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ReseaRch

In eastern and southern Africa (ESA), maize is the most 
important crop, accounting for up to 40 to 50% of both calories 

and protein consumed in Malawi, Zimbabwe, and Zambia, the 
most maize-dependent countries in the region (FAOSTAT, 2010). 
However, maize yields in this region remain low averaging 1.4 t 
ha-1, or one-sixth the average yields in the United States (FAO-
STAT, 2010). These yield levels are barely enough to ensure food 
security and often fall short. The need to increase maize yields for 
food security in ESA is heightened by both population growth and 
climate change. The population of sub-Saharan Africa is predicted 
to double by 2045 (world population prospects median variant; 
United Nations, Department of Economic and Social Affairs, Pop-
ulation Division, 2009) while climate projections for ESA show 
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ABSTRACT
Low maize (Zea mays L.) yields and the impacts 
of climate change on maize production highlight 
the need to improve yields in eastern and south-
ern Africa. Climate projections suggest higher 
temperatures within drought-prone areas. 
research in model species suggests that tol-
erance to combined drought and heat stress is 
genetically distinct from tolerance to either stress 
alone, but this has not been confirmed in maize. 
In this study we evaluated 300 maize inbred 
lines testcrossed to CML539. Experiments were 
conducted under optimal conditions, reproduc-
tive stage drought stress, heat stress, and com-
bined drought and heat stress. Lines with high 
levels of tolerance to drought and combined 
drought and heat stress were identified. Signifi-
cant genotype × trial interaction and very large 
plot residuals were observed; consequently, 
the repeatability of individual managed stress 
trials was low. Tolerance to combined drought 
and heat stress in maize was genetically dis-
tinct from tolerance to individual stresses, and 
tolerance to either stress alone did not confer 
tolerance to combined drought and heat stress. 
This finding has major implications for maize 
drought breeding. Many current drought donors 
and key inbreds used in widely grown African 
hybrids were susceptible to drought stress at 
elevated temperatures. Several donors toler-
ant to drought and combined drought and heat 
stress, notably La posta Sequia C7-F64-2-6-2-2 
and DTpYC9-F46-1-2-1-2, need to be incorpo-
rated into maize breeding pipelines.

J.E. Cairns and C. Magorokosho, International Maize and Wheat 
Improvement Centre (CIMMYT), PO Box MP163, Harare, Zimba-
bwe; J. Crossa, C. Sanchez, J.L. Araus, and M. Bänziger, CIMMYT, 
Km. 35 Carr. Mexico-Veracruz, Texcoco, Edo de Mexico, DF, Mex-
ico; P.H. Zaidi, CIMMYT, Patancheru 502 324, India; P. Grudloyma, 
Nakhon Sawan Field Crops Research Center (NSFCRC), Thailand; D. 
Makumbi, CIMMYT, United Nations Avenue, Gigiri PO Box 1041, 
Village Market-00621, Nairobi, Kenya; A. Menkir and S. Hearne, 
International Institute of Tropical Agriculture (IITA), Carolyn House, 
26 Dingwall Road, Croydon, UK; G.N. Atlin, Bill and Melinda Gates 
Foundation, PO Box 23350, Seattle, WA 98102. Received 20 Sep. 
2012. *Corresponding author ( j.cairns@cgiar.org).

Abbreviations: ASI, anthesis–silking interval; BLUP, best linear unbi-
ased predictor; ESA, eastern and southern Africa; H, broad-sense heri-
tability; 

2
es , residual variance; 2

gs , genotypic variance; 
2
g és , genotype 

× environment variance; SSA, sub-Saharan Africa; VPD, vapor pres-
sure deficit.

Published in Crop Sci. 53:1335–1346 (2013). 
doi: 10.2135/cropsci2012.09.0545 
Freely available online through the author-supported open-access option. 
© Crop Science Society of America | 5585 Guilford Rd., Madison, WI 53711 USA

All rights reserved. No part of this periodical may be reproduced or transmitted in any 
form or by any means, electronic or mechanical, including photocopying, recording, 
or any information storage and retrieval system, without permission in writing from 
the publisher. Permission for printing and for reprinting the material contained herein 
has been obtained by the publisher.

Published April 17, 2013



1336 www.crops.org crop science, vol. 53, july–august 2013

decreasing precipitation, increasing temperatures, and a 
higher frequency of extreme events (IPCC, 2007). A com-
parison of different cropping systems across regions identi-
fied maize production in southern Africa as one of three 
climate risk hotspots (Lobell et al., 2008). Drought has long 
been recognized as a major constraint to maize yields in this 
region (Heisey and Edmeades, 1999); however, heat stress 
both alone and in combination with drought stress is likely 
to become an increasing constraint to maize production 
(Cairns et al., 2013). Lobell and Burke (2010) showed that 
an increase in temperature of 2°C would result in a greater 
reduction in maize yields than a decrease in precipitation 
of 20%. Similarly, a recent study in Tanzania also indi-
cated that increasing temperatures would result in a greater 
reduction in maize yields than increased intraseasonal vari-
ability in precipitation (Rowhani et al., 2011). In this study 
a projected increase in temperature of 2°C reduced maize 
yields by 13% while a 20% increase in intraseasonal vari-
ability reduced maize yields by only 4.2%. These studies 
highlight the need to incorporate heat tolerance as well as 
increased drought tolerance into African maize germplasm 
to offset predicted yield losses.

