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Glycerol-3-phosphate acyltransferase is the first acyl esterifying enzyme in
phosphatidylglycerol (PG) synthesis process. In this study, we isolated and characterized
the glycerol-3-phosphate acyltransferase (GPAT) gene from Suaeda salsa (S. salsa)
and obtained the full length of the GPAT gene from S. salsa (SsGPAT ) by 5′ and 3′

RACE. The clone contained an open reading frame (ORF) of 1167 bp nucleotides
that comprised of 388 amino acid residues. Real-time PCR revealed that the mRNA
accumulation of GPAT in S. salsa was induced by salt stress. The highest expression
levels were observed when S. salsa leaves were exposed to 300 mM NaCl treatment.
At the germination stage, the germination rate and root length of overexpressed
Arabidopsis strains were significantly higher than WT under different concentrations of
NaCl treatments, while the inhibitory effect was significantly severe in T-DNA insertion
mutant strains. In the seedling stage, chlorophyll content, the photochemical efficiency
of PSII, PSI oxidoreductive activity (1I/Io), and the unsaturated fatty acid content of
PG decreased less in overexpressed strains and more in mutant strains than that in
WT under salt stress. These results suggest that the overexpression of SsGPAT in
Arabidopsis enhances salt tolerance and alleviates the photoinhibition of PSII and PSI
under salt stress by improving the unsaturated fatty acid content of PG.

Keywords: Suaeda salsa, glycerol-3-phosphate acyltransferase, salt stress, PG, unsaturated fatty acids, seedling

INTRODUCTION

Salt stress is one of the main abiotic stresses. Soil salinization is a worldwide problem (Zhu, 2001)
and limits the production of various crops all over the world (Munns and Tester, 2008). How plants
sense stress signals and adapt to adverse environments are fundamental biological questions (Zhu,
2016). Throughout evolution, plants have developed many mechanisms to adjust to salt stress,
such as causing a series of physiological and biochemical changes, and inducing the expression of
functional and regulatory genes. The mechanism of salt stress to plant survival and resistance is
complex, and requires further exploration.

Salt stress is known to inhibit photosynthesis through the process of photoinhibition. It is
reported that Photosystem II (PSII) plays an important role in the process of leaf photosynthesis
adapting to environmental perturbations (Baker, 1991). NaCl stress modifies PSII photochemistry
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in light-adapted leaves. Salt stress can reduce the activity of the
PSII reaction center on the thylakoid membrane and inhibit
photochemical efficiency. With the increase in salt concentration,
the electron transfer rate of PSII significantly decreases. The
reason might be that the function of the oxygen-evolving
complex of the PSII oxidation side is damaged which lead to the
reduction of electronic quantity supplied to PSII reaction center
(Sharkey and Badger, 1982); on the other hand, the electronic
transport of QA to QB on the PSII reductive side may be blocked.
Studies on green algae cells have indicated that salt stress affects
the release of oxygen from the oxygen-evolving complex of PSII
(Allakhverdiev et al., 2000). Ioannidis et al. (2006) argues that
NaCl stress affects charge separation of PSII and the pigment
complex on the thylakoid membrane. The study conducted by
Shu et al. (2010) revealed that the inhibition of PSII activity in
cucumber seedlings is mainly on the side of the receptor, which
prevents the electrons from QA to QB. The effect of salt stress on
PSII need to be further studied.

When plants are subjected to salt stress, they develop a
complex defense system that includes ion homeostasis, osmolyte
biosynthesis, intracellular compartment of toxic ions and the
scavenging systems of reactive oxygen species (ROS) (Hasegawa
et al., 2000; Mittova et al., 2004; Stepien and Klobus, 2005;
Flowers and Colmer, 2008). The cell membrane regulates the
transport of most ions and the large molecules as a barrier in
plants. The permeability of the membrane is sensitive to salt
stress. It has been reported that under 100 mM NaCl stress,
the membrane permeability of soybean seedlings significantly
increased, and the biological function of the membrane was
destroyed (Wei and Chen, 2000). Membrane fluidity can affect
ATPase activity (Cooke and Burden, 1990; Liu et al., 2008),
bilayer permeability (Schuler et al., 1991), and carrier-mediated
transport (Deuticke and Haest, 1987), while membrane fluidity
and structure are affected by membrane lipid composition and
the desaturation degree of fatty acid (Mikami and Murata,
2003). Many earlier studies have reported that changes in
the unsaturated fatty acid content can change plant tolerance
to different conditions such as cold, drought, heat, and salt
(Dakhma et al., 1995; Olsson, 1995; Matos et al., 2002; Sui et al.,
2007b,c; Liu et al., 2008; Sui and Han, 2014). The membrane of
plants consists of lipids, proteins and sugars. In higher plants, the
most abundant membrane lipids are glycolipids, which including
monogalactosyl diglyceride (MGDG) and digalactosyl diglyceride
(DGDG), and phospholipids including phosphatidylcholine
(PC), phosphatidylethanolamine (PE), phosphatidylinositol (PI),
and phosphatidylglycerol (PG). Previous study shows that lipids
can protect the photosystem at salt condition. The increase
of unsaturated fatty acid content of membrane lipids can
protect photosystem II (PSII) and photosystem I (PSI) at
both the rapid and slow phases of NaCl-induced inactivation
when using wild-type and desA1 cells of Synechococcus. The
unsaturation of fatty acids plays an active role in protecting the
photosynthetic machinery during the slow phase (Allakhverdiev
et al., 2001). Zhang et al. (2009) found that fad6 mutant
Arabidopsis seedlings that lack chloroplast fatty acid desaturase
were significantly weaker on resistance to salt stress than
wild-type Arabidopsis plants. PG is the site of oxygenic

electron transport in PSII and also the only phospholipid of
thylakoid membranes (Wada and Murata, 1998). Therefore,
the changes of PG fatty acid species can affect the function
of photosynthetic machinery of PSII and the activities of
chloroplastic antioxidant enzymes (Sui et al., 2007c; Sun et al.,
2010). And the substrate selectivity of glycerol-3-phosphate
acyltransferase (GPAT) is the main factor that determines the
content of cis-unsaturated fatty acids in PG (Roughan and Slack,
1982).

