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Abstract

Maize is mainly a rainfed crop prone to drought stress, suffering yield losses. The present study evaluated eleven early and nine late
maturity hybrids to identify widely adapted genotypes under drought stress and irrigated conditions at the flowering stage. Genotypes
showed 25.2% yield reduction under drought over irrigated conditions. GGE biplot analysis demonstrated major effect of environment
(72-85%) on grain yield followed by genotype x environment (8-18%), identifying two different mega-environments under drought
stress. Suitable selection indices identified DRMH 1417, DKC 7074 in the early and CMH12-686 in late maturity group as high-yielding

and drought-tolerant hybrids.
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Introduction

The ever-growing human population puts a formidable
challenge before scientists to meet the global food demand,
more so under the existing challenges of deteriorating
soil conditions, depleting moisture level and increasingly
unreliable weather patterns due to climate change. Abiotic
stresses are the major yield constraints that present far
serious concerns for productivity in different crops (Bailey-
Serres etal. 2012). Drought continues to be a major constraint
on the productivity of cereal crops and the future projections
on climate change indicate that water deficit may increase
most in arid and semi-arid regions (Wassmann et al. 2009).
Maize productivity is adversely affected by different stresses
including drought, heat and waterlogging (Kumar et al.
2016).

In India, kharif maize is primarily grown as a rainfed
crop and is highly susceptible to drought, resulting in wide
fluctuations in maize yields over the years (Kumar et al.
2022). Grain yield under water-deficit conditions is often
used to quantify a genotype’s level of drought tolerance,
as detailed information on the genetic mechanism of
drought tolerance is lacking (Farshadfar and Sutka 2002).
Various selection indices facilitate the breeders to judge
the inherent potential of genotypes under drought and
irrigated conditions. Several selection methods and
stability indices for quantifying drought tolerance have
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been devised to identify tolerant genotypes (Clarke et
al. 1992; Pour-Aboughadareh et al. 2019). Among these
indices, stress susceptibility index (Fischer and Maurer 1978),
stress tolerance index (Fernandez 1992), geometric mean
productivity (Ramirez-Vallejo and Kelly1998) and harmonic
mean (Kumar et al. 2016) suitable selection indices were
applied to find out the stable genotypes. However, Additive
Main Effects and Multiplicative Interactions (AMMI) and the
genotype, genotype X environment interaction (GGE) biplot
models are characterized as a powerful tool for successful
analysis and interpretation of multi-environment data
structure (Samonte et al. 2005) and nowadays they are the
most widely used approaches for the identification of better
cultivars with broad and or environment-specific adaptivity
under multi-environment trials (Gauch 1988; Choudhary
et al. 2019; Kumar et al. 2020; Patel et al. 2023; Singh et al.
2024). Developing drought-tolerant maize varieties is the
most significant challenge for maize breeders. However,
drought tolerance in crops including maize is a complex trait
tounderstand. The present study was, therefore, undertaken
to evaluate the response of short and long-duration maize
hybrids under drought and irrigated conditions, perform
stress selection indices and GGE biplot analysis to identify
better performing stable hybrids for yield.

Materials and methods

Experimental material and the design

Two sets of genotypes of different maturity, viz., early and
late comprising 11 and 9 maize hybrids, respectively, were
evaluated under 10 environments (Env.), five each under
irrigated and drought stress for both maturity groups
separately at Bhiloda, Devisour, Karimnagar, Vagarai and
Udaipur (Supplementary Table S1). Experiments were
laid out in randomized block design (RBD) with three
replications (sown in July last week). Each genotype was
planted in 3 rows of 3 meters length with row-to-row and
plant-to-plant spacing at 75 cm and 20 cm. Drought stress
was imposed at 10 days before initiation of flowering for 20
days and optimally irrigated in a normal set. Observations
were recorded for days to flowering, cobs weight (Kg) and,
shelling and moisture in percent at harvest to estimate grain
yield per plot which was converted into yield per hectare
and then final grain yield per hectare for each genotype.
Calculated at 15% moisture as per Kumar et al. (2016) where
grain yield (kg/ha) at 15% moisture = (cob yield per hectare
x shelling% x dry matter)/0.85, where dry matter was
calculated by 1-moisture % at harvest.

