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ABSTRACT

Maize is a crop of great economic, social and cultural importance in many countries worldwide, especially in Mexico.
The objective of this work was to use a multivariate index to select white grain maize hybrids through agronomic and
physiological traits obtained in two environments. A factorial design (2 x 15) was used: two environments (E1 and E2)
and 15 hybrids, with four replications. The analysis of variance showed highly significant differences for all nine
agronomic and eight physiological variables evaluated when considering the effect of environment and hybrids. The
number of rows per ear and root water potential did not show interactions between factors. The heritabilities of the
agronomic and physiological characteristics ranged from 5.85 to 75.88 and from 42.41 to 99.82%, respectively. High
variability was found among hybrids in the two environments for the two sets of traits evaluated. The determination of a
multivariate index from the index proposed by Lins Bins (Pi) allowed us to obtain three multivariate indices associated
with agronomic (Pim-agro), physiological (Pim-physiol) and their combination (PimAgro+Phisiol) characteristics. The
selection through these indices showed that it is possible to identify hybrids with high stability and general adaptability
with favorable characteristics in white maize for the evaluated environments and showed the possibility of improving the
selection criteria by using of the proposed multivariate index.
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O indice multivariado permite a selecio de hibridos de milho de grao branco em
ambientes contrastantes

RESUMO

O milho é uma cultura de grande importancia econdmica, social e cultural em muitos paises do mundo, especialmente no
Meéxico. O objetivo deste trabalho foi usar um indice multivariado para selecionar hibridos de milho de grao branco por
meio de caracteristicas agrondmicas e fisiologicas obtidas em dois ambientes. Foi utilizado um delineamento fatorial (2
x 15): dois ambientes (E1 ¢ E2) e 15 hibridos, com quatro repeti¢des. A analise de variancia mostrou diferengas altamente
significativas para todas as nove varidveis agrondmicas e oito fisiologicas avaliadas ao considerar o efeito do ambiente e
dos hibridos. O nimero de fileiras por espiga e o potencial hidrico da raiz ndo mostraram interagdes entre os fatores. As
herdabilidades das caracteristicas agrondmicas e fisiologicas variaram de 5,85 a 75,88 e de 42,41 a 99,82%,
respectivamente. Foi encontrada alta variabilidade entre os hibridos nos dois ambientes para os dois conjuntos de
caracteristicas avaliadas. A determinag@o de um indice multivariado a partir do indice proposto por Lins Bins (Pi) permitiu
obter trés indices multivariados associados a caracteristicas agronOmicas (Pim-agro), fisiologicas (Pim-physiol) e sua
combinacgdo (PimAgro+Phisiol). A sele¢do por meio desses indices mostrou que ¢ possivel identificar hibridos com alta
estabilidade e adaptabilidade geral com caracteristicas favoraveis em milho branco para os ambientes avaliados e mostrou
a possibilidade de melhorar os critérios de selegdo pelo uso do indice multivariado proposto.
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Introduction

Maize (Zea mays L.) is one of the most
essential crops worldwide and plays a vital role in
food and economic security (Ocwa et al., 2023). Its
economic and cultural importance is particularly
significant in countries such as Mexico, where
maize not only serves as a staple food but is also an
integral part of cultural identity (Donovan et al.,
2022). In Mexico, the average yield of white maize
has not exceeded 10 t ha! because the largest
percentage of land cultivated under rainfed
agricultural schemes (LaFevor, 2022; Pierre et al.,
2022). To meet the growing demand for food and
optimize maize production, hybrid breeding has
become a prominent strategy for the genetic
improvement of maize crop (Buenrostro-Robles et
al., 2017).

The creation of maize hybrids aims to
improve physiological and agronomic traits,
increase yield and adaptation to different
environmental conditions (Beyene et al., 2016).
Efficient hybrid selection is a critical component of
this process, and advanced methods are needed to
address the complexity of the traits involved, as
well as genetic stability (do Couto et al., 2023).
Numerous methods have been proposed to evaluate
genotypes stability and adaptability under different
environments (Greveniotis et al., 2021). One of the
methods proposed to evaluate genotype stability
under different environments is the one proposed
by Lins Bins (1988). This index estimates a
parameter called Pi based on the mean square of the
distance between the mean of the genotype and the
maximum average response obtained in this
environment. This method has been used by several
researchers because it is based on nonparametric
statistics (Menezes et al., 2015; Gabriel et al., 2018;
Aguilera et al., 2019; Teodoro et al., 2019).

Therefore, this approach can be applied to
diverse environments, genotypes and plant species.

A modification of Lins Bins method was proposed
by Teodoro et al. (2019) by integrating cotton fiber
data and obtaining a multivariate index (Pim) with
which they performed a better overall identification
of genotypes on the basis of the multiple traits
evaluated. Aguilera et al. (2019) employed such a
method and were able to identify the 20 most
tolerant wheat genotypes among 195 evaluated;
these genotypes had the best combination of the
main desirable traits, thus confirming the potential
of the Pim method for selecting these plants. This
method also, offers a comprehensive way to
simultaneously  evaluate physiological and
agronomic traits, providing a better selection
process and thus decreasing the problems often
encountered when selecting genotypes when a
wide number of variables are evaluated (Aguilera
et al., 2019; Teodoro et al., 2019).

In this context, the present study aimed the
application of the selection index of Lins Bins
(1988) modified by Teodoro et al. (2019) to select
the best white maize hybrids, considering
physiological and agronomic characteristics under
two different environments.

Materials and methods
Location of the experimental sites

The experiments were carried out in two
environments. El: Experimental field of the
Tecnoldgico Nacional de México, Campus Roque,
Celaya, Guanajuato, México. E2: experimental
field of the Tecnoldgico Nacional de México-
Campus Valle del Yaqui, Bacum, Sonora. The
evaluation period was July to December 2022. The
geolocation of the environments and their
edaphoclimatic characteristics are presented in
Table 1.

Table 1. Edaphoclimatic characteristics of the experimental environments.

. Environment

Variable El B2
Location 20°30'28"N-100°50'00"0O 27°24'51"N-110°7'57"0O
Altitude 1750 masl 26 masl
Average temperature 18.9 °C 17.2°C
Relative humidity 66.4% 68.5%
Accumulated precipitation 332.7 mm 15.3 mm
Weather semiwarm and subhumid dry very warm and warm
Soil pelic vertisol Vertisol gleic

Source: Almazan et al. (2023); INEGI (2023); and Grajeda-Cabrera (2004).

