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Abstract: Water deficit stress is the abiotic factor with the highest impact on
crop yield. The objective of this study was to evaluate grain yield (GY), the
anthesis-silking interval (ASl) and drought tolerance indices in maize hybrids.
We evaluated GY and the ASI of 86 hybrids under two moisture levels (normal
irrigation and water stress) for three consecutive years. The stress susceptibility
index, water stress tolerance, drought resistance coefficient, drought resistance
index, stress tolerance index and harmonic mean were evaluated. There were
significant hybrid x environment interactions for GY and the ASI. Differences
in the ASI among environments ranged from 0O to 5 days. The hybrids P3862,
11873, 11923, 11862 and 1J1211 showed high GY, associated with the highest
drought tolerance indices. The stress tolerance index and harmonic mean indices
can be used to identify higher-yielding maize hybrids in environments with and
without water restriction.
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INTRODUCTION

Many different abiotic stresses affect and reduce the yield of the main cereal
crops produced in the world. The factor with the greatest impact on stable
production, especially in tropical countries, is water stress (Verma and Deepti
2016). Identification and development of more drought-tolerant maize hybrids
through plant breeding is an extremely important strategy with the aim of
reducing yield losses in crops under water stress, and this has been adopted by
several research institutions (Daryanto et al. 2016). Advances in plant breeding
for drought tolerance have been achieved through association of conventional
plant breeding and biomolecular techniques, with identification of quantitative
trait loci (Zhao et al. 2018) and genomic selection (Dias et al. 2018).

However, the drought tolerance characteristic of crops is probably the
most difficult to identify with great precision, since grain yield is a complex
trait and is influenced by the genotype by environment interaction and other
mechanisms associated with heterosis (Pereira 2016). Thus, in the absence of
precise information regarding the complete genetic mechanism of drought
tolerance in maize, some secondary characteristics of the plant have been used
as selection criteria, such as agronomic traits and molecular markers (Miki¢ et
al. 2016), morpho-physiological mechanisms (Wattoo et al. 2018), and physio-
biochemical indicators (Shafiqg et al. 2019).
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According to Edmeades (2000), the anthesis-silking interval (ASl) has probably been the secondary trait most useful
for improving drought tolerance in maize. In addition, some methods for evaluation and selection of drought tolerant
genotypes have been effectively used for maize and other cereal crops. These methods refer to drought tolerance
indices obtained from grain yields of the genotypes in environments with and without water restriction (Barutcular et
al. 2016, El-Sabagh et al. 2018).

In this regard, Fischer and Maurer (1978) defined the stress susceptibility index (SSI) to evaluate tolerance to water
deficit in wheat genotypes. After that, Rosielle and Hamblin (1981) also proposed water stress tolerance (TOL) criteria
based on mean yield in environments with and without water restriction. Blum (1984) proposed the drought resistance
coefficient (DRC) to evaluate drought-tolerant genotypes. After that, Lan (1998) proposed the drought resistance index
(DRI) and Fernandez (1992) the stress tolerance index (STI). More recently, Mardeh et al. (2006) proposed a tolerance
index based on the harmonic mean (HM) of the yield of the genotypes under evaluation.

Therefore, there is potential for use of these indices as one more tool to assist in identification and development
of drought-tolerant maize hybrids, especially for the second crop season in Brazil. In light of the above, the aim of this
study was to identify the highest yielding genotypes with a short ASI and the drought tolerance indices that are most
appropriate for selection of maize hybrids in environments with and without water restriction.

MATERIAL AND METHODS

Setting up and conducting the trials

The experiments were set up in an area with a Latossolo Vermelho Amarelo soil at the experimental
station of Embrapa Milho e Sorgo in Nova Porteirinha (lat 15° 48" 10" S, long 43° 18’ 3” W and alt 500 m
asl), state of Minas Gerais, Brazil. The local climate is tropical mesothermal, nearly megathermal, due
to altitude, with low moisture (semiarid) characteristics. According to Képpen-Geiger, the climate is Aw
(tropical with dry winter), leading to long drought periods and a well-defined dry season.

