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Abstract

Background and Objective: Drought and heat stresses are major abiotic constraints causing limitations to plant growth worldwide and
limited focus has been devoted to the combination of the two stresses. The objectives of this study were to: (1) Identify maize genotypes
tolerant to heat, drought and combined drought and heat stress and (2) Identify some secondary traits associated these stresses at
seedling stage. Materials and Methods: Twenty maize genotypes were evaluated in a randomized complete block design with three
replicates and stresses were imposed in a growth chamber. The leaf stress response percentage, leaf area, plant height, plant aspect and
some indices (STI, HTI, DTl and MSTI) were measured. The variances in traits among genotypes were performed using SAS software and
Turkey’s test was used for mean separation. Results: There were significant differences between genotypes for all the traits assessed under
stress environments. Three inbred lines (L6-Y, L24-Y and Sweety 015) expressed relatively good performance across environments and
could be potentially useful genotypes in breeding maize for tolerance to combined drought and heat stress and for tolerance to the
individual stresses. Shoot weight, plant height and chlorophyll content showed significant relationships with stress tolerance indices (STI,
HTI, DTl and MSTI) and could therefore, be used as secondary traits in maize screening at seedling stage under combined drought and
heat stress environments. Heat stress environment was highly and positively correlated with combined drought and heat stress
environment (+0.79) for stress tolerance index. Conclusion: Result of study demonstrates that the heat tolerant genotypes are likely to
tolerate combined drought and heat stress conditions. The identified stress tolerant genotypes need to be evaluated in open environment
for confirmation of the results.
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INTRODUCTION

Maize (Zea mays L.) is a globally important staple crop
for food, livestock feed and biofuels, even though it is very
sensitive to abiotic stresses, including high temperature,
which leads to considerable yield loss in crop production. Of
the various abiotic stresses such as light intensity, salinity,
drought, temperature (freezing/heat) is the most prevalent
that considerably retard not only plant production butalso the
quality of crops'™. Heat stress is defined as the rise in
temperature beyond a threshold level for a period sufficient to
cause permanent damage to plant growth and development®.
The disturbance in cellular homeostasis is due to high
temperature stress which can cause drastic reduction in
growth, development and even death of plants®’. The growth
and development optimum temperature is specific to each
genotype. The temperature stress occurs when the
environmental temperature increases beyond the critical
limit. Heat stress is responsible for 1.0-1.7% maize yield loss
per day, for every degree rise in temperature® above 30°C.
Rahman et a/? found that heat stress provided at the time of
anthesis and subsequent developmental stages of grain
formation was more devastating when temperature fluctuated
between 40-45°C and sometimes up to 48°C in Pakistan. The
local hybrids YH-1898 and YH-1921 showed reasonable
tolerance against high temperature with 40-50% seed setting
as compared to commercial hybrids (DK-6525, DK-6142 and
NK-8441) with 20-25% seed setting®. According to Guy'
growth and development of maize is directly proportional to
temperature increase until the optimum temperature is
reached; therefore it becomes harmful to the plant. The stages
of maize growth are differently affected by high temperature
stress. Heat stress during germination is associated with
impaired emergence', reduced plant stand and plant
density'?. Sanchez et a/'* found that optimum temperature
for maize growth from sowing to emergence is 29.3°C, with
a threshold maximum of 40.2°C. Whereas, an increase in
temperature above 30°C could reduce yield by 1% under
optimal rain-fed condition and by 1.7% under drought
conditions™.

Several research studies have been conducted to screen
maize for tolerance to drought stress all over the word™°,
Droughtis defined as a condition whereby there isinadequate
moisture in the soil at a particular time to meet the needs
of the plant?®. Maize yield losses due to drought stress
range between 17-60% in southern Africa?"22, Meeks et a/?
evaluated maize inbred lines and their hybrid testcross
progeny at seedling stage for germination, survival and
recovery after a series of drought cycles and concluded

that seedling stress response is more useful as
secondary screening parameter for maize genotypes.

