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Salinity is a major abiotic stress that inhibits plant growth and development. Plants have
evolved complex adaptive mechanisms that respond to salinity stress. However, an
understanding of how plants respond to salinity stress is far from being complete. In
particular, how plants survive salinity stress via alterations to their intercellular metabolic
networks and defense systems is largely unknown. To delineate the responses of Nitraria
sphaerocarpa cell suspensions to salinity, changes in their protein expression patterns were
characterized by a comparative proteomic approach. Cells that had been treated with
150mM NaCl for 1, 3, 5, 7, or 9days developed several stress-related phenotypes, including
those affecting morphology and biochemical activities. Of ~1100 proteins detected in 2-DE
gel patterns, 130 proteins showed differences in abundance with more than 1.5-fold when
cells were stressed by salinity. All but one of these proteins was identified by MS and
database searching. The 129 spots contained 111 different proteins, including those
involved in signal transduction, cell rescue/defense, cytoskeleton and cell cycle, protein
folding and assembly, which were the most significantly affected. Taken together, our
results provide a foundation to understand the mechanism of salinity response.

© 2012 Elsevier B.V. All rights reserved.
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1. Introduction

Salinity stress is the most common type of abiotic stress that
limits plant growth and development. Although the global
acreage affected by high levels of salinity is not known, the
general perception has been that more than 20% of irrigated
land has unnaturally high levels of salt [1–3]. Understanding
how plants tolerate salinity would help to reduce the damage
it causes and to develop salinity-tolerant cultivars. Much
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effort has gone into understanding the adaptive mechanisms
used by plants in response to salinity [4–6], although exactly
how plants respond to salinity is still not fully understood.

Plant responses to salinity include morphological, physio-
logical, and biochemical changes, and induced defensive
mechanisms [6]. High salinity can directly or indirectly disturb
cellular ion homeostasis by altering the cellular redox state
[6]. NaCl, the most abundant salt found naturally, elicits two
primary effects in plants: osmotic stress and ion toxicity [7].
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Under normal conditions, the osmotic pressure in plant cells
is greater than that in soil. Plant cells use this higher osmotic
pressure to take up water and essential ions, e.g., K+ and
Ca2+, into their root cells from the soil. However, when the
soil osmotic pressure exceeds that in plant cells, the ability
of plants to take in water and minerals is adversely affected
[8,9]. Additionally, ions, such as Na+ and Cl−, enter cells more
readily and negatively affect cell membrane structure and
function, and cytosolic metabolism [4,7]. The aforemen-
tioned effects reduce cell volume and membrane function,
assimilate production of plant, and increase production of
ROS, all of which are involved in sensing and responding to
salinity [10,11]. When plants are subjected to salinity stress,
the balance between reactive oxygen production and de-
struction by antioxidant enzymes is perturbed, resulting in
oxidative damage [12]. The levels and/or activities of anti-
oxidative enzymes, such as catalase, ascorbate peroxidase,
guaiacol peroxidase, glutathione reductase, and superoxide
dismutase, increase in salinity-stressed plants [13,14]. Addi-
tionally, plants containing high levels of antioxidants or
overexpressing genes that encode antioxidant enzymes,
including GST and glutathione peroxidase, are better able
to protect themselves against salinity-induced damage
[15–17].

Maintenance of a low concentration of cytoplasmic Na+ is
key to salinity tolerance [5]. Although the receptor(s) for Na+ has
not been identified, the plasma membrane sodium/proton
antiporter may serve that function [5]. In addition, the cytosolic
concentration of free Ca2+ is detected to increase in response to
salinity stress. This ionic response to salinity stress is via the
SOS pathway in which the Ca2+-responsive SOS3–SOS2 protein
kinase complex alters the expression and activity of ion trans-
porters including SOS1 [5]. High-throughput genetic screens
have delineated these responses andhavedefinedphysiological
and molecular processes involved in salinity-stress responses.
The emerging paradigm is that of a complex protein/gene
network centered largely on those proteins/genes involved in
signal transduction.

On the basis of their responses to salinity, plants are
considered to be halophytes or glycophytes. Halophytes are
native to salinity environments, whereas glycophytes cannot
tolerate the same levels of salinity. Most terrestrial plants are
glycophytes, although their tolerance for salinity varies [18].
In order to investigate the molecular mechanisms of plant
response to salinity stress, proteomics is widely used to
characterize functionally important proteins and to identify
the metabolic pathways affected by salinity stress [19,20]. And
plants with various levels of salt tolerance employ different
strategies to cope with salt stress, especially between halo-
phytes and glycophytes [19,20].

Nitraria sphaerocarpa, which belongs to the Zygophyllaceae
Nitraria, is a shrub andmainly distributed in the desert region
of western and northern China. It has a strong resistance to
salinity and drought stress, and plays an important role for
maintaining the balance of the desert ecosystem. So, N.
sphaerocarpa is called a halophytic plant that grows in salinity
environments in western and northern China. For the study
reported herein, we used cultured N. sphaerocarpa cell suspen-
sions to investigate the effects of salinity stress on abundance
of protein spots and to understand the functional responses of
cells during exposure to salinity. Cell suspensions reproduce
more rapidly, are generally easier to manipulate, and, owing
to their uniformity, have more reproducible protein profiles
than do whole plants. The results presented herein increase
our knowledge of plant responses to salinity at the cell level
and allow a comparison with previous studies that focused on
responses found for plant tissues and organs.
2. Materials and methods

2.1. Plant material and cell culture

The leaves of N. sphaerocarpa (genotype MP14) were used as
explants to induce callus formation and then to prepare
suspension cultures in liquid medium as described [21].
Cells were maintained on agar that contained Gamborg B5
medium [22] supplemented with 9M 2,4-D and 0.9M 6-BA
and then transferred into liquid culture medium of the
same composition. In liquid culture, cells not exposed to
salinity exhibited typical S-shaped growth curves, i.e., at an
initial cell density of 30% packed cell volume, the cell
density increased to ~60% in 14days, leveled off, and then
entered a stationary phase. Consequently, cell suspensions
were periodically subcultured by diluting with an equal
volume of medium every 14days.

2.2. Salinity stress

Cell suspensions (50mL per 25-mL Erlenmeyer flasks) were
grown in the dark for 3days after subculture, then treated with
150mMNaCl, andmaintained in the dark for 1, 3, 5, 7, or 9days.
Cell morphology was characterized microscopically (Leica DMI
4000) at the end of each treatment period. Then, the suspen-
sions were transferred into 1.5-mL microcentrifuge tubes using
a wide-bore pipette and separated from the spent medium by
pulse centrifugation (Beckman Allegra 64R). The cell pellets
were immediately frozen in liquid nitrogen and stored at −80°C
until needed. Each time point was repeated three times using
new cell suspensions.

