed for PH with DB and PNHI. Therefore, these
significant positive associations of GY and DFY with PH and PNHI indicate that there is a
possibility that the selection of taller hybrids yields higher grain and fodder yields along
with enhanced drought tolerance.
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Figure 1. Pearson’s correlation coefficient matrix between measured agro-morphological traits of
the 36 genotypes. DB: days to 50% flowering (days), GY: grain yield (kg/ha), DFY: dry fodder yield
(kg/ha), PH: plant height (cm), PL: panicle length (cm), PD: panicle diameter (mm), PY: panicle
yield (kg/ha), PNHI: panicle harvest index (%), and HI: harvest index (%). * p < 0.05, ** p < 0.01,
*** p < 0.001.

3.3. Standard Heterosis

The standard heterosis for GY and eight other component traits was estimated over
the most popular hybrid HHB-67-imp for all hybrid genotypes (Table 3). The magnitude of
standard heterosis for GY ranged from 7.91 (TH-77) to 36.77 (TH-49), that for DFY ranged
from −9.15 (TH-108) to 22.13 (TH-147), that for PH ranged from −1.99 (TH-96) to 3.09
(TH-67), and that for PNHI ranged from 6.69 (TH-147) to 30.77 (TH-49). High-yielding and
early flowering hybrids with optimum dry fodder levels have special significance in the
conditions of western Rajasthan [6,18]. In addition, selecting genotypes with a higher pani-
cle harvest index (PNHI) is helpful for indirectly selecting genotypes with better drought
tolerance [7]. Considering these facts, out of 30 hybrids, 13 TWHs showed significantly
higher heterosis for grain yield, and 2 TWHs showed significantly higher heterosis for DFY
when compared to the single-cross hybrid check HHB-67-Imp. Meanwhile, for PNHI, 23
out of 30 TWHs showed significant positive heterosis.
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Table 3. Standard heterosis over hybrid check HHB-67-Improved for grain yield and component
traits across environments.

Genotype GY DFY PH PL PD PY PNHI HI

TH-1 22.90 * 8.17 0.76 3.71 7.20 3.34 18.93 * 15.02
TH-2 32.93 * 9.52 2.72 6.06 7.55 3.37 26.86 * 21.60 *
TH-7 27.57 * 2.83 −1.39 3.09 12.11 2.16 24.87 * 24.28 *

TH-11 20.18 0.50 −0.84 2.38 4.65 −0.67 20.99 * 19.96 *
TH-12 15.34 −4.30 −0.80 2.57 13.17 1.51 13.63 * 18.56 *
TH-13 14.68 −1.44 0.27 4.31 9.66 0.31 14.33 * 15.79
TH-25 18.82 5.22 0.60 0.31 6.63 0.81 17.86 * 14.23
TH-28 21.67 7.14 −1.72 4.96 3.41 3.65 17.39 * 14.58
TH-37 22.88 * −1.35 1.82 1.68 11.45 1.07 21.58 * 23.74 *
TH-43 21.30 14.20 −0.37 2.03 3.16 0.84 20.29 * 9.71
TH-48 17.10 4.74 −0.26 5.23 4.39 5.40 11.10 11.61
TH-49 33.77 * 7.32 1.65 5.86 8.60 4.59 30.77 * 28.33 *
TH-67 34.69 * 12.56 3.09 6.26 9.48 4.97 28.31 * 21.90 *
TH-74 32.84 * 20.64 * 1.03 5.29 6.32 6.13 25.16 * 13.84
TH-79 30.74 * 5.75 0.60 2.37 9.83 3.53 26.28 * 24.35 *
TH-91 28.81 * 7.82 −0.25 6.55 10.26 6.09 19.54 * 18.13 *
TH-96 10.07 −1.54 −1.99 5.81 3.99 1.84 8.08 10.76

TH-108 14.65 −9.15 −0.37 5.75 9.74 1.18 13.31 * 22.40 *
TH-124 26.17 * 0.06 0.64 2.56 5.44 1.19 24.69 * 25.71 *
TH-129 12.78 9.88 3.06 3.99 7.20 2.16 10.40 4.64
TH-138 31.36 * 8.15 2.64 0.33 10.01 2.58 26.11 * 21.32 *
TH-136 24.91 * −3.77 1.06 5.14 5.62 2.60 21.74 * 27.50 *
TH-139 12.61 −5.85 −1.32 2.88 4.04 0.56 11.99 17.43 *
TH-147 9.13 22.13 * 1.69 1.76 0.00 2.28 6.69 -6.51
TH-149 16.80 8.89 0.83 2.60 4.48 −0.24 17.08 * 9.77
TH-42 8.99 −4.35 0.05 4.23 11.59 1.76 7.10 12.00