Maize plants usually develop different mechanisms to
counteract the environmental stresses. They need to adapt
quickly to overcome these stresses during their short life cycle.
From simulation models, an average increase in temperature
of up to 2.5-5.4°C can be expected by year 2100 coupled with
a decrease in precipitation of about*?> 15%. Warming is
projected to occur during the 21st century, with plausible
increases of 4-6°C over the sub-tropics and 3-5°C over the
tropics by the end of the century under low mitigation
scenario®, Stress as itis understood today is a factor that alters
normal functioning of a number of mechanisms in an
organism?’. 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?2%, With
the general warming of the world, developing cultivars of
maize that can perform well under heat stress, drought stress
and combined heat and drought stress should be taken into
consideration. The tolerance of plants to a combination of
different stress conditions, especially those that mimic the
field environment should be the focus of future research®. The
aim of the study was to identify maize genotypes which could
express tolerance to heat, drought and combined heat and
drought stress at seedling stage. Moreover, the study also
soughttoidentify some secondary traits associated with these
stresses, which could be utilized for maize selection during the
seedling stages of development.

MATERIALS AND METHODS

Ten yellow Quality Protein Maize (QPM) inbred lines and
10 introduced varieties from the Institute of Agricultural
Research for Development (IRAD) in Cameroon were used in
the study (Table 1). The introduced varieties were composed
of six inbred lines (two white and four yellow) and four open
pollinated varieties (two white and two yellow). The
experimentwas conducted in the department of Biochemistry
and Microbiology in a growth chamber during the month of
August, 2017.

Experimental design and management: Maize genotypes
were laid out in a randomized complete block design with
three replicates. Three viable seeds were planted per pot for
each genotype using Hygromix as growing media
(commercial potting mix). The pots were placed in a tray of
about 4 cm deep. The plants were kept at field capacity until
two weeks after planting. The growth chamber was set at
25°Cday and 22°Cnight, humidity 40% day and 60% night
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Table 1: List of inbred lines and OPVs used for the evaluation

Genotype Color Origin Particularity

L16-Y Yellow UFH QPM

L17-Y Yellow UFH QPM

L18-Y Yellow UFH QPM

L24-Y Yellow UFH QPM

L3-Y Yellow UFH QPM

L32-Y Yellow UFH QPM

L33-Y Yellow UFH QPM

L34-Y Yellow UFH QPM

L5-Y Yellow UFH QPM

L6-Y Yellow UFH QPM

87036 White IRAD Good combiner
88069 Yellow IRAD Good combiner

ATP S6 Y-1 Yellow IRAD Tolerant to low soil pH
ATP S8 30Y-3 Yellow IRAD Tolerant to low soil pH
ATPSRY Yellow IRAD Commercial acid tolerant OPV
CMS 8704 Yellow IRAD Commercial OPV
EVDT-99-W White IRAD QPM

Exp124 White IRAD Good combiner
Obatampa White IRAD QPM

Sweety 015 Yellow IRAD Sweet corn

UFH: University of Fort Hare, IRAD: Institute of Agricultural Research for
Development, OPV: Open Pollinated Variety, QPM: Quality Protein Maize

with 12 h photoperiod. The experiment was repeated two
after following the same procedure.

Treatments: Maize genotypes were exposed to controlled
conditions (no stress), water stress, combined drought and
heat stress and heat stress alone treatments. Control and heat
stressed plants were irrigated once after two days to maintain
field capacity at 75%. Plants were maintained at 25% field
capacity using a SM300 soil moisture meter for 5 days in
drought environment and 3 days in combined drought and
heat environment. The control and water stressed genotypes
were kept in the same growth chamber at optimum
temperature of 25°C during the day and 22°C at night. Heat
stress and drought and heat stress were imposed at a high
temperature regime (40°C/25°C) with 60% humidity for
3 days/nights. Temperature was increased gradually from
25-40°C with 5°C increments per hour during the 3 days.
Two days of recovery were allowed at normal temperature
provided in the control environment.