2.3. Cell viability assay

Cell viability assays are performed according to the 2,3,5-tri-
phenyltetrazolium chloride (TTC) method [23]. Cells (20–50mg
as 200-L aliquots) were rinsed with 1mL of 0.05M sodium
phosphate, pH 7.45, collected by filtration, and incubated for 3h
in 1mLof 23.9mMTTC, 0.05Mphosphate, pH 7.45, in the dark at
28°C. After incubation, the samples were centrifuged (12,000×g,
5min). The pellets were then suspended in 1mL of 95% ethanol
at room temperature for 16h to extract the formazan product.
The supernatant optical densities were measured at 492nm
using amicroplate reader (Biotek ELX800) according to Towill LE
and Mazur P reports [23].

2.4. Protein extraction and protein
concentration measurements

To minimize errors, three biological repeats (each with two
technical replicates) were performed for 2-DE. For each



5228 J O U R N A L O F P R O T E O M I C S 7 5 ( 2 0 1 2 ) 5 2 2 6 – 5 2 4 3
technical repeat sample, cells of five bottles from five
seedlings were cooled. Cells (3g, wet weight) were ground
in liquid nitrogen with 10% (w/v) PVP. Protein extraction and
2-D electrophoretic separation were performed as described
[24] with some modifications. Briefly, proteins were
extracted by grinding frozen cells in 10% (w/v) TCA with a
plastic pestle and quartz sand. Homogenized cell debris and
TCA-precipitated proteins were collected by centrifugation
(15,000×g) at 4 °C for 30min. The supernatants were dis-
carded, and the pellets were each washed with 100mL of
ice-cold acetone. Pellets were air dried and then were each
suspended in 50mL 7M urea, 2M thiourea, 4% CHAPS, 1% (v/
v) IPG buffer, and 56mM DTT by vortexing at 100rpm for 1h.
Insoluble cell debris was removed by centrifugation
(15,000×g, 30min), and each supernatant was transferred
to a new microcentrifuge tube. The amount of protein in
each extract was quantified using the reagents of a 2-D
Quant kit (Amersham Biosciences, Piscataway, NJ, USA).

2.5. 2-DE and image analysis

IEF was carried out with 24-cm Immobiline DryStrip IPG strips
(pH range 4.0–7.0; Amersham Biosciences). The strips were
first hydrated for 16h in 450μL of rehydration buffer (7M urea,
2M thiourea, 4% (w/v) CHAPS, 1% (v/v) IPG buffer, 50mM DTT)
that contained 400μg of protein extracts and a trace of
bromophenol blue. Strips were subjected to IEF at 20°C for
64kVh in an IPGphor II system (Amersham Biosciences). After
IEF, the strips were equilibrated for 15min in 6M urea, 0.375M
Tris, pH 8.8, 2% (w/v) SDS, 20% (v/v) glycerol, 2% (w/v) DTT and
2.5% (w/v) iodoacetamide (IAM). For the second dimension,
SDS-PAGE was performed with 12.5% (w/v) polyacrylamide
gels at 25mA for 5h. The gels were stained with silver
staining. After destaining, the gels were scanned using an
ImageScannerII and analyzed using ImageMaster 2-D version
5.0 software (GE Healthcare) as described in the user manual.
Background subtraction and normalization were done fully
automatically. Minimal manual editing was performed to
correct the mismatched and unmatched spots between gels.
Vol.% of each spot was used for quantification and p<0.05 was
a criterion to define the significant difference when using
paired Student's t-test.

2.6. In-gel digestion and MALDI-TOF/TOF MS analysis

In-gel tryptic digestion of proteins in spots was performed as
described [13,25]. MS analysis and queries against the NCBInr
protein database were performed according to our previous
report [13]. α-Cyano-4-hydroxycinnamic acid is used as
MALDI mass spectrometry matrix, and mixed in equal
volumes with the sample solution. Each sample was
air-dried on the target plate and subjected to MALDI-TOF/
TOF MS (4700 Proteomics Analyzer, Applied Biosystems,
Foster City, CA, USA). Trypsin-digested myoglobin served
as themass calibration standard, and the internal calibration
mode was used. All mass spectra were processed using 4700
Explore software (Applied Biosystems) and the default mode.
Parent-ion peaks with molecular masses between 700 and
3200Da and a minimum signal-to-noise ratio of 20:1 were
used for MS/MS. The MS/MS spectra were submitted to the
MASCOT server (V2.1, Matrix Science, London, UK) by GPS
Explorer software (V3.6, Applied Biosystems), which searched
the Viridiplantae (green plant) NCBInr database using the
following parameters: one missed cleavage allowed, a
parent-ion mass tolerance of 0.2Da, a peptide-ion mass
tolerance of 0.6Da, and oxidation of methionine allowed.
MASCOT protein scores (derived from the combined MS and
MS/MS spectra) of >72 were considered to be statistically
significant (p≤0.05). The MS/MS spectrum with the statisti-
cally most significant ion score (confidence interval≥95%)
was accepted for each input peptide.

2.7. Functional annotation and classification of
identified proteins

The functions of the identified proteins were assigned using
the protein-function database Pfam (http://www.sanger.ac.
uk/Software/Pfam/) [26] or the InterPro database (http://
www.ebi.ac.uk/interpro/) [27]. Identified proteins were cate-
gorized by their functional annotation as described for
Arabidopsis [28].

2.8. Quantitative RT-PCR

Quantitative RT-PCR analysis was performed to quantify
the transcriptional levels of N. sphaerocarpa genes. Total RNA
was extracted using RNA extraction kit (QIAGEN, China) from
the samples of N. sphaerocarpa cells under salinity treatments.
A total of 1–2μg of RNA was used in cDNA synthesis according
to the manufacturer's instructions (Promega, USA). The
quantitative RT-PCR reaction was performed with the Mx
3000P machine (STRATAGENE, http://www.stratagene.com).
The SYBR GreenMasterMix was used to identify mRNA level
according to the manufacturer's instructions (QIAGEN). To
design RT-PCR primers, the sequence of each differentially
expressed protein was first used as a tBLASTn search term
against N. sphaerocarpa ESTs. The EST, as well as its corre-
sponding unigene, was selected, all of ESTs clustering with
this unigene were electronically assembled, and the assem-
bled sequence was used for primer design. The primers were
used for twenty-one genes (Supplemental Table 1). Actin gene
of N. sphaerocarpa was used as internal standard and was
amplified. Amplification was performed in a 20μL reaction
mixture, containing 5μL cDNA, 1μL forward and reverse
primers, 10μL Taq polymerase (QIAGEN, China) and 4μL
water. The PCR program consisted of 28cycles: 94°C for
2min; 94°C for 30s; 56°C for 30s; 72°C for 60s and the final
extension at 72°C for 10min. Triplicate samples were used for
quantitative RT-PCR.

