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ABSTRACT

Temperate maize growing regions are increasingly prone to drought stress which is emerging as a primary
constraint to maize productivity. Introgression of tropical sources of drought tolerance into temperate maize
breeding may contribute to improving the drought tolerance of the relatively narrow temperate germplasm
base that is currently in use. In the present study, seven tropical drought tolerant inbred lines and two well-
adapted commercial temperate inbred lines were crossed in a half-diallel design. The 9 parents, 36 diallel
hybrids and 2 commercial checks were tested in well-watered and managed water stressed conditions in
Antalya, Turkey in 2013 and 2014. Significant differences were detected between genotypes for number of
days to anthesis, anthesis-silking interval, plant height, thousand kernel weight, number of ears per plant,
number of kernels per ear and grain yield. Tropical inbreds G1 and G5 were comparable to the adapted
temperate commercial inbreds in terms of general combining ability. Specific combining ability analysis
revealed that tropical x temperate hybrids had higher values compared to tropical x tropical hybrids. Yield
potential of hybrid G5 x G9 in particular, a promising tropical x temperate hybrid, was significantly higher
under both well watered and drought conditions. Our results suggest that tropical drought tolerant
germplasm is likely to have high utility in temperate maize breeding programs.
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INTRODUCTION

Maize (Zea mays L.) is a highly water-dependent crop
and drought can cause considerable vyield reductions
throughout the growing cycle and especially during
reproductive stage. Global warming, irregular rainfall and
reduction of current water resources will adversely affect
maize production in the future.

One of the most effective and practical strategies to
mitigate drought risks to maize production is the
development of varieties that have better tolerance to
drought stress (Banziger et al. 2000; Ashraf et al. 2010).

In tropical maize, several initiatives have been
undertaken over the years to improve drought tolerance in
breeding programs. The International Maize and Wheat
Improvement Center (CIMMYT) began improving
tropical maize germplasm for drought stress through
recurrent selection and direct evaluation under managed
stress environments in the 1970s. (Fischer et al. 1989;
Bolanos and Edmeades, 1993; Byrne et al. 1995;
Edmeades et al. 1999). Edmeades et al. (1996)
demonstrated that germplasm developed from drought

tolerant source populations performed significantly better
under drought stress compared to conventional
populations. CIMMYT derived several inbreds from these
drought tolerant source populations and has released
hybrids that have good yield potential in the tropics (Beck
et al. 1996). In temperate maize growing regions of the
world, genetically modified approaches have been pursued
in parallel to conventional breeding to improve drought
tolerance, particularly in the US Corn Belt (Cooper et al.
2014). Improved phenotyping and molecular methods
have also been used to develop drought tolerant temperate
maize hybrids (Messina et al. 2009).

As a temperate zone country, Turkey produces about
5.9 million tones of maize per year and it is cultivated in
approximately 0.66 million hectares (FAOSTAT, 2014).
Maize is used primarily for livestock in Turkey and ranks
third to wheat and barley in land under cereal cultivation.
Maize is a summer season crop in Turkey and therefore
rainfall has to be supplemented by irrigation in most
growing regions (ilker et al. 2009). However, the
frequency of drought is increasing throughout maize
growing regions in Turkey, while the amount of water
available for irrigation is reducing due to competition for
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other crops and land uses. In order to stabilize maize
production in Turkey, there is need to develop maize
hybrids with drought tolerance.

Since the advent of maize hybrid production and
recycling of elite inbreds in pedigree programs, the
temperate maize germplasm base has been narrowing
(Hallauer and Miranda 1988; Tallury and Goodman
1999). Recent molecular and pedigree analysis of maize
inbred lines with expired plant variety protection revealed
that temperate (U.S) maize germplasm is mainly based on
a few key inbreds (Mikel, 2006; Mikel and Dudley 2006;
Nelson et al. 2008). This finding is consistent with
previous studies that showed commercial hybrids trace
back primarily to derivatives of about six to eight inbred
lines (Goodman et al. 1988; Smith, 1988; Goodman,
1992). Despite the increasing grain yield in temperate
maize there is also a concern on the increasinlgy limited
genetic diversity in temperate germplasm and the potential
to introgress exotic or tropical germplasm (Albrecht and
Dudley 1987; Fan et al. 2010; Tallury and Goodman
1999; Nelson and Goodman 2008; Goodman, 1999;
Goodman, 2004). Apart from diversifying the temperate
maize germplasm base, studies have shown that tropical
maize inbred lines crossed to temperate germplasm can be
used in hybrid combinations without yield penalty in
temperate environments (Tallury and Goodman 1999;
Nelson and Goodman 2008).