Data collection: The leaf number per genotype and the
damaged leaf (leaf with any injury or wiltness) number per
genotype were counted. The leaf length, leaf width, plant
height were measured usingaruler. Avernier caliber was used
to access the stem diameter. An infrared thermometer was
used to measure the leaf temperature. The chlorophyll
content data were collected using a chlorophyll meter. The
plant aspect was scored from 1-5 (with 1 being the best) and
shoot weight was collected using a sensitive weighing
balance.

Leaf stress response and leaf area were also calculated
using the following equation:

Damaged leaf

Leaf stress response =
Total number of leaves

Leaf area = Leaf lengthxleaf widthxk

where, k=0.75 as the coefficient determination of leaf area?'.
The shoot weight of genotypes was used to calculate
tolerance indices using the following equation:

Stress Tolerance Index (STI)= A_si./jc
Ac
As(As/ Ac)
Heat Tolerance Index (HTI) = g
s

Modified Stress Tolerance Index (MSTI) = kiSTI with k = Ai%/A?

Drought Tolerance Index (DTI) = As / ﬁ
Ac Ac

where, As and Ac represent shoot weight under stress and
control conditions respectively, As and Ac represent the
mean shoot weight under stress and control conditions
respectively, A; represents shoot weight of a given
genotype3234,

Data analysis: Analysis of the variance and correlations were
computed using SAS package version 9.2 and the Turkey's test
was performed to separate significantly different means of
genotypes for a given trait. Cluster analysis was conducted
using JMP.

RESULTS AND DISCUSSION

Analysis of variance revealed significant differences
between genotypes in response to drought, heat and a
combination of drought and heat stresses. Under drought
stress, significant differences were observed for leaf area
(p<0.05), leaf stress response, stem diameter (p<0.01),
plant height, leaf temperature and shoot weight (p<0.001)
(Table 2). Genotypes showed significant differences for all
the parameters under heat and in the combination of heat
and drought stress (Table 2). There were no significant
differences among genotypes for leaf stress response,
chlorophyll content and plant aspect in the control
environment (Table 2). The differences in growth potential
makes the use of stress indices to be effective in distinguishing
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Table 2: Mean squares for various traits recorded for maize genotypes evaluated under drought, heat, combined drought and heat stress and control environments

Leaf stress Leaf area Plant height Chloro content  Stem diameter Temperature  Shoot weight
Parameters df (%) (cm?) (cm) (%) (cm) Plant aspect (°Q) (9)
Drought
Rep 2 11688 103N 0.3% 29.8" 0.15%** 1.8 0.0% 0.0%
Genotype 19 11874%* 118* 5.7%** 29.7* 0.05** 0.5M 0.8%*** 0.4%**
Error 38 3903 54 1.1 13 0.01 0.7 0.0 0.0
Heat
Rep 2 734N 1.7% 0.06M 25.7N% 0.004" 2.1* 0.0M 0.02M
Genotype 19 1434%* 151.3%** 8.5%** 70.9%%% 0.06%** 2.04%%* 14.6%** 11.3%**
Error 38 484 352 24 18.8 0.02 0.5 0.0 0.02
Drought and heat
Rep 2 2.3% 421N 1,188 53.6M 0.08* 1.2M8 0.0 0.0
Genotype 17 2049*** 4250%* 10%** 177.3%** 0.09%** 2.5%* 13.4%** 0.08***
Error 34 167 1384 23 36.3 0.02 0.75 0.0 0.0
Control
Rep 2 1707*** 10.8% 1.8% 127%* 0.1 0.8 0.0 0.02"
Genotype 19 204N 2771%%* 9.3** 42N 0.08* 0.7M 68.8%** 17%%*
Error 38 168 65.9 35 24.2 0.04 0.6 0.0 0.02

***n<0.001, **p<0.01, *p<0.05, NS: Non-significant, Rep: Replication, Leaf stress: Leaf tress response (%), Chloro content: Chlorophyll content, Temperature: Leaf
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Fig. 1: Mean value of parameters measured under drought, heat, combined drought and heat and control condition

resistant from susceptible genotypes, when the differences
inresponse of genotype is observed under stressed relative
to non-stressed environments. Previous research studies
resulted in significant differences among morphological
traits collected on the genotypes evaluated under heat
stress, drought stress and combined heat and drought
stress at various growing stage of maize'*336, Significant
differences were observed on plant height, leaf area and
leaf temperature among genotypes evaluated under the

control environment. This is due to the fact the evaluated
maize genotypes were genetically different.

