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Abstract

Drought tolerance is a complex trait, and screening based on multiple char-
acteristics rather than relying solely on direct selection indices would lead
to more efficient selection. This study aims to select hybrids under both
optimal and water deficit conditions to achieve genetic gains in yield traits
while maintaining other secondary traits, such as anthesis-silking interval,
leaf chlorophyll content, delayed leaf rolling, leaf senescence, relative water
content, and ROS scavenging. This will be accomplished using the multi-
trait genotype ideotype distance index. Thirty teosinte-maize hybrids, along
with four check varieties, were evaluated for two categories of traits: 16
morphometric traits and 14 physiological and biochemical traits, under well
-watered (WW) and water-stressed (WS) conditions. Significant variation
among the genotypes was observed for most traits, and the moderate to
high heritability of many traits suggests the potential for direct selection to
improve those traits. A significant correlation between these traits and
yield, as well as intercorrelations among traits, indicates the advantage of
indirect selection based on secondary traits. Assuming a selection intensity
of 15% and equal weights given to all the traits, five genotypes were select-
ed based on the MGIDI for each class of traits in both environments. Nota-
bly, genotypes G19, G20, and G29 were consistently selected across both
environments. The selection process resulted in desired positive and nega-
tive gains for most of the traits studied, with particularly high positive gains
in single plant yield of 35.6% under WW conditions and 69.3% under WS
conditions. The strength and weakness plots effectively highlight the ad-
vantages and limitations of the selected genotypes in each environment.
The multi-trait-based selection approach proved to be an effective tool for
identifying genotypes and designing breeding strategies for stress toler-
ance.

Keywords

Multi-trait index; water stress; drought; genetic gains; teosinte-maize hybrids

Introduction

While domestication and selective breeding have significantly advanced
crop improvement over centuries, they have also unintentionally reduced
the genetic diversity of many cultivated plants. In recent decades, researchers
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have increasingly turned to crop wild relatives—
undomesticated ancestors or close relatives of crops—for
their potential to bridge these genetic gaps (1). This ap-
proach is particularly promising for a globally important
crop like maize, as wild relatives offer a wealth of novel
genetic variations that can be strategically introduced into
maize to enhance its resilience and performance.

Teosinte, a group of primitive wild grass species
native to Mexico and Central America, is a key example.
Zea mays subsp. parviglumis is considered the progenitor of
modern maize (Zea mays subsp. mays) (2). Other diploid
species of these wild grasses include Zea luxurians, Zea
mays subsp. mexicana, and Zea diploperennis. Despite shar-
ing many genetic similarities with its wild ancestor teosin-
te, modern maize has a vastly different phenotype due to
the loss and gain of various genetic traits during domesti-
cation (3). Successful hybridizations between maize and
teosinte, with teosinte used as the pollen parents, have
been achieved, resulting in the synthesis of fertile hybrids
(4,5).

Notable variations among the hybrids included
traits such as tillering, prolificacy (with more ears per
plant), the protective stony casing of kernels, and kernel
row numbers (6-8). Singh et al. used Z. mays ssp. par-
viglumis in hybridization with maize lines and observed sig-
nificant variations for traits like plant height, flowering
time, the number of ears per plant, and grain yield per plot
among the recombinant inbred lines. A study on the phe-
notypic and genomic characterization of maize and
Z. mays ssp. parviglumis reported 25% similarity using Jac-
card’s similarity coefficients, further confirming the pres-
ence of wild alleles that can be applied to diversify the
maize genetic background (8). Thus, hybridization with
teosinte has the potential to narrow the genetic gap in
domesticated maize. Several novel alleles from teosinte
could be utilized to develop maize hybrids with improved
agronomic characteristics and greater resilience to envi-
ronmental stresses, including drought.

Maize yields are significantly impacted by drought
stress in addition to biotic factors. There is an urgent need
to develop drought-tolerance crops due to adverse climat-
ic conditions, such as extended drought periods and irreg-
ular monsoon rainfall. In developing countries like India,
drought is the leading cause of major crop yield losses,
and high temperatures are expected to exacerbate its
effects. Drought tolerance is a complex trait influenced by
various mechanisms across plant morphology and devel-
opment stages (9). One study found substantial variation
in morphometric and physiological traits related to
drought in Z. mays ssp mexicana genotypes (10). Another
experiment evaluated parviglumis-derived recombinant
maize lines for drought tolerance, noting that the intro-
gression of wild alleles into the maize background led to
significant improvements in drought tolerance (11).

Drought stress is the most devastating and severe
of all abiotic stresses affecting crops. In maize, drought
stress during flowering is particularly critical, as it signifi-
cantly impacts kernel yield. A delay in silking, caused by a
slower rate of silk elongation under drought conditions, is
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commonly observed (12). Drought stress increases the
anthesis-silking interval (ASI) due to reduced silk growth
rate, and a lower ASI is typically associated with greater
drought tolerance. Severe drought during the reproductive
stage reduces yield by negatively affecting traits such as
the number of kernel rows, the number of kernels per row,
the number of kernels per cob, and overall plant yield (13).
Other traits impacted by drought include leaf rolling, sto-
matal closure, and leaf chlorophyll content (14). Grain
yield is the primary trait for direct selections; however,
several reliable secondary traits are significantly correlat-
ed with grain yield, making them valuable for indirect se-
lection to enhance yield (15, 9). For more efficient selec-
tion, a multivariate method that consists of multiple traits,
including both grain yield and secondary traits, should be
prioritized over selecting genotypes based solely on yield
performance. The multi-trait genotype ideotype distance
index (MGIDI), a multi-trait-based selection index, can be
used to identify genotypes with desirable mean perfor-
mances across multiple traits, overcoming the limitations
of direct selection and other linear indices (16).

