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Previously, we identified >1,500 genes that were induced by
high salt stress in sheepgrass (Leymus chinensis, Gramineae:
Triticeae) when comparing the changes in their transcrip-
tion levels in response to high salt stress by next-generation
sequencing. Among the identified genes, a gene of unknown
function (designated as Leymus chinensis salt-induced 1,
LcSAIN1) showed a high sequence identity to its homologs
from wheat, Hordeum vulgare and Oryza sativa, but LcSAIN1
and its homologs produce hypothetical proteins with
no conserved functional domains. Transcription of the
LcSAIN1 gene was up-regulated by various stresses. The over-
expression of LcSAIN1 in Arabidopsis and rice increased the
greening rate of cotyledons, the fresh weight, root elong-
ation, plant height and the plant survival rate when com-
pared with control plants and conferred a tolerance against
salt stress. Subcellular localization analysis indicated that
LcSAIN1 is localized predominantly in the nucleus. Our re-
sults show that the LcSAIN1 gene might play an important
positive modulation role in increasing the expression of
transcription factors (MYB2 and DREB2A) and functional
genes (P5CS and RAB18) in transgenic plants under salt
stress and that it augments stress tolerance through the
accumulation of compatible solutes (proline and soluble
sugar) and the alleviation of changes in reactive oxygen spe-
cies. The LcSAIN1 gene could be a potential resource for
engineering salinity tolerance in important crop species.

Keywords: LcSAIN1 � Novel salt-induced gene � Salt toler-
ance � Sheepgrass � Transgenic plants.

Abbreviations: ANOVA, analysis of variance; CaMV,
CauliPower mosaic virus; DREB2A, dehydration-responsive
element-binding protein 2A; GFP, green Fuorescent protein;
GUS, b-glucuronidase; MDA, malondialdehyde; MS,
Murashige and Skoog; MYB2, myb domain protein 2; OE,
overexpression; ORF, open reading frame; P5CS, �1-pyrro-
line-5-carboxylate synthase; PEG, polyethylene glycol; qPCR,

quantitative real-time PCR; RAB18, ras-related protein; RACE,
rapid amplification of cDNA ends; ROS, reactive oxygen
species; RT–PCR, reverse transcription–PCR; SOD, superoxide
dismutase; WT, wild type.

Introduction

Over 800 million hectares of land throughout the world are
affected by salinity (Munns and Tester 2008). Salt stress affects
plant growth and development, and limits the productivity of
crops. Plants modulate various physiological, biochemical, cel-
lular and molecular mechanisms for protection from salinity
stress (Zhu 2002, Xiong et al. 2002, Wang et al. 2003, Reddy et al.
2011). High salinity stress induces the expression of various
genes, including transcription factors, enzymes, molecular
chaperones, ion channels, receptors, signaling molecules and
the genes involved in producing compatible solutes (e.g. osmo-
protectants, glycine betaine and proline), resulting in stress
tolerance (Xiong et al. 2002, Mukhopadhyay et al. 2004,
Bartels and Sunkar 2005, Tuteja 2007, Nakashima et al. 2009,
Yang et al. 2009, Reddy et al. 2011). Plant stress tolerance is
controlled by at least six signal transduction pathways (three
ABA dependent and three ABA independent) in response to
drought, high salinity and cold stress (Shinozaki and
Yamaguchi-Shinozaki 2007). Both ABA-dependent and ABA-
independent regulatory systems induce the expression of
early response transcriptional activators, which then activate
downstream stress tolerance genes (Zhu 2002, He et al. 2012,
Puranik et al. 2012). Previous studies have characterized mem-
bers of the APETELA2 (AP2), bZIP, NAC and MYB families of
transcription factors in Arabidopsis and rice for their regulatory
roles in response to abiotic stresses in plants (Abe et al. 2003,
Sakuma et al. 2006, Hu et al. 2008, Yang et al. 2012), and
additional studies demonstrated that transgenic plants that
overexpress genes encoding transcription factors can greatly
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enhance the tolerance of plants to various abiotic stresses, such
as salinity, cold and drought (Dubouzet et al. 2003, Nakashima
et al. 2007, Xiang et al. 2008, C. Li et al. 2010, Hao et al. 2011, He
et al. 2012). In addition, many genes are activated by transcrip-
tion factors, such as late embryogenesis abundant (LEA) class
genes (RD29B and RAB18) and proline biosynthetic genes
(P5CS), and the activation of these genes can protect plants
from oxidative damage due to osmotic stress, ionic toxicity and
oxidative stress (Strizhov et al. 1997, Bartels and Sunkar 2005,
Szabados and Savouré 2010).

