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a  b  s  t  r  a  c  t

Thellungiella  halophila,  a new  model  halophyte,  can  survive  under  highly  saline  conditions.  We  performed
comparative  proteomics  of  chloroplasts  from  plants  grown  under  different  saline  conditions.  Seventy-
five  salt-responsive  proteins  were  positively  identified  by  mass  spectrometry,  which  represented  43
unique  ones.  These  proteins  were  categorized  into  7  main  pathways:  light  reaction,  carbon  fixation,
energy  metabolism,  antenna  proteins,  cell structure,  and  protein  degradation  and  folding.  Saline con-
ditions  increased  the abundance  of proteins  involved  in photosynthesis,  energy  metabolism  and  cell
structure.  The  results  indicated  that  Thellungiella  could  withstand  high  salinity  by  maintaining  nor-
mal  or  high  photosynthetic  capacity,  reducing  ROS  production,  as well  as  enhancing  energy  usage.
Meanwhile,  the  ultrastructural  and  physiological  data  also  agree  with  chloroplast  proteomics  results.
Subsequently,  the  glyceraldehydes  3-phosphate  dehydrogenase  beta subunit  (GAPB)  involved  in  carbon
fixation  was  selected  and  its role in salt  tolerance  was  clarified  by over-expressing  it in  Arabidopsis.
ThGAPB-overexpressing  plants  had  higher  total  chlorophyll  contents,  dry  weights,  water  contents  and
survival  rates  than  that of  wild  type  plants.  These  results  indicated  that  ThGAPB  might  improve  plant  salt
tolerance  by  maintaining  higher  recycling  rates  of  ADP  and  NADP+ to  decrease  ROS production,  helping
to  maintain  photosynthetic  efficiency  and plant  development  under  saline  conditions.

© 2015 Published  by  Elsevier  Ireland  Ltd.
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1. Introduction

Soil salinity is one of the major abiotic stresses in nature [1].Q3
Soil containing a high salt concentration often causes ion imbal-
ance, hyperosmotic stress, and secondary stresses in plants, which
will eventually inhibit plant growth and development [1,2]. Chloro-
plasts are the unique photosynthetic organelle in plants. Under
salt stress, the photosynthetic activity in chloroplasts is decreased
because of the peroxidation reaction of the membrane envelope,
as well as the degradation of photosynthetic pigments [3–5]. The
morphology of chloroplasts also changes with extended exposure
time to increased salinity [1].

Thellungiella halophila, a close relative of Arabidopsis, is a new
model halophyte owing to its small genome, short life cycle, and
large seed yield [1,6–9]. There is strong evidence in support of its
tolerance of extreme salt conditions being attributable to global
changes in both gene and protein regulation levels [10,11]. In-
depth analysis of altered protein expression profiles and functional
analysis of certain differentially expressed proteins in the leaves
and roots can help us unravel the salt tolerance mechanisms in
this halophyte [11–14]. With a combination of traditional two-
dimensional gel electrophoresis (2-DE) and mass spectrometry
(MS) technology, Gao and colleagues identified 13 salt-responsive
proteins from T. halophila leaves [12]. Comparative proteomics
analyses of Arabidopsis and Thellungiella showed that more pro-
teins changed in abundance in Arabidopsis than in Thellungiella,
but that the proteins with altered expression were involved in
more functional categories in the latter [14]. Additionally, phos-
phoproteomics of Thellungiella roots under high salinity conditions
resulted in the identification of 20 phosphorylated proteins that are
involved in signal transduction, ROS detoxification, protein syn-
thesis and refolding [13]. Recently, our comparative proteomic
analyses of Thellungiella leaves demonstrated that starch and
sucrose metabolism in chloroplasts may  play pivotal roles in
salt tolerance [11]. Our morphological and physiological data
also demonstrated that salt can stimulate starch accumulation in
the chloroplasts of Thellungiella leaves. We  identified 209 salt-
responsive proteins and found that most of them are involved
in carbohydrate metabolism, starch and sucrose metabolism, and
photosynthesis. It was noteworthy that, among those identified
proteins, 64 proteins were located in chloroplasts, and their expres-
sion changed significantly at both the mRNA and protein levels
under high salinity conditions [11]. Several comparative proteomic
studies of chloroplasts under saline stress were also performed
in other plants to assess differentially expressed proteins: e.g., in
maize [15], Salicornia europaea [16], wheat [17], and mangroves
[18,19]. These proteomics data revealed that chloroplast proteins
are important for the response to salt. Based on our observa-
tions and the published data, chloroplasts might be important
organs for the response to salt stress, and some differentially
expressed proteins related to photosynthesis, energy metabolism,
detoxification and antioxidation in chloroplasts may  play impor-
tant roles in the tolerance of halophytes to extreme salt conditions
[11].

