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The quantitative proteomic analysis provides insight into the effects

of drought stress in maize
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Abstract

Drought stress is one of the major environmental factors that limit maize yield in agriculture. However, few studies
have analyzed how proteins respond to different degrees of drought at the proteome level. In this study, physiological
characteristics and comparative tandem mass tag proteomics were used to analyze the responses of maize seedlings
to mild and severe drought stresses in pot experiments. A total of 104 and 464 proteins were differentially expressed
under mild and severe drought, respectively, but only 30 proteins were overlapped. Further Gene Ontology enrichment
analysis showed maize can adapt to mild drought by activating antioxidant system and photorespiration. Under severe
drought stress, photosystem and protein synthesis-related proteins were downregulated indicating severe drought
damaged the photosynthetic apparatus. The plant biomass under drought stress was also reduced sharply compared
to control. Taken together, our study provides insights into proteomic information of maize leaves under increasing

drought stress.
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Introduction

Drought stress is one of the detrimental environmental
factors that limit plant productivity in agriculture (Zhu
2016). Plantsensitivity to droughtis acomplex phenomenon
and depends on numerous factors, such as the growth stage
of the plant, duration, and severity of stress (Zhu 2002).
How plants adapt to adverse environments is a fundamental
biological question. Accumulating knowledge shows that
plants have evolved complex physiological and molecular
mechanisms to respond to drought (Zhou et al. 2015,
Habibi 2018). Under the condition of water deficiency,
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plants respond to drought stress by controlling leaf rolling,
stomatal aperture, and density at the morphological level.
Physiological traits, such as accumulation of compatible
solutes (e.g., glycine betaine and proline), enhancement
of antioxidant enzymatic systems (e.g., peroxidase and
superoxide dismutase), biosynthesis of wax, are generally
considered references alleviating oxidative damage
(Salehi-Lisar and Bakhshayeshan-Agdam 2016). At the
molecular level, the plant responds to drought stress by
modifying its mechanism and physiology, for example,
the induction of regulatory and functional genes, signal
transduction, and activation of transcriptional regulators
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e Maize can adapt to mild drought by activating antioxidant system and

photorespiration

e Severe drought damaged the photosynthetic apparatus and impaired the

growth of maize.
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(Anjum et al. 2011). However, knowledge about
comprehensive regulatory mechanisms of plant response
to drought stress is limited.

Recent rapid advances of high-throughput sequencing
technology have enabled analyzing the complex mecha-
nisms of plant response to stress at transcriptome and
proteome levels (Chen ef al. 2019, Dong et al. 2019).
For instance, transcriptomic analyses have been widely
used to identify differentially expressed genes in drought
conditions (Huang et al. 2014, Solis et al. 2016). However,
the transcript abundances usually do not correlate well
with protein abundance and physiological performance.
A proteomics approach is a powerful tool for global
characterization of protein dynamics. Because protein is
not only the implementer of gene encoding function but
also controls the metabolic process. Proteomics has been
successfully used to study drought stress responses in a
wide range of crops through the identification of regulated
proteins, including wheat (Triticum aestivum) (Cui et al.
2019), maize (Zea mays) (Jiang et al. 2019), soybean
(Glycine max) (Liu et al. 2018a), rice (Oryza sativa)
(Wu et al. 2019). These identified proteins are mainly
related to transcription, protein synthesis, folding and
degradation, stress and defense, photosynthesis, carbo-
hydrate and energy metabolism, signaling, cell structure
and cycle, membrane and transport, secondary meta-
bolism. Therefore, a better understanding of crop drought
tolerance, especially changes to the proteome under
prolonged water deficit, can provide new insights for the
analysis of complex mechanisms.

Maize as a widely cultivated food crop in the arid and
semiarid regions, such as Northwest China, is often affected
by moisture deficit or drought, particularly at the seedling
stage, thereby threatening germination and seedling
growth (Liu et al. 2018b). Analyzing the proteome profiles
of maize under various intensity drought stress conditions
will increase our understanding of the complex regulatory
network and response mechanisms to drought stress.
Thus far, most studies have mainly focused on problems
associated with cultivation, physiological characteristics,
genetics, and a single time point analysis of drought stress
(Jogaiah et al. 2013, Kim et al. 2015, Zheng et al. 2020).
Due to the technological limitations of two-dimensional
gel electrophoresis (2-DE) in proteomics, tandem mass
tag (TMT)-based proteomic analysis of maize leaves in
response to different drought stress still has rarely been
reported.

