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Influence of high temperature
and drought stress at jointing
stage on crop physiological
responses and growth in
summer maize plants
(Zea mays L.)
Xiaodong Fan, Xiaotao Hu*, Yuxin Ma, Yaoyue Pang,
Jun Sun and Panpan Hou

Key Laboratory of Agricultural Soil and Water Engineering in Arid and Semiarid Areas, Ministry of
Education, Northwest A&F University, Yangling, China
The combination of low precipitation and high temperature stresses at jointing

stage can severely threaten maize production. However, to date, few studies

have been conducted on the effects of combined stress on maize plants

expression at jointing stage. In the current research, plant growth, root

morphology, and yield components were determined after exposure to the

single and combined stress of high temperature and drought stress. Leaf gas

exchange, malondialdehyde (MDA) content and antioxidant enzymes activities

were conducted to identify potential mechanisms of stress responses. The single

stress of high temperature and drought significantly reduced the biomass of

various organs and the total aboveground biomass, which reduced the yield of

maize plants. High temperature substantially decreased aboveground biomass

and yield under mild and severe water stress, which indicated that the inhibitory

effects of combined stress weremore significant than that of high temperature or

drought individually. High temperature exacerbated the negative impacts of

water stress on plants growth and yield as shown by the reduced leaf

photosynthetic rate (Pn), probably related to the increasing MDA content. Leaf-

level water use efficiency (WUE) was enhanced as the reduction in leaf

transpiration (Tr) was greater than the decrease in leaf photosynthesis under

high temperature, even for those plants were suffering water stress. High

temperature, drought stress and their combination all greatly increased the

activities of superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT),

but were ineffective in mitigating oxidative damage. The MDA content and

antioxidant enzymes activities showed an increasing trend following 12 days of

combined stress. This substantiated the irreversible damage induced by

combination of high temperature and desiccation stresses. The combined

stress optimized roots length, root volume, root surface area, and thinned the

average root diameter, which improved the adaptation of maize to high
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temperature, drought and combined stress. This study has provided meaningful

references for improved understanding the impacts of drought, high

temperature, and concurrent events on the physiology and growth of maize

plants during the jointing period.
KEYWORDS

high temperature, drought, plant growth, leaf photosynthesis, antioxidant activity,
yield components
1 Introduction

In recent years, the gradual advancement of industrialization

and globalization has inevitably resulted in anthropogenic

emissions of greenhouse gases (Gultekin et al., 2023), thereby

contributing to global warming (Kweku et al., 2018). Globally

averaged surface temperatures have risen during 2011 to 2020 by

1.1°C, higher than those observed from 1850 to 1900. If

temperatures continue to rise according to this trend, it is

estimated that the temperature increases between 2021 and 2040

will reach 1.5°C (IPCC, 2022). The continued rise in global average

temperature intensifies evaporation of surface water, changing

precipitation patterns, increasing the frequency and duration of

meteorological disasters, such as floods and droughts (Ben Ameur

et al., 2022). Drought events adversely restrict normal crop growth

and development, resulting in yield reduction or harvest loss,

putting considerable pressure on global food security and

sustainable economic and social development (Islam et al., 2022).

Overall, water scarcity from high temperatures has a substantial

negative influence on agricultural production, the ecological

environment, aquatic resources, and socioeconomic systems

(Zhang et al., 2023). Therefore, insight into the underlying

mechanisms that control the effects of drought and high

temperature on agricultural primary production and global grain

yield will aid in maintaining agricultural ecosystem stability and

formulating targeted management strategies under climate change

scenarios (Chen et al., 2023).

As one of the primary abiotic stresses, drought stress restricts

the development and productivity of crops in arid and semi-arid

regions by altering stomatal closure, causing injury to the

photosystem, and facilitating chlorophyll biodegradation that

affects the plant’s pathology and biochemistry in a direct way

(Alam et al., 2021). The stomatal closing induced by drought

stress usually leads to oxidative stress, resulting in a rapid decline

in the internal CO2/O2 ratio (Park et al., 2021). This causes

excessive reduction in the photosynthetic electron chains and

increased formation of reactive oxygen species (ROS) in

chloroplasts and mitochondria (Sachdev et al., 2021). Excess ROS

cause oxidative damage, which leads to the increase of membrane

lipid hydro peroxidation, malondialdehyde (MDA) levels and

additional biological macromolecules, eventually leading to cell
02
loss (Zafari et al., 2020). The production of superoxide free

radical in chloroplasts is mainly associated with the degradation

of photosynthetic pigments. Therefore, the photosynthetic electron

transfer system is destroyed, and the functions of photosynthetic

organs are damaged, which eventually lead to the decrease of

photosynthetic rate (Chen et al., 2022). To avoid or mitigate

oxidative injury, plants developed various sophisticated protection

strategies containing effective antioxidative enzymes like superoxide

dismutase (SOD), peroxidase (POD), and catalase (CAT), all

working in coordination to counteract and scavenge the

overproduction of cytotoxic ROS (Han et al., 2022). In addition,

reduced leaf photosynthetic rate may inhibit the transport of

photosynthetic products to reproductive organs (Sarker et al.,

2020), and meanwhile reduce aboveground biomass by increasing

assimilate partitioning toward the root system (Avila et al., 2020).

This may lead to substantial grain yield reductions (Li et al., 2022;

Liu et al., 2022).

High temperature is a limiting factor affecting different

development stages of plants, inducing oxidative damage, and

restricting the growth, development and productivity of important

agricultural crops (Sachdev et al., 2021). High temperature could

negatively impact essential physiological processes (e.g.,

photosynthesis, respiration, and moisture metabolism) of crops

(Siddiqui et al., 2022). Extensive research over recent decades has

revealed that high temperature stress affects photosynthetic organelles,

chlorophyll biosynthesis, CO2 assimilation, chloroplast ultrastructure,

electron transport, and photochemical reactions (Chen et al., 2022;

Viljevac Vuletic et al., 2022). Specifically, ribulose diphosphate

carboxylase/oxygenase (Rubisco) and carbon assimilation rates are

considered to confine photosynthesis at high temperatures (Ullah

et al., 2022). The photosynthetic system is unable to efficiently

convert light energy into chemical energy and fix carbon, leading to

the build-up of intracellular ROS (Zhao et al., 2018). Rapid and

excessive generation of ROS can impair photosynthesis by lowering

the electron transport rate (Iqbal et al., 2021). Similarly, to prevent

cellular damage and restore redox homeostasis, plants can trigger high-

temperature reactions by hyperactivating enzymatic ROS-scavenging

systems (Foyer, 2018). Furthermore, high temperature undermine the

function of leaves and lead to stress-induced premature senescence

(Rossi et al., 2020). This accelerates senescence and the grain-filling

process of the whole plant, which then leads to earlier maturity and
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shorter reproductive period, eventually resulting in a prominent yield

loss (Xiong et al., 2017).

The root system is an important organ for obtaining water and

nutrients, adapting to the environment, and achieving high yields.