Leymus chinensis (Trin.) Tzvel (also known as sheepgrass) is
an important forage species in the family Gramineae, with good
quality and high nutrition value, and is a dominant species in
the steppes of north Eurasia and China (Bai et al. 2004, Liu et al.
2008). Sheepgrass grows naturally on dry, saline-alkali and alka-
line-sodic soils, and plays an important role in soil stabilization.
It tolerates high levels of salt (600 mM NaCl) and drought stress
and has an aggressive and vigorous cross-walk rhizome system
that facilitates the absorption of moisture under high salt stress
and drought conditions (Wang et al. 2008). Comparisons
with wheat (Triticum aestivum), salt-tolerant tall wheatgrass
(Agropyron elongatum) and asymmetric somatic hybrids
between bread wheat and tall wheatgrass demonstrated an
exceptional level of salinity tolerance, suggesting that the intro-
gression of new genetic materials into the wheat genome
induced genomic variation and regulated the expression of
wheat genes to contribute to stress tolerance in the hybrids
(Xia et al. 2003, Gao et al. 2010, Liu et al. 2012). Furthermore,
intergeneric hybrids of T. aestivum and Leymus demonstrated
that the transfer of resistance genes from Leymus to wheat
might result in wheat improvement (Xia and Chen 1996,
Larson et al. 2012). The genus Leymus (Triticeae; Poaceae) has
high homology with wheat and barley (Hordeum vulgare L.), but
has a much higher stress tolerance (Munns et al. 2006,
Nevo and Chen 2010). Therefore, sheepgrass can be considered
to be the source of an excellent candidate gene pool, which
could provide stress tolerance genes to wheat and barley
through traditional recombination breeding and genetic
engineering.

A number of stress-responsive genes have been identified in
sheepgrass through transcriptome sequencing techniques,
including orthologs of ABA-dependent and ABA-independent
MYB, NAC (RD26) and DREB (dehydration-responsive elem-
ent-binding protein)-related genes and other functional genes
(unpublished data). Previous studies demonstrated that these
genes can improve the salinity stress tolerance in transgenic
Arabidopsis (Peng et al. 2011, Peng et al. 2013). In particular,
using the 454 high-throughput sequencing technique, a novel
gene, LcSAIN2, was identified from sheepgrass and confirmed to
be significantly induced by salt stress and demonstrated to
enhance the salt tolerance of transgenic Arabidopsis (Li et al.
2013). The objective of the present study was to characterize
the role of another novel salt-induced gene, LcSAIN1, in re-
sponse to salinity, through its overexpression in transgenic
Arabidopsis and rice.

Results

Sequence analysis of LcSAIN1

A partial cDNA was previously isolated by a 454 high-through-
put sequencing screen to identify genes involved in abiotic
stress responses in sheepgrass. We utilized the RACE (rapid
amplification of DNA) technique to obtain the full-length
cDNA and designated it as LcSAIN1 (GenBank accession No.
JX972110). The genomic sequence was amplified to analyze the
structural properties of LcSAIN1. This analysis suggested that
LcSAIN1 has three exons and two introns (Fig. 1A), which
is similar to one hypothetical protein-encoding gene in rice
(Os10g0389500). The LcSAIN1 gene is 1,075 bp long, with
an open reading frame (ORF) of 603 bp, encoding a predicted
protein of 200 amino acids. Its predicted molecular mass and
isoelectric point were 21 kDa and 9.03, respectively. Analyses of
the predicted protein using Pfam and SMART programs suggest
that it does not have any conserved domains.

