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Abstract

Heat stress is becoming a severe threat to maize yield worldwide. Confirmation of the maize germplasm tolerant to heat still
remains elusive. In this study, we investigated physiology and transcriptomic profiling in the heat stress response among four
different genotypes derived from the tropical and temperate maize germplasms. High temperatures induced pronounced increase
in peroxidase (POD) and superoxide dismutase (SOD) activities, and malondialdehyde (MDA), soluble carbohydrate, and
protein contents, but there were dramatic reductions in the chlorophyll content and four chlorophyll fluorescence parameters for
the four maize genotypes. Heat stress had smaller effects on tropical maize genotypes compared to temperate genotypes. The
RNA-seq analysis resulted in 44.5-54.0 million raw reads. A total of 44,241 global expression genes (almost 96.12% of the
whole gene-set) were detected and many DEGs associated with specific genotypes were identified. Pairwise comparison
between the genotypes revealed that 805 differentially expressed genes (DEGs) were shared. The gene ontology (GO) terms,
such as signaling, cellular component organization, cellular component biogenesis, macromolecular complex, molecular
transducer activity and structural molecule activity were commonly overrepresented in four genotypes under heat stress. The
analysis of DEGs related to stress responses indicated that several crucial genes involved in heat stress were highly up-regulated,
and the remaining up-regulated genes were found to be consistently expressed in the four genotypes, showing that the tropical
and temperate maize germplasms had similar gene expressions in response to high temperatures. Our findings showed that
tropical germplasms conferred potential heat-intolerance. © 2020 Friends Science Publishers
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Introduction

The high temperature is one of the most important abiotic
stress factors limiting crop growth, development, and yield.
Heat stress, a rise in the temperature of 10-15°C above the
ambient, has become an agricultural problem all over the
world (Wahid et al. 2007; Yousaf et al. 2018). High
temperatures accelerate crop growth such as maize, whose
phenology is predominantly adjusted by temperature. This
has reduced the plant and grain development time, which
limits the yield potential attainment. Additionally, pollination
can be inhibited and the grain development prevented if heat
stress occurs during crop flowering. For plant cell, extreme
heat causes the alteration of membrane fluidity related to the
membrane function, which plays an important role in carbon
assimilation, the onset of oxidative damage resulted from the
heat-induced imbalance of physiological activity, generation
of reactive oxygen species (ROS), protein turnover, and
antioxidant defense (Bita and Gerats 2013). Similar to other

abiotic stress factors, the plant deploys morphological,
anatomical, physiological, biochemical and molecular
mechanisms to respond to heat tolerance including
generation of antioxidants, accumulation of compatible
metabolite, scavenging of ROS, and the signaling cascade
activation resulting in the synthesis of heat-shock proteins
(HSPs) as well as late embryogenesis abundant proteins.
These molecular chaperones have a key impact on
preventing proteins from misfolding and denaturation so as
to sustain membrane integrity (Kotak et al. 2007). All the
responses have been described as underlying regulations of
gene expression causing the synthesis of osmoprotectants
and transporters, including transcription factors (TFs),
phosphatases, and protein kinases (Sakuma et al. 2006;
Krasensky and Jonak 2012).

The adverse effect of heat stress on plant
photosynthesis has been investigated and chlorophyll
fluorescence determination considered an efficient and
reproducible tool for detecting plant susceptibility to abiotic
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stresses (Longenberger et al. 2009; Brestic and Zivcak
2013). As a nondestructive diagnostic tool, the chlorophyll
fluorescence method determines the susceptibility of the
photo system Il (PSII) impairment in the photosynthesis
electron transport chains (Maxwell and Johnson 2000).
Chlorophyll fluorescence parameters such as Fo, Fv/Fm, and
Qp can easily be measured without secondary stresses to
plant samples (Christen et al. 2007).