The structural characteristics of the roots are essential to the

efficient utilization of moisture and nutrients in the rhizosphere

(Xu et al., 2021). The morphologic features of the root system,

consisting of root length, surface area, volume, and diameter, are

associated with water uptake and aboveground biomass production

(Ober et al., 2021). Longer root systems allow plants to obtain water

from deeper soil profiles, which is related to the drought tolerance

of crops (Prince et al., 2015). It is reported that nutrients and water

absorbed from the soil are directly correlated with the surface area

of root system in contact with soil. Thus, root surface area is

associated positively with yield under drought stress, while root

diameter is related to the capacity to penetrate through hard soils,

thereby affecting drought tolerance of crops (Xu et al., 2021). High

temperature can induce adjustments in C allocation in different

plant parts and regulate root morphological traits (Delamare et al.,

2023). Raising the ambient temperature is understood to also raise

the soil temperature in the root zone of the crop. Therefore, the

influence of soil temperature exceeding the optimum value may be

harmful to root growth, ultimately resulting in a decline in yield

(Chakraborty et al., 2022).

Summer maize (Zea mays L.) is a major cereal grain crop

mainly used for animal feed, biofuels and human consumption

(FAO, 2022). Maize is very sensitive to high temperature and

drought stress (Cohen et al., 2021; Li et al., 2022). Drought and

high temperature trigger a range of stressed reactions or phenotypic

alterations of maize plants, which can be synergistic or antagonistic

to physiology and plant performance (Bheemanahalli et al., 2022).

Negative impacts of combined stress on net assimilation, decreased

Photosystem II activity coupled with impaired electron transport

rate and increased ROS accumulation have been highlighted (Naing

and Kim, 2021). Furthermore, individual and combined stress have

different effects on physiological processes such as stomatal

conductance (Cohen et al., 2021). It is well known that excessive

leaf temperature can damage and ultimately kill leaves (Krause

et al., 2010). In the short term, transpirational cooling can be an

effective means to reduce this risk. However, this requires a lot of

water, which is potentially risky for plants under drought

conditions (Feng et al., 2023). Despite the adverse impacts of

combined drought stress and high temperature on maize yield,

few investigations have examined the influences of combined stress

on maize physiology and productivity at the jointing stage (Hussain

et al., 2019). Even less is known regarding maize root morphology

under compound stress (Ru et al., 2022). Therefore, the present

research was conducted with a focus on four important aspects: (i)

examine the combined effects of high temperature and drought

stress on the aboveground growth and grain yield; (ii) analyze maize

leaf physiological characteristics in response to compound stress;

(iii) elucidate how combined stress influence maize root

morphology; and (iv) explore the potential acclimation

mechanisms of maize plants to high temperature, drought, and

compound stress.
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2 Materials and methods

2.1 Plant cultivation and
growing conditions

The study took place in a synthetic growth chamber (RQS-15;

Hengyu Instrument and Equipment Manufacturing Co. Ltd.

Nanjing, China) at the Key Laboratory of Agricultural Soil and

Water Engineering (108.04°E, 34.17°N; 506 m), Northwest A&F

University, Yangling, Shaanxi Province of Northwest China. The

experimental material was maize hybrid (Zea mays L. cv.

Zhengdan 958). The plastic pots of 15.0 dm3 in value (27.5 cm

in height with a top area of 707 cm2 and a bottom area of 397 cm2)

with a tiny hole at the bottom were used. The soil was gathered

from 0-40 cm deep soil layers in the local experimental field, air-

dried, and passed through a 6-mm sieve. Each pot contained 18 kg

of screened dry soil, with a field capacity of 27.02% (FC, g/g) and a

soil bulk density of 1.35 g/cm3. The soil pH (1:5 soil/water ratio),

electrical conductivity (1:5 soil/water ratio), soil NH4
+-N, soil

NO3
–N, exchangeable soil potassium, exchangeable soil

phosphorus and organic matter of cultivated soil layer were 8.1,

0.18 ds m-1, 6.9 mg kg-1, 10.1 mg kg-1, 164.5 mg kg-1, 20.5 mg kg-1,

and 12.3 g kg-1, respectively. The surface soil of each pot was

covered with perlite to minimize soil evaporation and alleviate the

impact of irrigation, and the bottom was lined with small stones

and fine sand as a filter layer.

Prior to sowing, all the pots were applied with Stanley

controlled-release fertilizers (4 g) (18-18-18-N-P-K). On June 15,

2020, three seeds were planted in each pot at a depth of 3-4 cm.

After emergence, healthy and uniformly growing maize seedlings

were retained by thinning out seedlings, with one seedling per pot at

the three-leaf stage. Fifteen pots were randomly set up for each

treatment, and the 15 pots were the biological replications in the

present study (n = 15). Before the stress treatment, all the maize

plants were established in the rain shelter. During jointing stage, all

maize pots were moved into an artificial growth chamber on July 25,

and then subjected to individual or compound stress of high

temperature and drought.
2.2 Experimental design and
stress imposition

The experiment was conducted using a split-plot design that

consisted of two factors (temperature and watering) with temperature

as the main plot (two temperature levels) and watering as the subplot

with three watering levels, which were full irrigation (F, 70–80%FC),

mild water stress (M, 55–65%FC), and severe water stress (S, 40–50%

FC). According to the meteorological data of Guanzhong Plain over

the past 30 years (China Meteorological Data Service Center, CMDC;

http://data.cma.cn/en), the average high temperature near the maize

jointing stage has been approximately 35°C, with a relatively stable

duration of about 12 days (Figure 1). As a result, the temperature of

the high-temperature growth chamber was adjusted to high

temperature (H, 36°C/27°C, day/night), and the temperature of the
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controlled growth chamber was regulated to the control temperature

(C, 29°C/20°C). Apart from air temperature, other environmental

factors in the growth chambers were maintained at similar levels,

including relative humidity (60–70%), photosynthetic photon flux

density (1200 mmol m−2 s−1), CO2 concentration (400 mmol mo1−1),

and photoperiod (6:00–20:00). In this study, the soil water content

was determined by weighting pots and irrigation water was applied to

the upper limit whenever the soil moisture approached or fell below

the lower limit. After 12 days of stress, all maize pots were moved
Frontiers in Plant Physiology 04
back to the rain shelter to restore temperature (29°C/20°C) for heat-

stressed plants, soil moisture (70-80% FC) for drought-stressed

plants, and temperature + soil moisture for combined-stressed

plants. Weeds, pests, and diseases were well controlled during the

crop growing seasons. Specifically, regular herbicide and insecticide

treatments by foliar sprays by foliar sprays can be used to control

weeds and vectors, which will help reduce the incidence and severity

of disease and pets (Zhan et al., 2022). The specific maize growth and

treatment processes is displayed in Figure 2.
FIGURE 2

The growth processes of maize plants, and the stage exposed to drought, high temperature and combined drought and high temperature as well as
the natural condition for each treatment. FC, field capacity. Growth stage definitions: VE, emergence; V6, six leaf; VT, tasseling; R3, milk stage; R6,
black layer, physiological maturity.
FIGURE 1

Extreme maximum temperature and duration during summer maize jointing in the main production areas on the Guanzhong Plain in China from
1990 to 2020.
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2.3 Sampling and measurements

2.3.1 Measurement of growth traits
At V6 (six leaf), VT (tasseling), R3 (milk) and R6 (black layer,

physiological maturity) stages of maize, three plants were randomly

selected from each treatment and manually cut at ground level. The

aboveground parts of the plants were divided into leaves, stems and

spikes using scissors, then were oven-dried in paper bags at 75°C until

a stable weight was obtained. The plant biomass was then obtained by

weighing the plant tissues with electric scales. Three independent

replicates were used to determine the aboveground biomass.