Substantial progress has been made in drought breed-
ing in subtropical and tropical maize. In the 1970s CIM-
MYT initiated a drought breeding program for maize 
using the elite lowland tropical maize population Tuxpeño 
Sequia (Bolaños and Edmeades, 1993a, 1993b; Bolaños et 
al., 1993). Over eight cycles of full-sib recurrent selection 
for grain yield and increased flowering synchronization 
(reduced anthesis–silking interval [ASI]) resulted in gains 
of up to 144 kg ha-1 yr-1 under drought stress (Edmeades 
et al., 1999). In the late 1990s CIMMYT initiated a prod-
uct-orientated maize breeding program in southern Africa 
(Bänziger et al., 2006). Maize varieties were simultaneously 
selected for performance under optimal, low N, and man-
aged drought stress conditions. At all yield levels CIMMYT 
hybrids yielded more than commercial checks. Under severe 
stress CIMMYT hybrids had a 40% yield advantage com-
pared to commercially available hybrids. Recent on-farm 
trials in ESA of new hybrids showed a 35 and 25% yield 
advantage against farmers own varieties under low (<3 t 
ha-1) and high yield conditions, respectively (Setimela et 
al., 2012). The best hybrid (CZH0616) outyielded the most 
popular commercial check, which was released approxi-
mately 15 yr ago, by 36 and 26% under high and low yield 
conditions, respectively, indicating that gains from selection 
for both yield potential and stress tolerance have been large.

In contrast to drought research, relatively less effort 
has been devoted to breeding specifically for heat stress 
tolerance in maize. Earlier studies highlighted the nega-
tive impact of increased growing season temperatures on 
temperate maize yields. Thomson (1966) showed that 
an increase in temperature from 22 to 28°C during the 
grain filling period in the U.S. Corn Belt resulted in a 

10% yield loss while Badu-Apraku et al. (1983) showed 
a 42% yield reduction when mean daily temperatures 
were increased by 6°C. A recent analysis of more than 
20,000 historical maize trial yields in southern Africa 
showed that maize production linearly decreased with 
every accumulated degree day above 30°C (Lobell et al., 
2011). Heat stress in maize is associated with shortened life 
cycle (Muchow et al., 1990), reduced light interception 
(Stone, 2001), increased respiration, reduced photosyn-
thesis (Crafts-Brander and Salvucci, 2002), and pollen ste-
rility (Schoper et al., 1987a, 1987b). A comparison of the 
response of male and female reproductive tissues to heat 
stress demonstrated that female tissues have greater toler-
ance (Dupuis and Dumas, 1990), with pollen production 
and/or viability highlighted as major factors controlling 
reduced fertilization under high temperatures. However, 
the period between silk pollination and ovary fertiliza-
tion in the female reproductive tissues has also recently 
been highlighted as a critical period controlling grain 
yield under heat stress (Cicchino et al., 2011). Given the 
diversity of ecosystems in which maize can be grown, it is 
highly likely that there is genetic variability in the toler-
ance of tropical and subtropical maize to heat stress. How-
ever, tropical maize has been shown to have stable yields 
across a narrower range of temperatures than temperate 
maize (Lafitte et al., 1997). Climate predictions show an 
increase in growing season temperatures within drought 
prone regions (Cairns et al., 2013). While drought stress 
is often a combination of water and temperature stress as 
a result of reduced transpirational cooling under limited 
water conditions, there is evidence to suggest that the 
response to drought stress at elevated ambient tempera-
tures is unique and cannot be extrapolated from the sum 
of the effects of both stresses (drought and heat) (Rizhsky 
et al., 2002, 2004; Barnabás et al., 2008).

Both conventional and molecular breeding approaches 
rely on genetic variability for the trait of interest. The aim 
of this study was therefore to identify lines with tolerance 
to drought, heat, and combined heat and drought stress 
for use within maize breeding programs, to serve both as 
donors of drought and heat tolerance in pedigree breeding 
and as potential sources of alleles with large effects detect-
able through genomewide association mapping (to be 
reported in a subsequent paper). We evaluated a diverse set 
of 300 inbred lines from CIMMYT and IITA’s tropical and 
subtropical breeding programs as testcrosses to the broadly 
adapted line CML539 in drought- and heat-stressed field 
trials in Kenya, Zimbabwe, Mexico, and Thailand. Addi-
tional aims of this study were to establish the relationship 
between drought, heat, and combined drought and heat 
tolerance in maize and to assess the magnitude of geno-
type × trial plot residual variances in managed drought 
and heat stress trials with respect to their effects on the 
repeatability of field phenotyping for these stresses.
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In the experiment conducted in Mexico in 2009, hybrids 
were separated into four maturity groups: early (50 entries), 
early–intermediate (100 entries), intermediate late (100 entries), 
and late (50 entries). In 2010 and 2011 phenology groups were 
redefined into two maturity groups, early (150 entries) and late 
(150 entries) in all locations. Experiments were planted during 
the dry season in all locations with the exception of India to 
allow drought stress to be imposed at the anthesis stage (Table 
2). Experiments were planted either in two-row plots (Mexico 
and Thailand) or one-row plots (Kenya and Zimbabwe), with a 
final plant density of 6.67 (Mexico, Kenya, India, and Zimba-
bwe) or 5.33 plants m-2 (Thailand). At all locations two seeds 
per hill were sown and then thinned to one after emergence. 
An a-lattice design was used, replicated three times in 2009 
and two times in 2010 and 2011. All plots received 80 kg N ha-1 
(as CO(NH2)2 [urea]) and 80 kg P ha-1 (as triple calcium super-
phosphate: Ca(H2PO4)2H2O) at sowing. A second application 
of N (80 kg N ha-1) was applied 5 wk after sowing (V6 stage) 

MATERIALS AND METHODS
Plant Material
A collection of 300 inbred lines was assembled, representing the 
genetic diversity within the CIMMYT and IITA tropical and 
subtropical maize improvement programs (Wen et al., 2011). 
Briefly, lines were assembled from nine CIMMYT and IITA 
breeding programs based in Latin America and Africa focusing 
on yield potential and abiotic and biotic stress tolerance (Table 
1). Information on the pedigree and adaptation zones of all lines 
is presented in Supplemental Table S1. Single cross hybrids were 
generated by crossing lines with the tropical tester CML-539, a 
broadly adapted inbred that is tolerant to maize streak virus, a 
disease prevalent only in Africa but not elsewhere.

