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At the eight-leaf stage, maize is highly sensitive to stresses such as drought, heat, and
their combination, which greatly affect its yield. At present, few studies have analyzed
maize response to combined drought and heat stress at the eight-leaf stage. In this studly,
we measured certain physical parameters of maize at the eight-leaf stage when it was
exposed to drought, heat, and their combination. The results showed an increase in the
content of HoO» and malondialdehyde (MDA), and in the enzyme activities of superoxide
dismutase (SOD), ascorbate peroxidase (APX), and glutathione reductase (GR), but a
decrease in the quantum efficiency of photosystem Il (®PSII). The most obvious increase
or decrease in physical parameters was found under the combined stress condition.
Moreover, to identify proteins differentially regulated by the three stress conditions at the
eight-leaf stage, total proteins from the maize leaves were identified and quantified using
multiplex iTRAQ-based quantitative proteomic and LC-MS/MS methods. In summary,
the expression levels of 135, 65, and 201 proteins were significantly changed under
the heat, drought and combined stress conditions, respectively. Of the 135, 65, and
201 differentially expressed proteins, 61, 28, and 16 responded exclusively to drought
stress, heat stress, and combined stress, respectively. Bioinformatics analysis implied
that chaperone proteins and proteases play important roles in the adaptive response
of maize to heat stress and combined stress, and that the leaf senescence promoted
by ethylene-responsive protein and ripening-related protein may play active roles in
maize tolerance to combined drought and heat stress. The signaling pathways related to
differentially expressed proteins were obviously different under all three stress conditions.
Thus, the functional characterization of these differentially expressed proteins will be
helpful for discovering new targets to enhance maize tolerance to stress.
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INTRODUCTION

Under field conditions, crops are often subjected to a
combination of several stresses, which have an adverse effect
or may even prove lethal. Recently, researchers have begun
to pay more attention to the potential molecular mechanisms
involved in crop endurance to combined stress (Rampino et al.,
2012; Liu et al., 2015; Obata et al., 2015). The evidence shows
that crops exhibit unique physiological and molecular responses
to combined stress, which cannot be directly inferred from
plant responses to single stresses. Moreover, the simultaneous
occurrence of several stresses brings about a complexity of plant
responses that are highly controlled by different or opposing
signaling pathways (Rollins et al., 2013; Johnson et al., 2014;
Suzuki et al., 2014).

Heat, drought, and their combination are the main stress
factors for field crops and are responsible for most production
losses (Lobell et al., 2011a; Suzuki et al., 2014). Moreover,
global climate change is gradually increasing the occurrence
and distribution of these stressors, causing further reductions
in crop yield (Rasul et al., 2011). Thus, to meet food demand,
it is necessary to develop crops with elevated endurance to
drought, heat stress, and their combination. Some studies have
looked specifically at the effects of drought, heat stress, and their
combination on barley (Rollins et al., 2013; Ashoub et al., 2015),
wheat (Rampino et al., 2012; Liu et al., 2015), Sorghum bicolor
(Johnson et al., 2014), and maize (Hu et al., 2010, 2015). However,
the functions of many proteins involved in crop responses to
combined drought and heat stress remain unclear.

In recent years, global quantitative analysis to determine
protein expression levels has been performed using iTRAQ-
based (isobaric tags for relative and absolute quantitation)
methods and quantitative proteomic and LC-MS/MS (liquid
chromatography/tandem mass) assays (Alvarez et al., 2014; Han
et al.,, 2014), which facilitate the simultaneous analysis of the
differential expression of proteins under control and stress
conditions. Large-scale proteomic analyses have been conducted
regarding crop responses to stress (Alvarez et al., 2014; Xie et al.,
2016). For example, in the response of wheat to drought stress,
a large number of proteins inherently exhibited different levels
of expression between two varieties with different tolerances
to drought stress (Alvarez et al., 2014). The genetic basis of
proteome variation in crop responses to stress may represent
mechanisms of stress adaptation that can be exploited in future
crop-breeding efforts; this is a feasible strategy for developing
drought- and heat-tolerant crop cultivars to help increase crop
production under future challenging environments.

Maize (Zea mays L.) not only constitutes a major cereal crop,
and food for both humans and animals, but has also become a
critical resource for industrial use and for bio-energy production
throughout the world. Maize is highly productive under suitable
growth conditions. However, in many regions of the world, maize
is mainly grown in semi-arid environments characterized by
water scarcity, high temperature, and a combination of these
conditions in the field. Maize originated from the tropics but is
still sensitive to drought and heat, particularly after reaching the
eight-leaf stage (Chen et al,, 2010). In the maize-growing areas

of China, ~60% of crops are often subjected to drought and
heat, which may result in an ~30% yield loss per year. Along
with global climate change, it is predicted that these stresses
will become major challenges to maize yields and will lead to
a loss of 15~20% of world maize production each year (Lobell
etal., 2011b; Chen et al., 2012). Thus, in terms of maize breeding
programs, the need to improve maize tolerance to drought, heat,
and their combination has become a top priority (Chen et al.,
2012).

However, at present, few studies have analyzed maize response
to combined drought and heat stress at the eight-leaf stage.
In this study, to discover more about such responses, we
analyzed the changes in certain physical parameters and iTRAQ-
based proteomes in maize exposed to heat, drought, and
these conditions in combination. Furthermore, we conducted
bioinformatics analyses to confirm the functions of the
differentially expressed proteins in the adaptive response of
maize to combined drought and heat stress. Such work should
help advance our understanding of the molecular mechanisms
involved in the response of maize plants to combined drought
and heat stress.

MATERIALS AND METHODS

Plant Material and Stress Treatments
According to the method we have described previously (Hu
et al, 2010), maize seeds (Zhengdan 958) were used in the
experiments. Zhengdan 958 is a high-yield maize hybrid that is
grown in China. The seeds were surface-sterilized for 10 min
in 2% hypochlorite, washed in distilled water and germinated
on moistened filter paper. The maize plants were grown in
Hoagland’s nutrient solution in a light chamber under 400
pwmol m~—2 s~! of photosynthetically active radiation, a 14-/10-
h day/night cycle, a day/night temperature of 28/22°C, and
a relative humidity of 75%. When the eighth leaf was fully
expanded, the plants were subjected to drought, heat, and
combined stress treatments.

According to our previously described procedure (Hu et al.,
2010), drought stress was imposed by placing the plants
in polyethylene glycol (PEG) solution (—0.7 MPa, moderate
drought) for 8 h at 28°C and 40% relative humidity. Heat stress
was applied by raising the temperature from 28 to 42°C at a
rate of 2°C/h and then maintained at 42°C for 1h, for a total of
8 h. Therefore, each stress treatment lasted 8 h. The combined
stress consisted of simultaneous treatment with PEG and heat
stress. The control seedlings were maintained at 28°C and 75%
relative humidity. Next, the expanding leaves (the eighth from
the bottom) of the treated and untreated seedlings were sampled,
immediately frozen in liquid nitrogen, and stored at —80°C until
analysis. Three biological replicates were performed for each
treatment.

Quantum Efficiency of Photosystem Il
The quantum efficiency of photosystem II (PPSII) was measured
using an OS-30p Chlorophyll Fluorometer (Opti-Sciences,
Tyngsboro, MA, USA) on the eighth fully expanded leaf.
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Malondialdehyde (MDA) Content
Malondialdehyde (MDA) content was measured according
to the method described by Hodges et al. (1999): 50 mg fresh
weight (FW) of leaves were homogenized in 1 ml of 80% (v/v)
ethanol using a mortar and pestle. After centrifugation, the
supernatant reacted with thiobarbituric acid to produce the
pinkish-red chromogen, thiobarbituric acid-malondialdehyde
(TBA-MDA). Absorbance was measured at 440, 532, and
600 nm by UV-vis (ultraviolet-visible) spectrophotometry.
The MDA content was calculated as nmol/g FW
tissue.