Introgression of tropical maize germplasm into
temperate germplasm has been studied by maize breeders.
However, information on utilization of drought tolerant
tropical maize germplasm to increase drought tolerance in
temperate environments such as Turkey is lacking. We

sought to investigate the potential of using drought
tolerant tropical maize germplasm developed by
CIMMYT in temperate hybrid combinations for
evaluation under drought in Turkey.

The objectives of the study were to: i) analyze
combining ability among tropical/subtropical germplasm
and temperate Turkish maize inbreds under optimum and
drought conditions for yield and yield related traits, ii)
determine suitable parents for further breeding studies, iii)
identify hybrids that have tolerance to drought, iv)
generate knowledge on how to use tropical/subtropical
maize germplasm for drought tolerance breeding in
temperate maize.

MATERIALS AND METHODS
Germplasm

In the study, a set of drought tolerant tropical and
subtropical maize inbred lines from different drought
tolerant source populations La Posta Sequia (LPS),
Drought Tolerant-Yellow (DTP-Y) and Drought Tolerant-
White (DTP-W) developed by CIMMYT were evaluated
in a preliminary study in Antalya, Turkey in 2010. Seven
inbred lines were selected based on their adaptation and
morphological characteristics from the study. Two well-
adapted, commercial, temperate inbreds from Stiff-Stalk
(TK56) and Lancaster (TK72) backgrounds were also
used in the study. Pedigree information about the inbreds
is provided in Table 1. The nine inbred lines were crossed
in a diallel design in 2011/12 to obtain 36 crosses
excluding reciprocal crosses. Two popular high yielding
commercial hybrids, P31A34 and DKC6589 were used as
checks in the experiments.

Table 1. Pedigree information of the maize inbred lines

No Inbred Pedigree Coun_tr_y of Source Population
Origin

Gl Antl-96 DTPYC9-F13-2-3-1-2-B CIMMYT DTP-¥ (Drought tolerant
population-yellow)

G2 Ant 1-95 DTPYC9-F72-1-2-1-1-B CIMMYT DTP-Y

G3  Ant1-97 DTPW-C9-F16-1-1-1-1-B-B CIMMYT DTP-W (Drought tolerant
population-white)

G4 Ant 1-93 DTPYC9-F46-1-7-1-1-B-B CIMMYT DTP-Y

G5 Ant 1-91 LPSC7F64-2-6-2-2-B-B CIMMYT LPS (La Posta Sequia)

G6 Ant 1-92 DTPYC9-F74-1-1-1-1-B-B CIMMYT DTP-Y

G7 Ant 1-98 DTPYC9-F65-2-2-1-1-B-B CIMMYT DTP-Y

G8 TK 56 FRB73 Turkey Stiff-Stalk

G9 TK 72 FRMo17 Turkey Lancaster

Experiments

The study was conducted at Bati Akdeniz Agricultural
Research Institute’s Field Crops Department, Antalya
(36052°N, 30045’E), Turkey over two years (2013 and
2014). The climate of the region is typically
Mediterranean, i.e. mild and rainy in winter and dry and
hot in summer. The soil of the research station is clay—

loam in texture, unsalted and rich in calcium carbonate
and alkali. Temperature and precipitation data during the
period of the study was summarized in Table 2. During
the reproductive stage of the crop (June to August)
negligible precipitation was recorded in both years of
experimentation resulting in highly favourable conditions
in which to screen under drought stress.
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Table 2. Growing season climatic data of the experimental area

Max. air temp. (°C)

Mean air temp. (°C)

Precipitation (mm)

Month 2013 2014  LONG- 2013 2014 Long- 5013 2014  LONg-
term term term

April 37.4 277 33.0 17.7 16.6 16.2 34 41 56.0
May 35.8 30.1 34.7 22,5 20.2 210 56.0 27 49.8
June 38.8 42.1 39.7 25.4 25.3 259 0.0 1 4.2
July 39.7 42.2 41.6 28.0 275 289  16.0 0 3.0
August 415 42.8 41.0 28.7 27.5 288 0.0 5 18
September 40.6 34.0 38.3 24.7 25.0 251 19.0 20 27.0
Mean 39.3 36.5 39.1 25.9 23.7 25.9 - - -
sum - - - - 01 94 1418

A total of 47 entries (36 half-diallel crosses, 2
commercial checks and 9 inbred lines were evaluated
under water-stressed (WS) and well-watered (WW)
conditions in adjacent experiments. Reproductive stage
drought stress was induced in the WS experiments by
withdrawing irrigation approximately 2-3 weeks before
flowering until harvest as suggested by Banziger et al.