RNA-seq is a powerful technology for genome-wide
expression profiling, especially for studying complex gene
regulatory networks and molecular mechanisms of plant
thermo-tolerance (McGettigan 2013). In particular, both heat
shock transcription factors (HSFs) and heat shock proteins
(HSPs) have received much attention (Kotak et al. 2007). A
positive correlation between expression of HSFs and thermo-
tolerance was reported (Katiyar-Agarwal et al. 2003; Wang
and Luthe 2003; Chauhan et al. 2012; Burke and Chen
2015). These heat shock transcription factors (Hsfs) act as
crucial regulators of expression of heat shock proteins
(Hsps), which prevent proteins from aggregation and
unfolding to maintain cellular protein homeostasis under heat
stress. Hsfs genes have been identified in various species and
thoroughly characterized in Arabidopsis, rice, and tomato
(Doring et al. 2000; Heerklotz et al. 2001; Guo et al. 2008).
Several hsf genes in maize have also been cloned (Gagliardi
et al. 1995). Transcriptomic profiling of wheat responses to
heat stress showed that extreme heat induced a myriad of
transcription factors including Zn-finger gene families and
members of the HSF (Qin et al. 2008). The same gene
families have also been found in the transcriptome profile in
rice (Zhang et al. 2013). Reports indicated that differentially
expressed MYB genes were up-regulated following heat
treatments (El-Kereamy et al. 2012; Ambawat et al. 2013;
Meng et al. 2015). There is also evidence from rice studies
that over-expression of MYB leads to enhanced thermo-
tolerance during vegetative growth and reduces the adverse
effect of heat stress on grain yield (El-Kereamy et al. 2012).
Plant thermo-tolerance is characterized by the activity of
transcription factors synthesizing Hsps. Hsps are generally
sustained in an inert monomer state by associating with
molecular chaperones. In response to heat stress, they are
converted to active trimmer in aid of oligomerization
domains, functioning as sequence specific DNA binding
proteins (Bienz and Pelham 1987).

Maize, a principal agricultural commodity, is one of the
three most widely grown crops worldwide. Like other many
plants, maize is often subjected to heat stress. It has been
predicted that the expected changes in atmospheric CO, and
other greenhouse gases will increase global air temperature
to be in the range of 2.5-4.5°C until the end of this century.
The vyield of maize is severely decreased at temperatures
above 30°C, which was indicated for US maize germplasm
(Schlenker and Roberts 2009). As maize was evolved from
an grass species in the tropical lowlands in Mexico and has
long been under heat stress, it should be reasonable to predict
that there was the potential thermo-tolerance germplasm. In

order to reduce heat stress damage, the application of maize
varieties tolerant to extreme heat has been considered to be a
cost-effective approach. In this study, we investigated
physiology and transcriptomic profiling in the heat stress
among tropical and temperate maize germplasms. First we
assessed the physiological effects of heat stress on maize
inbreds from the tropical and temperate germplasms. Next
we carried out a transcriptomic prolifing analysis to identify
the genes and pathways associate with heat stress. Finally,
we confirmed differentially expressed genes in the inbreds.

Materials and Methods
Plant material and treatments

Plant material: This study was based on four advanced
stage maize inbred lines, which were bred by Yangtze
Normal University, China. The inbreds Suwan-3 and Suwan-
10 were sourced from the tropical maize germplasm, and
Cim-5 and Cim-16 were derived from the International
Maize and Wheat Improvement Center (CIMMYT)
temperate populations. Seeds from the elite maize inbreds
Suwan-3, Suwan-10, Cim-5, and Cim-16 were germinated in
an incubator (25°C) over seven days.

Heat stress treatments: Heat stress treatments were
performed in a plant growth chamber. 36 seedlings per
genotype (7-day-old seedlings) were planted into 0.8 L pots
and covered with fine sand. They were then grown at
30°C/22°C with a light/dark (12/12 h) cycle for 25 days.
After the fifth leaf had expanded, plants were separated into
two groups: one group (nine plants per genotype) that was
heat stressed was grown at 40°C/33°C for seven days and
another group (nine plants each) was left at 30°C/22°C as
controls. Full-strength Hoagland’s nutrient solution was
prepared for applying to plants daily.