2.3.2 Measurement of root morphology
The aboveground portion was separated from the belowground

portion using a sharp scissor at R6 stage, and the root system as a

whole was removed from the pot, and then lightly shook to clear

most of the soil attached to roots. The root with soil was placed on a

0.037 mm nylon mesh, and then soaked in water for 20 min to

facilitate the separation of the root system from rhizosphere soil.

The soil around the roots was thoroughly rinsed with mild

deionized water flow, followed by the collection of the roots. The

root images were scanned using a high-resolution EPSON V800

scanner. The root analysis system WinRHIZO (Version 2009c;

Regent Instruments Inc.) was used to analyze the scanned images

to determine root morphology parameters, including root length,

root surface area, root volume and average root diameter.

2.3.3 Measurement of leaf gas exchange
After 12 days of stress, leaf gas exchange was determined using

the last completely expanded leaf from one pot, and the

measurements were replicated five times on the five pots as five

replicates. The selected leaf in a 2 cm × 3 cm cuvette chamber was

attached to a portable photosynthesis system (LI-6400XT; LI-COR,

Lincoln, NE, USA). Then leaf gas exchange measurements were

conducted from 9:00-12:00 to determine the net photosynthesis rate

(Pn), stomatal conductance (Gs), and transpiration rate (Tr) at the

temperature of 25°C, the saturated light of 1200 mmol photons m−2

s−1 (PPFD), the CO2 concentration of 400 mmol mol−1, and the

constant flow rate of 500 ml min-1 for maize plants. The ratio of leaf

photosynthesis to transpiration was defined as leaf-level water use

efficiency. The cuvette was sealed with plasticine to prevent leakage,

and all of the measurements were conducted with VPD lower than

1.5 KPa to eliminate moisture limitation on leaf gas exchange.

2.3.4 Measurement of MDA and antioxidative
enzymes activities

Three uniform maize plants were chosen from each treatment

group, and the leaves from the labeled plants were measured three

times: 3 days (during stress, DAS 3) and 12 days (the end of stress,

DAS 12) after individual or compound stress, as well as at the late

jointing stage (recovery of control temperature and soil moisture for

7 days, RTM 7). The collected leaves were instantly chilled in liquid

nitrogen, then quickly transferred and stored at -80°C for

subsequent analyses. According to Du and Bramlage (1992), the

degree of lipid peroxidation was determined by measuring the
Frontiers in Plant Physiology 05
content of malondialdehyde (MDA) in 1.0 g of fresh leaf samples

at 532 and 600 nm.

Crude enzymes were extracted employing 50 mmol phosphate

buffer (pH 7.8, 5 mmol l−1 MgCl2, 1 mmol l−1 EDTA-2Na, 1%

polyvinylpyrrolidone, and 0.3% Triton-X100). Fresh leaf samples

(0.5 g) were grounded in a frozen mortar using precooled extraction

medium. The homogenates were concentrated by centrifugation at

12000 rpm and 4°C for 20 min and the filtrate was prepared as

enzymatic extracts for the determination of dismutase (SOD),

peroxidase (POD) and catalase (CAT). As shown by Beauchamp

and Fridovich (1971); Zhang (1992), and Aebi (1984), SOD (EC

1.15.1.1), POD (EC 1.11.1.7), and CAT (EC 1.11.1.6) activities were

assayed, respectively.

2.3.5 Measurement of grain yield components
The ear length and ear diameter of maize plants were determined

with a tape measure and vernier caliper at R6 stage, respectively. The

maize ears were air-dried in the greenhouse conditions for 7 days, and

then manually threshed to obtain yield components, recording ear

kernel weight and 100-kernel weight. The dry grain was measured and

converted to a standard moisture content of 14%. In cereal crops such

as maize and rice, harvest index is the quotient of grain yield and total

aboveground biomass, viz., harvest index = grain yield/total

aboveground biomass (Cui et al., 2000; Fageria, 2007).
2.4 Data analysis

Statistical analyses were conducted using two-way analysis of

variance (ANOVA) to investigate the main and interactive effects of

high temperature and drought stress on aboveground biomass, leaf

gas exchanges, antioxidant enzymes activities, root morphological

parameters, and grain yield components with General Linear Model

Full Factorial Mode. Also, one-way ANOVA was used to investigate

the significant differences on aboveground biomass. The statistical

analyses all followed by Duncan’s multiple range tests (P < 0.05) by

SPSS 26.0 software (IBM, Chicago, IL, USA). The within-group

differences between different treatments were clarified using least

significant difference tests (LSD). In addition, redundancy analysis

(RDA) was conducted to assess the responses of the total

aboveground biomass, leaf gas exchange, antioxidant enzymes

activities, and ear kernel weight to temperature and watering by

Canoco 5.0. In the RDA, the traits were standardized response

variables, and high-temperature and drought treatments were

explanatory variables. Origin 2023b (OriginLab, USA) and Canoco

5.0 (Microcomputer Power, Ithaca, NY) were employed to construct

the figures. Data were expressed as mean ± standard error.
3 Results

3.1 Aboveground dry matter content

The various organ biomass and total aboveground biomass of

summer maize were significantly reduced by high temperature,
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drought stress, and the combined stress at any growth stage (P < 0.01;

Table 1). Specifically, the stem, leaf, and ear dry weight as well as total

aboveground biomass all dramatically declined with the increase of

temperature and drought severity. In particular, individual high

temperature or drought stress prominently reduced the leaf dry

weight (P < 0.001; Table 1), while the combined stress had no

significant effect on the leaf dry weight (P > 0.05; Table 1). Among

these, the CS treatment decreased the total aboveground biomass by

30.2%, 29.4%, 40.4%, and 31.4%, respectively, compared with that of

the CF treatment at V6, VT, R3, and R6 stages (P < 0.05; Figure 3A).

Meanwhile, the HF treatment reduced the total aboveground biomass

by 47.6%, 51.3%, 48.1%, and 40.7% compared with that of the CF

treatment, respectively (P < 0.05). Furthermore, the combined stress

(the HS treatment) at any stage reduced the total aboveground biomass

by the largest magnitude, which was decreased by 58.5%, 60.8%, 62.1%,

and 59.9% (in the order of V6, VT, R3, and R6 stages), respectively,

compared with the CF treatment (P < 0.05; Figure 3). In addition, the

stem, leaf, and single ear dry weight of maize plants subjected to high

temperature or drought stresses applied as single-stress factor displayed

a similarly pattern with the total aboveground biomass (P < 0.05;

Figures 3B–D). Across the experiment here, both individual high

temperature and drought stress generally caused a decrease in the

biomass of different organs, and the impact was magnified by the

combination of high temperature and drought stress. Overall, drought

had the least impact on decreasing the total aboveground biomass of

maize plants compared to high temperature or drought and high

temperature combination (with drought stress and high temperature
Frontiers in Plant Physiology 06
combination having the maximal effect). In other words, the combined

stress of high temperature and drought reduced the total aboveground

biomass more significantly than the single stresses.
3.2 Leaf gas exchange

High temperature, drought, and their combined stress significantly

affected the leaf gas exchange parameters of maize plants (P < 0.05;

Figure 4). In detail, the net photosynthetic rates (Pn), stomatal

conductance (Gs), and transpiration rate (Tr) all substantially declined

with the increment of temperature and drought severity (P < 0.01). The

CS treatment prominently decreased the Pn,Gs, and Tr by 36.1%, 49.3%,

and 25.8% compared with that of the CF treatment, respectively (P <

0.01). However, under control temperature conditions, the water use

efficiency (WUE) first increased and then decreased along with the soil

water gradient (P < 0.05), and a sightly c.11.8% lowerWUE under the CS

treatment compared with that under the CF treatment, which was

primarily attributed to the fact that the Tr reduced less than Pn of maize

plants subjected to control temperature conditions under severe water

stress (i.e., 25.8% < 36.1%). Moreover, the HF treatment significantly

decreased the Pn, Gs, Tr, andWUE by 39.8%, 33.3%, 18.8%, and 24.4%,

respectively, compared with that of the CF treatment (P < 0.01).