Enzyme Assays

According to the method we described previously (Hu et al,
2010), frozen leaf samples were homogenized (1:20 g/ml) in
an extraction buffer consisting of 50 mM potassium phosphate,
pH 7.0, 1 mM EDTA, and 1% polyvinylpyrrolidone, plus 1
mM ascorbate in the case of the APX assay. The homogenate
was centrifuged at 15,000 x g for 20 min at 4°C and the
supernatant was immediately used for antioxidant enzyme
assays.

The activities of antioxidant enzymes were also determined
by the method described previously (Hu et al, 2010).
Superoxide dismutase (SOD: EC 1.15.1.1) activity was assayed by
monitoring the inhibition of photochemical reduction of nitro-
blue tetrazolium at 560 nm. One unit of SOD activity was defined
as the amount of enzyme required to cause 50% inhibition of
the nitro-blue tetrazolium reduction. APX (EC 1.11.1.11) activity
was measured by monitoring the absorbance decrease at 290
nm as the ascorbate was oxidized. Glutathione reductase (GR:
EC 1.6.4.2) activity was measured by following the change in
oxidation at 340 nm in the glutathione-dependent oxidation of
NADPH.

Cytochemical Detection of Hydrogen

Peroxide

Hydrogen peroxide (H,0O,) was visualized at the subcellular
level using cerium(III) chloride (CeCl3) for localization (Bestwick
et al, 1997; Hu et al., 2005). Electron-dense CeCls; deposits
are formed in the presence of H,O, and are visible by
transmission electron microscopy. Tissue pieces (1~2 mm?)
were excised from the treated and untreated leaves and incubated
in freshly prepared 5 mM CeCls in 50 mM 3-(N-morpholino)
propanesulfonic acid (MOPS) at pH 7.2 for 1h. The leaf
sections were then fixed in 1.25% (v/v) glutaraldehyde and
1.25% (v/v) paraformaldehyde in 50 mM sodium cacodylate
buffer, pH 7.2, for 1 h. After fixation, tissues were washed twice
for 10 min in the same buffer and post-fixed for 45 min in
1% (v/v) osmium tetroxide, and then dehydrated in a graded
ethanol series (30~100%; v/v) and embedded in Eponaraldite
(Agar Aids, Bishop’s Stortford, UK). After 12h in pure resin,
followed by a change of fresh resin for 4h, the samples were
polymerized at 60°C for 48 h. Blocks were sectioned (70~90 nm)
on a Reichert-Ultracut E microtome, and mounted on uncoated
copper grids (300 mesh). Sections were examined using a
transmission electron microscope at an accelerating voltage
of 75 kV.

Protein Extraction

As reported in our earlier study (Hu et al., 2010), total proteins
from the eighth leaf of the maize plants were extracted according
to the method reported by Wang et al. (2013) and Zhang
et al. (2014). Briefly, ~0.5g fresh leaves from each biological
replicate were ground into a fine power in liquid nitrogen
using a mortar and pestle and further ground in 4 ml of SDS
buffer (30% sucrose, 2% SDS, 100 mM Tris-HCI, pH 8.0, 50
mM EDTA-Na;, 20 mM DTT) and 4 ml phenol (Tris-buffered,
pH 8.0), then 1 mM phenylmethanesulfonyl fluoride (PMSF)
and PhosSTOP phosphatase inhibitor cocktail (one tablet/10 ml;
Roche, Basel, Switzerland) was added to inhibit protease and
phosphatase activity. The mixture was thoroughly vortexed for
30s and the phenol phase was separated by centrifugation at
14,000 x g and 4°C for 15 min. The upper phenol phase was
pipetted into new 10 ml tubes, and four-fold volumes of cold
methanol plus 100 mM ammonium acetate were added. After
centrifugation at 14,000 x g and 4°C for 15 min, the supernatant
was carefully discarded and the precipitated proteins were
washed twice with cold acetone. Finally, the protein mixtures
were harvested by centrifugation. Protein concentrations were
measured using a 2-D Quant Kit (Amersham Biosciences,
Piscataway, NJ, USA), with bovine serum albumin (BSA;
2 mg/ml) as the standard. To enhance the quantitative
accuracy, extracted proteins from every biological replicate
were adjusted to the same concentration for the subsequent
analysis.

Protein Digestion and ITRAQ Labeling

Protein digestion was performed according to the FASP (filter-
aided sample prep) procedure described by Wisniewski et al.
(2009) and Lv et al. (2014), and the resulting peptide mixture
was labeled using 4-plex iTRAQ reagent according to the
manufacturer’s instructions (Applied Biosystems, Foster City,
CA, USA). Briefly, 200 pg of protein from each sample was
mixed with 30 pl of STD buffer (4% SDS, 100 mM DTT, 150
mM Tris-HCI pH 8.0). The detergent, DTT, and other low-
molecular-weight components were removed using UA buffer (8
M urea, 150 mM Tris-HCI pH 8.0) with repeated ultrafiltration
(Microcon units, 30 kDa). Next, 100 .1 of 0.05 M iodoacetamide
in UA buffer was added to block reduced cysteine residues,
and the samples were incubated for 20 min in darkness. The
filters were washed three times with 100 .l of UA buffer, then
twice with 100 pl of DS buffer (50 mM triethylammonium
bicarbonate at pH 8.5). Finally, the protein suspensions were
digested with 2 pg of trypsin (Promega, USA) in 40 pl of
DS buffer overnight at 37°C, and the digested peptides were
collected as a filtrate. The peptide content was estimated via
UV absorption at 280nm using an extinction coefficient of
1.1 per 0.1% (g/l) solution, which was calculated based on the
proportion of tryptophan and tyrosine residues in vertebrate
proteins.

For labeling, each iTRAQ reagent was dissolved in 70 pl of
ethanol and added to the respective peptide mixture. The samples
were referred to as control (under no stress), drought, heat, and
combined drought and heat stress and were labeled with reagent
and vacuum dried.
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Peptide Fractionation with Strong Cation

Exchange Chromatography

iTRAQ-labeled peptides were fractionated by strong cation
exchange (SCX) chromatography using the AKTA Purifier
system (GE Healthcare, USA). The dried peptide mixture
was reconstituted and acidified with 2 ml buffer A (10 mM
KH,POy4 in 25% of Acetonitrile, pH 2.7) and loaded onto a
PolySULFOETHYL 4.6 x 100 mm column (5 m, 200 A, PolyLC
Inc, MD, USA). The peptides were eluted at a flow rate of 1
ml/min with a gradient of 0-10% buffer B (500 mM KClI, 10
mM KH,;POy in 25% of acetonitrile, pH 2.7) for 2 min, 10—
20% buffer B for 25 min, 20-45% buffer B for 5 min, and
50-100% buffer B for 5 min. The elution was monitored by
absorbance at 214 nm, and fractions were collected every 1 min.
The collected fractions (about 30 fractions) were finally combined
into 10 pools and desalted on C18 cartridges [Empore™ SPE
cartridges C18 (standard density), bed I.D. 7 mm, volume 3 ml,
Sigma]. Each pool was concentrated by vacuum centrifugation
and reconstituted in 40 l of 0.1% (v/v) trifluoroacetic acid. All
samples were stored at —80°C until LC-MS/MS analysis.

