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Abstract

This study investigated alternative pathways involving adaptive traits associated with
drought tolerance in popcorn cultivated under soil water restriction through path analysis.
Direct and indirect effects were estimated for morpho-agronomic variables, including ear
height (EH), grain number per ear (GNE), grain number per row (GNR), 100-grain weight,
grain yield (GY), and popping expansion (PE); physiological variables, such as relative
chlorophyll content, anthocyanin and flavonoid indices, and maximum quantum efficiency
of photosystem II; and root-related traits, including brace- and crown-root number and
root angle. Fifty popcorn inbred lines were assessed under contrasting water conditions
(WC), namely well-watered and water-stressed environments, during two crop seasons
(CS). Water restriction was imposed before male anthesis, and the permanent wilting point
was reached at 63 days after sowing in CS-2020 and at 100 days in CS-2021. Significant
genotype x WC x CS interactions were identified for all evaluated traits. The effects of
drought varied according to the developmental stage at which stress occurred. Under
both water regimes, indirect selection through EH and GNR favored gains in GY, whereas
EH and GNE showed the strongest indirect contributions to PE. Among the evaluated
variables, EH emerged as a promising trait for indirect selection in popcorn breeding under
water-limited conditions.

Keywords: Zea mays L. var. Everta; water deficit; path analysis; indirect selection; root architecture

1. Introduction

Recent climate instability has increased the frequency and intensity of extreme temper-
ature fluctuations and irregular precipitation patterns, creating substantial constraints for
agricultural production worldwide [1-6]. Among the climatic factors associated with crop
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losses, reduced and poorly distributed rainfall strongly limits plant growth and develop-
ment and may decrease popcorn grain yield by more than 50% under severe water-deficit
conditions [7,8]. Despite the economic relevance and commercial expansion of popcorn
cultivation in Brazil, breeding efforts targeting drought-prone environments remain lim-
ited, and only one hybrid is currently recommended for cultivation under water-restricted
conditions [9].

Genetic variability conserved in germplasm collections represents an important source
of alleles for the development of cultivars adapted to unfavorable environmental condi-
tions, including drought stress [10,11]. The Germplasm Bank maintained by the Darcy
Ribeiro State University of Northern Rio de Janeiro (UENF) comprises popcorn inbred
lines derived from distinct Latin American regions, including materials with tropical and
temperate adaptation, as well as Brazilian elite genotypes [12,13]. Such diversity provides
an opportunity to explore adaptive traits associated with drought tolerance, including
morpho-agronomic, physiological, root-related, and yield-associated variables [14,15].

The effectiveness of indirect selection, however, depends on the interaction between
genotypes, environmental conditions, and crop seasons [15]. Previous studies in popcorn
have demonstrated that morpho-agronomic, physiological, root, and yield traits are strongly
affected by genotype (G), water condition (WC), crop season (CS), and their interactions,
highlighting the complexity of plant responses under water-limited conditions [7,16,17].

The effects of drought are also influenced by the developmental stage at which stress
occurs, since the timing of the permanent wilting point (PWP) alters the magnitude of
damage expressed by different traits, thereby affecting the identification of useful sec-
ondary variables for indirect selection, as reported by Kim & Lee [3] in maize. In popcorn,
reductions in grain set are more severe when water restriction occurs during pre-anthesis
and anthesis [7,9], whereas drought imposed during grain filling predominantly affects
grain weight in both maize and popcorn crops [2,18]. According to Araus et al. (2012) [1],
drought timing directly influences genotype performance and the efficiency of secondary
traits used in breeding programs, whose predictive value may vary depending on stress in-
tensity and crop developmental stage. Consequently, breeding strategies targeting drought
tolerance should account for both environmental conditions and the phenological timing of
water limitation.

Phenotypic and genotypic correlations have been extensively applied in breeding
programs to assist genotype selection; however, these associations may reflect indirect
influences from other explanatory traits [19,20]. In this context, path analysis proposed
by Wright (1921) [21] allows the partitioning of correlation coefficients into direct and
indirect effects, improving the interpretation of trait relationships. In popcorn breeding,
grain yield (GY) and popping expansion (PE) are commonly adopted as primary response
variables [22]. Because of its ability to clarify complex trait interrelationships, path analysis
has been successfully applied to identify more efficient selection criteria under water-stress
conditions [7].

Therefore, this study aimed to estimate the direct and indirect contributions of morpho-
agronomic, physiological, and root traits to grain yield (GY) and popping expansion (PE)
in popcorn inbred lines cultivated under contrasting water conditions and evaluated across
two crop seasons, seeking to identify useful traits for indirect selection under drought stress.

2. Materials and Methods
2.1. Genotypes

The present study was conducted using 50 popcorn inbred lines belonging to the
Germplasm Bank of the Darcy Ribeiro State University of Northern Rio de Janeiro (UENF).
These lines were developed from genetic materials originating from different Latin Amer-
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ican countries and comprise genotypes with tropical and/or temperate adaptation [12].
Detailed information regarding pedigree, country of origin, donor institution, and climatic
adaptation of each genotype is provided in Supplementary Table S1.

2.2. Crop Management and Experimental Conditions

Field trials were conducted during the 2020 and 2021 crop seasons (CS) at the Colégio
Estadual Agricola Anténio Sarlo, located in Campos dos Goytacazes, Rio de Janeiro, Brazil
(21°34/31" S, 41°54'40” W). In both crop seasons, sowing was carried out in April, and
harvesting was performed in August. The crop cycle lasted approximately 120 days in both
years. This period was intentionally selected because April to June corresponds to one of
the driest periods of the year in southeastern Brazil [7].

The popcorn inbred lines were evaluated under two contrasting water conditions:
well-watered (WW), in which irrigation was supplied according to crop requirements, and
water-stressed (WS), where irrigation was interrupted 15 days before male anthesis and
maintained suspended until physiological maturity. The timing of male anthesis used to
define irrigation withdrawal followed information obtained in previous studies [8].

Meteorological conditions throughout the experiments were monitored using an
automatic weather station installed at the experimental area, and the recorded data are
presented in Figure 1. Across the experimental period, CS-2020 and CS-2021 showed
mean air temperatures of 21.77 °C and 21.26 °C, relative humidity averages of 76.85% and
77.27%, and photosynthetically active radiation values of 1240.07 and 1415.80 pmol m? s,
respectively (Figure 1).
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Figure 1. Micrometeorological conditions recorded during the cultivation of 50 popcorn inbred lines
in the 2020 and 2021 crop seasons, including relative humidity, photosynthetically active radiation
(PAR), and mean air temperature.

