Research

X Author’s Choice

© 2014 by The American Society for Biochemistry and Molecular Biology, Inc.
This paper is available on line at http://www.mcponline.org

Proteome and Phosphoproteome
Characterization Reveals New Response
and Defense Mechanisms of Brachypodium
distachyon Leaves under Salt Stress*s

Dong-Wen Lvi, Saminathan Subburajt, Min Caot, Xing Yang, Xiaohui Lit,
Rudi Appels§, Dong-Fa Sunf], Wujun Ma§|, and Yue-Ming Yang||

Salinity is a major abiotic stress affecting plant growth
and development. Understanding the molecular mecha-
nisms of salt response and defense in plants will help in
efforts to improve the salt tolerance of crops. Brachypo-
dium distachyon is a new model plant for wheat, barley,
and several potential biofuel grasses. In the current study,
proteome and phosphoproteome changes induced by salt
stress were the focus. The Bd21 leaves were initially
treated with salt in concentrations ranging from 80 to 320
mwm and then underwent a recovery process prior to pro-
teome analysis. A total of 80 differentially expressed pro-
tein spots corresponding to 60 unique proteins were iden-
tified. The sample treated with a median salt level of 240
mm and the control were selected for phosphopeptide
purification using TiO, microcolumns and LC-MS/MS for
phosphoproteome analysis to identify the phosphoryla-
tion sites and phosphoproteins. A total of 1509 phospho-
proteins and 2839 phosphorylation sites were identified.
Among them, 468 phosphoproteins containing 496 phos-
phorylation sites demonstrated significant changes at the
phosphorylation level. Nine phosphorylation motifs were
extracted from the 496 phosphorylation sites. Of the 60
unique differentially expressed proteins, 14 were also
identified as phosphoproteins. Many proteins and phos-
phoproteins, as well as potential signal pathways associ-
ated with salt response and defense, were found, includ-
ing three 14-3-3s (GF14A, GF14B, and 14-3-3A) for signal
transduction and several ABA signal-associated proteins
such as ABF2, TRAB1, and SAPKS. Finally, a schematic
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Soil salinity is one of the severest problems in irrigated
agriculture worldwide. Salt stress reduces the average yield of
the major crops and severely limits agricultural production.
Sustainable and equitable global food security is largely de-
pendent on the development of crops with high salt tolerance.
In addition, improved salt tolerance of perennial crop species
used for fodder or fuel production has also become a key
component in reducing the spread of secondary salinity in
many regions of the world (1).

Under salt stress, the plant cells perceive salt stress signals
and then regulate the transcription and translation of intracel-
lular genes associated with stress response through signal
transduction, which lead to a series of physiological and
biochemical responses in the plant (2). Salt stress can be
divided into osmotic stress, ion damage, and ion imbalance
(or nutritional deficiency). Osmotic stress and ion damage are
considered to be two main processes harmful to plants (3).
The salt-stress-induced proteins can be divided into two cat-
egories: functional proteins and regulatory proteins (4). In
recent years, proteomic approaches have been widely used
to study the molecular mechanisms of plant salt response
(5-9). However, little has been done to further understanding
of the phosphoproteome dynamics and the comparison be-
tween proteome and phosphoproteome changes under salt
stress. Experimental strategies combining different levels of
salt treatments with a recovery step have seldom been
adopted to investigate the proteomes.

Brachypodium distachyon L., a member of the Pooideae
subfamily and a temperate wild annual grass endemic to the
Mediterranean and the Middle East (10), has evolved rapidly
as a model plant system, especially for economically impor-
tant crops such as wheat, barley, and several potential biofuel
grasses such as switchgrass. It possesses many attractive
attributes such as a small diploid genome of 272 Mbp, a short
growth cycle, self-fertility, and simple growth requirements (11),
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as well as competence to be efficiently transformed (12). Re-
cently, genome sequencing and annotation of B. distachyon 21
(Bd21)" was completed (10), making functional proteomic study
of B. distachyon feasible. Comprehensive proteomic study an-
alyzing both the proteome and the phosphoproteome of B.
distachyon under salt stress and recovery will lead to in-depth
knowledge about how cereal plants cope with salt stress.

It is known that protein post-translational modifications
(PTMs) are closely related to plant growth, development, and
resistance to various biotic and abiotic stresses. Protein
phosphorylation is one of the most common and important
modifications. A considerable amount of work has revealed
that protein phosphorylation is involved in the regulation of
diverse processes including metabolism, transcription/trans-
lation, protein degradation, homeostasis, cellular communi-
cation/signaling, proliferation, differentiation, and cell survival
(13). In recent years, various techniques have been developed
for the specific enrichment of phosphopeptides, such as im-
mobilized metal affinity chromatography (14, 15) and TiO,
metal oxide affinity chromatography (16, 17). The metal oxide
affinity chromatography procedures use a modified buffer
containing a saturated solution of organic acids, such as
glycolic acid or lactic acid, to decrease the nonspecific bind-
ing of acidic peptides (18, 19). TiO, metal oxide affinity
chromatography has been found to be more effective than
immobilized metal affinity chromatography in the specific en-
richment of phosphopeptides (18, 20).

In the current study, for the first time, we conducted a
comprehensive proteome analysis on Bd21 leaves under
various levels of salt stress plus a recovery step. Phospho-
proteome characterization subject to salt stress was also
conducted. A suite of technologies including TiO, metal oxide
affinity chromatography, MALDI-TOF-MS/MS, and LC-
MS/MS was used. Large-scale bioinformatic analyses includ-
ing gene ontology (GO) enrichment, KEGG pathway analysis,
phosphorylation motif enrichment, and protein—protein inter-
action analysis were conducted. Our results provide new in-
sights into the mechanisms of salt response in plants.

EXPERIMENTAL PROCEDURES

Plant Material and NaCl Treatments—Seeds of Bd21 were kindly
provided by Dr. John Vogel from the U.S. Department of Agriculture
Agricultural Research Service. The Bd21 seeds were surface steril-
ized by 5% sodium hypochlorite for 5 min and rinsed four times in
sterile distilled water. Seeds were submerged in water for 12 h at

" The abbreviations used are: Bd21, Brachypodium distachyon 21;
PTM, post-translational modification; GO, gene ontology; KEGG,
Kyoto Encyclopedia of Genes and Genomes; RWC, relative water
content; DEP, differentially expressed protein; ACN, acetonitrile; FDR,
false discovery rate; PPI, protein—protein interaction; 2-DE, two-di-
mensional gel electrophoresis; PLSC, phosphorylation level signifi-
cantly changed; ABA, abscisic acid; CK-Il, casein kinase-ll; KOG,
eukaryotic orthologous group; 14-3-3A, 14-3-3-like protein A; GF14,
14-3-3-like protein GF14; ROS, reactive oxygen species; THOC, THO
complex; 1QD, IQ-domain.

room temperature and then transferred to wet filter paper to germi-
nate at room temperature (22 °C to 25 °C) for 24 h. The uniformly
germinated seeds were selected to grow in plastic pots containing
Hoagland solution that was changed every 2 days. At the three-leaf
stage, the seedlings were treated with NaCl at five different concen-
trations, 0 mm, 80 mm, 160 mm, 240 mm, and 320 mm. For each
concentration, three biological replicates were conducted. After 48 h
of treatment, half of the seedling leaves were harvested for analyses.
Some of the sampled leaves were used to measure the relative water
content (RWC) and chlorophyll content immediately after sampling,
and the remaining leaves were kept frozen at —80 °C for later use.
After the stress treatment, the seedlings were transferred to Hoagland
solution without NaCl to recover for 48 h. After recovery, leaves were
collected and analyzed as above.

Measurement of Leaf RWC and Chlorophyll Content—Leaf RWC
was measured immediately after sampling according to the method
outlined by Gao et al. (21). RWC was calculated using the following
formula: RWC = (FW — DW)/(TW — DW) X 100, where FW represents
the weight of freshly collected material, TW represents the weight
after rehydration for 24 h at 4 °C in the dark, and DW represents the
weight after drying in an oven at 60 °C for 48 h. The final leaf RWC
was the mean value taken from four individual seedlings. Chlorophyll
contents (chlorophyll a and b) were determined according to the
method of Arnon (22). Chlorophyll was extracted from fresh leaves (50
mg) ground in a tissue homogenizer together with 5 ml of ice-cold
80% acetone. The homogenate was centrifuged at 3000 rpm for 2
min. The supernatant was saved and the pellet was re-extracted with
5 ml of 80% acetone. All supernatants were pooled together to a final
volume of 12.5 ml. The absorbance of the extract was taken at 663
nm and 645 nm for chlorophyll a and b measurement, respectively,
using an Ultrospec 3100 Pro (GE Healthcare). The concentrations of
chlorophyll a, chlorophyll b, and total chlorophyll were calculated
using Arnon’s equations (22). Three biological replicates were used to
minimize experimental error.

Protein Preparation—Leaf total protein was extracted according to
the method of Wang et al. (23), with minor modifications. Approxi-
mately 400 mg of fresh leaves of each sample were ground into fine
power in liquid nitrogen. The powder of each sample was resus-
pended 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 of phenol
(Tris-buffered, pH 8.0) in a 10-ml tube. 1 mm phenylmethanesulfonyl
fluoride and PhosSTOP Phosphatase Inhibitor Mixture (Roche) were
added to inhibit the activity of proteases and phosphatases. The
mixture was vortexed thoroughly for 30 s and the phenol phase was
separated via centrifugation at 14,000 X g for 15 min at 4 °C. The
upper phenol phase was pipetted into fresh 10-ml tubes. Four vol-
umes of cold methanol plus 100 mm ammonium acetate were added
to the phenol phase and the mixture was stored at —20 °C for at least
30 min. After centrifugation at 14,000 X g for 15 min at 4 °C, the
supernatant was discarded carefully and then the precipitated pro-
teins were washed with cold methanolic ammonium acetate twice
and ice-cold 80% acetone twice. Finally, the pellet was vacuum-dried
and then dissolved in lysis buffer (7 m urea, 2 m thiourea, 4% w/v
CHAPS, 65 mm DTT) over 3 h at 4 °C. The protein mixtures were
harvested via centrifugation at 14,000 X g for 15 min at 4 °C to
remove insoluble material. Then, the concentration of the extracted
protein mixtures was determined with a 2-D Quant Kit (Amersham
Biosciences) using BSA (2 mg/ml) as the standard. The final protein
solution was stored at —80 °C for later use. Three biological replicates
were conducted for the protein extraction of each sample.