An effort was made to utilize the MGIDI index to se-
lect suitable hybrids for drought tolerance based on vari-
ous morphometric, physiological, and biochemical traits.

Materials and Methods

In this study, research was conducted on wide hybridiza-
tion between maize and teosinte species, using Zea mays
ssp. mays inbreds as female parents. The materials includ-
ed 10 contemporary maize inbreds and the wild relatives,
Zea mays ssp. mexicana, Zea mays ssp. parviglumis, and
Zea luxurians. The list of lines, testers used in the hybridiza-
tion program, and the hybrid combinations evaluated for
drought tolerance are presented in Table 1. Crossings were
conducted during the summer and kharif seasons of 2022,
and 30 newly generated Fis hybrids along with the parent
lines were separately evaluated for drought tolerance,
along with four check varieties, during the summer of 2023
at the Department of Millets, Tamil Nadu Agricultural Uni-
versity, Coimbatore. The 30 hybrids and four checks were
grown in a randomized block design with two replications
under both well-watered (WW) and water-stressed (WS)
conditions. The check varieties included popular commer-
cial hybrids CO (H)M 6, CO (H)M 8, CO (H)M 11, and S6668.
CO (H)M 6 and CO (H)M 8 are well-known for their high
yields, CO (H)M 11 is a recently released high-yielding
drought- tolerant hybrid, and S-6668 is a popular hybrid
with high yield and superior photosynthetic efficiency (17,
18). Each genotype was planted in a plot consisting of two
rows, each 4 m long, with a spacing of 60 x 25 cm between
plants. Water stress in the stress environment was induced
by withholding irrigation after 40 DAS, creating stress be-
fore anthesis, and extending up to 77 DAS, after which re-
watering was performed. All other agricultural practices
were followed as per the recommended guidelines. Obser-
vations were recorded for morphometric, physiological,
and biochemical traits in both well-watered and water-
stressed environments.
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Table 1. List of experimental materials.
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Lines Testers Hybrids
L VL1018299 Ta Zea luxurians Gl LixT, Gl11 LixT, G21 LixTs
L, VL1018300 T, Zea mays ssp. parviglumis G2 LaxTy G12 LaxT, G22 LaxTs
Ls DMRE 63 Ts Zea mays ssp. mexicana G3 LsxTy G13 LsxT, G23 L3xTs
La UMI 1223 G4 Lax T, Gl4 LaxT, G24 Lax T3
Ls UMI 1200 Checks G5 Lsx T, G15 Lsx T, G25 Lsx T3
Le UMI 1230 C1 CO(HM6 G6 Lex Ty Gl6 Lex T, G26 Lex T3
Ly UMI 1200 B* C2 CO(HM8 G7 Ly xTy G17 Ly xT, G27 Ly xTs
Ls UMI 1230 B* C3 CO(HM11 G8 Lex T, G18 Lsx T, G28 Lsx T3
Lo UMI 1201 C4 S6668 G9 Lox Ty G19 Lox T, G29 LoxTs
Lio UMI 1205 G10 Liox Ty G20 Liox T2 G30 LioxTs

Morphometric traits

Drought escape is one of the key mechanisms of drought
resistance, with earliness and short antithesis-silking inter-
vals (ASI) being crucial for plants to escape drought stress.
A short ASI ensures pollination with viable pollen and ade-
quate seed set (19). A larger leaf area is essential for main-
taining photosynthesis, thereby supporting grain filling
and yields (20). Additionally, traits such as the number of
tillers, ears, kernel rows, and test weight are important
yield-contributing factors, vital for improving performance
under both well-watered and water-stressed conditions
(21).

The following morphometric traits were selected for
the investigation:

e In each plot, days to 50% anthesis (DA) and days to
50% silking (DS) were recorded when 50% of the
plants began shedding pollen and 50% of plants
showed silk emergence, respectively. The anthesis-
silking interval (ASI) was calculated as the differ-
ence between DA and DS.

e The number of tillers (NOT), number of ears (NOE),
number of leaves (NOL), and number of tassel
branches (TB) were counted on five randomly se-
lected plants in each plot, and the mean was rec-
orded.

e Similarly, plant height (PH), ear height (EH), leaf
length (LL), leaf width (LW), and tassel length (TL)
were measured in centimeters on five randomly
selected plants per plot, and the mean values were
recorded.

Post-harvest observations were taken from the
cobs of five randomly selected plants per plot. Cob length
(CL) and cob girth (CG) were measured in centimeters on
five cobs from each of the five harvested plants, and the
mean was calculated for each plot. Kernel row number
(KRN), and kernels per row (KPR) were also recorded for
each plot. The cobs were then shelled, and the weight of
100 kernels (test weight, TW) was recorded. The mean
grain weights from five plants were adjusted to a standard
moisture content of 15.5% (22) and used to calculate the
single plant yield (SPY).

