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ABSTRACT

Maize is considered susceptible to drought stress, when occurs at flowering stage. Thus, the
development of drought tolerant maize cultivars is of important priority for plant breeders. The
objectives of the present study were: (i) to assess the effect of maize genotype (G), irrigation (1)
regime and their interaction on agronomic and yield characters and (i) to identify drought tolerant
and high yielding genotypes under water stress conditions. Six divergent inbred lines in drought
tolerance were crossed in a diallel fashion. Inbreds (6), F4's (15) and checks (2) were evaluated in
the field for two seasons under two irrigation regimes, i.e. well watering (WW) and water stress
(WS) via withholding the 4" and 5" irrigations to induce water stress at flowering stage. A split plot
design in randomized complete blocks arrangement with three replications was used. Data
analyzed across two seasons revealed that significant reduction in grain yield of maize (25.53%)
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due to water stress was accompanied with significant reductions in ears/plant (2.76%), 100-kernel
weight (8.41%), rows/ear (4.23%), kernels/row (6.82%), kernels/plant (12.57%) and plant height
(4.37%) and increases in days to silking (3.50%), anthesis silking interval (21.17%), barren stalks
(26.18%) and leaf angle (9.41%). Interaction between genotypes and irrigation treatments was
significant, indicating that selection is possible to be practiced under a specific irrigation treatment.
Reduction in grain yield and its components due to water stress differed from genotype to
genotype. The inbreds L20, L53 and Sk5, and the F, crosses L20 x L53, L53 x Sk5 and L53x Sd7
were the most drought tolerant and highest yielders under WS and the WW environments. Mean
grain yield/acre (GYPA) of drought tolerant (T) was greater than sensitive (S) inbreds and crosses
by 170.18 and 54.73%, respectively under water stress (WS) conditions. Under water stress, TxT
crosses were generally superior in most studied characters over TxS and SxS crosses, indicating
that the most tolerant cross to water stress should include two tolerant parents and assures that
water stress tolerance trait is quantitative in nature.

Keywords: Corn; flowering stage; drought tolerance index; Genotype x irrigation regime interaction.

1. INTRODUCTION

The water is the most important factor which
is essential for the growth of plant and
ultimately enhanced the yield of crops. Water is
basic requirement for plant growth and
development. Without water the plant goes under
drought condition and severely affects its growth
stages and ultimately yield of crops is reduced.
Thus, the development of tropical maize cultivars
with high and stable yields under drought is an
important priority for CIMMYT (International
Maize and Wheat Improvement Center), as
access to drought-adapted cultivars may be the
only affordable alternative to many small-scale
farmers [1]. Developing maize varieties that are
tolerant to drought is, therefore considered
critical for increasing the world’'s maize
production [2,3] and ensuring global food security

[4].

Maize is considered more susceptible than most
other cereals to drought stresses at flowering,
when vyield losses can be severe through
barrenness or reductions in kernels per ear [5].
Susceptibility of maize vyield to stresses at
flowering has been documented in early Corn
Belt germplasm [6,7]. The studies showed that
the sensitive period extended from around one
week before to two weeks after 50% silking.
Yield losses per day of comparable stress,
before and after flowering, were around 45 and
60%, respectively, of the peak loss at silking
itself [7]. Studies of more recent hybrids suggest
that this period of susceptibility may have moved
towards early grain filling. Grant et al. [8]
reported that although yields were most severely
reduced (70%) by stress coinciding with silking,
yields were reduced by 40-54% from stresses
occurring in the period 10 to 31 days after mid-

silk, and kernel number was reduced below
control for stresses occurring up to 22 days after
silking. NeSmith and Ritchie [9] observed that
kernel numbers per plant were reduced 8-20%
when the plants were stressed in the period 18 to
31 days after silking, while weight per kernel
declined by a significant 21-25%.

Recent studies have shown considerable genetic
variation in the response of commercial hybrids
to drought stress imposed during reproductive
growth [10], and in one study, a well-known
drought tolerant hybrid, P3223, displayed no
additional susceptibility to stress imposed at
flowering and it appeared that these responses
vary considerably among hybrids [11].

Several investigators emphasized the role of
maize genotypes in drought tolerance. Tolerant
genotypes of maize were characterized by
having shorter anthesis-silking interval (ASI) [12],
more ears/plant [13,14] and greater number of
kernels/ear [14,15]. The presence of genotypic
differences in drought tolerance would help plant
breeders in initiating successful breeding
programs to improve such a complicated
character. There is good evidence suggesting
that hybrids maintain their advantage over open
pollinated varieties in both stress and non-stress
environments [16-18]. Exotic inbred lines with
superior breeding values for yield and tolerance
to abiotic stresses have been used as base
materials to develop high-yielding and drought-
tolerant hybrids [19,20]. Such germplasm can be
invaluable sources of novel/favorable genes for
adaptation to environmental stresses for
introgression into adapted germplasm [20-22].
Thus, testing variability within  available
germplasm for drought adaptive traits, while
evaluating drought tolerant lines and their



crosses under stress and non-stress conditions
can help to identify their potential for resource
constrained farmers. The objectives of the
present study were: (i) to assess the effect of
drought at silking stage, genotype and their
interaction on maize studied traits, (ii) to identify
drought tolerant inbreds and F; hybrids and (iii)
to estimate the superiority of tolerant (T) over
sensitive (S) genotypes and T x T over T x S and
S x S crosses.

2. MATERIALS AND METHODS

This study was carried out at the Agricultural
Experiment and Research Station of the Faculty
of Agriculture, Cairo University, Giza, Egypt (30°
02'N latitude and 31° 13'E longitude with an
altitude of 22.50 meters above sea level), in
2012, 2013 and 2014 seasons.

2.1 Plant Material

Based on the results of previous experiments
[23], six maize (Zea mays L.) inbred lines in the
8" selfed generation (Sg), showing clear
differences in performance and general
combining ability for grain yield/feddan(fed)
under drought stress at flowering stage, were
chosen in this study to be used as parents of
diallel crosses (Table 1).