A BLASTX search indicated that no gene of known function
was similar to LcSAIN1, while the amino acid sequence of
LcSAIN1 showed a high homology with predicted protein prod-
ucts of H. vulgare (86%), Oryza sativa (46%), Zea mays (35%)
and Brachypodium distachyon (26%), whereas no significant
similarities were found in the dicotyledons (Fig. 1B). In add-
ition, the genomic sequence of LcSAIN1 was found to have a
high identity (92%) with that of wheat (Chinese Spring) after
searching the draft genome assembly sequence. Hence, the
above results indicated that LcSAIN1 is a novel gene.

Expression pattern of LcSAIN1 in response
to salt stress

Semi-quantitative reverse transcription–PCR (RT–PCR) was
performed using the total RNA extracted from 4-week-old
sheepgrass plants subjected to stress treatments at different
intervals. In the treatment with 400 mM NaCl, the expression
level of LcSAIN1 peaked after 12 h of salt stress (Fig. 2A).
Seedlings treated with cold showed the highest LcSAIN1 tran-
scription level at 8 h. In addition, treatment with polyethylene
glycol (PEG) and ABA led to a significant increase in LcSAIN1
transcription levels after 3 h, with the highest levels being seen
at 8 and 12 h, respectively (Fig. 2A). The expression patterns of
LcSAIN1 in different tissues were also studied by quantitative
real-time PCR (qPCR) using samples from the flowering stage of
the plants (Fig. 2B). LcSAIN1 was expressed mainly in the root,
leaf and panicle, with low levels observed in the sheath and
stem. To analyze the different patterns of transcriptional regu-
lation for LcSAIN1 in the shoot and root, 8-week-old sheepgrass
plants subjected to 400 mM NaCl stress at different intervals
were analyzed using qPCR. Under salt-stressed conditions, the
shoot showed a strong increase in the LcSAIN1 transcription
level after 12 h, and the highest relative expression level was
observed at 24 h (Fig. 2C). Similar increases in the LcSAIN1
transcription level were observed when the seedlings were
exposed to cold, PEG and ABA (Supplementary Fig. S2).

1173Plant Cell Physiol. 54(7): 1172–1185 (2013) doi:10.1093/pcp/pct069 ! The Author 2013.

LcSAIN1, a novel gene confers salt tolerance

 at Institute of B
otany, C

A
S on A

ugust 8, 2013
http://pcp.oxfordjournals.org/

D
ow

nloaded from
 

http://pcp.oxfordjournals.org/lookup/suppl/doi:10.1093/pcp/pct069/-/DC1
http://pcp.oxfordjournals.org/


The root demonstrated a significant increase in the transcrip-
tion level after 3 h, with the highest relative expression level
observed at 12 h (Fig. 2C).

LcSAIN1 gene product is mainly localized to
the nucleus

To determine the subcellular localization of the LcSAIN1 gene
product, bioinformatics analysis was performed using the
Plant-mPLoc program, which predicted that the LcSAIN1
gene product localized to both the nucleus and the chloroplast.
To ascertain the localization of the LcSAIN1 gene product, the
LcSAIN1 gene was fused to green fluorescent protein (GFP) and
transiently expressed under the control of the Cauliflower
mosaic virus (CaMV) 35S promoter (35S:LcSAIN1-GFP) in to-
bacco (Nicotiana benthamiana) leaf epidermal cells (Fig. 3A).

Confocal microscopic analysis revealed that the LcSAIN1 gene
product was localized exclusively in the nucleus and plasma
membrane, with intense green fluorescence observed in the
nucleus and weak green fluorescence observed in the plasma
membrane, while the GFP control was found throughout
the whole cell (Fig. 3B). Furthermore, DAPI (40,6-diamidino-2-
phenylindole) staining for nuclear localization was performed,
and the results suggested that LcSAIN1 was clearly localized to
the nucleus (Supplementary Fig. S3).