Calculation of drought tolerance selection indices

Stress tolerance (TOL) (Rosielle and Hamblin 1981), stress
susceptibility index (SSI) (Fischer and Maurer 1978), stress
tolerance index (STI) (Fernandez 1992), geometric mean
productivity (GMP) (Ramirez-Vallejo and Kelly1998) and

harmonic mean (HM) (Kumar et al. 2016), yield index (YI),
yield stability index (YSI) and relative stress index (RSI) were
calculated using following mathematical equations:

TOL=Yp-Ys Eqg.1
MP=(Yp+Ys)/2 Eqg.2
GMP=vYsxYp Eq.3
HM=2(Ys XYp)/ Ys +Yp Eq.4
SSI=(1-(Ys /Yp))/(1-(YK s/ YK p)) Eq.5
STI=(Ys xYp)/(YK p2) Eqg.6
YI=(Ys)/(YXs) Eq.7
YSI=Ys/Yp Eq.8
RSI= (YSYP)/(YKs/YHp) (NYS/KYP ) Eq.9

where Ys and Yp are the individual yield of genotype ‘i’ and
Ys and Y p are the overall

Statistical analyses

Agricolae R package was used to test the significance of
genotypic performance for grain yield using analysis of
variance (ANOVA) and stability analysis using AMMI function.
GGE biplot graphs are plotted with the help of GGEBiplot
R package. Various selection indices were calculated using
iPASTIC online software (Pour-Aboughadareh et al. 2019).

Results

The AMMI-based ANOVA (Table 1) for the early and late
maturity hybrids showed the significance of genotype (G),
environment (E) and genotype-environment interaction
(GXE) for grain yield under both drought and irrigated
conditions. For early maturity hybrids, mean yield under
irrigated condition (Yp) was 4.75 t/ha and ranged from 3.90
t/ha (KDMH-103) t05.40 t/ha (PMHS5), whereas yield under
stress conditions (Ys) ranged from 2 (KDMH-103) to 4.2 t/ha
(DKC 7074) with a mean of 3.57 t/ha. The mean yield in case
of late-maturity varieties under irrigated and drought stress
were 6.1 and 4.54 t/ha, respectively. The yield ranged from
5.0 (GH-1514) to 6.7 t/ha (PMH1) under irrigated conditions,
while it ranged from 3.5 (GH-1514) to 5.5 t/ha (BIO 9682)
under drought stress. The grain yields of early maturity
groups were significantly affected by E, which accounted
for 75% of total sum of squares (TSS), whereas G and GxE
captured 9% and 16% of TSS, respectively, under irrigated
conditions. In drought stress, there was 73%, 14% and 13%
contribution of E, G and GXE, respectively. For late maturity
group, corresponding figures were 85, 7 and 8%, respectively
in drought, whereas 10% genotypic, 72% environment
and 18% GE effects were observed in irrigated conditions.
The large GXE effect relative to G, suggested the possible
existence of different mega-environments. It was noted that
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Table 1. AMMI- based analysis of variance for grain yield under stress and normal conditions for early and late maturity groups maize hybrids

Source of variation df Sum of square Mean square F Significance (on basis of p-value) SS (%)
Early maturity

Grain yield (stress)

Genotype (G) 10 51865823 5186582 10.15 *xE 13.66
Environment (E) 4 278102105 69525526 89.40 i 73.23
Interaction (GXE) 40 49812382 1245310 244 *rE 13.12
Grain yield (normal)

G 10 36699210 3669921 7.1299 *EE 9.04
E 4 303170108 75792527 88.0987 bl 74.74
GxE 40 65734658 1643366 3.1927 e 16.20
Late maturity

Grain yield (stress)

- G 8 35496958 4437120 5.28 *xE 6.83
E 4 440794176 110198544 59.68 Fxx 84.89
GxE 32 42985829 1343307 1.60 * 8.28
Grain yield (normal)

G 8 35058369 1889314 2.4911 b 10.36
E 4 242979926 60744981 52.3782 FxX 71.78
GXxE 32 60458033 1889314 5.7782 Fx® 17.86

E and GxE played a significant role in optimal expression of
early and late maturity genotypes under stress and irrigated
conditions. The presence of significant GEl necessitated the
evaluation of GXE patterns for the identification of most
stable hybrids or location-specific hybrids

Polygon view of GGE biplot

Which-won-where biplots for yield under irrigated and
stress condition of early maturity groups are presented in
Fig.1 Aand B, respectively. Polygon view explained 83% and
93% of the GGE (genotype and genotype x environment)
variation for the grain yield under irrigated and stress
treatment, respectively. The polygon view of biplots for
yield confirmed the existence of crossover GXE and mega-
environments. Under control treatment, environments fall
into three sectors with different wining genotypes (Fig. 1A).
It indicated E4 (KDMH-103), E5 (DMRH1417) and E8 (PMH5)
as vertex genotypes. Among them, E4 was highest yielder
in environment 3 (Env3: Karimnagar), whereas E5 was in
environment 1 (Env1: Bhiloda) and environment 5 (Env5:
Udaipur). Similarly, E8 was found at vertex in environment
2 (Env2: Devisour) and environment 4 (Env4: Vagarai).
Under stress conditions, environments fall only under two
sectors, with E5 (DMRH 1417) and E10 (DKC 7074) as the
vertex genotypes and, hence indicating presence of two
mega-environments (Fig. 1B). The first mega-environment
consisted of Karimnagar, Vagarai and Udaipur with E5 as

highest yielder, whereas second consisted of Bhiloda and
Devisour with E10 as the wining genotype. Conclusively,
genotype E5 was found the best grain yielder among the
early maturity hybrids at Udaipur under irrigated as well as
drought stress.