A total of 86 single-cross maize hybrids were evaluated, consisting of 79 experimental maize hybrids
from the breeding program of Embrapa Milho e Sorgo and 7 commercial maize hybrids (AG8088, DKB390,
30F35, 30F53, P3862, BRS1055 and 2B707), under two moisture levels (normal irrigation and water deficit/
water stress). An incomplete block experimental design was used with 6 common treatments (11953, 1J1203,
1J1132, 3H842, BRS1055 and 2B707) in a strip plot with four replications, for three consecutive years of
evaluation.

Each plot consisted of a 4-m length row, with 0.8 m between rows. The area used for data collection
was 3.2 m?per plot. Sowing occurred in May 2011, 2012 and 2013. Final plant density corresponded to
60,000 plants ha. Fertilization at sowing was NPK 8-28-16 at the rate of 400 kg ha. Topdressing of urea
at the rate of 200 kg ha*was performed when the plants were in the three fully expanded leaf (V3) and
six fully expanded leaf (V6) stages.

A drip irrigation system was used and water stress was imposed through suspending irrigation in the
plots of the environment with water restriction (A1) at 45 days after sowing (45 DAS) until harvest. In the
environment without water restriction (A2), irrigation was performed regularly until the R3 stage, based
on crop evapotranspiration, maintaining moisture at field capacity. The other crop management practices
were performed according to crop needs to obtain the highest yield of the hybrids evaluated.

Characteristics evaluated

The grain yield of each hybrid was evaluated in environments with water restriction (GY,,) and without water
restriction (GY,,) in grams per plot, which was transformed into kg ha at 13% moisture. In addition, the anthesis-silking
interval (ASI) was evaluated as the difference in days between male flowering, when 50% of the plants of the plot had
tassels releasing pollen, and female flowering, when 50% of the plants of the plot had visible style-stigmas in the ears,
in both environments (ASI,, and ASI ).
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The drought tolerance indices used were the stress susceptibility index (SSl), according to Fischer and Maurer (1978):

(1_ GY,,
SSI= L; tolerance to water stress (TOL), according to Rosielle and Hamblin (1981): TOL = GY,, - GY,; drought
mGY
1— Al
( mGY,, )
resistance coefficient (DRC), according to Blum (1984): DRC = g:/ﬂ ; drought resistance index (DRI), according to Lan (1998):
GY,, A2
DRI = GY, x i; stress tolerance index (STl), according to Fernandez (1992): ST/ = ( GV | x(_C6Ya ) x |LMGY4 ;
mGY,, mGY,, mGY,, mGY,,

(GYAZX GYAl)
(GYA2+ GYAl)
the grain yields, in kg ha™, of each hybrid in environments with and without water restriction, respectively; and mGY,

and harmonic mean (HM), according to Mardeh et al. (2006): HM = 2x .In all cases, GY,, and GY,, were

and mGY,, were the mean of grain yields, in kg ha”, in environments with and without water restriction, respectively.

Statistical analysis

Joint analysis of variance of GY and the ASI was performed considering the environments with water restriction (A1)
and without water restriction (A2) in the three years of evaluation. The adjusted means of GY for the environmental
conditions, GY, and GY,,, were applied to the selection indices SSI, TOL, DRC, DRI, STl and HM. All variables and indices
were evaluated by the Scott Knott test at the 5% significance level. Spearman’s correlation analyses were established
between all pairs of variables. Statistical analyses were performed using the R statistical software (R Core Team 2019).

RESULTS AND DISCUSSION

In general, there was low rainfall during the period of plant development in the field over the three years of evaluation
(Figure 1). There was no rainfall in the months of June and July, and in the other months rainfall was less than 7 mm.
Only in May 2012 were there rains of greater magnitude (~41 mm). However, considering that water stress was imposed
only at 45 DAS, that is, when plants were in the month of June, this higher amount of rainfall probably did not influence
the effectiveness of discrimination of the hybrids evaluated under water restriction.