Polyunsaturated fatty acids (PUFAs) are important
constituents of cell membrane lipids and play an important
role in the resistance of plants to salt stress. PUFAs are
synthesized from saturated fatty acids. For higher plants,
the synthesis of PUFAs can be divided into eukaryotic
and prokaryotic routes according to the different places of
synthesis. The prokaryotic pathway refers to saturated fatty
acids synthesized in chloroplasts, which are catalyzed by
GPAT and monoacyl-glycerol-3-phosphate acyltransferase
in plastids to be phosphatidic acid (PA), and subsequently
form PG and other glycerides. The eukaryotic pathway
refers to saturated fatty acids synthesized in chloroplasts
that become free fatty acids through hydrolysis, and these
are finally transferred to the endoplasmic reticulum and
catalyzed to be PA by GPAT and monoacyl-glycerol-3-phosphate
acyltransferase, forming PG and other glycerides (Joyard et al.,
2010).

Glycerol-3-phosphate acyltransferase (GPAT; E.C. 2.3.1.15)
is the first acyl esterifying enzyme in PG synthesis process.
It transfers the acyl moiety from an acyl-coenzyme A (CoA)
donor (or acyl–acyl carrier protein [ACP] in plastids) to the sn-1
position of a glycerol-3-phosphate (G3P) molecule, yielding 1-
acylglycerol-3-phosphate (or lysophosphatidic acid, LPA). The
GPAT gene has been cloned in a variety of plants, such as
Lycopersicum esculentum, Spinacia oleracea, Helianthus annuus,
Oryza sativa, tomato, Arabidopsis, and so on. It has been
found that the GPAT gene is closely related to the fertility,
stress tolerance, oil content of plants and seed development
(Liu et al., 2013; Payá-Milans et al., 2016). Furthermore, the
GPAT gene has 10 members in Arabidopsis, which are AtGPAT1,
AtGPAT2, AtGPAT3, AtGPAT4, AtGPAT5, AtGPAT6, AtGPAT7,
AtGPAT8, AtGPAT9, and ATS1, respectively. AtGPAT1 and
AtGPAT6 can affect the seed setting rate of Arabidopsis that
found in atgpat1/atgpat6 double mutants (Zheng et al., 2003);
Gidda et al. (2009) found that AtGPAT9 could regulate the oil
content of Arabidopsis seeds. In addition, in vivo experiments
have shown that when AtGPAT of Arabidopsis is transferred
into tobacco, the content of unsaturated fatty acids in PG
increases and the chilling resistance of tobacco also increases
(Murata et al., 1992). Furthermore, our previous study also
revealed that the overexpression of LeGPAT can increase chilling
and salt tolerance in tomato (Sui et al., 2007a; Sun et al.,
2010). Overexpression of AtGPAT in rice can increase the
content of unsaturated fatty acids in PG, and then improves the
photosynthetic rates and growth at low temperature (Ariizumi
et al., 2002).

Suaeda salsa (S. salsa) is an annual herbaceous succulent
euhalophyte that has tolerance to salt (Song et al., 2008),
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drought (Huang et al., 2008), waterlogging (Song, 2009), and
high health care (Zhao et al., 2002). Planting S. salsa can also
significantly reduce the soil salinity and increase the content of
soil organic matter (Zhao et al., 2002). The study of S. salsa
has good economic and ecological benefits. S. salsa is native
to saline soils in which the optimal NaCl concentration for
plant growth is 200 mM, and 400 mM NaCl does not decrease
the growth of this species (Song et al., 2009). Furthermore,
S. salsa has demonstrated high resistance not only to salinity
stress, but also to photoinhibition, even when treated with salt
concentrations of as high as 400 mM NaCl with exposure to
full sunlight (Lu et al., 2002). At present, halophytic species
are widely being studied, especially by Chinese researchers,
due to its important economical and ecological value in
developing saline agriculture; and it has been used as a promising
model halophyte for understanding salt tolerance. However,
it remains unknown whether the overexpression of S. salsa
GPAT in Arabidopsis can increase the unsaturated fatty acids
content of PG, and whether it is relative to PSII and PSI
photoprotection under salt stress. In the present study, we
isolated the GPAT gene from S. salsa by 5′ and 3′ RACE, and
transformed the gene into Arabidopsis. Our results revealed
that GPAT from euhalophyte S. salsa improved salt tolerance
and alleviated the salt-induced photoinhibition of PSII and
PSI by increasing the unsaturated fatty acid content of PG in
Arabidopsis.

MATERIALS AND METHODS

Plant Material, Cultivation, and
Treatment
Brown seeds of S. salsa were collected during November 2013 in
the saline inland of the Yellow River Delta (N37◦25′, E118◦58′)
in Shandong province, China. Dry seeds were stored in a
refrigerator at 4◦C before use.

Arabidopsis Col-0 was used as the wild-type control.
Arabidopsis mutants of gpat2 (SALK_060056) and gpat6
(SALK_136675C) were ordered from the Arabidopsis
Biological Resource Center and the homozygous mutants
with a T-DNA insertion within AtGPAT2 (At1g02390) and
AtGPAT6 (At2g38110) were verified by PCR.

The brown seeds of S. salsa were uniformly grown in
10 cm × 10 cm × 10 cm red square plastic pots filled with
clean sand under a 14-h (28 ± 5◦C)/10-h (20 ± 3◦C) light/dark
photoperiod, with a relative humidity of 60% ∼ 70% and an
illumination intensity of 800 ± 100 µmol m−2 s−1. A total
of 10 seeds were allocated for each pot. Plants were watered
with complete Hoagland nutrient solution when the true leaves
came out. After four weeks, some of the plants were used in
the experiment to isolate SsGPAT and the remaining plants were
treated with 0, 100, 200, 300, 400, 500, and 600 mM NaCl. The
NaCl was dissolved in a nutrient solution (Hoagland nutrient
solution). In the NaCl treatment, the chance of osmotic shock
was reduced by adding 50 mM NaCl on the first day and the
concentration was increased by 50 mM on each subsequent day
until the final concentration was reached. Two weeks later, the

treated leaves were then frozen in liquid nitrogen and stored at
−80◦C until further use for the expression pattern of the SsGPAT
gene.