Physiological traits

The dynamics of leaf characteristics, photosynthesis, and
water use efficiency play a crucial role in maintaining grain
yield under water stress. While leaf rolling can reduce tran-
spirational water loss, it significantly impacts the produc-
tion of photosynthates, which ultimately affects grain fill-
ing. Delayed leaf rolling, however, can enhance tolerance
to water stress (23). The following physiological character-
istics were selected as suitable indicators of water stress
tolerance:

o The leaf chlorophyll content was measured using a
SPAD meter (SPAD 502, Minolta Co., Tokyo, Japan)
on the third leaf from the top for 10 randomly se-
lected plants in each plot. The average SPAD read-
ings were taken three times at 8, 19, and 26 days
after drought induction (SPAD8, SPAD19, SPAD26)
and once at 4 days after rewatering (SPAD4R).

e Leafrolling scores were recorded plot-wise, using a
scale of 1 to 5, with 1 indicating a flat leaf and 5 in-
dicating a fully rolled (onion leaf-like) leaf. These
scores were taken at 8, 19, and 26 days after
drought induction (LRS8, LRS19, LRS26), and once
at 4 days after rewatering (LRS4R).

o Leaf senescence scores (LSS) were assessed plot-
wise at 26 days after drought induction using a
scale of 1 to 10, where 1 represented almost all
leaves green and 10 represented all leaves dead.

e Relative water content (RWC30) was measured at 76
days after sowing (DAS) as a percentage, using the

formula:
(Fresh weight - Dry weight)
RWC = x 100
(Turgid weight - Dry weight)
......(Egn. 1)
e The average was calculated from five plants per
plot.

e The chlorophyll fluorescence (CF) was measured on
75 DAS, with the minimum (Fo) and maximum fluo-
rescence (Fm) recorded. The F,/Fn ratio was derived
using an 0S30p+ handheld chlorophyll fluorometer
(Opti - Sciences, Inc.) on photosynthetically active
leaves from four plants per plot after 20 min of dark
adaptation.

Plant Science Today, ISSN 2348-1900 (online)
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Biochemical traits

Plant stress leads to the accumulation of reactive oxida-
tive species (ROS) in cells, which can severely disrupt cellu-
lar homeostasis. However, plants possess an innate ability
to counteract the effects of these oxidants through enzy-
matic scavengers such as peroxidase and catalase (24).
Osmolytes like proline also help scavenge free radicals and
restore cellular homeostasis under water stress (25). In
this study, the activity levels of peroxidase, catalase, and
proline were measured. Leaves from four plants per plot
were collected, immediately frozen in liquid nitrogen, and
stored in a -40°C deep freezer for subsequent laboratory
enzyme analyses. Catalase activity (CAT) and peroxidase
activity (POX) were determined as pM* min? glof tissue
(26) and units’ min! glof tissue(27), respectively. Proline
content (PRO) was determined as pmoles g of tissue (28).

Statistical analysis

The data were analyzed using two-way ANOVA with the
TNAUSTAT package (29) to assess significant variation
among the genotypes. Correlation network plots and
MGIDI values were generated using R studio and R version
4.3.3. (30, 31) Pearson’s correlation coefficients were cal-
culated, and network plots for the correlations were pro-
duced using the corrr package (32). A linear mixed-effects
model was created using the gamem() function from the
metan (33) package, and genetic parameters were esti-
mated. A likelihood ratio test with a two-tailed chi-squared
test, using one degree of freedom, was performed to test
the significance of random effects in the model.

The mgidi() function from the metan package was
used to calculate the MGIDI scores. The MGIDI estimates
for hybrids in each environment were derived based on
the best linear unbiased predictions (BLUPs) for the geno-
types. The MGIDI index was computed in four major steps:
(i) rescaling traits so that all had a similar range of 0-100,
(i) using factor analysis to reduce data dimensionality,
(iii) designing an ideotype based on the desired trait val-
ues, and (iv) calculating the distance between each geno-
type and the planned ideotype (34).

Equal weightage was assigned to all traits, with
positive directionality for most traits, except for ASI, TL,
and TB from the morphometric traits, and LRS8, LRS19,
LRS26, LRS4R, and LSS from the physiological and bio-
chemical traits. A moderate selection intensity of 15% was
assumed to balance achieving selection gains while main-
taining genetic diversity.

Results and Discussion
Genotype x Environment interaction

The two-factor analysis of variance (Supplementary
Table 1a and b) revealed significant variations among gen-
otypes for all traits studied. The environment also dis-
played significant variation across all traits. Furthermore,
the genotype x environment (GxE) interaction was signifi-
cant for most traits, except for TW, SPAD8, SPAD19, and
CF._According to Kumar et al., significant effects of geno-
type, environment, and G x E interaction indicate ample
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variation among genotypes and environments (35). This
suggests that the genotypes showed notable variations
under water stress conditions, and the studied morpho-
metric, physiological, and biochemical traits have the po-
tential to identify tolerant genotypes.

Fig. 1 presents the mean performances of 34 geno-
types for 30 morphometric, physiological, and biochemical
traits under well-watered (WW) and water-stressed (WS)
conditions. The mean performances of the traits varied
across environments, indicating sufficient variation for
selection. The lower mean yield in the WS environment
can be attributed to poor performances in Yyield-
contributing traits such as the number of tillers, ears, ker-
nel rows, kernels, and test weight. Additionally, poor phys-
iological characteristics, including reduced chlorophyll
content, early leaf rolling, high leaf senescence, decreased
relative water content, and low antioxidant activity, fur-
ther contributed to the reduced yield under stress condi-
tions.

The effect of water stress on the studied traits and
the relative changes in trait means under WS conditions
compared to WW conditions are illustrated in Fig. 2. It was
observed that flowering traits such as DA, DS, and ASI,
along with leaf rolling scores (LRS8, LRS19, LRS26, and
LRS4R), leaf senescence score (LSS), and biochemical
traits including CAT, POX, and PRO, exhibited a positive
change compared to the WW environment. In contrast, the
remaining traits showed a negative change under WW con-
ditions. The relative changes in trait means compared to
the well-watered environment were substantial. Leaf
width (LW) exhibited the smallest change, decreasing by
only 2.00%, whereas proline activity (PRO) demonstrated
the highest increase, rising by 398.7% over the WW condi-
tions. The mean SPY showed a reduction of 56.4% under
the WS condition.

