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ABSTRACT: Soil salinity poses a serious threat to agriculture
productivity throughout the world. Studying mechanisms of salinity
tolerance in halophytic plants will provide valuable information for
engineering plants for enhanced salt tolerance. Monocotyledonous
Puccinellia tenuiﬂora is a halophytic species that widely distributed in
the saline-alkali soil of the Songnen plain in northeastern China. Here
we investigate the molecular mechanisms underlying moderate salt
tolerance of P. tenuiﬂora using a combined physiological and proteomic approach. The changes in biomass, inorganic ion content,
osmolytes, photosynthesis, defense-related enzyme activities, and
metabolites in the course of salt treatment were analyzed in the
leaves. Comparative proteomic analysis revealed 107 identities
(representing 93 unique proteins) diﬀerentially expressed in P.
tenuiﬂora leaves under saline conditions. These proteins were mainly involved in photosynthesis, stress and defense, carbohydrate
and energy metabolism, protein metabolism, signaling, membrane, and transport. Our results showed that reduction of
photosynthesis under salt treatment was attributed to the down-regulation of the light-harvesting complex (LHC) and Calvin
cycle enzymes. Selective uptake of inorganic ions, high K+/Na+ ratio, Ca2+ concentration changes, and an accumulation of osmolytes
contributed to ion balance and osmotic adjustment in leaf cells. Importantly, P. tenuiﬂora plants developed diverse reactive oxygen
species (ROS) scavenging mechanisms in their leaves to cope with moderate salinity, including enhancement of the photorespiration pathway and thermal dissipation, synthesis of the low-molecular-weight antioxidant R-tocopherol, and an accumulation of
compatible solutes. This study provides important information toward improving salt tolerance of cereals.
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’ INTRODUCTION
Soil salinity is one of the most signiﬁcant limiting factors that
aﬀect the distribution and productivity of major crops worldwide.13 More than 6% of the world’s land is aﬀected by salt,1 and
increased salinization may lead to the loss of 30% arable land in
the next 25 years and up to 50% by 2050.4 This severe situation
has stimulated interest in plant engineering for salt tolerance.13
Studies of salt tolerance mechanisms in plants will provide
valuable information for eﬀective engineering strategies.
Some studies have been carried out on both glycophytes and
halophytes to reveal the physiological and molecular changes in
response to salt stress.13 Compared with glycophytes, halophytes have developed unique structures to tolerate salt stress,
including salt glands, bladder hairs, succulent tissues, thick layers
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of suberin, and double layers of suberized cells in the roots.5,6 In
addition, halophytes have evolved more salt-responsive genes
than glycophytes. These genes have made halophytes highly
eﬃcient in selective ion accumulation/exclusion, control of ion
uptake/transport, compartmentalization of ions, synthesis of
compatible products, change in photosynthetic and energy
metabolism, induction of antioxidative enzymes and hormones,
and modiﬁcation of cell membrane/wall structure.2,3 Some of the
salt-responsive genes have been cloned from halophytes and then
transferred to glycophytes for improving salt tolerance.6 Examples are NHX1 (a tonoplast Na+/H+ antiporter encoding gene),6
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BADH (a betaine aldehyde dehydrogenase encoding gene),7,8
DREB1 (an EREBP/AP2-type DNA binding protein encoding
gene),9 and MIPS (a gene encoding L-myo-inositol-1-phosphate
synthase).10
Although certain genes play important roles, it is the network
of multiple signaling and metabolic pathways that mediate plant
salt response/tolerance. To further understand salt-tolerance
networks, transcriptional analyses have been carried out in some
halophytes under salt stress, including Thellungiella halophila,1114
Suaeda salsa,15 Aeluropus littoralis,16 Salicornia brachiata,17 and
Festuca rubra ssp. litoralis.18 More than 2,300 ESTs/cDNAs have
been identiﬁed to exhibit diﬀerential expression in the aforementioned halophytes under salt stress. Most of the genes encode
signaling molecules, transporters, transcriptional regulators,
membrane ﬂuidity-related proteins, photosynthesis proteins, and
stress-related enzymes (e.g., those involved in osmolyte biosynthesis, reactive oxygen species (ROS) scavenging, and ion
homeostasis). Recently, high-throughput comparative proteomics approaches have been used to investigate the mechanisms
of salt tolerance in halophytes.1925 More than 218 salt-responsive proteins were identiﬁed in dicotyledonous halophytes,
such as Salicornia europaea,19 Suaeda aegyptiaca,20 Bruguiera
gymnorhiza,21 T. halophila,22 and Aster tripolium.25 The dynamic
protein expression patterns in these plants revealed that photosynthesis, energy metabolism, ROS scavenging, and ion homeostasis played important roles in salt tolerance.1922 However,
few proteomic investigations in monocotyledonous halophytes
have been reported.23,24 Sobhanian et al.23 investigated a C4
monocotyledonous halophyte Aeluropus lagopoides. Their results
showed that the plants exhibited enhanced energy production,
amino acid biosynthesis, C4 photosynthetic pathway, and detoxiﬁcation under salinity conditions. In addition, wild halophytic
rice (Porteresia coarctata), a species of C3 monocotyledonous
halophytes, employs the following strategies to deal with salinity:
enhanced production of energy and osmotic compounds, alteration of transcriptional activity and protein modiﬁcation, and
change in cell wall components.24 Further systematic characterization of the salt-tolerance characteristics in monocotyledonous
halophytes will aid rational engineering of cereal crops for
enhanced salt tolerance.
Puccinellia tenuiﬂora is a monocotyledonous halophyte species
belonging to the Gramineae and has outstanding nutritional
value for livestocks. It can thrive in the saline-alkali soil of the
Songnen plain in northeastern China. Some physiological mechanisms of P. tenuiﬂora in response to salt/alkali treatments have
been previously studied. P. tenuiﬂora can accumulate inorganic
ions, proline, betaine, and organic acid for osmotic adjustment.2628
The plants have evolved stronger selectivity for K+ over Na+ to
maintain a high cytoplasmic K+/Na+ ratio, while leaf ion secretion contributes little to ion balance.2931 In addition, some
antioxidant enzymes involved in ROS scavenging were found to
be enhanced.32 Furthermore, some ion-responsive antiporter/
channel genes have been studied: (1) PutPMP3-1 and PutPMP3-2
encoding plasma membrane protein 3 family proteins function to
prevent the accumulation of excess Na+ and K+ ions;33 (2)
PutHKT2;1 encoding a high-aﬃnity K+ transporter plays a role
in K+ uptake to maintain a high ratio of K+/Na+ in the cells;34 (3)
PutAKT1 encodes a plasma membrane-localized K+ channel
family protein that can interact with KPutB1 to alter K+ and
Na+ homeostasis;35,36 (4) PutCAX1 encoding a Ca2+/H+ antiporter in the vacuolar membrane was proposed to play a role in
Ca2+, Ba2+, and Zn2+ transport;37 and (5) PtNHA1 encodes a
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Na+/H+ antiporter for the maintenance of low cytosolic Na+.38
Despite this progress, the precise molecular mechanisms in P.
tenuiﬂora to cope with salinity need to be investigated further.30,39
Plant salt tolerance is controlled by complex and sophisticated
molecular networks. It displays common as well as speciﬁc
characteristics in diﬀerent species of halophytes. Here we report
the study of the salt-responsive characteristics of halophyte
P. tenuiﬂora under 0, 50, and 150 mM NaCl conditions for 7
days using physiological and comparative proteomic approaches.
We found unique mechanisms of osmotic adjustment, ion
balance, photosynthesis, antioxidation, and secondary metabolism underlying salt tolerance in P. tenuiﬂora. Our results lay a
solid foundation necessary for further investigation of the salt
tolerance networks.