TH-114 32.71 * 2.73 0.91 4.69 5.79 10.01 20.63 * 26.73 *
TH-103 13.70 7.70 0.84 7.39 10.88 4.02 9.30 6.56
TH-77 7.91 −4.52 −1.81 4.40 4.92 −4.00 12.41 * 12.86

TH-137 9.09 4.96 1.17 3.15 8.78 −2.23 11.58 5.91
HHB-67-Imp

MPMH 17 17.52 −3.44 1.04 7.58 8.60 6.17 12.91 * 20.87 *
RHB 177 12.67 −13.64 0.56 4.37 10.71 0.70 11.89 24.81 *

Dhanashakti 12.66 −7.15 −1.64 0.24 6.67 1.55 10.94 18.31 *
GHB-538 15.99 −13.75 0.37 3.45 1.05 3.19 12.40 * 27.65 *
Raj 171 11.18 −7.65 1.08 2.55 1.76 3.13 7.81 16.69 *

* p < 0.05, GY: grain yield (kg/ha), DFY: dry fodder yield (kg/ha), PH: plant height (cm), PL: panicle length (cm),
PD: panicle diameter (mm), PY: panicle yield (kg/ha), PNHI: panicle harvest index (%), HI: harvest index (%).

3.4. Stability Performance Visualized through CV vs. Mean Plot

A genotype with constant performance across different environments is often con-
sidered stable. The coefficient of variation (CV) was calculated and used as a biological
stability parameter to assess the performance of the hybrids across environments by plot-
ting it against the mean performance for each particular trait (Figure 2). Genotypes with a
higher mean yield and stable performance, that is, lower CV values, are most favorable
because of their suitability across variable environmental conditions [38].
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different locations. (a) DFY: dry fodder yield (kg/ha), (b) GY: grain yield (kg/ha).

Considering these facts, as depicted in Figure 2a, the genotypes were categorized
into four groups based on their mean performance against CV, where the genotypes were
plotted using the mean DFY data (X-axis) against CV (Y-axis). Group 1 included the most
desirable genotypes with a high DFY and low CV, such as TH-124, TH-103, TH-149, TH-11,
TH-49, TH-114, and TH-25. Group 2 possessed genotypes TH-147, TH-129, TH-74, and TH-
36, which had higher DFY values than the total average and high CVs. Group 3 consisted
of TH-37, CK-2 (MPMH 17), TH-136, TH-77, TH-12, and TH-13, which had relatively low
mean DFY values and low CVs. Finally, in Group 4, the most undesirable genotypes with
low mean values for DFY and high CVs were gathered.
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Similarly, in the case of GY (Figure 2b), high-yielding well-performing stable geno-
types, such as TH-7, TH-79, TH-28, TH-36, TH-138, and TH-129, along with the most
popular check hybrid HHB-67-Imp (CK-1) were grouped together. In the case of DB
(Supplementary Figure S3a), the genotypes from group 3 had low CV and smaller DB
values; thus, genotypes such as TH-129, TH-138, TH-137, and TH-147 are more desirable
due to their early maturing and consistent performance.

3.5. PCA and Dendrogram

A principal component analysis (PCA) was performed to reduce the number of vari-
ables into linear functions and eigenvalues. The percent variance for each principal com-
ponent (PC) and cumulative variance, and the vector loadings of the different traits are
presented in Table 4. The PCA revealed that the first three PCs had eigenvalues of greater
than one, accounting for 74.10% of the total variability for the genotypes evaluated for the
nine agro-morphological traits. Knowledge of grain yield and component traits is helpful
for breeders to improve breeding efficiency via appropriate selection indices [39]. Days
to 50% flowering (DB) and panicle yield (PY) contributed positively to all the three PCs.
PC1 showed the highest variance (42.23%) and all traits positively contributed to PC1.
GY (0.94), PNHI (0.862), DB (0.759), and PY (0.648) were the major traits related to PC1
indicating that the first component majorly differentiated high-yielding genotypes based
on these traits. PC2 followed PC1 for the amount of variance (19.07%) and the majority of
traits showed a negative contribution, whereas DFY (0.84) and PH (0.437) had the highest
positive contribution. This indicates that PC2 differentiated genotypes for high dry fodder
yield and related characteristics.