In this context, Makumbi et al. (2011) and Cooper et al. (2014) highlighted that the capacity for discrimination of maize
hybrids with higher GY under unfavorable conditions is effective in the vegetative growth stages and, especially, in the
reproductive stages. For that reason, it is necessary that the trials conducted in the field be developed in environments
with considerable rainfall restriction during plant development, corroborating the results of this study.

The precision observed in carrying out and evaluating
the experiments was good since the coefficient of variation
was considered to be of low magnitude, 15.59% for GY and . &
33.84% for the ASI, and never exceeding 20.35% for all 40
the drought tolerance indices. The hybrid x environment 35
interaction was significant (p < 0.05) for GY and the ASI,
indicating that the hybrids responded differently to the
environmental variations between the environments with
(A1) and without (A2) water restriction.

Precipitation (mm)
Temperature (°C)

For the Al environment, the ten hybrids that had the
highest GY were P3862, 11923, 11862, 1J1133, 1L1434, 0
111473, 1J1211, 1J1143, 1J1121 and 1L1454 (Figure 2).

These hybrids had grain yield higher than 5800 kg ha, which
represents an increase of more than 25% in relation to the

overall mean in this environment with water restriction. The ~ Figure 1. Weather data from the three years of experimental
GY in the water restriction environment ranged from 2199  @valuation of 86 maize hybrids in Brazil.

2011 2012 2013
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Figure 2. Grain yield (GY) of 86 maize hybrids in environments with (A1) and without (A2) water restriction.

Crop Breeding and Applied Biotechnology - 20(1): e176020110, 2020



Grain yield, anthesis-silking interval and drought tolerance indices of tropical maize hybrids

kg ha™ to 7032 kg ha, with a mean GY of 4606 kg ha™. These hybrids showed potential for use in environments with
low water availability. Obtaining hybrids with good GY in environments with water restriction and a significant increase
in environments without water restriction has been the aim of many plant breeding programs (Cooper et al. 2014).

These results are even more relevant considering that, in Brazil, the greater percentage of maize production is
concentrated in the second crop season, when water availability conditions are not ideal, leading to drastic reductions
inyield in certain situations (Clovis et al. 2015). For the A2 environment, four hybrids that had the highest GY according
to the Scott-Knott test at the 5% significance level were P3862, 11862, P30F35 and 2B707. In this environment, the GY
ranged from 5000 kg ha'to 12186 kg ha, with a mean yield of 8532 kg ha™.

Reduction in GY between the A2 and Al environment ranged from 8.13% (1K1306) to 67.38% (1K1346) (Figure 3).
Mean reduction, considering grain yield between the environments with and without water restriction, was 46%, which
shows the effectiveness of imposing stress and the possibility of gene expression in response to environmental stress
under water restriction. In this regard, identification of maize hybrids with lower yield reduction in stressful environments
means greater stability in production, which is also desirable (Mi et al. 2018).

% of GY reduction between water restriction levels

4

3

il ‘“,mmnhﬂ\;Ulllﬂll

ASI (days)

i

1 II

Figure 4. Anthesis-silking interval (ASl), in days, of 86 maize hybrids ordered according to the smaller difference between environ-
ments with (A1) and without (A2) water restriction. Groups of difference in days between Al and A2, according to Scott Knott 5%
significance level, ranging from 0 (a) to 5 days (f).

Crop Breeding and Applied Biotechnology - 20(1): e176020110, 2020 5



AO Santos et al.

Despite the significant hybrid x environment interaction, most hybrids (65%) exhibited a difference between the
ASI,, and the ASI,, equal to zero or equal to 1, group a and b, respectively, in Figure 4. Ten hybrids had an ASI equal to
zero for both environments, and the greatest difference of the ASI within and between the environments was 5 days
(Group f). Differences in the ASI can occur due to differences in the date that tasseling or upper ear development begin,
or because of changes in the development rate or duration of these organs. However, according to Edmeades et al.
(2000), grain set is generally limited when the ASl is greater than 5 days in individual plants.