’ EXPERIMENTAL PROCEDURES
Plant Material, Treatment, and Biomass Analysis

Seeds of Puccinellia tenuiﬂora (Turcz.) scribn. et Merr. were
sowed on pearlite and grown in Hoagland solution in a controlled
environment chamber under ﬂuorescent light (300 μmol m2 s1;
13 h light/11 h dark) at 25 C and 75% humidity for 50 days.32
Seedlings of 50-day old were treated with 0, 50, and 150 mM
NaCl, respectively, for 7 days. To maintain a stable NaCl
concentration in the Hoagland medium, culturing solutions were
changed daily, and the ion content and osmotic potential in
solution were monitored using a SevenMulti Neutral meter
(Mettler Toledo, U.K.) with ion-selective electrode and a vapor
pressure osmometer (Wescor 5520, USA), respectively. After 7
days of treatment, leaves were harvested and either used fresh or
immediately frozen in liquid nitrogen and stored at 80 C for
physiological and proteomic experiments. At least three independent biological replicates for each treatment were conducted
for all the experiments. Shoot length and fresh weight (FW) were
measured right after harvesting. Dry weight (DW) was determined after dehydration at 60 C until to a constant weight. Leaf
water content was estimated as the diﬀerence between fresh
weight and dry weight divided by the fresh weight.
Leaf Micro- and Ultrastructure Analysis and Chloroplast
Protein Extraction

Leaf micro- and ultrastructure were analyzed according to the
method of Cao et al.40 Images were taken using a microscope
(Axioskop 40 Fluorescence Microscope, Zeiss, Germany) and a
transmission electron microscope (JEOL-2000, USA). Intact
chloroplasts were isolated according to the method of Ni et al.41
Protein was extracted using a phenol method.42

Total Soluble Sugar, Proline, and Osmotic Potential Analysis

Proline content and total sugar levels were determined using
ninhydrin reaction and an anthrone reagent as previously described.43 Osmotic potential was determined in pressed sap of
leaves using a vapor pressure osmometer (Wescor 5520, USA).

Ion Content Analysis

The relative content of K and Na on the leaf surface was
analyzed using a XL-30 surrounding scanning electron microscope (The Netherlands Phillips Company, Netherland) and a
Kevex energy peatrometer (American Thermo Company, USA)
according to the method of Sun et al.31 The content of K+, Na+,
Ca2+, and Mg2+ in the leaves was determined using an atomic
absorption spectrophotometer (PerkinElmer AAnalyst 800, USA)
after drying the leaves in a 80 C oven until a constant weight was
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reached. The Cl content was determined using a spectrophotometer (UltrospecTM 2100 pro UV/Visible, GE Healthcare),
with acetone as colloid protecting agent. The content of PO43,
NO3, and NH4+ was determined by phosphorus molybdenum
blue spectrophotometric method, salicylic acid/concentrated sulphuric acid method, and phenol/hypochlorite reaction, respectively.
Photosynthesis and Chlorophyll Fluorescence Analysis

Net photosynthetic rate (Pn), stomatal conductance (Gs),
intercellular CO2 (Ci), and transpiration rate (Tr) were determined at 10:00 a.m. using a portable photosynthesis system LICOR 6400 (LI-COR Inc., USA). Water usage eﬃciency (WUE)
was calculated from Pn divided by Tr. Dissolved oxygen (DO)
was detected by dissolved oxygen probes, and then the relative
tissue CO2 and O2 levels were evaluated by the percentage of Ci
and DO of each NaCl condition (50 and 150 mM NaCl) over
that of the normal condition (0 mM NaCl). The chlorophyll
ﬂuorescence parameters were recorded by using a pulse-amplitudemodulated (PAM) chlorophyll ﬂuorometer (Dual-PAM-100)
(Walz, Eﬀeltrich, Germany) and an emitter-detector-cuvette
assembly with a unit 101ED (ED-101US).44

Enzyme Activity Assay

For superoxide dismutase (SOD), catalase (CAT), and peroxidase (POD) sample preparation, 1 g of leaf tissue was
homogenized on ice in 5 mL of buﬀer I (50 mM phosphate buﬀer (pH 7.8), 0.1 mM ethylenediaminetetraacetic acid
(EDTA), 4% polyvinypolypyrrolidone (PVPP), and 0.3% Triton
X-100). For glutathione S-transferase (GST), pyruvate orthophosphate dikinase (PPDK), and glycolate oxidase (GO), 0.5 g
of leaf tissue was ground on ice in 8 mL buﬀer II (50 mM TrisHCl buﬀer (pH 7.5), 10 mM MgCl2, 5 mM DTT, and 2%
PVPP). For ascorbate peroxidase (APX) and glutathione reductase (GR), 1 g of leaf tissue was ground to a ﬁne powder in liquid
nitrogen. For the APX assay, the powder was resuspended in
50 mM phosphate buﬀer (pH 7.0). For the GR assay, buﬀer III
(50 mM Tris-HCl buﬀer, pH 7.0, 20% glycerol, 1 mM EDTANa2, 5 mM MgSO4, 1 mM DTT, 1 mM glutathione (GSH), and
1 mM ascorbic acid) was used. After centrifugation at 15,000  g,
4 C for 20 min, the supernatants were used for enzyme activity
assays. The activity of SOD was assayed by inhibiting the
photochemical reduction of nitroblue tetrazolium (NBT) at
560 nm. One unit of SOD activity was deﬁned as the amount
of enzyme that inhibited 50% of NBT photoreduction. The
activities of CAT and POD were determined by measuring H2O2
consumption at 240 nm and by a guaiacol method at 470 nm,
respectively. One unit of CAT and POD activities were deﬁned as
the change in absorbance per minute per milligram protein and
0.01 units per minute per milligram protein, respectively. The
activities of APX, GR, and GST were measured by monitoring
the rate of ascorbate oxidation at 290 nm (ε = 2.8 mM1 cm1),
the absorbance change at 340 nm due to oxidation of NADPH
(ε = 6.22 mM1 cm1), and the product of CDNB conjugated
with GSH absorbed at 340 nm (ε = 9.6 mM1 cm1), respectively. Their activities were subsequently expressed as the amount of
ascorbic acid oxidized, NADPH oxidized, and product of S-conjugate per minute per milligram protein, respectively. In addition,
the activities of PPDK and GO were assayed by monitoring
NADH utilization at 340 nm (NADH oxidation through the
PEPC/MDH coupled reactions) (ε = 6.22 mM1 cm1), and
formation of glycoxylate phenylhydrazone at 324 nm (ε =
17 mM1 cm1), respectively. Their activities were expressed as
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the amount of NADH oxidized, and the products of glycoxylate
phenylhydrazone per minute per milligram protein, respectively.
Analysis of Malondialdehyde (MDA) and r-Tocopherol
Contents