Likelihood ratio test

The likelihood ratio test (LRT) for the mixed-effect model
revealed significant differences among genotypes for most
traits, except for SPAD8 and chlorophyll fluorescence (CF)
under well-watered (WW) conditions and SPAD8 and
SPAD19 under water-stressed (WS) conditions. This indi-
cates a high level of genetic variability among the geno-
types. Table 2 presents the genotypic variance (GV), phe-
notypic variance (PV), heritability (h), accuracy (As), and
the correlation coefficients with single plant yield (SPY) for
the different traits in both environments. The experi-
mental results revealed low (below 30%), moderate (30-
60%), and high (above 60%) heritability levels, as per the
classifications of heritability (36). Under WW conditions, all
traits except tassel length (TL), SPAD8, SPAD19, leaf rolling
score at 26 days (LRS26), CF, and relative water content
at 30 days (RWC30) exhibited high heritability. Similarly,
under WS conditions, most traits, except SPAD8, SPAD19,
LRS26, and LRS4R showed high heritability. SPAD8 was
observed to have low heritability in both environments.
High to moderate heritability indicates that genotypic vari-
ance contributes significantly to phenotypic variance, with
minimal environmental influence, suggesting success-
ful
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ASI — Anthesis silking interval, NOT — No. of tillers, PH — Plant height, EH — Ear height, NOE — No. of ears, NOL — No. of leaves, LL — Leaf length, LW — Leaf width, TL — Tassel
length, TB — Tassel branches, CL — Cob length, CG — Cob girth, KRN — Kernel row number, KPR — Kernels per row, TW — Test weight, SPY — Single plant yield, SPAD8, SPAD19,
SPAD 26, SPAD4R — SPAD at 8, 19, 26 days after drought induction and 4 days after rewatering respectively, LRS8, LRS19, LRS26, LRS4R — Leaf rolling score at 8, 19, 26 days
after drought induction and 4 days after rewatering respectively, LSS — Leaf senescence score, CF — Chlorophyll fluorescence, RWC30 — Relative water content, CAT — Catalase
activity, POX — Peroxidase activity, PRO — Proline content.

Fig. 1. Mean performances of the 34 genotypes for the studied traits under WW and WS environments.
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length, TB — Tassel branches, CL - Cob length, CG - Cob girth, KRN — Kernel row number, KPR - Kernels per row, TW — Test weight, SPY — Single plant yield, SPAD8, SPAD19,
SPAD 26, SPAD4R - SPAD at 8, 19, 26 days after drought induction and 4 days after rewatering respectively, LRS8, LRS19, LRS26, LRS4R — Leaf rolling score at 8, 19, 26 days
after drought induction and 4 days after rewatering respectively, LSS — Leaf senescence score, CF — Chlorophyll flucrescence, RWC30 - Relative water content, CAT — Catalase
activity, POX — Peroxidase activity, PRO - Proline content.

Fig. 2. Relative change (%) in the mean of traits under water-stressed (WS) conditions.
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Table 2. LRT and estimates of genetic parameters of the traits, along with their correlation with SPY under WW and WS environments.
Well-watered condition (WW) Water-stressed condition (WS)
Traits
LRT GV PV h As r LRT GV PV h As r
ASI 35.82 1.03 1.27 0.81 0.95 0.11 21.97 1.34 191 0.70 0.91 -0.24
NOT 29.46 0.12 0.15 0.80 0.93 0.45 48.47 0.10 0.11 0.90 0.97 0.56
PH 24.67 566.43 780.64 0.73 0.92 0.34 68.48 494.35 528.64 0.94 0.98 0.37
EH 36.13 383.57 470.24 0.82 0.95 0.15 76.82 157.71 166.01 0.95 0.99 0.32
NOE 48.93 3.64 3.89 0.94 0.97 0.47 65.11 2.71 2.82 0.96 0.98 0.31
NOL 26.82 1.38 1.78 0.78 0.92 0.46 36.98 1.06 1.27 0.84 0.95 0.58
LL 56.60 70.05 77.35 0.91 0.97 0.16 49.96 94.08 106.52 0.88 0.97 0.21
LW 72.12 0.63 0.67 0.94 0.98 -0.02 83.14 0.70 0.73 0.96 0.99 -0.22
TL 10.07 6.42 12.52 0.51 0.82 -0.05 42.01 25.32 29.84 0.85 0.96 -0.07
TB 39.28 0.24 0.28 0.84 0.95 0.33 50.73 0.12 0.14 0.89 0.97 -0.15
CL 74.05 9.54 10.09 0.95 0.99 0.05 62.34 5.02 5.45 0.92 0.98 0.26
CG 112.96 10.48 10.66 0.98 1.00 0.33 99.05 7.62 7.81 0.97 0.99 0.54
KRN 80.33 0.54 0.57 0.94 0.99 0.34 93.22 0.52 0.55 0.94 0.99 0.20
KPR 67.70 0.57 0.63 0.91 0.98 0.35 60.12 0.26 0.29 0.90 0.98 0.50
™W 68.59 42.56 45.50 0.94 0.98 0.45 66.57 30.24 32.47 0.93 0.98 0.63
SPY 65.29 1543.12 1662.34 0.93 0.98 1.00 55.86 513.69 568.67 0.89 0.97 1.00
SPAD8 0.29ns 2.66 28.59 0.09 0.41 0.05 0.75ns 4.74 31.59 0.15 0.51 0.18
SPAD19 413 15.96 46.54 0.34 0.71 0.19 1.45ns 6.92 33.33 0.21 0.59 0.39
SPAD26 19.48 43.10 64.56 0.67 0.89 0.10 23.25 30.29 42.60 0.71 0.91 0.27
SPAD4R 23.59 48.50 67.86 0.71 0.91 0.41 32.70 40.28 50.80 0.79 0.94 0.42
LRS8 22.94 35.21 50.09 0.70 0.91 0.14 27.49 82.16 119.03 0.69 0.93 -0.76
LRS19 16.53 30.24 48.51 0.62 0.88 0.16 31.61 93.89 120.69 0.78 0.94 -0.62
LRS26 10.96 18.59 34.96 0.53 0.83 -0.04 15.90 70.26 147.54 0.48 0.87 -0.58
LRS4R 9.64 16.23 32.23 0.50 0.82 -0.07 14.16 31.85 54.05 0.59 0.86 -0.14
LSS 26.99 0.003 0.005 0.74 0.92 -0.18 30.27 45.27 58.13 0.78 0.93 -0.48
CF 0.66ns 0.0003 0.002 0.14 0.50 -0.20 18.73 0.003 0.005 0.66 0.89 0.37
RWC30 13.18 20.41 35.57 0.57 0.85 -0.27 60.71 64.67 70.51 0.92 0.98 0.20
CAT 65.29 0.0004 0.0004 0.93 0.98 0.49 82.08 0.0003 0.0003 0.96 0.99 0.57
POX 66.14 14.85 15.96 0.93 0.98 0.41 51.08 9.33 10.52 0.89 0.97 0.54
PRO 86.48 5.90 6.13 0.96 0.99 -0.10 91.69 68.32 70.54 0.97 0.99 0.72