The experiments followed a randomized block design with three replications. Each
plot was composed of a single 4.40 m row, with spacing of 0.20 m between plants and 0.80 m
between rows, resulting in 23 plants per experimental unit. Irrigation was supplied through
a drip system equipped with one emitter per plant. In CS-2020, irrigation depths reached
157.68 mm under WW and 87.48 mm under WS, corresponding to a 44.5% reduction in
water supply between conditions. In CS5-2021, the total irrigation depths were 132.93 mm
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in WW and 78.92 mm in WS, corresponding to a 40.6% reduction in water supply between
conditions (Figure 2). Accumulated rainfall during the experimental periods was 119.2 mm
in C5-2020 and 170.20 mm in CS-2021 (Figure 2).

m Rainfall(mm) — Well-watered irrigation (mm) — Water-stressed irrigation (mm)
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Figure 2. Irrigation depth (mm) applied throughout the 2020 and 2021 crop seasons according to
days after sowing of popcorn inbred lines cultivated under contrasting water conditions. WW = well-
watered and WS = water-stressed. Blue and red lines represent WW and WS conditions, respectively.

Soil water potential was continuously monitored using Decagon MPS-6 sensors
(Decagon, Inc., Pullman, WA, USA) installed at 0.20 m soil depth between adjacent plants
within the row. Under WW conditions, irrigation was maintained to keep soil moisture
close to field capacity (—0.01 MPa). In contrast, under WS conditions, soil water potential
progressively declined until reaching the permanent wilting point (—1.5 MPa), which
occurred at 63 days after sowing (DAS) in CS-2020, during grain formation, and at 100 DAS
in CS-2021, during the grain-filling stage (Figure 3).
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Figure 3. Soil water potential recorded during the cultivation of popcorn inbred lines under well-
watered (WW) and water-stressed (WS) conditions in the 2020 and 2021 crop seasons.

https://doi.org/10.3390/agronomy16131284


https://doi.org/10.3390/agronomy16131284

Agronomy 2026, 16, 1284

50f20

In both crop seasons (CS) and under both water conditions (WC), fertilization man-
agement included basal and topdressing applications. At sowing, 30 kg ha~! of N (urea),
60 kg ha~! of P,Os (triple superphosphate), and 60 kg ha~—! of K,O (potassium chloride)
were applied. An additional nitrogen topdressing consisting of 100 kg ha~! N (urea) was
supplied at 30 days after sowing (DAS). Crop management practices related to weeds,
pests, and diseases were adopted whenever necessary throughout the experimental period.

2.3. Morphological, Physiological, Root, and Agronomic Traits Evaluated

Three shoot morphological traits were assessed: plant height (PH), ear height (EH), and
stem diameter (SD). Measurements were performed after tasseling, with PH corresponding
to the distance from the soil surface to the flag leaf and EH measured from the soil surface to
the insertion point of the main ear [7,16,17]. Stem diameter (SD) was measured immediately
below the main ear using a digital caliper (Stainless Steel Digital Caliper 150 mm, Mtx).

The physiological variables analyzed included chlorophyll content (CC), anthocyanin
index (ANT), flavonoid index (FLA), and the maximum quantum efficiency of photosystem
II (Fy /Fm). Evaluations were carried out during grain filling and at 40 days after male
flowering using the middle third of the leaf positioned immediately above the main ear in
10 plants per plot. The variables CC, ANT, and FLA were quantified using a DUALEX®
SCIENTIFIC sensor (FORCE-A, Orsay, France). Measurements of chlorophyll fluorescence
(Fy/Fm) were obtained with a handheld Pocket PEA non-modulated fluorimeter (Hansat-
ech Instruments Ltd., King’s Lynn, Norfolk, UK) after 30 min of dark adaptation of the
evaluated leaf region.

Root-related traits were determined according to the methodology proposed by Trach-
sel et al. (2011) [23], with modifications described by [24]. Under both water conditions
(WC), root systems from two plants per plot were collected using soil cylinders measuring
25 cm in diameter and 40 cm in depth. According to Trachsel et al. (2011) [23], brace roots
correspond to the outermost nodal root whorl, whereas crown roots correspond to the nodal
root whorl located immediately below the brace roots. The evaluated root traits comprised
number of brace roots (NBR), number of crown roots (NCR), brace-root angle (ABR), and
crown-root angle (ACR). Root numbers were obtained by direct counting, whereas ABR
and ACR were measured with a protractor and expressed in degrees (°) relative to the
soil surface.

Agronomic evaluations included ear length (EL), ear diameter (ED), grain number per
row (GNR), row number per ear (RNE), grain number per ear (GNE), 100-grain weight
(GW), grain yield (GY), popping expansion (PE), and expanded popcorn volume per hectare
(EPV), in addition to PH, EH, and SD. The variables RNE and GNR were determined
by direct counting. Measurements of PH, EH, SD, RNE, and GNR were obtained from
10 plants sampled randomly within each plot. Grain weight (GW) was estimated from two
subsamples containing 100 grains after threshing. Grain yield (GY) was calculated from
the total grain mass harvested per plot and adjusted to 13% moisture content (kg ha™1).
Popping expansion (PE) was determined using 30 g grain samples heated in a microwave
oven (1000 W) for 2 min inside kraft paper bags, with popped volume measured in a
2000 mL graduated cylinder and expressed as mL g~!. Expanded popcorn volume per
hectare (EPV) was estimated from the product between GY and PE (m3 ha=1).

2.4. Analysis of Variance

The joint analysis of variance was based on the following statistical model: Yj, = p
+ (B/W¢)/Co)ikp + Gi + (WO)i+ (Cg)p + (GWO )ik + (GCs)ip + (WcCo)ip + (GWcCos)ikp +
gijkp, Where Yjy, observed value for the variable under study, corresponding to the j-th
replication of the combination of the i-th level of the Genotype factor with the k-th level
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of the Water Condition factor and the p-th level of the Crop Season factor; p = overall
mean; (B/Ws)/Cs)jip, = Block effect; G; = effect of the i-th level of the Genotype factor on
the observed value Yji,; (Wc)x = effect of the k-th level of the Water Condition factor;
(Cs)p = effect of the p-th level of the Crop Season factor; (GWc);i = interaction effect of the
i-th level of Genotype with the k-th level of Water Condition; (GCs);, = interaction effect of
the i-th level of Genotype with the p-th level of Crop Season; (WcCs)yp = interaction effect
of the k-th level of Water Condition with the p-th level of Crop Season; (GW¢Cs)jp = triple
interaction effect of the i-th level of Genotype with the k-th level of Water Condition and the
p-th level of Crop Season; and e ¢, = experimental error associated with the observation
Yijkp, assuming NID (0, 0?).