The MDA contents were determined using previous methods.32,43
The R-tocopherol contents were assayed according to the method
of Ching and Mohamed.46 After saponiﬁcation of the samples
with KOH in the presence of ascorbic acid, R-tocopherol was
extracted to petroleum ether. The organic phase was removed
and the solvent evaporated under a stream of nitrogen gas. RTocopherol was dissolved in 1 mL of methanol and quantiﬁed by
HPLC (Waters 2996 Alliance, USA) using R-tocopherol
(AppliChem, Germany) as standard.
Protein Sample Preparation, 2DE, and Image Analysis

Total leaf protein of seedlings under diﬀerent treatments
(0, 50, and 150 mM NaCl) was extracted according to the
method of Wang et al.42 Protein samples were prepared independently from three diﬀerent batches of plants. Protein concentration was determined using a Quant-kit according to
manufacture’s instructions (GE Healthcare, USA). The protein
samples were separated and visualized using 2DE approaches
according to Dai et al.47 Nine gels were run for each treatment,
including three biological replicates for each sample and three
technical replicates for each biological replicate. Gel image
acquisition and analysis were conducted as previously described.42
For quantitative analysis, The average vol % values were calculated from three technical replicates to represent the ﬁnal vol %
values of each biological replicate. Comparisons and statistical
analysis were performed using the calculated average values of
each biological replicate among the three diﬀerent treatments.
Spots with more than a 1.5-fold change among the treatments
and a p value smaller than 0.05 were considered to be diﬀerentially expressed spots.
Protein Identification Using Electrospray Quadrupole Timeof-Flight (ESI-Q-TOF) Mass Spectrometry (MS) and Database
Searching

The diﬀerentially expressed spots were excised from the gels
and digested with trypsin.47 MS and MS/MS spectra were
acquired on a ESI-Q-TOF MS (QSTAR XL) as previously described.48 The MS/MS spectra were searched against the NCBInr
protein databases (http://www.ncbi.nlm.nih.gov/) (701,710 sequences entries in NCBI in July 25, 2009) using Mascot software
(Matrix Sciences, U.K.). The taxonomic category was green
plants. The searching criteria include mass accuracy of 0.3 Da,
one missed cleavage allowed, carbamidomethylation of cysteine
as a ﬁxed modiﬁcation, and oxidation of methionine as a variable
modiﬁcation. To obtain high conﬁdent identiﬁcation, proteins
had to meet the following criteria: (1) the top hits on the database searching report, (2) a probability-based MOWSE score
greater than 43 (p < 0.01), and (3) more than two peptides
matched with nearly complete y-ion series and complementary
b-ion series present. De novo sequencing was conducted using
PEAK 5.1 software (Bioinformatics Solutions Inc., Canada), and
the results were manually inspected.
Protein Classification and Hierarchical Cluster Analysis

Protein motifs were obtained by blasting against the NCBI and
UniProt database (http://www.ebi.uniprot.org/). Combined
with knowledge from literature, proteins were classiﬁed into
diﬀerent categories. Self-organizing tree algorithm hierarchical
clustering of the expression proﬁles was performed on the log
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transformed fold change values of protein spots (http://rana.lbl.
gov/EisenSoftware).19
Western Blot Analysis

Western blotting was conducted according to Dai et al.47 The
primary antibodies were raised in rabbits against maize pyruvate
orthophosphate dikinase (PPDK), rice ribulose-1,5-bisphosphate
carboxylase large unit (RuBisCO LSU), rice phosphoribulokinase (PRK), rice sedoheptulose-1,7-bisphosphatase (SBPase),
and a PsbA/D1 N terminal peptide. For PPDK immunodetection, a total of 100 μg of protein from P. tenuiﬂora leaves, 150 μg
of protein from P. tenuiﬂora chloroplasts, and 6 μg of protein
from maize leaves were subjected to 10% SDS-PAGE, respectively. For RuBisCO LSU, PRK, SBPase, and D1 protein immunodetection, 5, 2, 30, and 10 μg of proteins from P. tenuiﬂora leaves
were loaded on SDS-PAGE gels, respectively. After electroblotting, nitrocellulase membranes were blocked with 5% skimmed
milk, probed with diﬀerent antibodies (PPDK at 1:5000, RuBisCO LSU at 1:8000, PRK and SBPase at 1:1000, and D1 at
1:10000) for 1 h followed by three washes (10 min) using Tris
buﬀered saline with Tween (TBST, and then incubated with
horseradish peroxidase-coupled goat antirabbit antibody for 1 h
followed by three washes (10 min) using TBST. Enhanced
chemiluminescene was used to detect the signal. Relative abundance was analyzed using Image Master 2D Platinum Software
(Version 5.0, GE Healthcare, USA).

Figure 1. Biomass of P. tenuiﬂora seedlings grown under NaCl conditions. (A) fresh weight of leaves; (B) shoot length of seedlings; (C)
water content in leaves; (D) dry weight of leaves. The values were
determined after plants were treated with 0, 50, and 150 mM NaCl for 7
days and are presented as means ( SE (n = 50). The diﬀerent small
letters indicate signiﬁcant (p < 0.05) diﬀerence in diﬀerent treatments.

Statistical Analysis

All results are presented as means ( standard error (SE) of at
least three replicates. Data were analyzed by one-way ANOVA
using the statistical software SPSS 17.0 (SPSS Inc., Chicago,
USA). The treatment mean values were compared by post hoc
least signiﬁcant diﬀerence (LSD) test. A p value less than 0.05
was considered statistically signiﬁcant.

’ RESULTS
Effect of Salt Treatment on Seedling Growth and Leaf Microand Ultrastructure of P. tenuiflora

After 7 days of treatment under 0, 50, and 150 mM NaCl,
respectively, the leaves of salt-treated seedlings did not exhibit
any obvious phenotype diﬀerences. The leaf fresh weight (Figure 1A),
shoot length (Figure 1B), and water content (Figure 1C) were
reduced, but the dry weight (Figure 1D) did not show signiﬁcant
reduction with the increase of NaCl concentration. Under normal
condition, the vascular bundles represent typical C3 plant characteristics without obvious Kranz anatomy (Figure 2A,B). In
addition, the chloroplasts/thylakoid in mesophyll cells and in
bundle sheath cells looked similar (Figure 2C,D). No obvious
diﬀerences were found in vascular bundles and thylakoid structure of seedlings under NaCl treatment (data not shown).