Furthermore, the combined stress of drought and high temperature

(the HS treatment) dramatically reduced the Pn, Gs, and Tr by 57.1%,

67.3%, and 43.7% compared with that of the CF treatment, respectively

(P < 0.01). Particularly, the WUE tended to increase under high
TABLE 1 Interactive effects of temperature and watering on the dry weight of different organs and total aboveground biomass of maize plants at
different phenological stages.

Factors Stage Temperature Watering Temperature × watering

Leaf dry weight V6 *** *** *** ns

VT *** *** ns

R3 *** *** ns

R6 *** *** ns

Stem dry weight V6 *** *** *** ***

VT *** *** ***

R3 *** *** ***

R6 *** *** **

Ear dry weight V6 *** \ \ \

VT *** *** ***

R3 *** *** ***

R6 *** *** ***

Aboveground biomass V6 *** *** *** ***

VT *** *** ***

R3 *** *** ***

R6 *** *** **
Growth stage definitions: V6 (six leaf), VT (tasseling), R3 (milk stage), R6 (black layer, physiological maturity). ** indicates significant differences between treatments at P = 0.01 level; ***
indicates significant differences between treatments at P = 0.001 level; ns indicates no significant differences between treatments (P > 0.05).
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temperature conditions with the decline of soil water status, so the HM

and HS treatment reduced the WUE by 22.8% and 19.1%, respectively,

compared with that of the CF treatment (P < 0.01), which indicated that

water stress indeed mitigated the adverse effects of high temperature on

the WUE to a certain extent. Interestingly, the Pn of maize plants

subjected to the CS treatment or the HF treatment were similar, whereas

the Pn of plants subjected to the HS treatment was significantly lower

than that of plants subjected to the CS or HF treatment (P < 0.05). In

addition, high temperature had the least adverse effects on decreasing the

Gs and Tr of maize plants compared to drought or high temperature and

drought combination (with high temperature and drought combination

having the maximal effect) (P < 0.05). These results suggested that the

limitation in CO2 availability resulted from the closure of stomata

(decreased stomatal conductance) may cause a further reduction in

the Pn in plants subjected to the stress combination (P < 0.05; Figure 4).
3.3 Malondialdehyde (MDA) contents and
antioxidant enzymes activities

High temperature or drought stress alone significantly promoted the

malondialdehyde (MDA) synthesis during the stress period (P < 0.01;

Figure 5A), and the combined stress dramatically affected the MDA
Frontiers in Plant Physiology 07
content on DAS 12 and RTM 7 (P < 0.01), which indicated that the

combination of high temperature and drought stress had a delayed effect

on MDA synthesis. In detail, the MDA content prominently enhanced

with the increase of temperature and drought severity (P < 0.01). Among

these, the MDA content of control maize plants (the CF treatment)

remained essentially unchanged during the stress and recovery periods,

which suggested the aging process made no difference onMDA content.

Moreover, the CS treatment substantially increased theMDA content by

54.5% and 65.2% on DAS 3 and DAS 12 compared with that of the CF

treatment, respectively (P < 0.001). Meanwhile, the HF treatment

significantly raised the MDA content by 40.9% and 56.5% on DAS 3

and DAS 12, respectively, compared with that of the CF treatment (P <

0.01). Furthermore, the HM and HS treatment dramatically enhanced

the MDA content by 63.6% and 81.8% on DAS 3, as well as 82.6% and

39.1% on DAS 12 compared with that of the CF treatment, respectively.

Overall, the MDA content of different treatments generally increased

during the stress period, whereas the MDA content of the HS treatment

significantly decreased by 20% compared with that on DAS 3. It can be

seen that high temperature prominently weakened the synthesis ability

of MDA under severe water stress, where the MDA content declined by

15.8% (P < 0.01). Remarkably, high temperature had the least impact on

promotingMDA synthesis of maize plants compared to drought or high

temperature and drought combination (with the combined stress having
A B

DC

FIGURE 3

Effects of drought stress on the total aboveground biomass (A), stem dry weight (B), leaf dry weight (C), and single ear dry weight (D) of maize plants
under different temperature conditions at different phenological stages. Lowercase letters indicate significant differences between six treatments
with three watering levels and two temperature levels at P < 0.05. Greek letters indicate significant differences between different temperatures under
same soil water conditions at P < 0.05. Uppercase letters indicate significant differences between different growth stages at P < 0.05. CF: control
temperature and full irrigation; CM: control temperature and mild water stress; CS: control temperature and severe water stress; HF: high
temperature and full irrigation; HM: high temperature and mild water stress; HS: high temperature and severe water stress. Growth stage definitions:
V6, six leaf; VT, tasseling; R3, milk stage; R6, black layer, physiological maturity.
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the maximal effect). In addition, the MDA content of all the treatments

indicated significant decreases on RTM 7, which were lower than those

onDAS 3. Following 7 days of relief from high temperature and drought

stress, the MDA content of the CM, CS, HF, HM, and HS treatments

were 1.05-, 1.24-, 1.14-, 1.34-, and 1.10-fold greater than that of the CF

treatment, respectively.

High temperature or drought stress applied individually

significantly improved the activities of superoxide dismutase (SOD),

peroxidase (POD), and catalase (CAT) during the stress period (P <

0.01; Figures 5B–D), and the stress combination substantially affected

the activities of antioxidant enzymes on DAS 12 and RTM 7 (P <

0.05). In particular, the effects of high temperature or drought alone

on CAT activities were detected on RTM 7 (P < 0.05), while the CAT

activities were strongly modified by the stress combination on DAS 3

(P < 0.05). All these indicated that the activities of SOD and POD had

delayed responses to the high temperature and drought combination,

whereas CAT activities were more sensitive to the combined stress. In

detail, the activities of SOD, POD, and CAT markedly improved with

the elevation of temperature and drought severity during the stress
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period (P < 0.01). Among these, the antioxidant enzymes activities in

the control treatments displayed such minor fluctuations during the

stress and recovery periods that they can be deemed negligible.

Moreover, the CS treatment markedly increased the activities of the

SOD, POD, and CAT by 20%, 27.3%, and 30.8% on DAS 3, as well as

31.7%, 55.5%, and 69.1% on DAS 12 compared with that of the CF

treatment, respectively (P < 0.01). Meanwhile, the HF treatment

significantly increased the SOD, POD, and CAT activities by 15.0%,

37.1%, and 78.7% on DAS 3, and 26.8%, 60.7% and 89.4% on DAS 12,

respectively, compared with that of the CF treatment (P < 0.001).