2.9. Statistical analysis

In experimental measurements, all data were subjected to
analysis of variance (ANOVA) using SPSS software version 6.0,
and means (n=6) were separated using the Fisher's Least
Significant Difference (FLSD) test at >95% confidence interval
(p<0.05). In 2-DE gel image analysis (n=6), the significant
differences in spot vol.% were defined using paired Student's
t-test at >95% confidence interval (p<0.05) as provided by the
GraphPAD software version 5.01.

http://www.sanger.ac.uk/Software/Pfam/
http://www.sanger.ac.uk/Software/Pfam/
http://www.ebi.ac.uk/interpro/
http://www.ebi.ac.uk/interpro/
http://www.stratagene.com
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Fig. 1 – Effects of salinity stress on the morphology of N. sphaerocarpa cells. Suspensions of cultured N. sphaerocarpa cells were
treated with 150mM NaCl for 1, 3, 5, 7, or 9days. The morphology of the cells was examined at the end of each treatment
period.
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2.10. Principal Component Analysis

Principal Component Analysis (PCA) analysis was carried out
with Box–Cox transformed data using the Web-based soft-
ware NIA array analysis tool [29]. Default settings were used
with the exception of the FDR threshold, which was defined as
0.01. The settings used for the PCA analysis were the
following: covariance matrix type; principal components;
one-fold change threshold for clusters; 0.8 correlation thresh-
old for clusters. Only the proteins that presented a correlation
with the sample clusters from the PCA that had a FDR<0.05
were reported.
3. Results and discussion

3.1. Morphological changes and physiological responses in
N. sphaerocarpa cells induced by salinity stress

The exposure of N. sphaerocarpa cells to salinity treatment
dramatically changed their morphological and physiological
1.2

0.8

1

0.4

0.6

O
D

 (
49

2n
m

)

0

0.2

0 1 3 5

Fig. 2 – Cell viability assay. Control and NaCl-treated N. sphaeroc
indicated days, washed, and assayedwith 2,3,5-triphenyltetrazol
value is the mean of five replicates±LSD (p<0.05).
traits. Although treatment with 150mM NaCl for up to 3days
did not alter cell morphology, treatment for 3 to 5days
changed the cell shape from round to oval, and during days
7–9, the cells developed elongated protrusions (Fig. 1).

The control cells exhibited flat S-type shaped growth
curves, and their viability decreased from 0.82 to 0.76 between
day 0 and day 1, increased significantly to 0.95 by day 5, and
then declined significantly to 0.75 by 9day (Fig. 2). Compared
with control cells, the viability of the salinity-treated cells
increased significantly from 0.82 on day 0 to 0.90 on day 3 but
decreased significantly to 0.45 by day 9 (Fig. 2). Therefore,
salinity stress significantly (p≤0.05) decreased cell viability by
day 9 and caused dramatic changes in cell morphology and
viability.

3.2. Changes in protein abundance in response to
salinity treatment

2-DE gels from three biological experiments were analyzed
to detect proteins that were reproducibly regulated in
response to salinity stress (Supplemental Fig. 1). The average
number of electrophoretically separated silver-stained spots
Control
NaCl Treat

7 9 Day

arpa cell suspensions were harvested at the end of the
ium chloride as described in theMaterials andmethods. Each



Fig. 3 – 2-DE separation of proteins from control and NaCl-treatedN. sphaerocarpa cell suspensions. Total protein was extracted
from control and NaCl-treated N. sphaerocarpa cell suspensions, separated by IEF/SDS-PAGE, and stained with silver.
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from total N. sphaerocarpa protein was ~1100 (Supplemental
Table 2). Of which, ~840 were matched between groups of
technical replicates, and more abundant spots show much
less gel-to-gel variation (coefficients of variation, CV) with
respect to spot volume (Supplemental Table 3). In order to
further explore the relationships between the samples under
study, PCA analysis indicated a distinct separation between
control and treated profiles, especially, salinity treatments of
5-, 7- and 9-day and the control (Supplemental Fig. 2), and an
analysis of PC1 and PC2 (Supplemental Table 4), which
represented nearly 57% of the original variance, showed a
clear difference between the control and treatments. Fig. 3
shows the gels for proteins extracted from control cells and
salinity-treated cells during the 9-day treatment period; some
of the spots that changed in abundance upon salinity
treatment are labeled. Spot abundance profiles were produced
by comparing spot volumes for each of the treated samples
with those of the controls. We identified 130 spots that
exhibited a volume change of >1.5-fold (p<0.05) during at
least one day (Supplemental Table 5), and the volumes of 112
of these spots changed by >2-fold (Fig. 4). In addition, analysis
of PCA between the 130 differentially expressed protein spots
highlights some of the spots associated with these differences
responding to salinity stress of short and long periods
(Supplemental Fig. 3; Supplemental Table 6).
Fig. 4 – A heat map of protein expression (red, high expressi
The 130 spots were classified into six groups (Fig. 4) based
on hierarchical clustering (Cluster 3.0 and Treeview software,
http://bonsai.ims.u-tokyo.ac.jp/ http://dnagarden.hgc.jp/en/
doku.php/software). The volumes of the group-I and group-II
spots decreased or increased, respectively, throughout the
course of the experiment. The volumes of the group-III spots
decreased between days 1 and 5 and then increased between
days 7 and 9. Those of group-IV increased between days 1 and
3 and then decreased between days 7 and 9. The volumes of
group-V had an increase–decrease–increase profile, and those
of group-VI had a decrease–increase–decrease profile. The
increases in abundance might represent specific short-term
adaptation of the cells to salinity stress, and the decreases in
abundance might reflect cellular damage caused by exposure
to salinity over a longer period. Our observations documented
the changes in abundance of these differentially expressed
proteins in response to salinity stress and imply that the cells
monitored the extent of salinity stress by modulating expres-
sion of the responding proteins.

3.3. Identification and functional classification of the
differentially expressed proteins

The 130 differentially expressed protein spots were char-
acterized by MS/MS. Of these, 129 spots were identified by
on; green, low expression) in response to salinity stress.

http://bonsai.ims.u-tokyo.ac.jp/
http://dnagarden.hgc.jp/en/doku.php/software
http://dnagarden.hgc.jp/en/doku.php/software
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searching the Viridiplantae database with the mass spectral
data (Table 1; Supplemental Table 7); only spot 75 was not
identified. Among the 129 proteins, 126 (96%) were found in
the Pfam and Inter-Pro databases as proteins with known
functions or putative functional proteins, whereas the other
three proteins (spots 21, 26, 125) were annotated as unknown
or hypothetical proteins. To identify these three proteins, we
searched the NCBInr protein database for homologous se-
quences using BLASTP (www.ncbi.nlm.nih.gov/BLAST/). The
proteins with the greatest sequence similarities are listed in
Table 1. The three protein sequences were >40% identical with
those of their homologs, suggesting that the proteins might
have similar functions.