Changes of Leaf Osmotic Potential, Osmolytes, and Ion
Contents

Leaf osmotic potential showed a gradual reduction with the
increase of NaCl concentration (Figure 3A). In response to salt
treatment, plants accumulated osmolytes for osmotic adjustment. The contents of proline, soluble sugar, and betaine in
P. tenuiﬂora leaves increased dramatically under 150 mM NaCl
(Figure 3BD). Na+ concentration in leaves increased sharply
by 2.92 times and 16.34 times under 50 mM and 150 mM NaCl,
respectively (Figure 3E), and K+ concentration slightly declined
under 150 mM NaCl (Figure 3F). The K+/Na+ ratios also
decreased with increasing salt concentrations (Figure 3G).

Figure 2. Micro- and ultrastructure of P. tenuiﬂora leaves under normal
condition. (A) Cross-section of leaves under optical microscope, bar =
40 μm. (B) Enlarged view of vascular bundle under optical microscope,
bar = 20 μm. (C) Chloroplast of mesophyll cells under transmission
electron microscope (TEM), bar = 0.653 μm. (D) Chloroplast of bundle
sheath cell under TEM, bar = 0.625 μm. BSC, bundle sheath cell; CE,
chloroplast envelope; GT, granum thylakoid; LE, lower epidermis; VB,
vascular bundle; MC, mesophyll cell; Ph, phloem; ST, stroma thylakoid;
UE, upper epidermis; X, xylem.

Furthermore, the levels of Na and K on the leaf surface increased
(Figure 3H,I). Ca2+ concentration in leaves slightly decreased
under 50 mM NaCl but increased with 150 mM NaCl treatment
(Figure 3J). Mg2+ concentration did not show any obvious
changes under salt conditions (Figure 3K). In addition, some
anions displayed changes in concentration under salinity. Cl
accumulated in levels with increasing salt concentration (Figure 3L),
and PO43 concentration also increased under 150 mM NaCl
(Figure 3M). However, NO3 concentration declined under salt
treatment (Figure 3N), and NH4+ concentration increased under
50 mM NaCl but declined under 150 mM NaCl (Figure 3O).
Effect of Salt Treatment on Photosynthesis

The Gs, Ci, Pn, and Tr decreased gradually with the increase of
NaCl concentration, and the WUE increased under 150 mM
NaCl treatment (Figure 4AE). The reduced rate of intercellular CO2 concentration (KCO2) was higher than that of O2
concentration (KO2) with the increase of salinity (Figure 4F).
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Figure 3. Eﬀect of salinity on osmotic regulation and ionic contents in P. tenuiﬂora leaves: (A) osmotic potential; (B) proline content; (C) soluble sugar
content; (D) glycine betaine content; (E) Na+ concentration in leaves; (F) K+ concentration in leaves; (G) K+/Na+ ratio in leaves; (H) relative Na
content outside of the leaves; (I) relative K content outside of the leaves; (J) Ca2+ concentration in leaves; (K) Mg2+ concentration in leaves; (L) Cl
concentration in leaves; (M) PO43 concentration in leaves; (N) NO3 concentration in leaves; (O) NH4+ concentration in leaves. The values were
determined after plants were treated with 0, 50, and 150 mM NaCl for 7 days and are presented as means ( SE (n = 3). The diﬀerent small letters indicate
signiﬁcant diﬀerence (p < 0.05) in diﬀerent treatments. CPS, counts per second.

Chlorophyll ﬂuorescence parameters can be used to evaluate
changes in photosystem II (PSII) photochemistry and linear
electron ﬂux.49 The maximum quantum eﬃciency of PSII
photochemistry (Fv/Fm), PSII maximum eﬃciency (Fv'/Fm')
and fraction of PSII centers that are “open” (qL) in the leaves of
salt-treated plants declined (Figure 4GI). In addition, the
actual PSII eﬃciency (jPSII) and electron transport rate
(ETR) calculated from jPSII also decreased gradually with
the increase of salt (Figure 4J,K). Nonphotochemical quenching (NPQ) increased gradually with the increase of salt
concentration (Figure 4L).
Antioxidant Enzymes Activities, r-Tocopherol Content, and
Plasma Membrane Integrity

Under salt conditions, the activities of diﬀerent antioxidant
enzymes need to be adjusted. The activities of SOD were initially
increased at 50 mM NaCl and then decreased dramatically at
150 mM NaCl (Figure 5A). The activities of POD decreased
slightly at 50 mM NaCl and then increased at 150 mM NaCl
(Figure 5B), but the results were not signiﬁcantly diﬀerent from
the control condition (0 mM NaCl). The activities of APX, GR,
and GST did not display any signiﬁcant changes under salt
conditions (Figure 5CE). In contrast, the CAT activities
increased as the salt concentration increased (Figure 5F). In
addition, the activities of two other salt response enzymes, PPDK
and GO, showed signiﬁcant increases under salt conditions
(Figure 5G,H). Interestingly, an increase in the content of the
nonenzyme antioxidant R-tocopherol was detected with increasing

salinity levels (Figure 5I). However, plasma membrane integrity
as evaluated by MDA contents was not signiﬁcantly diﬀerent
between control and salt-treated seedlings (Figure 5J).
Identification of Differentially Expressed Proteins under Salt
Treatment

On each of the 2D gels, approximately 1,300 Coomassie
Brilliant Blue-stained protein spots were detected (Figure 6).
Image analysis revealed 657 common reproducible protein spots
across all the samples. While the global pattern of proteins largely
remained unaltered, 188 protein spots (approximately 15% of the
total protein spots) were detected as diﬀerentially expressed
spots (p < 0.05). All of the 188 diﬀerentially expressed spots were
subjected to in-gel digestion and submitted for protein identiﬁcation. A total of 119 protein spots were identiﬁed using ESI-QTOF MS and Mascot database searching (Table 1, Supporting
Information Tables S1, and S2). Among them, only 93 contained
a single protein each (Table 1). The remaining 26 each contained
more than one protein (Supporting Information Table S2). In
this case, it is diﬃcult to determine which protein changed in
abundance. Therefore, we focused on the 93 protein identities
(IDs) representing 79 unique proteins (Table 1, Supporting
Information Table S1). Furthermore, the MS/MS spectra acquired from the remaining 69 spots not identiﬁed by database
searching were submitted for de novo sequencing. A total of
29 MS/MS spectra were successfully sequenced with b and y ion
series, and they corresponded to 19 protein spots (Supporting
Information Figure S1). The rest of the MS/MS spectra are of
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Figure 4. Photosynthetic characteristics and chlorophyll ﬂuorescence parameters of P. tenuiﬂora leaves under salt treatment: (A) stomata conductance
(Gs); (B) intercellular CO2 (Ci); (C) photosynthesis rate (Pn); (D) transpiration rate (Tr); (E) water usage eﬃciency (WUE); (F) reduced rate of
intercellular CO2 concentration (KCO2) and that of O2 concentration (KO2) with the increase of salinity; (G) Fv/Fm; (H) Fv0 /Fm0 ; (I) qL; (J) jPSII;
(K) ETR; (L) NPQ. The values were determined after plants were treated with 0, 50, and 150 mM NaCl and are presented as means ( SE (n = 3). The
diﬀerent small letters indicate signiﬁcant diﬀerence (p < 0.05) in diﬀerent treatments.