Liquid Chromatography Electrospray
lonization and Tandem MS (MS/MS)
Analysis by Q-Exactive

Analyses were performed using a Q-Exactive mass spectrometer
that was coupled to an Easy-nLC system (Thermo Fisher
Scientific, Odense, Denmark). Ten microliters of each fraction
was injected for nanoLC-MS/MS analysis. The peptide mixture
(5 pg) was loaded onto a C18 reversed-phase column (Thermo
Scientific Easy Column, 10 cm long, 75 pm inner diameter, 3 pm
resin) in buffer A (0.1% formic acid) and separated with a linear
gradient of buffer B (80% acetonitrile and 0.1% formic acid) at
a flow rate of 250 nl/min controlled by IntelliFlow technology
over 140 min. MS data was acquired using a data-dependent
“top10” method, which dynamically chooses the most abundant
precursor ions from the survey scan (300-1800 m/z) for HCD
(higher collision dissociation) fragmentation. Determination of
the target value is based on predictive automatic gain control
(pAGC). Dynamic exclusion duration was 60 s. Survey scans were
acquired at a resolution of 70,000 at m/z 200, and resolution for
HCD spectra was set to 17,500 at m/z 200. Normalized collision
energy was 30 eV and the underfill ratio, which specifies the
minimum percentage of the target value likely to be reached at
maximum fill time, was defined as 0.1%. The instrument was run
with peptide recognition mode enabled.

Sequence Database Searching and Data

Analysis

MS/MS  spectra were searched using Mascot 2.2 (Matrix
Science) embedded in Proteome Discoverer 1.4 against the
uniprot_Zea_mays_87227_20150504.fasta (87227 sequences,
downloaded on May 4, 2015) and the decoy database. For
protein identification, the following options were used: peptide
mass tolerance, 20 ppm; MS/MS tolerance, 0.1 Da; enzyme,
trypsin; missed cleavage, 2; fixed modification Carbamidomethyl

(C), iTRAQ 4-plex (K), iTRAQ 4-plex (N-term); variable
modification Oxidation (M), FDR(false discovery rate) < 0.01.

The protein and peptide probabilities were set at 50 and 60%,
respectively. Only proteins with at least two unique peptides with
a Mascot score of at least 25 and detected in at least two replicates
were further analyzed.

For each replicate of proteomics, iTRAQ ratios between
drought/heat/combined stress and controls for each run were
converted to z-scores to normalize the data.

Bioinformatics
The molecular functions of the identified proteins were classified
according to their gene ontology annotations and their biological
functions. The subcellular localization of the proteins identified
in this study were predicted using the publicly available program
WolfPsort (http://wolfpsort.org). Protein-protein interaction
networks were predicted using the publicly available program
STRING (http://string-db.org/). STRING is a database of known
and predicted protein-protein interactions. The interactions
include direct (physical) and indirect (functional) associations,
and they are derived from four sources: the genomic context,
high-throughput experiments, co-expression, and previous
knowledge. STRING quantitatively integrates the interaction
data from these sources for a large number of organisms, and
where applicable, transfers information between these organisms.
According to the known or predicted cellular localization
and molecular function of the proteins, as determined by
Blast2Go (http://www.blast2go.com), specific groups of proteins
were selected and analyzed on the basis of, for example, stimulus
responses, chloroplasts proteins and enzymes.

Statistical Analysis

The mean of three replicates was used to ascertain the protein
assays. Means were compared using one-way analysis of variance
and Duncan’s multiple range test at a 1% level of significance.

RESULTS

Comparison of Physical Parameters
Affected by the Three Stress Conditions

To investigate the level of HyO, accumulation in the leaves of
maize plants exposed to the drought, heat and combined stress
conditions, we used a cytochemical technique whereby CeCl;
reacts with H,O; to form electron-dense deposits of cerium
perhydroxide (CeHgOy; Bestwick et al., 1997). Under normal
conditions (control), no CeHgO4 depositj*as an indication
of H,O, accumulationj*was observed in the mesophyll cells
and chloroplasts (Figures 1A,E). Under the drought, heat, and
combined stress conditions, H,O, accumulation was visible in
the walls of mesophyll cells (Figures 1B-D) and in chloroplasts
(Figures 1F-H). Both in the walls of the mesophyll cells
(Figures 1B-D) and in the chloroplasts (Figures 1F-H), the
highest level of H,O, accumulation was found under the
combined stresses, and the second-highest level was observed
under heat stress.

MDA is generated by lipid peroxidation, so a change in
MDA content reflects the extent of membrane damage. In
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FIGURE 1 | Cytochemical localization of H,O5 accumulation in mesophyll cells of maize variety Zhengdan 958. Arrows indicate CeClg precipitates. (A,E),
control; (B,F), drought; (C,G), heat; (D,H), combined drought and heat stress; C, chloroplast; CW, cell wall; IS, intercellular space; M, mitochondrion; N, nucleus; V,
vacuole. Bar = 1 wm. All experiments were repeated at least three times with similar results.

TABLE 1 | Comparisons of physiological indexes in maize leaves under
CK, D, H, and DH conditions.

Physiological indexes CK D H DH

APX activity (pumolmg‘1 protein) 0.181d 0.218c 0.245b 0.297a
GR activity (umol-mg’1 protein) 0.005d 0.006¢ 0.008b 0.011a
SOD activity (U-mg*1 protein) 11.959d  15.748c 18.807b  23.731a
MDA (nmol-g=1 Fw) 5.120d 7.430c 9.820b 16.600a
DPSII 0.712a 0.610b  0.579bc 0.475¢c

CK, control; D, drought stress, H, heat stress;, DH, combined drought and heat stress.
Each value represents the average of three biological replicas. For Duncan’s Results,
different characters are considered to be significant among different treatments.

the present study, MDA content was prominently elevated by
drought stress, heat and combined stress compared with the
control (Table 1). The most obvious elevation was that under
combined stress, followed by that observed under heat stress.
®PSII is a chlorophyll fluorescence parameter that is classically
used to monitor changes in photosynthetic performance. ®PSII
was significantly decreased by these three stresses. The most
obvious decrease was found under the combined stress, followed
by that under the heat stress.

SOD catalyzes the dismutation of O, to O and H,O,.
APX and GR are the two key enzymes of the Halliwell-Asada
pathway for the removal of H,O,. Compared with the control,
the drought, heat, and combined stress conditions enhanced the
activities of SOD, APX, and GR. The most obvious elevation
was under the combined stress, followed by that under the heat
stress (Table 1). Taken together, these results indicate that the

combined drought and heat stress had the most significant effect
on these parameters, followed by the heat stress.

Identification of Differentially Expressed

Proteins under the Three Stress Conditions
After the maize plants at the eight-leaf stage were subjected
to the drought, heat and combined stress conditions, newly
expanded leaves were used to extract the total proteins, and
then multiplex iTRAQ-based quantitative proteomic and LC-
MS/MS assays were performed on the total proteins, resulting
in the identification of 5238 proteins in these treatments at a
false discovery rate (FDR) of 1%. In detail, based on a significant
linear regression (p < 0.01) and a threshold of > 1.5-fold or <
0.66-fold change ratio of stress-induced protein expression levels
compared with control: under the heat stress, the expression level
of 135 proteins showed significant changes, of which 67 were up-
regulated and 68 were down-regulated; under the drought stress,
the expression level of 68 proteins showed significant changes,
of which 46 were up-regulated and 22 were down-regulated; and
under the combined stress, the expression level of 201 proteins
showed significant changes, of which 113 were up-regulated and
88 were down-regulated (Figure 2). Among 246 proteins that
showed prominent changes, 18 were commonly found under all
three stress conditions (Table 1), 104 proteins were common to
the heat stress and combined stress conditions (Table S1), 21 were
common to the drought stress and combined stress conditions
(Table S2), and one was common to the drought stress and heat
stress (Table S3), while 15 proteins were identified under the heat
stress alone (Table S4), 28 proteins were identified under the
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58

DH

FIGURE 2 | Venn diagram showing the number of proteins with
significant expression changes in maize leaves exposed to drought
(D), heat (H), and combined drought and heat stress (DH). The diagram
shows the overlap between the results from D, H, and DH.

drought stress alone (Table S5), and 59 proteins were exclusively
identified under the combined stress (Table S6).