Table 4. Eigenvalues with percent variations accounting for the first seven principal components and
eigenvector loadings of traits on the first three principal components.

Components PC-I PC-II PC-III PC-IV PC-V PC-VI PC-VII

Eigenvalue 3.80 1.72 1.15 0.89 0.65 0.47 0.32
Variance (%) explained by each axis 42.23 19.07 12.80 9.83 7.26 5.22 3.55

Cumulative % of variance 42.23 61.30 74.10 83.93 91.19 96.41 99.96

Parameters (Trait) Dim.1 Dim.2 Dim.3

Days to 50% flowering (DB) 0.759 0.203 0.149
Plant height (PH) 0.518 0.437 −0.126

Panicle length (PL) 0.453 −0.078 0.811
Panicle diameter (PD) 0.456 −0.409 0.066

Panicle yield (PY) 0.648 0.124 0.424
Grain yield (GY) 0.94 −0.047 −0.228

Dry fodder yield (DFY) 0.404 0.84 −0.132
Panicle harvest index (PNHI) 0.862 −0.113 −0.423

Grain harvest index (HI) 0.577 −0.758 −0.151

PCA biplots were generated to visually assess the pattern of variation among the
genotypes (Figure 3a) and trait contributions in discriminating these genotypes (Figure 3b).
The present study revealed that GY, PY, DB, PNHI, and PL contributed positively to the
PC1 forming group together, as the angles between them were less than 90◦ (acute angle)
(Figure 3b), indicating a positive association among these traits. In addition, in the case of
PC2, DFY, PH, DB, and PY, positive contributions towards PC2 were found in the common
group, indicating a positive correlation among these traits. The greatest distance between
DFY from PD and HI (obtuse angle between vectors) indicates a negative association
between these traits. This trait relationship, based on the PCA matrix data, is congruent
with Pearson’s trait association studies (Figure 1).
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Figure 3. Principal component analysis biplot for first two components (a) for individuals (genotypes)
and (b) projection of nine quantitative characters. GY: grain yield (kg/ha), DFY: dry fodder yield
(kg/ha), DB: days to 50% flowering (days), PH: plant height (cm), PD: panicle diameter (mm), PL:
panicle length (cm), PY: panicle yield (kg/ha), PNHI: panicle harvest index (%), and HI: harvest index.

A cluster analysis grouped genotypes based on their similarities in a dendrogram using
the information from the first seven PCs. As depicted in the dendrogram (Figure 4), three
clusters were formed from the 36 genotypes based on nine traits. There were seventeen, four,
and fifteen genotypes in Cluster-I (C-I), Cluster-II (C-II), and Cluster-III (C-III), respectively
(Table 5). The C-I cluster had hybrids with greater plant height (185.02 cm) and higher
panicle length, with some of the members are early flowering hybrids, such as HHB-67
Imp. The C-II cluster had hybrids with lower PNHI and HI values. Cluster III showed
superiority for grain yield (mean yield of 1550 kg/ha) and dry fodder yield (mean yield of
6834 kg/ha) compared to C-I and C-II. Also, the hybrids comprising C-III had maximum
values for PNHI and HI. The length of vectors for variables in the PCA biplot (Figure 3b)
and Eta squared values (Table S3) shows that variables such as GY, HI, PNHI, and DFY
contributed as a major part of the variation to grouping hybrids in different clusters. In
contrast, other traits contributed relatively less to the clustering pattern.

Table 5. Cluster means values for nine agro-morphological traits in 36 genotypes.

Number of
Genotypes DB GY DFY PH PL PD PY PNHI HI Member Genotypes

Cluster-I
(C-I) 17 49.58 1491.45 6801.21 180.08 21.88 27.20 2537.30 58.75 15.99

TH-1, TH-2, TH-43, TH-48,
TH-25, TH-79, TH-96, TH-108,

TH-129, TH-74, TH-136,
TH-139, TH-42, TH-103,

TH-77, HHB-67-Imp and
RHB 177

Cluster-II
(C-II) 4 49.19 1504.79 6642.45 180.58 21.69 26.84 2550.86 58.95 16.36 TH-11, TH-114, TH-137 and

Raj 171

Cluster-III
(C-III) 15 49.53 1550.31 6834.48 180.52 21.78 27.44 2555.31 60.7 16.57