Trial Management
Trials were conducted at CIMMYT maize experimental sta-
tions in Tlaltizapán, México (18°41¢ N, 99°07¢ W, and 940 m 
asl), Kiboko, Kenya (2°21¢ S, 37°72¢ E, and 975 m asl), Chiredzi, 
Zimbabwe (21°01¢ S, 31°34¢ E, and 430 m asl), at the Nakhon-
sawan Field Crops Research Center in Takfa, Thailand (15°21¢ 
N, 100°30¢ E, and 87 m asl), and at the ICRISAT experimental 
station in Hyderabad, India (7°53¢ N, 78°27¢ E, and 545 m asl). 
The soil of the experimental field in Mexico is a clay loam with 
a pH of 7.6 and classified as an Isothermic Udic Pellustert. In 
Kenya the soil is sandy clay with a pH of 7.9 and classified as 
an Acro-Rhodic Ferrasol. In Zimbabwe the soil is a clay loam 
with a pH of 5.5 and classified as a Typic Rhodustalf. In Thai-
land the soil is a clay loam. In India the soil is 50% clay with a 
pH of 8.5 and classified as a Typic Pellustert.

Table 1. Origin of germplasm used in this study.

Location  
or group

Main target  
of program

Number  
of lines

Grain color

White Yellow

colombia Soil acidity 27 4 23

entomology Pest resistance 48 33 15

Highland Yield potential 5 1 4

Physiology Drought and low n 84 65 19

Subtropical Yield potential 40 25 16

Tropical Yield potential 44 24 20

iiTA Drought and striga 5 3 2

Zimbabwe Drought and low n 40 40 0

Table 2. Summary of trials conducted in Mexico, Kenya, Thailand, and Zimbabwe under anthesis-stage drought stress, com-
bined drought and heat stress, heat stress alone, and well-watered conditions. Mean and range for grain yield using best linear 
unbiased predictions, anthesis date, anthesis–silking interval (ASI), and plant height.

Location
Sowing 

date

Plot 
size 
(m2)

GY† Anthesis ASI PH‡

Mean Range H Mean Range H Mean Range H Mean Range H

Drought

Mexico nov. 2008 3.75 1.70 1.14–2.55 0.57 87.3 81.2–94.5 0.83 2.90 -0.33–11.7 0.49 173.4 144.5–195.8 0.51

Kenya June 2010 2.85 3.12 1.86–4.23 0.65 69.6 61.1–75.6 0.89 1.79 -2.53–12.07 0.49

Mexico nov. 2009 7.50 2.67 0.89–5.52 0.80 87.4 77.3–94.9 0.95 2.87 -1.48–10.9 0.63 203.7 172.5–235.6 0.72

Thailand Dec. 2009 7.50 2.35 1.30–4.09 0.58 57.1 52.3–61.7 0.92 5.11 -0.11–19.9 0.52 153.3 113.8–185.2 0.73

Mexico Dec. 2010 7.50 3.30 1.94–4.55 0.69 82.2 73.1–90.0 0.94 2.09 -1.71–6.55 0.73 203.4 154.7–236.6 0.79

Kenya June 2011 2.85 2.22 0.85–3.36 0.47 66.1 55.0–74.0 0.92 3.25 -0.52–24.0 0.76 191.8 144.9–228.2 0.77

Thailand Dec. 2010 7.50 2.80 1.30–4.14 0.69 57.9 53.5–62.9 0.92 2.81 -0.44–12.9 0.76 159.9 130.2–186.5 0.77

combined drought and heat stress

Mexico Feb. 2010 7.50 0.24 0.14–0.64 0.32 71.9 67.1–91.9 0.81 12.01 -3.54–24.2 0.12 165.5 95.1–192.3 0.53

Zimbabwe 0.86 0.59–1.34 0.36 85.8 77.5–93.5 0.55 6.89 -2.69–25.4 0.53 142.9 86.1–171.3 0.26

Mexico Feb. 2011 7.50 2.25 0.52–4.00 0.72 68.8 60.3–76.3 0.89 2.64 -1.06–6.65 0.66 184.2 94.0–211.7 0.72

Well-watered

Mexico nov. 2008 3.75 7.30 5.26–9.30 0.80 87.3 79.6–93.9 0.83 1.44 -1.67–8.67 0.40 189.2 139.3–223.8 0.75

Mexico nov. 2009 7.50 7.39 5.24–9.85 0.76 79.9 70.9–87.5 0.85 2.49 -2.50–5.50 0.53 210.6 157.4–280.8 0.90

Thailand Dec. 2009 7.50 6.50 4.40–8.19 0.76 59.4 53.5–64.0 0.63 0.58 -2.00–3.00 0.43 170.8 133.5–213.7 0.86

Mexico nov. 2010 7.50 7.38 5.87–8.62 0.54 87.1 76.8–94.7 0.93 2.03 -2.30–7.51 0.63 219.5 175.2–262.6 0.80

Thailand Dec. 2010 7.50 6.50 4.40–8.19 0.76 59.4 53.5–64.0 0.86 0.58 -2.00–3.00 0.73 170.8 133.5–213.7 0.82

Heat

india Mar. 2011 1.50 0.55–2.98 0.64 58.6 51.0–65.9 0.73 6.19 -2.02–18.2 0.18 129.7 94.4–162.2 0.45
†GY, grain yield; H, broad-sense heritability.
‡PH, plant height.
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(Ritchie et al., 1993). Recommended plant, weed, and insect 
control measures were used.