2.2 Making F, Diallel Crosses

In 2012 season, all possible diallel crosses
(except reciprocals) were made among the six
parents, so seeds of 15 direct F; crosses were
obtained. Seeds of the 6 parents were also
increased by selfing in the same season (20122
to obtain enough seeds of the inbreds in the 9"
selfed generation (Sg seed).
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2.3 Evaluation of Parents, F;'s and

Checks

Two field evaluation experiments were carried
out in 2013 and 2014 seasons at the Agricultural
Experiment and Research Station of the Faculty
of Agriculture, Cairo University. Each experiment
included 15 F; crosses, their 6 parents and 2
check cultivars, i.e., SC130 (white), obtained
from the Agricultural Research Center (ARC) and
SC2055 (yellow) obtained from Hi-Tech
Company-Egypt. Evaluation in each season was
carried out under two environments (WW and
WS), i.e., two water regimes, i.e., well watering
(WW) by giving all recommended irrigations and
water stress (WS) by withholding two irrigations
at and post flowering ( the 4™ and 5™ ).

A split-split plot design in randomized complete
blocks (RCB) arrangement with three replications
was used. Main plots were devoted to irrigation
treatments (Well watering and Water stress).
Sub-plots were assigned to 23 maize genotypes
(6 parents, 15 F1's and 2 checks). Each sub-plot
consisted of one ridge of 4 m long and 0.7 m
width, i.e., the experimental plot area was 2.8 mZ.
Seeds were sown in hills at 25 cm apart,
thereafter (before the 1% irrigation) were thinned
to one plant/hill to achieve a plant density of
22,857 plant/acre. Each main plot was
surrounded with a wide alley (1.5 m width) to
avoid interference of the two water treatments.
Sowing date of both environments each season
was on May 5 and May 8 in 2013 and 2014
seasons, respectively.

The soil analysis of the experimental soil at the
Agricultural Experiment and Research Station of
the Faculty of Agriculture, Cairo University, Giza,
Egypt, as an average of the two growing
seasons 2013 and 2014, indicated that

Table 1. Designation, origin and most important traits of 6 inbred lines (L) used for making
diallel crosses of this study

Entry Origin Institution Prolificacy Productivity under Grain color
designation (country) water stress
L20 SC 30N11 Pion. Int.Co. Prolific High Yellow
L53 SC 30K8 Pion. Int.Co. Prolific High White
Sk5 Teplacinco ARC-Egypt Prolific High White
#5
L18 SC 30N11 Pion. Int.Co. Prolific Low Yellow
L28 Pop 59 ARC-Thailand Non-Prolific Low Yellow
Sd7 A.E.D ARC-Egypt Non-Prolific  Low White

ARC = Agricultural Research Center, Pion. Int. Co. = Pioneer International Company in Egypt, SC = Single cross,
W = White grains and Y = Yellow grains



the soil is clay loam (4.00% coarse sand, 30.90%
fine sand, 31.20% silt, and 33.90% clay), the pH
(paste extract) was 7.73, the EC was 1.91 dSm'1,
soil bulk density was 1.2 g cm®, calcium
carbonate was 3.47%, organic matter was
2.09%, the available nutrient in mg kg'1 are
Nitrogen (34.20), Phosphorous (8.86), Potassium
(242), hot water extractable B (0.49), DTPA -
extractable Zn (0.52), DTPA - extractable Mn
(0.75) and DTPA - extractable Fe (3.17).
Meteorological variables in the 2013 and 2014
growing seasons of maize were obtained from
Agro-meteorological Station at Giza, Egypt. For
May, June, July and August, mean temperature
was 27.87, 29.49, 28.47 and 30.33°C, maximum
temperature was 35.7, 35.97, 34.93 and 37.07°C
and relative humidity was 47.0, 53.0, 60.33 and
60.67%, respectively, in 2013 season. In 2014
season, mean temperature was 26.1, 28.5, 29.1
and 29.9°C, maximum temperature was 38.8,
35.2, 35.6 and 36.4°C and relative humidity was
32.8, 35.2, 356 and 36.4%, respectively.
Precipitation was nil in all months of maize
growing season for both seasons. All other
agricultural practices were followed according to
the recommendations of ARC, Egypt.

2.4 Data Recorded

The following grain yield traits were measured at
flowering and/Or post-flowering stage. Days to
50% anthesis (DTA) (as number of days from
planting to anthesis of 50% of plants per plot).
Days to 50% silking (DTS) (as number of days
from planting to silking of 50% of plants/plot).
Anthesis-silking interval (ASI) (as number of days
between 50% silking and 50% anthesis of plants
per plot). Plant height (PH) (cm) (measured from
ground surface to the point of flag leaf insertion
for five plants per plots). Barren stalks (BS) (%)
measured as percentage of plants bearing no
ears relative to the total number of plants in the
plot (an ear was considered fertile if it had one or
more grains on the rachis). Leaf angle (LANG) (°)
measured as the angle between stem and blade
of the leaf just above ear leaf, according to
Zadoks et al. [24].

The following grain yield traits were measured at
harvest. Number of ears per plant (EPP)
calculated by dividing number of ears per plot on
number of plants per plot. Number of rows per
ear (RPE) using 10 random ears/plot at harvest.
Number of kernels per row (KPR) using the same
10 random ears/plot. Number of kernels per plant
(KPP) calculated as: number of ears per plant x
number of rows per ear x number of kernels per
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row. 100-kernel weight (100-KW) (g) adjusted at
15.5% grain moisture, using shelled grains of
each plot. Grain yield per plant (GYPP) (g)
estimated by dividing the grain yield per plot
(adjusted at 15.5% grain moisture) on number of
plants/plot at harvest. Grain yield per acre
(GYPA) in ton, by adjusting grain yield/plot to
grain yield per acre. Drought tolerance index
(DTI): Drought tolerance index (DTI) modified
from equation suggested by Fageria [25] was
used to classify genotypes for tolerance to water
stress. The formula used is as follows: DTI=
(Y1/AY41) X (Y2/AY,), Where, Y, = grain yield
mean of a genotype at non-stress. AY,
average yield of all genotypes at non-stress.Y,
grain yield mean of a genotype at stress. AY, =
average Yyield of all genotypes at stress. When
DTl is = 1.0, it indicates that genotype is tolerant
(T), If DTI is < 1, it indicates that genotype is
sensitive (S).