Proteins Related to Stimulus Response

under the Three Stress Conditions

In this study, the expression level of 19, 39, and 59 proteins
related to stimulus response showed significant changes under
the drought, heat, and combined stress conditions, respectively
(Table 3). Under all three stress conditions, ribonucleoprotein
A and fatty acid desaturase were down-regulated in common
(Table 1). Under the drought stress and combined stress
conditions (Table S2), RAB17 protein, MTN3, uncharacterized
protein (B4G1H1), glutathione S-transferase GST6, dehydrin,
ABA-responsive protein and aquaporin PIP2-6 were down-
regulated in common, and with the exception of MTN3, the
other six proteins were significantly up-regulated. Under the
heat stress and combined stress conditions (Table 3), 36 proteins
were up-regulated in common, of which 20 were shock proteins
(HSPs), including 14 small HSPs (sHSPs). All of these HSPs were
obviously up-regulated by the heat stress and combined stress,
but were only slightly affected by the drought stress (Table S1).
In addition, 9 and 13 proteins related to stimulus response were
found to be differentially expressed only under the drought stress
and combined stress, respectively (Table 3). Of particular note
was the finding that the expression levels of abscisic acid (ABA)
stress ripening protein 2, ethylene-responsive protein, and ABA-,
stress- and ripening-inducible-like protein were significantly up-
regulated under the combined stress (Table S6). All of these
proteins related to stimulus response under heat stress were

found to be differentially expressed under the combined stress
(Table 3).

Chloroplast Proteins Showing Significant
Changes

The chloroplast proteome of photosynthetic plants includes
~3000 different proteins, of which components of the
photosynthetic apparatus are very abundant. In this study,
13, 21, and 32 chloroplast proteins were identified under the
drought, heat and combined stress conditions, respectively.
Moreover, most of the chloroplast proteins found were identified
as uncharacterized proteins with molecular functions relating
to nucleotide binding or catalytic activity. Under the three
stress conditions (Table2), ribonucleoprotein A, putative
uncharacterized protein (B6UCG5) and uncharacterized protein
(K7U7W9) were down-regulated in common. Under the heat
stress and combined stress conditions (Table SI), except for
iron-sulfur assembly protein IscA, the other chloroplast proteins
were down-regulated in common. Eight, one and 11 chloroplast
proteins were specific to the drought, heat, and combined stress
conditions, respectively (Table 3). These results showed that heat
and combined stress conditions may exert a more obvious effect
on maize chloroplast function than drought stress.

Responses of Kinases and Phosphatases

to the Three Stress Conditions

It is also notable how various enzymes (including in particular
kinases and phosphatases) responded to the stresses. Under
the drought stress, 12 enzymes, including one kinase and one
phosphatase, were identified as differentially expressed. Under
the heat stress, 27 enzymes, including two kinases and one
phosphatase, were identified. Under the combined stress, 38
enzymes, including four kinases and one phosphatase, were
identified (Table 3). In addition, alpha-galactosidase, fatty acid
desaturase, and asparagine synthetase (B5U8]8) were commonly
found under all three stress conditions. In particular, the
expression level of asparagine synthetase (B5U8]8) had a 5.28-
and 10.72-fold increase under the drought stress and combined
stress compared with the control (Table 2), respectively, while
asparagine synthetase (B6GETR5) was significantly increased only
by the combined stress (Table S6). Three isoforms of stachyose
synthase (B6SYY2, B6SRV6, and BEGUBW?7) were identified under
the drought stress and combined stress, of which B6SYY2 and
B6SRV6 were significantly increased by the drought stress, while
B6UBW7 was increased by the combined stress; 21 enzymes
were commonly found under the heat stress and combined stress
(Table 3). The remaining eight, three and 13 enzymes were found
only under the drought stress, heat stress, and combined stress,
respectively.

To identify the interactions of enzymes and HSPs with other
proteins under all three stress conditions, the protein interactions
among differentially expressed proteins were analyzed using
STRING software (Figures3-5). Under the drought stress
and the combined stress, asparagine synthetase (4332506)
was found to interact with decarboxylase (4329593). In fact,
for all three stress conditions, extensive interactions were
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TABLE 2 | Proteins with significant expression changes under D, H, and DH.

Accession Description D/CK H/CK DH/CK Duncan’s Results
Mean (+SD) Mean (+SD) Mean (+SD) D, H, DH
B4F7X5 Uncharacterized protein 1.583 + 0.120 1.500 =+ 0.061 2.069 + 0.069 b, b, a
B4FT63 Uncharacterized protein 0.653 4+ 0.040 0.578 4+ 0.035 0.500 £+ 0.017 c, b, a
B5U8J8 Asparagine synthetase 5.280 + 0.265 2.726 £+ 0.026 10.722 £ 0.918 b, c,a
B6SID7 Late embryogenesis abundant protein, group 3 2.406 £ 0.203 1.922 + 0.087 2.750 £ 0.260 a, b, a
B6SMU2 Putative uncharacterized protein 0.576 + 0.030 0.651 £+ 0.040 0.515 £ 0.013 b, a, c
B6SQF4 Alpha-galactosidase 0.233 + 0.022 0.158 + 0.019 0.133 + 0.009 a, b, b
B6SWZ1 Sugar carrier protein C 0.446 £+ 0.028 0.348 £ 0.019 0.371 £0.017 a, b, b
B6T531 Ribonucleoprotein A 0.639 + 0.020 0.380 £ 0.000 0.276 £ 0.017 a, b, c
BETEHS Anthocyanidin 5,3-O-glucosyltransferase 0.515 +£ 0.014 0.421 £0.018 0.405 £ 0.005 a, b, b
B6U471 Ribonucleoprotein A 0.639 4+ 0.015 0.209 + 0.009 0.184 £ 0.018 a, b, b
BBUAN2 Putative uncharacterized protein 0.578 4+ 0.026 0.449 + 0.026 0.425 + 0.005 a, b, b
B6UCGS Putative uncharacterized protein 0.499 + 0.010 0.434 +£0.018 0.437 + 0.009 a, b, b
COPN61 Uncharacterized protein 0.518 £ 0.018 0.556 + 0.026 0.508 + 0.008 b, a b
C4J3s1 Uncharacterized protein 0.465 + 0.023 0.389 £+ 0.010 0.384 £ 0.012 a, b, b
K7U7W9 Uncharacterized protein 0.631 £ 0.018 0.465 £+ 0.010 0.422 £+ 0.002 a, b, c
K7UFKO Uncharacterized protein 2.496 + 0.008 2.402 + 0.003 4.913 + 0.020 b, c, a
024626 Fatty acid desaturase (Fragment) 0.557 + 0.024 0.552 + 0.008 0.382 £ 0.017 a,ab
Q42376 Late embryogenesis abundant protein, group 3 3.407 + 0.361 1.727 £ 0.027 5.581 £ 0.010 b,c a

CK, control; D, drought stress; H, heat stress; DH, combined drought and heat stress. Each ratio was the average of three replicates. a Each value represents the average of three
biological replicas. For Duncan’s Results, different characters are considered to be significant between different treatments.

found among all of the chloroplast proteins (Figures 3-5).
Under the heat stress (Figure4) and the combined stress
(Figure 5), extensive interactions were found amongst HSPs,
or between HSPs and other proteins. For example, some HSPs
(dnaK-family proteins 4332080, 4332420, 4327388; chaperone
protein clpB1-4328515; HSP101-4339343) exhibited interactions
with phosphosulfolactate synthase-related protein (4341866),
while other HSPs (4334919, 4342077, 4330134) exhibited
interactions with CS domain-containing protein. Interactions
between HSPs were also observed under the combined stress
(Figure 5). An HSP70-family protein (4330492) exhibited
extensive interactions with dnaK-family proteins (4332080,
4332420, 4327388, LOC_0s09g31486.1), heat shock protein ST1
(4330134), HSP (4334919), HSP101 (4339343), HSP20/alpha
crystalline family proteins (4332357, 4325697, 4332363), and
HSP18 (rice protein query sequences corresponding to maize
protein query sequences; see Table S7 for the drought stress, Table
S8 for the heat stress, and Table S9 for the combined stress). These
results indicate that HSPs as chaperones probably play a role
in protecting protein functions under heat stress and combined
stress conditions.