Two different water regimes were used: a well-watered 
control and anthesis stage drought stress. Drought stress was 
imposed by stopping irrigation before flowering to ensure stress 

at anthesis. Rainfall, temperature, and vapor pressure deficit 
(VPD) data during experiments are presented in Fig. 1. The 
weather station in Mexico in 2011 malfunctioned for 39 d 
between the period 18 March to 5 June; no weather data is 
available on these days. In Zimbabwe relative humidity was not 

Figure 1. Weather records for a) Mexico in 2009, b) Mexico in 2010, c) Mexico in 2011, d) Thailand in 2010, e) Thailand in 2011, f) Kenya in 
2010, g) Kenya in 2011, h) Zimbabwe in 2010, and i) india in 2011. Daily average air temperature (hollow circles), maximum air temperature 
(crosses), vapor pressure deficit (VPD) (solid line), and rainfall (columns) are presented for the growing season at each location.
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RESULTS
Grain Yield, Phenology, and Plant Height 
across Different Environments
Under nonstress conditions, average trial grain yields 
ranged from 6.50 to 7.39 t ha-1 (Table 2). Drought stress 
significantly reduced grain yield in all trials, with the 
reduction in yield ranging from 55 to 75% of the well-
watered control. Mean grain yield under drought stress 
ranged from 1.70 (Mexico in 2009) to 3.30 t ha-1 (Mex-
ico in 2011). In Mexico and Kenya large variation was 
observed in mean grain yield under drought stress across 
years. Mean grain yield under combined drought and 
heat stress ranged from 0.24 (Mexico in 2010) to 2.25 t 
ha-1 (Mexico in 2011). Grain yield under heat stress was 
1.50 t ha-1 in India. The ASI ranged from 1.79 (Kenya 
in 2010) to 5.11 (Thailand in 2010) under drought stress, 
2.64 (Mexico in 2011) to 12.01 (Mexico in 2010) under 
combined heat and drought stress, and 0.58 (Thailand 
in 2010 and 2011) to 2.40 (Mexico in 2010) under well-
watered conditions. Combined drought and heat stress in 
Mexico significantly reduced the average number of days 
to anthesis relative to drought trials by 15.5 d in 2010 and 
13.4 d in 2011. Similarly, plant height was reduced by 38.2 
and 19.2 cm in the combined drought and heat stress trials 
relative to drought trials in 2010 and 2011, respectively.

Variance Components and Broad-Sense 
Heritability under Drought, Heat, and 
Combined Drought and Heat Stress and 
Optimal Conditions
Broad-sense heritability estimates for grain yield in indi-
vidual trials ranged from 0.64 to 0.84 under well-watered 
conditions, 0.64 to 0.82 under heat stress, 0.47 to 0.80 
under drought stress, and 0.32 to 0.72 under combined 
drought and heat stress (Table 2). In the combined analy-
sis, the H of grain yield was lower under stress relative 
to nonstress (Table 3); however, H was above 0.50 in all 
treatments. In drought trials (n = 7), H was 0.64 while 
under combined drought and heat stress (n = 3) H was 

measured so it was not possible to calculate VPD. In Kenya in 
2010 the early maturity group did not experience drought stress 
at anthesis due to unexpected rain at this stage and this subset 
was excluded from the analysis. Delayed planting in the dry 
season in both Mexico and Zimbabwe allowed high tempera-
tures during the reproductive stage. In Mexico in 2010, daily 
maximum temperatures exceeded 35°C during the reproduc-
tive phase for 8 and 52 d in the drought and combined drought 
and heat trials, respectively. In Zimbabwe in 2010, daily maxi-
mum temperatures exceeded 35°C during the reproductive 
phase for 37 d in the combined drought and heat trial. In India 
in 2011, daily maximum temperatures exceeded 35°C during 
the reproductive phase for 31 d (out of the 55 d from anthesis to 
physiological maturity) in the heat trial. In Kenya in both 2010 
and 2011, maximum temperatures never reached 35°C during 
the reproductive stage. In Thailand daily maximum tempera-
tures exceeded 35°C during the reproductive phase for 35 and 
22 d in the drought trials in 2010 and 2011, respectively. How-
ever, VPD was very low in Thailand compared to the combined 
drought and heat stress trials in Mexico and heat trials in India.

Days to anthesis and silking were recorded when 50% 
of the plants had shed pollen and 50% of the plants had silks, 
respectively. The ASI was calculated as days to silking – days to 
anthesis. At physiological maturity, plant height was measured 
on two representative plants per plot and then all plants were 
hand harvested and grain yield measured. Grain weights were 
adjusted to 12.5% moisture content.

Statistical Analysis
Variance components were estimated by restricted maximum like-
lihood using Proc Mixed of SAS (SAS Institute, 1994). The stan-
dard linear mixed model for the response variable is represented by

( ) ( )ijkb j kj bkj i ij ijkby E R E IB RE G GE e= m + + + + + + ,

in which μ is the overall mean, Ej is the effect of the jth loca-
tion, R(E)kj is the effect of the kth replicate within the ith loca-
tion, IB(RE)bkj is the effect of the incomplete block within the 
kth replicate in the jth environment, Gi is the effect of the ith 
genotype, and GEij is the interaction effect of the ith genotype 
with the jth location. All effects, except locations, were consid-
ered random and best linear unbiased predictors (BLUPs) were 
computed for all tropical and subtropical maize testcrosses. The 
SAS code is presented in Supplemental File S1.