Regarding the drought tolerance indices, SSI ranged from 0.49 (1J1171) to 1.57 (1J1176) and TOL ranged from
1298 (1K1267) to 7014 (2B707) (Figure 5). For these indices, lower values indicate more drought-tolerant hybrids and
hybrids more efficiently selected for higher yields in environments with water restriction (Jafari et al. 2009, El-Sabagh
et al. 2018). For the DRC, DRI, STl and HM indices, higher values indicate hybrids tolerant to drought, and these indices
generally show greater efficiency in identifying superior hybrids in both environments (Jafari et al. 2009, El-Sabagh et
al. 2018). Values ranged from 0.78 (11144 and 1J1171) to 0.28 (1J1176) for DRC, from 1.14 (11923) to 0.16 (1K1346)
for DRI, from 1.30 (P3862) to 0.21 (1K1346) for STl and from 9242 (P3862) to 3314 (1K1346) for HM. The hybrids 11923,
1L1434 and 1L1473 were located in the groups with the best values for all drought tolerance indices, according to the
Scott-Knott test at the 5% significance level.

High correlation values among the tolerance indices evaluated were observed between SSI and DRC (-0.98) and
between STl and HM (0.98) (Table 1). The correlation between SSI and TOL, DRC and DRI, and STl and HM were positive
and highly significant. Negative and highly significant coefficients were found between the indices SSI and DRC, SSI and
DRI, and TOL and DRC. In this respect, the use of only one of these highly correlated indices may be effective in evaluation
of maize hybrids, eliminating redundant information.

The correlation coefficient between GY,, and GY,, was non-significant. In general, maize hybrids that have positive
and significant correlation coefficients between these characteristics are desired, inferring that the hybrids that have
good yield under water deficit stress can significantly increase their grain yield in environments with good water
availability (Cooper et al. 2014). However, in situations where hybrids are to be grown in exclusively dry environments,
this correlation may not be important in selection (Dias et al. 2018).

GY,, had highly positive and significant correlations (above 80%) with the indices DRI, STl and HM and mean grain
yield, suggesting that these indices can be used as secondary criteria in evaluation for identification of maize hybrids
that have good yield under water stress. However, DRI had near zero correlation with GY,, which is not favorable in the
selection process since maize hybrids are sought with superior grain yield in both environments.

For GY,,, the highest magnitude of significant coefficients (above 64%) were observed for the indices TOL and STI.
Similar results were observed in barley (Eivazi et al. 2013) and wheat (Anwar et al. 2011) crops, implying that these
indices can be used in an effective manner in various crops. For maize hybrid selection in environments with and without

Table 1. Spearman correlation coefficients between grain yield in environments with water restriction (GY, ) and without water re-
striction (GY,,), stress susceptibility index (SSI), water stress tolerance (TOL), drought resistance coefficient (DRC), drought resistance
index (DRI), stress tolerance index (STl), harmonic mean (HM), mean grain yield (mGY), anthesis-silking interval in environments with
water restriction (ASI,,) and without water restriction (ASI,))

GY,, SSI TOL DRC DRI STI HM mGY ASl, Asl,
GY,, 0.30 -0.67 ** -046 ** 0.66 **0.90 **0.87 ** 091 **0.82 **-0.42 **0.01
GY,, 0.43 * 0.65 **.0.44 ** -0.03 0.64 **0.58 **0.74 ** 033 **0.19
SSI 0.95 ** -098 ** 089 ** -0.28 ** -036 ** -0.19 0.12 0.12
TOL -0.95 ** -0.74 ** -0.05 -0.13 0.05 -0.06 0.15
DRC 0.88 **0.27 0.36 0.18 -0.11 -0.13
DRI 0.63 **0.70 **0.56 **.0.25 **-0.08
STI 0.98 ** 097 **-0.46 ** 013
HM 0.96 **-0.45 **0.08
mGY -0.43 ** 0.16
ASI 0.02

1

*p-value < 0.05; ** p-value <0.01.
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water restriction, the STl and HM indices can be used effectively. These indices showed high positive and significant
correlation with GY,, and GY ,, corroborating the results of Barutcular et al. (2016) and El-Sabagh et al. (2018).