Changes in Receptor Proteins

Receptors can make cells detect changes in the internal or
external environment. In this study, the expression levels of
three receptor proteins were significantly regulated under the
drought stress, heat stress, and combined stress conditions. The
expression level of brassinosteroid LRR receptor kinase (B6SV61)
was reduced by the heat stress and combined stress (Table S1).
The expression level of mitochondrial import receptor subunit

TOM22 (B6U2X6) was increased by all three stress conditions,
but under the combined stress alone there was an increase of
up to 1.5-fold (Table S6). The expression level of gibberellin
receptor GID1L2 (B6TC25) was decreased by the heat stress and
combined stress, but under the combined stress alone there was a
decrease of up to 1.5-fold (Table S6).

The Signaling Pathways Related to
Differentially Expressed Proteins under the

Three Stress Conditions

All identified proteins were classified by gene ontology (GO)
annotation software and then classified as three functional
groups: molecular function, biological process, and cellular
component. The results of the GO analyses for the drought,
heat and combined stress conditions are shown in Figures 6—
8, respectively. Most of the annotated molecular functions were
found to relate to binding and catalytic activity, while most of
the annotated biological processes were found to relate to cellular
and metabolic processes.

On the basis of biological process analysis using the
BLAST2GO program, among differentially expressed proteins:
for the drought stress, 19 proteins were classified as “response to
stimulus,” two were involved in transport, and 11 were classified
as binding proteins involved in DNA binding, protein binding
and nucleotide binding (Figures 6A,B; Table 2); for the heat
stress, 39 proteins were categorized as “response to stimulus,’
one was involved in transport, and 56 were classified as binding
proteins involved DNA binding, protein binding, and nucleotide
binding (Figures 7A,B; Table 2); for the combined stress, 59
proteins were categorized as “response to stimulus,” three were

Frontiers in Plant Science | www.frontiersin.org

October 2016 | Volume 7 | Article 1471


http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive

Maize Leaf Proteome

Zhao et al.

(penunuoD)
S9NS99/e COONM/NNHW

- - + oseusbolpAyep-i plosoys-eyde-g-oxo-g  —  +  — ‘yos| upjold Alqwesse nyns-uosl  +  +  — 801199/ uieloid Yo0ys 1eay | SSE[O BQY 6'9 )
134 d/onse(doiolyo

- - + ‘9SBYJUAS 8|0Zely) sulwely | — — + ©£2569d/E190 HUNANS 6GSQ SUIOIYD0IAD + + - 0XO.19g/uIe104d pazusioeseydoun aAeInd

- - + 8X6.199/0z esereydsoyd uieloid — - + 8€109d/1 uleioid Jejued uonoeal || welsAsoloyd  + + - 900199/¢ uieioid Yooys yesy | ssejo eqy v/ |
851NH/ueoid

- - + Aliwey eseuny aseyjuAs usBooA|6 aaeIng - - + £S1d0D/ueiod pazueloereyoun  + + - 8M1199/¢ uie104d 3o0ys Jeay | Ssejo eay v/ L

+ + - 013ngg/Alwey OGN ‘esepnded - —  + PNvdoO/uielold pazusioereyoun  +  + — 6d119g/ute104d 300y Jeay || ssejo ey G/ L
GrH19g/uisoid

+ + - psjejai-eseyluAs epeloelo)nsoydsoy4y  —  —  + ZAASOg/eseUUAS 8sOAyoR)lS + + — GPH19g/uleloid parejal-sseyiuAs elejoejolnsoydsoyd

+ + - €3147a/c eseuiuhs 3 uipuelbelsold - - + 90covg/ueiod pezueoeseyoun  +  + - 679.194d/uiej01d BQY Zg o0us jeeH

+ o+ - ooinogsesesewost Kjoud-hpnde4 - - + 13S4vg/eseyiuds ejozelyy euieiyl  +  + - 6r219g/1 uioid o0us Jeay | ssejo eax 69k

+ + - g/llog/eselowost Kjoid-Apnde4 - - + eMedrg/ueioid pezueyoeseyoun  + + - 0AXS9d/ | uisjoid eQ¥ 0 XO0Us yeeH

+ + - 6HSS9g/31 esesjonuoqu enjeoexy  +  +  — LOAHOD/L0LdSH ueioid ooys Jee  + + — 052OYa/(Auey 0gdSH) uleloid pazuejoeseyoun

+ 4+ —  gldvg/eseissuenifiApnfo epepeydsoyd +  + - /00d00/1L0) uejoid spooys-jesH  +  + — EALDYE/uURI0Id pazieioeseyouN
782960/(uswbeld)

+ + - G UBYD 8selonpaiopixo suounbign-HAvN ~~ +  + - /48d0D/ueloud pezusioereyoun  + + - ObXdyg/uieloid peziueloereyoun

+ + - 9Xidva/y | eseusboipAyep jouey  +  +  — 9XGdoo/ueloid pezusloereyoun  +  + = ¥S1478/(0rdSH) G Jequisw g Ajiurejans reud
0ddngd/eseswos|

+ + - opynsip ueloid sfew eez-»-17lIAd ~ +  + - vlovgg/uleloid pezueloeleyoun  +  + - /S04va/(Aiiue) 0gdSH) uieioid paziisioereyoun

+ + - 20d4rg/eseople uueydosuoipAyg + 4+ — Givnogyueiold pazueyoeleyoun eaeind  + 4+ — 687149/uIei01d pazueioe.eyoun

+ + - €1A199/) esesyoud sulRlsky + + — lonl9g/ueloidospnuogy +  + — 0ADArg/usIoid Buipulg-ulokoeD

+ o+ - gAZNog/eselowosl eyeydsoyd-g-esoqy  +  +  — gaelog/uielold pezueoeeyoun + 4+ — M64va/(Aiiwe) 0zdSH 01 sbuojg) uleiold pazueioereyoun

+ + - €63aX6O/I BselopAYxg + + - 8vzsog/uieloid pezlejoeieyoun anleind -+ + — 83647a/(Alwey 02dSH 03 sBuojeg) uteloid pazieioereyoun

+ + - BSMOCSD/L 8SeyiuAs suadie] + + — spdgogsuielold pezueoeeyoun + + — 9/6419/¢ uieloid %o0ys 1eay | SSejo eay L |

+ + - 90dL/yM/eselonpal yNd-Aweiny -+ + - EALOvg/ueloid pezueloeieyoun  +  —  + SIN1V6D/9-2dId utodenby

+ + — B6OSALM/ESBYIUAS O-|Aoe018N-£ + + — 20d4vg/esejople uueidosuopAyiq + - + 9941 /M/ueioid eaisuodsel-ygy
/3dS9g/eselswos|