Broad-sense heritability (H ) was estimated as 
2 2 2 2/ ( / / )g g g e eH e re´= s s + s + s , in which 2

gs  is the genotypic 
variance, 2

g és  is the genotype × environment variance, and 2
es  is 

the residual variance. The number of environments is represented 
by e, and r is the number of replicates per environment.

The genetic correlations between environments and season 
(ith and i¢th) are calculated using equations from Cooper et al. 
(1996) by

( )( ) ( )/g g ig ii g i¢ ¢r = s s s ,

in which ( )g ii¢s  is the arithmetic average of all pairwise genotypic 
covariances between environments ith and i¢th and ( ) ( )g i g i¢s s  is 
the arithmetic average of all pairwise geometric means among 
the genotypic variance components of the environments.

Table 3. Estimated variance components for grain yield from 
the combined ANOVA across locations for both drought 
stress and well-watered trials. All estimates are calculated 
from standardized data.

Variance 
components† Well-watered Drought stress

Combined 
drought and 
heat stress

2
gs 0.35 0.12 0.07

2
g és 0.24 0.36 0.12
2
es 0.48 0.39 0.18

no. of locations 7 7 3

H 0.84 0.64 0.50

† 2
gs , genotypic variance; 

2
g és , genotype × environment variance; 

2
es , residual 

variance; H, broad-sense heritability.
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0.50. Under drought stress and combined drought and 
heat stress the 2

es  and 2
g és  were much higher relative to 

2
gs  than in well-watered trials. In all well-watered trials 

(with the exception of the well-watered trial in Mexico 
in 2011) 2

gs  accounted for the largest proportion of the 
phenotypic variance. In contrast, 2

es  generally accounted 
for the largest proportion of the phenotypic variance in 
drought and combined drought and heat stress trials. In 
the combined analysis across trials within stress levels, the 
pooled plot residual variance was similar in magnitude to 
the genotypic variance under well-watered conditions but 
was two to three times larger under stress conditions.

Correlations between Treatments,  
Trials, and Phenology
Grain yield under well-watered conditions was moderately 
positively genetically correlated with grain yield under 
drought stress (Table 4), with approximately 40% of genetic 
variance for yield under drought stress alone accounted for 
by variation in yield potential under well-watered condi-
tions. Grain yield under combined drought and heat stress 
was weakly positively correlated with grain yield under 
well-watered conditions, but genetic variation in yield 
potential explained only about 5% of variability under 
combined drought and heat stress. There was no significant 
relationship between grain yield under drought stress and 
combined heat and drought stress. Grain yield was posi-
tively correlated with days to anthesis under well-watered 
conditions (r = 0.51, p < 0.001); however, there was no 
significant relationship between grain yield under drought 
stress and days to anthesis (r = 0.03, not significant). Under 
combined drought and heat stress, grain yield was weakly 
negatively associated with days to anthesis (r = -0.3, p < 
0.01) while for heat stress grain yield was weakly positively 
correlated with days to anthesis (r = 0.25, p < 0.01).

Genetic correlations for grain yield between indi-
vidual trials are presented in Table 5. In general, within 
individual locations, genetic correlations for grain yield 
for the same treatment were strongly, positively corre-
lated between years, except for drought trials in Mexico 
in 2009 and 2010 (r = 0.02, not significant) and Kenya in 
2010 and 2011 (r = -0.01, not significant); however, in 
Kenya only the late maturity group in 2010 were included 

in the analysis due to rainfall at anthesis in the early matu-
rity group. In both Mexico and Thailand, well-watered 
trials were strongly, positively correlated with the respec-
tive drought trials in the same year. In Mexico, well-
watered trials were weakly and positively correlated with 
the respective combined drought and heat stress trials in 
the same year. Heat trials in India were positively corre-
lated with all drought and well-watered trials in Mexico, 
Thailand, and Kenya. There was no significant correla-
tion between grain yield under heat stress in India and 
grain yield under combined heat and drought stress tri-
als in Mexico. In Mexico under combined drought and 
heat stress yields were higher in 2011 relative to 2010 and 
there was no significant difference in grain yield between 
drought and combined heat and drought stress trials in 
2011. However, there was still a weak yet significant nega-
tive correlation between the two treatments.

DISCUSSION
Comparison of Drought, Heat, and 
Combined Drought and Heat Stress
The combination of water and temperature regimes across 
trials allowed the relationship between individual and com-
bined stresses to be established. Yield losses were higher 
under drought stress when temperatures were elevated as 
recently reported by Lobell et al. (2011). In agreement with 
previous studies on abiotic stress, grain yield under both 
drought stress and heat stress was moderately and positively 
associated with grain yield under well-watered conditions 
(Bänziger et al., 1997), but correlations are not high enough 
for performance under well-watered conditions to be pre-
dictive under drought stress or heat stress; approximately 
60 and 85% of the genetic variance for yield under drought 
and heat stress, respectively, was unique to each environ-
ment relative to well-watered conditions. Grain yield under 
optimum (well-watered) conditions and combined drought 
and heat stress had a weak positive correlation indicating 
the presence of independent genetic control of yield in the 
two environments. Performance under drought stress was 
moderately correlated with performance under heat stress. 
The moderate relationship between tolerance to drought 
and heat stress has previously been reported in both wheat 
(Triticum aestivum L.) and rice (Oryza sativa L.) ( Jagadish et 
al., 2010; Pinto et al., 2010). However, grain yield under 
drought stress or heat stress was not associated with grain 
yield under combined drought and heat stress. Although 
the effect of plant drought stress is often a combination of 
the effects of drought and heat through reduced transpira-
tional cooling, these results are in agreement with previous 
studies where drought stress was genetically distinct from 
drought stress under elevated temperatures.