1887

Lopez,L.P., Martine, L. A. Rubio, O.P., Ortiz, F. C., Huaco, F.D.T., Mancilla, C.L. A., Aguilera, J. G., Teodoro, P. E.



Table 2. Results of the soil analyses corresponding to the environments studied.

Organic

Conductivity

Bulk

Environment Depth pH matter Electric Hydraulics  density Phosphorus Nitrogen
(cm) (%) (dS-my’! (cm-hr)”! (g-co)! (ppm) (kg ha)'!

E1* 0-30 7.25 0.37 0.135 <0.04 1.25 36.2 137

E2 0-30 7.65 0.59 4.81 <0.04 1.39 34.2 128

* E1: environment Tecnologico Nacional de México, Campus Roque (ITR) and E2: environment Tecnologico Nacional de
Meéxico-Campus Valle del Yaqui (ITVY), Bacum, Sonora.

Soil analysis

Before the implementation of the
experiment, soil samples were taken from the two
experimental areas at depths of 0-30 cm, and the
results are shown in Table 2. The analyses were
carried out at the Soil and Plant Nutrition
Laboratory of the "Norman E. Borlaug"
Experimental Field in Ciudad Obregdn, Sonora,
Mexico.

Genetic material

To obtain the genetic materials (15 F1
hybrids) used in this research, a dialelic design was
established using the Griffing I. method (Saavedra
Guevara et al., 2021). Thirty crosses were obtained
from 15 direct and 15 reciprocal crosses between
six homozygous lines of white grain maize (L1.
CML442, L2. CML545, L3. CML549, LA4.
CML550, L5. CML576 and L6.CML546). At the
end of the crosses, eight direct crosses and seven
reciprocal crosses were selected; these crosses
produced a considerable number of healthy
kernels, resulting in 15 F1 single hybrids (Table 3).

Table 3. The 15 experimental white grain maize hybrids evaluated in the two contrasting environments.

Code F1 cross Code F1 cross
HB1 L4.CML550xL6.CML546 HB9 L4.CML550xL.2.CML545
HB2 L1.CML442xL6.CML546 HB10 L4.CML550xL1.CML442
HB3 L1.CML442xL.4.CML550 HB11 L6.CML546xL4.CML550
HB4 L3.CML549xL6.CML546 HB12 L6.CML546xL2.CML545
HB5 L1.CML442x1.2.CML545 HB13 L5.CML576xL4.CML550
HB6 L3.CML549xL4.CML550 HB14 L6.CML546xL3.CML549
HB7 L3.CML549xL5.CML576 HB15 L5.CML576xL3.CML549
HBS L2.CML545xL4.CML550 - -

Agronomic management

The agronomic management of the crop
was similar in both environments. Four fertilizer
applications were applied: a base application of
urea (46%) and a mixture of diammonium
phosphate (DAP) (400 kg-ha') during sowing.
During groth phenophases, three other applications
were applied prior to auxiliary irrigation, at a rate
of 150 kg ha'! of NPK.

Pest control

During the experiment, significant
populations of thrips (Rankliniella occidentalis)
and fall armyworm (Spodoptera fugiperda) were
found; thus, Palgus® (spinetoran), Agresor® and
chlorpyrifos methyl + permethrin were applied at a
dose of 1.0 L ha™!. A similar control was applied in
environment E2, but the insecticides Rimon®
Supra and Decis® (deltamethrin) were used.

For weeds control and improve soil
aeration, two passes were made with a cultivator in

addition to manual control

necessary).

(weeding, when

Irrigation

In both environments, there was one
irrigation event during plants emergence. An
amount of four auxiliary irrigations at an iirigation
interval of 12 to 15 days were applied for
environment E1 and one irrigation event for E2,
with irrigation intervals of 39, 30, 24 and 15 days.
These irrigations were applied superficially, by
gravity, in furrows. The average irrigation lamina
length was 250 mm for the bird irrigation
treatment, and 110, 120, 110 and 110 mm for the
remaining four irrigations.

Treatments and experimental design

In both environments, the 15 selected
hybrids were subjected to four replications each,
and a randomized complete block experimental
design was used. Sowing was carried out in
furrows with a length of 5 m, a distance of 0.20 m
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between plants and 0.80 m between furrows, for a
total population of 62,500 plants ha!.

Variables analyzed

The following variables were evaluated
during the flowering and the physiological maturity
phenophases in the two environments:

The agronomic traits included: days to
male flowering (DFM, days), days to female
flowering (DFF, days), plant height (PH, cm), ear
height (EH, cm), ear length (EL, cm), ear diameter
(ED), cm), number of rows in the ear (NRE, unit),
number of grains per ear (NGE, grains) and grain
yield (Y, t ha'!).

The physiological characteristics during
the male and female flowering phenophases were:
total soluble protein (TSP, mg g! MS™), total
soluble carbohydrate (TSC, 55 mg g! MS™!), root
water potential (RWP, MPa), and root osmotic
potential (ROP, MPa).

During physiological maturity phenophase
the evaluated variables were: total leaf soluble
proteins (TLSP, mg g! MS'), total leaf
carbohydrates (TLC, mg g' MS), total grain
soluble proteins (TGSP, mg g! MS™) and total
grain carbohydrates (TGC, mg g' MS™). The
methodologies used to determine the TSP were
described by Prakash and Prathapasenan (1988).
for the TSC measurement the methodology
described by Yoshida (1976) was used. For the
RWP and ROP, were measured by using the
presure pump (Scholander 670, OMS Instrument,
Albany, NY, USA) (Sadok & Schoppach, 2019).

Statistical analysis

The experiments were conducted under a
2x15 factorial scheme, with the first factor being
the environments evaluated (E1 and E2) and the
evaluated hybrids as second factor (the 15 white
maize hybrids selected). Two-way analysis of
variance was performed for all the wvariables
evaluated (agronomic and physiological traits).
When significant differences between factors were
found, the means were compared by the Scott—
Knott test for p<0.05 (Bhering et al., 2008).