In the present study, we performed TMT-based com-
parative quantitative proteomics analysis to reveal the
changes in proteomic profiles of maize leaves under mild
and severe drought stress. Through bioinformatics analysis,
104 and 464 differentially expressed proteins (DEPs) were
identified in mild and severe drought, respectively. We also
characterized various physiological parameters, including
leaf gas exchange, plant biomass, and antioxidant activities
[superoxide dismutase (SOD), peroxidase (POD), catalase
(CAT), and ascorbate peroxidase (APX)]. Then, the qRT-
PCR results were used to validate the expression changes
in proteins. This result can enhance our understanding of
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the molecular basis of drought tolerance and would be
used for a future breeding program in maize.

Materials and methods

Plant materials and drought treatments: The maize
(Zea mays L.) hybrid Shaanke 9 was used as plant material.
Uniformly germinated seeds were directly sown into plastic
pots (26 cm diameter x 38 cm high) filled with 18 kg of
air-dried soil, composed of 1.62% organic matter and
0.064% total nitrogen. The seedlings were grown in a
greenhouse with a day/night temperature of 26/18°C,
relative humidity of 60%, and natural light at Northwest
A&F University, Yangling (34°283'N, 108°067'E), China.
All plants were well-watered each day before the experi-
ments began. At the sixth leaf stage, three drought stress
treatments were imposed on the plants: (/) well-watered
control treatment (CK): plants were watered every day to
maintain soil water content (SWC) between 90 and 100%;
(2) mild-drought stress (MS): plants were irrigated to the
extent of 60—70% of soil water content; (3) severe-drought
stress (SS): plants were irrigated to the extent of 35-45%
of soil water content. The second topmost fully expanded
leaves from plants were sampled in each biological sample,
immediately frozen in liquid nitrogen, and stored at —80°C
until analysis. Three biological replicates were set for each
treatment.

Physiological parameters: The net photosynthetic rate
(P~), stomatal conductance (gs), and intercellular CO,
concentration (C;) of the upper second fully expanded
leaves at the sixth leaf stage were determined using L/-Cor
6400 portable gas-exchange system (L/-COR, Huntington
Beach, CA, USA). Measurements were carried out between
9:00 and 11:00 h under CO, concentration of 400 umol
mol !, the PAR of 1,000 umol(photon) m2 s™!, and the leaf
temperature of 24 + 1°C. Plant biomass production was
measured after oven-drying samples at 70°C for 72 h until
a constant mass was achieved and used three biological
replicates as the dry mass of the whole plants.

Antioxidant activities of the upper second fully
expanded leaves at the sixth leaf stage were measured,
including the activities of superoxide dismutase (SOD,
EC 1.15.1.1), peroxidase (POD, EC 1.11.1.7) (Luo and
Huang 2012), catalase (CAT, EC 1.11.1.6), and ascorbate
peroxidase (APX, EC 1.11.1.11). The measurement of
APX activity was determined as described by Nakano and
Asada (1981). CAT activity was performed as described
by Siminis et al. (1994).

Protein extraction and trypsin digestion: The extraction
of all sample proteins was performed based on the methods
of Guo et al. (2017) with a slight modification. Briefly,
samples were first ground in liquid nitrogen, then the
tissue powder was transferred to a 5-mL centrifuge tube
and sonicated three times on ice using a high-intensity
ultrasonic processor (Scientz) in lysis buffer (8 M urea,
1% Triton X-100, 10 mM dithiothreitol, and 1% protease
inhibitor cocktail). The remaining debris was removed by
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centrifugation at 12,000 x g at 4°C for 10 min. Finally,
the supernatant was collected and the protein concertation
was determined with BCA kit (Beyotime Biotechnology,
Shanghai, China) according to the manufacturer's instruc-
tions.

For protein digestion, the protein solution was reduced
with 5 mM dithiothreitol for 30 min at 56°C and alkylated
with 11 mM iodoacetamide for 15 min at room temperature
in darkness. After that, the protein sample was diluted by
adding 100 mM TEAB to urea concentration lesser than
2 M. Lastly, trypsin was added at 1:50 trypsin-to-protein
mass ration for the first digestion overnight and 1:100
trypsin-to-protein mass ratio for a second 4 h-digestion.