+ + - sues-spo [Aosd-iApndey  +  +  — B6814vg/uleioid pazueloereyoun  +  —  + 12v0yO/uupAyeq

+ + - geanogd/esereydsoyd pre siding  +  + - 9Xidva/v | eseusBoipAyep jouey  + -+ SINT1L9E/9N1SD eselsjsuel}-S suolyren|o

+  + = pdrsog/yoeyresdes yojey eseup uielold  +  + — G3advyg/uelod pezueloeeyoun  + -+ 194S94/e uteloid exil-zgvAH
LOAS9g/esBUN

+ + - J0)dedal 4y ploseisouisselg  + - +  BMIHYG/A HUNGNS J8lUad uonoeal | welsAsoloyd  + - + | H LDYg/uei0ld pazieioeeyoun
8nvNog/eselfipAyyns

+ - + auuesowoylAupons-0 +  + + B6MZN M ueioid pazusloereyoun  + - + 6711479/ENLIN

+ + + grgngg/eseloyiuAs euiberedsy +  + + goongg/ueiold pezusioeseyoun sneInd +  —  + ormev/ueloid /1 gvy

+ + + 9297z0/(uswbel) eseiniesep pioe Ane4  +  + + | /¥N9g/V ueioidospnuoarly  + + + 929720/(uswbel) eseiniesap pioe Ale4

+ + o+ r4osgg/esepisooeeb-eydy  +  + + 1£G199/V usjoidospnuoaly -+ +  + (L2¥N9g)1£5199/V uisioidosionuodry
SUOoISS920Y

HQO H a dnoi uidjoid/eweuuuRold HA H 4 suoisseo9oy dnodn uldloid/oweu u®lold HA H a4 SU0ISS290Y dnoJY UIS0id/AWEeU UIR}0Id

sawAzugy

suiajoad jsejdoaojyn

snjnwis 0} asuodsay

‘Alaanoadsaa | @ pue ‘H ‘@ Japun sabueyo uoissaidxa jueoyiubis yum sawAzus pue suisroid isejdoiojyo ‘suiejosd asuodsai sninwins | € 31g9vL

October 2016 | Volume 7 | Article 1471

Frontiers in Plant Science | www.frontiersin.org


http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive

Maize Leaf Proteome

Zhao et al.

(ponunuo)

+ - = GOM4Yg/2 ueioid Bujuadu ssens OISIOSay

+ - - 886417d/ose810id Hsl4 sAew eoz-gHsI4

- -  + ¥Nd0D/ueI0Id pazusioe/eyoun

- -  + £S7d0D/urei0id pazusioereyoun

- -  + 9677400/ uieloid pazusioeseyoun

- - + 8X6199/0¢ esereydsoyd uieioid

- -+ ONZS9g/uiei01d 8116 L NWAI

+ - 886419/0se0104d HS1H SABW BOZ-QHS1H - - + ZAASOg/0seYIUAS 8s0Ayoers

+ - GY1399g/0se18UluAs auibesedsy - - + LAMS9g/ese1oyjuAs aejAxoqen-G-auljoAd- | eyeq
8481 9g/eselssueniAyiew-N

+ = aujwejoueyeoydsoyd - - + | 3S4v9/eSeyiuAs ejozelyy suiwely |

+ - 2Md-60/eseyiuAs sreydsoyd-g-joysou + + - /OAHID/10LdSH ueioid 3o0us JesH

+ - G6ScO/eselsisuel] suoiyiein|o R 102£70/2 2| ugloid %o0ys yeeH

+ - /Mangg/eseyiuAs esoAyoeig R //2800/28 uieloid 3ooys yeeH

+ - ZHN4vg/eselsjsueljoulwe ajepedsy + + — J4ZN/3/(uswiBeld) usioid pazueioeseyoun
LINr19g/eseusboipAuyep

+ - areew|Adoidosi-¢ + + - S4APALM/(0.dSH) ureloid pazueioereyoun
©1919g/eselajsuelyfsoon|B-eiaq

+ - a1e}90Ee-g-9j0pU| + + - OMEALM/UIBI04d pezusioeIeyOUN
SNOALM/UBI0N Ajiwey esedljey

+ - VN4 Juspusdep-d1v x0q-av3d oaeind  + 064ALM/uel0Md pozueloereyoun  +  + — 918N H3/01H3
L/G/ Ld/(uewiBely)

+ - [HawN] eseonpas eyeN - + 9ZMN/y/ueloid pezueloereyoun  +  + — 200d00/ 101 uieioid sooys-yesH

+ - /98S9g/eseunf uglold  + eysSN/yulelold pezusioereyoun  +  + — 26/d0D/uei0id pezusioeseyoun

+ - 6OgNog/ay-eseuny| uioid uuy  + 9vEN/d/ulel0id pazusioeseyoun + + - 9XSd0D/ule10.d pazusioeseyoun
e6MMLO/7

-+ Ureyod asejonpalopixo suouinbign-HAQvyN ~—~ + JAddoDyuieloid pezusioeseyoun  +  + — cOVd0D/ueI0Id Alwey 0 uiel0id 3o0ys esy aAlreind

-+ Lgeryo/esessiseundsd  + GSX19g/N HUNQNS Jelued uonoeas | WeisAksooyd4 + +  — £dovgg/uieloid pezusioereyoun
oNnss9g/ed

-+ 9SBIONPaIoPIXO JUspuadep-4avN  + gMo19g/ueioid pazueloereyoun + 4+ — 0O3Z7.9g/uIsi04d Mo0oys-yesy |[ewS

- - 9AHS9g/esBUYIUAS BsOAyoelS  + €/dsog/ureyo g-eyde uingn,. -+ + = FHHNQ9E/uIBl0Id pazusloBIEYOUN SAKEING
LAMS9g/esEleyIuAs

— - a1e|Axoqied-g-asuljolAd- | BleqQ + /NZ4vg/uieloid pazusioeseyoun + + — 0.13N9g/Alwe; OGN ‘esepnded
8MY199/x8|dwoo
aseusbolpAysp oesein|boxo-g
JO JUBUOAWOD BSBIYSUBIYAUIOONS

— - anpisai-auisAAodiioipAyig + 9INHA4vg/uie10id pezusioeseyoun + + - ge3Nogd/esereydsoyd proe ojdind

- - CAASOg/eseUWAS Bs0AyoelS  + 886d4d/eseslold Hsi4 shew eoz-gHsIH  +  +  — 90A199/z uieioid Bupulg-YNY UoU-8uioAiD
SUOISSa09Y

HdQ H dnouy uiejoid/oweu uLlold HA suoiIssa99y dnoun uldjoid/oweuudlold HA H a SuoISS999Yy dnouy u1v10id/oWeu uId0id

sawAzug

suiajoad isejdoso|yn

snjnwis o} asuodsay

penunuo) | £ 319vL

October 2016 | Volume 7 | Article 1471

Frontiers in Plant Science | www.frontiersin.org


http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive

Zhao et al.