The majority of research on abiotic stresses has focused 
on individual stresses while in farmers’ fields plants are 
regularly subjected to a combination of stresses (Voesenek 

Table 4. Genetic correlations for grain yield between com-
bined means for drought, combined drought and heat, heat, 
and well-watered conditions.

 Environment Drought

Combined 
drought and 
heat stress Heat

Well-
watered

Drought –
c ombined drought 

and heat stress
0.08 –

Heat 0.49 -0.07 –

Well-watered 0.63 0.24 0.27 –
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and Pierek, 2008). Independent screening 
for tolerance to drought and low N in tropi-
cal maize has resulted in germplasm with 
tolerance to both stresses (Bänziger et al., 
2000, 2006). However, these results show 
that tolerance to combined drought and 
heat stress in maize is genetically distinct 
from tolerance to the individual stresses and 
screening under drought or heat alone will 
not confer tolerance to the combined effect 
of drought and heat stress. Even in trials in 
Mexico in 2011 when there was no signifi-
cant difference in mean trial yields under 
drought and combined drought and heat 
stress, there was no relationship between 
the two treatments, with considerable lack 
of agreement in the ranking of genotypes 
for grain yield between the two treatments.

Increasing temperatures are highly likely 
to result in large yield losses in maize produc-
tion in sub-Saharan Africa (SSA) (Jones and 
Thornton, 2003; Lobell et al., 2008; Row-
hani et al., 2011). Compared to other abi-
otic stresses associated with climate change 
(drought stress and water logging), relatively 
little research has been conducted on heat 
stress in maize. The vast majority of studies 
have focused on biochemical and molecu-
lar responses using only a limited number 
of genotypes with stress applied in vitro as a 
single and rapid heat stress event, rather than 
in response to heat under field conditions 
(Cairns et al., 2012). The current study has 
shown large genetic variation in grain yield 
under heat stress in subtropical and tropical 
maize germplasm in the field. To date there 
has been no extensive breeding effort that 
targets specifically heat stress in tropical and 
subtropical maize. Several potential donors 
with tolerance to heat stress were identi-
fied in this study; however, further trials are 
needed to confirm these results. Combined 
drought and heat stress is likely to become an 
increasing constraint to maize production in 
SSA, particularly in the drought-prone low-
lands of southern Africa (Cairns et al., 2012). 
Our results indicate that current maize 
germplasm developed for drought tolerance 
may not perform well under drought stress 
at elevated temperatures. Therefore, maize 
breeding for tolerance to drought stress under 
elevated temperatures must include screening 
under the combined effect of drought and 
heat rather than the individual stresses.
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Key Donors for Drought and Combined 
Drought and Heat Stress
The screening of a large number of advanced lines from 
many breeding programs across multiple locations has 
clearly identified highly drought tolerant lines. The 10 
testcrosses with the highest grain yield under drought 
stress and combined drought and heat stress are pre-
sented in Tables 6 and 7, respectively (grain yield BLUPs 
for all testcrosses in each environment are also presented 
in Supplemental Table S1). These testcrosses yielded at 
least 0.65 t ha-1 more under drought stress than the cur-
rent donor used in drought breeding (CML444) crossed 
to the broadly adapted tester CML539. The subtropical 

line [SYN-USAB2/SYN-ELIB2]-12-1-1-2 developed in 
Zimbabwe for mid-altitude environments had the high-
est yield under drought stress, with 0.81 t ha-1 more 
than the current drought tolerant line (CML444) crossed 
to CML539. However, this line (crossed to CML539) 
yielded less than the trial means under both combined 
heat and drought stress and heat stress alone. Indeed 
[SYN-USAB2/SYN-ELIB2]-12-1-1-2 was one of the 
most susceptible genotypes to combined drought and heat 
stress. Similarly, both DTPWC9-F2-3-2-1 (a tropical line 
derived from a recurrent selection program for drought 
tolerance) and CLQ-RCYQ40 = (CML165 × CLQ-
6203)-B-9-1-1 (a tropical line developed in Mexico) 

Table 6. Top 10 lines in combination with CML539 under drought and heat stress. Best linear unbiased predictions for grain 
yield under drought (DS), combined drought and heat stress (DS+H), and well-watered (WW) treatments and best linear unbi-
ased estimates for anthesis–silking interval (ASI) and heat stress (HEAT) are presented.

Entry Pedigree

Grain yield (t ha-1) ASI

DS DS+H

Rank 
under 
DS+H HEAT

Rank 
under 
HEAT WW DS DS+H HEAT WW

2 [SYn-USAB2/SYn-eLiB2]-12-1-1-2 3.22 0.81 296 2.08 49 6.98 2.1 5.8 4.4 1.3
251 La Posta Seq c7-F18-3-2-1-1 3.16 1.13 151 2.40 26 7.04 0.8 7.3 4.2 0.5
217 DTPWc9-F24-4-3-1 3.10 1.43 16 1.47 134 6.97 0.5 3.3 6.0 1.0
269 DTPWc9-F2-3-2-1 3.10 0.95 256 2.15 41 6.67 2.1 8.8 4.9 1.0
190 cLQ-RcYQ40 = (cML165 × cLQ-6203)-B-9-1-1 3.10 0.98 236 2.81 12 6.72 2.6 10.4 3.6 2.1
237 DTPYc9-F46-1-2-1-1 3.07 1.23 86 0.37 263 6.73 0.8 4.4 5.3 0.8
238 DTPYc9-F46-1-2-1-2 3.07 1.58 4 1.52 126 7.12 0.4 1.6 5.0 1.0
103 POB.502 c3 F2 10-3-2-1 3.07 1.17 125 2.99 9 7.54 2.1 3.9 2.1 1.5