On the basis of their metabolic and functional features, the
identified proteins were classified into 16 categories: signal
transduction, cell rescue/defense, redox homeostasis, cyto-
skeleton and cell cycle, carbohydrate metabolism, amino acid
metabolism, protein synthesis, protein folding and assembly,
protein degradation, transcription, RNA processing, hormone
response, intracellular trafficking, energetics, transposons,
and others (Fig. 5). Notably, 47.2% of the proteins were
members of four functional groups: signal transduction, cell
rescue/defense, cytoskeleton and cell cycle, and protein
folding and assembly. The numbers and expression levels of
the spots in these four groups were overrepresented com-
pared with those in the other groups, which suggested that
the associated processes are functionally important for
adaptation to salinity stress.

3.4. Differentially expressed proteins implicated in signal
transduction pathways

Twenty-nine of the identified proteins (22.5% of the total)
function in signal transduction pathways and were classified
into seven categories according to function and pathway, i.e.,
wall-associated kinase 4 proteins and wall-associated recep-
tor kinase-like 4 proteins, GTP-binding proteins (GTPase),
ATP-binding proteins, calcium-dependent protein kinases,
phosphatase-like proteins, and other kinase-like proteins
(Fig. 6A). Five proteins (spots 65, 69, 70, 93, 103) are small
GTPases, suggesting that they are important for signal
transduction events that respond to salinity stress. Various
small GTPases mediate membrane vesicle trafficking be-
tween the endoplasmic reticulum and the Golgi, and between
the Golgi and the cell membrane, whereas heterotrimeric
G-proteins are pivotal elements in signal transduction path-
ways that are activated by external signals [30]. The different
patterns of GTPase and heterotrimeric G-protein regulation
suggested that each isoform participates in a different signal-
ing pathway. Spot 128 was identified as AGG2 (heterotrimeric
G-protein GAMMA 2 subunit), whichwas upregulated through-
out the treatment period. Plant heterotrimeric G-proteins are
thought to mediate signals received by extracellular receptors
to intracellular effector molecules and to participate in
multiple signaling pathways including those that promote
sphingolipid and jasmonic acid biosynthesis and the response
to pathogens [31,32]. Spots 40, 47, 68, and 91, identified as
phosphatase-related proteins, together with spots 23, 31, 79,
and 85, identified as phosphatase-like proteins, are signaling
enzymes that mediate protein phosphorylation events, which
are especially important in themaintenance of reactive oxygen
balance [33].

Seven spots contained a wall-associated kinase 4 (spots 7,
10, 12) or a wall-associated receptor kinase-related 4 protein
(14, 16, 17, 20). Proteins in spots 7, 10, 12, 14, and 16 were
downregulated under salinity stress, whereas the volumes of
spots 17 and 20 first decreased and then increased (Table 1,
Fig. 6A). Wall-associated receptor kinases and wall-associated
receptor-like kinases generally serve to mediate signaling
between the cell wall and the cytoplasm. These kinases are
transmembrane proteins that recognize extracellular stimuli
and transmit signals via their cytoplasmic Ser/Thr kinase
domains [34,35]. Some wall-associated receptor kinases/wal-
l-associated receptor-like kinases respond to bacterial patho-
gens [36], whereas others are involved in cell elongation and
plant development [37]. The extracellular domains of these
kinases bind tightly to pectin in a calcium-dependent fashion
[38], and their expression is differentially regulated by
environmental and developmental cues such as wounding,
pathogen infection, and aluminum [36,39–41].

Spots 22, 30, and 39were identified as the calcium-dependent
protein kinase adapter protein 1, a putative calcium-dependent
protein kinase, and the calcium-dependent protein kinase 7,
respectively, and were upregulated in response to salinity
(Fig. 6A). Salinity stress can switch on calcium signaling
[5,7], which is elicited by salinity-induced osmotic stress [42].
Calcium-dependent proteinkinases probably link theCa2+ signal
to downstream responses. In addition, calcium-dependent
protein kinase responds to osmotic stress, cold, and abscisic
acid [43].

3.5. Differentially expressed proteins involved
in antioxidative reactions

Twenty-five of the identified proteins are involved in anti-
oxidative reactions and were classified into four functional
categories: cell rescue/defense, redox homeostasis, carbohy-
drate metabolism, and amino acid metabolism (Fig. 6B). Eleven
of these proteins are involved in cell rescue/defense reactions
(Fig. 6B), and three are isoforms of the tetratricopeptide
repeat‐containing protein. The abundance of these latter
three proteins increased by day 1 and then decreased. Spots
113, 114, and 115 contained dehydrin-like protein, dehydrin
13, and dehydrin 14, respectively, and they were upregulated
throughout the experimental period (Fig. 6B). The genes
encoding dehydrin and dehydrin-like protein are induced by
salt and osmotic stress, and their overexpression enhances
tolerance to these stresses in plants [44,45]. The other five
spots contained the late blight resistance protein R1-A,
syntaxin, a member of the HMA superfamily, the pentatrico-
peptide repeat‐containing protein, and cold-regulated
LTCOR18 (Table 1 and Fig. 6B).

Eight other identified proteins, two dihydroflavonol-4-
reductase isoforms, two oxidoreductase isoforms, GST, GST3,
2-oxoglutarate-dependent dioxygenase, and thioredoxin H-type,
are implicated in redox homeostasis (Table 1 and Fig. 6B). GST is
an antioxidant, and its expression is strongly enhanced by biotic
and abiotic stresses, including those caused by salinity and
osmotic pressure [46–48]. Oxidoreductase and thioredoxin
H-type function in the thioredoxin-based redox pathway as

http://www.ncbi.nlm.nih.gov/BLAST/


Table 1 – Differentially expressed proteins identified by MALDI-TOF/TOF MS in Nitraria sphaerocarpa cells under salinity stress treatments.

Spot
number

Experimental
molecular mass

(kDa)/pI

Theoretical
molecular mass

(kDa)/pI

Protein name Coverage
(%)

Accession Species

Cell rescue/defense
3 105.60/6.4 100.44/6.5 Tetratricopeptide repeat (TPR)-containing protein 4% XP_002456766.1 Sorghum bicolor
25 68.13/6.4 62.10/6.1 Late blight resistance protein R1-A 19% AAU95628.1 Solanum tuberosum
57 43.08/5.0 29.86/5.7 Syntaxin 22% ACU23561.1 Glycine max
76 31.37/5.2 31.18/5.4 Putative HMA superfamily (metal ion-binding protein) 22% CBI18633.1 Vitis vinifera
77 32.39/5.2 30.58/4.7 Pentatricopeptide repeat-containing protein 77% EEC79585.1 Oryza sativa
81 36.53/4.7 37.69/5.0 Putative tetratricopeptide repeat protein 11% EEE51172.1 Oryza sativa
84 30.52/4.3 26.26/4.7 Tetratricopeptide repeat protein 16% NP_001064904.1 Oryza sativa
113 17.24/6.4 19.53/6.2 Dehydrin-like protein 23% ABU89745.1 Picea abies
114 12.93/6.4 11.54/6.6 Dehydrin 13 30% NP_001151632.1 Zea mays
115 10.91/6.5 11.55/6.6 Dehydrin 14 30% NP_001151632.2 Zea mays
129 11.07/5.3 18.74/5.0 Cold regulated LTCOR18 21% AAC02689.1 Lavatera thuringiaca