LcSAIN1 expression conferred salt tolerance in
Arabidopsis plants

Because the expression of LcSAIN1 was significantly induced
by salt, we also examined the salt tolerance of LcSAIN1-
overexpressing plants under salt stress. The germination rates

Fig. 1 Characterization of the LcSAIN1 gene. (A) The genomic sequence structure of LcSAIN1. LcSAIN1 contains three exons and two introns,
with an ORF of 603 bp. (B) Amino acid sequence alignment of the LcSAIN1 protein with the deduced amino acid sequences from other
Gramineae species.
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and fresh seedling weights of wild-type (WT) seeds were sup-
pressed on agar medium containing high concentrations of
NaCl (Fig. 4A). The transgenic Arabidopsis lines showed signifi-
cantly higher cotyledon greening rates compared with those
of the WT on media containing 100, 125 and 150 mM NaCl
(Fig. 4B). For example, on medium containing 125 mM NaCl,
the three transgenic lines overexpressing LcSAIN1 showed 51,
69 and 64% greening rates for cotyledons, while the greening
rate of the WT cotyledons was<24% (Fig. 4B). When the seeds
were sown on medium without NaCl, all of the seeds from each
transgenic line and from the WT line had a cotyledon greening
rate of nearly 100%. In addition, a seedling growth assay was
conducted to test further the phenotype of the transgenic lines
under salt stress. The growth rates of transgenic and WT seed-
lings on Murashige and Skoog (MS) medium without salt were
similar. However, significant increases were observed in the
fresh weights of the transgenic lines compared with those of
the WT plants in the presence of salt, especially at the concen-
tration of 125 mM NaCl (Fig. 4C).

To determine whether enhanced salt tolerance is present in
later stages of development, 7-day-old seedlings were shifted to
new MS plates containing 0, 125, 150, 175 or 200 mM NaCl.

Under normal growth conditions, no obvious differences were
detected between the WT and transgenic seedlings (Fig. 5A).
After exposure to 150 mM NaCl for 3 weeks, most of the WT
seedlings were albinos and wilting. Furthermore, the three
transgenic lines showed significantly higher survival rates of
90, 89 and 91%, respectively, when compared with the WT
(�26%) plants (Fig. 5A, B). To investigate further the role of
LcSAIN1 in enhancing the salinity stress tolerance for root
growth, 4-day-old seedlings were shifted to agar medium con-
taining 0, 125, 150, 175 or 200 mM NaCl for 7 d. The inhibition
of root elongation was markedly reduced in transgenic plants
compared with the WT plants (Fig. 5C, D). Therefore, LcSAIN1
improved the tolerance to high-salinity stress during various
growth periods and for different aspects of plant growth,
including seed germination, seedling growth, and shoot and
root growth.

LcSAIN1 expression led to a reduction in MDA
and increased levels of proline and soluble sugar
under salt stress in transgenic Arabidopsis plants

The levels of malondialdehyde (MDA), a product of lipid
peroxidation in biomembranes (Heath and Packer 1968),

Fig. 2 Expression pattern of the LcSAIN1 gene in sheepgrass. (A) Expression patterns of LcSAIN1 in 4-week-old sheepgrass seedlings in response
to salt stresses by semi-quantitative PCR. (B) Expression patterns of LcSAIN1 in different organs of 2-year-old sheepgrass at the flowering stage.
(C) Expression of the LcSAIN1 gene in shoots and roots of 8-week-old seedlings in response to salt treatments, as revealed by qPCR.
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were measured as an indicator of salt stress damage caused by
reactive oxygen species (ROS; Dong et al. 2006, Niu et al. 2012).
As shown in Fig. 6A, WT plants exhibited higher levels of MDA
than the transgenic plants after a 2 d treatment with 150 mM
NaCl. However, no significant differences in the MDA content
between WT and transgenic lines under normal growth condi-
tions were observed. Soluble sugar can prevent cell dehydration
and enhance plant stress tolerance (Niu et al. 2012). After salt
stress, the soluble sugar levels were enhanced significantly in
transgenic plants compared with WT plants (Fig. 6B).