(2000) and Bruce et al. (2002). Soil water content in both
WS and WW experiments was monitored using a
gravimetric method (Black, 1965). The moisture changes
in the 0-90 cm soil depth of the experiments in 2013 and
2014 are shown in Figure 1. Efforts were made to
maintain field water holding capacity in the WW
experiments through irrigation.
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Figure 1. Change in soil moisture content prior to irrigation in WW and WS experiments obtained in 2013(left) and 2014 (right).

Experiments were designed as Randomized Complete
Blocks with three replications. Plots consisted of two
rows, 5 meters long with row spacing of 0.7 meters. After
emergence, plants were thinned to approximately 0.2 m
interplant density. Fertilization and plant protection
measures  were undertaken according to local
recommendations.

Data Analysis

The traits evaluated in the research were measured
according to Banziger et al. (2000) and UPOV (2009).
Anthesis date (AD) was calculated as the number of days
from sowing until 50% of plants in a plot had extruded
anthers. Anthesis-silking interval (ASI) was calculated as
the difference between silking date (when plants showed
50% silks) date and AD. Plant height (PH) was
determined during the grain filling period and it was
measured as the distance between ground level and the top
of the tassel. In order to measure thousand kernel weight
(TKW) 4 x 100 kernel samples from a plot was taken,

averaged and then multiplied by 10. To determine ears per
plant (EPP), the number of ears with at least one fully
developed grain was divided by the number of harvested
plants. 5 ears were selected randomly from each plot and
the number of kernels on the ear (KPE) was counted.
Counted kernels were then divided by the number of ears
to determine kernels per ear.

Analysis of variance was performed on data from 2013
and 2014 for yield and yield traits in WW and WS
experiments. Years were considered as environment in the
analyses and checks were excluded from the diallel
analysis. A SAS program developed by Zhang et al.
(2005) was used for Griffing’s diallel method 2 model 1
(Griffing, 1956) analysis. In the model, parents and their
half-diallels (reciprocal crosses excluded) were used. The
General Linear Model (GLM) illustrates Griffing’s
methods for analyzing data:

Yiike=u+ o1 +b+ Vij +(av)ijt €ijuic,
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where Vij =0i +0j + Sijand (AV)ijl= (QQ)il + (OL)jI+(AS)ijl.

In the model, Yijuc = observed value of each
experimental unit, p = population mean, a; = environment
effect, by block or replication effect in each
environment, vi; = F1 hybrid effect, (av)j = interaction
between environments and F1 hybrids, ejuc = residual
effect, gi = GCA effect for ith parent, gj = GCA effect for
jth parent, s;j = SCA for ijth F1 hybrid, (ag)i = interaction
between GCA effect for ith parent and environments, (9)ji
= interaction between GCA effect for jth parent and
environments, (S)ijl = interaction between SCA effect for
ijth F1 hybrid and environments (Zhang and Kang 1997).

Drought Resistance Index (DI) (Lan, 1998), Stress
Tolerance Index (STI) (Fernandez, 1992) and Yield
Reduction Ratio (YRR) (Golestani and Assad 1998)
indices were computed using Excel files.

STI = (Ys xYp)/(Yp?)

DI = (Ysx(Ys/Yp))/Ys

YRR = 1-(Ys/ Yp)

In the above formulas, Y, Y,, Ys and Yp represent
yield under stress (WS), yield under well watered (WW)

for each genotype and experiment yield means in WS and
WW conditions for all genotypes, respectively.

RESULTS AND DISCUSSION

Results of the combined analysis of variance for AD,
ASI, PH and TKW obtained from WW and WS