Arabidopsis seeds were sterilized by 70% ethanol for 1 min,
incubated with 1% NaClO incubation for 15 min, and washed
for five times with distilled water. The seeds were sown on
Murashige and Skoog (MS) medium added with 0, 50, 100,
and 150 mM NaCl. Then, these were stratified for three days
at 4◦C and transferred to the culture room at 22◦C day/18◦C
night under a 16/8 light/dark cycle. The length of the root
of the Arabidopsis thaliana was measured after 9 days. For
adult stage experiments, the sterilized Arabidopsis seeds were
uniformly plated on the MS medium, chilled at 4◦C for
3 days, and then transferred to a growth room with a 16-
h 25◦C/8-h 25◦C light/dark cycle (the relative humidity was
70%, illumination intensity was 4000 Lx). After 10 days, the
seedlings were transplanted in nutrient soil, and six seedlings
were planted in each 10 cm × 10 cm × 10 cm red square
plastic pot and watered with 1/2 Hoagland nutrient solution.
Two weeks later, the plants were treated with 1/2 Hoagland
nutrient solution added with 0, 50, and 100 mM NaCl. The
physiological indexes such as chlorophyll content, chlorophyll
fluorescence, PSI activity and biomass were determined 14 days
later.

Cloning and Sequencing of SsGPAT
Total RNA was isolated from the leaves of S. salsa using a
Total Plant RNA Extraction Kit (Karroten 1103) according to
the manufacturer’s instructions. In the experiment of obtaining
the intermediate fragment of the GPAT gene, the degenerate
primers were designed using Primer 5 Software according to
the known sequences of homologous genes in plants such as
tobacco, rice, Arabidopsis and so on. The primers SsGPAT-5 and
SsGPAT-3 were chosen in order for the PCR product to have
approximately the same size of 440 bp. The ends sequence of
SsGPAT was obtained by 5′ Race using a 5′ RACE Kit (5′ RACE
Systerm for Rapid Amplification of cDNA Ends, Version 2.0,
Invitrogen) and 3′ RACE. The primer pairs for 5′ RACE were
GPAT5′-1, GPAT5′-2, GPAT5′-3, and the 3′ Race amplification
were designed according to acquired intermediate fragment.
The cDNA for 3′ Race amplification was reverse transcribed
by QT primer instead of the primer mix and the 3′ RACE
sequence was obtained through the prime pairs of Q0, GP3′-1
and Q1, GP3′-2. The full-length sequence of the SsGPAT was
determined through the combination of the front sequencing
results, and the sequence of SsGPAT was obtained using Gpat5′
and Gpat3′ primers. All the primer sequences are listed in
Table 1.

Bioinformatic Analysis of SsGPAT
BLASTp online and software such as DNAstar and DNAman
were used for translating nucleic acid sequences into protein
sequences, homologous sequence alignment, homology analysis.
Phylogenetic tree was constructed by MEGA using Neighbor-
Joining (NJ). The SMART online software was used to predict
functional domains and functional classification. The MEGA
software service was used for the analysis of the phylogenetic
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TABLE 1 | Primers used in this experiment.

Name Sequence Applicaition

SsGPAT-5 5′- CA(C/T)CA(A/G)A(G/C) TGAAGC(A/T)GATCC-3′ Intermediate fragments of SsGPAT

SsGPAT-3 5′- GGAGG(A/G/C)GGCAT(A/G/T)ATGTCAT(A/G)-3′

GPAT5′-1 5′- CTCGATCACCTGCTATGTAAATC-3′

GPAT5′-2 5′- CTGCAATGTGTGAGTTTGTCTTC-3′ 5′RACE

GPAT5′-3 5′- CAAAGCAATCACGGCAGGATCTG-3′

QT 5′-CCAGTGAGCAGAGTGACGAGGACTCGAGCTCAAGCTTTTTTTTTTTTTTTTT-3′

Q0 5′-CCAGTGAGCAGAGTGACG-3′

Q1 5′-GAGGACTCGAGCTCAAGC-3′ 3′ RACE

GP3′-1 5′-GGTGAATGGTATCCGGCAAC-3′

GP3′-2 5′-GAGAAGACTTGTGGAGCATG-3′

Gpat5′ 5′-ATGGCGGATGCTGCTCTTCC-3′

Gpat3′ 5′-AGGTTGTGACAAAGAGATGGTC-3′ Full length of SsGPAT

Actine-F 5′-GCTCTACCCCATGCAATCCT-3′ Reference sequence of S. salsa

Actine-R 5′-TGCTCTTGGCAGTCTCTGATT-3′

G5 5′-CTATAAGTGTTGCTTCTG-3′ RT-PCR of SsGPAT

G3 5′-AATAGTCAATAGGCTCTC-3′

35s 5′-GCAAGTGGATTGATGTGATATC-3′ Identification of overexpression lines

Gpat3′ 5′-AGGTTGTGACAAAGAGATGGTC-3′

ATactin5 5′-AAGCTGGGGTTTTATGAATGG-3′ Reference sequence of Arabidopsis

ATactin3 5′-TTGTCACACACAAGTGCATCAT-3′

GPL 060056 5′-ACTCGCCAAGTCACAGATC-3′ Screening of homozygous mutants of Arabidopsis

GP 060056 5′-ATCTTGTGGTAGGGTTTGC-3′

GPL 136675C 5′-CCGAGACGTTGAGCTAGTGG-3′

GP 136675C 5′-CAAAGAAGCTGCACCAACG-3′

LBb1 5-GCGTGGACCGCTTGCTGCAACT-3 T-DNA left border specific primer

relationships of the amino acid residues of SsGPAT between
different plants.

Real-time PCR analysis
In order to evaluate the effects of the expression of GPAT,
the expression profiles of the gene in the leaves of S. salsa,
wild type Arabidopsis, the GPAT-overexpressing Arabidopsis
strains and homozygous mutant Arabidopsis strains were
investigated. For quantitative real-time PCR, amplification was
performed with the G5 and G3 primers (Table 1) for the
SsGPAT gene. The amplification of the ACTIN gene was used
as an internal control, and the internal primers of Actin-
F, Actin-R and ATactin5, ATactin3 (Table 1) were designed
according to the Actin gene of S. salsa and Arabidopsis.
The relative expression of GPAT was calculated by 2−11Ct

method.

Plasmid Construction and
Agrobacterium-Mediated Transformation
of Arabidopsis
The full-length of SsGPAT was inserted into plant binary
vector pB7WG2D to construct pB7WG2D–SsGPAT. Then, the
SsGPAT gene under the control of the CaMV35S promoter was
transformed into Arabidopsis using the Agrobacterium-mediated
inflorescences infected transformation method (Zhang X. et al.,
2006).

Isolation of the GPAT T-DNA Insertional
Mutants of Arabidopsis Strains
In order to select homozygous plants, the specific primers used
for gpat2 were GPL060056 and GP060056, and the specific
primers used for gpat6 were GPL136675C, GP136675C (Table 1).
Plants that did not generate polymerase chain reaction (PCR)
products with the gene-specific primers were subsequently
evaluated for the presence of the T-DNA insertion using the
gene-specific forward primer and the T-DNA left border specific
primer LBb1 (Table 1).