low quality and uninterpretable. Among the 19 protein spots,
there are four proteins identiﬁed by BLAST alignments (Table 2),
10 de novo sequenced proteins (Table 2), and ﬁve containing a
mixture of proteins (Supporting Information Table S4).
On the basis of the Gene Ontology, BLAST alignment, and
information from the literature, the 107 IDs (including 93 IDs
from Mascot database searching and 14 IDs from de novo
sequencing) were classiﬁed into 11 functional categories: photosynthesis, stress and defense, carbohydrate and energy metabolism, metabolism, transcription-related, protein synthesis, protein
folding and transport, protein degradation, signaling, membrane
and transport, and unknown function (Tables 1 and 2; Supporting Information Figure S2A). Among the functional categories,
photosynthesis (14%), stress and defense (14%), carbohydrate
and energy metabolism (14%), and protein metabolism (19%)
were over-represented.
To study protein expression characteristics in each functional
category, hierarchical clustering analysis was performed generating two main clusters (Supporting Information Figure S2B,C).
Cluster I included 80 IDs, the levels of which were decreased
under salt treatment (Supporting Information Figure S2B), and
cluster II contained 27 up-regulated IDs (Supporting Information Figure S2C). In addition, IDs associated with various functional categories showed a heterogeneous distribution in the two
clusters. For example, most of the IDs involved in photosynthesis
and stress/defense were present in cluster I, whereas carbohydrate and energy metabolism-related proteins were mainly in
cluster II. These results suggest switching of biological processes
occurred in the course of salt treatment.
Leaf Proteomic Characteristics under Salt Conditions

We identiﬁed 15 photosynthesis related protein IDs, including
ﬁve PSII IDs, and 10 CO2 assimilation-related IDs (Table 1). For
light reaction related proteins, chlorophyll a/b binding protein
(CAB) (spots 8434, 8895, and 8385) and oxygen-evolving

enhancer protein 1 (OEE 1) (spot 8251) were down-regulated
under salt treatment. As to CO2 assimilation related proteins,
carbonic anhydrase (CA) (spot 8459), RuBisCO LSU (spots
8650, 8603, and 7781), ribulose-1,5-bisphosphate carboxylase
small unit (RuBisCO SSU) (spot 8755), ribulose-bisphosphate
carboxylase activase (spot 7789), SBPase (spot 8046), and PRK
(spot 7981) were down-regulated. The photorespiratory pathway-related serine-glycine hydroxymethyltransferase (SHMT)
(spot 8869) was up-regulated. To further evaluate the expressional levels of some representative photosynthetic enzymes, the
abundance of RuBisCO LSU, SBPase, and PRK was conﬁrmed to
be reduced in salt-treated plants using Western blotting (Figure 7).
Besides, the D1 protein, a key protein in light-harvesting complex
(LHC), was also detected to be down-regulated under salt condition by immunoblot analysis (Figure 7).
Fifteen detoxiﬁcation and oxidative stress-related proteins were
identiﬁed. They include seven enzymatic antioxidants, one nonenzymatic antioxidant synthetic enzyme, and seven oxidative
stress-related proteins. Some enzymatic antioxidants, e.g., ascorbate peroxidase (APX) (spots 8369 and 8387), peroxiredoxintypical 2-Cys subfamily (Prx) (spots 8537 and 8279), glutathione
peroxidase (GPX) (spot 8570), glutathione S-transferase (GST)
(spot 8427), and thioredoxin-chloroplast precursor (Trx) (spot
8697), were decreased in expression under salt treatment. Several
proteins, such as glyoxalase (spots 8277 and 8248), plastid lipid
associated protein 3 (spot 7951), and rhodanese homology
domain (spot 7503), were also reduced in NaCl-treated
plants. In contrast, other antioxidant-related proteins, tocopherol
cyclase (VTE1) (spot 7747) and ferredoxin-NADP(H) oxidoreductases (FNR) (spots 8084 and 9059), showed up-regulation
in salt-treated plants.
We also identiﬁed 15 proteins involved in carbohydrate and
energy metabolism. Sucrose synthase (spot 7349) involved in
sugar metabolism was reduced in salt-treated plants. However,
both transketolase (TK) (spots 8865 and 7410) in the pentose
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Figure 5. Eﬀect of salinity on the activities of antioxidant-related
enzyems and contents of R-tocopherol and malondialdehyde (MDA)
in P. tenuiﬂora leaves: (A) superoxide dismutase (SOD); (B) peroxidase
(POD); (C) ascorbate peroxidase (APX); (D) glutathione reductase
(GR); (E) glutathione S-transferase (GST); (F) catalase (CAT); (G)
pyruvate orthophosphate dikinase (PPDK); (H) glycolate oxidase
(GO); (I) R-tocopherol content; (J) MDA content. The values were
determined after plants were treated with 0, 50, and 150 mM NaCl for
7 days and are presented as means ( SE (n = 3). The diﬀerent small
letters indicate signiﬁcant diﬀerence (p < 0.05) in diﬀerent treatments.

phosphate pathway (PPP) and aconitate hydratase (AH) (spot
7316) in the tricarboxylic acid (TCA) cycle showed increased
expression in salt-treated plants. Interestingly, the changes in the
abundance of ATP synthases and NADH dehydrogenase subunits were not uniform. Six ATP synthases (spots 7624, 7632,
8715, 8320, 8016, and 8550) decreased, but two (spots 8931 and
7701) increased in expression. Similarly, one NADH dehydrogenase subunit (spot 7886) decreased, but the other (spot 7378)
was increased in abundance.
Twenty protein IDs were involved in transcription and protein
metabolism, including transcription-related (1), protein synthesis (2), protein folding and transport (9), and protein degradation (8). Most of the proteins were reduced in salt-treated plants,
such as RNA recognition motif (spot 8479), initiation factor
4F p28 (spot 8420), translationally controlled tumor protein

ARTICLE

Figure 6. Coomassie Brilliant Blue (CBB)-stained 2 DE gel. Protein
was extracted from leaves of P. tenuiﬂora under NaCl conditions for 7
days and separated on 24 cm IPG strips (pH 47 linear gradient) using
isoelectric focusing (IEF) in the ﬁrst dimension, followed by 12.5% SDSPAGE gels in the second dimension. Spot numbers indicate the 138
identiﬁed spots, including 93 spots with a single protein each, 26 spots
with more than one proteins each, and 19 spots with de novo sequenced
proteins/peptides (squared). Please refer to Tables 1, 2, and Supporting
Information Table S1. Molecular mass (MM) in kilodaltons and pI of
proteins are indicated on the left and top, respectively. (A) 0 mM NaCl;
(B) 50 mM NaCl; (C) 150 mM NaCl.

homologue (spot 8543), cytosolic HSP90 (spots 7374 and 7353),
protein disulﬁde isomerase precursor (PDI) (spot 7485), and
several proteasome subunits (spots 7479, 8379, 8376, 8402, 8611,
and 7831). A few proteins increased in abundance in salt-treated
plants, especially under 50 mM NaCl treatment, including AAA
ATPases associated with a wide variety of cellular activities (spots
7345, 7340, 7332, and 7314), aminopeptidase N (spot 7323) and
oligopeptidase A (spot 7387). In addition, we also found some
proteins involved in metabolism (11), signaling (8), membrane and
transport (3), and six of unknown function. Most of the proteins
decreased in abundance under salt conditions (Table 1).