The individual analysis of variance was based on the model Yy = w+ B; + G; + ¢;j%,
where Yjj= observed value for the variable under study for the jth replication of the ith
level of the Genotype factor; u = overall mean; B; = effect of the jth replication G; = effect
of the ith level of the Genotype factor; and ¢;; = experimental error associated with the
observation Yj;, assuming NID (0, o?).

2.5. Genotypic Correlations

Genotypic correlations were estimated and tested at the 5% and 1% probability levels,
according to the t-test. Statistical analyses were performed using R software® (version
R-4.2.2,2022) [25].

2.6. Path Analysis Using the Structural Equation Modeling (SEM) Approach

For path analysis, the values of each plot for all traits were standardized, followed by
analysis of variance to obtain mean square estimates and generate the genotypic correlation
matrix among the evaluated traits.

The genotypic correlation matrix was tested for collinearity according to Christensen
& Montgomery (1981) [26]. Path analysis was performed considering two groups of
traits (dual-chain model), represented by 17 explanatory variables. In the first chain, six
agronomic traits were used: ear length (EL, P01), ear diameter (ED, P02), grain number per
row (GNR, P03), row number per ear (RNE, P04), grain number per ear (GNE, P05), and
100-grain weight (GW, P06). In the second chain, 11 traits were included: four physiological
(ANT, P01; CC, P02; FLA, P03; Fy /Fn, P04), three morphological (SD, P05; EH, P06; PH,
P07), and four root traits (ABR, P08; NBR, P09; ACR, P10; NCR, P11). The primary traits
were grain yield (GY) and popping expansion (PE). The trait expanded popcorn volume
(EPV) was excluded due to its high collinearity with GY and PE.

The matrix resolution was obtained from the normal equations X'X = X"Y, where X'X
is a nonsingular matrix of correlations among explanatory variables, is a column vector of
path coefficients, and X"Y is a column vector of correlations between the primary variable
and the explanatory variables for popcorn (GY and PE) across the two water conditions
and crop seasons studied. All analyses were performed in R [25], using the packages stats
3.6.0, biotools 3.1, semPlot 1.1, and lavaan 0.6.

3. Results
3.1. Joint Analysis of Variance for Morpho-Agronomic, Physiological, Root, and Agronomic Traits

In the joint analysis of variance, the source of variation crop season (CS) significantly
affected all evaluated traits, except number of brace roots (NBR) (Table 1). For water
condition (WC), significant effects were observed for all variables, with the exception
of brace-root angle (ABR) (Table 1). Genotype (G) also showed significant effects for all
analyzed traits (Table 1). Concerning the double interactions involving CS x WC, CS x G,
and WC x G, significance at p < 0.01 was detected for nearly all variables, whereas NBR
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did not differ significantly in the CS x WC interaction (Table 1). In addition, the triple
interaction among CS, WC, and G was significant for all evaluated traits (Table 1).

Table 1. Combined analysis of variance for morphological shoot, physiological, root-system, and
agronomic traits evaluated in popcorn inbred lines grown under contrasting water conditions (WC:
WS and WW) during the 2020 and 2021 crop seasons (CS).