experiments were shown in Table 3. According to the
analysis, highly significant differences (P<0.01) were
determined amongst genotypes in all investigated traits in
both experiments. The analysis revealed that environments
(years) were significant for both experiments except for
PH in the WS experiments and KPE in WW experiments.
Genotype by environment interactions was significant
under both WW and WS experiments. General combining
ability (GCA) effects of the inbreds and specific
combining ability (SCA) of the hybrids were found to be
highly significant (P<0.01) for all traits in both
experiments and demonstrated the presence of both
additive and non-additive effects. The magnitude of the
GCA mean square and SCA mean square revealed the
direction of gene action for the investigated traits.
According to the ratio of the GCA/SCA mean square
results, larger additive effects were determined for AD
and ASI compared to other traits. The especially large
GCAJ/SCA mean square of ASI under drought conditions
suggests high levels of heritability. ASI is a key secondary
trait that aids selection for drought tolerance in maize
(Bolanos and Edmeades 1993; Edmeades et al. 1993;
Byrne et al. 1995; Bolanos and Edmeades 1996; Ribaut et
al 1997; Banziger et al. 2000; Ziyomo and Bernardo
2012). The ratio of GCA/SCA mean square of EPP was
3.80 and 1.29 in WW and WS experiments respectively,
suggesting additive gene action for this trait as well. Non-
additive gene action was detected for PH (0.77), TKW
(0.52) and GY (0.83) in WS experiment (Table 4).

Table 3. Analysis of variance for anthesis day (AD), anthesis silking interval (ASI), plant height (PH) and thousand kernel weight

(TKW) obtained from WW and WS conditions

S Variati AD ASI PH TKW
ource ot vanation ="\ WS WW WS WW WS WW WS
Genotype (Gen) 44 12327**  184.67** 27.43** 4797 6.119.49%*  5634.04** 349949%* 6.762.70**
Environment (Env) 1 3.936.89%* 2.504.7%* 503** 35823** 104.981.39** 358.23 51.819.78%* 532.871.21%*
Gen x Env 44 5.12%* 6.72**  2.62** 10.85** 418.85** 412.84%  1.484.12** 1.860.65%*
GCA 8 540.41**  756.12%% 80.84** 172.82** 6.424.89**  456475** 5903.62** 3.897.82%*
GCA x Env 8 12.03**  1054%* 3.56%* 27.047** 377.24%* 364.65%  4.429.22%*  1.685.09%*
SCA 36 30.57**  57.69%*  17.08** 20.23** 6.051.63**  5.875.66%* 2.965.24** 7.399.35%*
SCA x Env 36 3.59%* 3.87*%  242%% 7.26%*  428.09%* 42355  829.65%*  1.899.66**
GCA/SCA - 177 13.1 525 854 1.06 0.77 1.99 0.52

CV (%) - 15 1.79 279 209 3.58 5.99 6.99 11.76

Mean (experiment) - 75.4 765 3.18 5.47 250.35 204,57 253,69 173.39

***: statistically significant at 0.05 and 0.01 level respectively

Mean GY of the WS trials (2013 and 2014) was
1673.81 kg ha' with CV of 20.81 (Table 4). Mean GY of
the WW trials (2013 and 2014) was 6907.14 kg ha* with a
CV of 15.41. Overall WS trials reported a 76% reduction

in GY relative to optimal (normal) WW conditions (Table
4). The vyield reduction due to drought showed that,
drought was severe enough to test the genotypes in the
study as stated by Bruce et al. (2002).
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Table 4. Analysis of variance for number of ear per plant (EPP), number of kernel per ear (KPE) and grain yield (GY) obtained from

WW and WS conditions

Source of Variation EPP KPE GY

DF Ww WS WW WS WW WS
Genotype (Gen) 44 0.073** 0.15** 152.109.04** 159.272.04** 55.936.523** 6.669.535.0**
Environment (Env) 1 0.51**  12.94** 1.315.62 267.152.03** 128.973.774**  209.732.479.9**
Gen x Env 44 0.072** 0.11** 9.798.90** 19.546.16*%*  2.124.687** 1.605.219.9**
GCA 8 0.19** 0.18** 225.036.58** 250.455.11** 76.619.190.52** 5.731.020.26**
GCA x Env 8 0.24**  0.41** 16.375.19**  29.604.72**  3.182.222.37**  1.072.461.26**
SCA 36 0.05** 0.14** 135.903.42** 139.009.14** 51.340.374.27** 6.878.093.86**
SCA x Env 36 0.04**  0.04** 8.337.50** 17.310.93* 1889678.74** 1.723.610.75**
GCA/SCA - 3.8 1.29 1.66 1.80 1.49 0.83
CV (%) - 937 16.20 14.06 18.23 15.41 20.81
Mean (experiment) - 0.99 0.59 509.54 306.66 6907.14 1673.81

***: statistically significant at 0.05 and 0.01 level respectively

GCA results of the nine inbreds are presented in Table
5 and Table 6. GCA effects differed between the WW and
WS experiments although in general, positive GCAs

under WW corresponded to positive GCAs under WS and
vice versa for most traits.