Furthermore, the HM treatment significantly increased the SOD,

POD, and CAT activities by 25.0%, 55.1%, and 67.2% on DAS 3, and

39.0%, 77.4%, and 105.1% on DAS 12 compared with that of the CF

treatment, respectively. The HS treatment substantially raised the

SOD, POD, and CAT activities by 40.2%, 68.3%, and 98.6% on DAS

3, as well as 22.0%, 80.0%, and 79.2% on DAS 12, respectively,

compared with that of the CF treatment. The aforementioned results

revealed that the SOD and CAT activities generally increased across

the different treatments as the duration of the stress increased during
A B

DC

FIGURE 4

Effects of high temperature on the net photosynthetic rates (A), stomatal conductance (B), transpiration rates (C), and water use efficiency (D) of
maize plants along a soil water gradient. CF: control temperature and full irrigation; CM: control temperature and mild water stress; CS: control
temperature and severe water stress; HF: high temperature and full irrigation; HM: high temperature and mild water stress; HS: high temperature
and severe water stress. Uppercase letters indicate significant differences between different watering levels under same temperature conditions at
P =0.05 level.* indicates significant differences between different temperatures at P =0.05 level under same soil moisture conditions; ** indicates
significant differences between different temperatures at P = 0.01 level under same soil moisture conditions.
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the stress period, whereas SOD and CAT activities in the HS

treatments were significantly reduced by 10.8% and 7.9% compared

to DAS 3, respectively. It can be seen that severe water stress

prominently decreased the SOD and CAT activities under high

temperature conditions, where SOD and CAT activities dropped by

12.3% and 12.6%, respectively. In general, high temperature had the

least impact on increasing the SOD activity compared to drought or

high temperature and drought combination (with stress combination

having the maximal effect). By contrast, drought stress had the least

impact on increasing the POD and CAT activities compared to high

temperature or drought and high temperature combination (with the

combined stress having the maximal effect). That is to say that

comparing the impact of high temperature and drought stress

combination to that of high temperature or drought stresses applied

individually, revealed that the combination of high temperature and

drought stress had a more severe impact on antioxidant enzymes

activities compared to high temperature or drought alone. In

addition, the SOD, POD, and CAT activities of the different

treatments substantially decreased on RTM 7, which were lower

than those on DAS 3. However, the SOD, POD, and CAT of maize

plants subjected to high temperature or drought stresses applied as

single-stress factor or the stress combination displayed higher

activities than those of the control treatment.
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3.4 Root morphology

High temperature, drought, and their combined stress significantly

affected the root morphology parameters of summer maize (P < 0.01;

Figure 6). Specifically, the root length (RL), root volume (RV), and root

surface area (RSA) significantly enhanced with the intensification of

water stress, whereas the average root diameter (ARD) was significantly

reduced (P < 0.001). Consistently, exposure to high temperature

conditions demonstrated inhibitory effects on the RL (P < 0.01), ARD

(P < 0.01), RV (P < 0.001), and RSA (P < 0.001), which indicated that

there were significant differences in the response of root morphology to

temperatures regardless of soil water status. The CS treatment

dramatically increased the RL, RV, and RSA by 36.8%, 32.0%, and

40.6%, respectively, while decreased the ARD by 12.9% compared with

that of the CF treatment (P < 0.001). Meanwhile, the HF treatment

prominently decreased the RL, ARD, RV, and RSA by 36.8%, 5.3%,

53.4%, and 47.2% compared with that of the CF treatment, respectively

(P < 0.01). Moreover, under high temperature conditions, the root

system development of maize plants was much more susceptible to

water stress. Taking the RL as an example, the CS and HS treatments

increased by 36.8% and 88.6% compared with the CF and HF

treatments, respectively (P < 0.001). As the degree of water stress

intensified, the inhibitory effects of high temperature on root
A B

DC

FIGURE 5

Effects of drought stress on the MDA content (A), SOD activity (B), POD activity (C), and CAT activity (D) of maize plants under different temperature
conditions. DAS 3, 3 days after stress; DAS 12, 12 days after stress; RTM 7, recovery of control temperature and soil moisture for 7 days. CF, control
temperature and full irrigation; CM, control temperature and mild water stress; CS, control temperature and severe water stress; HF, high
temperature and full irrigation; HM, high temperature and mild water stress; HS, high temperature and severe water stress. T, temperature; W,
watering. * indicates significant differences between treatments at P =0.05 level; ** indicates significant differences between treatments at P = 0.01
level; *** indicates significant differences between treatments at P = 0.001 level.
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morphological parameters diminished. For instance, high temperature

substantially reduced the RL by 36.8%, 27.7%, and 12.9% under full

irrigation, mild water stress, and severe water stress, respectively (P <

0.001). Furthermore, the HS treatment significantly decreased the ARD

by 15.6% compared with that of the CF treatment (P < 0.001). It can be

seen that high temperature had the least impact on reducing the ARD of

maize plants compared to drought or high temperature and drought

combination (with temperature and drought combination having the

maximal effect). That is to say the combined stress of drought and high

temperature reduced the ARDmore significantly than the single stresses.
3.5 Yield components

High temperature, drought, and their combined stress significantly

decreased the yield components of summer maize (P < 0.001; Table 2).

In detail, the ear weight (EW), 100-grain weight (GW), ear length (EL),

ear diameter (ED), and harvest index (HI) all dramatically decreased

with the intensification of temperature and drought severity (P < 0.001).

Compared to controls, maize plants subjected to high temperature or

drought stresses applied as single-stress factor displayed a 40.3% and

34.3% EW reduction, respectively (P < 0.001), while the average EW

reduction in response to a combination of high temperature and drought

stress was 58.1% (P < 0.001). This impact of stress combination on EW

could manifest itself in a number of different ways. We therefore
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compared the impact of stress combination on different yield

components to that of each of the stresses applied individually.

HI is a key indicator of biomass partitioning between vegetative and

reproductive organs in crop plants. It is defined as the total weight of

grain divided by the total weight of aboveground biomass. As

highlighted in Table 2, when maize plants were exposed to high

temperature or drought stress, the HI decreased by 24.2% and 18.2%,

respectively (P < 0.001). Interestingly, the combination of high

temperature and drought stress further impacted HI and reduced it

by 39.4% (P < 0.001). This result suggested that high temperature and

drought stress combination may shorten the life cycle of maize plants

and drive them to produce seeds earlier, and mostly likely result in

reducing numbers and/or size, with less vegetative tissues produced in

the process. Indeed, as shown in Table 2, the combination of high

temperature and drought stress decreased the GW, EL, and ED of maize

plants by an average of 44.7%, 58.2%, 41.4%, respectively (P < 0.001).

Intriguingly, the impacts of drought on the GW, EL, and ED (the

reductions of 21.2%, 21.9%, and 26.2%) were different than that of high

temperature (the reductions of 29.7%, 31.1%, and 30.9%) revealing that

drought had the least impact on decreasing the GW, EL, and ED

compared to high temperature or drought and high temperature

combination (with drought and high temperature combination

having the maximal effect). In conclusion, comparing the impact of

high temperature and drought stress combination to that of high

temperature or drought stress applied individually for maize plants,
A B

DC

FIGURE 6

Effects of high temperature on the root length (A), average root diameter (B), root volume (C), and root surface area (D) of maize plants along the soil water
gradient. Full irrigation: 70%-80%FC; Mild water stress: 55%-65%FC; Severe water stress: 40%-50%FC. FC, field capacity; T, temperature; W, watering.
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revealed that the combined stress had a more severe impact on yield

components compared to high temperature or drought alone.