In late maturity group, GGE effect for grain yield under
irrigated and drought stress condition was nearly equal with
84 and 88%, respectively (Fig. 1C-D). The winning genotypes
under irrigated conditions were L1 (CMH 12-686), L2 (GH
1514), L5 (PMH1) and L7 (BIO 9682) with all locations falling
under three sectors. Fig. 1C indicates that genotype L1 was
the highest yielder in the mega environments consisting of
Bhiloda (Env. 1) and Udaipur (Env. 5), L2 for Karimnagar (Env
3) and L5 and L7 for Devisour (Env. 2) and Vagarai (Env. 4).
Under drought stress, L1 and L7 hybrids were the winning
genotypes in the mega-environment 1(Env. 4: Vagarai, 5:
Udaipur and 1: Bhiloda) and mega-environment 2 (Env. 2:
Devisour and 3: Karimnagar), respectively (Fig. 1D). L1 and
L2 were the superior genotypes in Env. 5 (Udaipur) and
Env. 2 (Devisour) under both irrigated and drought stress
conditions, respectively.

Mean vs. stability of the genotypes

Based on the “mean vs stability” view of early maturity
group, the hybrid E8 (PMH5) was found to be the highest
yielder followed by E10 (DKC 7074), E5 (DMRH1417), E9
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(BIO605), and E7 (Vivek Hybrid 45) whereas the E4 (KDMH-
103), E2 (WH-2093) and E3 (GEMH-15115) were the poorest
yielders under irrigated condition (Fig. 2A). However, the
hybrids E8, E10, E5, E9 and E7 (with high mean performance)
were found to be least stable, whereas among E4, E2 and
E3 (with low mean yield), E3 was nearly stable. Therefore,
under irrigated conditions none of the genotype was found
to be a combination of high mean yield and better stability.
This indicates that the genotypes under study are location-
specific performers. Under drought stress, genotypes E5
and E10 were found to be the highest grain yielders but
least stable, whereas E4, E2 and E1 (WH-2104) were the
poor yielders, with E4 nearly stable (Fig. 2B). Therefore, the
E5 (DMRH1417) and E10 (DKC7074) were relatively higher
mean yielder but with less stability under both irrigated and
drought stress conditions, hence, exhibit location specific
adaptation.

For late maturity genotypes under irrigated treatment,
the “mean vs. stability” indicated that the genotype L5
(PMH1) was the highest mean yielder followed by L1 (CMH
12-686) and L3 (GK 3206), whereas poor yielders such as L2
(GH-1514),L8 (CMH 08-287) and L4 (RCRMH-4), were relatively
more stable (Fig. 2C). Similarly, under stress treatment the
genotypes viz,, L1 and L7 (BIO 9682) exhibited high yields
while L2, L4 and L9 (CMH 08-282) were poor yielders (Fig.
2D). Therefore, the genotype L1 (CMH12-686) was found to
be the best genotype under both drought as well as normal
treatment. Based on GGE biplot and “mean vs. stability”, early
maturity hybrid- E5 (DRMH 1417) and late maturity hybrid-L1
(CMH12-686) were found to be the highest yielder under
both stress and irrigated conditions.

Evaluation of drought selection indices
The details of nine drought selection indices calculated for

A)

ANS2UIT S

ANS22805%

ANS2I004%

ANS2H 8%

grainyield under stress (Ys) and irrigated conditions (Yp) in 11
early and nine late maturity maize genotypes are presented
in Tables 2 and 3, respectively. Hybrids DMRH 1417, Vivek
Hybrid 45, PMH5, BIO605 andDKC 7074 had high MP, GMP,
HM, ST1, Y, YSIand RSl except YSI of Vivek Hybrid 45 (< mean
value). These entire genotypes also had high average grain
yield under drought-stress (>3.7 t/ha) as well as irrigated
(>5.0 t/ha) conditions. TOL was high (>1.3) for the hybrids,
viz.,, WH-2093, KDMH-103, Vivek Hybrid 45 and PMH5. SSI
was less (<1.01) for the hybrids DMRH1417, Vivek Hybrid
51, PMHS5, BIO605 and DKC 7074. Therefore, the genotypes
DMRH1417, PMH5 and DKC 7074 were found to be relatively
more drought-tolerant genotypes.