Two-dimensional Gel Electrophoresis, Image Acquisition, and Data
Analysis—Each sample including 1 mg of total protein in 360 ul of
rehydration buffer (7 m urea, 2 m thiourea, 2% w/v CHAPS, 0.2%
bromphenol blue) containing 65 mm DTT and 0.5% immobilized pH
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gradient buffer (pH 4-7) (GE Healthcare) was loaded onto an 18-cm
pH 4-7 linear immobilized pH gradient strip (GE Healthcare). Isoelec-
tric focusing was performed using a PROTEAN IEF cell (Bio-Rad)
according to the manufacturer’s instructions. Briefly, active rehydra-
tion was carried out at 30 V for 12 h, followed by 300 V for 1 h, 500
V for 1 h, 1000 V for 1 h, 3000 V for 1 h, and then focusing at 8000 V
until 80,000 Vh at 20 °C. After isoelectric focusing, the strips were
equilibrated with an equilibration solution (50 mm Tris-HCI pH 8.8, 6 M
urea, 30% glycerol, 2% SDS, 0.2% bromphenol blue) containing 1%
DTT for 15 min, with a second equilibration step of 15 min with the
same equilibration buffer containing 2.5% w/v iodoacetamide. The
equilibrated strips were loaded on the top of 12% SDS-polyacryl-
amide gels and sealed with 0.5% w/v agarose. The SDS-PAGE step
was performed at 15 °C in an Ettan Dalt Twelve (Amersham Biosci-
ences) electrophoresis system at a constant current setting of 15
mA/gel for 1 h, followed by 20 mA/gel until the bromphenol blue
tracking dye arrived at the bottom edge of the gel. The two-dimen-
sional gel electrophoresis (2-DE) experiments were repeated three
times for error control. After electrophoresis, all gels were stained with
Coomassie Brilliant Blue. Image analysis was performed with Image-
Master 2D Platinum Software Version 5.0 (Amersham Biosciences).
The experimental M, (kDa) of each protein was estimated by means of
comparison with the protein marker, and the experimental pl was
determined by its migration on the immobilized pH gradient strip. The
abundance of each spot was estimated based on the percentage
volume. Only those with significant and biological reproducible
changes (abundance variation at least 2-fold, Student’s t test, p <
0.05) were considered as differentially expressed protein (DEP) spots.

Protein Identification Using MALDI-TOF/TOF-MS—The selected
protein spots were excised from preparative gels, destained with 100
mM NH,HCO; in 30% acetonitrile (ACN). After the destaining buffer
had been removed, the gel pieces were lyophilized and rehydrated in
30 ul of 50 mm NH,HCO4 containing 50 ng of trypsin (sequencing
grade; Promega, Madison, WI). After overnight digestion at 37 °C, the
peptides were extracted three times with 0.1% TFA in 60% ACN.
Extracts were pooled together and lyophilized. The resulting lyophi-
lized tryptic peptides were kept at —80 °C until mass spectrometric
analysis. A protein-free gel piece was treated as above and used as
a control to identify autoproteolysis products derived from trypsin.
Identification of the spots was performed via MALDI-TOF/TOF-MS.
MS and MS/MS spectra were obtained using an ABI 4800 Proteomics
Analyzer MALDI-TOF/TOF (Applied Biosystems, Foster City, CA) op-
erating in a result-dependent acquisition mode. Peptide mass maps
were acquired in positive ion reflector mode (20-kV accelerating
voltage) with 1000 laser shots per spectrum. Monoisotopic peak
masses were automatically determined within the mass range of
800-4000 Da with a signal-to-noise ratio minimum of 10 and a local
noise window width of m/z 250. Up to five of the most intense ions
with a minimum signal-to-noise ratio of 50 were selected as precur-
sors for MS/MS acquisition, excluding common trypsin autolysis
peaks and matrix ion signals. In MS/MS positive ion mode, spectra
were averaged, the collision energy was 2 kV, and default calibration
was set. Monoisotopic peak masses were automatically determined
with a minimum signal-to-noise ratio of 5 and a local noise window
width of m/z 250. The MS and MS/MS spectra were searched against
the NCBI Brachypodium protein database (26,035 entries in total;
downloaded on July 16, 2011) using MASCOT version 2.1 (Matrix
Science, London, UK) with the following parameter settings: trypsin
cleavage; one missed cleavage allowed; carbamidomethylation as
fixed modification; oxidation of methionines and phosphorylation of
serine, threonine, and tyrosine allowed as variable modifications;
peptide mass tolerance of 100 ppm; and fragment tolerance of =0.3
Da. All searches were evaluated based on the significant scores
obtained from MASCOT. The protein score confidence interval per-

centage and total ion score confidence interval percentage were both
set above 95%, and the significance threshold was p < 0.05 for the
MS/MS.

Quantitative RT-PCR Analysis—Total RNA was isolated from frozen
samples using TRIZOL Reagent (Invitrogen). Then genomic DNA
was removed and cDNA was synthesized using the PrimeScript®
RT Reagent Kit with gDNA Eraser (TaKaRa, Shiga, Japan). Gene-
specific primers of proteins of interest were designed using online
Primer3Plus according to the procedure described by Untergasser et
al. (24). The sequence of each protein of interest was first used as a
BLASTP search term against the B. distachyon genome. The best-
aligned gene was used for primer design. The specificity of the
primers was checked by observing the melting curve of the quanti-
tative RT-PCR products and the specific band on the agarose gel.
The B. distachyon constitutively expressed S-adenosylmethionine
decarboxylase gene was used as a reference for normalization (25).
The primers were as follows: sense, 5'-TGCTAATCTGCTCCAAT-
GGC-3'; antisense, 5'-GACGCAGCTGACCACCTAGA-3'. Quantita-
tive RT-PCR was performed in a 20-ul volume containing 10 ul of
2XSYBR® Premix Ex Taq™ (TaKaRa, Shiga, Japan), 2 ul of 50-fold
diluted cDNA, 0.15 ul of each gene-specific primer, and 7.7 ul of
double distilled H,O. The PCR conditions were as follows: 95 °C for 3
min, 40 cycles of 15 s at 95 °C, and 61 °C for 30 s. Three biological
replicates were used for each sample. Reaction was conducted on a
CFX96 Real-Time PCR Detection System (Bio-Rad). All data were
analyzed using CFX Manager software (Bio-Rad).

Phosphopeptide Enrichment—The extracted protein mixtures were
directly reduced with DTT, alkylated with iodoacetamide, and subse-
quently digested with endoproteinase Lys-C and trypsin as described
by Olsen et al. (26). The enrichment for phosphopeptides was per-
formed according to a previously reported procedure (17), with some
modifications. In detail, the TiO, beads (GL Sciences, Tokyo, Japan)
were incubated in 400 ul of loading buffer containing 65% ACN/2%
TFA saturated by glutamic acid. A total of 2 mg of tryptic peptides
were dissolved in 600 ul of loading buffer and incubated with an
appropriate amount (tryptic peptide:TiO, = 1:1, w/w) of TiO, beads.
After being washed with 600 ul of wash buffer (65% ACN/0.1% TFA),
phosphopeptides were eluted twice with 300 wl of elution buffer (500
mM NH,OH/60% ACN) and the eluates were dried down and recon-
stituted in 0.1% formic acid/H,O for MS analysis.

Phosphopeptide Identification and Phosphorylation Site Localiza-
tion—The enriched phosphopeptides were separated on a self-
packed C18 reverse-phase column (75-um inner diameter, 150-mm
length) (Column Technology, Fremont, CA) that directly connected
the nano-electrospray ion source to an LTQ-Orbitrap XL mass spec-
trometer (Thermo Fisher Scientific, San Jose, CA). The pump flow was
split to achieve a flow rate of 1 ul/min for sample loading and 300
nl/min for MS analysis. The mobile phases consisted of 0.1% formic
acid (A) and 0.1% formic acid and 80% ACN (B). A five-step linear
gradient of 5% to 30% B in 105 min, 35% to 90% B in 16 min, 90%
B in 4 min, 90% to 2% B in 0.5 min, and 2% B for 14.5 min was
performed. The spray voltage was set at 2.0 kV, and the temperature
of the heated capillary was 240 °C.

For data acquisition, each MS scan was acquired at a resolution of
60,000 (at 400 m/z) with the lock mass option enabled, with acquisi-
tion followed by data-dependent top-10 MS/MS scans using colli-
sion-induced dissociation. The threshold for precursor ion selection
was 500, and the mass window for precursor ion selection was 2.0
Da. The dynamic exclusion duration was 120 s, the repeat count was
1, and the repeat duration was 30 s. The analyzer for the MS scans
was Orbitrap, and for the MS/MS scans it was LTQ (37% relative
collision energy). Three biological replicates were performed inde-
pendently from sample collection to the phosphopeptide identifica-
tion using LC-MS/MS.
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Fic. 1. Measurement of physiological indices. A, leaf relative water content (RWC) analysis. B, chlorophyll content analysis. “B-T”
represents leaves of Bd21 treated with NaCl for 48 h, and “B-R” represents leaves of Bd21 recovered 48 h after treatment with NaCl. Error bars
indicate standard error of three biological replicates. Statistically significant differences relative to the control were calculated by independent

Student’s t tests. *p < 0.05. **p < 0.001.