Maize Leaf Proteome

I
(=)
I
(=]
®
@
£ g
¥ 9
w| O
£
7]
2
3]
S
o
N
I
Eg
I
<9
@
£9
[T
° 9
= O
o<
I
o
I
[a]
)
£ £
o | ©
TR
o 2
| o
o o
B 0
o | <
g s
s | £
| O
o =
5]
3
°
[
o
N
@
£
I
c
£
]
2
°
S
o
I
=] + + + + + o+ +
I | e N N
(=] |
0
©
=
o
¢ 5%
)
3 t £ 8
5 s} o o
£ = ° g
£ < o
| g g o
o| € S 22
-] S @ = g
o | D >0 ¢
[} -—EDEZ
S 39 ) 5§23 35 C
2 8 g g5 3 €
o) = X O O
e < o = § S £ T
g s 8 iR5%
3 = = o 4 £ 3
[ ® < o Lt
(] 8 2 x = 379
S 0 T c £ a
c & 2 I =~
B ‘D 5 00 £ 28 £ &
g = C®¥%63
c [ S >FE 2 3% 3
= g 3 28 o0 22
] @ £ 8 T s 8 ®
£ Eoc g NP2
° 5 s 32383 23w
™ c o ¥ 2 3 o &£ 0O
w c 8T 2 o=¢ 9% 0
w T £ 5 o T & - =
o 35 S>8 86«8
P-4 [ mEbgcmS
F o <O h <SS a

protein/K7VQU8
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D, drought stress; H, heat stress; DH, combined drought and heat stress. “+” or “—* indicates common proteins or non-common proteins.

involved in transport, and 84 were classified as binding proteins
involved in DNA binding, protein binding, and nucleotide
binding (Figures 8A,B; Table 2).

In the light of KEGG (Kyoto Encyclopedia of Genes and
Genomes) analysis: under the drought stress, the differentially
expressed proteins were found to be mainly involved in the
galactose metabolism, photosynthesis, and carbon metabolism
pathways (Figure 6D); under the heat stress, the differentially
expressed proteins were found to be mainly involved in protein
processing in the endoplasmic reticulum (ER), in antigen
processing and presentation, and in estrogen signaling pathways
(Figure 7D); under the combined stress, the signaling pathways
were found to be similar to those found under the heat stress
alone (Figure 8D). These results indicate that the signaling
pathways mediated by the heat stress and combined stress
were obviously different to those mediated by the drought
stress. In particular, of the differentially expressed proteins that
related to protein processing in endoplasmic reticulum, 20 were
observed under the heat stress and 22 under the combined
stress, indicating that the signaling pathways related to protein
processing play an important role in maize response to heat stress
and combined drought and heat stress conditions.

DISCUSSION

The final physiological response is dictated by the growth stage
and plant tissue type, along with the severity and duration of
the stress exerted on the plants. After developing to the eight-
leaf stage, maize is sensitive to heat stress, especially to combined
drought, and heat stress. In this study, we measured the
changes in physical parameters and comprehensively analyzed
the differentially expressed proteins in maize leaves in response
to drought, heat, and their combination using iTRAQ-based
quantitative proteomic and LC-MS/MS methods. The combined
stress caused very significant changes in the level of protein
expression in the maize leaf, and some changes exclusively
resulted from the combined drought and heat stress.

Physiological Parameters Affected by

Stress

The generation of reactive oxygen species (ROS) often leads to
the destruction of cellular structures, which ultimately causes
cell death. MDA is widely used as a marker of oxidative lipid
injury. In this study, the accumulation of H,O, and MDA, and
the activities of SOD, APX, and GR, were enhanced by these
three stress treatments, especially by the heat stress and combined
stress. Our results indicated that all three stress conditions
induced and aggravated membrane injury; in addition, they
showed that the maize plants triggered an anti-oxidative defense
mechanism to alleviate the ROS, which enhanced their tolerance
to stress.

Chloroplast Proteins Affected by

Combined Stress
Abiotic stresses bring about serious damage to plant
photosynthetic systems. In photosynthetic systems, photosystem
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String software.

II (®PSII) is one of the most sensitive components under
drought and heat stresses. In soybean, 25 differentially expressed
proteins of photosynthesis were involved in RuBisCO regulation,
electron transport, the Calvin cycle, and carbon fixation under

drought and heat stress conditions (Das et al., 2016). In our study,
13,21, and 32 proteins were related to chloroplast function under
the drought, heat, and combined stress conditions, respectively.
Remarkably, under the combined stress, the 32 chloroplast
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proteins were mainly found to be involved in chlorophyll
biosynthesis, electron transport, carbon fixation, transcription
regulation, lipid metabolism, and chaperone function.

Four wuncharacterized proteins (B4FHMS6, B4FZN7,
K7USR3, and K7UWZ6) related to chlorophyll syntheses
were down-regulated , while PSI reaction center subunit V/N,
HSP101, and FtsH protease were up-regulated by the heat
stress and combined stress. FtsH protease is an ATP-dependent
metalloprotease. In soybean, FtsH protease was up-regulated
under the heat stress (Das et al., 2016). In Arabidopsis, FtsH
protease was directly involved in turnover of the ®PSII reaction
center D1 protein (Kato et al., 2009). Taken together, our results
also suggest that chloroplastic FtsHs may protect chloroplast

photosynthesis under heat stress and combined stress. In rice,
it was reported that ®PSI was more susceptible to heat stress
than ®PSII (Essemine et al., 2016), which explained why the
two @PSI reaction center subunits V and N showed significant
changes under heat stress and combined stress in this study.

Chaperone and Senescence-Related

Proteins in Response to Stress Stimuli

Heat stress has a negative effect on protein stability and
enzyme functions in the cell. Responding to this stimulus, plants
synthesized HSPs and chaperone-like proteins in order to restore
the correct configuration of proteins and impede aggregation
(Wang et al,, 2004). sHSPs play important and comprehensive
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FIGURE 5 | Analysis of the protein-protein interaction network among significantly changed proteins in maize plants exposed to combined drought
and heat stress, using String software.

roles in the ability of plants to combat heat stress (Eisenhardt, The abundance of some proteins was exclusively changed
2013; Mu et al., 2013). under the combined stress. In particular, the combined stress

In this study, protein profiles were found to be more similar  increased the expression of ftsH6-Z. mays FtsH protease, which
under heat stress and combined stress, and were significantly  had a predicted interaction with photosystem I reaction center
different under drought stress. Among the proteins found to  subunit, ATP synthase protein I. It has been reported that
be differentially regulated in common under heat stress and  ATP-dependent zinc metalloprotease FTSH 1 is involved in the
combined stress, HSPs, including 14 sHSPs, were the most-  turnover of oxidatively damaged D1 proteins of ®PSIT (Adam
represented. Similar results were found in terms of the response et al,, 2001) and contributes to the heat tolerance of grapevine
of wild barley and soybean to heat stress and combined drought  (Rocheta et al., 2014). These results indicate that the distinct
and heat stress (Ashoub et al., 2015; Das et al,, 2016), but more  forms of metalloprotease FTSH may play an active role in
HSPs were identified in the present study, which supports our  protecting chloroplast from heat stress and combined drought
finding that maize is highly sensitive to heat at the eight-leaf stage.  and heat stress. Moreover, the expression of ABA stress ripening-
In this study, HSPs interacted strongly with other proteins or  related protein 2, ethylene-responsive protein, and ABA-, stress-
with HSPs under heat stress and combined stress. These results  and ripening-inducible-like protein was found to be significantly
are the first to demonstrate the similarity of HSP expression in  increased under all three stress conditions. These three proteins
the response of maize to heat stress and combined drought and  are all associated with leaf senescence and fruit ripening. In
heat stress, and reaffirm that HSPs are important in terms of plant  plants, leaf senescence promotes the transfer of nutrients to
responses to heat stress and combined drought and heat stress. developing and storage tissues. It has been reported that the
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FIGURE 6 | Pie charts showing the distribution of differentially expressed proteins based on their predicted molecular functions (A), biological process
(B), and cellular components (C), and the signaling pathways (D) related to differentially expressed proteins under drought stress. Under drought stress,
65 differentially expressed proteins were identified in this study and classified according to their known or predicted cellular localization using Blast2Go
(http://www.blast2go.com).

senescence and abscission of older leaves, and the subsequent  proteins in the ER disturbs ER homeostasis and thus brings about
transfer of nutrients, increases plant survival under drought and  ER stress. Misfolded proteins may bind to chaperone BiP and
heat stress (Munné-Bosch and Alegre, 2004; Lim et al.,, 2007).  be degraded through the proteasome (Perri et al., 2016). The
In addition, studies on transgenic tobacco have indicated that  protein disulfide isomerase (PDI) is an abundant oxidoreductase
delayed leaf senescence increases tobacco endurance to drought  in eukaryotic ER and catalyzes the folding of proteins (Gruber
stress (Rivero et al, 2007). Furthermore, studies have shown et al, 2006). HSPs may not only prevent the inappropriate
that ABA affects mango fruit ripening by regulating ethylene interaction of proteins and promote correct folding, but may also
changes (Zaharah et al., 2013), and promotes leaf senescence  play a significant role in the degradation pathways (Bozaykut
by enhancing ethylene production in submerged aquatic plants  etal., 2014).