Physiological characterization

Flag leaves from each maize inbred line (Suwan-3, Suwan-
10, Cim-5 and Cim-16) were sampled from heat treatments
and controls in three replicates. Following standard methods,
the six specific physiological parameters peroxidase (POD)
and superoxide dismutase (SOD) activities, chlorophyll,
malondialdehyde (MDA), soluble carbohydrate, and protein
contents were determined as per protocol of Li (2016). The
SPSS statistical package (version 19.0, SPSS Institute Ltd.,
Armonk, NY, USA) was used to conduct the statistical
analysis of physiological data. The level of significance was
setatp < 0.05 and p < 0.01, respectively.

The sixth fully expanded leaf of the plant was analyzed
using a portable LI-COR 6400 photosynthetic system (LI-
COR Inc., Lincoln, NE, USA) to determine the minimum
fluorescence level (Fo), the maximum fluorescence level
(Fm), the steady state fluorescence level (Fs), and the light
adapted maximum fluorescence level (Fm’). The four
chlorophyll fluorescence parameters the potential activity
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(Fv/Fo), the maximum photochemical quantum yield
(Fv/Fm), the effective photochemical quantum yield (@pg)),
and the coefficient of photochemical fluorescence quenching
(Qp), were evaluated as follows: Fv/Fo = (Fm — Fo)/Fo,
Fv/Fm = (Fm — Fo)/Fm, @pg; = (Fm’ — Fs)/Fm’, and Qp =
(Fm’ — Fs)/[(Fm’> — Fo’), respectively (Kitajima and Butler,
1975; Genty et al. 1989; Su et al. 2015).

RNA extraction

Eight mRNA libraries were constructed using RNA extracted
from Suwan-3, Suwan-10, Cim-5, and Cim-16 that had been
subjected to the heat treatments and controls. Briefly, total
RNA samples were prepared as follows: equal quantities of
RNA isolated from leaves were pooled for each inbred in
three replicates following the manufacturer's instructions,
using Trizol Reagent (Invitrogene, Nottingham, UK). There
were three replicates per inbred.

RNA-seq
sequencing

library construction and transcriptome

Approximately 5 ug of total RNA was used for the mMRNA
isolation process. After mRNA was fragmented and
converted to cDNA for PCR amplification. An Agilent 2100
Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA)
and an ABI StepOnePlus Real-Time PCR System (Applied
Biosystems, CA, USA) were subsequently used to qualify
each sample library. RNA-seq library construction and
sequencing (on the Illumina HiSeq X Ten platform) were
performed by Origingene Technology Limited Company for
Biology Medicine (Shanghai, China).

Sequencing reads processing and differentially expressed
genes (DEGS) identification

The data-processing steps were used to get clean data from
trimming the raw data through discarding of adapter
sequences and low-quality sequences. Clean reads for each
library were mapped to Maize Reference Genome
ZmB73_RefGen_v4 (https: //download. maizegdb. org/Zm-
B73-REFERENCE-GRAMENE-4.0/Zm00001d. 2. enomic.
fa) with GSNAP (Wu and Nacu, 2010). After alignment,
normalized gene-level expression values were determined
using RSEM version 0.9.3, which were expressed as
fragments per kbp of exon model per million fragments
mapped (FPKM). After calculating the expression levels of
gene, the DEGs were screened by edgeR, with the corrected
P-value of < 0.05 between each set of compared samples for
each maize genotype under drought stress (Robinson et al.
2010). The expression patterns and cluster analyses were
then performed using Mev v4.7.4 software with K-Means
clustering method and Pearson correlation as distance
calculation method (Wu and Nacu 2010). Neighbor-joining
cluster analysis was used to analyze the common stress
genes.

Gene ontology (Go) annotation of DEGs in maize Inbred
lines

Co-modulated DEGs (Common DEGs among the four maize
genotypes) were identified using venny graph. GO
annotation of co-modulated DEGs was performed. GO
categories assigned to DEGs were conducted using the R
Bioconductor package GOseq (http: //bioconductor.
org/packages/release/bioc/html/goseq. html) (Young et al.
2010). For significant GO terms, FDRs were calculated
using the Benjamini and Hochberg (1995) to correct the P-
values.