Joint ANOVA
Traits
CS WC G CS x WC CS x G WC x G CS xWC x G
‘8 ,{_‘“ EH b LR bt Ak H3k LRt Etd
g ;_{D PH *k Fhk #kk *k *k #hk #kk
E 2 SD 3% %% %% bt 3% Lt %34
CC e L2 2t 2t e L2t 2t
.é § ANT %% %% 344 4k %% %% %%
's %D FLA et L2 i et e L2t i
= Fv/Fm b *3%3% *%% * b *3%3% *%%
ABR Hk3k ns Extd %k H3k L i
§ E ACR %% % 3% X% X% *%% 3%
m g\ NBR ns %% %% ns 3k %% %%
@ NCR Hk L2t 2t * Hkk L2 2t
ED 3% %% %% *% 3% %% %%
EL s Lt i ok Rk L2t s
19) RNE b *3%3% *%% %K b *3%3% *%%
.é GNR 3% L i Rk e L i
8 GNE *% *3%3% *%% k%% FAK *3%3% *%%
}60.40 GW H3k %% %4 et H3% L %4
< PE X% A% % st XK A%k 3%
GY 3% %% %4 Ak 3% Lt %4
EPV s L2t 2t ok Hk L2t s
CS = Crop season; WC = Water condition; and G = Genotype. EH = Ear height; PH = Plant height; SD = Stem
diameter; CC = Chlorophyll content; ANT = Anthocyanin index; FLA = Flavonoid index; F, /Fn = Maximum
quantum efficiency of photosystem II; ABR = Angle brace root; ACR = Angle crown root; NBR = Number of
brace roots; NCR = Number of crown roots; ED = Ear diameter; EL = Ear length; RNE = Row number per
ear; GNR = Grain number per row; GNE = Grain number per ear; GW = 100-grain weight; PE = Popping
expansion; GY = Grain yield; and EPV = Expanded popcorn volume per hectare. ***, ** and * indicate statistical
significance at 0.01%, 1%, and 5% probability levels, respectively, according to the F-test; ns: not significant at 5%
probability level.
3.2. Analysis of Variance and Mean Estimates of Agronomic, Physiological, and Root-Related
Morphological Traits in the 2020 and 2021 Crop Seasons
The individual analyses performed for CS-2020 and CS-2021 revealed significant
differences among treatments for all evaluated traits at the 1% probability level. Likewise,
the genotype x water condition interaction (G x WC) was significant for all variables within
each crop season (Tables 2 and 3). The coefficients of experimental variation (CVe) remained
below 20% for all traits, indicating satisfactory experimental precision (Tables 2 and 3).
Table 2. Summary of the individual analysis of variance, including mean estimates, mean squares,
coefficients of variation, and standard errors for morphological, physiological, root-system, and
agronomic traits evaluated in popcorn inbred lines cultivated under well-watered (WW) and water-
stressed (WS) conditions during the 2020 crop season.
MS (Degree of Freedom = 49) Relative
. 0,
Traits WC G G X WC Means and SE Change (%) CVe (%)
= . Ww 780.62 ** 90.90 &+ 13.55
<
go Ear height (cm) WS 660.40 ** 116.24 ** 81.08 & 12.24 —10.80 5.49%
) . Ww 952.61 ** 156.38 £ 14.05 o
% Plant height (cm) WS 1076.54 ** 238.25 ** 128.94 + 14.80 —17.55 2.49%
g . Ww 3.67 ** 12.28 4 0.89
o o,
s Stem diameter (mm) WS 474 * 1.97 ** 12.91 + 0.96 5.13 7.65%
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Table 2. Cont.
MS (Degree of Freedom = 49) Relative
Traits WC c G X WC Means and SE Change (%) CVe (%)
Chlorophyll content VV\G/S\[ igggg o 105.84 ** %gﬁ i Zgg —49.11 8.12%
.TS . WW O.dl ** 0..23 + 0.63
;%0 Anthocyanin content WS 0.01 * 0.01 ** 027 + 0.03 17.39 7.72%
£ ) wWwW 0.06 ** » 1.22 £0.11 .
;% Flavonoid content WS 0.06 ** 0.01 123 + 0.12 0.82 3.34%
M WW 0.01 ** . 0.73 +0.03 o
Chlorophyll fluorescence WS 0.01 ** 0.01 0.71 + 0.03 —2.74 4.17%
o WW 113.87 ** 53 £ 4.
Angles of brace roots (°) WS 18? 29 o 160.20 ** gg gg 45 Zg 6.77 13.05%
g WW 256716 ** 41'36 + 7.15
i) °© : *% : . o,
-i Angles of crown roots (°) WS 205.86 ** 20.40 4191 + 6.64 1.33 14.21%
Y . WW 26.22 ** - 11.83 £2.20 o
é Number of brace roots (unit) WS 25,50 ** 232.78 10.84 + 2.30 —8.37 8.53%
Number of crown roots (unit) ‘;VVVS\[ 161 49 flz** 94.06 ** }ggi i ggé —3.45 14.34%
. WW 15.43 ** 27.79 £1.79
Ear diameter (mm) WS 23.16 ** 6.59 ** 2518 + 2.07 —9.39 5.57%
WW 7.40 ** 10.96 + 1.34
Ear length (cm) WS 10.78 * 5.08 ** 972 + 151 —-11.31 6.93%
. . WW 9687.30 ** . 299.63 £ 45.02 o
Grain number per ear (unit) WS 8470.60 ** 4874.22 220.07 + 40.78 —26.55 11%
. WW 25 ** 2290 £ 3.21
ks Row number per ear (unit) WS g 35 o 3.56 ** 18 3(1) T ; 86 —18.3 5.90%
g . . .
s} . . WWwW 48.01 ** - 13.11 £1.07 o
§ Grain number per row (unit) WS 34.83 % 24.66 11.64 + 1.34 —11.21 8.19%
o0 . . WW 11.54 ** 1091 £ 1.
< 100-grain weight (g) WS 8 551 . 6.05 ** 9022 1 3690 —15.49 6.30%
. . WWwW 69.53 ** 22.20 £ 3.87
Popping expansion (mL g’l) WS 66.83 ** 42.93 ** 17.44 + 3.90 —21.44 6.70%
WWwW 1,118,030.00 ** 1519.64 £+ 504.04
. . -1 ’ / *% _ 0,
Grain yield (kg ha™") WS 195,448.00 ** 556,780.08 461.02 + 200.62 69.66 14.46%
Expanded popcorn volume (m3 ha™1) V\YVVSV 67407'5668“ 307.20 ** 323? i ;19?3 —75.88 18.10%
SE = Standard Error; G = Genotype; WC = Water condition; WS = Water-stressed; WW = Well-watered; ** indicate
a significant difference at the 0.01 probability levels by the F-test; ns: not significant at the 5% probability level by
the F-test.
Table 3. Summary of the individual analysis of variance, presenting mean estimates, mean squares,
coefficients of variation, and standard errors for morphological, physiological, root-system, and
agronomic traits of popcorn inbred lines evaluated under well-watered (WW) and water-stressed
(WS) conditions in the 2021 crop season.
MS (Degree of Freedom = 49) Relative
Traits WC G G X WC Means and SE Change (%) CVe (%)
= . WW 485.28 ** 93.84 4+ 10.08
(1 *: _ [o)
go Ear height (cm) WS 583,18 ** 179.82 ** 90.31 + 11.52 3.76 3.31%
2 . WWwW 1116.81 ** o 160.07 £ 15.47 o
% Plant height (cm) WS 1348.96 ** 469.12 155.00 + 16.68 -3.17 3.05%
5 . WWwW 9.42 ** 14.37 £1.33
[e] *% _ (o}
s Stem diameter (mm) WS 969 ** 4.05 12.80 + 1.43 10.92 5.35%
WW 150.75 ** 2.45 £+ 5.54
Chlorophyll content WS 9590335 % 118.65 ** ? 4 1? 4 z (5) 6 —56.32 7.61%
g . WwW 001 ** 0.07 4 0.03
iJD Anthocyanin content WS 0.00 ** 0.01 ** 0.16 + 0.03 128.57 15.50%
2 WW .09 ** 95 +0.14
% Flavonoid content WS 1290_95 . 0.05 ** 272 1036 >150.00 6.40%
=% %
Chlorophyll fluorescence ‘(/VVVS\] 88} - 0.01 ** 82? i ggg —1.47 7.87%
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Table 3. Cont.
MS (Degree of Freedom = 49) Relative
Traits WC c G X WC Means and SE Change (%) CVe (%)
Angles of brace roots (°) VV\G/S\[ ig}g o 135.45 ** iggg i ;?g —8.29 12.15%
g WW 208.79 o 47.41 + 6.59
1 o . *% . - _ o,
i Angles of crown roots (°) WS 302.04 ** 173.83 44.61 + 8.29 591 9.43%
2 . WW 33.96 ** " 12.06 & 2.24 .
é Number of brace roots (unit) WS 15.83 ** 20.87 1076 + 1.76 —10.78 15.07%
%
Number of crown roots (unit) VV\C/SV 16471 b797** 64.03 ** iégg i ;gz —8.24 13.02%
. WW 29.43 ** 27.85 +£2.37
Ear diameter (mm) WS 22.82 . 40.06 ** > 63? + 2.?3 —6.40 6.85%
WW 18 ** 12.63 £ 1.
Ear length (cm) WS 180.587 o 8.30 12.83 + 1.33 —4.36 5.52%
Grain number per ear (unit) ‘(/Vv‘g 5421?2%28 - 14,774.37 ** g?gg? i %32 —6.30 15.43%
. WW 6.35 ** 22.79 £3.01
) Row number per ear (unit) WS 870 7.14 % 2254 + 493 —1.10 8.67%
1} . . WW 43.48 ** 12.61 £1.22
§ Grain number per row (unit) WS 89,64 ** 52.97 ** 11.79 + 1.30 —6.50 10.92%
ob . . WW 11.38 ** 10.00 + 1.56
< 100-grain weight (g) WS 709 10.25 ** 915+ 1.25 —8.50 13.02%
.62 ** 2216 £+ 3.47
Popping expansion (mL g_l) V‘XIVSV Zggl 5 52.61 ** 18.72 4 2.18 —15.38 6.98%
WW 803,262.00 ** 1285.05 4 419.59
. . -1 4 *% _ 0,
Grain yield (kg ha™") WS 439.000.00 ** 549,979.57 812.08 + 303.25 36.82 14.98%
WW 457.25 ** 28.25 +9.62
Expanded popcorn volume (m® ha™1) WS 2?8 53 wx 317.14 ** 12 32 T 227 —45.69 18.69%