Table 5. GCA effects for anthesis day (AD), anthesis silking interval (ASI), plant height (PH) and thousand kernel weight (TKW)

obtained from WW and WS conditions

Inbred AD ASI PH TKW
WWwW WS Ww WS WWwW WS WwW WS
Gl -1.84** -2.47** -1.09** -2.24%* -23.04** -15.11** 16.80** 4.67
G2 0.28 0.34 -0.03 0.52* -6.26* -6.65** -9.03** -8.09
G3 1.92 ** 2.15%* 1.03** 0.91** 5.18 9.05** -1.64 4.99
G4 3.36** 417+ 2.12%* 2.64** 10.71** -1.20 -6.57* -13.00*
G5 3.48** 3.99%* -0.02 -0.04 4.90 -1.24 4.15 2.82
G6 1.31* 1.90** 0.59** 1.14** 6.40* 4.61** -3.93 0.71
G7 -0.4ns -0.78 0.15 0.59* 0.47 -5.41** -0.69 5.89
G8 -3.94** -4.44>* -1.43** -1.72*%* 1.34 5.14** -11.21*%* -7.54
G9 -4.19*%* -4.86** -1.32** -1.80** 0.30 10.82** 12.12** 9.55

***: statistically significant at 0.05 and 0.01 level respectively

Table 6. GCA effects for number of ear per plant (EPP), number of kernel per ear (KPE) and grain yield (GY) obtained from WW

and WS conditions

EPP KPE GY
Inbred Ww WS Ww WS WWwW WS
Gl 0.05** 0.08* 1.61 26.78** 1051.14** 230.91
G2 -0.06** -0.03 -11.04 11.65** -683.68** -35.03
G3 -0.01 -0.02 -55.16** -39.40** -973.94** -150.84
G4 -0.03 -0.01 -89.19** -84.54** -1626.48** -329.94*
G5 0.10** 0.09* 7.07 -31.66** 327.80 247.64
G6 -0.05** -0.05 -15.86 -60.46** -755.43** -434.41%*
G7 0.04* -0.06 -4.39 -1.87** 40.20 -181.05
G8 -0.01 0.00 114.30** 94.07** 1372.85** 246.79
G9 -0.03 0.00 52.64** 85.42** 1247.54** 405.93**

***: statistically significant at 0.05 and 0.01 level respectively

In terms of flowering traits, the tropical inbred G1,
gave significant and negative GCA effect for AD under
both conditions indicating that the line can be used to
select for earliness. Temperate inbred lines G8 and G9
gave significant and negative GCA values for AD as
expected due to their adaptation. When GCA results of the
ASI investigated, it was determined that tropical
originated inbred lines G1 and G5 had potential breeding
value for drought tolerance. Also, Temperate inbred lines
G8 and G9 showed good performance in terms of ASI in

both experiments. In terms of PH, G4 and G6 genotypes
gave positive and significant GCA results in WW
conditions; while G3, G6, G8 and G9 showed positive and
significant GCA effects in WS conditions. G1 and G9
inbred lines were the best genotypes that showed positive
and significant GCA value for TKW in WW experiment.
Non-significant GCA values were prevalence in WS
conditions for TKW except G4. Differences in EPP
amongst entries was limited although positive and
significant EPP GCA values were observed for the
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tropical inbreds G1, G5 and G7 under WW conditions and
G1 and G5 under WS conditions. This could be related to
the fact that multicobbing remains common in some
tropical germplasm whilst being selected against in
temperate regions such as Turkey. More ears per plant has
been suggested as a secondary selection trait for drought
tolerance (Banziger et al. 2000; Bao-Cheng et al. 2010).
Therefore, G1 and G5 tropical inbreds can be selected for
improving drought tolerance in temperate maize. Positive
and significant KPE GCA values were obtained from
tropical inbreds G1 and G5 in addition to temperate
inbreds G8 and G9 temperate suggesting that some
tropical lines can be used to improve this trait.

Inbreds G1, G8 and G9 gave significant and positive
GCA for GY under WW. All three inbreds also had
positive GCA under WS conditions although only G9 was
significant. G5 is one of the most widely used abiotic
stress donor line in the tropics for both drought and poor
soil fertility and had positive GCA under both WW and
WS conditions although non-significant. The highly
significant positive GCAs for the two temperate lines are
an indication of better adaptation and yield potential of
temperate germplasm.