Real-time RT-PCR analysis

Ten co-modulated DEGs with significant changes were
confirmed by gRT-PCR in order to validate of the results
obtained from the RNA-Seq assay. Gene-specific primers are
designed for gRT-PCR experiments with Primer 5.0 software
(Supplementary Table 1S). Independent RNA from leaf
samples of Suwan-3 and Cim-16 in both control and heat-
stress conditions were isolated for the RNA-Seq assay. The
amplification programs were carried out according to the
standard protocol of an ABI StepOnePlus Real-Time PCR
System (Applied Biosystems, CA, USA) in triplicate as
mentioned by Jain (2011). Further, we used the relative
quantitative method (**“Ct method) to define the expression
levels of target genes through their fold change values
(Schmittgen and Livak 2008).

Statistical analysis

We used SPSS statistical package (version 19.0, SPSS
Institute Ltd., Armonk, NY, USA) to conduct Pearson
correlation analysis of RNA-seq versus gRT-PCR data.

Results
Physiological responses to heat stress

There were pronounced increases in POD and SOD
activities, and MDA, soluble carbohydrate, and soluble
protein contents under drought stress (Table 1). There was no
relationship between the four genotypes (inbreds) under the
controls. However, there existed significant differences
between the tropical Suwan-3 and Suwan-10 genotypes and
the temperate Cim-5 and Cim-16 genotypes under high
temperature conditions. Increased POD and SOD activities,
and higher MDA, soluble carbohydrate, and soluble protein
contents were found in Cim-5 and Cim-16 as compared to
Suwan-3 and Suwan-10 under heat stress. On the contrary,
the chlorophyll content decreased in all four genotypes
responsive to heat stress. However, Suwan-3 and Suwan-10
maintained relatively higher values for chlorophyll content
than Cim-5 and Cim-16. The results indicated that heat stress
had differential physiological impacts on the genotypes
derived from the tropical and temperate maize germplasms.
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Table 1: Physiological parameters determined in plants responsive to heat stress

Treatment Genotype POD (U pg™ SOD (U pug* MDA

content Soluble carbohydrate content Chlorophyll

content Soluble protein content

FWmin!)  Fw) (nmol g* FW) (mg g* FW) (mg g* FW) (mg g* FW)
Control Suwan-3 6.08+0.15 0.27 +0.03% 10.52 +0.32° 147 +0.11° 1.63+0.14° 11.96 +0.63
Suwan-10 6.32+0.13* 0.31+0.03* 9.04+0.30* 1.54+0.10° 152+0.13 12.04 +0.58°
Cim-5 710+0.11* 0.30+0.02° 12.17 +0.42° 1.40 + 0.09* 1.57+0.16* 11.33 +0.45°
Cim-16  7.05+0.11° 0.34+0.04* 11.28 +0.41% 1.53+0.12° 1.48+0.15° 1211 +0.54*
Heat Suwan-3  8.35+0.16° 0.52+0.04° 14.05+0.45° 1.78+0.15° 1.39+0.14° 13.49 +0.55°
Suwan-10 841+0.14° 0.48+0.05° 1547 +0.51% 1.90+0.17° 1.36+0.15% 13.20 +0.66°
Cim-5 9.72+0.15° 0.81+0.07° 27.28+1.13 2.64+0.22° 0.80+0.10° 15.24+0.70°
Cim-16  9.66+0.18° 0.83+0.08° 29.98+1.21° 2.71+0.24° 0.85 +0.09° 16.61 +0.72°

The same letter after a parameter value represents no significant difference between genotypes at p<0.05. Date are expressed as means + standard error of the mean