Performance of genotypes for traits recorded under stress
and control environments: Among the parameters collected
under drought, heat, combined drought and heat stress and
control environments, leaf temperature of plants was very
high under combined drought and heat stress followed by
heat stress alone (Fig. 1). The height of plants and the
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chlorophyll content of maize leaves were lower under
combined drought and heat stress followed by heat stress
alone, than under drought stress alone. The reduced
accumulation of chlorophyll content observed under high
temperature stress may be due to either a decrease of
biosynthesis of the chlorophyll or due to its increased
degradation or the combined effect as stated by Fahad et a/*’
Higher temperatures were characteristic of susceptible maize
genotypes under both combined droughtand heat stress and
under heat stress alone. These observations are in agreement
with findings by Pfunde3, who used maize inbred lines only.
The stem diameter was quite high under control environment
only (ranging from 0.3-0.9 cm) compare to the stress
environments. These results are similar to the findings of
Lipiec et al.®> who found that the effects of drought and high
temperature were reflected in reducing mass accumulationin
plants and caused early senescence and premature death.
However, Yadav et a/* found that high temperatures during
vegetative growthimproved net photosynthetic rate resulting
in higher total stover yield (+28%) at maturity. This could be
possible in the field environment where all agro-climatic
factors are not under control.

Leaf stress response: Many genotypes expressed very
severe leaf stress responses (>60%) under drought, heat and
combined drought and heat stress conditions (Fig. 2). The
general behaviour of maize plants under combined drought
and heat stress varied from one genotype to another.
According to Suzuki et a/*° recent studies have revealed that
the response of plants to combinations of two or more stress
conditionsis unique and cannot be directly extrapolated from
theresponse of plants to each of the different stresses applied
individually. However, Obata et a/*® reported that the
combination of drought and heat evoked relatively few

o]
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specific responses and most of the metabolic changes were
predictable from the sum of the responses to individual
stresses. The results could be specific to the traits collected in
the study. Based on leaf tress response, the most tolerant
genotype was L6-Y in all the stress environments which gave
high percentage of yield response across environments. The
most susceptible genotype was ATP SR Y. The tolerance of a
genotype to heat and drought stresses alone did not confer
tolerance to combined drought and heat stress. On the
contrary, tolerance to combined drought and heat stress
of maize genotypes was genetically distinct from tolerance
to individual stresses but with some similarities. These
results differed from the findings of Cairns et a/?° who did
not find any similarites among maize inbred lines
screened under the same three stresses. The difference could
be due to the fact that the behaviour of a given maize
genotype under a stress environment is not predictable
and it differs from one genotype to another. More advanced
research on proteomics and or metabolomics could provide
clarification on the genotype response to each of the
environmental stress.

Stress tolerance index: The stress tolerance index was
common to all stress environments and was useful in
estimating the tolerance of genotypes. This index was
very low in combined heat and drought stress compared
to heat stress and drought stress alone (Fig. 3), meaning
that the stress effect was more severe in the combined
drought and heat stress environment. The effect of
combined drought and heat stress was considerably
stronger than those of the individual stress factors.
Similar results have been obtained with combined drought
and heat stress under different environments in previous
researches>***!. Mahrookashani et a/* found in his study
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Fig. 3: Variation of stress tolerance indices of maize genotypes in different stress conditions at seedling stage

that the effects of combined heat and drought on traits
were considerably stronger than those of the individual
stress factors but the magnitude of the effects varied for
specific growth traits. In the current study, maize varieties
were less affected by heat stress alone compared to water
stress and combined drought and heat stress.