In the environment with water restriction, the ASI had a significant negative correlation with GY (-0.42). The ASI in
the Al environment also showed a significant negative correlation with GY in the A2 environment (-0.33) and with the
DRI, STland HM indices. However, the ASI evaluated in the environment without water restriction showed no significant
correlation with any variable (Table 1). The selection of maize lines or hybrids with a lower ASI allowed genetic gains

P\ B
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STI

= 5000
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Figure 5. Stress susceptibility index (SSI), water stress tolerance (TOL), drought resistance coefficient (DRC), drought resistance index
(DRI), stress tolerance index (STI), and harmonic mean (HM) of 86 maize hybrids.
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Figure 6. Dispersion of mean grain yield (GY) of 86 maize hybrids in environments with and without water restriction.

and had a positive impact on drought tolerance (Musvosvi et al. 2018).

In spite of the low magnitude and the lack of significance between GY,, and GY, , it is possible to identify hybrids that
have superior performance in the two cropping situations (Figure 6). The hybrids plotted in the upper right quadrant of
the figure are considered more drought tolerant by achieving yield above the average of the environment with water
restriction. They are also responsive to higher water availability conditions since their mean grain yield was higher than
the mean in the environment without water restriction.

Thus, principally the use of the STl or HM indices allowed identification of drought-tolerant hybrids that had high
grain yield in environments with and without water restriction, and the ASl is useful for early selection in environments
with water restriction. The best hybrids in this study were P3862, 11873, 11923, 11862 and 1J1211; they had good GY,,
and GY,,, along with the best values of drought tolerance indices. These results are useful and applicable to selection
of genotypes, especially in maize breeding programs for the second crop season in Brazil. Future studies may use these
indices to further research on genetic control of drought tolerance in maize.

ACKNOWLEDGMENTS

The authors would like to thank the Coordenacdo de Aperfeicoamento de Pessoal de Nivel Superior (CAPES) and the
Conselho Nacional de Desenvolvimento Cientifico e Tecnoldgico (CNPq) for support in carrying out this study.

8 Crop Breeding and Applied Biotechnology - 20(1): €176020110, 2020



Grain yield, anthesis-silking interval and drought tolerance indices of tropical maize hybrids

REFERENCES

Anwar J, Subhani GM, Hussain M, Ahmad J, Hussain M and Munir M
(2011) Drought tolerance indices and their correlation with yield in
exotic wheat genotypes. Pakistan Journal of Botany 43: 1527-1530.

Barutcular C, Sabagh AEL, Konuskan O, Saneoka H and Yoldash KM (2016)
Evaluation of maize hybrids to terminal drought stress tolerance
by defining drought indices. Journal of Experimental Biology and
Agricultural Sciences 4: 600-616.

Blum A (1984) Breeding crop varieties for stress environments. Critical
Reviews in Plant Sciences 2: 199-238.

Clovis LR, Scapim CA, Pinto RJB, Bolson E and Senhorinho HJC (2015)
Avaliagdo de linhagens S3 de milho por meio de testadores adaptados
a safrinha. Revista Caatinga 28: 109-120.

Cooper M, Gho C, Leafgren R, Tang T and Messina C (2014) Breeding
drought-tolerant maize hybrids for the US Corn-belt: discovery to
product. Journal of Experimental Botany 65: 6191-6204.

Daryanto S, Wang L and Jacinthe P-A (2016) Global synthesis of drought
effects on maize and wheat production. PLoS ONE 11: e0156362.

Dias KOG, Gezan SA, Guimardes CT, Nazarian, A, Silva LC, Parentoni SN,
Guimaraes PEO, Anoni CO, Padua JMV, Pinto MO, Noda RW, Ribeiro
CAG, Magalhdes JV, Garcia AAF, Souza JC, Guimardes LJM and Pastina
MM (2018) Improving accuracies of genomic predictions for drought
tolerance in maize by joint modeling of additive and dominance
effects in multi-environment trials. Heredity 121: 24-37.

Edmeades GO, Bolafios J, Elings A, Ribaut JM, Banziger M and Westgate
ME (2000) The role and regulation of the anthesis-silking interval in
maize. In Westgate ME and Boote K (eds) Physiology and modeling
kernel set in maize. CSSA, Madison, p. 43-73.