’ DISCUSSION
Growth Reduction Is an Adaptive Feature of P. tenuiflora
under Salt Treatment

The level of tolerance and growth reduction varied widely
among diﬀerent plant species. Halophytes commonly exhibit
more tolerance than glycophytes.5 However, the less-tolerant
halophytes grow better on nonsalinized soil. When growing
under salt condition, they usually reduce their growth to cope
with salinity.5,23 The reduction in growth can save energy cost,
reduce ROS production, decrease amino acid demand for protein
3858
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Table 1. Proteins and Their Relative Changes in Leaves of P. tenuiﬂora under Salt Treatment
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Table 1. Continued
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Table 1. Continued

a
Assigned spot number as indicated in Figure 6. b The name and functional categories of the proteins identiﬁed by ESI Q-TOF MS. c The plant species
that the peptides matched from. d Database accession numbers from NCBInr. e,f Theoretical (e) and experimental (f) mass (kDa) and pI of identiﬁed
proteins. Experimental values were calculated using Image Master 2D Platinum Software. Theoretical values were retrieved from the protein database.
g
The amino acid sequence coverage for the identiﬁed proteins. h The Mascot score obtained after searching against the NCBInr database. i The number
of unique peptides identiﬁed for each protein. j The mean values of protein spot volumes relative to total volume of all the spots. Three NaCl treatments
(0, 50, and 150 mM) were performed. Error bars indicate ( standard error (SE).

synthesis, and thereby provide more free amino acids for osmotic
adjustment.23,50 In this study, under moderate NaCl conditions,
the fresh weight and shoot length of P. tenuiﬂora declined slightly
(Figure 1A,B). In addition, our proteomics results revealed that
80 out of the 107 protein IDs reduced in levels under salt
treatment (Table 1, Supporting Information Figure S2B). Especially, 15 decreased proteins function in transcription (e.g., RNA
recognition motif), protein synthesis (e.g., initiation factor 4F),
protein folding (such as HSP90 and PDI), and protein degradation (proteasome subunit alpha and FtsH-like protein) (Tables 1
and 2). A similar gene expression pattern in P. tenuiﬂora under
48 h NaHCO3 treatment has also been previously observed.51 The
decline in gene expression and protein synthesis has also been
observed in previous studies using barley,52 Prosopsis,53 wheat,54
Bruguiera parviﬂora,55 and Aeluropus lagopoides.23 This implies that
salinity-responsive protein biosynthesis/turnover contributed to
the decline of global metabolism levels and growth.23
Osmotic Adjustment and Intracellular Ion Balance Are
Important for Halophyte Salt Tolerance

Under salt treatment, plants generally reduce their water
contents (WC) in the shoots as a rapid and economical approach
in response to the increase in the external osmotic pressure. In

P. tenuiﬂora leaves, the WC decreased slightly with the reduction
of osmotic potential under NaCl treatment (Figures 1C and 3A).
This is likely to be an adaptive feature in halophytes for accumulating osmolytes with minimum energy consumption.56 In
addition to the WC adjustment, plants accumulate organic solutes
and inorganic ions in the cells for osmotic adjustment. The
accumulated low molecular weight compatible organic solutes
(e.g., proline, soluble sugar, and betaine) in cytoplasm can prevent
dehydration by keeping a stable osmotic pressure but also protect
macromolecules (e.g., proteins and nuclear acids) from degeneration.26 In this study, the contents of proline, soluble sugar, and
betaine in leaves were signiﬁcantly increased under 150 mM salt
(Figure 3BD). This implies that the increase of compatible
organic solutes is one of the major strategies to tolerate salinity in
P. tenuiﬂora. In addition, the accumulation of inorganic ions (e.g.,
signiﬁcant increase in Na+ and Cl contents) in P. tenuiﬂora with
increasing salinity also contributed to osmotic adjustment to a
certain extent (Figure 3E,L). Most accumulated inorganic ions
have been compartmentalized into vacuoles to avoid ion toxicity
in the cytosol.57
Accompanying Na+ and Cl increase for osmotic adjustment,
P. tenuiﬂora re-established intracellular ionic balance in leaves.
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Table 2. Proteins Identiﬁed by de Novo Sequencing and Their Relative Changes in Leaves from P. tenuiﬂora under Salt Treatment

a
Assigned spot number as indicated in Figure 6. b De novo sequenced peptides as indicated in Supporting Information Figure S2. c The name and
functional categories of the matched proteins by BLAST. d The plant species that the peptides matched from. e Database accession numbers from
NCBInr. f,g Theoretical (f) and experimental (g) mass (kDa) and pI of identiﬁed proteins. Experimental values were calculated using Image Master 2D
Platinum Software. Theoretical values were retrieved from the protein database. h The mean values of protein spot volumes relative to total volume of all
the spots. Three NaCl treatments (0, 50, and 150 mM) were performed. Error bars indicate ( standard error (SE).

Our results show that the dynamics of cations (Na+, K+, Ca2+,
Mg2+, and NH4+) and anions (Cl, NO3, and PO43) in leaves
plays a key role on ion balance adjustment (Figure 3). K+ is the
essential ion for various physiological processes, especially for
protein synthesis and enzyme activation. P. tenuiﬂora was found
to keep signiﬁcantly high cytoplasmic K+/Na+ ratios in leaves
under salt treatment (Figure 3EG) compared to wheat,30
indicating maintainenance of cytoplasmic metabolism and ion
homeostasis under salt condition. In addition, the increase of Na
and K on leaf surface implied that Na+ and K+ were secreted onto
leaf surface and the process intensiﬁed under salt treatment
(Figure 3H,I).31 However, the Na+ secretion was minimal considering the entire plant Na+ concentration30 and was very small