Initially, we performed individual analysis
of variance (ANOVA) for each environment,
followed by analysis of joint variance according to
the statistical model described in Equation 1:

+ &ijk

where: Vi is the observation of the k-th
block evaluated in the i-th genotype and j-th
environment; p is the overall mean of the

experiments; B/Ej; is the effect of block k within
environment j; G; is the effect of the i-th genotype
considered as random; E; is the effect of the j-th
environment considered as fixed; G X Ejjis the
random effect of the interaction between genotype
i and environment j; and &;j; is the random error
associated with Y;j observation. After that, the
estimate of adaptability and stability (P;) for each
character proposed by Lin & Binns (1988) was
calculated according to Equation 2:
$oa (Y — Y )? )
2e
where Y;; is the score of the i-th genotype
in the j-th environment; Y, ; is the estimate of the
ideal hypothetical genotype in environment j; and
e is the number of environments. For the selection
of genotypes with better performance considering
the scores at the different agronomic and
physiological variables and the two environments,
the multivariate statistic Pim was used, according
to Equation 3:

> [ Pk ®
Py = Z =

£~ L0pik

where: P; is the univariate estimator of the
adaptability and stability of the i-th genotype
associated with the k-th variable, Pijs; is the
univariate estimator of the adaptability and stability
of the i-th genotype in favorable environments
associated with the k-th variable, and Gp; is the
standard deviation of P;;, (Aguilera et al., 2019).

The Pi associated with general stability and
adaptability was used to calculate the multivariate
Pi (Pim) for agronomic characteristics (Pim-agro),
physiological characteristics (Pim-physiol) and the
combined index (PimAgro+Phisiol). The selection
of the best white maize hybrids was carried out
considering the lowest Pi values as proposed by
Lins Bins (1988). All analyses were performed
with the RBio program (Bhering, 2017), and
SigmaPlot version 11.0 was used to construct the
graphs.

Pi=

Results
Agronomic characteristics

In Table 4 it is shows the ANOVA results
obtained by using nine agronomic characteristics
for the evaluation of 15 white grain maize hybrids
in the two environments. For the variables plant
height (PH), ear length (EL) and yield (Y), there
were significant (p<0.05) and highly significant
(p<0.001) differences in days to male (DFM) and
female (DFF) flowering, ear height (EH), ear
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diameter (ED) and number of grains per ear (NGE),
respectively. The exception was the number of ear
rows (NRE), which showed no interaction among
the factors (ExH) evaluated (Table 4). The
coefficients of variation for most of the agronomic
characteristics evaluated were less than 15%,
revealing the precision of the obtained values
according to Pimentel-Gomes (2023).

For all the agronomic characteristics
evaluated, wide variation was obtained in terms of
the mean, minimum and maximum values obtained
(Table 4). The heritability obtained for each
agronomic characteristic presented high values
(75.88% for EL, 71.71% for NRE and 61.65% for
EH), moderate values (48.12% for DFM and

54.90% for DFF) and low values (5.85% for PH,
6.77% for ED, 17.45% for NGE and Y with
9.57%). This result allows us to conclude that there
is great variability within the evaluated
characteristics. There are some areas where there is
a gain to be gained by exercise selection and
improvement according to the values obtained.
Heritability, as a genetic parameter, plays a
fundamental role in determining the effectiveness
of selection methods. Considering this trait is vital
for ensuring that the traits chosen for selection are
heritable (as the values are higher) and therefore
susceptible to breeding and genetic gain in the
selection process (Ponce-Encinas et al., 2022).

Table 4. Summary of ANOVA results for 15 maize hybrids at two different locations for the following
agronomic characteristics: days to male (DFM) and female (DFF) flowering, plant height (PH), ear height
(EH), ear length (EL), ear diameter (ED), number of rows in ear (NRE), number of grains per row (NGE) and

yield per ha (Y).
Significance
Factors GL "DFM*  DFF EH EL ED NRE NGE Y

(days) (days) (cm) (cm) (cm)  (unit) (grains) (tha')

EnVirOnmentS (E) 1 skksk skksk skskok skksk X * sk skksk
CV (%) 0.93 0.93 6.96 7.22 3.90 10.17 7.84 13.06

Mean 94.90 97.04 128.55 1722 510 14.80 33.54 10.33

h? (%) 48.12 54.90 61.65 7588 6.77 71.71 17.45 9.57

*Significant differences ***, ** * and for probability values of 0.001, 0.01, 0.05 and 0.1, respectively, according to the

F test.

The table 5 shows the interactions between
the two factors (E x H) for the agronomic
characteristics. In the Elenvironment, it was
observed that the hybrid HB4 presented the highest
number of days to male flowering (DFM), at 85.25
days. The rest of the hybrids presented lower
values. In the E2 environment, there was greater
differentiation among the seven different groups.
The highest number of days to male flowering was
obtained for hybrid HB15 (121.25 days), and the
lowest values were obtained in HB1 and HBS5
hybrids (108 and 109 days, respectively). When
comparing the individual hybrids and the behavior
between the two environments, it is evident that in
El, the hybrids evaluated presented more days to
male flowering than in E2.

For the days to female flowering (DFF)
variable in both environments, five different
groups were formed. It was observed that in
Elenvironment, the hybrids differed from each
other, forming five different groups. The highest
values were found in the hybrid HB4 (86.75 days),
with significant differences (p<0.05). In the E2

environment, the HB15 hybrid stood out after
123.5 days. When comparing each hybrid and
evaluating its performance in the two
environments, the same behavior was observed for
the DFM variable, in which the environmental
conditions of E2 increased the time of occurrence
to flowering in both males and females (Table 5).
There were no significant differences in plant
height (PH) among the hybrids evaluated (Table 5).
The agronomic characteristics on the E2
environment showed different behaviors for the PH
variable, with the formation of three different
groups. In this group the most majority of the
evaluated hybrids (11 hybrids) were grouped (>242
cm) and the lowest was HB14, which was 187 cm
in height. When comparing each hybrid, it was
observed that, with the exception of the previous
one, most of the evaluated hybrids showed better
performance in the E2 environment (Table 5).

The variable ear height (EH) was another
agronomic characteristic that showed low
variability in the two environments, considering
that only two and three groups were formed in E1
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and E2, respectively. In E1 environment, the best
performance for this variable was shown in HB1,
HB4, HB6 and HB14 hybrids, differing from the
rest of the evaluated hybrids. In E2 environment,
the best performance was obtained in HB2 and
HBI15 hybrids. For the ear height (AM) variable,
the E2 environment promoted the best performance
of the hybrids in all the cases (Table 5).