GV - genotypic variance, PV - phenotypic variance, h - heritability, As - accuracy of genotype selection, r - correlation with SPY, ASI - anthesis silking interval,
NOT - no. of tillers, PH - plant height, EH - ear height, NOE - no. of ears, NOL - no. of leaves, LL - leaf length, LW - leaf width, TL - tassel length, TB - tassel branches,
CL - cob length, CG - cob girth, KRN - kernel row number, KPR - kernels per row, TW - test weight, SPY - single plant yield, SPAD8, SPAD19, SPAD 26, SPAD4R -
SPAD at 8, 19, 26 days after drought induction and 4 days after rewatering, respectively, LRS8, LRS19, LRS26, LRS4R - leaf rolling score at 8, 19, 26 days after
drought induction and 4 days after rewatering, respectively, LSS - leaf senescence score, CF - chlorophyll fluorescence, RWC30 - relative water content, CAT -
catalase activity, POX - peroxidase activity, PRO - proline content. ns - non-significant.

selection for these traits (37). Utilizing highly heritable
traits in breeding programs could enhance selection effi-
ciency, particularly under drought stress (20). The accura-
cy of trait predictions ranged from 0.41 (SPADS8) to 1.00
(cob girth, CG) in the WW environment and from 0.51
(SPADS8) to 0.99 (ear height, EH; number of ears, NOE; leaf
width, LW; cob girth, CG; kernel row number, KRN; cata-
lase, CAT; and proline, PRO) in the WS environment. The
high accuracy observed for most traits indicates a strong
correlation between predicted and actual genotypic val-
ues, suggesting reliable predictions for these traits.

Genetic correlation/inter-relationship

Genetic correlations were calculated based on Pearson's
model, and network plots were generated separately for
morphometric traits, as well as physiological and bio-
chemical traits, under both environments (Fig. 3). Traits
with stronger associations clustered together, with red
paths indicating positive correlations and blue paths rep-
resenting negative correlations. The morphometric traits
showed positive inter-correlations under well-watered
(WW) conditions, whereas under water-stressed (WS) con-
ditions, both stronger positive and some negative
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Peroxidase activity, PRO — Praline content.

Fig. 3. Network plots for genetic correlation a. between the morphometric traits and b. between the physiological and biochemical traits under different

environments.

correlations were observed among these traits. Several
morphometric traits, including number of ears (NOE, 0.47),
number of leaves (NOL, 0.46), number of tillers (NOT, 0.45),
test weight (TW, 0.45), kernels per row (KPR, 0.35), plant
height (PH, 0.34), kernel row number (KRN, 0.34), tassel
branches (TB, 0.33), and cob girth (CG, 0.33), exhibited sig-
nificant positive correlations with single plant yield (SPY)
under WW conditions. Under WS conditions, the traits TW
(0.63), NOL (0.58), NOT (0.56), CG (0.54), KPR (0.50), PH
(0.37), ear height (EH, 0.32), NOE (0.31), and cob length (CL,
0.26) showed significant positive correlations with SPY
(Table 2). Physiological and biochemical traits, such as
catalase activity (CAT, 0.49), SPAD4R (0.41), and peroxi-
dase activity (POX, 0.41), also showed significant positive
correlations with SPY under WW conditions, while relative
water content (RWC 30) had a negative correlation (-0.27).
Under WS conditions, proline content (PRO, 0.72), CAT
(0.57), POX (0.54), SPAD4R (0.42), SPAD19 (0.39), chloro-
phyll fluorescence (CF, 0.37), and SPAD26 (0.27) were posi-
tively correlated with SPY, while leaf rolling scores (LRSS, -
0.76; LRS19, -0.62; LRS26, -0.58) and leaf senescence score
(LSS, -0.48) had strong negative correlations with SPY. The
inter-correlations among traits, along with the magnitude
and direction of these correlations, provide valuable infor-
mation for the simultaneous improvement of multiple
characteristics. Comparing the correlations of traits under
different environments offers insights into the effective-
ness of indirect selection based on stronger or weaker trait
associations across conditions. Traits such as plant height,
leaf area, and yield-related factors were found to have
strong positive correlations under both environments,
making them important targets for selection. Although
physiological and biochemical traits were grouped sepa-
rately, they also influenced morphometric traits and grain