The raw files were processed with MaxQuant (version 1.1.1.36) (27)
and searched against the NCBI Brachypodium protein database
(26,035 entries in total, downloaded on July 16, 2011) concatenated
with a decoy of reversed sequences. The following parameters were
used for database searches: cysteine carbamidomethylation was se-
lected as a fixed modification; and methionine oxidation, protein
N-terminal acetylation, and phosphorylation on serine, threonine, and
tyrosine were selected as variable modifications. Up to two missing
cleavage points were allowed. The precursor ion mass tolerance was
7 ppm, and the fragment ion mass tolerance was 0.5 Da for MS/MS
spectra. The false discovery rate (FDR) was set at <1.0% for both
peptide and protein identifications, and the minimum peptide length
was set as 6.

Phosphorylation site localization was based on PTM scores that
assigned probabilities for each of the possible sites according to their
site-determining ions. In this study, MaxQuant (version 1.1.1.36) was
used to calculate the PTM scores and PTM localization probabilities.
Potential phosphorylation sites were then grouped into three catego-
ries depending on their PTM localization probabilities (26, 28), namely,
class | (localization probability p = 0.75), class Il (0.75 > p = 0.5), and
class lll (p < 0.5). An FDR of 1% was used for phosphorylation site
identification. Spectra without site-determining ions were identified as
phosphopeptides with undetermined sites.

Bioinformatic Analysis— Proteins were examined using AgriGO (29)
for GO annotation and enrichment analysis. For pathway analysis, the
proteins were used to search the KEGG B. distachyon database and
mapped to the B. distachyon specific pathways with KEGG Mapper.
The significantly enriched phosphorylation motif set was extracted
from phosphopeptides with confidently identified phosphorylation
sites (class ) using the motif-X algorithm (30). The phosphopeptides
were centered at the phosphorylated amino acid residues and
aligned, and six positions upstream and downstream of the phosphor-
ylation site were included. For C- and N-terminal peptides, the se-
quence was completed to 13 amino acids with the required number of
X, where X represents any amino acid. Because the upload restriction
of motif-X is 10 MB, a FASTA format dataset (nearly 10 MB) contain-
ing the protein sequences from the B. distachyon protein database in
Phytozome (version 9.0) was used as the background database to
normalize the score against a random distribution of amino acids. The
occurrence threshold was set at 5% of the input dataset at a mini-

mum of 10 peptides, and the probability threshold was set at p <
1076, Amino acid sequences around the phosphorylated amino acid
based on the alignment of the phosphorylation sites were completed
by using the WebLogo program (31). The Search Tool for the Retrieval
of Interacting Genes/Proteins (STRING) database of physical and
functional interactions (32) was used to analyze the protein—protein
interactions (PPIs), and the PPI network was displayed by Cytoscape
software (version 3.0.0) (33). The Phyre2 online server (34) was used
to predict the three-dimensional structure of the interested proteins.
Then the three-dimensional structures and the phosphorylated site
were displayed by SPDBV software (version 4.1) (35).

RESULTS

Physiological Changes of Bd21 Leaf Under Salt Stress—
The RWC and chlorophyll content of control, salt-treated, and
48-h recovery Bd21 leaf samples are shown in Fig. 1. For the
control sample, both the RWC and the chlorophyll content
increased after 48 h of growth. This is normal because of the
elongation and stretch of leaves. In the salt-treatment and
recovery groups, both physiological indicators decreased to
various degrees under all NaCl concentrations relative to the
control. As shown in Fig. 1A, the RWC decreased only slightly,
by 1.37% to 6.87%, under 80 to 240 mm NaCl treatments
relative to the control and were able to recover to the normal
level after 48 h of recovery. However, under treatment with
320 mm NaCl, the leaf RWC decreased dramatically by
28.79% and was able to recover to only 72.61% of the control
level. For the leaf chlorophyll content, different patterns were
shown under different salt concentrations. Increasing NaCl
concentration resulted in greater decreases in chlorophyll
content (Fig. 1B). Under 80 mm NaCl stress, the chlorophyll
content decreased only slightly (4.94%) and was able to
quickly recover to the normal level. Under 160 mm NaCl
stress, it decreased by 6.47% relative to the control, whereas
under 240 and 320 mm NaCl concentrations it decreased by
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Fic. 2. A, 2-DE maps of Bd21 leaf proteome in the salt treatment group. Protein spots were visualized using Coomassie Brilliant Blue
staining; a—e represent samples treated with 0, 80, 160, 240, and 320 mm NaCl, respectively, for 48 h. B, 2-DE maps of Bd21 leaf proteome
in the recovery group. Protein spots were visualized using Coomassie Brilliant Blue staining; a—e represent samples recovered after treatment
with 0, 80, 160, 240, and 320 mm NaCl, respectively, for 48 h. The 80 DEP spots are labeled in A-a and B-a.

20.85% and 23.83%, respectively. In the recovery group, the
chlorophyll content had varying degrees of recovery relative
to the salt-treatment group, except the 320 mm NaCl concen-
tration, which implied irreversible damage to the chloroplast
and seriously blocked photosynthesis. The RWC and chloro-
phyll content both showed a dividing point at 200 mm, indi-
cating that an NaCl concentration of less than 200 mm is a
moderate salt concentration, whereas one over 200 mm is a
severe salt concentration.

2-DE Mapping and Identification of DEP Spots—The Bd21
leaf proteome analyses of the salt-treated and recovery
groups were conducted via 2-DE with Coomassie Brilliant
Blue staining. About 800 protein spots could be reproducibly
detected and matched among all gels, of which 108 showed
significant changes among the 2-DE maps of NaCl treatment
and recovery. Finally, out of the 108 DEP spots, 80 were
successfully identified via MALDI-TOF/TOF-MS (Fig. 2 and
supplemental Table S1). The mass spectrometry data have
been deposited in the ProteomeXchange Consortium (http://

proteomecentral.proteomexchange.org) via the PRIDE part-
ner repository (36) with the dataset identifier PXD000470. The
identified DEP spots represented 60 unique DEPs. In partic-
ular, 16 unique DEPs (Table |) were each identified from two or
three DEP spots with different isoelectric points and/or mo-
lecular weights. Among them, 13 DEPs were each distributed
in two or three DEP spots with different isoelectric points but
the same or very similar molecular weights, respectively.
Expression Pattern Analysis of the DEP Spots—To visualize
the coordinately regulated DEP spots, especially for the 16
DEPs identified in two or three spots, hierarchical clustering
was used to analyze the proteome dataset based on methods
described by Eisen et al. (37). The relative ratios of DEP spots
from the proteome dataset listed in supplemental Table S1
were conducted log, transforming, and then the Euclidean
distance similarity metric was used to define the similarity and
the hierarchical clusters were assembled using the complete-
linkage clustering method. Two hierarchical clusters corre-
sponding to the salt treatment group (Fig. 3A) and the recov-
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TABLE |
The 15 DEPs that were identified from two or three DEP spots on 2-DE maps

Protein gi Description DEP spot  Experimental Experimental Expression Expression
No. IDs M, pl patterns in T patterns in R

gi 357111658 Oxygen-evolving enhancer protein 2 3/58 23.0/23.0 5.45/5.83 c/c a/b

gi 193075554  ATPase alpha subunit, partial 5/6/7 65.1/63.8/67.8  6.06/6.27/6.11 a/a/b fle/c

gi 357146802 Alpha-galactosidase 10/54 46.9/47 1 6.32/6.12 b/b gle

gi 357149112  Ferredoxin-NADP reductase 16/59 39.9/40.4 5.48/5.34 c/c e/g

gi 357134997  Uncharacterized protein At2g37660 19/20 30.7/30.6 5.99/5.66 f/c g/b

gi 357111487 Oxygen-evolving enhancer protein 1, 21/22/49  35.0/34.9/34.9  4.93/5.19/5.09 c/a/c e/ale
isoform 1

gi 357133147 Phosphoglycerate kinase, isoform 1 26/76/77  50.3/50.2/51.1  5.29/5.25/5.14 alele e/b/d

gi 357137138  Phosphoribulokinase 27/71 42.5/45.5 5.31/5.18 f/e c/b

gi 357147655 Quinone oxidoreductase-like protein ~ 31/32 39.3/39.7 5.75/5.52 b/d e/c
At1g23740

gi 357155664 Ribulose bisphosphate carboxylase/  33/34/80  55.9/50.3/42.4 5.13/5.70/6.47 c/c/f d/c/g
oxygenase activase A

gi 357112766 L-ascorbate peroxidase 1 36/42 28.5/26.5 5.98/6.07 c/f a/9

gi 357122389  Chlorophyll a-b binding protein of 38/75 27.2/28.0 4.64/4.56 c/d a/g
LHCII type I

gi 357110873 Transketolase 41/73 80.4/80.5 5.72/5.64 d/d e/c

gi 357164996 Elongation factor G 48/79 88.2/90.2 5.00/5.16 c/c b/c

gi 357163385 2-Cys peroxiredoxin BAS1 52/72 21.6/20.2 4.77/4.76 h/c a/g

gi 357111666 Uncharacterized oxidoreductase 66/67 41.5/41.9 6.06/6.37 f/d e/g

At1g06690

T, treatment group; R, recovery group.