Determination of Seed Germination and
Root Length of Arabidopsis
The emergence of radicles from the seed coat was used as the
standard of seed germination. The germination rate of WT,
overexpressed lines and mutants were measured after 24 h.
Germination rate (%) = number of germinated seeds/total
number of seeds × 100%. The root length of these different
strains was measured after 9 days.

Lipid Extraction and Analysis
Leaves of S. salsa were harvested and immediately frozen in
liquid nitrogen. Lipids were extracted according to the method of
Siegenthaler and Eichenberger (1984). The leaves were grounded
into a uniform paddle using a mortar. The paddle was transferred
to a 50 ml large centrifuge tube then 3 ml chloroform and 5.4 ml
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KCl was added into the tube. The mixture was centrifuged at
1500 g for 15 min. The lower layer of the liquid was transferred
into the bottom glass tube and dried with N2. The powder was
dissolved in 0.2 ml of chloroform: methanol (2:1), and separated
with two-dimensional thin layer chromatography (TLC) (Xu
and Siegenthaler, 1997). For quantitative analysis, the lipids
were separated by TLC, scraped from the plates, and used to
prepare fatty acid methyl esters. The fatty acid composition of
the individual lipids was determined using gas chromatography
(GC-9A, Shimadzu, Japan) as described by Chen et al. (1994).

Determination of Chlorophyll Content
Chlorophyll content was determined using the method described
by Li et al. (2003). Arabidopsis leaves (0.2 g FW) were washed
in distilled water and extracted with 80% acetone for 48 h in
the dark. Absorbency at 663 and 645 were determined using
a TU-1810 UV-spectrophotometer. Chlorophyll content was
calculated as follows: Ca (mg/L) = 12.7A663 – 2.69A645; Cb
(mg/L)= 22.9A645 – 4.68A663.

Measurements of Chlorophyll
Fluorescence
Chlorophyll (Chl) fluorescence was measured using a portable
fluorometer (FMS2, Hansatech, King’s Lynn, United Kingdom)
according to a previously described protocol (Kooten and Snel,
1990). Minimal fluorescence (Fo) with all PSII reaction centers
open was determined with modulated light which was low
enough not to induce any significant variable fluorescence (Fv)
(Sui, 2015). Maximal fluorescence (Fm) with all reaction centers
closed was determined by irradiating for 0.8 s with saturating
light of 8,000 µmol m−2 s−1 on a dark-adapted leaf (adapted
15 min in the dark). Then the leaf was illuminated by an
actinic light of 500 µmol m−2 s−1. Steady-state fluorescence (Fs)
was recorded when the leaf reached steady-state photosynthesis.
A second treatment with 0.8 s of saturating light of 8,000 µmol
m−2 s−1 was given to determine the maximal fluorescence
in the light-adapted state (Fm′) (Sui, 2015). The maximal
photochemical efficiency (Fv/Fm) of PSII was expressed as
Fv/Fm = (Fm–Fo)/Fm. The quantum yield of the PSII electron
transport was determined using 8PSII = (Fm′–Fs)/Fm′. Non-
photochemical quenching (NPQ) and photochemical quenching
(qP) were calculated as NPQ = Fm/Fm′-1 and qP = (Fm′-
Fs)/(Fm-Fo′) according to Schreiber et al. (1995), respectively.

PSI Activity
Salinity-treated Arabidopsis incubated for 30 min in the dark and
PSI activity was measured using a multifunctional plant efficiency
analyzer (Hansatech, MPEA-2, United Kingdom).

Analysis of Fresh Mass and Dry Mass
Per Plant of WT, Transgenic Arabidopsis
Strains and T-DNA Mutants under Salt
Stress
The plant material was initially cleaned with distilled water. After
absorbing residual water using tissue paper, the fresh weight (FW)

of the plant material was obtained. The dry weight (DW) was
measured after drying the plants at 80◦C for 24 h.

Statistical Analysis
Statistical analysis is performed according to our previous
method (Cheng et al., 2014). Data were transformed (arcsine)
before the statistical analysis to ensure homogeneity of variance.
Multiple comparisons were performed between different
environmental conditions using Duncan’s test at a 0.05
significance level. All tests were performed with SPSS Version
19.0 for Windows (SPSS, Chicago, IL, United States).

RESULTS

Sequence Analysis of SsGPAT
The SsGPAT gene contained a complete open reading frame
(ORF) of 1167 bp and the SsGPAT was comprised of 388 amino
acids with a molecular mass of 43 kDa (Figure 1A). The SsGPAT
protein contained two structural domains. Highly conservative
structural functional domains were found between 26 and101
amino acids. The presence of a Pls structural domain in the
C-terminal indicated that the SsGPAT protein was a member of
the acyltransferase family (Figure 1B). In order to investigate the
evolutionary relationship among GPATs in plants, a phylogenetic
tree of the full-length amino acid sequences was constructed
using the Neighbor–Joining method. It was found that SsGPAT
had the highest identities with GPAT from Spinacia oleracea
(Figure 1C).

Relative Expression Levels of SsGPAT in
S. salsa
In order to determine the relative expression levels of SsGPAT in
different salt concentrations, the accumulation of SsGPAT mRNA
in S. salsa seedlings was assessed using quantitative real-time
PCR (qPCR). The seedlings were watered with Hoagland nutrient
solution containing 0, 100, 200, 300, 400, 500, and 600 mM NaCl.
As shown in Figure 2, we found that the relative expression
level of SsGPAT initially increased, reached its maximum level at
300 mM NaCl, and decreased. The expression level of SsGPAT
at 200 and 400 mM NaCl was similar. These results revealed that
300 mM NaCl concentration is a mild salt stress for S. salsa which
was in agreement with a study that reported that 200 mM NaCl
concentration for S. salsa growth is optimal and 400 mM NaCl
does not decrease the growth of the species (Song et al., 2009).