When the two factors evaluated for ear
length (EL) were compared, the hybrids in the two
environments exhibited different responses. In El
environment, three different groups were formed,
with the highest values obtained in HB2, HB3,
HBS5 and HB10 hybrids. In E2 environment, the
behavior was similar in relation to the number of
groups formed, with the highest performance
obtained in the HB2 and HB14 hybrids (Table 5).
When comparing the hybrids within each
environment, the behavior was variable.

For the ear diameter (ED) variable, there
were groups of hybrids formed in E1 environment,
while in E2 environment, there was no
differentiation among hybrids, as it is shown in
Table 5. In environment E1, the hybrids that
showed the highest values were HB1, HB2, HB3,
HB4, HBS, HB6, HB7, HB9, HB11 and HB12,
with values ranging from 5.22 to 5.50 cm, and the
lowest performance for ED was for HBS.

When comparing within each hybrid the
two environments evaluated, nine of the 15 hybrids
showed no differences between environments; the
rest of the hybrids (HB2, HB3, HB4, HB5, HBS§
and HB9) were always superior in the environment
E1l (Table 5).

The number of grains per ear (NGE) was
low in all three groups of the E1 environment. All
the groups exhibited significant differences. In the
first group, there were four hybrids (HB1, HB4,
HB6 and HBI15) that showed no differences
between the two environments, and ten hybrids that
showed the highest values in the environment E1 in
relation to the environment E2; ultimately, HB7
hybrid was the only one that was superior in the
environment E2 (Table 5).

Grain yield (Y) of the hybrids in the El
environment did not significantly differ, while in
the E2 environment, the two groups were different.
When comparing the hybrids in the two
environments, we observed that for the hybrids
HB2, HB8, HB9, HB10, HB11, HB13 and HB15,
the performance was superior in the EI
environment, with yields variability of 29%, 57%,
43%, 43%, 22%, 39%, 27% and 27%, respectively,
which were greater than those obtained in the E2

environment. The hybrid HB7 was the only one
that, when comparing the two environments, stood
out in the E2 environment, with 28% above. The
yield of the remaining hybrids did not differ
between the two environments.

Among the agronomic evaluated
characteristics, the number of rows per ear (NRE)
did not significantly differ among the factors
(Figure 1). Figure 1A shows the behavior of the
hybrids that were differentiated into two groups.
The best performing hybrids (HB4), HB15 and
HB6) did not differ from each other. For the
comparison between environments for this same
variable (NRE), the hybrids showed higher values
in the environment E1 than in E2 (Figure 1B).
Physiological characteristics

The ANOVA results obtained for eight
physiological characteristics when evaluating the
15 hybrids in two environments (Table 6) showed
that for most of the variables, there was a highly
significant interaction (p< 0.01), with the
exception of root water potential (RWP), which
showed no interaction between the evaluated
factors and only a significant interaction for the E2
environment (Table 6). The coefficients of
variation (CVs) for most of the physiological
characteristics evaluated were less than 10%,
indicating the precision of the values obtained
according to Pimentel-Gomes (2023). RWP
presented the highest CV (73.89%). The
heritability (h?) obtained for each physiological
characteristic was high (99.82% for TLSP and
63.53% for TGSP), medium (34.95% for TSC and
-42.41% for RWP) and low (19.50% for TSP,
28.10% for ROP, 26.56% for TLC and TGC with
17.77%), suggesting the possibility of practicing a
selection by using some of them and having a gain
in the selection process.

The results of the interaction between the
hybrid and environmental factors on the basis of
the physiological variables are presented in Table
7. For total soluble protein (TSP), high variability
was observed in the response of the hybrids in the
two environments evaluated. In E1 and E2, nine
and seven different groups, respectively, were
formed. This indicates that there is variability in the
response of the hybrids to this physiological
variable. Here, it was observed that the hybrids
HB4, HB5, HB6 and HB9 presented the best
performance, in contrast to the lowest performance,
which was HB11 (26.15 mg g-1 DM-1) (Table 7).
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Table 5. Comparison of the means obtained when evaluating the interaction between 15 maize hybrids in two different locations for the agronomic characteristics:
days to male (DFM) and female (DFF) flowering, plant height (PH), ear height (EH), ear length (EL), ear diameter (ED), number of grains per row (NGE) and yield

per ha (Y).
DFM DFF PH NGE Y
Hybrids (days) (days) (cm) (cm) (cm) (cm) (grains) (tha'h)
El* E2 El E2 El E2 El E2 El E2 El E2 El E2 El E2