Remarkably, the combined stress acted more similarly to the high

temperature on the yield components (Table 2).
3.6 Relationships among total
aboveground biomass, physiological and
biochemical traits, root morphology, and
yield of maize plants

To investigate the relationships among growth, physiological

and biochemical characteristics as well as maize yield, we

analyzed the total aboveground biomass, leaf gas exchange,
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MDA content, antioxidant enzymes activities, root morphology,

and yield components by using Redundancy and Pearson

correlation analyses (Figures 7, 8). The Redundancy Analysis

(RDA) for the effects of temperature and watering on the traits of

maize plants is shown in Figure 7. The temperature and watering

were considered as explanatory variables, while MDA content,

antioxidant enzymes activities, leaf gas exchange, total

aboveground biomass and maize yield were response variables.

The first and second axes interpreted 49.11% and 48.41% of the

maize plants traits, respectively. The projection length of the ray

in which the response variables were located on both axes and the

arrow direction illustrated the correlation between the

explanatory variables and response variables . RDA 1

corresponded to leaf gas exchange, MDA content, antioxidant
FIGURE 7

Redundancy analysis for high temperature or drought stress on maize traits. SOD, superoxide dismutase; CAT, catalase; POD, guaiacol peroxidase;
MDA, malondialdehyde; Pn, net photosynthetic rate; Tr, leaf transpiration rate; Gs, stomatal conductance; WUE, water use efficiency; TBM, total
aboveground biomass; EW, ear grain weight.
TABLE 2 The effects of drought stress on the yield components of maize plants under different temperature conditions and the interactive effects of
temperature and watering on the yield components.

Treatment Ear weight (g) 100-grain weight (g) Ear length (cm) Ear diameter (cm) Harvest index

CF 53.85 ± 1.22a 24.37 ± 0.28a 18.20 ± 0.33a 5.27 ± 0.15a 0.33 ± 0.02a

CM 48.65 ± 1.07b 22.65 ± 0.23b 16.97 ± 0.12b 4.72 ± 0.13b 0.30 ± 0.02ab

CS 35.40 ± 0.89c 19.21 ± 0.18c 14.21 ± 0.16c 3.89 ± 0.11c 0.27 ± 0.01bc

HF 32.15 ± 0.77d 17.13 ± 0.22d 12.54 ± 0.12d 3.64 ± 0.12c 0.25 ± 0.01c

HM 29.76 ± 0.72e 16.09 ± 0.20e 10.85 ± 0.13e 3.43 ± 0.09cd 0.23 ± 0.01cd

HS 22.56 ± 0.59f 13.48 ± 0.16f 7.60 ± 0.09f 3.09 ± 0.08d 0.20 ± 0.01d

Temperature *** *** *** *** **

Watering *** *** *** *** ***

T × W *** *** *** *** ***
Values given are means ± SD. The mean values were compared by the two-way analysis of variance (ANOVA) at P < 0.05 followed by Duncan’s multiple range tests. The different letters indicate
statistical differences at P < 0.05, and the same letters indicate statistical differences at P > 0.05. ** indicates significant differences between treatments at P = 0.01 level; *** indicates significant
differences between treatments at P = 0.001 level; ns indicates no significant differences between treatments (P > 0.05).
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enzymes activities, total aboveground biomass, and maize yield,

which could account for the majority of the variations within the

dataset. This indicated that antioxidant enzymes contributed

more significantly to the development of heat tolerance in

maize plants, whereas high temperature suppressed Pn, Tr, Gs

and WUE, thus resulting in the decreased total aboveground

biomass and yield of maize plants. RDA 2 predominantly

corresponded to leaf gas exchange and maize yield, which

indicated that water stress decreased the Pn, Tr, and Gs, but

enhanced WUE of maize plants, ultimately leading to yield

reductions. The magnitude of the angles between the rays

represents the correlation between the variables. Leaf gas

exchange had positive effects on the total aboveground biomass

and maize yield. On the contrary, MDA was detrimental to the

production of total aboveground biomass and maize yield

(Figures 7, 8). Furthermore, strongly positive correlations were

observed between leaf gas exchange and root morphology

parameters, as well as between MDA content and antioxidant

enzymes activities (Figure 8). MDA and SOD showed weakly

positive correlations with ARD, whereas POD and CAT were

weakly negatively correlated with RL, RV, and RSA. Strong linear

relationships were observed between root morphological

parameters and total aboveground biomass as well as yield. In

addition, significantly positive relationship was detected between

total aboveground biomass and maize yield (Figure 8).
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4 Discussion

4.1 Effects of high temperature and
drought stress on aboveground biomass of
maize plants

The aboveground biomass of crops is a basic agro-ecological

indicator for studying environmental processes and precision

agriculture, which comprehensively reflects crops growth, light

utilization efficiency, and carbon stocks in agricultural ecosystems,

so it’s closely associated with crop yield production and human

living (Li et al., 2020). Water shortages and high temperatures pose

considerable threats to crops growth and development, which will

be further exacerbated by climate changes (Avila et al., 2020; Rossi

et al., 2020). Plant leaves are among the most important plant

tissues that significantly affect plant growth and yield production. In

the current study, drought stress alone dramatically decreased the

leaf dry weight at V6, VT, R3, and R6 stages, which could be due to

the fact that drought stress reduced the leaf area and its expansion

rate (Khan et al., 2023). On one hand, the limitation of leaf area

expansion is to reduce water loss, while on the other hand, it

constrains the photosynthetic efficiency of plants, which indicated a

reason for suppressed growth under drought stress (Karimi et al.,

2018). Leaf area is reduced as a result of a reduction in cell division

and cell expansion (Koch et al., 2019). Avramova et al. (2015) also
FIGURE 8

Relationships among growth, physiological and biochemical characteristics as well as yield components of maize plants. Pn, net photosynthetic rate;
Tr, leaf transpiration rate; Gs, stomatal conductance; WUE, water use efficiency; SOD, superoxide dismutase; CAT, catalase; POD, guaiacol
peroxidase; MDA, malondialdehyde; RL, root length; ARD, average root diameter; RV, root volume; RSA, root surface area; TBM, total aboveground
biomass; EW, ear grain weight. The numbers represent the Pearson correlation coefficients between the parameters. The circles represent the
degree of correlation between the parameters, with wider circles representing lower correlations and narrower circles representing higher
correlations. Red represents positive correlations and blue represents negative correlations. Darker colors represent higher correlations and lighter
colors represent lower correlations.
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showed leaf growth inhibition in maize under drought stress due to

inhibition in cell expansion. In addition, drought during the

jointing stage of maize will lead to hindered differentiation of the

female ears, affecting the normal growth and development of

filaments and forming empty poles or ears (Guo et al., 2023).

Therefore, in our study, both stem and single ear dry weight

significantly decreased with the intensification of drought severity

at any growth stage. Overall, water stress led to a substantial

reduction in the total aboveground biomass as well. This

conclusion is consistent with the result reported by Rahman et al.

(2024) under high temperature and drought combination.