yield under stress. For example, high chlorophyll content,
photosynthetic efficiency, and larger leaf area under water
stress positively impacted yield and related traits. Under
WW conditions, no significant associations were observed
between SPAD, leaf rolling, or leaf senescence traits and
grain yield. However, under WS conditions, SPAD exhibited
a strong positive correlation with grain yield, while leaf
rolling and leaf senescence had significant negative corre-
lations. Dordas et al. reported similar positive correlations
between grain yield, chlorophyll fluorescence, and chloro-
phyll content in maize inbreds and hybrids under drought
stress (38). Effendi et al. also found a higher correlation
between yield and relative water content, along with a
negative correlation with leaf rolling in maize genotypes
under drought stress (23). Antioxidant enzymes and pro-
line play a protective role during stress, showing positive
correlations with grain yield under WS conditions. Previ-
ous studies have reported similar associations among en-
zyme activity levels under stress (24). Indirect selection for
high chlorophyll content, increased antioxidant activity,
and reduced leaf rolling and leaf senescence under WS
conditions could enhance grain yield under water-stress
environments.

Explanatory factor analysis

The factor loadings for the studied morphometric, physiolog-
ical, and biochemical traits are presented in Table 3a and
b. The 16 morphometric traits were grouped into four prin-
cipal components, which explained a cumulative variance
of 81.10% under well-watered (WW) conditions and 79.7%
under water-stressed (WS) conditions. For the 14 physio-
logical and biochemical traits, six principal components
explained a cumulative variance of 75.10% under WW con-
ditions, while four principal components accounted for a
cumulative variance of 71.40% under WS conditions.

Plant Science Today, ISSN 2348-1900 (online)




JAISHREEPRIYANKA ET AL 1280

Table 3a. Explanatory factor analysis for morphometric traits under WW and WS environments.

Well-watered Water-stressed
Morphometric traits
FAl FA2 FA3 FA4 FAl FA2 FA3 FA4
ASI 0.14 0.12 0.06 0.87 -0.49 -0.45 -0.31 0.41
NOT -0.53 -0.18 -0.71 0.05 0.24 -0.86 0.23 -0.16
PH -0.02 -0.9 -0.21 -0.03 -0.27 -0.38 0.05 -0.72
EH -0.01 -0.9 0.01 0.05 -0.3 -0.09 -0.12 -0.8
NOE -0.63 -0.33 -0.34 -0.35 0.53 -0.68 0.18 0.01
NOL -0.53 -0.27 -0.72 0 0.23 -0.87 0.17 -0.2
LL 0.43 -0.33 -0.1 0.63 -0.28 -0.13 -0.6 -0.53
LW 0.69 -0.43 0.27 -0.03 -0.33 0.28 -0.73 -0.08
TL -0.66 0.13 0.08 -0.33 0.66 -0.25 0.12 0.28
B -0.19 -0.13 0.79 -0.02 -0.19 -0.21 0.77 -0.05
CL 0.97 -0.02 0.05 0.05 -0.93 0.18 -0.04 -0.15
CG 0.97 0.05 0.02 0.15 -0.94 0.12 -0.1 -0.19
KRN 0.95 0.06 -0.04 0.18 -0.93 0.24 -0.03 -0.06
KPR 0.97 0.02 -0.03 0.16 -0.94 0.01 -0.06 -0.13
W 0.96 0.02 -0.03 0.17 -0.91 0.07 -0.12 -0.27
SPY 0.44 -0.24 -0.61 -0.13 -0.59 -0.53 0.02 -0.25
Eigen values 7.38 2.79 1.64 1.16 6.95 3.22 1.52 1.06
Variance % 46.1 17.5 10.3 7.27 43.4 20.1 9.48 6.64
Cum. variance % 46.1 63.6 73.8 81.1 43.4 63.6 73 79.7

ASI - anthesis silking interval, NOT - no. of tillers, PH - plant height, EH - ear height, NOE - no. of ears, NOL - no. of leaves, LL - leaf length, LW - leaf width,
TL - tassel length, TB - tassel branches, CL - cob length, CG - cob girth, KRN - kernel row number, KPR - kernels per row, TW - test weight, SPY - single plant yield.

Table 3b. Explanatory factor analysis for physiological and biochemical traits under WW and WS environments.

Physiological &biochemical Well-watered Water-stressed
traits FA1 FA2 FA3 FA4 FA5 FAG FA1 FA2 FA3 FA4
SPADS8 -0.14 -0.19 -0.12 -0.26 0.15 0.74 0.18 -0.17 0.74 0.19
SPAD19 -0.24 -0.08 0.14 -0.77 -0.12 -0.1 -0.17 -0.25 0.71 0.35
SPAD26 0.12 0.04 -0.15 -0.79 0.02 0.09 -0.03 0.11 0.24 0.85
SPAD4R -0.39 -0.52 -0.44 -0.4 -0.06 0.18 -0.41 0.06 0.65 0.25
LRS8 -0.22 -0.01 -0.11 -0.33 0.08 -0.82 -0.86 -0.18 0.13 0.21
LRS19 -0.41 0.38 -0.06 -0.53 0.46 -0.03 -0.68 -0.11 0.24 0.46
LRS26 -0.76 -0.06 -0.09 -0.01 0.2 -0.06 -0.92 -0.05 0.14 0.07
LRS4R -0.6 0.13 -0.21 -0.48 0.17 -0.09 -0.24 0.57 0.42 0.38
LSS -0.79 0.14 0.09 -0.02 -0.16 0.02 -0.4 0.01 0.18 0.69
CF -0.07 -0.06 -0.88 0.05 0.15 -0.04 -0.04 0.02 0.68 0.2
RWC30 -0.1 0.56 -0.28 0.53 -0.15 0.01 -0.32 0.27 0.72 -0.3
CAT 0.05 0 0.08 -0.03 -0.95 -0.04 -0.61 -0.39 -0.14 -0.04
POX 0.12 -0.9 -0.11 0.12 -0.05 0.1 -0.31 -0.83 0 -0.05
PRO -0.46 -0.02 0.48 0.18 0.22 -0.41 -0.18 -0.82 0.24 0.06
Eigen values 331 222 1.52 1.29 11 1.07 4.87 2.51 151 112
Variance % 23.7 15.8 10.9 9.2 7.89 7.62 34.8 17.9 10.8 8
Cum. variance % 23.7 39.5 50.4 59.6 67.5 75.1 34.8 52.7 63.4 71.4