TMT labeling and HPLC fractionation: After trypsin
digestion, the peptide was desalted by Strata X C18 SPE
column (Phenomenex) and vacuum dried. The peptide was
reconstituted in 0.5 M TEAB and processed according
to the manufacture's protocol for the ten-plex TMT kit
(Thermo Fisher Scientific, Waltham, MA, USA). Then
the sample was fractionated as previously described (Guo
etal 2017).

LC-MS/MS analysis and protein identification: Peptides
were dissolved in 0.1% formic acid (solvent A) and loaded
directly onto a reversed-phase analytical column (15 cm
length, 75 pum inner diameter). The gradient included
an increase from 6 to 23% solvent B (0.1% formic acid
in 98% acetonitrile) over 26 min, 23 to 35% in 8 min,
climbing to 80% in 3 min, and then holding at 80% for
the last 3 min, all at a constant flow rate of 400 nL per
min on an EASY-nLC 1000 UPLC system (Thermo Fisher
Scientific, Waltham, MA, USA). The LC-MS/MS analysis
was performed according to previously described protocols
(Guo et al. 2019).

The resulting MS/MS data were processed using
the MaxQuant search engine (version 1.5.2.8.). Search
parameter settings: tandem mass spectra were searched
against the Uniprot Zeamays database (99,368 sequences)
concatenated with a reverse decoy database to calculate
the false positive rate (FDR). Besides, a common conta-
mination library was added to the database to eliminate
the effect of contaminating proteins in the identification
results. Trypsin/P was specified as the cleavage enzyme
allowing up to two missing cleavages. A mass error
was set as 20 ppm in the first search and 5 ppm in the
main search for precursor ions and 0.02 Da for fragment
ions. Carbamidomethyl on Cys was specified as fixed
modification and oxidation on Met was specified as
variable modification. FDR was adjusted to < 1% and the
minimum score for peptides was set > 40.

Bioinformatics methods: Bioinformatic analysis was
performed according to previously described protocols
(Guo et al. 2019). Proteins were classified by Gene
Ontology annotation (http://geneontology.org/) based on
three categories: biological process, molecular function,
and cellular component. KEGG database (https:/www.
genome.jp/kegg/) was used to identify enriched pathways.
These pathways were classified into hierarchical categories

according to the KEGG website. All the enrichments were
calculated using a two-tailed Fisher's exact test, and the
GO terms and pathways with a p-value less than 0.05
were considered significant. The further enrichment-based
clustering analysis method was detailed in Guo ez a/. (2019).
Then, we used Wolfpsort (http://www.genscript.com/psort/
wolf psort.html) to predict subcellular localization.

RNA extraction and quantitative real-time PCR: The
samples from the control and the drought stress treatment
were selected for quantitative real-time PCR (qRT-PCR)
using SYBR Green I (Bio-Rad) and a CFX96 real-time
PCR detection system (Bio-Rad, Hercules, USA). Specific
primer sequences for real-time PCR were designed using
Primer-BLAST (GenBank, NCBI). For PCR, a preliminary
denaturation step at 95°C for 15 min and 40 cycles of
95°C for 10 s, 60°C for 20 s, and 72°C for 30 s. Melting
curve analysis was performed to confirm the specificity
of the PCR amplification. The results were calculated
using the 24T method (Adnan er al. 2011). Three
biological replicates were performed, and gene (gene
ID: GRMZM2G046804) was used as an internal control
(Table 1S, supplement).

Results

Photosynthesis and antioxidant enzyme activities: Under
mild-drought stress conditions, the plants showed reduc-
tions in Py, g, and C; compared to control plants (Fig. 1).
The decline of the Py and g accelerated at the late stage
of drought exposure but C; increased under severe drought
stress. The plant biomass decreased significantly with the
increasing degree of drought stress.

As shown in Fig. 2, the SOD, POD, and CAT activity
increased under mild drought stress conditions and then
decreased under severe drought conditions. However,
APX activity gradually increased with the progress of
drought stress. These results suggest that the activation of
the antioxidative system may correlate with the degree of
drought stress.