Late maturity hybrids namely CMH 12-686, GK 3206,
PMH1, PMH3, BIO 9682 and CMH 08-282 had high MP (>5.4),
GMP (>5.3), HM (>5.3) and STI (>0.8). TOL was high for the
hybrids such as GK 3206, RCRMH-4, PMH1 and CMH 08-282.
Yl was highest for BIO 9682 followed by CMH 12-686. The
hybrids CMH 12-686, BIO 9682 and CMH 08-287 showed high
YSI, with BIO 9682 and CMH 08-287 having high RSI (>1.1) as
well. SSl was least for CMH 12-686, BIO 9682 and CMH08-287.
Therefore, the genotypes CMH 12-686 and BIO 9682 were
found to be relatively more drought tolerant genotypes.

Discussion

The significant effects of genotype, environment and GXE
interaction for both early and late maturity genotypes
signify the ample variation among genotypes and test
environments. It indicates the immense opportunities for
selection of genotypes with broad or environment-specific
adaptation (Kumar et al. 2016; Choudhary et al. 2019; Kumar
et al. 2020; Patel et al. 2023; Singh et al. 2024). Further, the
highest contribution of environmental effect on cultivars
yield performance indicates changeable behavior in the

B)

100

]

100

Fig. 1. GGE biplot (A to D) for grain yield under irrigated (A, C) and drought stress (B, D) treatment for early (A, B) and late maturity (C, D) genotypes
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Fig. 2. Mean vs. stability graph (A to D) for grain yield under irrigated (A, C) and drought stress (B, D) treatment for early (A, B) and late maturity

(C, D) genotypes

Table 2. Yield performance of 11 early maturity maize genotypes in irrigated (Yp) and drought stress (Ys) conditions and their values for

various selection indices calculated using the Yp and Ys

Hybrid Yo Ys TOL MP GMP HM SSI ST Yl YSl RSl ASR ASV  IPCAgl IPCAg2
WH-2104 45 34 11 39 39 38 10 07 09 08 10 70 232 83 19
WH-2093 45 28 17 37 36 35 16 06 08 06 08 101 297 92 146
GEMH-15115 44 33 11 38 38 38 10 06 09 07 10 82 80 28 09
KDMH-103 39 25 14 32 31 30 15 04 07 06 08 105 261 36 -24.1
DMRH1417 52 43 09 47 47 47 07 10 12 08 11 16 1006 346 274
;’;"ek Hybrid 46 39 07 42 42 42 06 08 11 o9 11 * 23 15 0
Zis"ek Hbrd 55 37 14 44 44 43 11 09 10 o7 10 & 39 129 80
PMHS5 54 40 13 47 46 46 10 10 11 08 10 41 608 217 49
BIO605 50 39 10 44 44 44 08 09 11 08 10 39 266 -9.1 78
DKC7074 53 42 11 47 47 47 09 10 12 08 10 27 920 -325 137
Prakash 42 33 09 37 37 37 09 06 09 08 10 73 132 34 -9.1
Mean 475 357 115 413 410 406 101 077 099 075 098 599 4085 000  -0.02
SD. 050 057 028 050 052 055 030 021 016 009 010 295 3062 1814  14.03

test environments which may be due to variations in land
topography, regional weather patterns and soil type.
Therefore, the performance ranking of maize genotypes can
change depending on the environment (Oliveira et al. 2017).
GGE biplot analysis helps to identify mega environments
for selection and discriminating test environments (Yan
2001; Rad et al. 2013) as evident in wheat (Rad et al. 2013)
andrice (Samonte et al. 2005; Poli et al. 2018) under drought
stress environments. AMMI-based ANOVA revealed highest

contribution of environment in the grain yield, signifying
towards less contribution by genotypes and GXE interaction
(Table 1). Similarly, Choudhary et al. (2019) reported upto
89.9% of variation due to environment in baby corn.