2.5 Biometrical Analysis

Analysis of variance of the split-split plot design
in RCB arrangement was performed on the basis
of individual plot observation using the MIXED
procedure of SAS ® [26]. Combined analysis of
variance across the two seasons was also
performed if the homogeneity test was non-
significant. Moreover, data of each environment
(WW or WS) was separately analyzed across
seasons as a randomized complete block design
for the purpose of determining genetic
parameters using GENSTAT 10" addition
windows software. Least significant differences
(LSD) values were calculated to test the
significance of differences between means
according to Steel et al. [27].

3. RESULTS AND DISCUSSION

3.1 Analysis of Variance

Combined analysis of variance (Table 2) across
years (Y) of the split plot design for the studied
23 genotypes (G) of maize showed that mean
squares due to years were significant or highly
significant for all studied traits, except for
anthesis-silking interval (ASI), barren stalks (BS),
kernels/plant (KPP), grain yield/acre (GYPA),
indicating significant effect of climatic conditions
on most studied traits. Mean squares due to
irrigation  regimes, and genotypes were
significant or highly significant for all studied
traits, except ASI, leaf angle (LANG), and
rows/ear (RPE) for irrigation regimes, indicating
that irrigation regime has a significant effect on
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most studied traits and that genotype has an
obvious and significant effect on all studied traits.
Mean squares due to Gxl and GxIxY were
significant (P < 0.05 or 0.01) for all studied traits,
except for one trait (RPE), indicating that the
rank of maize genotypes differ from irrigation
regime to another, and from one year to another
and the possibility of selection for improved
performance under a specific water stress as
proposed by Al-Naggar et al. [28-31].

Separate analysis of variance under each
environment (WW or WS) (data not presented)
showed that mean squares due to parents and
crosses under both environments were highly
significant for all studied traits, except ASI under
WW, indicating the significance of differences
among studied parents and among F; diallel
crosses in the majority of cases. It is observed
that variance due to genotypes was the largest
contributor to the total variance in this experiment
for 9 out of 12 studied traits, as measured by
percentage of sum of squares to total sum of
squares. For the three traits ASI, BS and EPP,
error variance was the largest contributor to the
total variance; the reason might be due to the
large value of C.V. for these characters (20.67,
23.19 and 20.13%, respectively). Mean squares
due to parents vs. F; crosses were highly

significant for all studied traits under both
environments, except for ASI under WW and
WS, BS under WW, suggesting the presence of
significant heterosis for most studied cases.

Mean squares due to the interactions parents x
years (P x Y) and crosses x years (F1 x Y) were
significant or highly significant for all studied
traits under both environments, except DTS
under WW for F;x Y, ASI under WW, for P x Y,
BH under WW and WS for PxY and FxY, EPP
under WW for PxY, RPE under WW for P x Y
and WS for Fy x Y, KPP under WW for P x Y and
WS for F; x Y, 100KW under WS for P x Y,
GYPA under WW for P x Y and F; x Y. Mean
squares due to parents vs. crosses x years were
significant or highly significant in most cases
(Table 4). Such interaction was expressed in
both environments for DTS, BS, LANG, EPP,
KPR, KPP, 100 KW and GYPA traits. This
indicates that heterosis differ from season to
season in these cases. It was observed that
genotype is the largest contributor to total
variance for all studied traits in both
environments, except ASI under WW and WS,
BS under WW. Among genotypes components
under both environments, the largest contributor
to total variance was parents vs. F4's (heterosis)
variance, followed by F; crosses and parents.

Table 2. Analysis of variance of split plot design for studied grain quality and yield traits of 23
maize genotypes under two irrigation regimes combined across 2013 and 2014 years

Sov df % Sum of squares (SS)

DTS ASI PH BS LANG EPP
Years (Y) 1 28.98* 0.37 0.07* 0.24 1.63** 2.34**
Irrigation (I) 1 14.39** 17.31** 2.98* 10.42** 7.48** 1.81*
IxY 1 0.32** 0.29 0.02 0.01 0.03 0.40**
Error 8 0.17 0.93 0.08 1.77 0.25 0.27
Genotypes (G) 22 44.44* 14.21** 85.43** 36.38** 65.97** 48.70**
GxY 22 6.80** 13.14** 4.22% 10.14** 15.71** 21.26**
Gxl 22 0.84** 8.74** 2.72* 9.28** 2.71* 5.79**
GxIxY 22 1.40** 12.78** 1.70** 3.15 2.96** 11.90**
Error 176 2.67 32.23 2.79 28.62 3.25 7.53
Total SS 275 2311 99.4 235723 4542 6274 4.39

RPE KPR KPP 100-KW GYPP GYPA
Years (Y) 1 0.69** 0.53** 0.14 12.57* 0.18** 0.19**
Irrigations(l) 1 6.46** 4.26** 8.89** 11.47** 11.04** 11.19**
IxY 1 0.01 0.00 0.01 4.58* 0.01 0.00
Error 8 0.44 0.10 0.29 0.36 0.05 0.06
Genotypes(G) 22 71.64* 87.42** 79.44* 56.52** 84.26™* 84.09*
GxY 22 11.31* 4.71* 6.58** 5.69** 2.55%* 2.70*
Gxl 22 2.28** 0.53** 0.97* 2.65* 0.89** 0.86**
GxIxY 22 2.38** 0.68** 0.67* 1.74* 0.31** 0.17*
Error 176 4.78 1.77 3.00 4.72 0.70 0.74
Total SS 275 402.6 13838.59 7175978 5144 1413222 28023.29