Screening and Identification of the
Overexpression Arabidopsis Lines
In order to understand the role of GPAT in the plant salt stress
response, SsGPAT was overexpressed in Arabidopsis under the
control of the CaMV35S promoter (Figures 3A,B), and seven
transgenic strains that had higher expression levels of SsGPAT
than WT were generated, including S3, S9, S14, S17, S23, S28,
and S35. Given that S14 and S17 showed relatively higher
expression levels of GPAT compared to other overexpression
lines (Figure 3C) and were thus expected to exhibit better
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FIGURE 1 | Sequence analysis of SsGPAT. Nucleotide sequences and amino acid residue sequences of SsGPAT (A), structural domain prediction of the SsGPAT
protein (B); and phylogenetic relationships of amino acid residues of SsGPAT between different plants (C) are shown. The DNAman, SMART and MEGA software
were used for the sequence analysis.

performance, we chose them for next experiments. During
the treatment with 0, 50 and 100 mM NaCl, the relative
expression level of SsGPAT in S14 and S17 significantly increased
(Figure 3D). The reason for this might be the stability of GPAT
transcript was subjected to regulation by salt stress condition,
thereby protecting the plants from damage.

Identifcation of T-DNA Insertion Mutants
of AtGPAT
The T-DNA were both inserted at the intron of At2g38110
(gpat6) and At1g02390 (gpat2) genomic locus and the gpat6
is T-DNA-forward-insertion mutant, while gpat2 is T-DNA-
reverse-insertion mutant (Figure 4A). In order to identify the
T-DNA insertion mutants, PCR analysis was performed and the
amplified fragments were sequenced. Lanes 1–8 (Figure 4B) and
lanes 1–10 (Figure 4C) represented homozygous Arabidopsis
mutants gpat2 and gpat6, respectively. GPAT expressed at
extremely low levels in these two mutant Arabidopsis strains
(Figure 4D). This showed that AtGPAT2 and AtGPAT6 have been
mutant in gpat2 and gpat6, respectively.

Germination Rate and Root Length in
WT, Transgenic Arabidopsis Strains and
T-DNA Mutants under Salt Stress
The germination of seeds is the basis for the growth and
development of plants. Hence, the study of salt stress on seed
germination is of great significance. Zhu and Hu (1996) found

FIGURE 2 | Relative expression levels of SsGPAT in S. salsa. Total RNA was
isolated from leaves of seedlings in culture. The expression levels were
normalized to S. salsa actin. Seedlings were treated with 0, 100, 200, 300,
400, 500, and 600 mM NaCl for 2 weeks. Data were expressed as
means ± SD of three measurements (n = 3). Means identified by different
letters are significantly different at P ≤ 0.05.

that the germination rate, germination index and vigor index
of wheat seeds decrease under different concentration NaCl
stress. In our study, there was no difference in the phenotype
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FIGURE 3 | Identification of overexpressed strains. Total RNA was isolated from leaves of Arabidopsis seedlings in culture. Basta screening in overexpressing strains
of Arabidopsis (A); Genomic DNA PCR of overexpressed strains, lane 1 blank control, with ddH2O as the template; lane 2 negative control WT, with WT DNA as the
template; lanes 3–9 different overexpressed strains (B); The transgenic plants were tested by real time PCR, the Arabidopsis actin gene was used as a reference
gene. S3-S35 indicates the different transgenic Arabidopsis strains while WT indicates the WT Arabidopsis (C); Relative expression levels of SsGPAT in S14 and S17
when treated with 0, 50, and 100 mM NaCl (D). Each column represents the means ± SD of three measurements (n = 3). Means identified by different letters are
significantly different at P ≤ 0.05.

FIGURE 4 | Identification of T-DNA insertion Arabidopsis mutant. The T-DNA is forward inserted at the intron of At2g38110 (gpat6) and reversely inserted at the
intron of At1g02390 (gpat2) genomic locus (A). T-DNA insertion was confirmed using PCR with the indicated primer sets, and the M refers to the 2000 bp marker.
Lanes 1–8 gpat2 and lane 9 WT (B). Lanes 1–10 gpat6 and lane 12 WT (C). AtGPAT transcripts were determined by qPCR (D). Data are presented as the
means ± SD of three replicates (n = 3). Different letters indicate a significant difference at P ≤ 0.05.
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FIGURE 5 | The phenotype, germination rate, root length of WT, transgenic Arabidopsis plants and T-DNA mutant Arabidopsis strains under different NaCl
concentrations. The seeds were sown on Murashige and Skoog (MS) medium added with 0, 50, 100, and 150 mM NaCl and stratified for three days at 4◦C before
being transferred to the culture room at 22◦C day/18◦C night under a 16/8 light/dark cycle. The phenotype after nine days (A); Germination rate after 24 h (B); Root
length after nine days (C). Data are presented as the means of six replicates ±SD (n = 6). For each column, different letters a-n indicate a significant difference at
P ≤ 0.05.

of wild-type, overexpressed Arabidopsis strains and mutant
Arabidopsis strains without NaCl treatment (Figure 5A). Under
NaCl treatment, the germination rate and root length of WT,
the overexpressed strains and mutant Arabidopsis strains were
all inhibited, and the degree of inhibition in mutant Arabidopsis
strains was higher than that in WT and overexpressed strains,
especially when the NaCl concentration was 100 and 150 mM
(Figures 5A–C). During treatment with 100 mM NaCl, the
germination rate of WT, S14, S17, gpat6 and gpat2 was 10.0,
50.0, 20.4, 1.2, and 1.9%, respectively, and was relative to the
condition where NaCl treatment was not applied. When the
NaCl concentration was 50 mM, the root length of WT, S14,
S17, gpat6 and gpat2 decreased by 26.6, 24.6, 25.1%, 49.7%, and
56.9%, respectively. When the NaCl concentration was 100 mM,
the root length of WT, S14, S17, gpat6 and gpat2 decreased by
43.3, 31.7, 34.4%, 77.1%, and 76.4%, respectively. When the NaCl
concentration was 150 mM, the root length of WT, S14, S17,
gpat6 and gpat2 decreased by 98.7, 97.8, 98.1%, 100%, and 100%,
respectively. These results indicated that overexpressing GPAT
decreased salt inhibition under the seed germination stage.