Identification of expressed and differentially expressed
proteins (DEPs): In this study, TMT labeling and HPLC
fractionation were implemented, followed by high-
resolution LC-MS/MS analysis and quantitative global
proteome analysis. Through MaxQuant software, 80,555
spectra were matched with known spectra, corresponding
to 30,496 unique peptides and 6,944 proteins. In total,
5,601 identified proteins were quantified in maize leaves.
Comparative proteomic analysis was used to investigate
the changes of protein profiles in leaves of Shaanke 9
under mild-drought and severe-drought stress conditions.
A pairwise comparison of before and after treatments
(mild stress, MS; severe stress, SS; and control, CK) was
performed in Shaanke 9. DEPs were defined as proteins
by using a 1.3-fold change and a p-value of less than
0.05 as cut-offs for significant differential expression.
As shown in Fig. 34, we found 104 DEPs between the
mild-drought and control (MS/CK). Of these DEPs,
34 were upregulated whilst 70 were downregulated.
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Fig. 1. Physiological parameters in maize
leaves subjected to well-watered (CK),
mild-drought (MS), and severe-drought (SS)
stress conditions. (4) Net photosynthetic
rate (Px), (B) stomatal conductance (g),
(C) substomatal CO, concentration (C;), (D)
plant biomass. All data represent means =+
standard errors of three replicates. Values
with different letters indicate significant
difference at p<0.05 level between treatments
according to Duncan's multiple range test.

Fig. 2. Antioxidant enzyme activities in
maize leaves under well-watered (CK),
mild-drought (MS), and severe-drought (SS)
stress conditions. (4) Superoxide dismutase
(SOD), (B) peroxidase (POD), (C) catalase
(CAT), (D) ascorbate peroxidase (APX)
enzyme activity. All data represent means +
standard errors of three replicates. Values
with different letters indicate significant
difference at p<0.05 level between treatments
according to Duncan's multiple range test.

464 DEPs were observed between severe drought and and 293 were downregulated. In the severe-drought
control (SS/CK). Of these DEPs, 171 were upregulated plants compared to the mild-drought group, we found
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that 252 DEPs of the 589 different expressed proteins
were upregulated and 337 were downregulated. The
number of downregulated proteins was higher than those
of upregulated proteins. These data indicate that many
more severe-drought proteins compared to mild-drought
proteins were diversely expressed in response to drought.
The Venn diagram shows up- and downregulated proteins

Fig. 3. (4) The number of the differentially expressed proteins
in maize leaves under well-watered (control, CK), mild-
drought (MS), and severe-drought (SS) stress conditions.
(B) Venn diagrams of upregulated differentially expressed
proteins. (C) Venn diagrams of downregulated differentially
expressed proteins.

in comparison to mild drought, severe drought, and
control, respectively (Fig. 3B,C). From the overview of
DEPs in the Venn diagram, only two downregulated DEPs
overlapped in all three comparison groups.

GO functional enrichment analysis of DEPs: The sub-
cellular localization analysis (Fig. 4) showed that these
proteins were mainly localized in the chloroplasts,
implying the importance of chloroplast stress response.
Furthermore, GO enrichment analysis was performed to
reveal the function and the features of the DEPs using

Fig. 4. Subcellular localization of proteins in maize leaves under
drought stress.

Fig. 5. Bubble plot of significantly enriched Gene Ontology (GO) terms in the severe drought stress vs. control comparative datasets.
The y-axis indicates the significance of the term (—log;o[FDR]) and the x-axis indicates significant protein numbers. Bubbles indicate the
GO terms, with blue indicating upregulated proteins, red indicating downregulated proteins. The bubble size indicates the expression
of the proteins in the GO terms {[abs (log.fold change)] % 2}. The GO descriptions on the right are listed from the highest to the lowest

significance of enrichment.
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biological process (BP) ontologies. BP analysis in SS/CK
comparison group showed that the top three processes of
upregulated proteins were response to heat, response to
temperature stimulus, and cellular response to heat (Fig. 5),
reflecting the complex nature and a degree of overlap
between abiotic stress responses, while the downregulated
proteins were mainly in ribosomal small subunit assembly,
porphyrin-containing compound metabolic as well as a
porphyrin-containing compound biosynthetic process. Our
results may further suggest that the biological mechanisms
of maize leaves mobilized in response to different degrees
of water deficits are diverse.