TH-7, TH-12, TH-13, TH-49,
TH-28, TH-37, TH-67, TH-138,

TH-91, TH-124, TH-147,
TH-149, MPMH 17,

Dhanashakti and GHB-538

Overall
Mean 49.51 1517.46 6797.43 180.32 21.82 27.26 2546.31 59.60 16.28

DB: days to 50% flowering (days), GY: grain yield (kg/ha), DFY: dry fodder yield (kg/ha), PH: plant height (cm),
PL: panicle length (cm), PD: panicle diameter (mm), PY: panicle yield (kg/ha), PNHI: panicle harvest index (%),
HI: harvest index (%).
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3.6. Genotype by Yield × Trait (GYT) Biplot

The GYT data table (Table S4) was derived from the original yield and component trait
data. GYT biplots (Figure 5) were generated from a standardized GY × T table (Table 6) to
graphically represent the data in a 2D biplot. Together with the first two PCs, it displays
96.46% of the total variation among the yield and trait combinations. This explains the
comparative advantage of GYT (Figure 5) over PCA, as PCA explains only 61.30% of the
variation (Figure 3) based on the first two PCs. As depicted in Figure 5a, the tester view of
the GYT biplot demonstrates associations among the different yield × trait combinations.
Since yield was a component in all yield–trait combinations, a positive correlation among
all yield × traits combination was observed, which can be identified as an acute angle
between them, as displayed in the biplot. Exceptionally, Y*DFY and Y*HI show an obtuse
angle between them, which was quite expected due to the highly significant negative
correlation between the DFY and HI (Figure 1).
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Figure 5. The genotype by yield*trait (GYT) biplot. (a) The tester vector view shows the associations
among the different yield–trait combinations. Each green color vector shows the discrimination
power of the yield × trait combination (the longer the vector the more discrimination power that
yield × trait combination has). (b) The which-won-where polygon biplot highlights outstanding
genotype for particular yield*trait profile. The green vector symbolizes the yield × trait combination,
with genotypes represented by the blue color. Dotted lines intersect the origin, dividing the polygon
into distinct sectors. At each sector’s vertex, the bold genotype (for each sector) indicated genotype
with the highest values for the respective yield–trait combinations. Y: grain yield, DFY: dry fodder
yield, DB: days to 50% flowering, PH: plant height, PD: panicle diameter, PL: panicle length, PY:
panicle yield, PNHI: panicle harvest index, and HI: harvest index. Green color = yield × trait
combination and blue color = genotypes.
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Table 6. Standardized genotype by yield by trait (GYT) data and superiority index for the 36 genotypes.

GEN Y*DFY Y*PNHI Y/DB Y*PH Y*PL Y*PD Y*HI Y*PY SI

TH-49 1.50 2.07 1.79 1.97 2.06 1.82 1.99 1.84 15.02
TH-67 1.79 1.75 1.70 1.95 1.89 1.72 1.36 1.69 13.85
TH-74 2.33 1.41 1.37 1.47 1.57 1.18 0.64 1.65 11.62

TH-114 0.85 1.08 1.79 1.44 1.48 1.11 1.58 2.10 11.42
TH-2 1.30 1.41 0.99 1.52 1.50 1.16 1.09 1.17 10.14

TH-79 0.97 1.35 1.31 1.20 0.98 1.39 1.27 1.15 9.60
TH-138 1.07 1.24 1.54 1.33 0.58 1.27 0.95 0.92 8.90

TH-7 0.53 1.04 0.73 0.61 0.75 1.33 1.04 0.71 6.74
TH-91 0.87 0.63 0.56 0.68 1.11 1.06 0.56 1.08 6.55

TH-124 0.23 0.93 1.18 0.73 0.54 0.46 1.05 0.47 5.60
TH-136 −0.15 0.66 0.36 0.65 0.73 0.37 1.08 0.52 4.22
TH-37 −0.08 0.52 0.07 0.54 0.10 0.81 0.68 0.17 2.80
TH-1 0.64 0.34 0.02 0.40 0.35 0.35 0.09 0.41 2.61

TH-28 0.48 0.17 0.66 −0.04 0.37 −0.17 −0.02 0.34 1.80
TH-43 0.99 0.33 0.06 0.10 −0.01 −0.22 −0.37 0.00 0.87

MPMH 17 −0.42 −0.23 −0.13 0.12 0.50 0.22 0.29 0.44 0.78
TH-11 −0.11 0.30 0.43 −0.08 −0.08 −0.17 0.25 −0.26 0.28
TH-25 0.15 0.02 −0.17 −0.04 −0.46 −0.09 −0.22 −0.23 −1.04
TH-48 0.00 −0.51 −0.07 −0.32 −0.07 −0.48 −0.50 0.10 −1.84