SE = Standard Error; G = Genotype; WC = Water condition; WS = Water-stressed; WW = Well-watered; ** indicate
a significant difference at the level of 1% by the F-test; ns: absence of significant difference by the F-test at
5% probability.

During the 2020 crop season, drought stress caused pronounced changes (>115.0%) in
traits belonging to different physiological, agronomic, and morphological groups. Among
the physiological variables, chlorophyll content (CC) decreased by 49.11%, whereas the
anthocyanin index (ANT) increased by 17.39%. Substantial reductions were also observed
for agronomic traits, including grain yield (GY; —69.66%), expanded popcorn volume
per hectare (EPV; —75.88%), popping expansion (PE; —21.44%), 100-grain weight (GW;
—15.49%), and grain number per ear (GNE; —26.55%). Regarding morphological traits,
plant height (PH) was reduced by 17.55%.

In CS-2021, the physiological responses to water restriction were even more pro-
nounced for some variables, especially CC (—56.32%), ANT (+128.57%), and FLA
(>+150.00%). Among the agronomic traits, the greatest declines under WS conditions
were detected for GY (—36.82%), EPV (—45.69%), and PE (—15.38%).

3.3. Study of Genotypic Correlations Among Morphological, Physiological, Root System, and
Agronomic Traits

In CS 2020 and under WS, the genotypic correlation coefficients (rg) were signif-
icant and positive among the pairs EH x PH (0.72), EH x ANT (0.38), PH x ANT
(0.38), SD x EPV (0.33), CC x GY (0.33), Fy/Fm x RNE (0.30), Fy/Fn x PE (0.30), EL
x GNR (0.64), EL x GNE (0.40), ED x RNE (0.48), ED x GNE (0.37), ED x GW (0.41),
GNR x GNE (0.78), GNR x EPV (0.30), RNE x GNE (0.69), GNE x GY (0.35), GNE x
EPV (0.33), GY x EPV (0.89), and PE x EPV (0.42) (Figure 4); and negative among the
pairs EH x ED (—0.47), CC x ANT (—0.36), FLA x RNE (—0.31), FLA x PE (—0.30), and
NCR x GNE (—0.31) (Figure 4).
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Figure 4. Estimates of genotypic correlations among twenty traits studied in popcorn cultivated
under water-stressed (WS) condition in the 2020 and 2021 crop seasons (SD = Stem diameter; EH = Ear
height; PH = Plant height; CC = Chlorophyll content; ANT = Anthocyanin content; FLA = Flavonoid
content; Fy /Fy, = Chlorophyll fluorescence; ABR = Angle of brace roots; ACR = Angle of crown
roots; NBR = Number of brace roots; NCR = Number of crown roots; EL = Ear length; ED = Ear
diameter; GNR = Grain number per row; RNE = Row number per ear; GNE = Grain number per
ear; GW = 100-grain weight; GY = Grain yield; PE = Popping expansion; EPV = Expanded popcorn
volume. * and ** represent significant differences at the 5% and 1% levels, respectively, by the ¢-test.

In WS and CS 2021, significant positive associations were observed among the pairs
SD x EH (0.28), EH x PH (0.74), EH x F,/Fn (0.34), EH x NCR (0.31), EH x GNR (0.40),
EH x GNE (0.37), PH x NCR (0.40), ACR x ABR (0.46), EL x ED (0.44), EL x GNR (0.62),
EL x GNE (0.57), EL x GY (0.34), EL x EPV (0.30), ED x GNR (0.42), ED x RNE (0.41), ED
x GNE (0.49), ED x GY (0.28), ED x EPV (0.28), GNR x RNE (0.54), GNR x GNE (0.94),
RNE x GNE (0.77), RNE x GY (0.39), RNE x EPV (0.36), GNE x GY (0.34), GNE x EPV
(0.33), GW x PE (0.39), GY x EPV (0.90), and PE x EPV (0.47) (Figure 4); and negative
among the pairs SD x ANT (—0.32), PH x ABR (—0.30), Fy /Fm x ED (—0.33), ABR x NBR
(—0.37), and NBR x ACR (—0.30) (Figure 4).

In WW and CS 2020, significant positive associations were detected among the pairs
SD x CC (0.37), SD x GW (0.31), SD x GY (0.38), SD x EPV (0.35), EH x PH (0.74),
EH x EL (0.28), CC x EL (0.30), CC x GW (0.40), ANT x NBR (0.32), FLA x GNR (0.29),
ABR x ACR (0.44), NBR x NCR (0.32), EL x GNR (0.56), EL x GNE (0.33), EL x GW (0.29),
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EL x GY (0.34), EL x EPV (0.33), ED x RNE (0.54), ED x GW (0.48), GNR x GNE (0.84),
GNR x GY (0.40), GNR x EPV (0.38), RNE x GNE (0.42), GNE x GY (0.38), GNE x EPV
(0.31), GY x EPV (0.89), and PE x EPV (0.31) (Figure 5); and negative among the pairs
NBR x PE (—0.28), EL x RNE (—0.34), and ED x PE (—0.37) (Figure 5).
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Figure 5. Estimates of genotypic correlations among twenty traits studied in popcorn cultivated
under well-watered (WW) condition in the 2020 and 2021 crop seasons (SD = Stem diameter; EH = Ear
height; PH = Plant height; CC = Chlorophyll content; ANT = Anthocyanin content; FLA = Flavonoid
content; Fy /Fy, = Chlorophyll fluorescence; ABR = Angle of brace roots; ACR = Angle of crown
roots; NBR = Number of brace roots; NCR = Number of crown roots; EL = Ear length; ED = Ear
diameter; GNR = Grain number per row; RNE = Row number per ear; GNE = Grain number per
ear; GW = 100-grain weight; GY = Grain yield; PE = Popping expansion; EPV = Expanded popcorn
volume. * and ** represent significant differences at the 5% and 1% levels, respectively, by the f-test.