KEGG pathway enrichment of DEPs: To further inves-
tigate the pathways the identified proteins are involved in,
the KEGG pathways of the DEPs were performed using a
p-value of less than 0.05 as the cut-off. We observed that
the upregulated protein was considerably enriched in only
one pathway (peroxisome) in the MS/CK comparison.
However, the composition of the enriched KEGG
pathways in the SS/CK comparison differed significantly,
with porphyrin and chlorophyll metabolism, ribosome, and
protein processing in the endoplasmic reticulum being the
topmost enriched pathways (Fig. 6). These results show
that more pathways were observed under severe drought
stress.

Quantitative RT-PCR analysis: To verify the reality of
our TMT sequencing data, 11 differential proteins were
selected from the varying degrees of drought-responsive
DEPs (Fig. 7). Ofthese 11 proteins, six proteins [superoxide
dismutase (Cu-Zn) 4A (P23345), catalase (K7UGM3),
asparagine synthetase (AOA1D6JZD6), zeaxanthin epoxi-
dase (AOA1DG6J7PS), oxygen-evolving enhancer protein
2-1 (AOA1D6F9C2), natterin-4 (B4FHK4)] coincided
well with their corresponding coding genes (Fig. 74—F).
However, the transcript expression levels of other genes
were different from the relative protein levels (Fig. 7G—K),
which may be due to a time delay between mRNA
and proteins or posttranscriptional and transcriptional
regulatory mechanisms. Overall, most of the qRT-PCR

results confirmed our findings based on TMT sequencing
data, as well as the expression patterns between transcript
levels and corresponding protein abundance are often
complex. Taken together, the overview of the metabolic
processes under different drought stresses in maize leaves
was shown in Fig. 8.

Discussion

Physiological responses to increasing drought stress:
Many studies have observed that a drought-induced
decrease in photosynthesis can be attributed to both stomatal
and nonstomatal limitations (Shangguan et al. 1999). In
our results, mild drought caused Py, g, and C; decrease
proving the limitation of CO, absorption which is the main
factor leading to a decreased photosynthetic activity. Upon
severe drought stress, nonstomatal limitations may explain
the increase in C; and the reductions of Py. Further, the
reduction in plant biomass indicates that drought stress
inhibited the growth of maize seedlings.

Plants can activate the enzymatic antioxidant system,
which operates with the sequential and simultaneous
action of several enzymes including SOD, POD, CAT,
and APX (Hegediis et al. 2001). Our results demonstrated
that antioxidant enzyme activities changed under different
degrees of drought stress. The increase of SOD, POD, and
CAT under mild drought stress shows that these enzymes
constitute the first line of cell protection from oxidative
damage. However, the activities of the above-mentioned
antioxidants were decreased and APX served as an
antioxidative defense system under severe drought stress,
consistent with previous findings in Pteroceltis tatarinowii
(Liu et al. 2011).

Proteins involved in antioxidant system under mild
drought stress: The abundances of defense response
proteins changed under drought stress. Redox balance
plays an important role in protecting plants from drought-
induced oxidative stress that is essential for stress
adaptation (Chaves and Oliveira 2004). In our study,
biosynthesis-related proteins of antioxidant enzymes

Fig. 6. The bar plot showing the enrichments
scores (—logio [P.adjust]) of the significant
enrichments KEGG pathways under severe
drought stress vs. control conditions.
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Fig. 7. Analysis of proteomic results by quantitative real-time PCR (qQRT-PCR). The bars represent fold change of mRNA and protein
abundances in maize leaves under well-watered (CK), mild-drought (MS), and severe-drought (SS) stress conditions, respectively.

including SOD, POD, GST, APX, and CAT were
upregulated in maize leaves under mild drought conditions
(Table 2S, supplement), suggesting that mild drought
induces the antioxidant defense system to scavenge ROS
and decrease oxidative damage in maize seedling leaves,
possibly providing a favorable environment for growth and
development processes. This is consistent with the results