To understand the effects of high temperatures on
photosynthetic characteristics of maize inbreds, we assessed
four chlorophyll fluorescence parameters (Fv/Fo, Fv/Fm,
®pg;; and Qp) under control and heat stress conditions. There
were no pronounced differences in the four chlorophyll
fluorescence parameters among the four maize genotypes
under the controls. However, after they were subjected to
high temperatures, Fv/Fo decreased and the variation range
was from 0.82 in Suwan-3 to 0.36 in Cim-16 (Fig. 1A), and
the decrease in Fv/Fm varied from 3.93 in Suwan-3 to 2.18
in Cim-16 (Fig 1B). The &g, and Qp parameters were also
significantly affected by heat stress. There were significant
reductions in the &pg, and Qp of Cim-5 and Cim-16
following heat treatments (Fig 1C and 1D). Furthermore, the
lowest @pg; and Qp values were recorded for Cim-16 (0.005
and 0.054). This observation showed that the reductions in
FviFo, FvlFm, &pg;, and Qp in Cim-5 and Cim-16 were
considerably greater than in Suwan-3 and Suwan-10.

Transcriptome analysis of maize inbred lines in response
to heat stress

A genome-wide analysis of expression genes was carried out
using RNA-Seq technology for the four maize inbreds
Suwan-3, Suwan-10, Cim-5, and Cim-16. In this work, ‘A’,
‘B’, ‘C’, and ‘D’ were used instead of Suwan-3, Suwan-10,
Cim-5, and Cim-16 during the transcriptome analysis,
respectively, and _1 as well as _2 instead of control and heat
stress, respectively. On average, the RNA-seq analysis
generated between 44.56 and 54.04 million paired-ends reads
(Table 2), after the raw data had been filtered. Of those, the
clean reads with high quality scores were identified over
97.5% at the Q20 level (Fig. 5).

After data-processing steps through trimming the raw
data, the RNA-seq analysis generated between 44.56 and
54.04 million paired-end reads per sample (Table 2). Of
those, the clean reads with high quality scores were identified
over 97.5% at the Q20 level (a base quality greater than 20
and an error probability of 0.01). A high proportion of clean
reads (80.62, 81.47, 83.45, and 79.96% for each genotype,
respectively) were readily mapped to maize reference
genome sequence for each heat stress library (from A to D),
as well as control sample library (81.61, 80.27, 83.27, and
80.00% for each genotype, respectively). A total of 44,241
global expression genes assigned to 96.12% of the whole
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Fig. 1: Changes to Fv/Fo, Fv/Fm, ®pg,, and Qp in four maize
genotypes subjected to heat stress. * and ** indicate 0.05 and 0.01
significant level, respectively

gene-set were identified and many DEGs associated with
specific genotypes were determined. Subsequently, GSNAP
software was used to quantify the abundance of global
expression genes through reported as fragments per kilobase
of exon model per million mapped reads (FPKM)
(Supplementary  Table 2S).  Additionally, through
hierarchical clustering of normalized expression levels for all
globally expressed genes, distinct gene expression profiles in
the four maize genotypes responses to heat stress are
illustrated in Fig. 2.

DEGs under heat stress in maize inbred lines

Transcriptional changes related to heat stress were
determined by comparing the four different maize genotype
leaf transcriptomes in stress conditions with their
corresponding controls. The DEGs were identified using
edgeR software. Pair-wise comparisons of the Suwan-3,
Suwan-10, Cim-5 and Cim-16 samples under heat stress
treatment with their corresponding control samples were
performed. The results showed that most of the DEGs were
up-regulated in the four maize genotypes responsive to heat
stress (Supplementary Table 3S). Furthermore, a pair wise
comparison between the genotypes revealed that 805 DEGs
were shared, with 1444, 1281, 2509, and 1732 DEGs being
detected in comparisons of the control with Suwan-3,
Suwan-10, Cim-5 and Cim-16, respectively (Fig. 3).
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Table 2: The sequence data from Illumina sequencing analysis

Sample Raw reads Clean reads Mapped reads Unique match Mapping ratio (%)
Al 50343898 50122754 40907182 37113126 81.61
A2 47288288 46988200 37881174 34743622 80.62
B 1 44561894 44322380 35576618 32155690 80.27
B2 45213754 45029636 36685366 33922382 81.47
c1 45955384 45699412 38055954 35739332 83.27
C2 54038184 53836898 44927520 42564740 83.45
D 1 49973722 49834474 39867196 37063692 80.00
D 2 50962344 50765020 40589546 37112116 79.96