Lower GCAs amongst the tropical donor lines was not
unsurprising given that most lines were derived from the
same DTPYC9 source population which may have
resulted in limited heterosis. The one line from a different
source population, G5 from LaPosta population,
demonstrated positive GCAs under both WW and WS
conditions. The tropical inbreds were also unadapted to
the screening environment especially in terms of
photoperiod sensitivity and rust tolerance. Nonetheless,
inbreds G1 and G5 produced comparable GCA to the
temperate lines suggesting that introgression of specific
tropical inbreds will likely enhance heterosis and the
germplasm diversity base in Turkey.

GCA analysis suggests that the tropical inbreds G1
and G5 from Drought Tolerant Populations Yellow and
LaPostaSequi respectively, may be the most suitable
tropical introgression candidates for a humber of traits for
maize breeding in Turkey. Evaluation of a wider selection
of tropical and subtropical germplasm is likely to yield
additional inbreds that may have utility in temperate
breeding programs.

SCA results of the hybrids for AD, ASI, PH, TKW,
EPP, KPE and GY obtained from WW and WS conditions
are presented in Table 7 and 8. SCA values differed under
WW and WS conditions suggesting specific adaptation to

drought stress amongst hybrids. Hybrid G1xG4 had the
highest negative SCA effect for AD under WW
conditions, while hybrid G4xG8 (tropical x temperate)
was the best for AD in WS conditions followed by hybrids
G2xG5 (Tropical x Tropical) and G1xG4 (Tropical X
Tropical). Inbreds G3 and G6 were the best combiners (a
tropical hybrid) for ASI in WW experiments. Hybrid
G6xG8 (tropical x temperate) was the best for ASI under
WS conditions. A tropical x temperate hybrid, G1xG8 had
highest SCA value for PH in both WW and WS
conditions. The highst SCA values for TKW were
recorded from G3xG8 (tropical x temperate) in WW and
G3xG6 (tropical x tropical) in WS conditions. Tropical x
temperate hybrids G4x G8 and G5xG9 had the highest
SCA for EPP under WW and WS conditions respectively.
Inbreds G2 and G3 were the best combiners in terms of
KPE under WW conditions, while inbreds G4 and G8
were the best under WS.

Results of SCA for GY revealed that tropical X
temperate hybrids ranked one and two of the 36 hybrids
evaluated under WW conditions. This is likely caused by
high heterosis due to the genetic distances and high yield
potential in the temperate germplasm. Similar results were
observed under WS where the top three hybrids were
tropical x temperate. In general, the SCA analysis showed
that tropical x temperate hybrids had higher SCA values
than tropical x tropical hybrids or temperate x temperate
hybrids. This finding suggests that tropical x temperate
hybrid combinations can be extremely useful in
addressing severe reproductive stage drought in Turkish
maize production systems.

Two high yielding, commercial, single cross hybrids,
P31A34 and DKC6589, were also used as checks against
the half diallel hybrids in order to assess their performance
relative to widely cultivated varieties in Turkey.
Combined mean GY results of the test hybrids and checks
in WW and WS experiments were shown in Figure 2.
Although tropical x temperate hybrid G5xG9 was the best
yielder under WS conditions, the commercial checks were
surprisingly drought tolerant relative to the diallel crosses
ranking second and third. The commercial checks were
also the highest yielders under WW conditions. It is likely
that adaptation to local conditions in Turkey played an
important role. Several researchers (Duvick 1977, 1992;
Hallauer et al. 1988; Russel, 1991; Carena and Cross
2003; Tollenar and Wu 1999; Tollenar, 2000) have also
attributed increased stress tolerance in modern temperate
maize germplasm to indirect selection through planting at
high plant densities.
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Table 7. SCA effects for anthesis day (AD), anthesis silking interval (ASI), plant height (PH) and thousand kernel weight (TKW)
obtained from WW and WS conditions