3.2 Mean Performance

3.2.1 Effect of water stress

The effects of drought at flowering stage on the
means of studied traits across all genotypes
across the two years are presented in Table 3.
The WW environment represents the non-
stressed one, while WS represents drought
stressed environment. Mean grain yield/plant
(GYPP) was significantly decreased due to water
stress at flowering stage by 25.53%. Effects of
water stress on the mean performance of grain
yield/ plant were approximately in the same trend
to those effects on grain yield/acre (25.91%).
Consistent to these results, several investigators
reported reductions due to drought stress in grain
yield [30,32-35] who noted that water stress
during the vegetative stage of corn production
reduced grain yield by 25%, water stress during
silking reduced grain yield by 50%, while water
stress during grain fill reduced grain yield by
21%.The lower reduction in grain yield recorded
in this study due to drought at silking stage as
compared with some previous reports might be
due to differences in soil properties and climate
conditions prevailed during the seasons and
locations of different studies.

Reductions in grain yield of maize due to water
stress at flowering stage was accompanied with
significant reductions in ears/plant (2.76%), 100-
kernel weight (8.41%), rows/ear (4.23%),
kernels/row (6.82%), kernels/plant (12.57%)
and plant height (4.37%). On the contrary,
withholding irrigation at flowering stage caused
increases in days to silking (3.50%), anthesis
silkking interval (21.17%), percentage of barren
stalks (26.18%) and leaf angle (9.41%).
Elongation of anthesis-silking interval in this
study due to water stress was in full agreement
with Monneveux et al. [30] and Al-Naggar et al.
[32-34,36].
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3.2.2 Effect of genotype

Averages of selected traits of 6 inbred parents,
15 F, crosses and 2 checks under well watering
(WW) and water stress (WS) across two years
are presented in Table 4. In general, the F;,
hybrids were earlier than inbred lines for DTS by
2.84 day. The crosses were taller than inbreds by
56 cm for PH and had wider LANG by 2.85
degree. On the other hand, F; hybrids showed
higher means than inbreds for KPP by 257
kernel, KPR by 12.56, 100 KW by 5.02 g, GYPP
by 139.67 g, GYPF by 2.76 ton/acre, indicating
that heterozygotes exhibit better (more favorable)
values for most studied traits than homozygotes,
which is logic and could be attributed to heterosis
phenomenon.

Reduction in grain yield and its components due
to water stress at flowering stage differed from
genotype to genotype (Table 4). Mean grain
yield/plant (GYPP) was significantly decreased
due to water stress by 39.54, 28.20 and 33.57%
for parents, F4's and checks, respectively. Effects
of water stress on the mean performance of grain
yield/ plant were approximately in the same trend
to those effects on grain yield/acre (17.58, 29.35
and 24.78%), for parents, F; crosses and
checks, respectively. It was observed that
reductions of most yield traits (KPR, KPP,
100KW and GYPP) due to water stress for
inbreds were much higher than yield reductions
for F{ hybrids. This conclusion was also
confirmed by Al-Naggar et al. [31,37] and EI-
Ganayni et al. [38], who reported that hybrids
were more adapted to drought stress than inbred
lines of maize. Reductions in grain yield of maize
due to water stress at flowering stage was
accompanied with significant reductions in
ears/plant (13.14 and 13.59%), 100-kernel
weight (17.46 and 11.72%), rows/ear (6.51 and
6.66%), kernels/plant (33.64 and 25.47%) and
LANG (6.26 and 2.08%) for inbreds and hybrids,
respectively.

Table 3. Means of studied traits under well watering (WW) and water stress (WS) conditions
across two years

Trait ww WS Change% Trait ww WS Change%
DTS (day) 62.77 64.97 -3.50** RPE 14.53 13.92 4.23*
ASI (day) 2.36 2.86 -21.17* KPR 42.85 39.93 6.82**

BS (%) 10 12.62 -26.18** KPP 765.1 669 12.57*
LANG (o) 27.73 30.34 -9.41** 100-KW (g) 34.31 31.42 8.41**

PH (cm) 231 220.9 4.37* GYPP (g9) 186.26 138.7 25.53**
EPP 1.23 1.2 2.76** GYPA(ton) 3.62 2.68 25.91*

DTS = days to 50% silking, ASI = anthesis-silking interval, BS = barren stalks, LANG = leaf angle, PH = plant
height, EPP = ears per plant, RPE = rows per ear, KPR = kernel per row, KPP = kernels per plant, 100-KW =
100-kernel weight, GYPP = grain yield per plant, GYPF = grain yield per feddan, * and ** indicate significance at
0.05 and 0.01 probability levels, respectively
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Table 4. Means of studied traits and percentage change (Ch%) from non-stressed (WW) to stressed environment (WS) combined across two