of SOD, POD, and CAT. A previous study (Kushwaha
et al. 2009) observed that all the cystathionine f-synthase
(CBS) domain-containing proteins were upregulated under
drought stress and might play an important role in stress
response/tolerance of Arabidopsis under various stress
conditions. Our results found the cystathionine f-synthase
(CBS) domain-containing protein showed a significant
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Fig. 8. Drought stress-induced metabolic changes in maize seedling leaves. NF-YB8 — nuclear transcription factor Y subunit B-8;
PTAC7 — protein PLASTID TRANSCRIPTIONALLY ACTIVE 7; GLO4 — peroxisomal (S)-2-hydroxy-acid oxidase GLO4;
Cu/Zn-SOD - superoxide dismutase [Cu-Zn] 4A; CAT — catalase/hydrogen peroxidase; POD — peroxidase; GST25 — glutathione
transferase25; APX — APxl-cytosolic ascorbate peroxidase; GSTS — glutathione transferaseS; Trx — thioredoxin family protein;
HEMA - glutamyl-tRNA reductase; HEMB — delta-aminolevulinic acid dehydratase; HEMC — porphobilinogen deaminase; HEME —
uroporphyrinogen decarboxylase; CHLD — magnesium-chelatase subunit ChlH, chloroplastic; DVR — divinyl reductase; PSA2 —
protein PHOTOSYSTEM I ASSEMBLY 2; PSI-D — photosystem I subunit D1; PsbP — PsbP domain-containing protein 5, chloroplastic;
LPA1 — protein LOW PSII ACCUMULATION 1, chloroplastic; OEC2-1 — oxygen-evolving enhancer protein 2-1, chloroplastic;
PPDK - pyruvate, phosphate dikinase; RuBisCO AF — Rubisco accumulation factor2; FBA — fructose-bisphosphate aldolase;
HSP82 — heat shock protein 82; HSP70 — heat shock protein 70; HSP18 — heat shock protein 18; sHSP — small heat shock protein;
EF-2 — elongation factor 2; 60S-RP — 60S ribosomal protein L27; 40S-RP — 40S ribosomal protein S12; 50S-RP — 50S ribosomal protein
L32, chloroplastic. The upregulated proteins are marked and the downregulated are marked under mild- and severe drought stress,

respectively.

increase and then decreased sharply with the duration of
dehydration, this may be the result of biological processes
regulating in response to varying degrees of drought stress.

Proteins involved in photorespiration under mild
drought stress: It is well known that photosynthesis
is protected from photoinhibition by photorespiration.
Under water-deficit conditions, the decrease of stomatal
conductance reduces the content of intercellular CO, in
leaves, thereby promoting an increase in photorespiration.
Besides, the photosynthetic electron transport chain is a
major source of ROS in plant cells, and the process of
photorespiration helps minimize ROS production by
dissipating excess reducing equivalents as well as energy
(Voss et al. 2013). Glycolate oxidase (GLO) is a key
enzyme in photorespiratory metabolism, which catalyzes
the oxidation of glycolate to acetaldehyde and produces
H,O0, (Zhang et al. 2012). The upregulated expression
of glycolate oxidase GLO, in our results (Table 2S)
indicates that photorespiration acts as an important energy
dissipation pathway for protection of the photosynthetic
apparatus from photodamage during mild drought
stress, while the GLO, was downregulated under severe

drought conditions. In response to mild drought stress,
increased photorespiration should be enough to dissipate
excess light as photosynthesis decreases. Under severe
drought conditions, however, photorespiration reduced
possibly due to the decrease of ribulose-1,5-bisphosphate
availability and/or Rubisco activity (Flexas and Medrano
2002).

Proteins involved in other biological processes under
mild drought stress: Transcription factors (TFs) play a
major role in gene regulation under drought stress. Our
findings verified that nuclear transcription factor Y subunit
B-8 (NF-YBS) and protein plastid transcriptionally active
7 (PTAC7) were upregulated in response to mild-drought
stress (Table 2S). NF-Y is a ubiquitous transcription
factor and overexpression of NF-YB3 in wheat increases
chlorophyll content and rate of photosynthesis under
normal conditions (Stephenson et al. 2011). Research
indicates that PTAC7 is involved in the function of
regulating chloroplast gene expression (Pfalz ez al. 2006).
Upregulation of these two transcription factors might be
a potent tool for studying the mechanism of mild drought
stress. Besides, the abundances of the unknown functional
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protein natterin-4 were enhanced in stressed leaves. Similar
proteomic results showed that the abundance of natterin-4
was enhanced in maize leaves under polyethylene glycol
(PEG)-stimulated water deficiency (Shao er al. 2015).
These consistent results indicate that natterin-4 responds
to water deficiency.