The proline content has previously been determined to be
another parameter correlated with increased tolerance to salt
stress (Hasegawa et al. 2000, Liu et al. 2007). Transgenic and WT
Arabidopsis seedlings were transferred to half-strength MS
medium, 21 d after germination, and supplemented with
150 mM NaCl for 1 or 2 d before sampling. The results sug-
gested that the proline contents were increased after salt
stress in both WT and LcSAIN1-overexpressing plants.
However, compared with the WT plants, the transgenic
plants accumulated higher levels of proline under stress

(Fig. 6C). In addition, we also measured the relative expression
levels of the key proline biosynthesis enzyme (�1-pyrroline-5-
carboxylate synthase; P5CS)-encoding genes, P5CS1 and P5CS2.
Without salt stress, the expression levels of P5CS1 in transgenic
plants were higher than in WT plants. Under salinity conditions,
P5CS1 exhibited increased expression levels in the transgenic
plants compared with control plants, whereas the expression
levels of P5CS2 were similar in WT and transgenic plants with or
without stress (Fig. 6D).

LcSAIN1 expression altered the expression of
salt-related genes upon salt stress in
Arabidopsis plants

To investigate the mechanisms through which LcSAIN1 acts to
increase salt stress tolerance, the expression levels of several
known salt stress-responsive marker genes were compared in
the transgenic Arabidopsis lines and the control plants, with
and without salt treatment (150 mM NaCl). The transcription
factors MYB2 and DREB2A and the functional gene RAB18
exhibited increased expression levels in transgenic plants with

Fig. 3 The subcellular localization of the LcSAIN1–GFP fusion protein in tobacco leaf epidermal cells. (A) A schematic representation of the
construct used for determining the subcellular localization of the LcSAIN1 protein. (B) The subcellular localization assay of the LcSAIN1–GFP
fusion protein in tobacco leaf epidermal cells. Micrographs show the cells expressing GFP (control, upper lane) or the LcSAIN1–GFP (bottom
lane) fusion protein, which was examined under fluorescent-field illumination (left) and bright-field illumination (middle), and an overlay of
bright and fluorescent illumination (right). Bars = 50 mm.
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salt treatment compared with the control plants. However, the
expression levels of the MYB2, DREB2A and RAB18 genes were
not significantly different between transgenic plants and WT
plants without salt stress (Fig. 7).

LcSAIN1 overexpression in rice results in enhanced
tolerance to salt stress

The transcription of LcSAIN1 was strongly increased in trans-
genic plants (OE12 and OE15) (Fig. 8A). To determine the salt
tolerance of transgenic rice, LcSAIN1-overexpressing and WT
seeds were germinated on 1/2 MS plates supplemented with 0,
100 or 150 mM NaCl. The high concentrations of NaCl inhibited
root growth, but the transgenic plants had longer root lengths
(Fig. 8B, C).

We examined the salt tolerance of rice seedlings from these
overexpression lines. The seedlings were cultured on 1/2 MS
liquid medium for 3 weeks and were subsequently subjected to
salt stress using medium containing 200 mM NaCl. After salt
treatment for 1 week, most of the WT seedlings were albinos
and wilting, and the survival rate of the WT plants was
only 48%, whereas the LcSAIN1-overexpressing plants re-
mained green and survived (Fig. 8D, E). The plant heights
and relative fresh shoot weights of the LcSAIN1-overexpressing
plants were also significantly higher when compared with the

WT plants (Fig. 8F, G). In addition, the contents of soluble
sugar and proline were also higher in LcSAIN1-overexpressing
plants under salt stress (Fig. 8H, I). These results suggest that
the overexpression of the LcSAIN1 gene enhanced stress toler-
ance in rice.