Fatty Acids Composition of PG in
Different Arabidopsis Lines under Salt
Stress
The overexpression of SsGPAT increased the
unsaturation of fatty acid and the double bond index

(DBI = 18:1 × 1+18:2 × 2+18:3 × 3) of the major membrane
lipids of PG (Table 2), while the mutant of GPAT decreased the
unsaturated fatty acid content and DBI. In transgenic plants, a
higher content of 18:2 and 18:3 was detected, while the saturated
fatty acid content of 16:0 and 18:0 decreased compared to that
of WT plants. The relative levels of DBI in PG increased from
80.17 in WT to 111.29 in S14 and 108.29 in S17, while DBI in PG
decreased from 80.17 in WT to 76.58 in gpat6 and 75.71 in gpat2.
These results indicate that the overexpression of SsGPAT in
Arabidopsis increases the content of cis-unsaturated fatty acids.
During treatment with 100 mM NaCl, the unsaturated fatty acid
content and DBI of PG all decreased in WT, transgenic plants and
T-DNA mutant Arabidopsis strains. The DBI of WT, transgenic
plants and the T-DNA mutant Arabidopsis strains decreased by
22.1, 14.1, 12.2, 48.6, and 45.0% under salt stress. These results
showed that the synthesis of unsaturated fatty acid and DBI of
PG were inhibited by salt stress, but the inhibited degree was the
least in transgenic plants and was the most serious in T-DNA
mutant Arabidopsis strains. This indicates that overexpression of
SsGPAT in Arabidopsis may increase the ability to respond salt
stress by improving the unsaturated fatty acid content of PG.

Chlorophyll Content in Different
Arabidopsis Lines
Chlorophyll content is directly related to the process of the
photosynthetic assimilation of plants, and can be used as a
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TABLE 2 | Fatty acids composition of PG in WT, transgenic plants of S14 and S17 and T-DNA mutant Arabidopsis strains of gpat6 and gpat2.

Fatty Acid (%)

NaCl (mM) 16: 0 16: 1 18: 0 18: 1 18: 2 18: 3 DBI

WT 0 25.01 ± 1.83b 34.54 ± 1.13a 1.56 ± 0.63b 13.23 ± 0.53b 10.01 ± 0.42a 15.64 ± 1.66a 80.17 ± 2.92a

100 33.94 ± 1.11a 27.33 ± 1.02b 4.29 ± 0.31a 15.75 ± 0.83a 9.36 ± 0.53a 9.33 ± 1.39b 62.46 ± 2.61b

S14 0 18.64 ± 0.97b 27.31 ± 0.46b 1.42 ± 0.12a 15.10 ± 0.81b 16.43 ± 0.97a 21.11 ± 0.83a 111.29 ± 3.31a

100 20.04 ± 1.45a 29.66 ± 0.97a 1.31 ± 0.69a 18.65 ± 0.12a 14.02 ± 0.44b 16.32 ± 0.54b 95.65 ± 1.02b

S17 0 17.74 ± 0.77b 26.34 ± 1.09b 2.69 ± 0.91a 17.79 ± 0.97a 15.82 ± 0.46a 19.62 ± 0.55a 108.29 ± 3.74a

100 22.16 ± 1.45a 28.37 ± 3.32a 1.21 ± 0.35b 17.92 ± 0.81a 13.89 ± 0.31b 16.45 ± 1.34b 95.05 ± 2.47b

gpat6 0 28.36 ± 0.63b 34.12 ± 0.44a 0.86 ± 0.03b 9.81 ± 0.54b 13.81 ± 1.09a 13.05 ± 1.09a 76.58 ± 3.32a

100 39.05 ± 0.91a 35.60 ± 0.83a 1.80 ± 0.42a 13.27 ± 0.81a 4.78 ± 0.54b 5.50 ± 0.39b 39.33 ± 0.56b

gpat2 0 25.20 ± 2.13b 36.70 ± 2.15a 1.88 ± 0.61b 10.43 ± 0.31b 12.09 ± 0.97a 13.70 ± 1.39a 75.71 ± 4.21a

100 40.30 ± 1.83a 32.99 ± 0.59b 2.34 ± 0.41a 14.31 ± 0.56a 2.85 ± 0.19b 7.21 ± 0.39b 41.64 ± 1.44b

Each point represents the mean ± SD of five measurements on each of five plants. Means identified by different letters are significantly different at P < 0.05.

physiological indicator to measure the salt tolerance of plant.
Under salt stress, the chlorophyll content were reduced that
affecting the growth and development of plants. Zhang R.H. et al.
(2006) found that the chlorophyll content of cucumber seedlings
decreases, while photosynthesis of plants is inhibited and the
metabolism is disordered under salt stress. We also found that,
during treatment with 100 mM NaCl, the content of chlorophyll
a, b and the a/b ratio decreased significantly (Figure 6). The
chlorophyll a content of WT, S14, S17, gpat6 and gpat2 decreased
by 15.7, 9.5, 9.0, 39.1, and 39.0%, respectively (Figure 6A). The
chlorophyll b content of WT, S14, S17, gpat6 and gpat2 decreased
by 17.0, 8.0, 5.8, 24.9, and 23.4%, respectively (Figure 6B). The
Chl a/b ratio in WT, S14, S17, gpat6 and gpat2 decreased from
3.07, 3.11, 3.09, 3.05 and 3.05 to 2.95, 3.04, 2.99, 2.48, and 2.43,
respectively (Figure 6C).

PSII and PSI Activity under Salt Stress
For almost all plants in the biosphere, photosynthesis is
significant to their survival. With the increase of NaCl
concentration to 200 mM, the net photosynthetic rate and the
photochemical activity of chloroplas of Arabidopsis thaliana
are decreased, resulting in the decline of photosynthesis (Zhao
et al., 2007). As shown in Figure 7, under the condition where
NaCl treatment was not performed, there were no significant
differences in Fo, Fv/Fm, 1-qP, NPQ, 8PSII and 1I/Io among
WT, overexpressed Arabidopsis strains and the mutant strains.
However, when NaCl concentration was 100 mM, Fo, 1-qP,
and NPQ in WT, overexpressed Arabidopsis strains and mutant
Arabidopsis strains significantly increased compared to the
controls; while Fv/Fm, 8PSII and PSI all decreased under salt
stress. Under salt treatment, Fo, 1-qP and NPQ of WT plants
increased by 40.3, 120.2 and 58.2 %, respectively; Fo, 1-qP and
NPQ of S14 increased by 17.4, 39.6 and 13.7%, respectively;
Fo, 1-qP and NPQ of S17 increased by 24.2, 66.0 and 16.6%,
respectively; Fo, 1-qP and NPQ of gpat6 increased by 132.2,
180.4, and 191.7%, respectively; and Fo, 1-qP and NPQ of
gpat2 increased by 123.8, 164.6, and 150.4%, respectively. Fv/Fm
of overexpressed Arabidopsis strains was not affected by salt
stress. The Fv/Fm in WT, gpat6 and gpat2 decreased by 3.3,

14.6, and 11.5%, respectively. The 8PSII activity in WT, S14,
S17, gpat6 and gpat2 decreased by 10.7, 6.3, 6.9, 23.2, and
20.1%, respectively. The PSI oxidoreductive of WT, S14, S17,
gpat6 and gpat2 decreased by 39.6, 8.8, 12.3, 51.7, and 50.2%,
respectively.