Further, a sample of 10 DEGs was chosen for gRT-
PCR analysis to validate the accuracy of RNA-seq results.
These DEGs include Zm00001d034027, Zm00001d035139,
Zm00001d002801, Zm00001d030557, Zm00001d046357,
Zm00001d022445, Zm00001d043205, Zm00001d042848,
Zm00001d053975, and Zm00001d042148, which encode
ethylene-responsive  protein, MA3 domain-containing
protein, GT-2 like 1 protein, alanine aminotransferase 2
mitochondrial, beta-galactosidase, alpha-galactosidase 3,
ethylene-responsive transcription factor 4, laccase-7, beta-
amylase 8, and cytokinin oxidase 2, respectively. Of 10
genes, 8 showed up-regulation and 2 down-regulation in the
heat treatment condition (Fig. 4), when comparing the inbred
lines Suwan-10 and Cim-5. The correlations between the
gRT-PCR and RNAseq data demonstrated that the gRT-PCR
data was highly consistent with their RNASeq expression
profiles.

DEGs annotation and KEGG pathways

The Gene Ontology (GO) term analysis was conducted to
identify the function of the detected DEGs (Fig. 6;
Supplementary Table 4S). The GO terms “signaling”,
“cellular component organization”, “cellular component
biogenesis”, “macromolecular complex”, “molecular
transducer activity”, “structural molecule activity” were
commonly overrepresented in four maize genotypes in
response to heat stress. The results above suggest that these
DEGs with the identified biological functions may be the
crucial contributors to responses of the four genotypes to
heat stress.

Discussion

Heat stress often causes adverse changes in plant growth,
physiological ~processes, and development. It was
demonstrated that modifications of physiological processes
by gene expression alterations led to the tolerance or
adaptation of high temperatures (Moreno and Orellana,
2011). Identification and confirmation of the maize
germplasm tolerant to heat stress still remain largely elusive,
although some studies have used the RNA-seq technology to
identify heat-responsive genes in various crop species
(Wahid et al. 2007; Zenda et al. 2019).

Physiological impairment occurs in plants under high
temperature conditions (Halliwell 2006; Mahmood et al.

Color Key
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RPKM_cluster

0 400 800

Fig. 2: Clusters of DEGs related to heat stress in different
maize genotypes

“Down-regulated DEGs
“up-regulated DEGs

Fig. 3: Transcriptional changes related to heat stress were
determined by comparing leaf transcriptomes of four different
maize genotypes with each responding control sample

2010). High temperature can induce oxidative stress by the
membrane lipid peroxidation and disruption of cell
membrane stability (Camejo et al. 2006). Oxidative stress
induced by high temperature leads to enzyme deactivation,
protein degradation, and membrane damage, which has been
described in a variety of crops such as rice (Hurkman et al.
2009); soybean (Djanaguiraman et al. 2011), sorghum
(Djanaguiraman et al. 2014) and wheat (Ristic et al. 2007). It
has been reported that oxidative stress may alter metabolic
pathways that result in the accumulation of harmful ROS
such as superoxide radical (O, "), hydrogen peroxide (H,0,),
and hydroxyl radical (OH") in plant cells (Asada, 2006). The
extent of membrane impairment can be reflected by
alterations in MDA content, since POD catalyzes lipid
peroxide to generate MDA. SOD functions as catalyzing the
dismutation of O to O,and H,O,, showing the level of
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H,0, accumulation. A decrease in chlorophyll content was
also a result of lipid peroxidation of chloroplast and
thylakoid membranes due to heat stress (Mohammed and
Tarpley 2010). High temperatures impose negative impacts
on carbohydrate and protein syntheses. The carbohydrate and
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Fig. 6: GO annotation of DEGs in four different maize genotypes
responsive to heat stress. The Y-axis denotes the abundance of