In WW and CS 2021, significant positive associations were detected among the pairs
SD x EH (0.29), EH x PH (0.70), CC x Fy/Fn (0.34), ANT x ACR (0.36), ABR x ACR (0.49),
NBR x NCR (0.47), EL x GNR (0.59), EL x GNE (0.55), ED x RNE (0.49), ED x GNE (0.32),
ED x GY (0.46), ED x EPV (0.30), GNR x GNE (0.86), GNR x GY (0.31), RNE x GNE (0.70),
RNE x GY (0.49), RNE x EPV (0.42), GNE x GW (0.28), GNE x GY (0.47), GNE x EPV
(0.40), GY x EPV (0.87), and PE x EPV (0.37) (Figure 5); and negative among the pairs
SD x ANT (—0.46), CC x ANT (—0.29), and F, /F x GW (—0.31) (Figure 5).
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3.4. Estimation of Direct and Indirect Effects of Agronomic, Morphological, Physiological, and Root
Traits on Grain Yield (GY) and Popping Expansion (PE)

In both WCs, the path coefficients (R?) were significant according to the t-test, in-
dicating a reliable model configuration to explain genetic effects and reflecting the high
contribution of the explanatory traits used in the model. For the path analysis of morpho-
physiological variables, a collinearity diagnosis was performed among traits to determine
the linear relationship between the basic variables (GY and PE) and the other traits. The
multicollinearity diagnosis indicated a moderate estimate under WS for CS 2020 (236.56)
and weak for 2021 (68.07).

Under WS and in CS 2020, the first-chain traits GNE (0.75), GNR (0.40), and RNE
(—0.37) had the largest direct effects on GY. For PE, the greatest direct effect was exerted
by GNE, with a value of 0.33 (Figure 6). In this crop season, on analyzing the effects of
secondary traits on GNE, the strongest positive effect was observed for ACR (0.25). On
RNE, the largest effects were expressed by ACR (0.26) and FLA (—0.30) (Figure 6).

-0,56

0.69 0.73 ‘}M)‘l
(e[ co [, [ o0 | o | o [ cocr] (e[ [ 7 [ 50 | o | o [ e o
R2 = 0.89 RZ = 0.83
ER = 0.21 ER = 0.31

-0.55
0.43 0.51
0.46
=
R2 =0.85 R2 = 0.95
ER = 0.27 ER = 0.04
048 /\ /£

Figure 6. Causal diagram of the path analysis of seventeen explanatory variables on the primary
variables grain yield (GY) and popping expansion (PE) under water-stressed (WS) condition in the
2020 and 2021 crop seasons. Unidirectional lines represent direct effects of one trait on another
indicated by the arrow, while bidirectional lines represent correlations between variables. Green
indicates positive effect and correlation; red indicates negative effect and correlation. The intensity
of colors and line thickness indicate the magnitude of the effect of one trait on the others. (First
chain: EL = Ear length; ED = Ear diameter; GNE = Grain number per ear; GW = 100-grain weight;
GNR = Grain number per row; RNE = Row number per ear. Second chain: ANT = Anthocyanin
content; CC = Chlorophyll content; FLA = Flavonoid content; Fy /Fy, = Chlorophyll fluorescence;
SD = Stem diameter; EH = Ear height; PH = Plant height; ABR = Brace-root angle; ACR = Crown-
root angle; NBR = Number of brace roots; NCR = Number of crown roots. R? = path coefficient;
ER = residual effect).
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For CS 2021 under WS, the traits GNE (—0.56), GNR (0.34), and RNE (0.46) had the
greatest direct effects on GY. For PE, the strongest direct effects were observed for GNE
(0.48), GW (0.27), and GNR (—0.28) (Figure 6). In the same crop season, considering the
effects of secondary traits on GNE, the strongest positive effect was found for EH (0.46)
and the strongest negative for F, /Fy (—0.31). On GW, the most prominent effects were
promoted by F, /Fy (0.25), SD (0.27), and EH (—0.29). On GNR, the main effects were
from EH (0.51) and F, /Fy (—0.27). For RNE, the strongest effects were from EH (0.28) and
Fy/Fm (—0.29) (Figure 6).

For the path analysis under WW, the multicollinearity diagnosis indicated moderate
collinearity for CS 2020 (203.26) and weak for 2021 (64.39). For 2020, under the same
condition, the variables GNE and GNR expressed the greatest direct effects on GY (—0.32
and 0.57, respectively) and also on PE (0.41 and —0.34, respectively) (Figure 7). In this crop
season, analyzing the effects of secondary traits on GNE, the strongest positive quantum
came from EH (0.32), and the strongest negative from PH (—0.22). On GNR, the greatest
expression of effects came from EH (0.54) and PH (—0.34) (Figure 7). On RNE, the strongest
effects were from EH (—0.28) and ABR (—0.28) (Figure 7).