(Jana and Choudhuri, 1982). Nevertheless, with regard to the In this study, the protein processing that occurred in
response of Arabidopsis to drought stress, the study by Zhaoetal. ~ ER was the most prominent pathway under the heat stress
(2016) found that ABA promotes leaf senescence in an ethylene-  and combined stress stimulus. In particular, we observed one

independent manner. However, further research is needed to  down-regulated PDI and 17 up-regulated HSPs (including
further prove whether ABA and ethylene can enhance maize 12 sHSPs) under the heat stress and combined stress. The
tolerance to drought, heat and combined stress conditions by  results suggest that the depression of PDI expression may

promoting leaf senescence. cause the accumulation of misfolded proteins in ER. Thus,
the expression of HSPs was significantly elevated in order to
Protein Processing in the ER eliminate misfolded proteins. It is important to uncover the role

The endoplasmic reticulum (ER) is an important organelle  of HSPs in protein turnover under heat stress and combined
responsible for proteostasis. The accumulation of misfolded  stress.
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Signal pathway related to identified proteins

Phosphatases and Kinases
The interplay between phosphatases and kinases strictly controls
many biological processes in plants (Johnson, 2009; Pjechova
et al., 2014). Brassinosteroids (BRs) regulate various aspects of
plant development (Yang et al., 2011). It is well-known that
BR and ABA exert an antagonistic effect on plant development.
BR signaling mutant bakl (BRII-associated receptor kinase 1)
has been found to lose more water than wild-type and to be
insensitive to ABA in stomatal closure, suggesting that BAK1 is
involved in stomatal closure induced by ABA (Shang et al., 2016).
Our own results showed that heat stress and combined stress
down-regulated the expression of brassinosteroid LRR receptor
kinase. So, we hypothesized that brassinosteroid LRR receptor
kinase may have a similar function to BAK1 under heat stress
and combined stress. Namely, in relation to the control plants,
the decrease in the level of BAK1 expression may have caused the
maize leaf to lose more water, which would be helpful in adapting
to the heat stress and combined stress conditions.

Plant glycogen synthase kinase-3 (GSK-3) belongs to a
multigene family that regulates various different physiological
responses (Saidi et al., 2012; Youn and Kim, 2015). It has
been reported that alfalfa MsK4 and Arabidopsis AtGSK1/ASK1
and ASKo promote enhanced salt tolerance (Piao et al,
2001; Kempa et al., 2007; Santo et al., 2012); However, rice
GSK1 has been shown to reduce salt tolerance (Koh et al.,
2007). The study by Youn and Kim (2015) revealed that
AtSK21/BIN2 and AtSK12 was critical in BR signaling. Our
own results indicated that these three stress conditions down-
regulated the expression of putative glycogen synthase kinase
family protein. However, in terms of the response of maize
response to drought, heat and combined stress conditions,
the role of GSKs in BR and ABA signaling needs further
investigation.

The expression of protein kinase Kelch repeat/Kelch was
elevated by the heat stress and combined drought and heat
stress. In rice, Kelch domain containing 10 has been shown
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Under combined drought and heat stress, 201 proteins were identified in this study and classified according to their known or predicted cellular localization, using the

membrane intrinsic proteins (PIPs) are primary channels that
mediate the transfer of water and other small molecules across

vacuolar and plasma membranes, and are associated with plant
tolerance to stress. In this study, drought stress and combined

stress up-regulated the expression of aquaporin PIP2-6. Other
results have shown that the over-expression of MzPIP2:1 in

Arabidopsis enhances plant tolerance to drought (Wang et al.,
2015). However, the over-expression of AtPIP1:2 in tobacco has
been found to reduce plant tolerance to drought (Aharon et al.,

Blast2Go (http://www.blast2go.com) program.

to be involved in oxidative stress-induced cell death (Sekine
et al, 2012), and OsFBK12 (an F-box protein containing
a Kelch repeat motif) regulated pleiotropic phenotypes and
leaf senescence (Chen et al., 2013). Purple acid phosphatase
(PAP) family members were involved in extensive aspects of
plant development, mineral homeostasis and stress responses
(Gonzalez-Mufioz et al., 2015). In Arabidopsis thaliana, the
elimination of AtPAP26 disturbed phosphorus remobilization
and delayed leaf senescence (Robinson et al., 2012). In the
current study, heat stress and combined stress down-regulated
PAP expression. However, the role of protein kinase Kelch repeat
and PAPs in maize endurance to heat stress and combined stress
drought, it is essential to regulate the homeostasis of intracellular
K*. KZM2 has a voltage-gated K* channel activity (Shabala
and Pottosin, 2014). The study by Biichsenschiitz et al. (2005)
found that KZM2 in maize epidermis was responsible for
stomatal opening. In the present study, both heat stress and
combined stress up-regulated the level of KZM2 expression.
Taken together, these results indicate that KZM2 enhances plant

2003).
K" is involved in many cellular processes, including enzyme
activation, protein synthesis, and osmotic regulation (Anschiitz
et al., 2014; Demidchik et al., 2014). In Arabidopsis responses to

remains to be elucidated.
Proteins Involved in K+, Sugar, and Water
Transport
Transporter proteins play important roles in maintaining turgor

pressure and regulating water potential, which is vital for plant

growth and survival in the stress response. For example, plasma
October 2016 | Volume 7 | Article 1471
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tolerance to heat stress and combined drought and heat stress
by regulating stomatal opening, which helps to release heat by
transpiration.

Under abiotic stress conditions, carbohydrates accumulate in
plant cells. In Arabidopsis leaves, the carrier protein SWEET17
is a major factor controlling fructose metabolism. The decrease
of SWEET17 expression by stress causes fructose to accumulate
in leaves (Chardon et al., 2013). SWEET16 is a vacuole-located
carrier involved in glucose, fructose, and sucrose transportation.
The over-expression of AtSWEET16 has been shown to modify
Arabidopsis tolerance to stress (Klemens et al., 2013). In this
study, sugar carrier protein C had a significant decrease under
these three stress conditions. Taken together, these results
indicate that the reduced expression of a sugar transporter may
facilitate the accumulation of sugar in leaves in order to increase
stress endurance.

CONCLUSIONS

Owing in part to climate change, food resources are being
challenged by drought, heat, and the combination of these
factors. Plants apply different mechanisms to adapt to combined
stresses than to adapt to a single stress. Among the drought, heat,
and combined drought and heat stress conditions, we found more
similar proteins between the heat stress and combined stress
conditions. HSPs, especially sHSPs, showed abundant expression
under the heat stress and combined stress, and were found
to play a role in extensive signaling pathways, suggesting that
HSPs play a crucial role in maize tolerance to heat stress and
combined stress. Even though similar signaling pathways were
found in response to the heat stress and combined stress, relative
to the drought stress and heat stress, the combined stress led
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