TH-149 0.28 −0.16 −0.50 −0.22 −0.40 −0.50 −0.64 −0.51 −2.64
TH-12 −0.76 −0.46 −0.17 −0.57 −0.55 0.25 −0.17 −0.46 −2.88

GHB-538 −1.40 −0.49 −0.01 −0.36 −0.38 −0.91 0.46 −0.23 −3.32
TH-108 −1.14 −0.52 −0.51 −0.59 −0.26 −0.17 0.03 −0.56 −3.70
TH-13 −0.59 −0.45 −0.57 −0.51 −0.42 −0.17 −0.39 −0.65 −3.75

TH-103 −0.01 −0.82 −0.90 −0.54 −0.18 −0.14 −1.03 −0.36 −3.98
TH-129 0.08 −0.80 −0.72 −0.38 −0.65 −0.59 −1.20 −0.63 −4.90

RHB 177 −1.56 −0.72 −0.79 −0.68 −0.62 −0.26 0.05 −0.79 −5.37
TH-139 −1.02 −0.72 −0.40 −0.91 −0.79 −0.92 −0.42 −0.80 −5.98

Dhanashakti −1.11 −0.78 −0.47 −0.94 −1.08 −0.66 −0.36 −0.70 −6.09
Raj 171 −1.23 −1.05 −1.24 −0.78 −0.97 −1.27 −0.55 −0.68 −7.77
TH-42 −1.13 −1.21 −1.09 −1.12 −1.01 −0.53 −0.98 −1.01 −8.10

TH-137 −0.50 −0.95 −1.08 −0.98 −1.12 −0.79 −1.34 −1.39 −8.16
TH-96 −0.88 −1.10 −1.28 −1.24 −0.73 −1.16 −0.99 −0.91 −8.27

TH-147 0.66 −1.23 −1.24 −0.92 −1.26 −1.62 −2.09 −0.95 −8.66
TH-77 −1.21 −0.97 −1.22 −1.44 −1.11 −1.26 −1.00 −1.66 −9.86

HHB-67-
Imp −1.40 −2.10 −2.00 −2.05 −2.35 −2.42 −2.20 −1.98 −16.50

Mean 0 0 0 0 0 0 0 0
St Dev 1 1 1 1 1 1 1 1

GEN: genotype, Y: grain yield, DFY: dry fodder yield, PNHI: panicle harvest index, DB: days to 50% flower-
ing, PH: plant height, PL: panicle length, PD: panicle diameter, PY: panicle yield, HI: harvest index, and SI:
superiority index.

The polygon view or “which-won-where” view of the GYT plot as displayed in
Figure 5b is helpful to visually understand the trait profiles of the tested genotypes. Con-
necting the genotypes with the longest vectors in all directions leads to the formation of
asymmetric/irregular polygon. A line drawn for each polygon side starting from biplot
origin and perpendicular to the polygon side splits the yield × trait combinations into
two sectors. Each sector with polygon vertex/peaks represents the genotype with the
highest values for the corresponding yield–trait combination. Thus, three-way hybrids
such as TH-49, TH-67, and TH-74 had the largest values for Y/DB, Y*PH, Y*PY, Y*PL,
Y*PD, Y*PNHI, and Y*HI and were the best hybrids identified for combining yield with
early flowering, taller plants with better drought tolerance (because of higher PNHI), and
harvest index. TH-43 was close to Y*DFY, indicating the desirability of the cultivar for
yield with a combination of dry fodder yield. On the other hand, hybrids such as TH-147,
HHB 67 Imp, RHB-177, and GHB-538 showed no correlation with any of these yield–trait
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combinations, indicating the poor performance of these hybrids compared to the newly
developed TWHs.

In the average tester coordination (ATC) view of the GYT biplot, the most promising
genotypes were visually ranked based on their yield × trait combinations (Figure 6). The
genotypes were plotted based on genotype-focused singular value partitioning, with the
objective of comparing genotypes based on their trait profiles. The line passing through the
biplot origin and average trait combination is called the average tester axis (ATA) and is
helpful in ranking genotypes according to their usefulness. Hybrids with balanced trait-
profiles were found to be close to the ATA. In contrast, hybrids located far from the ATA in
either direction tend to have apparent strength and weakness for that particular yield–trait
combination. Following this principle of the GYT biplot as displayed in Figure 5c, the
best-ranked hybrids were TH-49 > TH-67 > TH-74 > TH-114 > TH-2 > TH-79 > TH-138.
However, genotypes such as HHB 67 Imp, TH-147, TH-77, TH-137, TH-96, TH-42, and
Raj 171 were placed on the far-left side of the biplot, indicating that they were the poorest
performers for yield and component traits (Figure 5c). These results were confirmed by the
ranking of genotypes based on superiority index (SI) (Table 6).
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Figure 6. The average tester coordination view of the GYT biplot to rank the genotype based on
the overall superiority. The green arrowhead line that passes through the origin (ATA) indicates
superior performance of a genotype and the blue dotted lines extending from the green arrowhead
lines illustrating the balanced trait-profiles of the genotypes (the shorter the dotted line the higher
the balanced trait-profiles of the genotype).