La Posta Seq c7-F64-2-6-2-2 3.06 1.48 7 – – 7.65 -0.9 6.9 – 0.9
261 La Posta Seq c7-F180-3-1-1-1 3.03 1.13 149 0.77 233 7.94 1.0 10.6 8.5 0.3
check cML444 2.41 – – – – 7.15 11.7 – – 3.1
check cML444/cML442 2.36 0.93 169 1.35 155 7.39 2.8 5.8 4.1 0.5

Trial mean 2.58 1.13 – 2.58 – 6.88 3.0 7.2 6.2 2.0

LSD0.05 0.94 0.78 – 0.94 – 1.16 2.3 7.9 9.2 1.7

Table 7. Top 10 lines in combination with CML539 under combined drought and heat stress. Best linear unbiased predictions 
for grain yield under drought (DS), combined drought and heat stress (DS+H), and well-watered (WW) treatments and best 
linear unbiased estimates for anthesis–silking interval (ASI) and heat stress are presented.

Rank No. Pedigree

Grain yield (t ha-1) ASI

DS+H DS
Rank 

under DS WW DS+H DS WW

1 257 La Posta Seq c7-F86-3-1-1-1 1.60 2.81 60 7.83 4.2 2.3 1.3
2 207 cL-G1628 = G16BnSeqc0F118-1-1-4-2 1.60 2.81 61 6.77 3.4 2.5 3.6
3 258 La Posta Seq c7-F96-1-6-2-1 1.58 2.35 265 7.59 2.9 1.2 1.3
4 238 DTPYc9-F46-1-2-1-2 1.58 3.07 7 7.12 1.6 0.4 1.0
5 52 cLA135 1.50 2.56 173 6.75 2.5 2.1 1.5
6 191 cLQ-RcYQ28 = (cLQ6502*cLQ6601)-B-34-2-2 1.49 2.45 223 7.26 6.8 4.1 3.0
7 La Posta Seq c7-F64-2-6-2-2 1.48 2.90 9 7.65 1.6 0.8 0.9
8 248 La Posta Seq c7-F123-3-1-1-2 1.48 2.54 185 7.17 5.0 2.3 1.5
9 143 [cML-384 X cML-176](F3)100-2-7 1.48 2.71 97 7.44 6.5 3.4 2.9

10 125
[M37W/ZM607#bF37sr-2-3sr-6-2-X]-8-2-X-1-BB-B-xP84c1 F27-
4-3-3-B-1-B] F29-1-2-1-4 × (87036/87923)-X-800-3-1-X-1-B-B-
1-1-1-B-B-xP84c1 F26-2-2-4-B-2-B]-1-1-B × cML486]-1-1

1.47 2.58 161 6.93 2.6 2.4 2.7

check cML444 – 2.41 171 7.15 11.7 – 3.1

check cML444/cML442 0.93 2.36 261 7.39 2.8 5.8 0.5

Trial mean 1.13 2.58 6.88 3.0 7.2 2.0

LSD0.05 0.78 0.94 1.16 2.3 7.9 1.7
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crossed to CML539 were highly tolerant to drought stress 
yet ranked within the bottom third of lines under com-
bined heat and drought stress. In contrast, La Posta Seq 
C7-F64-2-6-2-2 and DTPYC9-F46-1-2-1-2, developed 
for drought tolerance through recurrent selection in Mex-
ico, were high yielding relative to the trial mean under 
both drought and combined drought and heat stress. These 
lines were selected under a range of environments includ-
ing one heat screen (Edmeades et al., 1999). The drought 
tolerant hybrid, CML442 × CML444, was found to be 
highly susceptible to drought stress under moderately ele-
vated temperatures. CML442 × CML444 has been used 
extensively as the female parent in hybrid development 
in eastern and southern Africa ( J.F. MacRobert, personal 
communication, 2012) and to ensure that drought toler-
ant commercial maize varieties continue to perform under 
future climates, a new female parent must be developed 
with tolerance to drought stress at higher temperatures.

The size of this study (approximately 18,600 rows) pre-
vented the use of more than one tester from different heter-
otic groups. CML539 was chosen as the tester because it has 
good combining ability across heterotic groups. In general 
CIMMYT germplasm is extremely diverse and does not 
separate neatly into two or even more genetic groups; there 
are at least eight distinct subpopulations, in terms of breed-
ing origin, with the set (Wen et al., 2011). However, the risk 
of heterotic or genetic group differences being confounded 
with the main effects observed is low. Furthermore, many 
of the donors identified in this study have been confirmed 
independently in other unpublished experiments.

Steady gains in maize breeding for tolerance to drought 
stress have been made (Bänziger et al., 2006; Setimela et al., 
2012). If the donors identified in this study are incorporated 
into drought breeding pipelines they will further improve 
gains under drought stress. Six of the top 10 drought tol-
erant donors were from drought tolerant populations (La 
Posta Sequia and DTP) developed in the 1970s, 1980s, and 
1990s through recurrent selection (Bolaños and Edmeades, 
1993a; Edmeades et al., 1997a). Subsequent research at CIM-
MYT has focused on product development (Edmeades et 
al., 1997b). Little additional gain in maximum drought tol-
erance has been achieved, as evidenced by the fact that the 
most tolerant lines in this panel were derived from popula-
tions developed and improved under the CIMMYT physi-
ology program over 15 yr ago. These results highlight the 
need for the identification of new drought tolerant source 
populations and for continued development of donors with 
higher levels of tolerance. Only a small proportion of the 
genetic variation within maize has been exploited (Ortiz et 
al., 2009). Landraces from areas that frequently have high 
temperature may provide a useful source of novel alleles for 
heat tolerance (Castro-Nava et al., 2011). While the devel-
opment of new source populations through conventional 
methods is slow, genomic selection may provide a faster 

alternative through rapid-cycle, marker-based recurrent 
selection (Windhausen et al., 2012)