Fresh Weight and Dry Weight
The growth of all Arabidopsis lines had no significant differences
under the condition without NaCl treatment and were decreased
under salt stress (Figure 8). Under 100 mM NaCl treatments, the
fresh weight and dry weight of WT plants decreased by 31.6 and
38.9%, respectively. While they decreased by 19.7 and 24.2% in
S14, 18.3 and 25.6% in S17, 41.4 and 53.1% in gpat6 and 37.8 and
50.8% in gpat2, respectively.

DISCUSSION

Suaeda salsa is a typical saline-alkaline indicator plant. Low
salt treatment does not inhibit the growth of S. salsa, but
promotes its growth. GPAT catalyzes the initial and rate-limiting
step of glycerolipid synthesis by transfering the acyl moiety to
a glycerol-3-phosphate (G3P) molecule, thereby regulating the
synthesis of triacylglycerol and all of the glycerophospholipids.
The overexpression of Arabidopsis AtGPAT in tobacco can
increase the content of unsaturated fatty acids in PG and
increase resistance to chilling stress of tobacco (Murata et al.,
1992). Furthermore, overexpression of Arabidopsis AtGPAT in
rice can improve the photosynthetic rates and growth at low
temperatures by increasing the degree of unsaturation of fatty
acids in PG (Ariizumi et al., 2002). The overexpression of tomato
LeGPAT can also increase chilling tolerance by increasing the
degree of unsaturation fatty acids in PG (Sui et al., 2007c).
In the present study, the cDNA of SsGPAT that encoded a
protein of 388 amino acids (Figure 1A) was isolated from
S. salsa. The amino acid sequence analysis revealed that it had
the conservative structural functional domains of GPAT and
the highest homology and closest relationship with spinach
(Figures 1B,C). The expression of SsGPAT in the leaves of S. salsa
under different salt concentrations revealed that the highest
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FIGURE 6 | Effect of NaCl treatment on chlorophyll a, b content and a/b ratio
of WT, transgenic Arabidopsis plants and T-DNA mutant Arabidopsis strains.
The sterilized Arabidopsis seeds were uniformly plated on the Murashige and
Skoog (MS) medium, chilled at 4◦C for 3 days, and then transferred to a
growth room with a 16-h 25◦C/8-h 25◦C light/dark cycle. After 10 days, the
seedlings were transplanted in nutrient soil and watered with 1/2 Hoagland
nutrient solution. Two weeks later, plants were treated with 1/2 Hoagland
nutrient solution added with 0, 100 mM NaCl. Then, the leaves were taken for
the measure of chlorophyll a (A), chlorophyll b (B) content 14 days later, and
(C) chlorophyll a/b. Data are presented as the means of six replicates ±SD
(n = 6). For each column, different letters a, b, c, and d indicate a significant
difference at P ≤ 0.05.

expression was at 300 mM NaCl treatment (Figure 2). This
revealed that the expression of SsGPAT in S. salsa was induced
by salt stress.

Salt stress can reduce the growth and development of plants,
and inhibit cell division and expansion (Mahajan and Tuteja,
2005). In our study, by observing the germination phenotype of
Arabidopsis, we found that the growth, germination rate and root
length of WT, the overexpressed strains and the T-DNA insert
mutants under 0, 50, 100 and 150 mM NaCl treatment were
all inhibited. The suppression degree was significantly lower in
the overexpressed strains and higher in the mutant strains than
that in WT (Figure 5). This revealed that the overexpression of
SsGPAT increased the salt tolerance of plants to a certain extent
at the seed germination stage.

In the seedling stage, we found that the expression of the
SsGPAT gene in the leaves of overexpressing lines increased
with the increase in NaCl concentration and reached the highest
level at 100 mM NaCl (Figure 3D). Furthermore, the fatty
acids composition of PG, the chlorophyll content and the
fluorescence parameters of WT and overexpressed strains were
determined under 100 mM NaCl treatment (Figures 6, 7).
The hydrophobic lipid interior of the membrane can limit the
transport of many ions and large molecules (Upchurch, 2008).
Moreover, membrane integrity and the function are maintained
by membrane structure and fluidity (Sui and Han, 2014). PG
is an important component of photosynthetic membranes in
protecting photosynthetic apparatuses (Domonkos et al., 2004).
Fatty acids are major components of membranes and as such
part of the mechanisms by which cellular processes are adapted
to environmental constraints (Huang et al., 2017). GPAT was
able to regulate the synthesis of PG and affect the synthesis of
unsaturated fatty acids. Our previous study revealed that the
overexperssion of LeGPAT in tomato increases unsaturated fatty
acid content and alleviates the photoinhibition of PSII and PSI
under chilling stress (Sui et al., 2007c). Sun et al. (2010) found that
the increase of unsaturated fatty acid in PG content in thylakoid
membrane lipids of tomato plants by overexpressing LeGPAT
improves salt tolerance. The present experiment indicates that
the overexpression of the SsGPAT gene in Arabidopsis enhanced
salt tolerance by increasing the content of PG unsaturated fatty
acid. In addition, the contents of PG unsaturated fatty acids
in mutant gpat6 and gpat2 were lower than WT Arabidopsis.
Higher unsaturated fatty acid content of PG in overexpressed
plants (Table 2) alleviated the photoinhibiton of PSII and PSI
(Figures 7B,F) and protected the membrane structure during salt
stress. These results are in agreement with our previous report
that S. salsa has high resistance to photoinhibition under salt
stress and the increase of unsaturation of fatty acids enhances
PSII tolerance to salt stress (Sui et al., 2010).