3.7. Identification of Most Promising Three-Way Hybrids

The top 20% of the tested three-way hybrids (six hybrids) based on different selection
methods were listed in Table 7. Based on all criteria, such as standard heterosis, stability
parameter (mean vs. cv biplot), cluster analysis, and GYT biplot, it was observed that
three-way hybrids are effective alternatives to the most popular single-cross hybrids such
as HHB-67-Imp as well as those for OPV like Raj 171. Most of the hybrids were ranked
as superior based on SI, and the GYT biplot showed higher standard heterosis for grain
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yield, reflecting the practical utility of the GYT method. In the case of the GYT biplot,
high-yielding hybrids could be selected in combination with other component traits per
product profile. Overall, hybrids such as TH-114, TH-138, TH-49, TH-67, and TH-79 can be
considered for further evaluation to explore their commercial utility.

Table 7. Top 20% promising hybrids for different selection methods for grain yield across environments.

Hybrid Standard Heterosis Stability Parameter Cluster Analysis GYT Biplot Promising for Number
of Methods

TH-1
√

1

TH-2
√ √ √

3 *

TH-49
√ √ √

3

TH-67
√ √ √

3

TH-7
√ √

2

TH-74
√

1

TH-79
√ √ √

3

TH-91
√

2

TH-114
√ √ √

3

TH-124
√

1

TH-138
√ √ √ √

4

GY: grain yield, DFY: dry fodder yield, SI: superiority index;
√

indicates the hybrid were found promising using
mentioned method. * Not considered, as DB was significantly higher than HHB-67-Imp.

4. Discussion

Large parts of the north-western regions of India, having semi-arid and arid ecology,
exhibit lower pearl millet productivity than other areas due to their limited and irregular
rainfall patterns. Additional agro-climatic factors, such as elevated soil and air temperatures
as well as poor soil fertility, significantly influence cultivar adoption, leading to reduced
productivity compared to non-arid regions [6,40]. The region classified as the A1 zone (the
most arid region) encompasses parts of the western Rajasthan, Haryana, and Gujarat states
of India, with an annual rainfall of less than 400 mm and predominantly sandy soil [13,41].
Therefore, enhancing drought tolerance is a top priority in breeding programs to ensure
high grain yields in such challenging environments [4,11]. Based on these premises, our
research aimed to assess the variability among newly developed three-way hybrids and to
identify promising hybrids with extensive adaptation to drought-prone Indian ecologies.

In this context, the present study was carried out during the rainy season of 2021,
where thirty newly developed TWHs, along with six checks (comprising four popular
single-cross hybrids and two OPVs), were evaluated at three different sites. An analysis
for grain yield and associated traits was performed using a generalized linear model, and
the combined ANOVA across the environments revealed significant variations among the
genotypes for GY, DFY, and DB. Nevertheless, for other traits, the genotype effect was
not statistically significant. A delay in DB and lower yield at the Bikaner location were
observed due to the exposure of crops to mid-season water stress during the growing
season. Earlier reports also showed that genotypes exposed to mid-season water stress led
to some adverse effects on crop phenology such as delayed flowering, which resulted in
considerable yield reductions [15,16].

Furthermore, to understand trait variability and the relationships among traits in the
tested genotypes for the selection of desirable hybrids, we calculated Pearson’s correlations
between grain yield and related traits. This revealed a highly positive and significant
association among GY, DFY, HI, and PNHI, indicating that selection for dual-purpose
hybrids for increased GY and DFY is possible. The robust positive correlation observed
between GY, DFY, and PH suggests that cereals with increased height typically yield higher
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biomass, which in turn directly influences grain yield, as reported by Austin [42]. Similar
trait associations between yield and its component traits have been reported in other studies
of pearl millet [2,43].