ery group (Fig. 3B) were constructed. The expression of the
DEP spots in the treatment and recovery groups was divided
into eight patterns (Fig. 3). Finally, 9 of the 16 DEPs identified
from two or three DEP spots showed the same patterns in the
treatment group, whereas in the recovery group only 4 of the
16 DEPs displayed the same patterns (Table I).
Transcriptional Expression Analysis of the Genes Encoding
DEPs—To explore the changes of DEPs at the transcriptional
level, 14 representative DEPs (supplemental Table S2) were
chosen for transcriptional-level analysis via quantitative RT-
PCR. Among the 14 DEPs, 6 were identified in two or three
DEP spots on the 2-DE profiles. Finally, the transcriptional
expression patterns of these genes in the salt treatment group
were divided into four groups as shown in Fig. 4. The first
group was up-regulated under salt stress, including genes
encoding BLC, 14-3-3A, and aPGAM (Fig. 4A). The second
group was down-regulated, with three genes encoding OEE2,
RCAA, and PGK1 (Fig. 4B). The gene transcriptional expres-
sion in the third group was up-regulated under moderate salt
stress but down-regulated under harsh salt stress (Fig. 4C).
Four genes belonged to this group, encoding CRT, DHAR2,
BAS1, and OxR. The last group displayed an irregular expres-
sion trend (Fig. 4D). Compared with the expression at the
transcriptional and translational levels of the 14 coding genes,
the transcriptional expression trends of 5 genes for BLC,
14-3-3A, RCAA, PGK1, and BAS1 were consistent with their
translational expression. The other seven genes displayed
similar trends at both transcriptional and translational levels to
some extent, but for the two genes for aPGAM and OxR, the

consistency of their transcriptional and translational levels
was rather poor.

Phosphoprotein Identification and Phosphorylated Site Lo-
cation—In total, 2389 phosphopeptides with 2839 phosphor-
ylated sites corresponding to 1509 phosphoproteins were
identified (supplemental Table S3). The mass spectrometry
proteomics data have been deposited in the ProteomeXchange
Consortium (http://proteomecentral.proteomexchange.org) via
the PRIDE partner repository (36) with the dataset identifier
PXD000340. Phosphorylated sites with site location probabil-
ity belonging to class |, class Il, and class lll accounted for
73.2%, 18.5%, and 8.3%, respectively. To improve the reli-
ability of the further differential phosphorylation level analysis,
only phosphorylated sites belonging to class | were screened.
The proportions of pS, pT, and pY sites belonging to class |
were estimated as 91.62%, 8.33%, and 0.05%, respectively.
Among the 2077 class | phosphorylated sites, 1323 were
identified from the control and 1803 from the salt-treated
sample. Before the comparison analysis of the phosphoryla-
tion levels between the salt stress condition and the control, a
range of quality control measures were taken for the three
biological replicates of each condition to determine analytical
reproducibility (supplemental Fig. S1), and only the phospho-
peptides identified from all biological repeats were used for
further analysis.

Screening Phosphoproteins with Phosphorylation Level
Significantly Changed — The intensity of each phosphopeptide
was normalized to the mean of intensities of all phosphopep-
tides within each biological replicate. Subsequently, the log,
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Fic. 3. Protein expression clustering analysis of DEP spots. A, hierarchical clustering of DEP spots in the treatment group. B, hierarchical
clustering of DEP spots in the recovery group. Each column represents an NaCl concentration. Each row displays the change of a DEP spot
using color coding based on the relative ratio listed in supplemental Table S1.

intensity value changes (salt stress/control) in each condition as having undergone a significant change at the phosphory-
were calculated for each phosphopeptide. Only those phos- lation level: (1) phosphopeptide detected in all three biological
phopeptides that met the following restrictions were regarded  replicates; (2) Student’s t test p value of FDR correction <
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Fic. 4. Quantitative RT-PCR analysis of the 14 representative DEPs identified from 2-DE. The x-axis is the NaCl concentration. The
salt-treatment group is represented by red columns, and the recovery group by blue columns. The y-axis is the relative expression of each gene
encoding DEPs after normalization to the reference gene SamDC. A, three genes with transcriptional level up-regulated under salt stress at all
NaCl concentrations. B, three genes with transcriptional level down-regulated under salt stress at all NaCl concentrations. C, four genes with
transcriptional level up-regulated under moderate salt stress but down-regulated under harsh salt stress. D, four genes with irregular

transcriptional trends.

0.05; (3) |log, (salt stress/control)| = 1; and (4) phosphoryla-
tion site localization probability greater than 0.75 (class I) and
phosphorylation site score difference not less than 5. Finally,
496 phosphorylated sites corresponding to 468 phosphopro-
teins (supplemental Table S4) with the phosphorylation level
significantly changed (PLSC) were screened out. Of the 496
phosphorylated sites, 294 were detected only in the salt-
treated sample and 81 phosphorylated sites were detected
only in the control. Relative to the control, 45 phosphorylated
sites were up-regulated and 76 phosphorylated sites were
down-regulated at the phosphorylation level in the salt-
treated sample (supplemental Table S4).

Identification of Phosphorylated DEPs—Among the 60
DEPs, 14 DEPs were also identified as phosphoproteins (Ta-
ble Il), and interestingly, 6 of them were each identified in two
or three DEP spots. For example, oxygen-evolving enhancer
protein 2 (Gl No. 357111658) was identified from two spots
(DEP spots 3 and 58) that showed the same molecular weight

(23.0 KDa) but different isoelectric points (5.45 and 5.83)
(Table ). It was also a phosphoprotein with two phosphory-
lated sites (phosphorylated sites 109 and 2896 in supplemen-
tal Table S3). One phosphorylated site (phosphorylated site
109) was only identified under salt stress, indicating that this
phosphoprotein was also a PLSC phosphoprotein (supple-
mental Table S4A).

GO Annotation and Enrichment Analysis of DEPs and PLSC
Phosphoproteins—All the identified DEPs and PLSC phos-
phoproteins were used for GO annotation and enrichment
analysis with AgriGO, and the GO annotation of total B. dis-
tachyon genome proteins was set as the background dataset.
The distribution bar charts for biological process, cellular
component, and molecular function are shown in Fig. 5. From
the biological process perspective, for DEPs, the generation
of precursor metabolites and energy (GO: 0006091, FDR:
1.1E-5), photosynthesis (GO: 0015979, FDR: 7.5E-5), carbo-
hydrate metabolic process (GO: 0005975, FDR: 6.4E-3), and
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TABLE Il
DEPs that were also identified as phosphoproteins with reliable phosphorylated sites

DEPIDS pot Phospl’;gprotem Przgtr:g]egl Description Phosphorylated peptide and site
1 71 gi 357111159  Uncharacterized protein At3g63140 AMpSFDLDDK
3, 58 89 gi 357111658 Oxygen-evolving enhancer protein 2 ~ pSTEFVAYSGDGFK
pTDSEGGFESDAVATANVLESAAPVVGGK
5,6,7 18 gi 193075554  ATPase alpha subunit, partial GEIIApSESR
8 19 gi 193075564 ATPase beta subunit pSAPAFIELDTK
18 849 gi 357134081 Triosephosphate isomerase IIYGGSVTGApSCR
21,22, 49 85 gi 357111487 Oxygen-evolving enhancer protein 1, QLVATGKPEpSFSGPFLVPSYR
isoform 1
26, 76, 77 810 gi 357133147  Phosphoglycerate kinase, isoform 1 RPFAAIVGGpSK
30 1006 gi 357138100 ATP synthase delta chain DSpSNLIDMSVR
33, 34, 80 1418 gi 357155664  Ribulose bisphosphate carboxylase/  GLAYDIpSDDQQDITR
oxygenase activase A pSFQCELVFAK
41,73 51 gi 357110873  Transketolase VVPGLLGGSADLApSSNM(ox)TLLK
45 486 gi 357123383 ATP-dependent zinc metalloprotease  QVpSVDVPDVR
FTSH 2
55 1217 gi 357146493  Chaperonin CPN60-2 GlpSM(ox)AVDDVVTNLK
70 601 gi 357125604  2,3-bisphosphoglycerate- AHGTAVGLPSDDDMGNpSEVGHNALGAGR
independent phosphoglycerate
mutase
74 467 gi 357122930  Calreticulin DDpSDDEKPQHANK

cellular metabolic process (GO: 0044237, FDR: 6.4E-2) were
significantly overrepresented (Fig. 5A). For PLSC phospho-
proteins, generation of precursor metabolites and energy (GO:
0006091, FDR: 1.9E-2), photosynthesis (GO: 0015979, FDR:
4.8E-2), and cellular protein metabolic process (GO: 0044267,
FDR: 1.2E-3) were also significantly enriched. Cellular meta-
bolic process (GO: 0044237, FDR: 8.5E-5), cellular macromol-
ecule metabolic process (GO: 0044260, FDR: 6.8E-4), and
protein modification process (GO: 0006464, FDR: 1.2E-2)
were only found to be significantly overrepresented in the
PLSC phosphoprotein dataset (Fig. 5A). From the cellular
component perspective, only membrane (GO: 0016020, FDR:
4.3E-2) was significantly enriched from the PLSC phospho-
protein dataset, and for the DEP dataset, no significantly
enriched cellular component was found (Fig. 5B). From the
molecular function perspective, for DEPs, only catalytic activ-
ity (GO: 0003824, FDR: 1.7E-4) was significantly overrepre-
sented (Fig. 5C), and for PLSC phosphoproteins, nucleic acid
binding (GO: 0003676, FDR: 6.8E-19) and RNA binding (GO:
0003723, FDR: 6.1E-4) were highly significantly enriched rel-
ative to background. Nucleotide binding (GO: 0000166, FDR:
2.5E-2), kinase activity (GO: 0016301, FDR: 2.8E-2), and
transporter activity (GO: 0005215, FDR: 4.2E-2) were also
significantly overrepresented (Fig. 5C).