Eivazi AR, Mohammadi S, Rezaei M, Ashori S and Pour FH (2013) Effective
selection criteria for assessing drought tolerance indices in barley
(Hordeum vulgare L.) accessions. International Journal of Agronomy
& Plant Production 4: 813-821.

El-Sabagh A, Barutcular C, Hossain A, Islam MS (2018) Response of maize
hybrids to drought tolerance in relation to grain weight. Fresenius
Environmental Bulletin 27: 2476-2482.

Fernandez GCJ (1992) Effective selection criteria for assessing stress
tolerance. In Kuo CG (ed) Proceedings of the international
symposium on adaptation of vegetables and other food crops in
temperature and water stress. AVRDC, Taiwan, p. 257-270.

Fischer RA and Maurer R (1978) Drought resistance in spring wheat
cultivars, I: grain yield responses. Australian Journal of Agricultural
Research 29: 897-912.

Jafari A, Paknejad F and AL-Ahmadi MJ (2009) Evaluation of selection

indices for drought tolerance of corn (Zea mays L.) hybrids.
International Journal of Plant Production 3: 124-131.

Lan J (1998) Comparison of evaluating methods for agronomic drought
resistance in crops. Acta Agriculturae Boreali-occidentalis Sinica
7: 85-87.

Makumbi D, Betran JF, Banziger M and Ribaut JM (2011) Combining ability,
heterosis and genetic diversity in tropical maize (Zea mays L.) under
stress and non-stress conditions. Euphytica 180: 143-162.

Mardeh ASS, Ahmadi A, Poustini K and Mohammadi V (2006) Evaluation
of drought resistance indices under various environmental conditions.
Field Crops Research 98: 222-229.

Mi N, Cai F, ZhangY, Ji R, Zhang S and Wang Y (2018) Differential responses
of maize yield to drought at vegetative and reproductive stages. Plant
Soil Environment 64: 260-267.

Miki¢ S, Zori¢ M, Stanisavljevi¢ D, Kondié-Spika A, Brbakli¢ L, Kobiljski B,
Nastasi¢ A, Mitrovi¢ B and Surlan-Momirovi¢ G (2016) Agronomic
and molecular evaluation of maize inbred lines for drought tolerance.
Spanish Journal of Agricultural Research 14: 1-13.

Musvosvi C, Setimela PS, Wali MC, Gasura E, Channappagoudar BB and
Patil SS (2018) Contribution of secondary traits for high grain yield
and stability of tropical maize germplasm across drought stress and
non-stress conditions. Agronomy Journal 110: 819-832.

Pereira A (2016) Plant abiotic stress challenges from the changing
environment. Frontiers in Plant Science 7: 1123

R Core Team (2019) R: A language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna. Available
at: <https://www.R-project.org/>. Accessed on 7 november 2019

Rosielle AA and Hamblin J (1981) Theoretical aspects of selection for yield
in stress and non-stress environments. Crop Science 21: 943-948.

Shafig S, Akram NA and Ashraf M (2019) Assessment of physio-
biochemical indicators for drought tolerance in different cultivars
of maize (Zea mays L.). Pakistan Journal of Botany 51: 1241-1247.

Verma AK and Deepti S (2016) Abiotic stress and crop improvement:
current scenario. Advances in Plants & Agriculture Research 4:
345-346.

Wattoo FM, Rana RM, Fiaz S, Zafar SA, Noor MA, Hassan HM, Bhatti MH, ur
Rehman S, Anis GB and Muhammad Amir R (2018) Identification
of drought tolerant maize genotypes and seedling based morpho-
physiological selection indices for crop improvement. Sains
Malaysiana 47: 295-302.

Zhao X, PengY, Zhang J, Fang P and Wu B (2018) Identification of QTLs and
meta-QTLs for seven agronomic traits in multiple maize populations
under well-watered and water-stressed conditions. Crop Science
58: 507-510.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License, which permits unrestricted
use, distribution, and reproduction in any medium, provided the original work is properly cited.

Crop Breeding and Applied Biotechnology - 20(1): e176020110, 2020 9