The commercial utility of any newly developed hybrid depends on the magnitude
of the standard heterosis for economic traits expressed by that particular hybrid over the
best-known existing check or cultivar from the target ecology. Thus, standard heterosis
values for grain yield and other component traits were computed in comparison with the
widely used hybrid HHB-67-Imp across all hybrid genotypes. Most three-way hybrids
exhibited positive heterosis for both yield and its related traits. The All India Coordinated
Pearl Millet Improvement Project (AICMIP), the nodal body for the release of pearl millet
cultivars in India, follows a specific criterion for promoting hybrids in this drought-affected
ecology. The new test hybrid should show a 10% higher grain yield over the check (in
most cases, it is HHB-67-Imp, as it is the most popular hybrid in this ecology) with DB
equivalent or lower than HHB-67-Imp. If a hybrid exhibits a yield heterosis greater than
15% compared to HHB-67-Imp, it can still be promoted to advance trials with a relaxation
of a one- or two-days delay in DB compared to HHB-67-Imp [44]. The majority of the tested
TWHs in this study flowered in the range of ± 2 days compared to HHB-67-Imp. Hence,
hybrids such as TH-49, TH-2, TH-67, TH-79, TH-124, TH-138, TH-124, and TH-114, which
had highly significant positive heterosis for GY, PNHI, and HI and had comparable DB to
HHB-67-Imp, can be considered for further evaluation.

A hybrid’s adaptability relies on its performance across various locations and/or
seasons. Therefore, consistent performance across locations is important for selecting
high-yielding and stable genotypes, and to facilitate this mean versus CV biplots were
generated. As depicted in Figure 2, high-yielding stable genotypes such as TH-7, TH-
79, TH-28, TH-36, TH-138, and TH-129 for GY and genotypes with high DFY and low
CV, such as TH-124, TH-103, TH-149, TH-11, TH-49, TH-114, and TH-25 were identified.
Genotypes with high yield performance and lower CV showed greater stability (Group 1)
than those with greater CV. Genotypes with higher average yield and high CV (Group 2) are
considered suitable to specific environments [45]. In previous studies, it was noted that the
genetic heterogeneity within specific groups of genotypes, such as TWHs or OPVs, offers a
population buffering mechanism that results in increased and consistent performance of
cultivars in such challenging and unpredictable drought-prone environments [11,38,46–49].

However, compared to hybrid selection based on yield per se alone, selecting hybrids
based on a combination of yield and other component traits is more acceptable in the
case of multi-trait evaluation [50]. Therefore, in the present study, different multivariate
methods were employed to identify hybrids that strike a better balance between multiple
traits, thereby optimizing crop performance. This approach allows breeders to perform
a comprehensive assessment, providing a more holistic view of the hybrid performance.
Principal component analysis (PCA) is a statistical technique that reveals the importance
and contributions of individual components to the overall variance within a dataset [51].
PCA revealed that the first three PC had eigenvalues of more than one, accounting for
74.10% of the total variability. GY, PNHI, DB and PY contributed most to the diversity
captured in the first principal component (PC1), which was in the positive direction.
HI (negative) and PH (positive) were prominent in the diversity captured by the second
principal component (PC2). However, PL and PY contributed most to the diversity captured
in the third principal component (PC3) in the positive direction. Earlier studies have
reported a similar trend for PC analysis for different sets of materials in pearl millet for
yield and its component traits [52–54]. The greatest separation between the DFY and
HI vectors, characterized by an obtuse angle in the vector space, revealed a negative
association between these traits. This observation, based on PCA matrix data, corroborated
the findings of Pearson’s trait association studies. Such similarities between the projection
of traits/variables based on biplot analysis and trait correlation suggest the utility of PCA
for visually assessing variability among genotypes, as previously reported [55].
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The primary objective of cluster analysis is to classify genotypes based on trait per-
formance and complex inter-relationships to facilitate effective selection [56]. Some of the
most promising hybrids such as TH-28, TH-124, TH-37, TH-67, TH-49, and TH-138, which
possessed high grain and dry fodder yields with greater PNHI and HI, were found to be
grouped in cluster C-III, indicating that the selection of desirable hybrids from this group
is effective and helpful in promoting the best hybrids for commercial utilization.