Conservation Analysis of the PLSC Phosphoproteins— Se-
quences of the PLSC phosphoproteins were used as queries
to blast phosphoprotein databases constructed based on
datasets from P3DB (38), MORE (39), and PhosPhAt 4.0 (40).
Oryza sativa, Arabidopsis thaliana, and Medicago truncatula
were compared with B. distachyon to determine the degree of
conservation of phosphoproteins between species. The

thresholds were set as score = 80, E-value < 1E-10, and
identity = 30%. In all, 294 (62.8%) of the 468 phosphopro-
teins had phosphorylated orthologs in all three species, 122
(26.1%) had phosphorylated orthologs in two of the three
species, and 44 (9.4%) had phosphorylated orthologs in only
one species (supplemental Table S5). Only eight phosphopro-
teins had no phosphorylated orthologs in any of the three
species. Further searches also revealed that these eight phos-
phoproteins had no phosphorylated orthologs in other organ-
isms (supplemental Table S5). Further GO enrichment analy-
sis of the 294 highly conserved phosphoproteins showed that
protein modification process (GO: 0006464, FDR: 4.6E-3),
signal transduction (GO: 0003723, FDR: 6.1E-5), and kinase
activity (GO: 0016301, FDR: 1.4E-3) were significantly
overrepresented.

KEGG Pathway Analysis of the DEPs and PLSC Phospho-
proteins—To reveal the DEP and PLSC phosphoprotein path-
ways, KEGG pathway analysis was conducted and the rele-
vant proteins were used to map the pathways specific for B.
distachyon. A total of 25 maps (supplemental Fig. S2) of B.
distachyon KEGG pathways with no less than three hits were
highlighted by all of these proteins. For DEPs, carbon metab-
olism (bdi01200, supplemental Fig. S2B), carbon fixation in
photosynthetic organisms (bdi00710, supplemental Fig. S2C),
biosynthesis of amino acids (bdi01230, supplemental Fig.
S2D), glycolysis/gluconeogenesis (bdi00010, supplemental
Fig. S2G), and photosynthesis (bdi00195, supplemental Fig.
S2J) were the main pathways. For PLSC phosphoproteins,
oxidative phosphorylation (bdi00190, supplemental Fig. S2E),
RNA degradation (bdi03018, supplemental Fig. S2F), and
RNA transport (bdi03013, supplemental Fig. S2K) were the
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Fic. 5. GO analysis of the DEPs and PLSC phosphoproteins. A, biological process. B, cellular component. C, molecular function.
Significantly overrepresented terms (FDR adjusted p value < 0.05) are marked with an asterisk.

highlighted pathways. In addition, some pathways that oc-
curred in spliceosomes (bdi03040, supplemental Fig. S2A)
and ribosomes (bdi03010, supplemental Fig. S2H) were also
highlighted in relation to PLSC phosphoproteins. It is worth
noting that the plant hormone signal transduction (bdi03040,
supplemental Fig. S2U) pathway was highlighted, indicating
that salt stress, an adverse environmental factor, can stimu-
late various hormone signals such as abscisic acid (ABA) and
ethylene-related response and defense pathways in B.
distachyon.

Phosphorylation Motif Analysis for the PLSC Phosphopep-
tides—WebLogo and motif-X were used to identify the kinase-
associated phosphorylation motifs of the PLSC phosphopep-
tides. The PLSC phosphopeptides were classified into two
groups. One of them was the Up group, including the phos-
phopeptides with phosphorylation specially identified in the
salt stress condition and up-regulated phosphorylation levels
under the stress condition relative to the control. The other
one was the Down group, which represented the phospho-
peptides with phosphorylation specially identified in the con-
trol and down-regulated phosphorylation levels after salt

treatment. Then the phosphopeptides centered at the phos-
phorylated amino acid residues of each group were used for
WebLogo analysis and phosphorylation motif extraction. Re-
sults showed Ser was the main phosphorylated amino acid
residue in both groups, and the amino acid closely neighbor-
ing the Ser/Thr phosphorylated site was mainly proline or
aspartate (Fig. 6A). motif-X analysis showed that five phos-
phorylation motifs were enriched from the Up group and four
motifs were enriched from the Down group (Fig. 6B and
supplemental Table S6). Three phosphorylation motifs ([sP],
[sDxE], and [Rxxs]) were enriched from both Up and Down
groups. Two motifs ([tP] and [sxD]) were only found in the Up
group, and one motif ([sDxD]) was only found in the Down
group. Those phosphorylation motifs were then searched in
relevant databases (41-45) to find the specific protein ki-
nases. [sP] and [tP] motifs were the proline-directed motifs,
which were potential substrates of mitogen-activated protein
kinase (MAPK), cyclin-dependent kinase, and cyclin-depen-
dent kinase-like. [sDxE], [sxD], and [sDxD] motifs were all
acidic motifs and were recognized by casein kinase-Il (CK-II).
The [Rxxs] motif was a basic motif and was recognized by
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Fic. 6. Sequence alignment of the amino acids surrounding the identified phosphorylated sites and significantly enriched phosphor-
ylation motifs. A, logos were constructed based on the alignment of all phosphopeptides from the Up group and the Down group using
WebLogo. B, phosphorylation motifs extracted from the phosphopeptides in the Up group and the Down group by motif-X.

CaMK-Il, which was also similar to the 14-3-3 binding motif
[Rxxs/txP] (46).

PPI Analysis of DEPs and PLSC Phosphoproteins—The PPI
network of the DEPs and PLSC phosphoproteins identified in
the current study were analyzed by STRING. A total of 288
eukaryotic orthologous groups (KOGs) representing 48 DEPs
and 343 PLSC phosphoproteins (supplemental Tables S7A
and S7B) were used to construct the PPI network. To improve
the reliability of the PPI analysis, the confidence score was set
at the highest level (=0.900). Finally, a complex PPl network
that contained 247 nodes and 1322 edges was displayed
through Cytoscape (supplemental Fig. S3). Three 14-3-3
(KOG0841) proteins, 14-3-3-like protein A (14-3-3A) (DEP
spot 46), 14-3-3-like protein GF14-A (GF14-A) (PLSC phos-
phoprotein 1281), and 14-3-3-like protein GF14-B (GF14-B)

(PLSC phosphoprotein 1597), were identified. Sequence
alignment analysis (Fig. 7A) showed that compared with 14-
3-3A, GF14-B possessed an additional phosphorylated Ser.
GF14-A contained a Ser phosphorylation site at the C termi-
nus that belonged to the [RxxsxP] motif. 14-3-3A also con-
tains the Ser residue at the same position, but the amino acid
residual in position -3 of the Ser residual is lysine (K) instead
of arginine (R), so there is no [RxxsxP] motif in 14-3-3A.
Comparison of the three-dimensional structures of 14-3-3A
and GF14-A showed that their tertiary structures were highly
similar (Fig. 7B). Based on these, KOG0841, which represents
the three 14-3-3 proteins, was used to extract the potential
interacting proteins from the whole PPI network, and a 14-3-
3-centered subnetwork was constructed (Fig. 7C), which
showed that 14-3-3 proteins interact with 52 proteins
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Fic. 7. The three 14-3-3 proteins and associated proteins analysis. A, protein sequences comparing 14-3-3A, GF14-A, and GF14-B. The
sequences with green underlining represent the phosphopeptides of GF14-A and GF14-B, and the phosphorylated Ser site is marked with a
red box. B, three-dimensional structures of 14-3-3A and GF14-A. The phosphorylated Ser site is labeled in the three-dimensional structure of
GF14-A. C, protein—protein interaction network of 14-3-3 proteins and related proteins. Nodes with pink background color represent the KOGs

of DEPs, nodes with yellow background color represent the KOGs

of PLSC phosphoproteins, and nodes with orange background color

represent the KOGs of DEPs that were also identified as phosphoproteins with reliable phosphorylated sites (class |).

(supplemental Table S7C) involved in signal transduction,
transcription/translation, protein folding/degradation, cell di-
vision, transport, reactive oxygen species (ROS) scavenging,
and carbohydrate metabolism.

An Overview of Response and Defense Mechanisms of B.
distachyon Under Salt Stress—Based on the above results, a
systematic salt response and defense pathway in B. dis-
tachyon was proposed (Fig. 8). The ion stress signal was
transferred by salt sensors on plasma membrane into cells
and led to increased Ca®*. Then, signal transduction path-
ways involved in salt stress response and defense in B. dis-
tachyon such as the 14-3-3 signal pathway and the ABA
signal pathway were activated through phosphorylation mod-
ification mediated by the increased Ca®*. The 14-3-3 signal
pathway could also be triggered by ABA, which was gener-
ated in response to stimulation by osmotic stress. The signals
were then transferred to the nucleus, resulting in changes of
the phosphorylation levels of various transcription and trans-
lation regulation factors that regulated the expression of re-
sponse- and defense-related genes. Under salt stress, pho-
tosynthesis and carbohydrate metabolism were depressed
and superoxide radicals were produced. This caused the
proteins associated with ROS scavenging to be up-regulated
at the expression level. Some superoxide radicals were trans-
ferred into H,O,. As a molecular signal, H,O, regulated the

expressions of some defense-related genes, although exces-
sive H,0O, can lead to cell damage. H,O, also could diffuse to
other cells with PIP2-1 on the membrane. Channels and
transporters on the membrane that were associated with wa-
ter, ion, and nutrient transport were also regulated through
phosphorylation or dephosphorylation. Excessive radicals
and high Na™ would lead to the misfolding of proteins. Plant
cells need various protein-folding-associated proteins to re-
fold the misfolded proteins through changes in the expression
level or phosphorylation level. Another strategy for coping
with the misfolded proteins was degradation; a ubiquitination
degradation pathway that might be centered by E3s was
shown in the schematic representation.