seasons
Genotype ww WS ww WS ww WS
Mean Mean Ch% Mean Mean Ch% Mean Mean Ch%
Day to 50 % silking (day) Anthesis-silking interval Plant height (cm)
Parents 64.81 70.06 -8.1 2.69 4.69 -74.23 194.3 203.8 -4.85
Crosses 61.72 65.99 -6.92 2.2 4.02 -82.58 2442 2549 -4.38
Checks 64.58 68.33 -5.81 2.54 4.33 -70.49 2421 256.2 -5.82
LSD.05 G =0.36 =.0.164 Gx1=0.88 G =0.28 =0.17 Gx1=0.70 G =3.55 1 =1.21 Gx1=8.70
Barren stalks (%) Leaf angle (°) Ears per plant
Parents 9.94 14.4 -44.9 26.61 24.94 6.26 1.234 1.072 13.14
Crosses 9.97 12.14 -21.7 28.26 27.67 2.08 1.237 1.069 13.59
Checks 10.39 13.1 -26.1 27.17 27.25 -0.31 1.168 1.067 8.63
LSD.05 G=230 1=134 Gx1=565 G=0.041 1=0.025 Gx1=0.10
G=0.76 1=045 Gx1=1.87
Rows per ear Kernels per row Kernels per plant
Parents 14.05 13.13 6.51 33.61 28.8 14.31 581 403 30.64
Crosses 14.62 13.64 6.66 45.81 42.21 7.86 825.1 614.9 2547
Checks 15.33 14.43 5.86 48.39 44.61 7.82 868.2 684.9 21.11
LSD.05 G=0.334 1=0.132 Gx1=0.818 G =28.49 [=1556 Gx1=69.80
G=0.81 1=0.37 Gx1=1.99
100-kernel weight (g) Grain yield/plant (g) Grain yield/acre (ton)
Parents 30.2 24.92 17.46 77.06 46.59 39.54 1.82 1.5 17.58
Crosses 36.04 31.82 11.72 225.1 161.62 28.2 6.2 4.38 29.35
Checks 33.67 30.68 8.87 222.59 147.87 33.57 5.77 4.34 24.78
LSD.05 G=065 1=049 Gx|1=1.58 G=0.11 [=0.03 Gx1=0.27
G=380 1=1.51 Gx1=9.32

WW = well watering, WS = water stress, Change = 100*(WW-WS)/WW, * and ** significant at 0.05 and 0.01 probability levels, respectively
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On the contrary, withholding irrigation at
flowering stage caused increases in days to
silking (8.10 and 6.92%), anthesis silking interval
(74.23 and 82.58%) and percentage of barren
stalks (44.90 and 21.70%) for inbreds and
hybrids, respectively. Elongation of anthesis-
silking interval in this study due to water stress
was more pronounced in hybrids than inbreds.

It is observed that F,'s showed the lowest
reduction due to drought in grain yield/ plant,
while parental inbreds showed maximum
reduction, indicating that heterozygotes are more
drought tolerant than homozygotes. Superiority
of heterozygotes over homozygotes in abiotic
stress tolerance may be due to heterosis
phenomenon and was reported by several
investigators [31,38].

The F4 crosses varied greatly in all studied traits
(Table 5). The highest means for grain yield and
its related characters were shown by the 4

crosses L20 x L53, L53x Sk5, L53 x Sd7 and
Sk5 x L18. The F4 cross L20 x L53 was the best
cross for GYPP, GYPA, EPP, RPE, KPR, KPP
and 100KW. The cross L53 x Sk5 came in the
second rank and exhibited the second best
means for GYPP, GYPA, EPP, KPP and 100-
KW. The cross L53 x Sk5 ranked the 3™ and the
cross Sk5 x L18 came in the 4™ rank for GYPA.
In contrast, the lowest means among all crosses
for grain yield and its components were observed
in the crosses L18 x L28, L53 x L18 and Sk5 x
Sd7.

The best check cultivar across all studied
environments was SC130 with respect of most
studied traits. The best F;’s in this study excelled
significantly the best check (SC130) in GYPA by
31.77% (L20 x L53), 13.28% (L53x Skb5),
10.16% (L53 x Sd7) and 5.73% (Sk5 x L18).
These crosses could be of great value for maize
breeding programs and for farmers after re-
testing them under more locations and years.

Table 5. Mean grain yield per plant (GYPP) and per acre (GYPP) of inbreds, F, crosses and
checks under well watering (WW) and water stress (WS) conditions across 2013 and 2014

seasons
Genotype Ww WS ww ws Change % DTI
GYPA GYPP
Inbreds
L20 1.98 0.96 106.6 57.7 45.8** 1.85
L53 2.45 1.41 132.1 85.5 35.2** 3.39
Sk5 1.44 0.87 77.6 46.9 39.6** 1.09
L18 0.87 0.59 46.7 34.8 25.5** 0.49
L28 0.82 0.35 444 21.2 52.2** 0.28
Sd7 0.80 0.25 55.1 13.2 76.0** 0.22
F, Crosses
L20 X L53 5.15 4.49 277.4 242.7 18.8** 1.71
L20 XSK5 4.09 3.10 221.7 166.8 3.4** 1.00
L20 X L18 4.06 3.33 219.2 182.1 13.5%* 0.92
L20 X L28 4.32 3.19 232.8 171.7 40.2** 1.07
L20 X Sd7 4.21 3.32 226.7 179.9 13.5** 1.02
L 53 X Sk5 4.56 3.72 2455 203.0 16.0** 1.27
L53 X L18 3.60 2.58 197.5 138.9 23.0** 0.70
L53 X L28 4.41 3.18 237.5 171.6 31.4* 1.14
L53 X Sd7 4.48 3.58 241.0 197.3 12.6** 1.21
Sk5 X L18 4.36 3.37 234.8 183.7 23.2** 1.10
Sk5 X L28 4.14 3.27 223.2 177.2 33.8** 0.98
Sk5 X Sd7 3.83 2.74 207.2 147.7 38.1** 0.78
L18 X L28 3.16 2.30 171.1 124.0 29.9** 0.54
L18 X Sd7 3.95 2.86 213.3 154.2 19.1** 0.84
L28 X Sd7 4.20 3.19 227.6 177.2 20.2** 1.03
Checks
SC 130 4.27 3.05 229.8 164.2 28.5** 1.08
SC 2055 4.00 2.76 215.4 148.4 31.1** 0.92

Ch% = 100 (WW- WS)/WW, DTI= drought tolerance index, * and ** significant at 0.05 and 0.01 probability levels



3.2.3 Genotype Xx irrigation interaction

Mean grain yield per plant and per acre across
years under the two environments (WW and WS)
for each inbred, hybrid and check cultivar is
presented in Table 5. In general, GYPP of the
three inbreds L53, L20 and Sk5 was higher than
that of the three other inbreds (L18, L28 and
Sd7) under both environments (WW and WS).
This means that the inbreds Sk5, L20 and Sk5
could be considered tolerant to water stress,
while inbreds Sk5, L20 and Sk5 are sensitive.
The highest GYPP of all inbreds was achieved
under WW environment because of the optimum
irrigation.