Thus, in the present study, we further investigated the altered
protein profiles of Thellungiella chloroplasts by combining 2D-
DIGE and MALDI TOF/TOF MS  technologies. The identification of
the differentially expressed proteins, as well as investigation of
the impact of salinity on chlorophyll fluorescence and chloro-
plast ultrastructure, revealed a potential link between specific
proteins with altered abundance and the processes of light reac-
tion and Calvin cycle in photosynthesis under different salinity
conditions. Over-expression of the glyceraldehyde 3-phosphate
dehydrogenase beta subunit gene (ThGAPB) in Arabidopsis demon-
strated that ThGAPB may  play important roles in plant salt
tolerance.

2. Materials and methods

2.1. Plant materials and growth conditions

Seeds of Shandong ecotype T. halophila were sown on a 1:1
mixture (V/V) of cover soil and vermiculite irrigated with distilled
water. After germination, seedlings were grown in a greenhouse
with a day/night temperature regime of 22 ◦C/20 ◦C, a photope-
riod of 16 h/8 h, and relative humidity of 65 ± 5%. Seedlings were
irrigated from below to field capacity with half-strength Hoagland
nutrient solution at 4-day intervals. Sixty days after sowing, the
plants were divided into four groups and were watered with nutri-
ent solutions supplemented with 0, 200, 400 or 600 mM NaCl for 7
days and were irrigated each day in the morning, before harvesting
for morphological, physiological and proteomic analyses.

2.2. Determination of chlorophyll content and photosynthesis
parameters

Chlorophyll was extracted from leaf powder (approximately
0.2 g) with 25 ml  of 80% acetone. Samples were mixed in closed,
darkened tubes for 1 h. The absorbance of extracted chlorophyll
a was  detected at 645 nm,  and that of extracted chlorophyll b at
663 nm.  Total chlorophyll levels were calculated as described previ-
ously [20,21]. Chlorophyll fluorescence emission was analyzed with
a MINI-PAM chlorophyll fluorimeter according to the user’s manual
(Walz, Germany). To measure the minimal fluorescence (Fo) and
the maximal fluorescence (Fm), the plants were dark-adapted for
at least 30 min. Measurements were made for more than 20 plants
under each of the four saline treatments.

2.3. Transmission electron microscopy

To characterize the ultrastructure of chloroplasts from T.
halophila subjected to different salt stresses, a 0.3 cm × 0.2 cm
slice from the middle part of each type of experimental leaf was
fixed in 2.5% (v/v) glutaraldehyde in 0.1 M phosphate (pH 7.2)
for 4 h at room temperature, followed by 2 h of fixation in 1%
OsO4 and rinsing with 0.1 M phosphate (pH 7.2). Then, the sam-
ples were dehydrated in graded ethanol solutions and embedded
in Epon812. The blocks were sectioned with a glass knife using
an ultramicrotome and were collected onto copper grids, which
were then sequentially stained with uranyl acetate followed by lead
citrate and examined under a JEOL JEM-1230 transmission electron
microscopy (TEM, JEM 1230, Hitachi, Tokyo, Japan).

2.4. Chloroplast isolation, proteins extraction and DIGE analysis

The chloroplasts treated with 0, 200, 400, and 600 mM NaCl for 7
days were isolated from T. halophila leaves as described [22]. Then,
the integrity of these purified chloroplasts was examined on an
Axio scope microscopy (Carl Zeiss, Jena, Germany). Subsequently,
the purity of chloroplast proteins was assessed by measuring the
enzyme activity of catalase, which is an indirect cytosolic marker in
plants [22]. In brief, soluble proteins in the crude extracts and the
chloroplasts were extracted with potassium phosphate buffer, and
the reaction mixture was  prepared by adding additional amounts of
protein to the potassium phosphate buffer. The reaction was  started
by adding H2O2. The absorbance values of the purified chloro-
plast fraction indicated no significant changes during the detection
period. The assay was  performed in triplicate, and the absorbance
values were plotted as a function of time.

To analyze salt-response mechanisms at the protein level, these
purified chloroplast proteins of T. halophila under 0, 200, 400 or
600 mM NaCl treatments were extracted via the BPP protocol [23].
The washed protein pellets were air-dried and dissolved with Lysis
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