HBI1 7425Cb  108.00Ga 76.25Db  110.00 Ga 213.00Ab 260.25Aa 119.75Ab 161.00Ba  16.87 Ca 16.50 Ba 5,500 Aa 5250Aa 3350Ca 3225Ba 10,458 Aa 9,759 Aa
HB2 7475Cb  11225Ea 76.75Db  11450Ea 19450Ab 28225Aa 102.50Bb 178.75Aa 21.25Aa 19.12Ab  5400Aa 5,025Ab 36.00Ba 31.00Bb 11,622Aa 8,999 Bb
HB3 7450Cb  113.00Da 76.75Db 11500 Ea 194.75Ab 26925Aa 91.00Bb 15825Ba  20.00 Aa 1700Bb  5350Aa  5,000Ab  39.25Aa 3425Ab 11,853 Aa 10,582 Aa
HB4 8525Ab 114.00Da 86.75Ab 117.00Da 188.50 Ab 275.00 Aa 116.00Ab 157.75Ba  18.50 Ba 1737Bb 5,500 Aa  5,025Ab 31.50Ca 31.75Ba 11,458 Aa 10,604 Aa
HB5 73.75Cb  109.00Ga  75.75Eb  111.00 Ga 173.75Ab 266.50Aa 87.50Bb  140.25Ca  20.00 Aa 1757Bb  5375Aa 4975Ab  3925Aa 3325Ab 11,426 Aa  9,655Aa
HB6 7425Cb  112.00Ea  76.5 Db 113.00 Fa 203.25Ab 257.00Aa 110.00Ab 14350Ca 16.50 Ca 16.00Ca  5325Aa 5,150Aa 33.75Ca 33.00Aa 11,249Aa 10,645 Aa
HB7 78.00 Bb 113.00 Da  80.25Bb  115.00 Ea 181.50Ab 26425Aa 106.50Bb 159.25Ba 16-75 Ca 17.37 Ba 5,075 Aa 5,025Aa  3225Cb 37.00Aa 9,072Ab 11,622 Aa
HB8 73.67Cb  111.00Fa  75.00Eb  113.00Fa 192.00Ab 241.00Ba 96.00Bb 13575Ba  16.83Ba 13.62Db  3466Ca 5,075Ab 3533Ba 2425Cb 10,722 Aa 6,850 Bb
HB9 7525Cb  111.00Fa  77.50Db  113.00 Fa 181.50Ab 241.50Ba  89.25Bb  126.50Ba  16.12Ca 13.75Db  5425Aa 4975Ab 3375Ca 27.50Cb 10,458 Aa 7,291 Bb
HBI10 7725Bb  111.00Fa  7925Cb 114.00Ea 189.25Ab 26525Aa 9550Bb 154.00Ba  20.00Aa 1700Bb  5,075Ba  5,075Aa 40.50Aa 3450Ab 11,812Aa 9,696 Ab
HB11 7450Cb  113.00Da 76.75Db  115.00 Ea 185.75Ab 253.00Aa 103.25Bb 15925Ba 17.35Ba 1565Ca  5400Aa 5,175Aa 3575Ba  30.00Bb 10,812Aa 7,791 Bb
HB12 7475Cb  11550Ca 77.00Db  117.75Ca 19925Ab 23825Ba 100.25Bb 15925Ca  18.20Ba 1700 Ba  5225Aa 5225Aa 3725Ba 31.00Bb 11,249Aa 9,999 Aa
HBI13 75.00Cb  118.00Ba 77.00Db  121.50Ba 19125Ab 260.25Aa 109.25Bb 15475Ba 1537 Ca 1540Ca  4,825Ba 4,900Aa 36.75Ba 30.00Bb 11,114Aa 8,749 Bb
HB14 7825Bb  119.00Ba  80.75Bb  121.00Ba 20550Aa 187.00Ca 113.25Ab 162.00Ba 17.62Ba 18.80Aa  4,875Ba  5,100Aa 3625Ba 31.50Bb 11,697 Aa 10,176 Aa
HBI15 7725Bb  12125Aa  79.25Cb 12350 Aa  198.00Ab  253.00Aa 101.75Bb  167.50 Aa  16.25Ca 16.67Ba  4,825Ba  5,075Aa 3425Ca  31.00Ca 12,449 Aa 9,799 Ab
Groups 3 7 5 7 1 3 2 4 3 4 3 1 3 3 1 2

* E1: environment Tecnologico Nacional de México, Campus Roque (ITR) and E2: environment Tecnologico Nacional de México-Campus Valle del Yaqui (ITVY), Bacum, Sonora. Different lowercase

letters in the line and capital letters in the column indicate significant differences between means according to the Scott—Knott test for p<0.05.
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Figure 1. Performance of white maize hybrids (A) evaluated in two different environments (B) for the variable
number of rows per ear. Different lowercase letters indicate significant differences between means according
to the Scott—Knott test for p<0.05. E1: environment Tecnoldgico Nacional de México, Campus Roque (ITR)
and E2: environment Tecnologico Nacional de México-Campus Valle del Yaqui (ITVY), Bacum, Sonora.

When the hybrids were compared
individually, it was observed that HB4, HBI11,
HB13 and HB14 did not differ among the E2s. The
hybrid HB12 presented the highest values in the E2
environment.

According to the total soluble carbohydrate
(TSC) concentration, the hybrids formed 12
different groups in both environments, which
showed that this wvariable was effective at
differentiating most of the hybrids regardless of the
environment evaluated. Similarly, compared with
those of E2, the values of the hybrids HB7, HBS,
HB13, HB14 and HBI5 were significantly

different, and the values were greater in E1 (Table
7). The root osmotic potential (ROP) allowed the
formation of four groups in environment E1, with
the lowest values obtained for hybrids HB4, HBS
and HBI13 and the highest values obtained for
hybrid HB1. In environment E2, the lowest values
were obtained for the hybrids HB9, HB13 and
HB15, which contrasted with the remaining
hybrids, which did not differ from each other
(Table 5). This variable showed equal behavior
among all the hybrids compared in the two
environments; environment E2 promoted the most
negative values for all the hybrids evaluated.

Table 6. ANOVA performed to evaluate 15 maize hybrids in two different locations when considering

physiological characteristics.

Factors GL Significance
TSP TSC RWP ROP TLSP TLC TGSP TGC
EnVirOnmentS (E) 1 sksksk sk ek sksksk ek dekeosk skeksk sksksk
CV (%) 0.41 0.22 73.89 -8.49 2.26 4.56 0.94 2.18
Mean 33.88 58.50 -0.97 -1.87 13.33 20.04 10.78 42.80
h? (%) 19.50 34.95 -42.41 28.10 99.82 26.56 63.53 17.77

*Total soluble proteins (TSP, mg g' MS™), total soluble carbohydrates (TSC, mg g"' MS™), root water potential (RWP,
MPa), root osmotic potential (ROP, MPa), total soluble proteins in leaves (TLSP, mg g} MS™), total carbohydrates in
leaves (TLC, mg g"' MS™), total soluble proteins in grains (TGSP, mg g! MS™") and total carbohydrates in grains (TGC,
mg g' MS™). CV: coefficient of variation, h% broad-sense heritability. Significant differences ***, ** and * for
probability values of 0.001, 0.01, 0.05 and 0.1, respectively, according to the F test.

For total soluble leaf protein (TSPH), there
was a significant interaction between E and H
(Table 5). In environment E1, the hybrids HB8 and
HBY had the highest values, while hybrid HB11

had the lowest leaf protein content; however, in
environment E2, the hybrids HB8, HB9 and HB11
had the highest leaf protein content. Three and four
groups of total leaf carbohydrates (TLC) were
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detected in environments E1 and E2, respectively
(Table 7). The hybrids with the highest leaf
carbohydrate content in environment El were
HB4, HB5, HB6, HB8 and HB9.