DISCUSSION

In the current study, through a combination of proteomic
and phosphoproteomic approaches, we performed a com-
prehensive analysis of salt stress response and defense in B.
distachyon leaves for the first time. Plants respond to salt
stress through the transcription and translation of response-
related genes, which is a complex mechanism that involves
various cross-talk pathways. In addition, post-translational
phosphorylation modification can regulate protein functions
to respond to abiotic stress (47). Comparison between the
DEPs and PLSC phosphoproteins revealed that the DEPs
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Fic. 8. Schematic representation of a possible comprehensive salt response and defense model in B. distachyon. The DEPs and
PLSC phosphoproteins identified in our study were used to construct the schematic representation. Proteins with red arrows represent DEPs
up-regulated under salt stress relative to the control, and those with blue arrows represent down-regulated DEPs. PLSC phosphoproteins are
represented by a yellow ball. PLSC phosphoproteins with red outlines represent phosphopeptides only detected in salt stress samples or with
significantly up-regulated phosphorylation levels under salt stress relative to the control, whereas those with green outlines represent those
phosphopeptides only detected in controls or with significantly down-regulated phosphorylation levels under salt stress.

mainly acted as functional proteins, whereas most of the
PLSC phosphoproteins were found to be regulatory proteins,
suggesting that plants can respond to and defend against salt
stress in two ways: (1) through phosphorylation modification
changes, mainly involving signal transduction, transcription/
translation, and transport; and (2) through protein expression
changes, which mainly occur in photosynthesis and energy
production. The proteins related to ROS scavenging and pro-
tein folding/degradation can respond to and defend against
salt stress in both ways.

Perception of Salinity and Signal Transduction—Salinity is
communicated by sodium ionic and osmotic stress signals in
plants, which can trigger the corresponding signal transduc-
tion pathways. Protein kinases and protein phosphatases play
opposite functions in signal transduction. Many protein ki-
nases and protein phosphatases were found to be PLSC
phosphoproteins in our study. Salinity stress can lead to a
transient increase in cytosolic Ca®™, derived from either influx

from the apoplastic space or release from internal stores (48).
Two calcium-dependent protein kinase 7 phosphoproteins
(241 and 435) were identified as PLSC phosphoproteins in our
study. Calcium-dependent protein kinase 7 can be activated
by Ca®" to lead to autophosphorylation that plays an impor-
tant role in the regulation of kinase activity (49). In tobacco,
Ser40 and Thre5 of NtCDPK2 are phosphorylated after hy-
perosmotic stress. Ser40 is a target for a regulatory upstream
protein kinase, and correct NtCDPK2 membrane localization
is required for Ser40 phosphorylation (50). In our study, PLSC
phosphoproteins 241 and 435 were phosphorylated at Ser532
and Ser463 of the C terminus, respectively, only under salt
stress, indicating a relationship with osmotic stress response.
Protein phosphatase 2C 70 (PLSC phosphoprotein 557),
which is encoded by the ABI1 gene, can lead to the dephos-
phorylation of phosphoproteins; is involved in ABA signal
transduction; and interacts with RLK5, SERK1, and CDC48A
(51-53). The current study revealed that protein phosphatase
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2C 70 was phosphorylated only under salt stress, which might
indicate that protein phosphatase 2C 70 functions in the
phosphorylation status in response to salt stress. Polyphos-
phoinositides, as important signaling molecules, are involved
in membrane and vesicular trafficking, regulation of the cyto-
skeleton, and stress response in plants (54). Polyphospho-
inositide phosphatases regulate the synthesis and turnover of
polyphosphoinositides (54). In our research, two polyphos-
phoinositide phosphatases, PLSC phosphoproteins 195 and
1016, were identified, with the phosphorylation of the latter
occurring only after salt stress.

In parallel, osmotic stress signals induced by salinity acti-
vate the synthesis of ABA, of which the signal pathway acts as
a vital approach for salt stress defense (55). Roberts et al. (56)
reported that 14-3-3 proteins regulate the activities of many
proteins involved in signal transduction and play important
roles in stress responses in higher plants. In the ABA-medi-
ated osmotic stress response, some 14-3-3 proteins are con-
stituents of transcription factor complexes for ABA-induced
gene expression (57). In the current study, differential expres-
sion and phosphorylation modification of 14-3-3 proteins
were detected in both leaf proteome and phosphoproteome.
In particular, 14-3-3A (DEP spot 46) showed dramatically
up-regulated expression at both transcriptional (up-regulated
1.68-fold) and translational levels (up-regulated 3.07-fold) un-
der all salt treatments and maintained a higher expression
level even after the stimulus was removed. Previous reports
indicated that a 14-3-3 protein was also up-regulated in
Physcomitrella patens under cold stress (58), and the tran-
scription of another 14-3-3 protein in rice showed an increas-
ing pattern under salt stress (59), which is consistent with our
results. In addition, some 14-3-3 proteins could be phospho-
rylated by several protein kinases in mammals and plants (60).
Phosphorylation of 14-3-3 proteins as well as target proteins
is important for PPIs (61). Previous studies have shown that
14-3-3 proteins can interact with many proteins, such as
calcium-dependent protein kinase and H"-ATPase (56). The
phosphorylation of some 14-3-3 proteins may inhibit their
interaction with target proteins (61), but other 14-3-3 proteins
interact with target proteins in a phosphorylation-dependent
manner (62). In our research, GF14-A and GF14-B (PLSC
phosphoproteins 1281 and 1597) were both phosphorylated
only under salt stress. GF14-A contained a phosphopeptide
that belonged to the [Rxxs] motif and might be regulated by
CaMK-Il. In addition, the Arg (R) residue in GF14-A was re-
placed by a Lys (K) residue in 14-3-3A at the same position
ahead of the phosphorylated Ser residue, which might have
led to the difference in function. Different from the [Rxxs] motif
of GF14-A, the phosphopeptide of GF14-B belonged to the
[sxD] motif, which might be regulated by CK-Il. The PPI net-
work in our study showed that 14-3-3 proteins can interact
with many proteins in various functional groups, most of
which have been demonstrated previously (63).

Auxin plays a pivotal role in many aspects of plant growth
and development (64). Recent studies have shown that auxin
is involved in many biotic and abiotic stresses (65, 66). Trans-
port inhibitor response 1 (PLSC phosphoprotein 1002), as an
auxin receptor, can be induced by auxin and mediate Aux/IAA
degradation and auxin-regulated transcription (64, 67). I1AA-
alanine resistance protein 1 (PLSC phosphoprotein 1278) is
required for auxin conjugate sensitivity and is involved in
auxin homeostasis (68). In the current study, both transport
inhibitor response 1 and IAA-alanine resistance protein 1 were
found to be phosphorylated only in salt-treated samples,
which suggested that they could participate in the auxin signal
pathway and function in phosphorylation status under salt
stress. Auxin homeostasis under stress involves interactions
with salicylic acid and ABA signals (69). In our study, phos-
phorylation of ABA-insensitive 5-like protein 5 (PLSC phos-
phoprotein 565) was identified only under the salt stress con-
dition. ABA-insensitive 5-like protein 5 can interact with the
ABA-responsive elements and be involved in ABA or stress
responses, and its overexpression affects multiple stress tol-
erance (70). Serine/threonine protein kinase SAPK8 (PLSC
phosphoprotein 231) was also phosphorylated under salt
stress in our study. SAPK8 is involved in the ABA signal
pathway, which can be activated by hyperosmotic stress and
ABA (71) and directly phosphorylate TRAB1 (an ABA-insensi-
tive 5-like protein) in rice (72). Interestingly, bZIP transcription
factor TRAB1 (PLSC phosphoprotein 1280) was identified
with a significantly higher phosphorylation level under salt
stress, and might be phosphorylated by SAPKS.

Water, lon, and Nutrient Transport—The physiological
maintenance of living cells relies on the homeostasis of intra-
cellular ion concentrations. Under salt stress it is necessary
for cells to keep the concentration of toxic ions low and to
accumulate essential ions. In our study, both ATP synthase
subunit y chain (DEP 28) and ATP synthase & chain (DEP 30),
involved in ion transport, were up-regulated under salt stress.
This was consistent with the result obtained from a study on
the salt-tolerant wheat variety Shanrong No. 3, in which vac-
uolar proton ATPase subunit E displayed specifically up-reg-
ulated expression under salt stress (73). In our phosphopro-
teome analysis, many ion transporters such as potassium ion,
calcium ion, chloride ion, zinc ion, copper ion transporter, and
sodium/hydrogen exchanger were found. However, most of
these ion transporters showed no significant changes at the
phosphorylation level between salt stress and control condi-
tions, indicating their fundamental roles in the maintenance of
cell homeostasis. Only five of them were identified as PLSC
phosphoproteins. Two sodium/hydrogen exchangers, NHX1
and NHX7 (PLSC phosphoproteins 1425 and 1385), were
found in phosphorylation status only under salt stress. Over-
expression of NHX1 was shown to be related to salt tolerance
in Arabidopsis (74). Conservation analysis confirmed that
NHX7 in our study had a phosphorylated ortholog that was
SOS1 in Arabidopsis. SOS1 is involved in Na™ and K™ homeo-
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stasis and required for cytoplasmic Na* detoxification, which
is regulated by SOS2 and SOS3 through phosphorylation
modification (75). Cation-chloride cotransporter 1 (PLSC
phosphoproteins 53 and 845) can mediate potassium chloride
and sodium chloride cotransports and is related to plant
development and CI~ homeostasis (76). Interestingly, we
found that PLSC phosphoprotein 53 was phosphorylated only
in the control, whereas PLSC phosphoprotein 845 was phos-
phorylated only in the salt stress condition.