GO term. The X-axis defines GO terms

protein contents have been used as indicators of plant
physiochemical metabolisms induced by heat stress (Sumesh
et al. 2008). Taken together, the changes of these specific
physiological components in crops implicated their
participation in heat stress. In this study, maize inbreds
generally  displayed  physiological ~ accommodation
enhancement under heat stress. Furthermore, greater effects
of heat stress on the temperate maize lines as compared to
the tropical maize lines were evidenced by pronounced
changes of six specific physiological parameters.
Interestingly, the content of soluble carbohydrate and protein
increased in all four genotypes under heat stress as compared
to controls. This was expected since water deficit causes loss
of plant water content and a corresponding enhancement in
the relative contents of soluble carbohydrate and protein.
Photosynthesis, a heat sensitive physiological process
in plants, is markedly affected by high temperatures (Crafts-
Brandner and Salvucci 2002; Mabapa et al. 2018). A high
temperature greatly affects carbon metabolism and
photochemical reactions in chloroplast. Reduction in
photosystem 1l (PSIl) photochemistry ratio is the reason for
damaged photosynthesis that hampers chloroplast functions
(Suwa et al. 2010). Chlorophyll fluorescence has been an
index of detailed analysis on functional and structural
changes of PSII under abiotic stresses (Kalaji et al. 2011;
Mathur and Jajoo 2014). In this study, four chlorophyll
fluorescence parameters (Fv/Fo, Fv/Fm, ®@pg; and Qp) were
selected to distinguish the changes in PSII performance
induced by heat stress. Under heat stress, Fv/Fo, Fv/Fm,
®pg;;, and Qp declined consistently and were significant
higher in the inbreds from the tropical germplasm than those
from the temperate. Smaller Fv/Fo decreases in the inbreds
from tropical germplasm indicate that their chloroplasts play
an essential role in defending photosystems from severe
damages to maintain a larger photosynthetic activity of PSII.
Both Fv/Fm and ®pg; are commonly employed to evaluate
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the photochemical quantum yield of PSII. Reductions in
Fv/Fm and &pg, implicate that heat stress have adverse
impact on the PSIlI photochemical efficiency. Larger
decreases in Fv/IFm and @®pg; show more damages of
photosystems in utilizing the absorbed light energy for
photochemistry in the temperate inbreds than in the tropical
inbreds responsive to heat stress. Another chlorophyll
fluorescence parameter Qp often increases when the light
intensity of growth environments is higher than the ability
for photosynthesis in plants (Ebbert et al. 2001). Previously,
the reduction in Qp was thought to result from alterations of
thylakoid membrane and monomerization of light harvesting
complex of PSII under abiotic stresses (Essemine et al. 2012;
Yoshioka-Nishimura et al. 2014; Chen et al. 2018). The
correlation of significant Qp decreases with high
temperatures further revealed more severe impairments to
photosystems in the temperate inbreds compared to the
tropical inbreds.

It is well known that the plant has evolved adaptive
mechanisms to abiotic stress response (Zenda et al. 2019).
We conducted comparative transcriptomic analyses of four
genotypes to detect key regulatory genes and elements
related to heat stress (Supplementary Table 3S).
Transcription factors (TFs) such as WRKY, MYB, DREB,
and NAC have been designated as important regulators in
plant responsive to abiotic stress. In this study, a heat shock
transcription factor (HSF) (Zm00001d029270, heat stress
transcription factor B-4d), belonging to type B2 HSF, was
identified to be highly up-regulated in the tropical maize
genotype Suwan-3 under heat. The heat shock transcription
factor (HSFA3) in Arabidopsis is modulated by the AP2-
type transcription factors DREB2A and DREB2B
(Larkindale and Vierling 2008), implying that other
transcription factors can activate HSFs, although DREB
transcription factors were typically associated with cold and
dehydration responses. Highly up-regulated DEGs in
Suwan-3 also included a transcription  factor
(Zm00001d035139). Under high temperature conditions, a
gene (Zm00001d030557) in the tropical maize genotype
Suwan-10, encoding alanine  aminotransferase 2
mitochondrial, was highly up-regulated, and reported to be
crucial for the regulation of energy availability in wheat in
response to abiotic stresses (Kendziorek et al. 2012).
Another high heat-induced gene (Zm00001d002801) in the
temperate inbred Cim-5 encodes GT-2 like 1 protein, which
was reported to regulate plant stress responses (Zheng et al.
2016). For the rest up-regulated genes involved in heat
stress, most were detected as consistently expressed in the
tropical genotypes compared to the temperate genotypes,
showing the similarity of gene expression in the tropical and
temperate maize germplasms when responding to high
temperatures.