There are 10 members of GPAT family in Arabidopsis.
ATGPAT2 belongs to mitochondrial GPAT and gpat2 is the
mutant of ATGPAT2. ATGPAT6 belongs to the endoplasmic
reticulum GPAT, which is related to the formation of horny
structures, chitin synthesis and the seed setting rate and is
strongly expressed in inflorescence. GPAT6 is the mutant of
ATGPAT6. At present, the study on the two genes is focused
on the development and synthesis of oil and is less on salt
tolerance. In the study of the three GPAT genes of ATGPAT6,
ATGPAT7, and ATGPAT9 in Arabidopsis thaliana, ATGPAT6 and
ATGPAT7 can actively regulate the plants to response to salt
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FIGURE 7 | Effect of NaCl treatment on Fo (A), Fv/Fm (B), 1-qP (C), NPQ (D), 8PSII (E), and 1I/Io (F) of WT, transgenic Arabidopsis plants and T-DNA mutant
Arabidopsis strains. Data are presented as the means of six replicates ±SD (n = 6). For each column, different letters a, b, c, and d indicate a significant difference at
P ≤ 0.05.

FIGURE 8 | Biomass of fresh weight and dry weight of WT, transgenic Arabidopsis plants and T-DNA mutant Arabidopsis strains. The seedlings were treated with 0
and 100 mM NaCl for 14 days. Data are presented as the means of six replicates ±SD (n = 6). For each column, different letters a-n indicate a significant difference
at P ≤ 0.05.
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stress (Hao, 2013). In our present study, it was found that
seed germination and root length, chlorophyll content, PSII,
and PSI activity, and PG fatty acid composition of gpat6 and
gpat2 significantly decreased under salt stress compared to wild-
type and transgenic Arabidopsis, indicating that ATGPAT6 and
ATGPAT2 were related with salt resistance.

Chlorophyll is an important part of the light-harvesting
complex (LHCII), which acts as antenna to capture light energy
and transfer to the reaction center. Chlorophyll a molecules
are important components in light-harvesting and the electron
transfer reactions in photosynthesis, since these are the primary
electron donors in the electron transport chain and thereby
regulate the absorption, transition, and distribution of light
energy (Sui and Han, 2014). Chlorophyll content reflects the
photosynthesis strength of plants. The exposure of Arabidopsis
to salt stress resulted in a progressive decline in chlorophyll a
and b content (Figures 6A,B). Chlorophyll content decreased less
in overexpressed strains and more in mutant strains than that in
WT (Figure 6). The less decrease of Chl content in overexpressed
strains means less effect on light absorption, transition and
distribution. Higher chlorophyll content inevitably results in the
higher photochemical efficiency of PSII in overexpressed strains
(Figure 7), which is consistent with our previous study (Sui and
Han, 2014). The Chl a/b ratio reflects the stacking extent of the
thylakoid membrane, that is, the proportion of stacked thylakoid
membrane (Aro et al., 1993). The chl a/b ratio decreased less in
overexpressed strains and more in the mutant strains relative to
WT under 100 mM NaCl treatment (Figure 6C). This revealed
that light energy harvested by LHCII was absorbed more in
overexpression strains and less in the mutant strains relative to
WT, which result in the different degrees of photoinhibition of
PSII. This was demonstrated by the value of Fv/Fm (Figure 7B).

Chlorophyll fluorescence can reflect the absorption of
light energy, photochemical reaction, electron transfer and
the establishment of the proton gradient, and almost all
photosynthetic process changes can be reflected by chlorophyll
fluorescence. The changes of Fo depends on the dominant factor
between energy dissipation and the inactivation or damage of
PSII. The inactivation or the damage of PSII causes the increase
of Fo (Xu and Wu, 1996). In the present study, we revealed that
Fo increased in WT, overexpressed strains and mutant strains
(Figure 7A). Under 100 mM NaCl treatment, however, the Fo
increase in the overexpressed strains was less than that in WT and
the mutant strains. The extent of PSII photoinhibition is closely
correlated with the redox state of QA under a range of stress
condition (Havaux et al., 1991; Sui, 2015). The relative redox
state of QA in vivo can be estimated as 1-qP (Qin et al., 2011).
Our results revealed that 1-qP in WT, overexpressed strains
and mutant strains increased under 100 mM NaCl treatment,
which was even greater in the mutant strains (Figure 7C).
This suggests that the extent of QA reduction is more severe
in GPAT deletion strains. The xanthophyll cycle dependent
NPQ mechanism constitutes an important protective response to
prevent the over-reduction of QA (Demmig-Adams and Adams,
1996). The increase of 1-qP was accompanied by the marked
increase in NPQ (Figure 7D). However, this increase was lowest
in overexpressed strains. This suggests that the extent of PSII

photoinhibition correlated with the redox state of QA is alleviated
by the overexpression of SsGPAT. The 8PSII decreased less in
overexpressed strains under salt stress, suggesting that PSII of
overexpressed strains was rather tolerant to salt stress and had
effective mechanisms to protect photosystem from salt stress.
If excess energy could not be dissipated and CO2 assimilation
is blocked under salt stress, PSI reaction centers will reduce to
produce triplet P700. Domonkos et al. (2008) demonstrates that
the decrease of PSI activity is related with the monomerization of
the trimer of PSI in the mutant of Synechocystis PCC6803. They
report that the depletion of PG results in the degradation of PSI
trimers and the concomitant accumulation of monomer PSI. This
suggests that PG plays an important role not only in PSII but also
in PSI, perhaps in the assembly of the PSI core complex (Jordan
et al., 2001; Sakurai et al., 2003; Sui et al., 2007c). In the present
study, we revealed that PSI oxidoreductive activity (1I/Io)
decreased in WT, overexpressed strains and the mutant strains,
but this decrease is much less in overexpressed strains than that
in WT and mutant strains (Figure 7F). Furthemore, the serious
decline in mutant strains might be attributed not only to the
limitation of electron acceptors, but also probably to the damage
of PSI components. In this study, we also observed significant
reductions in fresh weight and dry weight of all Arabidopsis lines
under 100 mM NaCl treatment. But the decrease was less in
overexpressed strains and more in mutant strains than that in WT
(Figure 8). The trend of biomass in WT, overexpressed strains
and the mutant strains is consistent with chlorophyll content,
Fv/Fm and 8PSII under salt stress. This suggests that higher Chl
content (Figure 6) results in higher photochemical efficiency of
PSII (Figure 7), which inevitably leads to higher production in
overexpressed strains (Figure 8).

CONCLUSION

We demonstrated that S. salsa SsGPAT transcription was
activated by high salt. The overexpression of SsGPAT in
Arabidopsis increased cis-unsaturated fatty acid levels in PG.
The increase of PG cis-unsaturated fatty acids protected the
photosynthesis apparatus and maintained membrane function
against salt stress by alleviating the photoinhibition of PSII
and PSI. However, the mechanism of unsaturated fatty acid for
increasing salt tolerance should be addressed in future studies.
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