Aquaporin can facilitate the transport of water and small
neutral solutes across cell membranes (77). Phosphorylation
of plasma membrane aquaporin can activate the water chan-
nel, and it can be inactivated through dephosphorylation of
the phosphorylated plasma membrane aquaporin (78). In vivo,
aquaporins are always phosphorylated on Ser residue (79).
Three aquaporins were found in our study; two of them
(PIP2-1 and PIP1-2; PLSC phosphoproteins 468 and 1627)
were only identified under salt stress conditions, and one of
them (NIP2-2; PLSC phosphoprotein 560) was down-regu-
lated at the phosphorylation level under salt stress. This dem-
onstrated that they might play different roles under salt stress.
PIP2 is related to H,O, diffusion in phosphorylation status in
the response to cold stress in maize (80), suggesting a po-
tentially similar function of the phosphorylation of PIP2-1 in
our study.

In this study, several nutrient transporters involved in sugar,
amino acid, peptide, and phospholipid transport were found
as PLSC phosphoproteins, such as aluminum-activated
malate transporter 9 (PLSC phosphoprotein 548), sugar trans-
porter ERD6-like 4-like isoform 1 (PLSC phosphoprotein 764),
monosaccharide-sensing protein 2 (PLSC phosphoprotein
1082), lysine histidine transporter 1 (PLSC phosphoprotein
1167), probable peptide/nitrate transporter At5g62680-like
(PLSC phosphoprotein 321), and phospholipid-transporting
ATPase 3 (PLSC phosphoprotein 1212). Among them, alumi-
num-activated malate transporter 9, ERD6-like 4-like isoform
1, monosaccharide-sensing protein 2, lysine histidine trans-
porter 1, and phospholipid-transporting ATPase 3 were phos-
phorylated only under the salt stress condition.

Transcription and Translation—Under salt stress, many re-
sponse- and defense-related genes are stimulated by up-
stream transcription regulatory factors. Meanwhile, the genes
involved in normal plant growth and development are inhib-
ited. Our results revealed that most of the DEPs associated
with translation showed down-regulation under salt stress,
except 31-kDa ribonucleoprotein (DEP spot 35), which was
up-regulated by up to 6.66-fold under 160 mm NaCl stress.
31-kDa ribonucleoprotein is involved in the 3'-end processing
of chloroplast mRNAs (81), and the up-regulation of this pro-
tein may be related to the translation of defense-related genes
in chloroplast.

The phosphorylation or dephosphorylation of some tran-
scription- and translation-associated proteins such as tran-
scription factors, splicing factors, translation initiation factors,

and nucleolar proteins may play important roles. Transcription
factor HY5 (PLSC phosphoprotein 902) is a bZIP transcription
factor that promotes photomorphogenesis and can be phos-
phorylated by CK-II (82). In our results, HY5 was phosphory-
lated at a Ser residue only under salt stress, with its phos-
phopeptide belonging to the [sDxE] motif, which was a
substrate of CK-Il. HY5 can interact with COP1 when unphos-
phorylated, which negatively regulates HY5 activity (83). Tran-
scription factor GTE4 (PLSC phosphoprotein 1094) plays a
role in cell cycle regulation and specifically in the maintenance
of the mitotic cell cycle (84). Different from HY5, GTE4 was
phosphorylated only under normal conditions. Scaffold at-
tachment factor B1 (PLSC phosphoprotein 1099) functions in
different cellular processes involved in RNA processing (85)
and stress response (86). Scaffold attachment factor B1 was
phosphorylated only under salt stress in our study, suggesting
that it might play a crucial role in salt stress defense. Nuclear
cap-binding protein subunit 2 (PLSC phosphoprotein 1347)
can combine with nuclear cap-binding protein subunit 1 to
form the nuclear cap-binding complex, which mediates the
recognition of capped RNA and is involved in spliceosome
assembly (87). THO complex subunit 4 (THOC4) (PLSC phos-
phoprotein 344) is a component of the THO subcomplex of
the TREX complex. The TREX complex is recruited to splice
mRNAs by a splicing-coupled mechanism (88, 89). The re-
cruitment occurs via an interaction between ALYREF/THOC4
and nuclear cap-binding protein subunit 1 (90). The nuclear
export of HSP70 mRNA depends on ALYREF/THOC4 in con-
junction with THOCS5 (91). In our research, nuclear cap-bind-
ing protein subunit 2 and THOC4 were both phosphorylated
only under salt stress. IQ-domain 1 (IQD1) (PLSC phospho-
protein 875), IQD14 (PLSC phosphoprotein 735), and QD32
(PLSC phosphoprotein 1664) were all IQD proteins that linked
calcium signaling pathways to the regulation of gene expres-
sion. QD1 can stimulate glucosinolate accumulation and
plant defense (92).

Photosynthesis and Carbohydrate Metabolism—Photosyn-
thesis is usually depressed under salt stress in glycophytes.
Our results indicated that Bd21, as a glycophyte, could toler-
ate NaCl treatment up to 200 mm based on the measurement
of RWC and chlorophyll content (Fig. 1). When the NaCl
concentration exceeded this boundary, the photosynthesis
process was disturbed. At the translational level, the expres-
sion of most photosynthesis-associated proteins decreased.
Fructose-1,6-bisphosphatase (DEP spot 44) is involved in
gluconeogenesis and the Calvin cycle. The down-regulation
of fructose-1,6-bisphosphatase in both stress-treatment and
recovery groups reflected the depression of photosynthesis.
Chlorophyll a/b binding proteins (LHCB; DEP spots 17, 38, 57,
and 75) displayed an up-regulated expression pattern at dif-
ferent NaCl concentration levels (Fig. 3A), which was generally
consistent with the results obtained for Arabidopsis treated
with 150 mm NaCl (9). LHCB can be significantly phosphory-
lated under NaCl treatment in the halotolerant green alga
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Dunaliella salina (93). In our phosphoproteomic results, two
LHCB proteins (PLSC phosphoproteins 1505 and 1595) were
identified as PLSC phosphoproteins. One of them (PLSC
phosphoprotein 1505) was significantly up-regulated at the
phosphorylation level under salt stress, whereas the other one
(PLSC phosphoprotein 1595) was down-regulated (supple-
mental Table S4).

Under salt treatment, energy production is also inhibited.
With increasing NaCl concentration, the depression of energy
is aggravated, which is caused by ROS damage. At the pro-
tein expression level, most of the DEPs were down-regulated
under salt stress. For example, transketolase (DEP spots 41
and 73), the key enzyme of the reductive and oxidative pen-
tose phosphate pathway, was down-regulated to one-fifth in
expression under salt stress relative to the control. In the
recovery group, transketolase displayed slight up-regulation
under an 80 mm NaCl concentration. But with increasing NaCl
concentration, the expression of transketolase decreased
(Fig. 3A). Bernacchia et al. (94) found that transketolases
played roles in the conversion of sugars and were involved in
the rehydration process of desiccated plants. Our results
suggested that the pentose phosphate pathway could be
seriously disturbed by salt stress, and whether this pathway
could be recovered depended on the NaCl concentration
level.

In our study, 10 DEPs associated with photosynthesis or
carbohydrate metabolism were also identified as PLSC phos-
phoproteins (Table Il), which means these proteins are regu-
lated at both translational and phosphorylation levels in re-
sponse to salt stress. For example, oxygen-evolving enhancer
protein 2 (DEP spots 3 and 58) was also identified as a PLSC
phosphoprotein. The intensity of DEP spot 3 in 2-DE maps
was far less than that of DEP spot 58. Results revealed that
DEP spot 3 should represent the phosphorylation status of
DEP spot 58. This demonstrated that some DEPs with more
than one spot on 2-DE profiles might have different phosphor-
ylation statuses at various phosphorylated sites.

ROS Scavenging—Under treatment with different NaCl
concentrations, proteins related to ROS scavenging were up-
regulated to different extents at the translational level. Mito-
chondrion is the organelle for producing energy that yields a
lot of peroxides and superoxides. The plant cells need various
antioxidants to detoxify those oxides in mitochondria. Salt
stress generally induces a reduction of molecular oxygen by
membrane-bound NADPH oxidase, giving rise to superoxide
radicals. These radicals are, to some degree, detoxified by
discrimination into H,O,, which is also toxic but can serve as
a signal for gene expression that leads to programmed cell
death or the production of radical scavenging proteins. Thus
the balancing of production and detoxification of ROS is vital
for maintaining cellular functions (95). Upon exposure to abi-
otic stress, the transcription and translation of enzymes in-
volved in ROS scavenging are induced or up-regulated (96,
97). Superoxide dismutase [Mn] 3.1 (DEP spot 37) can trans-

form superoxide into H,O, in mitochondria. 2-Cys peroxire-
doxin BAS1 (DEP spots 52 and 72) is involved in the detoxi-
fication of hydroperoxides and can be induced by oxidative
stress in Arabidopsis (98). Both glutathione S-transferase F11
(DEP spot 56) and glutathione S-transferase DHAR2 (DEP
spot 60) are involved in redox homeostasis (99). In our re-
search, 2-cys peroxiredoxin BAS1, glutathione S-transferase
F11, glutathione S-transferase DHAR2, and superoxide dis-
mutase [Mn] 3.1 were all up-regulated dramatically under salt
stress and returned to normal in the recovery period, which
reflects the crucial roles of these proteins in ROS scavenging.
The expression of ascorbate peroxidase 1 (DEP spots 36 and
42) increased sharply to a higher level under salt treatment in
the 80 to 160 mm NaCl range (Fig. 3A), suggesting that ascor-
bate peroxidase 1 is a main scavenging enzyme for defense
against salt stress. Under higher salt stress, its accumulation
returned to a normal level, suggesting that the extent of oxi-
dative damage exceeded the regulatory capacity of Bd21 leaf
cells. For the purpose of signaling, small fluctuations of ROS
are adequate to activate transduction pathways. ROS pro-
duction and scavenging enzymes are likely to be regulated by
PTMs (47). In our phosphoproteomic analysis, glutathione
S-transferase (PLSC phosphoprotein 1522) and glutathione
peroxidase 4 (PLSC phosphoprotein 118) were both only
phosphorylated under salt stress. All of these DEPs and PLSC
phosphoproteins are components of the oxidative stress de-
fense system and can be used as potential salt stress markers
in further research.