Q72 P . J0:450.43,
[ oo [ [ oo [ [ ponfnroion] [ e [rn B T | ] 7 o) s
R2 = 0.84 R2 = 0.74
ER = 0.28 ER = 0.45

RZ2 = 0.83
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Figure 7. Causal diagram of the path analysis of seventeen explanatory variables on the primary
variables GY and PE for the well-watered (WW) condition in the 2020 and 2021 crop seasons. Uni-
directional lines represent the direct effects of one trait on another indicated by the arrow, and
bidirectional lines refer to correlations among variables. Green indicates positive effect and correla-
tion; red indicates negative effect and correlation. The intensity of the colors and the thickness of
the line indicate the degree of effect of one trait on the others. First chain: EL = Ear length; ED = Ear
diameter; GNE = Grain number per ear; GW = 100-grain weight; GNR = Grain number per row;
RNE = Row number per ear. Second chain: ANT = Anthocyanin content; CC = Chlorophyll content;
FLA = Flavonoid content; Fy /Fy, = Chlorophyll fluorescence; SD = Stem diameter; EH = Ear height;
PH = Plant height; ABR = Brace-root angle; ACR = Crown-root angle; NBR = Number of brace roots;
NCR = Number of crown roots. R? = path coefficient; EF = residual effect.
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For CS 2021 under WW, the traits GNE, GNR, and RNE were those that had the
greatest direct effects on GY (—0.58, 0.50, and 0.48, respectively) and also on PE (0.62, —0.48,
and —0.30, respectively, in the same order) (Figure 7). In this crop season, based on the
estimates of secondary traits on GNE, the strongest positive effect was from ANT (0.21),
and the strongest negative from EH (—0.23). On GNR, the strongest incident effects were
from EH (—0.22) and PH (0.20). On RNE, the strongest effects were from CC (0.21) and
NBR (—0.22).

4. Discussion

4.1. Genotype, Water Condition, and Crop Season Interaction and Implications for
Popcorn Breeding

The irrigation suspension adopted before anthesis efficiently induced water restriction
and promoted clear differentiation among genotypes for most evaluated variables. This
strategy has been widely used in studies involving maize and popcorn cultivated under
drought conditions [2,7,27-30], mainly because gradual exposure to water limitation favors
plant acclimation responses [16]. Such an approach allows a more reliable assessment of
physiological adjustment mechanisms and productive performance under limited water
availability [3,31,32], contributing to the identification of genotypes with greater adaptation
to drought-prone environments.

The significant interactions involving genotype, water condition, and crop season
indicate that genotype performance varied according to environmental conditions and
seasonal climatic variation. These results reinforce the strong environmental influence on
phenotypic expression and demonstrate that genotype responses are not stable across dis-
tinct water regimes and crop seasons. Although this behavior complicates direct selection, it
also provides opportunities to identify genotypes with either broad adaptability or specific
adaptation to particular environmental conditions [20,33]. Furthermore, the significance
of the triple interaction (G x WC x CS) for all variables highlights the importance of
multi-environment evaluations involving different years and water regimes to improve the
reliability of genotype recommendation.

Given the occurrence of significant interactions, indirect selection based on secondary
traits becomes an important strategy, particularly when these traits maintain stable associ-
ations with primary variables and exhibit lower environmental sensitivity [20]. Overall,
these findings emphasize the importance of breeding approaches that incorporate geno-
type X environment interactions and support the need for genotype evaluation under
contrasting water conditions and seasonal scenarios to maximize selection efficiency and
genetic progress.

4.2. Effects of Water Limitation Across Crop Seasons on Morphological, Physiological,
Root-System, and Agronomic Traits

Water restrictions promoted substantial changes in several evaluated traits during
both crop seasons. However, the magnitude of these responses was primarily associated
with differences in the timing at which the permanent wilting point (PWP) was reached.
In CS-2020, PWP occurred earlier, overlapping pre-anthesis, anthesis, and the onset of
grain development, whereas in CS-2021, the most severe water restriction was concentrated
during grain filling. These differences in drought timing strongly influenced the pattern
and intensity of plant responses under water-stressed conditions.

Among the shoot morphological variables, the effects of drought differed according
to the developmental stage affected by stress. In CS-2020, plant height (PH) was reduced
by 17.55%, indicating that early water limitation negatively influenced stem elongation
and cell expansion processes. Reduced plant growth under drought during vegetative and
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transition stages to reproduction has been associated with lower cell turgor and restricted
tissue expansion [28,34-37]. In contrast, in CS5-2021, reductions in PH and ear height
(EH) were less pronounced, suggesting that plants completed most of their vegetative
development before severe water deficit was established, similar to observations reported
by Cairns et al. (2012) [2] in maize. These results indicate that later drought onset tends to
reduce the impact of water restriction on vegetative growth traits.

Physiological traits were markedly affected by WS conditions, especially chlorophyll
content (CC), anthocyanin index (ANT), and flavonoid index (FLA). In both crop seasons,
CC decreased substantially, with the greatest reduction occurring in 2021 (—56.32%). This
reduction may be related to oxidative damage caused by drought stress combined with
the natural progression of plant senescence [38,39], since the PWP in CS-2021 coincided
with advanced reproductive stages and the beginning of physiological maturation. In
parallel, ANT and FLA increased sharply during CS-2021, exceeding 128% and 150%,
respectively, indicating intensified activation of antioxidant defense pathways under pro-
longed water restriction and tissue aging [39]. These findings suggest that biochemical
adjustments induced by drought are strongly influenced by the phenological stage at which
stress occurs, becoming more pronounced when water deficit overlaps the final stages of
crop development.

The root system exhibited moderate changes under WS conditions, with no reductions
exceeding 15%, although important adaptive responses were still detected. In CS-2020,
brace-root angle (ABR) and crown-root angle (ACR) remained relatively stable between
water conditions, possibly due to lower stress intensity and occasional rainfall events
during the experimental period. Conversely, in CS-2021, root angles tended to become
steeper under WS conditions, indicating greater root growth toward deeper soil layers
in search of water [40—43]. This behavior reflects increased root-system plasticity under
prolonged drought stress. The number of brace roots (NBR) and crown roots (NCR) also
tended to decrease under WS, especially in C5-2021, although reductions remained below
15%. Such responses may indicate a shift in carbon allocation toward the formation of
deeper and longer roots rather than the production of a greater number of roots, favoring
water uptake from deeper soil layers [40].

Water deficit also markedly affected agronomic traits, particularly grain number per
ear (GNE) in C5-2020 and 100-grain weight (GW) in CS-2021. These differences reflected
the distinct timing of PWP occurrence between crop seasons. In CS5-2020, drought coincided
with pre-anthesis and anthesis, impairing pollen production, pollen release, and fertilization
processes [1,28,44] and resulting in substantial reductions in GNE. In C5-2021, however,
severe stress occurred predominantly during grain filling, after grain number had already
been established [1,2,28,45,46]. Under these conditions, drought mainly limited assimilate
accumulation within grains, reducing GW. Similar patterns have been described in maize
studies, where early reproductive stress primarily reduces grain set, while drought during
grain filling mainly compromises grain mass [28,44,47].