It is essential to consider all key component traits when choosing a desirable genotype
for a goal attribute such as yield, which is a complex trait. In the case of traditional selection
indices, the weights of the traits are fixed. Yield is independent of the level of other traits,
which may result in the selection of low-yielding genotypes because they have superior
performance for other traits [57]. GYT biplots are a more meaningful and effective approach
to handle breeding material in multi-trait and multi-environment selection of desirable
candidate genotypes [58]. The tester view of the GYT biplot (Figure 5a) visually illustrates
the relationship between grain yield and other trait combinations. A positive association
among all yield × trait combinations was observed, which is one of the key features of the
GYT biplots. This is helpful in reducing the traits to be evaluated during the assessment
and selection of superior genotypes [59]. The relationship between different traits helps us
to understand crop yield and its component traits. This facilitates the identification of traits
that can be utilized in the indirect selection of superior cultivars. Moreover, traits associated
with grain yield should be considered during the selection of desirable genotypes [27,60].

The polygon view of the GYT biplot (Figure 5b) displays the genotypes according to
their trait profiles, which differentiate the tested genotypes based on their strengths and
weaknesses. This highlights the potential utility of such biplots in understanding the overall
trait-profile, particularly when selecting genotypes for grain yield, in conjunction with
other traits. Earlier reports also demonstrated that the GYT biplot approach proved to be
highly effective and comprehensive in visually representing genotypes and in identifying
superior genotypes based on their strengths and weaknesses vis-à-vis yield and other
traits [57,58,61].

The average tester coordination (ATC) view of the GYT biplot (Figure 6) and superior-
ity ranking (SI) (Table 6) ranked genotypes based on their strengths and weaknesses for
yield × trait combinations. This GYT index ensures that the selected hybrids/genotypes
have a high grain yield ability. Although the GYT approach considers too much weightage
for grain yield relative to other component traits, in a practical sense, it is acceptable and
valuable [27] as it considers the reality of the pearl millet value chain in this ecology, where
high-yielding, dual-purpose, and early maturing cultivars are the preferred choice. Several
earlier published reports have shown the superiority and practical utility of the GYT index
over the traditional selection index in various crops such as sunflower [59], oat [27,57],
wheat [61,62] and maize [50].

In addition, the present study highlights that when compared to conventional statisti-
cal techniques such as ANOVA, mean comparison, linear correlation, and cluster analysis,
the GYT biplot approach proved to be more effective in identifying promising genotypes.
Based on various selection methods, including standard heterosis, stability analysis (mean
vs. coefficient of variation biplot), cluster analysis, and GYT biplots, it is evident that
three-way hybrids offer a compelling alternative to well-established single-cross hybrid
HHB-67-Imp and OPVs such as Raj 171. Although our findings provide valuable insights,
the evaluation of the hybrids under investigation was confined to a single season, which is
a limitation of our study. Therefore, a thorough validation of these hybrids may require the
inclusion of more multilocation and multiseason/multi-year trials for robust conclusions.
Also, we must mention here that some of these hybrids when evaluated during 2022 at 11 lo-
cations in drought-prone areas of north-western India (A1 zone) as part of national cultivar
release trials showed about 30–40% higher yields than the check hybrid HHB-67-Improved.
Notably, TH-114, TH-138, TH-49, TH-67, and TH-79 demonstrated promising potential
for further assessment, exploring their suitability for commercial production. With an
average increase of 30% in grain productivity compared to HHB-67-Imp, these three-way
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hybrids present a robust case for adoption in arid and semi-arid regions. Furthermore,
this significant gain in grain yield is accompanied by enhanced stover yield and improved
drought tolerance, enhancing their appeal and potential in these regions. In addition, the
potential advantages of sterile F1 in three-way hybrids seed production are helpful for
minimizing the cost of seed production. This also provides an opportunity to effectively
utilize some of the promising late-maturing inbred lines to develop promising three-way
hybrids [63].

5. Conclusions

In the present study, we evaluated thirty newly developed three-way hybrids in
drought-prone areas of India with the objective to identify hybrids with wide adaptation.
We performed PCA, cluster analysis, and GYT biplot techniques to assess the genetic
variation in yield and related traits. The results indicate that the tested three-way hybrids
outperformed the popular check hybrid HHB-67-Imp in terms of grain and fodder yields.
Notably, a group of highly promising three-way hybrids, including TH-114, TH-138, TH-49,
TH-67, and TH-79, consistently outperformed the widely used single-cross check hybrids in
terms of both grain and fodder yield. This underscores their potential to enhance the grain
yield under such challenging conditions. These hybrids exhibited substantial standard
heterosis (averaging 30%) and maintained stable performance, making them promising
choices for farmers in drought-prone regions of India. The findings of this study provide
valuable insights for improving pearl millet yields under such adverse environmental
conditions and are a valuable resource for future breeding efforts. Further research should
include comprehensive multiseason, multilocation trials to fully validate their practical
utility and adaptability.
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