Discussion

Comparisons of the transcriptome sequences from L. chinensis
under different salt treatments were used to identify a putative
salt-responsive gene, LcSAIN1. Multiple sequence alignments
indicated that the predicted LcSAIN1 gene product was similar
to predicted proteins from different Gramineae species, but
no significant similarities were found in the dicotyledons.
We speculate that the unknown protein is specific to
the Gramineae family. Homology comparison showed high
sequence identity with predicted proteins from H. vulgare
(86%) and wheat (92%). Therefore, we speculated that the
homologous genes from these crops may have similar func-
tions. In sheepgrass, LcSAIN1 was significantly induced in
the root and leaf of seedlings exposed to salinity (Fig. 2A, C),
indicating that LcSAIN1 may play an important role in the
response to salinity stress. Previous studies demonstrated that
many transcriptional factors are localized in the nucleus (Liu

Fig. 4 The stress response of Arabidopsis transgenic plants overexpressing LcSAIN1 in the germination stage. (A) Analysis of WT and LcSAIN1-
overexpressing seeds in the presence of various concentrations of NaCl (0, 100, 125 or 150 mM). Forty seeds were allowed to grow for 2 weeks
before the photographs were taken. (B) Cotyledon greening rate under salt stress. WT and LcSAIN1-overexpressing seeds were sown on medium
containing 0–150 mM NaCl. The rate was measured 14 d after sowing. (C) The fresh weights of 10 plants under salt stress. The fresh weights of 2-
week-old WT and LcSAIN1-overexpressing seedlings subjected to various concentrations of NaCl were calculated. For (B) and (C), each column
represents an average of three replicates, and the bars indicate SDs. ** and * indicate significant differences in comparison with the control at
P< 0.01 and P< 0.05, respectively.
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et al. 2007, C. Li et al. 2010, Hao et al. 2011, Yang et al. 2012), and
some functional and kinase gene products were also distributed
in the nucleus (Boudsocq and Laurière 2005, Chen et al. 2009, S.
Li et al. 2010, Kong et al. 2011, Zhang et al. 2012). The over-
expression of these genes can enhance the plants’ resistance to
various stresses. Our experiments demonstrated that LcSAIN1
was mainly localized in the nucleus (Fig. 3; Supplementary
Fig. S3). Thus, we speculate that the LcSAIN1 gene product
may function in the nucleus and may play positive roles in
the responses to salt and other abiotic stresses.

It is interesting to note that the overexpression of LcSAIN1
in Arabidopsis and rice promoted salt tolerance through the
regulation of physiological parameters, including MDA, proline
and soluble sugar levels. MDA and proline may alleviate severe
ROS changes and enhance osmotic tolerance (Laloi et al. 2004,
Stepien and Klobus 2005, S. Li et al. 2010, Liu et al. 2012).
The accumulation of free proline and soluble sugars facilitates
osmoregulation, and numerous studies have shown that
proline has multiple protective functions, including

osmoprotection and ROS scavenging (Székely et al. 2008,
Zsigmond et al. 2012). The proline and soluble sugar contents
increase under different environmental stresses (Kavi Kishor
et al. 2005, Verbruggen and Hermans 2008, Szabados and
Savouré 2010, Niu et al. 2012). In the present study, we found
that expressing LcSAIN1 improved the biosynthesis of proline
and soluble sugars under stressed conditions (Figs. 6, 8). The
MDA contents in the LcSAIN1-overexpressing plants were
lower than those of WT plants under salinity stress (Fig. 6A).
Meanwhile, the expression of LcSAIN1 in transgenic Arabidopsis
also increased salt tolerance (Fig. 5). P5CS gene expression has
been shown to be induced during salt stress (Liu and Zhu 1997,
Hmida-Sayari et al. 2005, Kong et al. 2011, Ziaf et al. 2011). In
previous reports, AtP5CS1 was demonstrated to be mainly re-
sponsible for proline accumulation during salt and drought
stress (Szabados and Savouré 2010). The expression of
AtP5CS1 is induced by osmotic and salt stresses (Savouré
et al. 1997, Verslues et al. 2007). However, P5CS2 is considered
to be a housekeeping gene, which can be activated by avirulent