Hybrid AD ASI PH TKW

WWwW WS WWwW WS Ww WS WwW WS
G1xG2 -1.18 -1.00 0.11 -1.24 11.62 27.4** 22.11* 15.8
G1xG3 -1.99 -1.98 0.21 -0.36 21.51* 5.49 23.64* 251
G1xG4 -3.09 -3.17* -1.88** -2.7%* 19.98* 18.1** 25.41* 44.2*
G1xG5 -2.38 -1.98 -0.41 -1.18 2.63 7.95 3.03 19.0
G1xG6 -1.38 -1.73 -1.02* -1.7* 6.13 18.8** 18.73 28.2
G1xG7 -0.17 -0.21 -0.41 -0.15 11.72 12.6* 18.89 16.1
G1xG8 0.20 -0.56 0.83* 1.5 31.03** 29.2** -8.67 0.83
G1xG9 1.45 0.03 0.23 0.58 19.89* 14.2* -11.4%* -4.91
G2xG3 -0.94 -2.12 -1.35%* 0.61 30.06** 9.54 7.91 7.71
G2xG4 -1.38 -1.97 0.89* 2.21%* 20.03* 22%* 12.75 32.7
G2xG5 -2.00 -3.62* -1.97%* -1.11 6.01 6.83 -1.93 -1.02
G2xG6 1.16 -1.36 -0.91* 0.38 15.68 21.2%* 8.46 13.1
G2xG7 0.71 -0.02 -0.3 0.26 15.6 14.7%* 3.92 491
G2xG8 -1.25 -1.36 -0.23 -1.42 11.07 22%* 6.38 4.86
G2xG9 -1.50 -1.61 0.0 -0.68 14.94 13.4* -0.84 12.7
G3xG4 -0.02 1.88 1.00* 2.32** 13.09 10.3 7.83 20.3
G3xG5 -1.47 -1.94 0.14 0.00 8.41 14.1* 6.8 -0.6
G3xG6 -0.14 2.32 3.36** 3.82** 17.24 21.3** -9.92 53.0*
G3xG7 0.24 -0.33 1.14** 0.70 24.99** 13.3* 8.85 11.8
G3xG8 -1.22 -1.84 -0.62 -0.98 6.63 16.1** 30.51** 21.2
G3xG9 -1.64 -1.76 -0.73 -0.41 3.5 9.24 16.94 134
G4xG5 2.75 1.38 1.88** 1.94* 29.54** 26.7** 10.89 -11.9
G4xG6 -0.41 0.14 -0.73 1.76* -6.12 -5.81 -5.47 -50.0*
G4xG7 -1.53 -3.02* -1.45%* -0.70 10.63 16.7** 8.9 24.9
G4xG8 -2.49 -3.70** -2.21*%* -2.05* 18.44* 17.3** 6.15 27.0
G4xG9 -1.58 -1.27 -2.32*%* -2.30** 7.97 15.2** 17.94 25.2
G5xG6 1.30 1.98 1.41%* 1.77* 17.86 20.2** 19.07 41.6*
G5xG7 -0.32 0.00 2.85** 3.32** 23.45* 14.9%* 26.59* 354
G5xG8 -2.94 -2.02 -0.74 -1.53 8.92 9.71 3.22 18.3
G5xG9 -1.53 -1.26 -0.18 -1.12 16.45 18.4** -2.78 14.7
G6xG7 -1.99 -3.08* -0.92* -1.53 -1.22 -15.9%* 2.04 -3.77
G6xG8 -0.60 -2.92* -0.85* -2.55%* 10.42 -8.14 6.38 4.34
G6xG9 -0.86 -2.50 -0.95* -0.8 12.62 6.01 16.06 -0.96
G7xG8 -0.40 -1.08 -0.58 0.5 21.01* 25** -13.3 -14.9
G7xG9 -0.32 -0.48 -0.68 0.24 8.71 10.5 7.65 21.0
G8xG9 -0.28 -0.33 0.73 0.89* -5.48 -14.2* 12.16 -7.39

***: statistically significant at 0.05 and 0.01 level respectively
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Table 8. SCA effects for number of ear per plant (EPP), number of kernel per ear (KPE) and grain yield (GY) obtained from WW
and WS conditions