Protein folding and assembly
5 95.92/6.6 93.06/6.6 Disease resistance protein; Heat shock protein

DnaJ, N-terminal; AAA ATPase
6% ABD32335.1 Medicago truncatula

8 75.60/5.0 72.02/5.3 Heat shock protein 70B 8% AAL66864.1 Dunaliella salina
27 67.71/6.2 65.91/6.2 Heat shock protein 70 (HSP70)-interacting protein 13% XP_002303523.1 Populus trichocarpa
48 52.78/5.9 61.55/5.7 Chaperonin CPN60-1, mitochondrial (Full=HSP60-1); 11% P29185.2 Zea mays
56 47.70/5.0 52.69/5.5 Heat shock protein 70 13% XP_002466630.1 Sorghum bicolor
78 34.62/5.1 39.35/5.4 Activator of 90-kDa heat shock protein ATPase 14% NP_001061992.1 Oryza sativa
80 35.28/4.7 39.47/5.4 Activator of 90-kDa heat shock protein ATPase 20% EEE68828.1 Oryza sativa
90 28.38/4.8 23.58/4.9 23.5‐kDa heat-shock protein 24% CAI96507.1 Triticum

monococcum
92 27.35/5.4 23.28/5.0 23.1-kDa heat-shock protein 24% CAI96508.1 Triticum

monococcum
109 19.76/4.6 23.28/5.0 23.1-kDa heat-shock protein 16% CAI96508.1 Triticum

monococcum
122 14.42/5.4 15.97/5.4 Cytosolic class I small heat shock protein type 2 22% CAQ64450.1 Rhododendron

kawakamii

Signal transduction
2 107.24/6.1 105.55/5.8 SPINDLY 5% ACF96937.1 Sinningia speciosa
7 74.77/4.9 79.28/5.4 Sequence similarity to gb|AJ009695 wall-associated kinase 4 from Arabidopsis thaliana

and contains a protein kinase PF|00096 domain
5% AAF18510.1 Arabidopsis thaliana

10 75.46/5.4 79.28/5.4 Sequence similarity to gb|AJ009695 wall-associated kinase 4 from Arabidopsis thaliana
and contains a protein kinase PF|00096 domain

6% AC010924_23 Arabidopsis thaliana

12 76.22/5.6 79.28/5.4 Sequence similarity to gb|AJ009695 wall-associated kinase 4 from Arabidopsis
thaliana and contains a protein kinase PF|00096 domain

5% AAF18510.1 Arabidopsis thaliana

13 80.90/5.4 78.34/5.7 Cytoplasmic serine/threonine protein kinase 7% EEE69890.1 Oryza sativa
14 83.89/5.5 84.65/5.7 Wall-associated receptor kinase-like 4 5% Q9S9M2.2 Arabidopsis thaliana
16 83.50/5.5 86.71/5.7 Wall-associated receptor kinase-like 4 7% Q9S9M2.2 Arabidopsis thaliana
17 88.71/5.6 86.71/5.7 Wall-associated receptor kinase-like 4 6% Q9S9M2.2 Arabidopsis thaliana

(continued on next page)
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Table 1 (continued)

Spot
number

Experimental
molecular mass

(kDa)/pI

Theoretical
molecular mass

(kDa)/pI

Protein name Coverage
(%)

Accession Species

20 82.96/5.8 86.71/5.7 Wall-associated receptor kinase-like 4 6% Q9S9M2.2 Arabidopsis thaliana
22 79.25/6.1 79.08/6.1 CDPK adapter protein 1 15% XP_002463882.1 Sorghum bicolor
23 75.16/6.3 71.71/6.5 ATP binding/protein kinase/protein tyrosine kinase 14% NP_182208.1 Arabidopsis thaliana
30 65.32/5.5 63.50/5.5 Calcium-dependent protein kinase, putative 3% XP_002520611.1 Ricinus communis
31 63.75/5.2 72.00/5.5 ATP binding/ATP-dependent peptidase/nucleoside-triphosphatase 6% XP_002436504.1 Sorghum bicolor
39 60.76/5.5 61.01/5.5 CDPK7 7% NP_001047767.1 Oryza sativa
40 60.21/5.7 68.03/5.8 Phosphoinositide-specific phospholipase C4 11% AAL23439.1 Arabidopsis thaliana
47 50.38/6.1 47.86/6.2 Sucrose phosphatase 9% AAG31075.1 Arabidopsis thaliana
65 42.72/5.9 44.86/6.4 Putative GTP-binding protein 10% AAM63059.1 Arabidopsis thaliana
68 51.00/6.7 56.04/6.4 Phosphoinositide-specific phospholipase C family protein 9% NP_001032097.1 Arabidopsis thaliana
69 43.58/6.6 44.81/6.4 GTP binding 10% NP_174346.1 Arabidopsis thaliana
70 41.66/6.5 44.86/6.4 Putative GTP-binding protein 10% AAM63059.1 Arabidopsis thaliana
79 33.97/4.8 35.86/4.9 ATP binding/ATPase, coupled to transmembrane

movement of ions, phosphorylative mechanism
14% NP_850160.1 Arabidopsis thaliana

85 35.73/4.7 35.86/4.9 ATP binding/ATPase, coupled to transmembrane movement of ions,
phosphorylative mechanism

13% NP_850160.1 Arabidopsis thaliana

86 27.49/4.4 24.41/4.9 Ran binding protein, putative 16% XP_002516644.1 Ricinus communis
91 28.31/5.1 29.74/5.0 Inositol monophosphatase 15% CAX94844.1 Phaseolus vulgaris
93 28.19/5.6 25.01/5..7 GTP-binding protein 13% BAA02110.1 Pisum sativum
103 23.19/5.5 25.01/5.7 GTP-binding protein 13% BAA02110.1 Pisum sativum
120 14.77/5.6 17.56/5.7 S-receptor kinase related protein 21% CAA79324.1 Brassica oleracea

var. alboglabra
121 16.02/5.4 17.56/5.7 S-receptor kinase related protein 21% CAA79324.1 Brassica oleracea

var. alboglabra
128 9.80/4.9 11.33/4.8 AGG2 (G-PROTEIN GAMMA SUBUNIT 2) 19% NP_850746.1 Arabidopsis thaliana