In the grain, the soluble protein content
(TGSP) exhibited high variability among the
environments, forming 11 and 12 groups in E1 and
E2, respectively (Table 7). In the E1 environment,
the highest values were obtained for the hybrids
HBS8 and HB9; in the E2 environment, the variation
was greater for the hybrid HB15. When comparing
the environments, it was observed that hybrid
HB11 did not differ from hybrids HB4, HB6, HBS,
HB9 and HB10, which stood out in environment
E1, while the rest of the hybrids performed better
in environment E2 (Table 7). The total
carbohydrate content in this organ was observed
that the effect of E vs H was significant. The
variation found within the environments allowed
the formation of four and five groups. In
environment E1, the highest values were obtained
for the hybrids HB6, HB5 and HBS8. In
environment E2, the highest values were obtained
for hybrid HB1. A comparison of the hybrids
revealed that, within the evaluated environments,
there was a greater content of total carbohydrates
in the grain of the hybrids under the conditions of
the environmental E2 (Table 7).

Figure 2 shows that, among the
physiological variables, the root water potential
(RWP) did not differ among the hybrids (Figure
2A) but did differ among the environments. There
were no significant differences among the hybrids
(Figure 2B).

Application of the multivariate index for hybrid
selection

The comparisons of the agronomic (Table
5 and Figure 1) and physiological data (Table 7 and
Figure 2) showed that the behavior of the hybrids
was highly variable and that it was difficult to
recommend a superior hybrid when considering the
17 variables that were shown in this work through
univariate ANOVA. Thus, taking advantage of this
information of 17 variables in a multivariate way
allows a better selection of hybrids. For this
purpose, the methodology described by Lins Bins
(1988) and modified by Teodoro et al. (2019) was
used, and the results are shown in Table 6.

This method, initially proposed by Lins
Bins (1988), calculates a Pi for each of the
variables; in this work, the general Pi, which
reflects the stability and adaptability of a certain
genotype, can be used to determine its general
characteristics. Lower values of this index are

always associated with greater stability and
adaptability of a given genotype in a given
environment. This same principle was maintained
in the modification proposed by Teodoro et al.
(2019), who selected genotypes considering the
means of several characteristics in several
environments. Thus, considered several variables
in a single index calculated in this work associated
with agronomic (Pim-agro) and physiological
(Pim-physiol) characteristics and the combination
of these two indices to form a PimAgro+Fisiol, as
shown in Table 8.

By considering the nine agronomic
variables, the lowest Pim-agro values allowed us to
select the five hybrids (HB4 (5.65), HB15 (6.98),
HB2 (8.86), HB3 (9.18) and HB14 (9.32)) that
were most stable for these characteristics.
Considering the eight physiological variables, the
lowest Pim-physiol values allowed us to select the
five hybrids (HB6 (4.63), HB9 (5.11), HBS (5.96),
HB2 (6.30) and HB3 (6.90)) that were most stable
for these characteristics. After analyzing the lowest
Pim-Agro+Fisiol values, the five hybrids (HB4
(12.62), HB15 (14.96), HB2 (15.16), HB6 (15.88)
and HB3 (16, 08)) most stable for these traits,
including agronomic and physiological traits, were
selected (Table 6).

Discussion

The identification of the best hybrid
combinations for white grain maize is the main
focus of the present work. The characterization and
selection of individuals is not always an easy task
because there is often a wide diversity of responses.
These results are generally obtained when
contrasting genotypes are crossed (Ponce-Encinas
et al., 2022). This diversity is used as the main
indicator of the selection of superior individuals for
a given trait. Diversity within genetic improvement
programs is always necessary, and selection is
made on this basis, considering often the genotype
X environment interaction or even the same
diversity within a trait in a single environment
(Aguilera et al., 2019; Teodoro et al., 2019).

When working with a large number of
traits and having great diversity within them, this
factor often makes selection difficult because we
generally select for some traits and consider others
(Rebolloza-Hernandez, 2020). Positive or negative
correlations  between characteristics largely
determine the possibility of selecting in one
direction, in favor of superior values for one
direction and being carrying another in a negative
direction, mainly when the genes being selected are
pleiotropic (Coca et al., 2019)
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Table 7. Comparison of means obtained when evaluating 15 maize hybrids in two different environments for physiological characteristics.

Hobrid TSP TSC ROP TLSP TLC TGSP TGC
yonids El* E2 El E2 El E2 El E2 El E2 El E2 El E2
HBI1 31.15Fa  3082Gb  5345Kb  54.10Ka  -1.60Ab  -128Aa  20.70Fa  3.12Bb  27.34Ca _ 7.40 Db 8.90 Ib 1123Ea  1334Db 7238 Aa
HB2  3525Ca  3485Db  6025Eb  62.15Ba  -255Cb  -125Aa  2460Ca 285Cb 30.66Ba  815Db  10.10Gb 1224Ba  16.66Cb  68.28 Ca
HB3 3525Ca 3475Db  5955Fb  6020Fa  -250Cb  -123Aa  2480Ca 2.88Cb 2790Ca  831Db  1030Fb  11.92Ca  1640Cb  69.50 Ca
HB4  3625Ba  3622Aa 6645Bb  67.15Ba  -2.90Db  -l1.15Aa  25.63Ba 232Db 3387Aa  927Cb  1140Ca 11.12Eb  1850Bb  70.37 Ba
HB5  3645Aa 36.12Ab  6655Bb  66.77Ca  -2.80Db  -132Aa  2593Ba 2.16Db 3398Aa 1024Bb  10.80Eb  1232Ba  1997Ab  69.98 Ba
HB6  36.55Aa 36.12Ab  67.60Aa  67.50Aa  -2.65Cb  -122Aa 2575Ba  2.80Cb 3444Aa  9.15Cb  11.80Ba 1127Eb  2043Ab  70.30 Ba
HB7  3465Da  3387Fb 6072Da  6027Fb  -250Cb  -125Aa  2420Da 3.16Bb  3096Ba  1134Ab  1120Db  1222Ba  1696Cb  68.86 Ca
HBS  36.60Aa 3585Cb  66.60Ba  6622Db  -2.65Cb  -120Aa  26.10Aa 3.64Ab 3392Aa  942Cb  1230Aa 11.77Db 1991 Ab  65.44 Fa
HB9  36.65Aa 37.17Ab  6535Cb  66.12Da  -2.60Cb  -145Ba  2631Aa 3.88Ab 3330Aa  830Db  1240Aa 1123Eb  1930Bb  69.28 Ca
HB10  34.60 Da NA 57.251a NA .185Bb  -122Aa  2683Ea 344Bb 2921Ba  10.18Bb  11.80Ba  1023Hb  15.19Cb  67.24Da
HBIl  2625Ha  26.151a  52.65Lb  5320The -1.80Bb  -120Aa  1520Ha 3.67Ab 2692Ca  9.13Cb  840Ka 8511a  12.93Db  67.33Da
HBI2  2850Gb  29.12Ha  5537Jb  56.15Ja  235Cb  -1,075Aa 18.00Ga 3.46Bb 2825Ca  8.17Db 8.57 Ib 775Ja  1421Db  65.15Ea
HBI3  3440EBa 34300Ea 5925Ga 5882Gb -275Db  -1.53Ba  23.80Ea 3.33Bb 30.15Ba 11.80Ab  10.10Gb 1086Ga 16.15Cb  70.18Ba
HB14  3440Ea  3422FEa  5850Ha  57.821b  -255Cb  -155Ba  23.50Ea 341Bb 2983Ba 1143Ab  962Hb  11.02Fa  1584Cb  69.38 Ca
HBI5 3455Da  3412Eb  5935Ga  5860Hb  -255Cb  -1.65Ba  2420Da 325Bb  3025Ba  815Db  958Hb  1248Aa 1624Cb 6838 Ca