Fig. 5 The stress response of LcSAIN1-expressing Arabidopsis seedlings. (A) The growth of WT and transgenic lines without or with 150 mM
NaCl stress. Seven-day-old seedlings were transferred to a medium containing 150 mM NaCl for 21 d. (B) The survival rates of WT and LcSAIN1-
overexpressing seedlings were calculated after salt treatments. (C) The root elongation of WT and transgenic lines without or with 150 mM NaCl
stress. Four-day-old seedlings were shifted to agar medium containing 150 mM NaCl for 7 d before the photographs were taken.
(D) Measurements of root elongation in WT and transgenic plants. Four-day-old seedlings were shifted to agar medium containing various
concentrations of NaCl for 7 d, and the root elongation was recorded. For (B) and (D), each column represents an average of three replicates,
and the bars indicate SDs. ***, ** and * indicate significant differences in comparison with the control at P< 0.001, P< 0.01 and P< 0.05,
respectively.
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bacteria, salicylic acid and ROS signals (Fabro et al. 2004).
Our results suggested that under salt conditions, both
AtP5CS1 and AtP5CS2 were up-regulated compared with the
control condition. The AtP5CS1 gene exhibited increased
expression levels in LcSAIN1-overexpressing plants, whereas
the expression levels of AtP5CS2 were similar in WT and trans-
genic plants, with or without stress (Fig. 6D). In summary,
we propose that the higher tolerance against salt stresses in
transgenic Arabidopsis and rice might be achieved through the
alleviation of ROS changes and an increased capacity for proline

and soluble sugar accumulation. The LcSAIN1-transgenic
Arabidopsis and rice exhibited enhanced tolerance to high
salt conditions during seed germination and early seedling de-
velopment (Figs. 4, 5, 8). These results suggest that the over-
expression of the LcSAIN1 gene may positively regulate salt
tolerance in Arabidopsis and rice plants. In previous studies,
both ABA-dependent and ABA-independent response path-
ways and genes related to high salinity have been defined in
Arabidopsis. The MYB2 transcription factor is involved in ABA-
inducible gene expression, whereas the DREB2 regulons

Fig. 6 Measurements of MDA, soluble sugar and proline contents in plants. (A) MDA content in transgenic and WT plants after 2 d treatment
with 150 mM NaCl. (B) Soluble sugar contents of transgenic and WT seedlings treated with 150 mM NaCl for 2 d. (C) Proline contents of
transgenic and WT seedlings exposed to 150 mM NaCl for 1 and 2 d. (D) Expression levels of P5CS genes in WT and LcSAIN1-overexpressing
plants under normal conditions, 150 mM NaCl for 1 and 2 d, respectively. For (A), (B) and (C), each column represents an average of three
replicates, and the bars indicate SDs. ***, ** and * indicate significant differences in comparison with the control at P< 0.001, P< 0.01 and
P< 0.05, respectively.

Fig. 7 The expression patterns of three stress-responsive genes in WT and transgenic lines. qPCR analysis of the stress-responsive genes MYB2
(A), DREB2A (B) and RAB18 (C) after salinity stress (150 mM NaCl) and CK (no NaCl).
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function in ABA-independent gene expression (Shinozaki and
Yamaguchi-Shinozaki 2007). In addition to these major tran-
scription factor genes, RAB18 and P5CS1 are induced by abiotic
stresses and are activated by an ABA-dependent regulatory
pathway (Lang et al. 1994, Strizhov et al. 1997, Szabados and
Savouré 2010). Huang et al. (2012) reported that the overex-
pression of a novel salt tolerance-related gene from wheat
(TaSC) enhances salt tolerance in transgenic Arabidopsis
and speculated that the gene improves salt tolerance by acti-
vating the CDPK (calcium-dependent protein kinase) pathway.
In the present study, LcSAIN1-overexpressing transgenic
Arabidopsis lines displayed increased expression levels of the
ABA-independent pathway gene AtDREB2A, as well as the
ABA-dependent genes AtMYB2, AtRAB18 and AtP5CS1, under
salt stress conditions (Fig. 7). All of these genes have been