Metabolic pathways relevant for phytohormones have
been attributed to plant thermo-tolerance (Kotak et al. 2007).
For example, ROS accumulation and lipid peroxidation can
be decreased by means of treating ABA, SA, as well as AVG

(aminoethoxy vinyl glycine) application (Koprivova et al.
2008). More so, the enzymatic antioxidant defenses against
heat stress were also modified by phytohormones (Lubovska
et al. 2014). It was shown that ethylene levels were the
crucial signals for stress and senescence induction (Morgan
and Drew 1997). Two  up-regulated  genes
(Zm00001d034027 and Zm00001d043205) were affected by
heat in our dataset (Supplementary Table 3S). Another
phytohormone cytokinin was described as affecting the leaf
water potential and stomatal conductance, which led to an
enhanced heat and drought tolerance in tobacco (Mackova et
al. 2013). Expression of a cytokinin glycosyltransferase
improves adaptation of Arabidopsis for drought stress (Li et
al. 2015). In this study, a gene (Zm00001d042148) encoding
cytokinin oxidase 2 was detected to be down-regulated in
four genotypes under heat stress (Supplementary Table 3S),
suggesting that the differentially expression of this gene is
crucially associated with responding to heat stress in maize
inbreds.

Bio-molecular metabolism has been described as
corresponding regulation in plants adapting abiotic stresses.
Our GO term enrichment analyses showed that
macromolecular complex, cellular component organization,
and cellular component biogenesis were commonly enriched
terms in all the four genotypes (Supplementary Table 5S).
These three GO terms comprised of 62 genes which were
overlapping. Among 62 genes, a gene (Zm00001d047077)
was associated with carbohydrate process. The rest DEGs
primarily involved in the process of protein, amino acid, and
nucleotide regulation. Furthermore, bio-molecular activity
related DEGs, including molecular transducer and structural
molecule activity, were also co-modulated in four genotypes
responsive to heat stress (Supplementary Table 5S). A total of
43 DEGs participated in these pathways (Supplementary
Table 4S), such as Zm00001d035139 (MAS3 domain-
containing  protein), Zm00001d048424 (evolutionarily
conserved C-terminal region 2), and Zm00001d037620 (60S
ribosomal protein L13).

Plant photosynthesis involves electron carrier
system and a reduction in the electron carrier activity may
decrease photosynthetic ability (Song et al. 2014).
Photosynthetic energy is primarily captured through linear
electron flow related to light-stimulated electron transfer
between PSI and PSII (Livingston et al. 2010). Our
results indicated that 13 DEGs were identified for electron
carrier activity. Of 13 DEGs, eight were implicated in
cytochrome P450s with more DEGs being down-
regulated than up-regulated, especially in the temperate
maize genotypes (Supplementary Table 4S). Cytochrome
P450s has been reported to play an important role in
protecting organisms from oxidative damage, and their
induction is relative to biotic and abiotic stresses (Guo et
al. 2007). Consistent with chlorophyll fluorescence
analysis, it is presumed that decline in photosynthetic
capacity is attributed to oxidative damage to electron
carrier system by heat stress.
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Conclusion

Differential physiological responses and transcriptomic
profiles in maize genotypes derived from tropical and
temperate maize germplasm are responsive to high
temperatures. The tropical maize genotypes showed better
thermo-tolerance than the temperate genotypes. This study
contributes to our understanding of the hypothesis that the
heat stress induces DEGs which, in turn, can trigger
pathways related to hormones, antioxidants, and
photochemical reactions that activate physiological heat
responses. This revealed that the molecular mechanisms
underlying heat responses may accelerate the development of
thermo-tolerance maize varieties.
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