The cumulative effects of drought on yield components directly affected the main
commercial traits of popcorn, namely grain yield (GY), popping expansion (PE), and
expanded popcorn volume per hectare (EPV). Grain yield was drastically reduced under
WS conditions, especially in CS-2020 (—69.66%), although substantial reductions were
also observed in CS-2021 (—36.82%). Popping expansion, which is closely associated with
popcorn quality, also declined under drought, with reductions of 21.44% in 2020 and 15.38%
in 2021. As a consequence of simultaneous reductions in GY and PE, EPV was the most
severely affected trait, decreasing by more than 75% in CS-2020 and 45% in CS-2021. These
findings demonstrate that drought-induced reductions in grain number and grain weight
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compromise not only productivity but also the commercial quality of popcorn through
negative impacts on popping performance.

4.3. Genotypic Correlations Among Shoot Morphological, Physiological, Root System, and
Agronomic Traits

The positive association between grain number per ear (GNE) and grain yield (GY)
was consistently detected under all evaluated conditions (rg ranging from 0.35 to 0.47),
demonstrating the importance of GNE as one of the major determinants of productivity
under contrasting water regimes. Grain number per ear also exhibited positive correla-
tions with expanded popcorn volume per hectare (EPV), particularly under WS conditions
(rg = 0.33 in both crop seasons), reinforcing its relevance for both productivity and com-
mercial performance.

Another highly consistent relationship involved GY and EPV, with strong positive
correlations across all water conditions and crop seasons (rg between 0.87 and 0.90). These
results indicate that EPV is strongly dependent on productive performance and reflects not
only grain expansion capacity but also the yield potential of the evaluated lines. Likewise,
popping expansion (PE) maintained positive associations with EPV in all evaluated envi-
ronments (rg varying from 0.31 to 0.47), confirming the importance of PE as a fundamental
quality trait in popcorn breeding.

Ear height (EH) and plant height (PH) also showed stable and significant positive cor-
relations across all experimental conditions (rg from 0.70 to 0.74). This relationship suggests
the occurrence of pleiotropic effects and/or genetic linkage controlling plant architectural
traits. Although these variables are not directly associated with productivity, they may
contribute to the identification of genotypes with favorable agronomic architecture and
productive potential.

Among the physiological traits, chlorophyll content (CC) was positively associated
with grain yield (GY) under WS conditions in CS-2020 (rg = 0.33), indicating that genotypes
capable of maintaining higher chlorophyll levels under drought tended to show superior
productive performance. In contrast, negative correlations between CC and anthocyanin
index (ANT) were observed under WS conditions in both crop seasons (rg = —0.36 and
—0.29), suggesting a physiological balance between chlorophyll degradation and antioxi-
dant compound accumulation under stress conditions. Chlorophyll fluorescence (Fy /Fm)
also exhibited positive associations with row number per ear (RNE) and popping expansion
(PE) under WS in CS-2020, as well as with ear height (EH) under WS in CS-2021. These
relationships indicate that greater photochemical stability of photosystem II may contribute
to maintaining both productivity and grain quality under drought stress [48-50].

For root-system traits, most significant correlations occurred among variables belong-
ing to the same functional group, while associations with agronomic traits were generally
weak or negative. Positive correlations between number of brace roots (NBR) and number
of crown roots (NCR), as well as between brace-root angle (ABR) and crown-root angle
(ACR), were mainly observed under WW conditions in both crop seasons. However, under
WS in CS-2020, crown-root angle (ACR) showed a positive association with grain number
per ear (GNE), suggesting that modifications in root architecture may contribute to main-
taining reproductive performance under drought conditions. According to Gao & Lynch
(2016) [40], root ideotypes adapted to water-limited environments tend to present fewer
roots combined with greater soil depth exploration efficiency, reducing metabolic costs
while improving water acquisition. This pattern, however, was not clearly detected in the
present study.
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4.4. Path Analysis of Relationships Among Morphological, Physiological, Root-System, and
Agronomic Traits

Overall, the path analyses demonstrated that GNR, GNE, and RNE consistently repre-
sented the first-chain variables with the greatest influence on grain yield (GY) and popping
expansion (PE), regardless of crop season, confirming their usefulness for indirect selection
in popcorn breeding. However, the contribution of secondary traits varied according to
water condition. Under WS, root-system and architectural traits such as ACR and EH
assumed greater importance, forming promising selection pathways mainly through GNE
and GNR. Under WW, EH became even more influential, acting as one of the main sec-
ondary variables affecting GNR and GNE, while traits such as PH, ANT, and CC also
contributed, although less consistently under drought conditions.

Differences between crop seasons were also evident. Although similar traits frequently
showed the greatest direct effects, both the magnitude and direction of these effects varied
according to the season, indicating a strong influence of the genotype x crop season interac-
tion on trait relationships. These results emphasize the importance of performing selection
under specific environmental and water-regime conditions to better exploit associations
among morphophysiological, root-system, and agronomic variables [51,52].

Taken together, the results indicate that the most efficient indirect selection pathways
for grain yield (GY) and popping expansion (PE) depend on complex interactions among
physiological, morphological, root-system, and agronomic traits, as well as on environmen-
tal conditions and water availability. These findings reinforce the importance of breeding
strategies specifically adapted to contrasting drought scenarios [53,54].

5. Conclusions

The developmental stage at which drought occurred influenced the intensity of geno-
typic responses to water limitation.

Water deficit negatively affected morphological, physiological, root-system, and agro-
nomic traits, with early stress mainly impairing vegetative growth and grain establishment,
whereas late stress predominantly reduced grain filling.

Ear height represents a promising secondary trait for indirect selection targeting grain
yield and popping expansion in popcorn breeding programs under both well-watered and
water-deficit conditions.
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Abbreviations

The following abbreviations are used in this manuscript:

ABR Brace-root angle
ACR Crown-root angle
ANT Anthocyanin index

CcC Chlorophyll content

cSs Crop season

DAS Days after sowing

ED Ear diameter

EH Ear height

EL Ear length

EPV Expanded popcorn volume per hectare

FLA Flavonoid index

Fy/Fm Maximum quantum efficiency of photosystem II
G Genotype

GNE Grain number per ear

GNR Grain number per row

GW 100-grain weight

GY Grain yield

NCR Number of crown roots

NBR Number of brace roots

PE Popping expansion

PH Plant height

pPwp Permanent wilting point

RNE Row number per ear

SD Stem diameter

SEM Structural Equation Modeling
WC Water condition

WS Water-stressed

WW Well-watered
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