in comparison to other salt-secreting halophytes (e.g., Spartina
anglica, Limonium vulgare, and Glaux maritime).30,58 Thus, secretion of Na+ might mainly serve to reﬂect light (discussed below)
but not for ion balance.30,59 It was also found the concentrations
of bivalent cations (Mg2+ and Ca2+) were stable or increased in
leaves of P. tenuiﬂora under salt treatment (Figure 3J,K). Mg2+ is
a key component of chlorophyll, and Ca2+ is important for
membrane stability, cell wall construction, and signal
transduction. The increased/stable levels of Ca2+ and Mg2+ in
P. tenuiﬂora leaves allow for stabilization of photosynthesis, cell
structure, and signaling. Ca2+ and Mg2+ accumulation was
also found to be increased in a naturally alkali-resistant halophyte
K. sieversina56 but decreased in a subtropical perennial halophyte
3864
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(Figure 8). This is consistent with ﬁndings in halophyte C4 plant
A. lagopoides.23 On the contrary, some photosynthesis-related
enzymes (e.g., RuBisCO LSU and RuBisCO activase) were
increased in S. europaea19 and wild halophytic rice (Porteresia
coarctata).24 This implies that diverse salt-responsive CO2 assimilation strategies are utilized in various species of monocotyledonous halophyte C3 plant,24 C4 plant A. lagopoides,23 and
dicotyledonous halophyte S. europaea.19
We observed the reduction of light reactions represented by
the decrease of Fv/Fm, Fv'/Fm', qL, ETR, and jPSII under salt
treatment (Figure 4GK). This is consistent with monocotyledonous Paspalum vaginatum.66 Down-regulation of CAB and D1
proteins in P. tenuiﬂora would decrease the size of antenna and
reduce light absorption (Table 1, Figure 7).59 In contrast, in
dicotyledonous halophyte Suaeda salsa67 and S. aegyptiaca,20 the
Fv/Fm, Fv'/Fm', qL, and jPSII were not aﬀected by salt,67 and
some PSII assembly/stabilization-related proteins (e.g., D2 protein)
accumulated under salt treatment.20 Besides, C4 plant A.
lagopoides was inclined to harvest more light under salt condition
due to the increase of CAB of LHCII type III under 150 mM
NaCl treatment.23 These results suggest that species in diﬀerent
taxonomic groups of halophytes utilize diﬀerent light reaction
strategies to cope with salinity.
Figure 7. Western blot of pyruvate orthophosphate dikinase (PPDK),
ribulose-1,5-bisphosphate carboxylase large unit (RuBisCO LSU),
phosphoribulokinase
(PRK),
sedoheptulose-1,7-bisphosphatase
(SBPase), and D1 protein in leaves from P. tenuiﬂora under salt
treatment. (A) Western blot image of PPDK, RuBisCO LSU, PRK,
SBPase, and D1 protein. (B) Relative abundance of the ﬁve proteins
shown in panel A.

Atriplex griﬃthii var. stocksii under salt treatment.60 Furthermore,
in this study Cl concentration signiﬁcantly increased in a
pattern similar to Na+ (Figure 3L). This is a common feature
in halophytes (e.g., Kochia sieversiana),56 salt-tolerant species
(e.g., Oryza sativa IR651),61 and salt-sensitive species (e.g.,
sorghum, barley, and wheat).62 PO43 concentration also increased in P. tenuiﬂora leaves under salt treatment (Figure 3M).
In contrast, NO3 concentration decreased (Figure 3N). These
results are consistent with previous reports on P. tenuiﬂora26 and
the salt-tolerant sunﬂower (Helianthus annuus).63 All these imply
that the various inorganic anions in diverse plant species diﬀer in
their contribution to maintaining ion balance.
Photosynthesis Reduced under Salt Treatment

Stomatal aperture is sensitive to transient salt-perturbed water
conditions, although various osmotic adjustments take place
immediately in response to salinity. The declined stomatal conductance led to the decreased leaf intercellular CO2 levels and
consequently the decrease of photosynthesis.3,64,65 In P. tenuiﬂora,
Pn, Gs, Ci, and Tr all gradually declined with the increase of NaCl
concentrations, and WUE increased under 150 mM NaCl treatment (Figure 4AE). This was further supported by quantitative
proteomics and immunoblot results that revealed a decrease in
abundance of some photosynthetic enzymes under salt treatment. Five Calvin cycle-related enzymes reduced their expression levels, including RuBisCO LSU/SSU, RuBisCO activase,
CA, SBPase, and PRK (Table 1, Figure 8), and three of them
(RuBisCO, SBPase, and PRK) were conﬁrmed to be decreased
by Western blot analysis (Figure 7). This suggests the reduction
of RuBP regeneration and inhibition of Calvin cycle activity