Protein Folding and Degradation—Under salt stress, many
proteins are misfolded, and these proteins cannot be assem-
bled and function as normal. CPN60-2 (DEP spots 53 and 55)
is involved in protein import and macromolecular assembly in
mitochondria (100), which may prevent misfolding and pro-
mote the refolding and proper assembly of unfolded polypep-
tides generated under salt stress. Stromal 70-kDa heat shock-
related protein (CHSP70) (DEP spot 64) can conjunct with
CPN60, which is involved in the assembly of RuBisCO in
plastids (101, 102). Under salt stress and recovery, the up-
regulation of CPN60-2 and CHSP70 might function to main-
tain the protein conformation. The protein GrpE (PLSC phos-
phoprotein 1467) can function as a nucleotide exchange
factor for HSP70 and participates in the response to hyper-
osmosis and heat shock through preventing the aggregation
of stress-denatured proteins (103, 104). In our study, GrpE
was only phosphorylated in the salt-treated sample, which
indicated that it played roles in phosphorylation status under
salt stress. Two HSP80 proteins (PLSC phosphoproteins
1290 and 1655), one HSC70 (PLSC phosphoprotein 178), and
one HSP20 (PLSC phosphoprotein 1004) were only phosphor-
ylated in the stress-treated sample (supplemental Table S4A).
Our result provided more insights than a previous study by
Cole and Meyers (105) that revealed an increase of HSP70 at
the phosphorylation level but no change at the expression
level under osmotic stress.
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Another mechanism involving misfolded proteins is degra-
dation. Our results showed that three DEP spots were iden-
tified as degradation-associated proteins. Among them was
mitochondrial-processing peptidase subunit 8 (DEP spot 14),
a heterodimeric enzyme playing an essential role in mitochon-
drial protein import. It cleaves off the N-terminal targeting
signals of nuclear encoded mitochondrial proteins upon their
transport into the organelle (106). The proteasome is a very
large protein complex (26S) containing a 20S core particle
that is a multicatalytic protease that degrades proteins using
an ATP-dependent mechanism (107). The 20S core particle is
a barrel-shaped structure composed of four stacked rings,
each containing seven subunits (a,8,8,a7). The two outer
rings are composed of seven different « subunits that regulate
the opening of the proteasome to misfolded proteins. In our
research, proteasome subunit « type-2 (DEP spot 23) was
down-regulated in the salt-treated group but up-regulated in
the recovery group (Fig. 3), suggesting that it mainly func-
tioned in the recovery from the abnormal condition instead
of in the defense against salt stress. There are some pro-
teasome interacting proteins, including 14-3-3-like protein,
glyceraldehyde-3-phosphate dehydrogenase, transaldolase,
actin, translation elongation factor, enolase, ATPase, and eu-
karyotic initiation factor (108). The ATP-dependent zinc met-
alloprotease FTSH2 (DEP spot 45) is an ATP- and Zn®*-de-
pendent metalloprotease. Besides being a protease, FTSH
also acts as a molecular chaperone influencing protein as-
sembly in and through the cytoplasmic membrane and asso-
ciates with denatured alkaline phosphatase without degrading
it (109). Therefore, FTSH may serve to maintain quality control
of some cytoplasmic and membrane proteins. Ubiquitin pro-
tein ligases (E3s), along with the ubiquitin-activating enzymes
(E1s) and ubiquitin-conjugating enzymes (E2s), catalyze the
attachment of ubiquitin to target proteins. The specificity of
the ubiquitination pathway is controlled mainly by the E3s,
and most stress-related E3s facilitate responses to environ-
mental stress by modulating the abundance of key down-
stream stress-responsive transcription factors (110). Stone et
al. (111) found a novel E3 containing 12 HERC2-like repeats
that was required for ABA signaling of Arabidopsis seedlings.
Here, two E3s (PLSC phosphoproteins 608 and 1428) were
only phosphorylated under salt stress. NEDD8-activating en-
zyme E1 catalytic subunit (PLSC phosphoprotein 723) was
found with a significantly higher phosphorylation level under
salt stress relative to the control (supplemental Table S4C).
NEDD8-activating enzyme E1 catalytic subunit is highly di-
verged from characterized E1 enzymes and lacks a key cys-
teine residue that is essential for E1 activity. NEDD8-activat-
ing enzyme E1 catalytic subunit may have a novel function in
cellular regulation that is unrelated to ubiquitin conjugation
(102). del Pozo et al. (112) found that mutation of the AXR1
gene could lead to a reduction of auxin response and diverse
defects in auxin-regulated growth and development. The deg-
radation-associated proteins were down-regulated at the

translational level under salt stress and then restored to nor-
mal expression levels or up-regulated after recovery. At the
same time, the phosphorylation levels of proteins associated
with the ubiquitination degradation pathway were raised un-
der salt stress. Degradation is an energy-consuming process,
and energy production is depressed under salt stress. Thus,
we speculated that plants handle misfolded proteins mainly
through refolding under stress treatment and through degra-
dation in recovery. Changes at the phosphorylation level in-
stead of in protein abundance may be the main strategy for
the ubiquitination degradation pathway under salt stress.
Other Functions—Under harsh salt stress, cell structure
might be damaged, and several DEPs or PLSC phosphopro-
teins associated with dynamic changes of cell membrane and
cell wall were found in the current study. Outer membrane
lipoprotein BLC is involved in the storage or transport of lipids
necessary for membrane maintenance and is up-regulated
during cold acclimation and heat-shock treatment (113). Our
results also showed that BLC (DEP spot 62) was up-regulated
dramatically at the translational level with increasing NaCl
concentration in the stress group (up to 6.80) and the recovery
group (up to 1.98). Quantitative RT-PCR analysis of the gene
encoding BLC also showed a consistent result. With increas-
ing NaCl concentration, the transcription of this gene in-
creased sharply to 7.69-fold under 320 mm NaCl stress and
maintained a high level (5.41-fold) in the recovery group (Fig.
4A). Five cellulose synthase A catalytic subunits (CESA2,
CESA4, CESA7, CESA8, and CESA9) were found with down-
regulated phosphorylation levels under salt stress or only
found in the normal condition. CESA2 and CESA9 (PLSC
phosphoproteins 242 and 1478) are mainly responsible for
cellulose production during the formation of the primary cell
wall (114), whereas CESA4, CESA7, and CESAS8 (PLSC phos-
phoproteins 935, 1219, and 73) are required for secondary cell
wall formation (115-117). Phosphorylation of the catalytic
subunit of CESA plays a key role in the regulation of cellulose
synthesis in the primary cell wall (118). Phosphorylation of
CESA7 has been linked to its degradation via a 26S protea-
some-dependent pathway (119). The down-regulated phos-
phorylation level of CESAs might lead to a hard-to-stretch cell
wall and thus hindered leaf growth and development. Two
patellin-5 proteins (PLSC phosphoproteins 823 and 824) were
only phosphorylated under salt stress. Patellin-5 is similar to
patellin-1, which may be involved in membrane-trafficking
events associated with cell-plate expansion or maturation and
points to the involvement of phosphoinositides in cell-plate
biogenesis (120). Chitinase belongs to the pathogenesis-re-
lated proteins and has mostly been detected in plants ex-
posed to phytopathogenic viruses, bacteria, or fungi. Some
studies revealed that chitinase is also involved in plants’ de-
fense against abiotic stress, such as that caused by salt (26),
wounds (121), or heavy metals (122). In our study, a chitinase
protein (Cht8; DEP spot 69) was up-regulated up to 8.58- and
18.04-fold in the stress and recovery groups, respectively
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(supplemental Table S1), which reflected its important roles in
salt stress defense.

CONCLUSION

In summary, for the first time, the model plant Bd21 was
studied in a comprehensive analysis at both translational and
post-translational levels under salt stress. Proteome analysis
of salt stress treatment and recovery from moderate to harsh
salt concentrations displayed the protein expression charac-
ters for salt stress response and defense in Brachypodium.
Phosphoproteome analysis of nontreated and salt-treated
samples revealed the difference at the phosphorylation level
and a range of phosphoproteins and phosphorylation sites
involved in the stress signaling cascade. In total, 60 DEPs and
468 PLSC phosphoproteins were identified through pro-
teomic and phosphoproteomic analyses. GO enrichment and
KEGG pathway analyses revealed the function and pathway
distribution of the DEPs and PLSC phosphoproteins. For the
496 PLSC phosphopeptides, 9 phosphorylation motifs were
extracted, which were mainly regulated by MAPK, cyclin-de-
pendent kinase, CaMK-Il, and CK-Il. A complex PPl network
of all DEPs and PLSC phosphoproteins and a 14-3-3 subnet-
work were constructed and revealed the potential crucial roles
of the three 14-3-3 proteins identified in this work. Among the
60 DEPs, 14 were also identified as phosphoproteins. Many
proteins and phosphoproteins have been screened out and
can be potential salt stress markers for further research. Our
results broaden the understanding of salt stress response and
defense in plants.
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