Cytoskeletal and cell cycle
1 96.43/4.7 90.94/5.1 Cell-division-cycle protein 48, putative/CDC48 7% NP_568114.1 Arabidopsis thaliana
18 89.16/5.7 83.17/5.8 Gamma tubulin interacting protein 4% XP_001689495.1 Chlamydomonas

reinhardtii
33 66.09/4.9 62.80/4.8 Tubulin beta chain, putative 23% XP_002520451.1 Ricinus communis
36 51.70/5.2 49.54/5.2 Actin-related protein 4 5% AF507912_1 Arabidopsis thaliana
50 50.32/5.8 49.48/5.3 Putative actin-related protein 4 (ARP4) 10% AAW81736.1 Brassica oleracea
59 41.30/5.3 49.54/5.2 Actin-related protein 4 8% AF507912_1 Arabidopsis thaliana
61 41.04/5.5 38.86/5.7 Actin filament-coating protein tropomyosin (ISS) 17% CAL58621.1 Ostreococcus tauri
82 37.96/4.4 38.86/5.7 Actin filament-coating protein tropomyosin (ISS) 20% CAL58621.1 Ostreococcus tauri
98 28.13/6.3 30.32/6.1 Cyclin-C 14% ACG44793.1 Zea mays
117 10.94/6.2 12.91/5.8 Formin-like 28% AAV92410.1 Pseudotsuga

menziesii

Carbohydrate metabolism
4 96.71/6.5 94.28/6.8 1,2-Alpha-L-fucosidase 8% NP_195152.2 Arabidopsis thaliana
15 83.80/5.5 84.29/5.6 Alpha-galactosidase 8% CBL50850.1 Lactobacillus

crispatus
ST1
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19 70.76/5.7 65.60/5.9 Glycosyltransferase 8% XP_001689495.1 Triticum aestivum
52 49.27/5.7 48.70/6.4 Malate dehydrogenase [NADP], chloroplastic

(NADP-MDH) flags: precursor
12% Q05145.1 Mesembryanthemum

crystallinum
Carbohydrate
metabolism
54 46.57/5.2 48.77/5.1 UDP-glucose 6-dehydrogenase, putative 11% XP_002537492.1 Ricinus communis
71 39.42/6.3 35.48/6.3 NADPH-dependent mannose 6-phosphate reductase 12% AAB97617.1 Apium graveolens
72 37.11/6.2 41.39/6.6 Glucan-endo-1,3-beta-glucosidase 6% CAA10287.2 Cicer arietinum
95 28.55/5.9 29.68/6.0 UDP-glucose pyrophosphorylase 11% ACM45950.1 Saccharum

officinarum
96 29.11/6.1 29.68/6.0 UDP-glucose pyrophosphorylase 9% ACM45950.1 Saccharum

officinarum

Transcription
45 54.30/6.2 54.68/6.5 Putative XS domain containing protein 9% AAO60001.1 Oryza sativa
46 52.87/6.1 54.68/6.5 Putative XS domain containing protein 9% AAO60001.1 Oryza sativa
53 49.94/5.5 57.77/5.7 Putative non-LTR retroelement reverse transcriptase 12% EEC84902.1 Oryza sativa
66 48.59/6.3 47.33/5.9 Putative transcription factor X1 16% NP_001041898.1 Oryza sativa
87 25.27/4.3 18.00/4.4 DNA-directed RNA polymerase beta subunit 2 23% AAO62226.1 Homolepis isocalycia
88 26.64/4.5 30.04/4.9 AP2/ERF domain-containing transcription factor 9% XP_002318847.1 Populus trichocarpa
99 25.65/6.7 25.36/6.7 C-repeat/DRE-binding factor-like protein AP2/ERF domain protein 23% NP_001062781.1 Oryza sativa
107 23.81/4.7 22.10/4.9 Transcriptional repressor 20% XP_001419619.1 Ostreococcus

lucimarinus
108 20.51/4.6 18.51/5.1 AGL85 (AGAMOUS-LIKE 85); DNA binding/transcription factor 19% NP_175874.1 Arabidopsis thaliana

Redox homeostasis
34 57.48/4.6 53.08/4.9 Dihydroflavonol-4-reductase 5% ACA04004.1 Mimulus

aurantiacus
38 60.95/5.5 53.10/5.0 Dihydroflavonol-4-reductase 8% ACA04005.1 Mimulus

aurantiacus
49 48.64/5.9 47.87/5.7 Oxidoreductase, 2OG-Fe oxygenase family protein 11% AAP54987.2 Oryza sativa
73 33.19/6.3 26.21/5.9 Glutathione S-transferase 3 22% AAF22519.1 Papaver somniferum
74 31.42/5.4 32.99/5.9 Oxidoreductase, 2OG-Fe(II) oxygenase family protein 19% ABF71996.1 Musa acuminata
83 39.05/4.3 41.48/6.0 2-Oxoglutarate-dependent dioxygenase 13% XP_002303486.1 Populus trichocarpa
116 11.88/6.3 13.21/6.2 Thioredoxin H-type 25% ACG30866.1 Zea mays
119 13.68/5.8 8.07/5.6 Glutathione S-transferase 79% AAV85888.1 Helianthus annuus

Carbohydrate metabolism
9 74.32/5.3 68.48/5.2 Ataxin-2 related protein 7% BAF46306.1 Ipomoea nil
24 70.81/6.5 64.02/6.6 ATP-dependent DNA helicase, RecQ family protein, expressed 10% ABA95538.1 Oryza sativa
32 66.86/5.0 68.45/5.3 Nucleic acid binding protein, putative 9% XP_002527136.1 Ricinus communis
42 60.16/6.2 59.06/6.2 KH domain containing protein 9% XP_002272287.1 Vitis vinifera
58 42.69/5.0 48.22/5.1 AtLa1 12% NP_567904.1 Arabidopsis thaliana
89 27.27/4.7 27.65/5.1 ngg1 interacting factor 3 like 1 binding protein 1 16% XP_002266622.1 Vitis vinifera
94 28.64/5.7 33.04/5.7 Putative nuclease 28% EEC78151.1 Oryza sativa
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Table 1 (continued)

Spot
number

Experimental
molecular mass

(kDa)/pI

Theoretical
molecular mass

(kDa)/pI

Protein name Coverage
(%)

Accession Species

Amino acid metabolism
6 86.71/4.8 83.81/5.0 Histone-lysine N-methyltransferase/zinc ion binding 6% NP_974880.1 Arabidopsis thaliana
11 76.20/5.5 84.97/5.7 Methionine synthase 1 enzyme 6% CAJ01713.1 Hordeum vulgare
60 44.48/5.6 44.86/6.4 GDH1 10% NP_197318.1 Arabidopsis thaliana
64 40.76/5.8 39.86/6.2 Leucine carboxyl methyltransferase, putative 8% XP_002511586.1 Ricinus communis
106 25.44/5.0 25.54/5.2 Cysteine methyltransferase 14% XP_001757255.1 Physcomitrella

patens
subsp. patens

130 9.33/5.4 11.35/5.4 Phenylalanine ammonia-lyase 33% AAM12896.1 Malus×domestica