SPADS, SPAD19, SPAD 26, SPAD4R - SPAD at 8, 19, 26 days after drought induction and 4 days after rewatering, respectively, LRS8, LRS19, LRS26, LRS4R - leaf
rolling score at 8, 19, 26 days after drought induction and 4 days after rewatering, respectively, LSS - leaf senescence score, CF --chlorophyll fluorescence,
RWC30 - relative water content, CAT - catalase activity, POX- peroxidase activity, PRO - proline content.
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MGIDI index and selection gains

The MGIDI values were calculated, and the genotypes were
ranked (Fig. 4) separately based on morphometric traits as
well as physiological and biochemical traits for both envi-
ronments. A selection intensity of 15% was applied, and
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Singamsetti et al. utilized MGIDI selection to choose maize
hybrids across optimal, drought, and waterlogging condi-
tions (39).

The selected genotypes for each class of traits and
environments resulted in desired selection gains (SG) for
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Fig. 4. Ranking of genotypes in ascending order of MGIDI under different environments based on morphometric traits and physiological and biochemical

traits.

five genotypes were selected in each environment for each
trait category. The selected genotypes and their MGIDI
values are presented in Table 4. Based on the morphomet-
ric traits, the genotypes G19 (2.44), G20 (2.45), C1 (2.58),
C3 (2.77), and G14 (2.81) were chosen under well-watered
(WW) conditions, while C4 (3.21), G29 (3.23), G20 (3.61),
G27 (3.72), and G22 (3.76) were selected under water-
stressed (WS) conditions. The checks, C1 and C3, which are
known for high yield and superior agronomic traits, ranked
among the top genotypes under WW conditions, whereas
check C4, a high yielder, was selected under WS conditions
for morphometric traits. Furthermore, the genotypes G29,
G20, G27, and G22 were ranked higher than the drought-
tolerant check C3 for morphometric traits under WS condi-
tions. For physiological and biochemical traits, genotypes
G25 (2.39), G19 (2.53), G11 (2.53), G15 (2.61), and G29 (2.67)
were selected under WW conditions, while G27 (1.50), G19
(1.67), G17 (1.88), G30 (2.03), and G29 (2.09) were selected
under WS conditions. The selected genotypes ranked high-
er than the checks in both environments for physiological

Well-Watered Water Stressed

Fig. 5. Venn diagram showing the common hybrids selected across WW
and WS environments.

Table 4. MGIDI of selected hybrids in WW and WS environments based on morphometric traits and physiological and biochemical traits.

Morphometric traits

Physio & Biochemical traits

Well-Watered Water-Stressed Well-Watered Water-Stressed
Genotype MGIDI Genotype MGIDI Genotype MGIDI Genotype MGIDI
G19 2.44 C4 3.21 G25 2.39 G27 1.50
G20 2.45 G29 3.23 G19 2.53 G19 1.67
C1 2.58 G20 3.61 Gl1 2.53 G17 1.88
C3 2.77 G27 3.72 G15 2.61 G30 2.03
Gl4 2.81 G22 3.76 G29 2.67 G29 2.09

and biochemical traits. Under WS conditions, G27 and G29
were consistently selected based on both trait categories.
Genotypes G19, G20, and G29 were selected in both envi-
ronments, indicating their robustness. The selected geno-
types for each environment and the three common geno-
types across both environments are illustrated in Fig. 5.

the mean performance of most traits (Supplementary
Table 2), with the exception of NOT, NOE, NOL, TL, TB,
SPAD26, and LRS19 in the well-watered (WW) environ-
ment, and LW and TL in the water-stressed (WS) envi-
ronment. For morphometric traits, desired positive gains
were observed for PH, EH, LL, CL, CG, KRN, KPR, TW, and
SPY, while a desired negative gain was seen for ASl in both
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environments. Additionally, LW showed a positive gain
only in the WW environment, and NOT, NOE, and NOL had
positive gains, while TB exhibited a negative gain only in
the WS environment. Traits such as CL, CG, KRN, KPR, and
TW were identified as major contributors to SPY in both
environments. Ngugi et al. identified short ASI as a key
ideotype for selecting drought-tolerant maize genotypes
(19). For physiological and biochemical traits, desired pos-
itive gains were achieved for SPAD8, SPAD19, SPAD4R, CF,
RWC30, CAT, POX, and PRO, while negative gains were not-
ed for LRS8, LRS26, LRS4R, and LSS in both environments.
Under WS conditions alone, SPAD26 showed a desired pos-
itive gain, and LRS19 exhibited a desired negative gain.
Kamphorst et al. used SPAD as an indirect indicator for
screening drought tolerance in popcorn genotypes (40). Li
et al. utilized CF to screen drought-tolerant barley geno-
types (41). Alvi et al. observed increased POX and CAT ac-
tivity in drought-tolerant maize genotypes (24). Effendi et
al. found that maize genotypes with delayed leaf rolling
and lower LRS displayed greater drought tolerance and
maintained higher RWC (23). Monteoliva et al. concluded
that delayed leaf senescence and lower LSS could contrib-
ute to water stress tolerance (42). The selection gains
achieved for grain yield, as well as key secondary traits,
ensure that the genetic improvements in yield and yield-
related traits do not result in unintended reductions in
other important characteristics. A study that selected elite
rice genotypes based on MGIDI reported similar genetic
gains, further demonstrating the effectiveness of this se-
lection method (43).