The inbred L53 showed the highest (favorable)
means for GYPP and GYPA under both
environments. The inbred L20 was the second
highest for grain yield, while inbred SK5 came in
the third rank. On the contrary, the inbred Sd7
exhibited the lowest means for GYPP and GYPA
under both environments. The rank of inbreds
under WW for GYPP and GYPA was similar to
that under WS environment, indicating less effect
of interaction between inbreds and irrigation
regime on these traits. For the inbred lines L20,
L28 and L53, the percent reduction in GYPP due
to water stress relative to non stress (WW) was
smaller than the inbreds L18, Sk5 and Sd7,
which could be attributed to the higher potential
yield of the first group of lines than the second
one, under good environmental conditions. The
first group of lines exhibited drought tolerance
index (DTI) greater than one, while the second
group (L18, Sk5 and Sd7) showed DTI < 1,
indicating that the inbreds L20, L28 and L53 are
tolerant to water stress, while the inbreds L18,
Sk5 and Sd7 are sensitive. The most tolerant
inbred is L53 (DTI=3.39) followed by L20 and
Sk5, while the most sensitive inbred is Sd7
(DTI=0.22) (Table 5).

The highest GYPP in this experiment (277.4 g)
was obtained from the cross L20 x L53 under
well watered environment (WW) followed by the
crosses L53 x Sk5 (245.5 g), L53 x Sd7 (241.0
g) under the same environmental conditions.
These crosses could therefore be considered
responsive to this good environment. The same
crosses were also the highest yielders under
water stress with the same order; these crosses
were also considered tolerant to water stress.
The DTI of these crosses were the highest
among F4's (1.71, 1.27 and 1.21, respectively). It
is clear that such tolerant inbreds (L53, Sk5 and
L20) might be considered as source of tolerance
and responsiveness in these crosses.
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Some F, crosses showed significant superiority
in GYPP over the best check in this experiment
(SC130), namely the crosses L20 x L53, L53 x
Sd7, Sk5 x L18 and L28 x Sd7 under both
environments. Under water stress conditions,
L20 x L53, L53x Sk5, L53 x Sd7, Sk5 x L18, L20
x L18, L20 x Sd7 and Sk5 x L28 showed
significant superiority in grain yield over the best
check in this experiment (SC130) by 47.8, 23.6,
20.2,11.9, 10.9, 9.6 and 7.9%, respectively.

Comparing to the non-stressed environment
(WW), all 15 F; crosses under WS environment
showed a decrease in their GYPP ranging from
3.4% (L20 x Sk5) to 40.2% (L20 x L28). The
highest GYPA under both environments (WW
and WS) was shown by the cross L20 x L53
followed by L53 x Sk5 and L53 x Sd7. The
highest crosses in GYPA under WS environment
were L20 x L53 (4.49 ton/acre), L53 x Sk5(3.72
ton/acre), L53x Sd7 (3.58 ton/acre). It is worthy
to note that these three crosses are the most
tolerant ones to water stress (DTI=1.71, 1.27 and
1.21, respectively) and the highest responsive
ones to well watering.

3.3 Superiority of Drought Tolerant (T)
Over Sensitive (S) Genotypes

Based on drought tolerance index (DTI), the
drought tolerant inbreds were L20, L53 and Sk5,
while the drought sensitive inbreds were L18,
L28 and Sd7. The F; crosses L20 x L53, L53 x
Sk5 and L53x Sd7 were considered the most
tolerant to drought, while the crosses L18 x L28,
L53 x L18 and Sk5x Sd7were considered as the
most drought sensitive crosses (Table 5). Data
averaged for each of the two groups (T and S)
for inbreds and hybrids differing in tolerance to
drought stress indicated that GYPA of drought
tolerant (T) was greater than that of the sensitive
(S) inbreds and crosses by 170.18 and 54.73%,
respectively under water stress conditions (WS)
(Table 6).

Superiority of drought tolerant (T) over sensitive
(S) inbreds in GYPA under drought was
associated with superiority in most studied traits,
namely GYPP (174.80%), EPP (1.59%), RPE
(15.50%), KPR (28.86%) KPP (41.36%), 100-
KW (19.28%), BS (-12.00%), ASI (-7.21%), DTS
(-0.58%), and LANG (-17.50%). Superiority of T
over S crosses in GYPF under drought was due
to their superiority in GYPP (56.62%), EPP
(26.93%), RPE (19.39%), KPR (20.70%) KPP
(39.93%), 100-KW (21.04%), BS (-58.08%), ASI
(-4.81%), DTS (-3.80%) and LANG (-27.11%).
CIMMYT breeders found that maize grain yield



under drought was closely related to some
secondary traits such as more ears per plant, i.e.
less barrenness, short ASI and late leaf
senescence, i.e. stay grain [39-42]. These results
are in consistency with those reported by Al-
Naggar et al. [28-30,32,33].

Reduction in barren stalks and shortening in ASI
of tolerant as compared to sensitive inbreds and
hybrids in the present study are desirable and
may be considered as important contributors to
drought tolerance. Similar conclusions were
reported by Vasal et al. [17], Al-Naggar et al.
[23,34], Edmeades et al. [42], Buren et al. [43],
Dow et al. [44] and Beck et al. [45].
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3.4 Differential Response of TxT, TxS and
SxS Crosses

Mean performance of traits were averaged
across three groups of F, crosses, i.e., TxT, TxS
and SxS groups based on grain yield per plant of
their parental lines under water stress and non-
stress conditions, i.e., parental tolerance to water
stress and presented in Table 7. Number of
crosses was 3, 9 and 3 for the TxT, TxS and
SxS groups, respectively. In general, TxT
crosses had favorable (higher) values for grain
yield and its attributes and lower (favorable)
values for DTS, ASI, PH, BS and LANG than
SxS and TxS crosses under water stress.