Proteins involved in protein metabolism under severe
drought stress: The abundances of transcription-related
proteins, ribosomal proteins, protein chaperones, and
proteases were all changed under severe drought stress
(Table 3S, supplement). G2-like transcription factor helps
coregulate and synchronize the expression of a suite of
nucleus photosynthetic genes and thus acts to optimize
photosynthetic capacity under varying environmental
and developmental conditions (Waters et al. 2009). The
upregulation of the G2-like transcription factor in our
results suggested this gene might play vital roles in the
stress response. Three upregulated proteins functioning
in protein biosynthesis included eukaryotic translation
initiation factor 4F (e[F-4F), putative translation elongation
factor, and 40S ribosomal protein S7, which are directly
involved in the initiation and elongation of the newly
growing peptide chains. The other identified proteins,
such as elF-3D, elF-5C, and most ribosome proteins, were
downregulated under severe drought stress. Similar results
were found in H,O,-treated rice seedling leaves (Wan and
Liu 2008). Remarkably, the opposite change patterns of
ribosomal proteins may implicate their different roles
in the drought-treated maize leaves. Moreover, most
ribosomal proteins are remarkably decreased suggesting
that protein biosynthesis may be inhibited under severe
stress conditions. Besides, most heat shock proteins
(HSPs) including HSP70 family, HSP90 family, and
the small HSP family increased under severe drought
stress. Although each family of these HSPs has a unique
mechanism (Al-Whaibi 2011), major HSPs have some
kind of related roles in solving the problem of misfolding
and aggregation, as well as a role as chaperones. These
data suggest that maintaining correct protein folding is
important for leaves to cope with severe drought stress.
Serine carboxypeptidase generally plays a role in protein/
peptide processing and degradation. For the ubiquitin/26S
proteasome system, E3 ubiquitin ligases were positively
related to plant drought stress (Bae et al. 2011). Thus,
the upregulation of these proteins indicates that protein
degradation is enhanced in severe drought-treated maize
seedling leaves. However, some downregulated proteins
associated with proteases may occur due to increased
sensitivity of leaves to severe drought stress. Taken
together, the regulated expression response patterns of
all the proteins mirror the fact that the inhibition of novel
protein biosynthesis and the enhancement of protein
folding as well as protein degradation are required for the
survival and growth of maize plant under severe drought
stress.

Proteins involved in photosynthesis and chlorophyll
metabolism under severe drought stress: Photosynthesis
can normally be divided into two processes: the light

reaction and the carbon fixation reaction. Serious
drought stress decreased six DEPs which were involved
in photoreaction, i.e., protein PSI assembly 2, PSI
subunit D1, PSI reaction center subunit V, PsbP domain-
containing protein 5 (PPDS), protein curvature thylakoid
1B, and chlorophyll a/b binding protein (Table 3S).
The decrease of PSl-related DEPs showed that severe
drought stress injured PSI protein quantity and integrity.
PSIT subunit P (PsbP) protein is part of the oxygen-
evolution complex (OEC) of PSII and stabilizes Mn
clusters to ensure the normal function and high efficiency
of PSII (Ifuku et al. 2005). Reduced levels of the
OEC-related protein PsbP are associated with reduced
photosynthetic capacity. LOW PSII ACCUMULATION 1
is engaged in the efficient assembly of the PSII
complex (Peng et al. 2006). Expression of LOW PSII
ACCUMULATION 1 increased under severe drought
stress which may be due to the damage of PSII. Whereas,
the increase of oxygen-evolving enhancer protein 2-1
(a component of the OEC complex) located in PSII also
suggested that more oxygen is produced to enhance the
stability of PSII under severe drought conditions. The
chlorophyll a/b binding protein is a member of the light-
harvesting complex (LHC) that captures external energy
and transmits it to the photosystem for photosynthesis.
These results implied that severe drought stress inhibited
light harvesting and electron transfers due to PSII structural
damages. The abundance of proteins involved in the Calvin
cycle, including pyruvate, phosphate dikinase (PPDK),
Rubisco accumulation factor 2, and fructose-bisphosphate
aldolase (chloroplast-localized enzyme), decreased. All
these enzymes play crucial roles in the Calvin cycle of Cy4
plants. Besides, the decrease in these enzymes indicates
that severe drought leads to reduced CO, fixation capacity
and photosynthetic capacity. Two proteins associated
with carotenoid biosynthesis were identified in our study.
We found the upregulation of lycopene beta/epsilon
cyclase protein and zeaxanthin epoxidase under severe
drought conditions, which implied that carotenoids could
protect plants from oxidative damage caused by drought.
Meanwhile, the xanthophyll-circulating substances are
the synthetic precursors of the key hormone abscisic acid
(ABA).