Correlation between environments based on stress
tolerance index: The stress tolerance index under heat stress
alone was significantly high and positively correlated with the
stress tolerance index under combined drought and heat
stress(+0.79). Atolerant genotype under heat stress is likely to
tolerate the combined drought and heat stress environment.
However, the relationship of the stress tolerance index was
not significant in heat stress alone, drought stress alone and
between drought stress and combined drought and heat
stress. This was similar to the findings by Cairns et a/% who
reported no significant relationship between grain yield under
drought stress and combined heat and drought stressamong
maize genotypes.

Correlation coefficients of stress indices with some
parameters: Under combined drought and heat stress
environment, shoot weight was significantly and positively
correlated with leaf stress response (+0.55), plant height
(+0.50), stress tolerance index (+0.73), heat stress index
(+0.83) and drought tolerance index (+0.71) and modified
stress tolerance index (+0.83) (Table 3). Leaf stress response
was significantly and negatively correlated with chlorophyll
content (-0.58). Under heat stress, shoot weight was
significantly and positively correlated with plant height
(+0.66), chlorophyll content (+0.46), stress tolerance index
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(+0.91), heat tolerance index (+0.92) and modified stress
tolerance index (+0.83) (Table 3). In the drought stress
environment, shoot weight was significantly and positively
correlated with stress tolerance index (+0.78), drought
tolerance index (+0.44) and modified stress tolerance index
(0.88) (Table 3). Shoot weight was highly and significantly
correlated with all the indices in all the stress environments.
Therefore, shoot weight and all the indices estimated in the
study could be useful in maize screening maize at seedling
stage under drought, heat and combined drought and heat
stress. The significant and positive correlation between STI,
HTI, DTl and MSTI indicated that these indices had the same
capability in determining tolerance under stress. Similar results
were obtained by Pfunde®®. The very high correlation between
STl and MSTI showed that there is no need of using the two
indices in one experiment.

Ranking of genotypes based on stress indices: The ranking
of maize genotypes was conducted based on DTl in drought
environment, HTI in heat stress condition, STl and MSTI in
combined drought and heat stress condition (Table 4). L3-Y
was found to be the most drought tolerant genotype, L5-Y
was the most heat tolerant variety, whereas 87036 was the
most tolerant genotype in combined drought and heat stress
environment. According to Naghavi et a/*® the identification
of tolerant cultivars based on a single criterion may be
contradictory. The indices of the current research study were
estimated based on the shoot weight trait only. The use of
indices involving all the parameters statistically significant in
their calculation could be more reliable. The ranking of
genotypes using the stress indices will then be more efficient
and will reflect the observation in the field.
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Table 3: Correlation coefficients with some parameters (leaf stress, plant height, chlorophyll content and shoot weight) and four indices under combined drought and

heat stress, heat stress alone and drought stress condition

Parameters Leaf stress Plant height Chlorophyl content Shoot weight STl HTI MSTI
Drought and heat

Plant height(cm) 0.79%**

Chlorophyll_content (%) -0.58* -0.50*

shoot_weight (g) 0.55% 0.50* -0.14N

STl 0.58* 0.52* -0.24N 0.73%**

HTI 0.29" 0.18" 0.004"° 0.83%** 0.27"°

MSTI 0.41% 0.34" -0.10™ 0.83%** 0.89*** -0.52*

DTI 0.23" 0.14% 0.03" 0.71%** 0.07"° 0.96*** 032"
Heat

Plant_height (cm) 0.24\

Chlorophyll_content(%) -0.04N 0.25N

Shoot_weight (g) 0.16"° 0.66*** 0.46*

STl 0.22"° 0.68*** 032" 0.97%**

HTI 0.13™% 0.56** 0.45* 0.92%** 0.74%**

MSTI 0.30™ 0.54** 0.31% 0.83%** 0.93%** 0.73%**

Drought

Plant_height (cm) 0.49%

Chlorophyll_content (%) 0.04\s 037"