Groups 8 10 12 13 4 2 8 4 3 4 11 10 4 5

*E1: Tecnologico Nacional de México, Campus Roque (ITR) and E2: Tecnolégico Nacional de México-Campus Valle del Yaqui (ITVY), Bacum, Sonora. Total soluble proteins (TSP, mg g-! MS™), total
soluble carbohydrates (TSC, mg g-! MS™), root osmotic potential (ROP, MPa), total soluble proteins in leaves (TLSP, mg g! MS™!), total carbohydrates in leaves (TLC, mg g-! MS™), total soluble proteins
in grains (TGSP, mg g"! MS™) and total carbohydrates in grains (TGC, mg g! MS™!) were measured. Different lowercase letters in the line and uppercase letters in the column indicate significant differences
between means according to the Scott—Knott test for p<0.05.
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Figure 2. Performance of white maize hybrids (A) evaluated at two different locations (B) for the variable root
water potential. Different lowercase letters indicate significant differences between means compared by the
Scott—Knott test for p<0.05 probability. E1: environment Tecnologico Nacional de México, Campus Roque
(ITR) and E2: environment Tecnologico Nacional de México-Campus Valle del Yaqui (ITVY), Bacum,

Sonora.

This process allows breeders to
characterize and select those traits of interest,
allowing more in-depth knowledge of the existing
relationships between traits (Aguilera et al., 2016;
Aguilera et al 2019, Alam et al., 2022).

This work evaluated nine agronomic and
eight physiological variables, for a total of 17
variables, used as a basis for selecting the best
white grain maize hybrids in relation to the best
stability and adaptability response using the index
proposed by Lins Bins (1988) and modified by
Teodoro et al. (2019). Initially, the hybrids were
compared in relation to agronomic and
physiological variables, revealing that the highest
variability was obtained for DFM and DFF, both
with up to seven groups and TSP with up to 10
groups; TSC with up to 13 groups; and TGSP with
up to 11 groups (Table 5 and Table 7), thus
demonstrating the potential of these hybrids for
selection in the evaluation of white grain maize
hybrids.

Linares-Holguin et al. (2019), when
characterizing phenotypically and agronomically
144 native maize plants from Sinaloa, Mexico,
verified that among the 27 characteristics
evaluated, DFM and DFF were among the
characteristics that contributed most to the
diversity of the collection, as verified in the present
work. The days to male and female flowering are
characteristics commonly used by breeders, and
these two characteristics determine the behavior of
the flowering process in maize depending on the
environmental conditions of the locations where

the crop is established, thus determining the crop
cycle (Russell & Hallauer, 1980). Artificial
pollination strategies are conducted using the days
to male and female flowering as prior knowledge;
hence, it is important to know these parameters
when determining the genotypes used as parents
for maize. Both the DFM and DFF traits and the E2
environment [Tecnoloégico Nacional de México-
Campus Valle del Yaqui (ITVY), Bacum, Sonora]
always promoted the longest flowering interval.
Compared with E1, E2 has an average temperature
of 17.2 °C, with a difference of 1.7 °C, indicating
the variability in the response of the hybrids to this
variable.

Evaluating characteristics related to crop
quality from a physiological point of view is
always a way to identify the nutritional potential of
the crops produced. In white maize grains,
adequate protein contents are between 8 and 11%
(Ewu & Messing, 2014), and for carbohydrates,
adequate protein contents are approximately
between 60 and 72% (Jahangirlou et al., 2020). The
total soluble protein (TSP), total protein in leaves
(TLSP) and total protein in grains (TGSP) contents
ranged from 26.15 to 37.00 mg g! MS-, 2.11 to
26.32 mg g MS! and 7.75 to 12.47 mg g! MS,
respectively (Table 5 and Table 7). These results
showed that within the hybrids obtained, there is
potential to select superior genotypes for this trait
and thus improve the protein content in white-
colored grains.
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Table 8. Stability and adaptability values proposed by Lins Bins (1988) and modified by Teodoro et al. (2019) obtained by evaluating 15 white-grain maize hybrids
at two different locations for agronomic and physiological traits.
Hybrids DFM* DFF PH EH EL ED NRE NGE Y Pim-agro TSP TSC RWP ROP TLSP TLC TGSP TGC Pim-fisiol PimAgro+Fisiol