Chlorophyll (Chl) plays a vital role in the process of
light harvesting and energy transduction in photosynthesis
(Tripathy and Pattanayak 2012). Also, Chl is required for
the correct folding, assembly, and insertion into thylakoid
membranes of photosynthetic proteins (Kim ez al. 1994).
The most enrichment pathways in biological processes
and KEGG pathways related to severe drought stress in
maize seedlings were porphyrin and Chl metabolism in the
current study. The expression of eleven genes related to the
Chl biosynthesis pathway was changed (Table 3S). Most
Chl biosynthetic proteins decreased after severe drought
indicating that Chl biosynthesis was inhibited in drought-
stressed leaves. Chl loss is a negative consequence of
stress, disrupting the structure and function of chloroplast.
On the other hand, Chl loss reduces the amount of light
absorption by leaves and also reduces the possibility of
the formation of activated oxygen to further destroy the
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photosynthetic machinery (Munné-Bosch and Alegre
2000). These findings suggested that the synthesis of Chl
was reduced under severe drought conditions.

In addition to photosynthesis-related proteins, the
abundance of proteins related to carbohydrate and energy
metabolism also changed. This includes six proteins
involved in glycolysis and the TCA cycle, such as pyru-
vate kinase, glycerolphosphate mutase, ATP-dependent
6-phosphofructokinase, and isocitrate dehydrogenase
[NAD] regulatory subunit 3. Two necessary proteins
related to the pentose phosphate pathway (PPP) increased,
including glucose-6-phosphate-1-dehydrogenase, and
pyrophosphate-fructose 6-phosphate 1-phosphotransferase
subunit beta. Another upregulated protein involved in the
mitochondrial electron transport chain was cytochrome
bcl complex subunit 7. The increase of TCA and PPP may
provide energy during the activation of stress defenses,
especially when the photosynthesis was inhibited. Their
changes imply that plants may have the ability to enhance
energy production to inhibit drought damage.

Proteins involved in other biological processes under
severe drought stress: Large number of signal trans-
duction-related proteins were identified to be differentially
expressed in the drought-stressed leaves (Table 3S). These
proteins mainly comprise protein kinase, G protein, Ca*"
signaling, and ABA-responsive, and stress ripening-
induced proteins. Besides, other hormonal signals, such as
ethylene and cytokinins, were also changed under severe
drought stress. Our results indicated that most protein
kinases (e.g., mitogen-activated protein kinase and SNF1-
related protein kinase) and MAPK signaling proteins
were upregulated, especially the Ras-related protein
RABDI, which increased 2.415-fold. Meanwhile, drought
also induced significant upregulation of phytohormone
ethylene (ERF) and ABA-related proteins, but the proteins
involved in cytokinin biosynthesis showed the opposite
expression. Thus, we can speculate that signaling pathways
are interconnected to constitute the networks that lead to
various plant responses under severe drought stress. The
specific signal perception and conduction pathways need
further study. Furthermore, the cytoskeleton-related protein
tubulin beta-1 chain, which is an essential component of
the microtubules, decreased in response to severe drought
stress. The decrease of the cytoskeleton proteins showed
that cell growth is suppressed during severe drought stress.

Conclusions: Combined with physiology, proteomics, and
gene expression data, our results demonstrate that activated
enzymic antioxidants and photorespiration are important
adaptive responses under mild drought stress, while severe
drought damaged photosynthesis and the equilibrium of
protein metabolism in maize leaves. It is expected that
further desiccation would result in irreversible damage
to maize. Furthermore, our results have shown that
divergent antioxidative systems exist between mild and
severe drought stress. Our findings depict a panoramic
view of the adaptation and response processes occurring
in the drought-treated maize seedling leaves. Based on
our findings, we proposed a molecular model during
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increasing drought stress in maize seedling leaves (Fig. 8).
Clear interpretation of these identified proteins in plant
drought response needs to be further investigated.
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