Shoot_weight (g) 0.08" -0.03% -0.31%

STl 0.30™% 0.31% 0.02"° 0.78***

MSTI 0.11% 0.05" -0.36"° 0.88*** 0.86***

DTI -0.29" -0.23% -0.26"° 0.44* *0.1N% - 017"

***0<0.001, **p<0.01, *p<0.05, NS: Non-significant, STI: Stress tolerance index, HTI: Heat tolerance index, MSTI:

index

Table 4: Ranking of maize genotypes based on stress indices

Modified stress tolerance index, DTI: Drought tolerance

Genotype HRI R1 DTI R2 STI R3 MSTI R4
L3-Y 0.01 18 4.54 1 / / / /
L5-Y 0.62 1 0.39 18 0.07 7 0.12 3
L6-Y 0.04 15 0.58 17 0.04 17 0.01 17
L16-Y 0.18 10 0.37 19 0.05 12 0.03 14
L17-Y 0.03 17 1.01 il 0.08 5 0.1 5
L18-Y 0.18 9 1.01 8 0.06 9 0.06 9
L24-Y 0.00 20 1.01 12 0.05 13 0.02 15
L32-Y 0.23 7 1.01 7 0.03 18 0.01 18
L33-Y 0.16 1 1.00 9 0.06 10 0.06 10
L34-Y 0.30 5 2.00 3 0.07 6 0.20 2
87036 0.52 2 0.91 13 0.17 1 0.53 1

88069 0.03 16 1.01 10 / / / /
Exp124 0.33 3 0.25 20 0.1 2 0.1 4
Sweety 015 0.01 19 0.68 16 0.05 il 0.04 13
ATP S6 Y-1 0.13 12 1.67 5 0.04 15 0.02 16
ATP S8 30Y-3 0.21 8 217 2 0.04 16 0.06 1

CMS 8704 0.07 14 0.69 15 0.10 3 0.10 6
ATPSRY 0.31 4 0.85 14 0.08 4 0.08 7
Obatampa 0.26 6 1.42 6 0.05 14 0.05 12
EVDT-99-W 0.08 13 1.83 4 0.07 8 0.07 8

DTI: Drought tolerance index, R: Ranking, HTI: Heat tolerance index, STI: Stress tolerance index, MSTI: Modified stress tolerance index

Clustering of genotypes based on morphological response
under stress environments: The maize genotypes evaluated
were grouped based on the morphological data collected
under drought, heat and combined drought and heat stress
conditions (Fig. 4). In each stress environment, genotypes
were clustered in three groups and there was variation of
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genotypes within each group. Group | consisted of the most
susceptible genotypes, group Il had intermediate responses
while group Il consisted of the tolerant genotypes. The most
tolerant genotypes in all environments were L6-Y, L24-Y and
Sweety 015. On the other hand, the most susceptible
genotypes were 87036 and ATP SR Y, all of which were
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I: Susceptible genotypes; II: Moderately tolerant genotypes; lIl: Tolerant genotypes

introduced from Cameroon. These introduced genotypes were
not bred for tolerance to environmental stresses investigated
in this study.

CONCLUSION

Threeinbredlines (L6-Y,L24-Y and Sweety 015) expressed
relatively good performance across the stress environments
and their tolerance should be confirmed under field
conditions. Shoot weight, plant height and chlorophyll
content could be used as secondary traits for maize screening
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at early stages under stress conditions. Tolerant genotypes to
heat stress are likely to tolerate combined drought and heat
stress. Therefore, confirmation need to be done in open
environment.

SIGNIFICANCE STATEMENT

The present study which gives an overview of maize
responses to drought, heat and combined drought and heat
stresses at early stage of plant development showed three
inbred lines (L6-Y, L24-Y and Sweety 015) expressing good
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performance under stress conditions and this was not yet
explored by previous study. The selected stress tolerant
genotypes must be screened in open stress environments and
the tolerance mechanisms need to be clearly defined by
researchers.
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