In this study, GE interactions were effectively analyzed
through GGE biplot analysis (Yan and Tinker 2006), which
revealed the presence of two rainfed mega-environments
for both early and late maturity groups. High-yielding
genotypes in each mega-environment are different, which
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Table 3. Yield performance of 9 late maturity maize genotypes in irrigated (Yp) and drought stress (Ys) conditions and their values for various

selection indices calculated using Yp and Ys

Hybrid Code  Yp Ys TOL MP GMP  HM SSI STI YI YSI RSI ASR  ASV  IPCAg1 IPCAg2
CMH12-686 6.5 5.0 1.5 5.7 5.7 5.6 0.9 0.9 1.1 0.8 1.0 25 437 229 -17.3
GH-1514 5.0 35 15 4.3 4.2 4.2 1.2 0.5 0.8 0.7 0.9 8.0 385 -19.2 18.9
GK 3206 6.5 4.6 1.9 5.6 55 5.4 1.1 0.8 1.0 0.7 0.9 4.8 100 1.7 9.5
RCRMH-4 59 4.0 1.8 5.0 4.9 4.8 1.2 0.6 0.9 0.7 0.9 7.7 182 -82 1.1
PMH1 6.7 4.5 2.2 5.6 55 5.4 1.3 0.8 1.0 0.7 0.9 5.6 19.5 10.9 -4.3
PMH3 6.3 4.7 1.6 55 5.4 5.4 1.0 0.8 1.0 0.7 1.0 4.4 398 219 10.8
BIO 9682 6.2 55 0.7 5.8 5.8 5.8 0.5 0.9 1.2 0.9 1.2 1.5 659 -357 -21.1
CMH08-287 55 4.6 0.9 5.1 5.0 5.0 0.6 0.7 1.0 0.8 1.1 4.7 24.1 5.2 -22.3
CMH08-282 63 4.5 1.8 5.4 53 53 1.1 0.8 1.0 0.7 1.0 5.8 148 05 14.7

Mean 6.10 454 154 533 526 5.21 0.99
SD 055 056 048 047 049 048 0.28

0.76 1.00 074 099 500 3050 0.00 0.00

013 0.1 0.07 0.11 213 17.88 1892 16.45

signifies the need to exploit such genotypes for their specific
adaptation to appropriate environments. In multi-location
trials, especially with diverse testing sites, the prevalence
of a combination of crossover and non-crossover types of
GEl is common (Choudhary et al. 2019; Kumar et al. 2020).

Selection indices have proved important for selecting
the better tolerant genotypes for yields under drought-
stress and irrigated environments in maize (Kumar et al.
2016). Based on MP, GMP, HM, STl and Yl indices (with higher
values), five early maturity genotypes such as DMRH1417,
Vivek Hybrid 45, PMH5, BIO605 and DKC 7074 and four late
maturity such as CMH 12-686, GK 3206, PMH1 and BIO 9682
were found have low SSI and TOL values and hence are
relatively less drought sensitive. Selection based on high
value of MP causes distinction between genotypes with
higher mean yield under drought and irrigated conditions
than other genotypes (Mehraban et al. 2018). Based on MP,
DMRH1417, PMH5, DKC 7074, CMH 12-686 and BIO 9682 were
found to be most stable and high yielders.

Understanding of genotype-environment interaction
is crucial for the development of drought-tolerant
genotypes. G, E,and G x E effects play significant roles, with
environment (E) impacting genotype performance the most.
GGE biplot analysis aids in identifying optimal genotypes.
High correlation between yields under drought stress and
irrigated conditions indicates the potential for drought
tolerance. Selection indices like MP, HM, GMP, and STI suit
both conditions, while YSI and RSI are better for drought
stress. Integrating selection indices and biplot study helps
select top-performing genotypes for specific conditions,
aiding maize drought tolerance.
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Supplementary Table S1. List of 20 maize genotypes evaluated at five locations viz., Env 1: Bhiloda, Env2: Devisour, Env3: Karimnagar, Env4:

Vagarai and Env: 5 Udaipur, under irrigated and drought stress conditions

Genotype code Genotype name Centre/Company
Early maturity

E1 WH-2104 Banswara

E2 WH-2093 Banswara

E3 GEMH-15115 Dharwad

E4 KDMH-103 SKUAST Kashmir
E5 DMRH1417 IIMR, New Delhi
E6 Vivek Hybrid 51 Almora

E7 Vivek Hybrid 45 Almora

E8 PMH5 PAU Ludhiana

E9 BIO605 Bioseed

E10 DKC 7074 Monsanto

ET1 Prakash PAU Ludhiana
Late maturity

L1 CMH 12-686 TNAU Coimbatore
L2 GH-1514 Dharwad

L3 GK 3206 Ganga Kaveri Seeds
L4 RCRMH-4 USA Raichur

L5 PMH1 PAU, Ludhiana

L6 PMH3 PAU, Ludhiana

L7 BIO 9682 BIOSEED RESEARCH
L8 CMH 08-287 TNAU,Coimbatore
L9 CMH 08-282 TNAU,Coimbatore