Protein degradation
44 56.74/6.5 58.04/6.4 Ubiquitin-specific protease, putative 5% XP_002532774.1 Ricinus communis
51 47.46/5.8 42.60/5.7 F-box family protein-related 20% NP_179986.1 Arabidopsis thaliana
55 46.58/5.2 42.60/5.7 F-box family protein-related 16% NP_179986.1 Arabidopsis thaliana
62 40.17/5.6 42.80/5.7 F-box family protein 10% NP_200814.1 Arabidopsis thaliana
101 23.46/6.3 27.58/5.8 20S proteasome alpha subunit G 17% XP_001690302.1 Chlamydomonas

reinhardtii
104 23.60/5.3 21.65/5.3 SCF ubiquitin ligase 24% AAX92710.1 Picea abies

Hormone response
28 72.33/6.0 70.64/6.3 ABI3-interacting protein 2 9% EEE67512.1 Oryza sativa
67 47.76/6.5 49.93/6.6 Auxin-regulated protein 18% AAL08561.1 Solanum

lycopersicum
97 28.48/6.2 25.84/6.4 ETHYLENE-INSENSITIVE3 protein 15% XP_002299247.1 Populus
105 24.85/5.2 28.47/4.9 Abscisic stress ripening 13% XP_002447827.1 Sorghum bicolor
118 11.95/5.9 12.90/6.3 Auxin-induced protein 22A 28% XP_001422395.1 Ostreococcus

lucimarinus
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Intracellular trafficking
35 57.42/5.1 54.98/5.2 MATE efflux family protein 5% XP_002444617.1 Sorghum bicolor
102 24.28/6.1 24.94/5.8 Subunit of the ESCRT-III complex 19% XP_001698676.1 Chlamydomonas

reinhardtii
126 13.84/4.4 11.50/4.5 Ammonium transporter 2 18% XP_002456829.1 Sorghum bicolor
127 13.89/4.3 11.50/4.5 Ammonium transporter 2 18% XP_002456829.1 Sorghum bicolor

Energetics
63 42.87/5.7 42.91/5.5 Putative plasma membrane proton ATPase 10% NP_001147425.1 Zea mays
112 18.34/6.2 20.55/6.2 ATPase I subunit 25% YP_001595494.1 Lemna minor
123 16.18/5.2 19.82/5.2 ATP synthase D chain, mitochondrial, putative 22% XP_002526342.1 Ricinus communis

Transposons
26 67.44/6.3 68.16/6.2 Hypothetical protein LOC_Os10g09020 7% ABB46888.1 Oryza sativa
41 59.65/5.9 60.27/5.9 Plant sec1, putative 11% NP_001056722.1 Oryza sativa
43 57.68/6.4 59.17/6.4 Putative gypsy type transposon 9% AAT85788.1 Oryza sativa

Protein synthesis
111 19.97/5.6 19.67/6.0 50S ribosomal protein L12, chloroplastic; (CL12); flags: precursor 38% P36688.1 Nicotiana sylvestris
124 14.66/5.0 13.92/4.7 Ribosomal protein L12 17% YP_635981.1 Scenedesmus

obliquus

Other
21 83.20/5.9 78.13/6.1 Hypothetical protein 26% EEE58628.1 Oryza sativa
29 73.00/5.8 67.28/5.8 Myrosinase-binding protein 12% AAC08049.1 Brassica napus
37 53.73/5.4 54.66/4.9 PRLI-interacting factor A 12% AAG31649.1 Arabidopsis thaliana
100 23.39/6.5 23.97/6.8 Long cell-linked locus protein 16% NP_001049872.1 Oryza sativa
110 19.54/5.0 21.13/4.8 Senescence-associated protein-related 15% NP_001061776.1 Oryza sativa
125 14.80/4.7 12.94/4.7 Predicted protein 22% XP_001762832.1 Physcomitrella

patens subsp. Patens
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Fig. 5 – Functional classification of the 129 identified proteins that were differentially expressed in cells exposed to saline.
Included in the diagram are proteins (see Table 1) for which functions had not been ascribed prior to this report but could be
deduced according to sequence similarity with known proteins.
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parts of the antioxidative defense system [49]. Given that
GST, thioredoxin, and oxidoreductase act as antioxidants
[50,51], salinity stress induced changes in the redox homeo-
stasis of the cell, which activated antioxidative reactions.
Results similar to ours have been reported by Ndimba et al.
[52].

Table 1 lists the proteins associated with carbohydrate
metabolism or amino acid metabolism that had altered
expression patterns induced by salinity stress. Nine of the
identified proteins are involved in carbohydrate metabolism
containing 1,2-alpha-L-fucosidase, alpha-galactosidase, glyco-
syltransferase, malate dehydrogenase [NADP], chloroplastic
(NADP-MDH) flags: precursor, UDP-glucose 6-dehydrogenase,
NADPH-dependent mannose 6-phosphate reductase, glucan-
endo-1,3-beta-glucosidase, UDP-glucose pyrophosphorylase.
Among them, spot 52, which matched to malate dehydroge-
nase [NADP], chloroplastic (NADP-MDH) flags: precursor, was
found to be decreased under salinity stress. Consistent with
this, its homolog protein was found to be involved in wheat
response to salinity stress [53]. In addition, salinity stress
induces changes in the carbohydrate content of several plant
species [54]. Six identified proteins are involved in amino acid
metabolism, contained histone-lysine N-methyltransferase/
zinc ion binding, methionine synthase 1 enzyme, GDH1,
leucine carboxyl methyltransferase, cysteine methyltransfer-
ase, phenylalanine ammonia-lyase. Except of phenylalanine
ammonia-lyase, showing increased abundance under salinity
stress, others showed decreased abundance under salinity
stress (Fig. 6B).
Fig. 6 – Hierarchical clustering of salinity stress‐responsive prote
reactions, and (C), protein synthesis/degradation.
3.6. Differentially expressed proteins implicated in protein
synthesis, stability, and degradation

Nineteen of the identified proteins are involved in protein
metabolism (Table 1) and were divided into three functional
groups (Fig. 6C). One group contained the 50S ribosomal
protein L12 and ribosomal protein L12, which are directly
involved in the initiation of newly synthesized peptide
chains. The second group contained the HSPs DnaJ, HSP 70B,
HSP 70‐interacting protein, the chaperonin CPN60-1, HSP 70,
two isoforms of the activator of the 90-kDa HSP (an ATPase),
the 23.5-kDa HSP, two isoforms of the 23.1-kDa HSP, and the
cytosolic class I small HSP type-2, all of which are involved in
protein folding and assembly [55,56]. As illustrated in Fig. 6C,
there is an interesting trend in the expression of the group-I
and group-II proteins that are responsible for protein
synthesis and folding and assembly, respectively, in that
salinity stress remarkably decreased the expression levels of
the highly conserved stress-related chaperones, suggesting
that protein biosynthesis may be inhibited under salinity
stress.