Biomass accumulation is one of the most sensitive growth

processes of crops, so this process is susceptible to the negative

effects of high temperature stress. High temperature usually

accelerates the degradation of chlorophyll in leaves, thereby weakens

leaf photosynthetic capacity and reduces green leaf area (Viljevac

Vuletic et al., 2022). In the present study, high temperature applied

individually prominently reduced the leaf dry weight of maize plants at

any growth stage. The declines of photosynthetic rate and green leaf

area index caused by high temperature ultimately combine to reduce

biomass production (Wu et al., 2019). In another study, the authors

demonstrated that heat at the jointing stage will affects the synthesis

and transport of organic matter in maize plants and the differentiation

of male and female ears (Guo et al., 2023). According to our results, the

stem and single ear dry weight dramatically reduced with the elevation

of temperature at V6, VT, R3, and R6 stages. As a result, maize plants

subjected to high temperature applied as single-stress factor displayed a

significant reduction in total aboveground biomass. Previous literature

have showed that reduced photosynthesis, decreased leaf area index

and shortened grain filling duration are all potential pivotal factors

leading to biomass decline under high temperature (Xiong et al., 2017;

Rossi et al., 2020). In addition, the impacts of high temperature on

biomass production could be modified by other environmental

conditions, like water stress (Liu et al., 2017). Hu et al. (2023) have

shown that the stress combination inhibited the dry matter production

to a similar degree or even a lower degree with high temperature,

indicating that there was a positive interaction between high

temperature and drought stress. Similarly, it can be seen that high

temperature and drought combination had a synergistic impact on

aboveground biomass in our study. In detail, the stress combination

reduced the aboveground biomass more significantly than the single

stress, which indicated that high temperature exacerbated the negative

effects of drought stress on the growth and development of maize

plants, thereby reducing the accumulation of aboveground biomass.
4.2 Effects of high temperature and
drought stress on leaf gas exchange and
yield components of maize plants

As an adaptation to drought stress, plants adjust the

relationship between water, transpiration, photosynthesis, and

water use efficiency through stomatal changes in order to

maximize CO2 assimilation (Li et al., 2017). When plants sense

drought stress and the consequences demand saving water, rapid

stomatal closure is induced to prevent water loss (Ji et al., 2018).
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Our data suggested that maize seedlings under drought treatment

showed stomatal closure, thereby reducing transpirational water

loss, which indicated that stomatal closure was an active process to

maintain the plant water status (Schachtman and Goodger, 2008).

In this scenario, stomatal closure results in less CO2 entering the

mesophyll cells, so oxygen becomes the electron acceptor in the

chloroplasts, which leads to the rapid generation of reactive oxygen

species (ROS) and induces lipid peroxidation in the cell membrane

(Orek et al., 2020; Zafari et al., 2020). As a result, intracellular

production of superoxide free radicals leads to the degradation of

photosynthetic pigments and the disruption of photosynthetic

electron transfer system, which ultimately result in decreased

photosynthetic capacity, stunted plant development, and lower

yield production (Chen et al., 2022; Li et al., 2022). Our results

thus indicated that drought stress dramatically reduced the Pn of

maize plants and yield components including EW, GW, EL, ED,

and HI. Therefore, drought as single stress can negatively impact

each yield component, which is consistent with the result reported

by Fard et al. (2023) under drought stress. Water use efficiency

(WUE) is considered an appropriate parameter generally used to

study plant water status to drought stress (Hatfield and Dold, 2019).

Our results indicated that WUE first increased and then decreased

along the soil water status under control temperature. In agreement

with the previous study of Karimi et al. (2020), we found a

significant increase in WUE under mild water stress. This is

because stomatal closure under drought stress results in a

simultaneous decrease in CO2 uptake and water loss. Thus, WUE

increased due to lower Gs combined with sustained Pn. However,

severe water stress reduced WUE by about 12.0% compared to the

control treatment, which was primarily attributed to the fact that

the reduction in Tr was less than that in Pn under severe water stress.

The leaf anatomical changes caused by high temperature are

similar to those under drought stress, which were characterized by

the stomatal closure, transpirational water loss, with severe damage

to mesophyll cells caused in a reduced cell size and increased plasma

membrane leakage (Zhang et al., 2005). Some studies report that

high temperature increased Gs (Urban et al., 2017), while others

have found that high temperature induced stomatal closure (Lahr

et al., 2015), or that high temperature had no significant effect on Gs

(Sage and Sharkey, 1987). In the present study, maize plants could

not effectively mitigate high temperature through increasing

transpiration when soil water was limited under warming

condition. Hence, high temperature might induce stomatal

closure and have a down-regulation effect on leaf photosynthesis.

The study of Ruiz-Vera et al. (2013) also demonstrated that high

temperature reduced the net photosynthetic rate of soybean in dry

land, and this was associated with reductions in stomatal

conductance and intercellular CO2 concentration which caused

stomatal limitation. High temperature stress results in protein

denaturation (altering protein conformation), cell membrane

damage, and chlorophyll degradation (Larkindale et al., 2005).

The degradation of photosynthetic pigments is closely associated

with a severe and precipitous decline in the photosynthetic capacity

of stressed plants (Wang et al., 2022), which further leads to an

increase in spikelet sterility and yield loss in crops (Prasad et al.,

2017). According to our results, high temperature significantly
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decreased Pn of maize plants, thereby reducing the EW, GW, EL,

ED, and HI. Thus, high temperature as single stress can negatively

impact each yield component, which is consistent with the findings

reported by Chandarak et al. (2023) under heat stress. In addition,

high temperature prominently decreased WUE due to stomatal

closure, which is an effective strategy that plants use to adapt to

high temperature.

Generally, exposure of plants to two or more factors can result in

additive, synergistic, or antagonistic impacts on various functional and

hierarchical levels (Jansen et al., 2019; Abdelhakim et al., 2021).

Notably, our current results showed that the maize plants

experiencing combined high temperature and drought exhibited

compromised photosynthetic and gas exchange parameters.

Remarkably, the combined stress produced the maximal detrimental

effects on Gs and Tr compared to single stress, followed by drought

stress. Our study thus demonstrated that maize plants prioritize

drought-dependent modulation of stomatal conductance over high

temperature-modulated stomatal responses under the stress

combination. Moreover, a strong reduction of WUE was observed

under combined stress of high temperature and drought stress which

implied that the response of WUE to drought is further modulated by

temperatures. Our results revealed strong interactive effects of high

temperature and drought on WUE manifested by a further decline of

WUE with increasing temperature in maize plants exposed to drought

stress. In addition, in this study, all yield components displayed

synergistic negative responses to combined high temperature and

drought stress. Although both high temperature and drought as

single stress can negatively impact each yield component, the impact

on these traits was magnified by the stress combination. As expected,

based on the impacts of high temperature and drought combination on

aboveground biomass and yield components, the combined stress

caused a further decline in HI.
4.3 Effects of high temperature and
drought stress on MDA content and
antioxidant enzymes activities in
maize plants

The overproduction of ROS in instigated by high temperature

or drought stress is intricately associated with photooxidative

damage in stressed plants (Zhou et al., 2019), and this

overabundance of ROS also elevates the levels of MDA content,

which further indicate oxidative damage to cellular membranes (Xia

et al., 2023). In the current investigation, maize plants subjected to

individual and combined high temperature and drought stress

exhibited the increased oxidative damage as evidenced by the

accumulations of MDA in stressed plants. Specifically, the effects

of drought stress on MDA content were more significant than that

of high temperature, and the effect of combined stress was the

greatest. As a result, high temperature and drought combination

had a synergistic impact on MDA synthesis. However, the

interactive effects of combined stress at an early stage on MDA

content were not obvious, implying that high temperature and

drought combination had delayed effects on MDA synthesis, which

has rarely been demonstrated in previous research.
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In response to the damage inflicted on organisms by high

temperature or drought stress, most crops mitigate oxidative damage

by promoting the synthesis of related enzymes such as SOD, POD, and

CAT, thereby alleviating the negative effects to crops (Xue et al., 2012;