Unique Mechanisms of P. tenuiflora in Coping with Oxidative Stress

Generally, blockage in photosynthesis would enhance the
production of ROS in cells, which can cause oxidative damage
to lipids, proteins, and DNA, thereby aﬀecting the integrity of
cellular membranes, enzyme activities, and the function of photosynthetic apparatus. However, we did not observe any signiﬁcant
oxidative damage in P. tenuiﬂora under salt treatment. The
content of MDA, an indicator of the lipid peroxidation, did not
show signiﬁcant changes under salt condition (Figure 5J), suggesting little lipid peroxidation. In addition, the ROS scavenging
system was not consistently up-regulated. SOD, an important
antioxidant enzyme constituting the ﬁrst line of defense against
oxidative stress,68 slightly increased its activity under 50 mM
NaCl but dramatically decreased under 150 mM NaCl treatment
(Figure 5A). Such salinity responses were also observed in our
previous study of P. tenuiﬂora growing under high concentrations
of NaCl and Na2CO3.32 More importantly, four key enzymes in
HalliwellAsada pathway, POD, APX, GR, and GST, appeared
stable in their activities under salt treatment (Figure 5BE).
Furthermore, our proteomics results revealed that the expression
levels of ﬁve antioxidative enzymes (APX, Prx, Trx, GPX, and
GST) were all decreased under salinity conditions (Table 1,
Figure 8). However, the dynamics of antioxidative enzymes
responsive to salinity is diﬀerent in other species.3,19,23,68 This
suggest that P. tenuiﬂora did not mainly rely on the Halliwell
Asada pathway in dealing with oxidative stress.
One of the alternative antioxidative mechanisms in P. tenuiﬂora
leaves is the enhancement of photorespiration. Under salt treatment, reduced water availability and stomatal aperture, as well as
the reduction of CO2 assimilation, could lead to photorespiration
(Figures 1C and 4AC,F).59 Furthermore, the gradual increase
in the activities of GO and CAT (Figures 5F,H and 8) could
enhance the oxidation of glycolate and scavenging of H2O2 in
peroxisomes during the photorespiratory process.68 In addition,
the increased expression of SHMT (Table 1, Figure 8) suggests
activation of the photorespiratory pathway in salinity tolerance.69
Besides photorespiration, enhancement of thermal dissipation
3865
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Figure 8. Schematic presentation of systematic salt tolerance mechanisms in P. tenuiﬂora. The identiﬁed proteins were integrated into subcellular
locations and pathways. Protein expression patterns were shown by marking the protein names and reactions in red (increased) or blue (decreased)
words and arrows, respectively. Abbreviations: 1,3BPGA, 1,3-bisphosphoglycerate; 3-PGA, 3-phosphoglycerate; AAA ATPases, ATPases associated
with a wide variety of cellular activities; ACP, acyl carrier protein; ADP, adenosine diphosphate; AH, -ketoglutarate; AMP, adenosine monophosphate;
APN, aconitate hydratase; AKG, aminopeptidase N; APX, ascorbate peroxidase; ATP, adenosine-triphosphate; CA, carbonic anhydrase; CAB,
chlorophyll a/b binding protein; CAT, catalase; CBS, cystathionine beta-synthase; COMT, caﬀeic acid O-methyltransferase; Csase, cysteine synthase;
D1, D1 protein; DHA, dehydroascrobate; DHAD, dihydroxy-acid dehydratase; DHAR, DHA reductase; E4P, erythrose-4-phosphate; F6P, fructose-6phosphate; FADH2, reduced ﬂavin adenine dinucleotide; FNR, ferredoxin-NADP reductase; G3P, glyceraldehydes-3-phosphate; G6P, glucose-6phosphate; GDI, GDP dissociation inhibitor protein; GLR, glutaredoxin; GO, glycolate oxidase; GPX, glutathione peroxidase; GR, glutathione
reductase; GSH, reduced glutathione; GSSG, oxidized glutathione; GST, glutathione S-transferase; HSP90, heat shock protein 90; IF, initiation factor;
IVD, isovaleryl-CoA dehydrogenase; MDHA, monodehydroascorbate; MDHAR, MDHA reductase; Mg, magnesium; NAD+/NADH, nicotinamide
adenine dinucleotide; NADP+/NADPH, nicotinamide adenine dinucleotide phosphate; NDPK, nucleoside diphosphate kinase; NDP, nucleoside
diphosphate; NTP, nucleoside triphosphate; OAA, oxaloacetic acid; OEE, oxygen-evolving enhancer protein; O-Fd, oxidized ferredoxin; OPA,
oligopeptidase A; PC, plastocyanin; PDI, protein disulﬁde-isomerase precursor; PEP, phosphoenolpyruvate; PG, phosphoglycolate; PPDK, pyruvate,
orthophosphate dikinase; PPP, pentose phosphate pathway; PRK, phosphoribulokinase; Proto, protoporphyrin; PRPP, 5-phospho-D-ribose-1pyrophosphate; Prx, peroxiredoxin; PSI, photosystem I; PSII, photosystem II; Q, quinone; R5P, ribose-5-phosphate; RCA, RuBisCO activase; REC,
reactive electrophillic compounds; R-Fd, reduced ferredoxin; RRM, RNA recognition motif; Ru5P, ribulose-5-phosphate; RuBisCO, ribulose-1,5bisphosphate carboxylase/oxygenase; RuBP, ribulose-1,5-bisphosphate; S7P, sedoheptulose-7-phosphate; SBP, sedoheptulose-1,7-bisphosphate;
SBPase, sedoheptulose-1,7-bisphosphatase; SHMT, serine-glycine hydroxymethyltransferase; SOD, superoxide dismutase; SPDS, spermidine synthase;
SuSy, sucrose synthase; TAD, transaldolase; TCA cycle, tricarboxylic acid cycle; TCTP, translationally controlled tumor protein homologue; TK,
transketolase; Trx, thioredoxin; VTE1, tocopherol cyclase; VHA-B, vacuolar H+ ATP synthase subunit B2; X5P, xylulose-5-phosphate.

could be another way to quench excess energy. In this study,
thermal dissipation as estimated by NPQ showed a gradual
increase with increasing salinity (Figure 4L), indicating dissipation of excess absorbed light energy to protect the photochemical apparatus. In addition, the ion secretion onto leaf
surface evaluated by increase of Na and K contents under NaCl
treatment (Figure 3H,I) was proposed to prevent excessive light
absorption.31,59 Furthermore, some metabolites may play antioxidative roles, e.g., R-tocopherol can scavenge ROS and protect

lipids from oxidation.68,70 In salt-treated leaves, we found an
increase in R-tocopherol content (Figure 5I) and increased
expression of VTE1 in tocopherol synthesis (Table 1). Previous
studies also revealed the enhancement of R-tocopherol and
VTE1 in plants under various environmental stresses.71,72 In
addition to osmotic adjustment, some increased compatible
solutes in P. tenuiﬂora leaves (e.g., proline, soluble sugars, and
betaine) (Figure 3BD) were also suggested to scavenge ROS
and protect cellular components.68,73 Moreover, a photosynthetic
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enzyme, FNR, has been proposed to participate in a variety of
redox pathways and has been conﬁrmed to function in defense
against oxidative damage.74 The increase of FNR in P. tenuiﬂora
leaves could enhance the redox function but not photosynthesis since photosynthesis was decreased under salt treatment
(Table 1, Figures 4 and 8).
Energy and Secondary Metabolite Adjustment under Salinity

The increased levels of AH and TK implied that the TCA cycle
and the PPP were increased under salinity (Table 1 and
Figure 8).75 Enhancement of the PPP has been found in several
species in response to various stress conditions,7577and our
results are consistent with previous proteomic studies.19,22,78
Enhancement of the PPP would provide more glyceraldehydes3-phosphate (G3P), glucose-6-phosphate (G6P), NADPH, and
erythrose-4-phosphate (E4P) that could be used to produce
more ATP.75,79 The increase of E4P also provides more immediate carbon substrates for the shikimate pathway leading to
phenylpropanoid metabolism.75 Indeed, caﬀeic acid O-methyltransferase (COMT) involved in phenylpropanoid metabolism
was increased in salt-treated P. tenuiﬂora (Table 1, Figure 8).
COMT catalyzes the multistep methylation reaction of hydroxylated monomeric lignin precursors.80 Lignin is a biopolymer
integrated into reticular cellulose structure in the cell wall and
was shown to deposit in great amounts in tomato vascular tissues
under salt stress.81 Similar results of increased COMT expression
was observed in maize under drought stress.82 Another enzyme
potentially involved in lignin biosynthesis was identiﬁed as
PPDK. PPDK is known to catalyze the reversible conversion of
pyruvate to phosphoenolpyruvate in C4 plant chloroplasts83 and
in some C3 plants.84 PPDK has been found increase in rice roots
under various stress conditions (e.g., drying, cold, high salt/mannitol,
and low oxygen)85 and is proposed to function in lignin biosynthesis via the shikimate pathway.86 Here, in P. tenuiﬂora leaves with a
typical C3 structure (Figure 2), we did not detect obvious PPDK
immunoreaction in chloroplasts (Figure 7), but the abundance
and activity of PPDK were increased under salinity treatment
(Table 1, Figures 5G and 7). Together with the increase of
COMT, we propose that the cytosolic PPDK in C3 plant P.
tenuiﬂora leaves was involved in providing PEP for lignin biosynthesis to cope with salinity.86 The increased ligniﬁcation of tracheary
elements under salt stress may compensate for the diminished bulk
ﬂow of water and solutes along the apoplastic pathway.81 Detailed
investigation on the mechanisms underlying PPDK regulation in
salt tolerance is an important future research direction.
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