Eleven proteins (group-II; spots 5, 8, 27, 48, 56, 78, 80, 90, 92,
109, and 122) are heat-shock related. Their abundance
dropped substantially at days 1 and 3 of salinity treatment
and then rose during day 5 or 7 (Fig. 6C). However, the extent
to which these proteins were upregulated differed. HSPs are
well characterized and have been shown to be expressed in
response to salinity stress [52,53,57]. Our results, in conjunc-
tion with those of others [58–60], suggest the presence of an
ins involved in (A), signal transduction, (B), antioxidative
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Fig. 7 – HSPs involved in protein folding during salinity stress. (1) Protein folding assisted by HSP70 and the HSP70-interacting
protein during protein synthesis. (2) Protein refolding assisted by HSP60. (3) Protein refolding assisted by HSP90 in conjunction
with the ATPase HSP90 activator. (4) Protein stabilization and aggregation inhibition by small HSP oligomers.

5240 J O U R N A L O F P R O T E O M I C S 7 5 ( 2 0 1 2 ) 5 2 2 6 – 5 2 4 3
HSP/chaperone network in plants that responds to salinity
stress (Fig. 7).

The third group in this category has six members associated
withproteindegradation, namely theubiquitin-specific protease,
two F-box family‐related proteins, the 20S proteasome alpha
subunit G, and SCF ubiquitin ligase. These six proteins are
subunits of the 26S proteasome–SCF complex. Ubiquitin-
mediated degradation of proteins helps regulate both signal
transduction and transcription in plants in response to envi-
ronmental stresses [61]. Taken together, the expression pat-
terns of the proteins in this category suggest that inhibition of
protein biosynthesis, folding, and complex formation and
enhanced protein degradation are required for the survival
of N. sphaerocarpa when exposed to salinity and that a
quality-control system is crucial so that N. sphaerocarpa can
accommodate salinity stress.

3.7. Differentially expressed proteins implicated in the
cytoskeleton and in cell-cycle regulation

The response of cytoskeleton-related proteins to salinity is
not surprising because one of the fundamental cellular
adaptive strategies to osmotic changes under salinity stress
involves changes in cell size and morphology (Fig. 1). We
found that salinity stress caused changes in the levels of ten
cytoskeleton-related and cell cycle‐related proteins. Spots 1
and 98 contained the cell-division cycle protein 48 and
cyclin-C, respectively, which are classic cell cycle‐related pro-
teins. Spots 18 and 33 contained gamma-tubulin-interacting
protein and the tubulin beta chain, respectively, which
were downregulated (Fig. 4). A recent study found that
salinity stress decreased the levels of tubulin-like proteins
[52]. Five spots contained the actin-related protein 4 (spots
36, 50, 59) or the actin filament‐coating protein tropo-
myosin (spots 61, 82). As these proteins are cytoskeleton-
related proteins, their abundance may influence cell mor-
phology and viability under salinity stress. The expression
changes in the cytoskeleton and cell cycle‐associated pro-
teins may help cells adapt to salinity stress and secondarily
to osmotic stress.

3.8. A possible salinity stress‐responsive network formed
by N. sphaerocarpa proteins

The nature of the damage that a high salinity concentration
inflicts on plants is not entirely clear, especially at the cellular
level. Plants subjected to salinity stress display complex
molecular responses including morphological changes and
the production of stress proteins.

Given our proteomic and physiological data, we propose a
salinity stress‐responsive protein network involving most of
the 129 N. sphaerocarpa proteins identified in this study (Fig. 8
and Table 1). This network consists of several impaired
functional systems, including those involving reactive oxygen
production/destruction, protein synthesis/degradation, cell
cycle‐related cytoskeletal proteins, HSPs and chaperones,
and antioxidative defense proteins (Fig. 8). The changes in
metabolism and redox balance cause cells to adjust their

image of Fig.�7
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internal environment, thereby adapting to and/or resisting
the external stress. Given this proposed protein network, we
are better positioned to understand the management strategy
used by N. sphaerocarpa when stressed by salt.

When N. sphaerocarpa is exposed to salinity for a long
period, exogenous NaCl, a stable, small salt, diffuses across its
cell membranes [4,5]. Additionally, Na+ activates certain
enzymes including membrane-bound cell wall‐associated
kinases and wall-associated receptor kinases [37], which
amplify the effects of endogenous Na+. High intracellular
Na+ levels cause an imbalance in redox homeostasis such that
oxidation increases, which may lead to metabolic changes.

Synthesis and degradation of biomolecules (particularly
proteins) are critical to both cellular homeostasis and dynam-
ics. Under salinity stress, altered expression was observed for
most proteins involved in protein biosynthesis, and expres-
sion of most biosynthesis-, folding- and assembly-related
proteins was modulated (Fig. 6C). It is thus not surprising that
salinity stress damaged the equilibrium between protein
biosynthesis and degradation.

Conversely, as salinity stress continued, it was perceived
by the cells via different proteins and modulated by different
stress-defense pathways. The upregulated heterotrimeric
G-proteins, together with different isoforms of small GTPases,
may have cooperatively induced the express ion of proteins
with antioxidative functions, including GST, oxidoreductase,
thioredoxin, tetratricopeptide repeat‐containing protein, and
dehydrin. The amounts of these proteins significantly in-
creased (Figs. 3 and 4), suggesting an enhancement in cellular
antioxidative capacity. Under strong and sustained salinity
stress, such activated antioxidative systems should ultimate-
ly establish a new redox homeostasis and help N. sphaerocarpa
survive the stress (Fig. 8).

3.9. Gene expression analysis by quantitative
RT-PCR assay

A sample of 21 differentially expressed proteins in N.
sphaerocarpa cells was taken to perform quantitative RT-PCR
to further characterize patterns of gene expression. Distinct
patterns of transcription in N. sphaerocarpa cells under salinity
stress treatments could be demonstrated (Supplemental Fig.
4). On the overall trend, there was a correlation between
protein abundance and quantitative RT-PCR signal for the
above-mentioned genes under salinity stress (Fig. 4; Supple-
mental Fig. 4).
4. Conclusions

Morphological observation indicated that salinity stress
treatment at a period between 1 and 3day did not alter cell
morphology; however longer period treatment (5–9day)
promoted the changes of cell shape. Cell viability studies
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showed that short-period stress induced the increase of
viability, long-period stress treatment (5–9day) decreased
cell viability. By comparative proteomics analysis, we pro-
vided a systematic overview of molecular mechanisms by
which N. sphaerocarpa cells respond to salinity treatment at
protein level. Specifically, we found that a total of 130 protein
spots were differentially expressed under salinity stress
treatments, with 129 spots successfully identified by MS.
Moreover, functional classification indicated that in re-
sponse to salinity stress, biological processes, including signal
transduction, cell rescue/defense, protein fold and assembly,
cytoskeleton and cell cycle,were themost significantly affected.
In addition, redox homeostasis, carbohydrate/energy metabo-
lism, and transcription were also highly affected by salinity
stress treatments. Taken together, our results shed light on
the mechanism of salinity-response of the halophytic plant
N. sphaerocarpa and provided a foundation for future
studies.

Supplementary data to this article can be found online at
http://dx.doi.org/10.1016/j.jprot.2012.06.006.
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