HBI 741 731 127 788 6.51 0 281 179 191 13.61 176 949 0.00391 001 835 175 346 126 7.82 21.43
HB2 478 452 856 744 0 00152 256 141 1.91 8.86 1.84 207 0.0564 0233 727 691 134 776 6.30 15.16
HB3 459 431 129 312 152 00213 406 228 0.375 9.18 196 295 0.0508 0.208 721 138 1.18 6.13 6.90 16.08
HB4 131 106 165 114 266 00127 0 319 0531 5.65 0.266 0.361 0.111 0.424 700 1.68 0.708 1.94 6.98 12.62
HBS 70.6 69.3 451 631 0991 0.0228 5 391 1.26 1487  0.286 0.407 0.0956 0.376 692 0.664 0.649 1.49 5.96 20.82
HB6 51.6 53.8 190 334 808 0.0102 106 154 063 1125 0278 0 00714 0281 696 1.76 0.452 1.08 4.63 15.88
HB7 30.2 286 334 139 583 0.0578 531 17 294 11.82 372 249 0173 021 737 3.09 0379 6.11 7.87 19.69
HBS 62.3 651 538 592 11.8 1.03 462 463 6.47 26.61 044 0656 0104 028 68 1.49 0125 121 6.94 33.55
HB9 51.3 49 673 915 138 0.0203 45 34 573 22.00 0 174 00702 0285 681 338 0384 272 511 27.11
HBI10 423 366 218 300 1.32 00528 556 156 1.05 10.04 534 1490 0.0345 0.0213 0.0479 751 135 135 12.99 23.03
HB11 459 431 407 163 6.77 0.00391 3.62 179 4.38 13.52 574 107 0.0425 0.0139 1002 159 7.93 204 14.36 27.88
HBI12 358 32 542 328 338 0.0191 3.12 116 1.05 10.24 328 69.6 00703 0141 915 129 925 227 14.46 24.70
HBI13 289 248 245 172 121 0145 406 158 254 12.24 333 362 0.0983 0381 748 462 197 578 8.13 20.37
HB14 135 10.6 1661 80.7 3.31 0.03 181 121 0.683 9.32 344 441 00789 0282 756 534 246 751 7.52 16.84
HBI15 16 141 278 113 807 0122 0.125 188 0.675 6.98 343 368 00781 0308 737 773 2 838 7.98 14.96

*Days to Male (DFM, days) and Female (DFF, days) Flowering, Plant Height (PH, cm), Ear Height (EH, cm), Ear Length (EL, cm), Ear Diameter (ED, cm), Number of Rows in Ear (NRE, unit), Number
of Grains per Row (NGE, unit) and Yield per ha (Y, t ha'!'), Total Soluble Proteins (TSP, mg g”! DM™), Total Soluble Carbohydrates (TSC, 55 mg g*! MS™"), Root Water Potential (RWP, MPa), Root
Osmotic Potential (ROP, MPa), Total Soluble Proteins in Leaf (TSLP, mg g™! MS™!), Total Leaf Carbohydrates (TLC, mg g*! MS-"), Total Grain Soluble Proteins (TGSP) and Total Grain Carbohydrates
(TGC, mg g'! MS™"). The values in bold indicate selected hybrids for each Pim.
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The present work demonstrated that there
is great potential within the hybrids obtained for
most of the physiological and agronomic traits
when evaluated in two different environments, and
to improve the selection of hybrids, a multivariate
index proposed by Teodoro et al. (2018) was used.
Multivariate methods have been employed in
numerous works, such as those involving wheat
(Aguilera et al., 2019), cotton (Teodoro et al.,
2019; Peixoto et al., 2022), coffee (Partelli et al.,
2022), tomato (Djidonou et al., 2020), soybean
(Almeida et al., 2021; Steiner et al., 2021), and
forage species (Zuffo et al., 2022), and this type of
selection has been shown to be more efficient than
univariate analyses. The present work considered
17 variables and two environments, and through
the confection of multivariate indices using the
method proposed by Lins Bins (1988) and
modified by Teodoro et al. (2019), we obtained
indices associated with the agronomic (Pim-agro)
and physiological (Pim-physiol) data individually
and in combination (Pim-Agro+Fisiol). When the
Pim-agro index was considered, the hybrids HB2,
HB3, HB4, HB14 and HB15 were selected because
they presented the lowest Pi of the nine agronomic
characteristics, thus showing that these hybrids are
the most adaptable and stable in the two
environments evaluated (Table 8). According to
Lins Bins (1988), lower Pi values are associated
with greater stability and adaptability of genotype
performance in various environments. When
selection was considered on the basis of the
behavior of the hybrids in relation to physiological
variables, HB2 and HB3 were the most stable
hybrids, and HB5, HB6 and HB9 were added
(Table 8). Several works have shown that
combining phenotypic data of different natures,
such as those obtained in this work for agronomic
and physiological characteristics, results in
improved selection of individuals (Aguilera et al.,
2019; Teodoro et al., 2019; Peixoto et al., 2022).
Selection performed by employing the multivariate
index Pim-Agro+Fisiol revealed that the superior
genotypes were HB2, HB3, HB4, HB6 and HB15,
which presented the lowest values for this index
(Table 8). The hybrid HB2 resulting from the
cross-comparison of the homozygous L1-CML442
and L6-CML546 plants exhibited the highest
stability and adaptability for the variables PH (Pi=
85.6), EH (Pi=74.4) and EL (Pi=0.0). The hybrid
HB3 resulting from the cross L1-CML442 x L4-
CML550 had a Pi value of 0.375 and shared the
same parent as HB2, indicating the potential of this

parent to result in superior white-grain hybrids
(Table 8). The hybrid HB4 obtained from the cross
of L3-CML549xL6-CML546 had Pi values within
the ranges for the variables DFM (13.1), DFF
(10.6) and NRE (0.0) and shared the same parent
as HB2; hence, it performed similarly to the Pim-
Agro+Fisiol index. The hybrid HB6 (L3-
CML549xL4-CML550)  stands  out  when
considering the Pim-Agro+Physiol index and has
the lowest Pi values and thus the best overall
stability and adaptability in terms of the TSC
(Pi=0.0) and TGC (Pi=1.08) variables. The hybrid
HBG6 shares the same parents as HB4 and HB3
when considering the male and female parents,
respectively (Table 1). Finally, the hybrid HB15
resulting from the cross-occurrence of L5-
CML576xL3-CML549 had the second lowest
values of Pim-agro and PimAgro+Fiiol, as well as
the best stability and adaptability, with values of
6.98 and 14.96, respectively (Table 8). This hybrid
shares the same parental material (L3-CML549)
used to obtain HB4 and HB6, with the difference
that these parental materials were used in a
reciprocal way in relation to how they were used in
these two hybrids (Table 1).

In this work, the use of the Pim proposed
by Teodoro et al. (2019) as a multivariate stability
and adaptability index demonstrated the feasibility
of using multivariate indices for efficient hybrid
selection via combined comparisons of the effects
of genotypes and environments.

Conclusions

There was a wide variability in the
responses of the 15 hybrids to the two
environments evaluated when 17 agronomic and
physiological variables were considered.

The proposed multivariate indices allowed
the selection of superior hybrids (HB2, HB3, HB4,
HB6 and HBI15) in relation to agronomic and
physiological variables and their combinations,
thus revealing the power that this method has and
that it can be easily implemented within the
breeding program of white grain maize, as well as
in other maize selection schemes.
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