Table 6. Superiority (%) of the three most tolerant (T) over the three most sensitive (S) inbreds
and crosses for studied characters under the stressed environment (WS) combined across

2013 and 2014 seasons
Trait Inbreds Crosses
T S % T S %
Superiority Superiority
DTS (day) 66.97 67.36 -0.58** 62.72 65.20 -3.80**
ASI (day) 2.86 3.08 -7.21* 2.86 3.01 -4.81
PH (cm) 178.44 172.89 3.21* 227.67 249.94 -8.91**
BS (%) 11.02 12.52 -12.00* 7.60 18.14 -58.08**
LANG (°) 24.89 30.17 -17.50** 26.44 36.28 =27 .11**
EPP 1.16 1.14 1.59** 1.38 1.09 26.93**
RPE 14.25 12.34 15.50** 15.30 12.81 19.39**
KPR 34.04 26.41 28.86** 47.15 39.06 20.70**
KPP 542.90 384.06 41.36** 857.27 612.63 39.93*
100-KW (g) 30.81 25.83 19.28** 35.41 29.25 21.04**
GYPP (g) 63.39 23.07 174.80** 214.34 136.86 56.62**
GYPF (ard) 1.13 0.42 170.18** 413 2.67 54.73**

% Superiority = 100 % [(T — S)/S]

Table 7. Trait differences averaged across 2013 and 2014 seasons for TxT, TxS and SxS
groups of F, crosses for water stress under two irrigation regimes

Trait Well watering (WW) Water stress (WS)

TxT TS Sx8 =T TxS Sx8
DTS (day) 60.78 61.69 62.72 63.00 63.89 65.06
ASI (day) 2.1 2.20 2.28 2.89 2.73 3.03
PH (cm) 227.78 245.28 25717 229.44 238.11 246.06
BS (%) 8.36 9.84 11.99 8.91 12.99 16.23
LANG (°) 24.39 28.52 31.33 27.39 31.85 35.00
EPP 1.36 1.22 1.16 1.36 1.20 1.12
RPE 15.74 14.59 13.58 15.05 13.94 13.26
KPR 49.68 45.30 43.46 46.54 42.85 40.63
KPP 918.58 818.10 752.37 844.13 727.02 643.91
100-KW (g) 38.14 35.92 34.30 34.54 32.46 30.65
GYPP (g) 248.19 224.43 204.01 20417 172.25 151.80
GYPA (ton) 4.83 4.36 3.96 3.96 3.33 2.92

T = tolerant, S = sensitive



Water stress TxT crosses were generally
superior in most studied characters over other
groups of crosses; where SxS crosses were the
most inferior (Table 7) under water stress
conditions. This indicates that the tolerant cross
to water stress should include two tolerant
parents and assures that water stress tolerance
trait is quantitative in nature, so the tolerant cross
accumulates additive genes of water stress
tolerance from both parents. Superiority of water
stress TxT crosses over SxS and TxS crosses
was expressed also under well watering and was
more pronounced under water stress conditions,
indicating that these TxT crosses are tolerant to
water stress and responsive to well watering
conditions.

Under water stress, grain yield per acre of water
stress TxT (3.96 ton) was greater than that of
SxS (2.92 ton) and TxS (3.33 ton) by 35.44 and
14.03% and respectively (Table 8). Superiority of
water stress TxT and TxS over SxS crosses in
GYPA under water stress conditions was due to
their superiority in GYPP by 34.50 and 13.47%,
EPP by 21.43 and 7.14%, RPE by 13.50 and
5.13%, KPR by 14.55 and 5.46%, KPP by 31.09
and 12.91%, 100-KW by 12.69 and 5.91%,
respectively (Table 8).

Moreover, the water stress TxT and TxS crosses
were earlier in DTS by 3.70 and 1.80%, of
shorter ASI by 4.62 and 9.90%, shorter PH by
6.75 and 3.23%, and lower BS by 45.10 and
19.96% than SxS, respectively under water
stress conditions.

The superiority of water stress tolerant maize
crosses over the sensitive ones was attributed by
CIMMYT researchers to their synchronization
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between anthesis and silking, prolificacy or less
barrenness [39-42]. Results of the present study
are in agreement with those reported by
CIMMYT breeders.

3.5 Grouping Genotypes Based on WS
Efficiency and Responsiveness to
ww

According to efficiency under water stress and
responsiveness to well watering, studied inbreds
and crosses were classified into four groups, i.e.,
water stress efficient and responsive to well
water, water stress efficient and non-responsive,
water stress non-efficient and responsive and
water stress non-efficient and non-responsive
based on GYPF trait. The inbreds No.2 (L53),
No.1 (L20) and No.3 (Sk5) were classified as
water efficient and responsive, while inbreds
No.4 (L18), No.5 (L28) and No.6 (Sd7) were
classified as water non-efficient and non-
responsive (Fig. 1). The F4 crosses No. 1 (L20 x
L53), No. 6 (L 53 x Sk5), No. 9 (L53 x Sd7), No.
10 (Sk5 x L18) and No.5 (L20 x Sd7) had the
highest GYPF under high-D and Low-D, i.e.; they
could be considered as the most water stress
efficient and the most responsive genotypes in
this study (Fig. 2). On the contrary, the F;,
crosses No.13 (L18 x L28), No.7 (L53 x L18),
No.12 (Sk5 x Sd7), No.14 (L18 x Sd7) and No.2
(L20 xSk5) had the lowest GYPF under both
WW and WS and therefore could be considered
inefficient and non-responsive (Fig. 2). The
crosses No.3 (L20 x L18) and No.15 (L28 x Sd7)
occupied the group of water efficient and non-
responsive (high GYPF under WS but low GYPF
under WW). The crosses No.4 (L20 x L28), No.8
(L53 x L28) and No.11 (Sk5 x L28) had low
GYPF under WW and under WS, i.e. water

Table 8. Superiority (%) of T x Tand T x S over S x S crosses for studied traits under two
irrigation regimes across two seasons (2013 and 2014)