Implications for Maize Breeding  
in Sub-Saharan Africa
Breeding progress relies on genetic variability for the trait 
of interest, high selection intensity, high H for the trait 
of interest, and the genetic correlation between yield in 
the selection environment and the target population of 
environments (Falconer, 1951). Broad-sense heritabil-
ity values of single trials under stress were moderately 
high but consistent with published studies of maize trials 
under managed drought stress (Bolaños and Edmeades, 
1996; Messmer et al., 2009; Almeida et al., 2012; Weber 
et al., 2012). Selection for increased flowering synchrony 
(e.g., reduced ASI) has been successfully used in maize 
breeding for drought-prone environments (Bänziger et 
al., 2006). Although H was generally higher for grain 
yield than ASI, this is in agreement with previous stud-
ies (Bolaños and Edmeades, 1996; Messmer et al., 2009; 
Almeida et al., 2012) and selection efficiency for grain 
yield under drought stress increased when reduced ASI 
was used in combination with grain yield (Bänziger and 
Lafitte, 1997). However, H in single trials is inflated 
because genetic variance is confounded by genotype × 
trial interactions. In the combined analysis under optimal 
conditions, 2

gs  was comparable to 2
g és ; however, under 

both drought stress and combined drought and heat stress, 
2
g és  was two-fold to three-fold greater than 2

gs  (Table 3). 
Similarly, 2

es  was two- to three-fold greater than 2
gs  in 

stress trials. The very large residual and genotype × trial 
variances in the drought and combined drought and heat 
treatments relative to the well-watered treatment resulted 
in reduced H for means estimates from the stressed trials. 
A recent combined analysis of the southern Africa regional 
trials of CIMMYT and partners also found plot residual 
variance to be much higher under managed stress relative 
to nonstress trials (Weber et al., 2012). Although the H 
of managed stress trials in this study was lower than that 
of nonstress trials and plot residual variance under abiotic 
stress was high, H was above 0.5 for a treatments and the 
repeatability of trials across years provided a good esti-
mate of the performance of lines for breeding purposes. 
However, these results highlight the need for measures 
to reduce the effects of field variability so as to increase 
the genetic signal to noise ratio to detect real differences 
between lines. Reducing the size of the residual relative to 
the genetic component of variance would have a positive 
impact on heritability levels and expected genetic gains. 
Soil heterogeneity can represent a significant source of 
experimental variation and obstruct the detection of the 
genetic signal (Campos et al., 2011). Although the sites 
used in this study were previously selected for relative 
uniformity, soil is inherently heterogeneous. Measures of 
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soil variability can be incorporated into statistical analysis 
to reduce experimental error (Hao et al., 2010, Cairns et 
al., 2011, 2012). However, the value of these measures still 
needs be established in reducing the error variance relative 
to the genetic variance (Masuka et al., 2012). Genotype 
× trial interaction was also much greater in drought and 
combined drought and heat trials relative to the geno-
typic variance (Table 3). It is important to recognize that 
the genotype × trial interaction is a true error stratum in 
managed stress screening and an important source of noise 
reducing repeatability and increasing standard errors of 
means. Because of this, it is critical that germplasm evalu-
ation under managed stress be replicated in several trials to 
sample these fluctuations and ensure that measures of pre-
cision of the estimates of means are realistic. These results 
also highlight the need for measures to reduce trial-to-
trial variability that are likely to be associated with the 
timing and severity of drought stress in germplasm screen-
ing. Similar irrigation regimes were applied at each site to 
ensure drought stress at the flowering stage, but variation 
in rainfall and temperature across years is likely to have 
resulted in different drought stress profiles. Soil moisture 
monitoring has routinely been used in rice for drought 
breeding, to reduce variation in drought stress between 
experiments and years (Lafitte et al., 2006; Venuprasad 
et al., 2007, 2008) and needs to be applied within maize 
breeding for drought tolerance in ESA.

CONCLUSIONS
A systematic evaluation of elite material derived from 
breeding programs worldwide under a range of environ-
ments allowed the identification of donors with high lev-
els of tolerance to both drought and combined drought 
and heat stress. Incorporating these donors into drought 
breeding pipelines will help increase genetic gains. How-
ever, little additional improvement in maximum drought 
tolerance has been achieved since the 1990s. These results 
highlight the need to develop new drought tolerance 
source populations for maize improvement strategies that 
target drought-prone areas. Maize plants in farmers’ fields 
are routinely subjected to a combination of stresses. The 
occurrence of drought and heat stress together is likely 
to increase, particularly in southern Africa. The results 
of this study suggest that the genetic control of drought, 
heat, and combined drought and heat tolerance are largely 
independent of each other. Current drought tolerant par-
ents used in hybrid maize breeding in ESA are highly 
susceptible to drought stress under elevated temperatures 
and there is a need to incorporate lines with tolerance to 
combined drought and heat stress in drought-prone areas 
where temperatures are predicted to increase. Only a lim-
ited relationship was found between yield potential and 
stress tolerance, with less than 40% of genetic variance 
in tolerance explained by variation in yield potential in 

all cases. This confirmed that performance under well-
watered conditions is not predictive enough of perfor-
mance under both drought and heat stress. The indepen-
dent genetic control may indicate that quantitative trait 
loci with large effects are involved in combined drought 
and heat and heat tolerance.
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