EPP KPE GY
Hybrid Ww WS WwWw WS WwW WS
G1xG2 -0.01 0.18 99.88 ** 92.3 ** 1228.13 * 11056 *
G1xG3 -0.03 0.11 97.67 ** 106 ** 2373.29 ** 733.91
G1xG4 0.04 0.11 131.9 ** 134 ** 3315.66 ** 743.86
G1xG5 0.01 0.13 34.11 142 ** 1791.83 ** 764.67
G1xG6 0.01 0.14 24.03 48.2 1913.99 ** 615.25
G1xG7 0.04 0.01 -4.77 26.1 972.27 244.83
G1xG8 -0.01 0.19 30.72 84.8 ** -79.98 217.01
G1xG9 0.09 0.00 27.7 33.3 18.7 -390.96
G2xG3 012 * -0.06 162.8 ** 131 ** 2575.8 ** 288.05
G2xG4 -0.05 0.00 46.85 -1.1 361.12 -240.8
G2xG5 -0.08 -0.06 65.26 * 174 ** 2000.96 ** 731.62
G2xG6 0.03 0.07 7335 * 18.5 713.87 153.41
G2xG7 -0.04 -0.01 57.71 744 * 1203.11 * 275.49
G2xG8 0.02 0.07 82.53 845 ** 565.29 175.26
G2xG9 0.04 0.08 59.85 * 52.3 476.91 524.63
G3xG4 -0.11 0.07 -146 ** -64.8 * -2214.37 ** -706.42
G3xG5 0.02 0.00 1349 ** 113 ** 1470.05 ** 543.76
G3xG6 -0.05 -0.10 80.47 ** 3.87 -593.14 -426.95
G3xG7 -0.07 -0.03 140.8 ** 26.5 898.93 49.92
G3xG8 -0.03 0.14 67.99 * 36.5 1488.11 ** 855.41
G3xG9 0.13 * 0.08 82.64 ** 76.3 * 2837.64 ** 1151.19 **
G4xGS 0.17 ** -0.07 -70.8 * -131 ** -2219.78 ** -690.64
G4xG6 -0.06 -0.12 -12.7 -47.8 -1289.59 * -537.35
G4xG7 0.04 0.13 1254 ** 70.8 * 1606.94 ** 933.12 *
G4xG8 0.18 ** 0.10 159.4 ** 222 ** 3983.82 ** 1486.17 **
G4xG9 0.13 * 0.07 117.8 ** 63.3 2161.05 ** 731.74
G5xG6 -0.05 -0.07 20.58 -34.2 -1048.78 -200.25
G5xG7 0.00 -0.05 -10.1 -53.8 -783.87 -219.5
G5xG8 -0.08 0.02 100.3 ** 55.3 1481.97 ** 515.77
G5xG9 -0.01 0.23 * 79.08 ** 186 ** 3658.85 ** 2337.59 **
G6xG7 0.07 0.12 99.53 ** 114 ** 1926.56 ** 614.79
G6xG8 0.11 0.19 125.7 ** 116 ** 2688.49 ** 982.25 *
G6xG9 0.04 0.06 45.0 43.6 222493 ** 116.29
G7xG8 -0.02 0.09 25.05 51.0 944.8 127.3
G7xG9 0.00 0.04 5.53 83.1 * 848.87 244.05
G8xG9 0.00 -0.06 34.68 -712 * 65.94 -625.87

***: statistically significant at 0.05 and 0.01 level respectively
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Figure 2. Mean GY of the half-diallel hybrids and commercial checks in WW and WS experiments
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Due to the complexity of drought tolerance various
selection indices have been developed incorporating
various secondary traits (Hao et al. 2011). These include
the Drought Resistance Index (DI) (Lan, 1998), Stress
Tolerance Index (STI) (Fernandez, 1992) and Yield
Reduction Ratio (YRR) (Golestani and Assad 1998).
These three indices are commonly used to identify high

yielding genotypes under both stress and nonstress
conditions. DI, STI and YRR results for GY under WS
and WW conditions are shown in Figure 3. According to
the index results, the tropical x temperate hybrid, G5xG9,
was the best for all three selection indices under both WW
and WS conditions (Figure 3).
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Figure 3. Drought resistance index (DI), stress tolerance index (STI) and yield reduction ratio (YRR) of the hybrids and checks for

GY

In conclusion, combining ability analysis showed that
additive genetic variance was more prevalence than non-
additive variance in most cases for grain yield and
secondary traits except PH, TKW and GY in WS. Tropical

inbreds G1 and G5, derivatives of DTP-Y and LPS source
populations respectively, were comparable with adapted
temperate commercial lines in terms of GCA results. The
SCA analysis showed that tropical x temperate hybrids
had higher SCA values than tropical x tropical hybrids
suggesting that tropical x temperate hybrids can be useful
for drought tolerance in temperate regions. In particular,
tropical x temperate hybrid G5 x G9, demonstrated very
high yield potential under both WS and WW conditions.
Our findings suggest that tropical drought tolerant
germplasm is likely to have high utility in temperate
maize breeding programs. High SCA and good GCA
under WS conditions were observed despite sampling a
relatively small number of tropical donors. Evaluating and
introgression of further sources of tropical drought
tolerance can broaden the genetic base of the temperate
maize breeding programs.
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