Trait Well watering (WW) Water stress (WS)

TxT TxS TxT TxS
DTS -3.09** -1.64 =317 -1.80*
ASI -7.46 -3.51 -4.62 -9.9
PH -11.43** -4.62** -6.75** -3.23
BS -30.28* -17.93 -45.10** -19.96
LANG -22.15** -8.97* -21.74** -9.00**
EPP 17.24** 5.17 21.43** 7.14
RPE 15.91** 7.44* 13.50** 513
KPR 14.31** 4.23* 14.55** 5.46*
KPP 22.09** 8.74 31.09** 12.91
100-KW 11.20** 4.72 12.69** 5.91*
GYPP 21.66** 10.01** 34.50** 13.47**
GYPA 21.96** 10.22** 35.44** 14.03**

% Superiority = 100 x [(TXT) or (TxS) —(SxS)/(SxS)], T = tolerant, S = sensitive
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Fig. 2. Relationships between GYPA of 15 F; maize hybrids under well watering (WW) and
water stress (WS) combined across 2013 and 2014 seasons. Broken lines represent mean
GYPA of all F4's. 1= L20 X L53, 2= L20 XSK5, 3=1.20 X L18, 4=120 X L28, 5= L20 X Sd7, 6=L 53
X Sk5, 7=L53 X L18, 8= L53 X L28, 9= L53 X Sd7, 10= Sk5 X L18, 11= Sk5 X L28, 12= Sk5 X Sd7,
13=L18 X L28, 14=L18 X Sd7, 15= L28 X Sd7

stress inefficient and responsive. According to
Fageria and Baligar [46-48] genotypes
(progenies) belonging to the 1% group "effecint
and responsive" (above all) and 2 group
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"efficient and non-responsive" (to a lesser extent)
appear to be the most desirable materials for
breeding programs that deal with adaptation to
water stress.
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3.6 Grouping Genotypes Based on
Drought Tolerance and High Yield
under WS

Mean grain per acre across years of studied
genotypes under water stress (WS), was plotted
against same trait of the same genotypes under
WW (Figs. 3 and 4), which made it possible to
distinguish between four groups, namely tolerant
high- yielding, tolerant low-yielding, sensitive
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high-yielding and sensitive low-yielding under
WW according to Sattelmacher et al. [49], Worku
et al. [50] and Al-Naggar et al. [51].

The inbreds No.2 (L53), No.1 (L20) and No.3
(Sk5) were classified as drought tolerant and
high yielding, while inbreds No.4, No.5 and No.6
were classified as water stress sensitive and low
yielding (Fig. 3). The F; crosses No. 1 (L20 x
L53), No. 6 (L 53 x Sk5), No. 9 (L53 x Sd7), No.



10 (Sk5 x L18) and No.5 (L20 x Sd7) had high
DTl and high vyielding, ie.; they could be
considered as the most water stress tolerant and
the most responsive genotypes to water stress in
this study (Fig. 4). On the contrary, the F;
crosses No.13 (L18 x L28), No.7 (L53 x L18),
No.12 (Sk5 x Sd7), No.14 (L18 x Sd7) No.2 (L20
xSk5) and No.15 (L28 x Sd7) had the lowest
GYPA under WS and therefore could be
considered sensitive and low yielding (Fig. 4).
The crosses No.3 (L20 x L18) and No.11 (Sk5 x
L28) occupied the group of water stress
tolerance and non-responsive (low GYPA) under
WS. The crosses No.4 (L20 x L28) and No.8
(L53 % L28) had low DTI and high yielding under
WS, i.e. water stress sensitive and responsive to
water stress.

Summarizing the above-mentioned
classifications, it is apparent that the inbreds L53,
L20 Sk5 and the F, crosses (L20 x L53), (L 53 %
Sk5), (L53 x Sd7) and (Sk5 x L18) occupied the
first group (best one) in both classifications; they
are the most efficient, most drought tolerant, the
highest yielder under the stressed and the non-
stressed environments. On the contrary, the
three inbreds L18, L28 and Sd7 and the crosses
(L18 x L28), (L53 x L18), (Sk5 x Sd7), (L18 x
Sd7) and (L20 xSk5) occupied the fourth group
in all classification; they are the most inefficient ,
most sensitive to water stress, non-responsive to
the good environment and low yielders under the
stressed environment.

4. CONCLUSION

Analysis of variance across two seasons
revealed that mean squares due to Gx| and
GxIxY were significant (P < 0.05 or 0.01) for all
studied traits, except for one trait (RPE),
indicating that the rank of maize genotypes
differs from irrigation regime to another, and from
one year to another and the possibility of
selection for improved performance under a
specific water stress environment. The lower
reduction in grain yield recorded in this study due
to drought at silking stage than that reported by
previous investigators might be due to
differences in soil properties and climate
conditions prevailed during the seasons and
locations of different studies. Reductions of most
studied yield traits due to water stress for inbreds
were much higher than those for F; hybrids
indicated that hybrids were more adapted to
drought stress than inbred lines of maize.
Superiority of tolerant (T) over sensitive (S)
inbreds and crosses in grain yield under drought
was due to higher values of ears/plant, rows/ear,
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kernels/row, kernels/plant, 100 kernel weight and
lower values of barren stalks, anthesis-silking
interval, days to silking and leaf angle. Water
stress TxT crosses were generally superior in
most studied characters over TxS and SxS
crosses; where SxS crosses were the most
inferior under water stress conditions, indicating
that the most tolerant cross to water stress
should include two tolerant parents and assures
that water stress tolerance trait is quantitative in
nature, so the tolerant cross accumulates
additive genes of water stress tolerance from
both parents. The inbreds L20, L53 and Sk5, and
the F; crosses L20 x L53, L53 x Sk5 and L53x%
Sd7 were the most drought tolerant and highest
yielders under WS and the WW environments;
these genotypes could be offered to future plant
breeding programs.
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