Strength and weakness plot

The strengths and weaknesses of the selected hybrids
across both environments are illustrated in Fig. 6. Factors
that contribute most to a hybrid's MGIDI score are posi-
tioned closer to the center of the radar plot, while the least
contributing factors are farther from the center. Therefore,
if a genotype performs well for a particular factor, that
factor will have a smaller contribution to the MGIDI score
for that genotype.
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FA1, which is associated with the traits cob length (CL),
cob girth (CG), kernel rows number (KRN), kernels per row
(KPR), test weight (TW), and leaf width (LW), all showing
positive selection gains. Genotype G14 demonstrated
strength for factor FA2, related to plant height (PH) and ear
height (EH), with positive selection gains. Genotypes G19
and G20 were stronger in factor FA3, which pertains to sin-
gle plant yield (SPY), while all selected genotypes showed
strength related to factor FA4, which includes anthesis-
silking interval (ASI) and leaf length (LL). Although checks
C1 and C3 are high-yielders, they were noted to perform
poorly for factor FA3 due to their lower performance in
number of tillers (NOT) and number of ears (NOE). Geno-
types G14 and G19, which showed higher performance for
factors FA3 and FA4, could be further improved in cob-
related traits and plant height to reduce their contribution
to the index score. Under the water-stressed (WS) environ-
ment, genotype C4 showed strength in factor FA1, associ-
ated with ASI, CL, CG, KRN, KPR, TW, and SPY. In contrast,
all other selected genotypes, except C4, were stronger in
factor FA2, which relates to NOT, NOE, and NOL, also ex-
hibiting positive selection gains. All genotypes showed
strength in factor FA3 for leaf length (LL) and tassel
branches (TB), as well as in factor FA4 for traits PH and EH.
Genotypes G22, G29, and G27 were particularly strong in
factors FA2, FA3, and FA4, but they could benefit from im-
provements in ASI, yield, and related traits under WS con-
ditions.

For physiological and biochemical traits under the
well-watered (WW) environment, all genotypes exhibited
weaknesses in factor FA1l, which includes leaf rolling
scores (LRS26, LRS4R) and leaf senescence score (LSS).
However, genotypes G25 and G19 demonstrated strengths
in factor FA2, associated with SPAD4R, relative water con-
tent (RWC30), and peroxidase (POX), all showing positive
selection gains. Genotype G11 was stronger in factor FA3,
related to chlorophyll fluorescence (CF) and proline (PRO),
while genotypes G29 and G11 excelled in factor FA4, relat-
ed to SPAD19, with positive selection gains. Genotypes G19
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Fig. 6. Strength and weakness view plot as the proportion of each factor to the MGIDI values over WW and WS environments for morphometric traits and

physiological and biochemical traits.

The strength and weakness plot for morphological
traits under the well-watered (WW) environment reveals
that genotypes C1 and C3 exhibited strengths for factor

and G15 showed strengths in factor FA5 for catalase (CAT),
while G29 and G15 were stronger in factor FA6, which in-
cludes SPAD8 and LRS8. Notably, genotypes G29 and G19,
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also selected under water stress (WS) conditions, demon-
strated better performance in factors FA2, FA4, FA5, and
FA6, indicating their strengths in chlorophyll content, en-
zyme activity, and relative water content. Under the WS
environment, genotypes G29, G27, and G17 showed
strengths in factor FAL for traits LRS8, LRS19, LRS26, and
CAT. All five genotypes excelled in factor FA2, which en-
compasses LRS4R, POX, and PRO. Genotype G29 was the
weakest in factor FA3, which includes SPAD8, SPAD19,
SPAD4R, CF, and RWC30. Meanwhile, genotypes G19 and
G29 demonstrated strengths in factor FA4 for SPAD26 and
LSS. Overall, genotypes G29, G17, and G30 were strong
across factors FA1, FA2, and FA4, suggesting that improve-
ments in chlorophyll content, photosynthetic efficiency,
and relative water content could help reduce the contribu-
tion of these traits to the MGIDI.

Similarly, an experiment applied MGIDI-based selec-
tion to fodder maize genotypes, highlighting the strengths
and weaknesses of the selected inbreds for various fodder
component traits (44). Another study utilized radar plots
to identify the strengths and weaknesses of maize hybrids
selected under different water regimes, including drought
and waterlogging (39). The radar plot serves as an easy
and effective tool for understanding the shortcomings of
selected hybrids and suggests improvements for the weak-
er characteristics. The results recommend using MGIDI to
effectively select ideal hybrids and genotypes, facilitating
better decision-making in crop improvement programs.

Conclusion

In conclusion, MGIDI proves to be a valuable multivariate
approach for the effective selection of genotypes based on
multiple traits. The study identified genotypes G19, G20,
and G29 as consistently selected across both environ-
ments, highlighting their resilience to stress conditions.
The progenies of these selected hybrids could serve as
valuable pre-breeding lines for developing drought-
tolerant maize. Furthermore, the plots generated from the
analyses facilitate the identification of the strengths and
weaknesses of the selected genotypes, enabling targeted
improvements of the weaker traits in these genotypes.
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