Han et al., 2022). With the aggravation of heat or drought stress, the

maize plants have suffered a certain extent of cellular damage, and

upregulation of antioxidant enzymes activities can rapidly scavenge

ROS to improve membrane stability, thus reducing the damage to cells

and maintaining the normal growth of plants (Xue et al., 2012;

Ahanger et al., 2021). In the current study, we observed both

individual high temperature and drought stress caused an

improvement in SOD, POD, and CAT activity. It was noted that this

study showed that the effects of high temperature on POD and CAT

activities of maize leaves were more significant than those of drought

stress, while the effect of drought stress on SOD activity was more

obvious than that of high temperature. Although both high

temperature and drought stress as single stress can positively affect

antioxidant enzymes activities, the examined literature indicates a

shared trend among crops which display a synergistic positive

response to high temperature and drought stress combination. It can

be seen that combined stress magnified the positive effects of single

stress on antioxidant enzymes activities. Overall, the effects of high

temperature or combined stress increased POD and CAT activities to a

similar degree, whereas the effect of drought stress or stress

combination increased SOD activities to a similar extent. At the later

stage of stress, SOD and CAT activities first increased and then

decreased along the water gradient under high temperature, which

may be due to the accumulation of ROS exceeding the damage

threshold caused by drought stress, leading to the disruption of the

cell membrane integrity. However, POD activities consistently raised

with the decline of soil water status regardless of temperature

conditions, suggesting that SOD and CAT activities may be more

pressure sensitive than POD, which had a more significant role in

eliminating ROS from plants under severe drought stress. Huang et al.

(2021) demonstrated that SOD, POD, and CAT activities showed

different behaviors from 0 to 7 h stress, indicating that their activities

changed and differed from each other within a period of time. This may

be the main reason for the changes in antioxidant enzymes activities

over time during stress. In addition, the interactive effects of combined

stress at an early stage on SOD and POD activities were not significant,

while CAT activity was strongly modified by the combined stress upon

stress initiation. This indicated that SOD and POD activities had

delayed responses to high temperature and drought combination,

whereas CAT activity was more sensitive to the combined stress,

which has rarely been demonstrated in previous research.
4.4 Effects of high temperature and
drought stress on root morphology of
maize plants

The root is a crucial plant organ that plays a decisive role in the

absorption of water and mineral nutrients (Xu et al., 2021).

The growth and development of plants are directly influenced by

the degree of root development, which is one of the criteria used to

evaluate drought tolerance (Ober et al., 2021). Many researches have
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reported that more photosynthetic product is transported to the root

system of crops under drought stress with the aim of improving root

growth and enhancing water absorption through producing higher

root length, more finer roots, and deeper root distribution in the soil

profile (Wang et al., 2021). In our current investigation, we observed

that the RL, RV, and RSA of maize plants were continuously

enhanced as the decline of soil water status, which is in line with

previous outcomes (Wang et al., 2021). Inversely, the ARD

dramatically declined with the intensification of drought severity,

which facilitates space occupation or reduces hydraulic resistance of

the cortex (Freschet et al., 2021). As a thermophilic crop,

appropriately raised temperature is conducive to the maize growth,

while excessively high temperatures beyond a certain range will

markedly disrupt the absorption and synthesis functions of the root

systems, thereby ultimately restricting the growth and development

of the maize plants (Xia et al., 2021). In this study, high temperature

stress was maintained on maize plants throughout the growth period,

and as a result, the RL, RV, and RSA all decreased by more than

35.0%, whereas the ARD only reduced by 5.3%. This conclusion is

similar to the results reported by Xia et al. (2021) under high

temperature in different maize genotypes. Overall, high

temperature and drought as single stress can negatively and

positively impact the RL, RV, and RSA of maize plants,

respectively. Thus, the RL, RV, and RSA displayed an antagonistic

response to high temperature and drought combination. In detail, the

intensification of drought stress alleviated the inhibitory effects of

high temperature on the RL, RV, and RSA of maize plants.

Remarkably, although both high temperature and drought as single

stress can negatively affect each root morphology parameters, the

examined literature demonstrated a shared trend amongmaize plants

which display a synergistic negative response to the combined stress.

That is to say, both individual high temperature and drought stress

generally caused a decreased in the root morphology parameters, and

the impact on these traits was magnified by the stress combination.
4.5 Strategies for improving adaptability
and tolerance to high temperature and
drought combination in maize plants

Irrigation is a potentially useful method to reduce both heat and

water stress in crops simultaneously for crops (Zhang et al., 2015).

Although irrigation is beneficial for crop production, enhancing the

sustainability of local water resources is a key consideration for the wise

development and expansion of irrigation infrastructure. The extensive

groundwater extraction for agriculture has impacted the water

resources in the study area. Alternative methods are available to

reduce crop water stress without significantly increasing irrigation

withdrawals. For instance, adopting higher-efficiency irrigation

technologies could reduce or eliminate the need for additional

irrigation withdrawals, but would still require finding alternative

sources for dwindling water supplies (McDonald and Girvetz, 2013).

Alternative crop production practices, such as conservation tillage or

use of cover crops, could also reduce irrigation water consumption

(Grassini et al., 2011). By limiting irrigation applications to critical

periods of crop growth and yield formation, the total amount of
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irrigation water could also be reduced through deficit irrigation

(Fereres and Soriano, 2007). Also, the combination of planting dates

and phenology allows the plants to avoid the coincidence between the

critical developmental phases and drought and heat stresses

determining yield (Yang et al., 2020).

Two-thirds of the yield reduction can be mitigated by irrigation,

and the remaining one-third of the yield loss is due to heat stress

that cannot be alleviated by irrigation (Zhang et al., 2015). Thus,

development of maize cultivars with greater heat tolerance should

be considered the fundamental approach to adapt future yield to

climate for this crop. Stress response genes and proteins such as

antioxidant enzymes, heat stress transcription factors, high- and

low-molecular-weight HSPs, LEA proteins, and dehydrins are

important for maize plants to acquire tolerance to drought, heat,

and the combined stress (Notununu et al., 2022). Therefore, it

should be a priority to investigate how these stress response genes

are altered under the stress combination. This in turn will have a

positive impact on agricultural productivity by alleviating the

negative effects of climate change over the coming decades.
5 Conclusion

Individual high temperature and drought stress had strongly

inhibitory effects on maize growth and yield, and this negative

impacts generally enhanced with the decline of soil water status.

This suggested that high temperature may aggravate the detrimental

impacts of drought stress to plant development and production. High

temperature, drought stress and their combined stress all decreased

the photosynthetic capacity of summer maize, thus impeding dry

matter accumulation and yield production. Both single high

temperature and drought caused an improvement in antioxidant

enzymes activities, and the impacts on these traits were magnified by

stress combination. Nevertheless, stimulating antioxidant enzymes

activities cannot effectively decrease oxidative damage of maize

plants. Therefore, the increase in MDA content was likely the main

reason for the decrease in net photosynthetic rate under individual

and combined stress. Single high temperature or drought and their

combined stress also significantly influenced the root morphology

parameters for the improvement of plant tolerance.
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