reported to be induced under salt stress, and they also play
positive roles in salt tolerance (Yamaguchi-Shinozaki and
Shinozaki 2006, Shinozaki and Yamaguchi-Shinozaki 2007).
Our results suggest that the higher tolerance against salt
stresses observed in LcSAIN1-overexpressing Arabidopsis may
be the result of the elevated expression levels of transcription
factors (MYB2 and DREB2A) and functional genes (P5CS and
RAB18).

In conclusion, the LcSAIN1 gene is a novel salt stress-related
gene in sheepgrass. A regulatory role for LcSAIN1 in response
to salt stress was suggested. LcSAIN1 might act as a positive
regulator to increase the expression of salt-responsive genes in
transgenic lines under salt stress. LcSAIN1 could alter salt stress-
related physiological parameters (MDA, proline and soluble
sugars), alleviating damage by ROS changes and enhancing

Fig. 8 Examination of salt tolerance in LcSAIN1-overexpressing rice. (A) RT–PCR analysis of the expression of LcSAIN1 in wild-type (WT) and
LcSAIN1-overexpressing (OE) plants. The rice gene ACTIN1 was used as a control. (B) The germination phenotypes of WT and LcSAIN1-
overexpressing (OE) plants on medium containing 0, 100 or 150 mM NaCl for 1 week. Bars = 1 cm. (C) Root lengths of WT and
LcSAIN1-overexpressing (OE) plants on medium containing 0, 100 or 150 mM NaCl for 1 week. (D) Seedling growth performance of WT and
LcSAIN1-overexpressing (OE) plants after transfer to medium containing 0 or 200 mM NaCl for 1 week. (E–G) Survival rates, plant heights and
relative shoot weights of WT and LcSAIN1-overexpressing (OE) plants after transfer to medium containing 0 or 200 mM NaCl for 1 week.
(E) Survival rates, (F) plant heights and (G) relative shoot weights. (H) Soluble sugar content in transgenic and WT plants after 2 d treatment with
200 mM NaCl. (I) Proline contents of transgenic and WT seedlings exposed to 200 mM NaCl for 2 d. Each column represents an average of three
replicates, and the bars indicate SDs. ***, ** and * indicate significant differences in comparison with the control at P< 0.001, P< 0.01 and
P< 0.05, respectively.
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osmotic protection. Therefore, the LcSAIN1 gene is a novel
gene associated with salt tolerance, and our findings
in Arabidopsis and rice may be applicable to breeding salt-
tolerant crops, such as rice, wheat, maize and other gramineous
plants.

Materials and Methods

Plant materials, growth conditions and treatments

The sheepgrass variety Zhongke 2 was grown in a soil mix of
peat moss and vermiculite (2 : 1, v/v) in a greenhouse at 23�C,
with a photoperiod of 16 h light/8 h dark. For salt stress ana-
lyses, 4- or 8-week-old sheepgrass roots were immersed in
400 mM NaCl. For cold stress treatments, plants were placed
in a dark chamber at 4�C. For ABA and drought stress treat-
ments, seedlings were irrigated with 100 mM ABA and 20%
PEG6000, respectively. A total of 15 plants were sampled
per time point (0, 1, 3, 5, 8, 12, 24 and 48 h), and samples
were immediately frozen in liquid nitrogen for further use. To
determine the gene expression levels of the shoots and roots
under salt stress, the above- and below-ground tissues of
8-week-old seedlings were sampled separately and stored at
�80�C for RNA analysis. Leaf, stem, sheath, panicle and root
tissues were also collected from 2-year-old plants grown in
greenhouse conditions as above described.

Arabidopsis thaliana plants (ecotype Columbia, Col-0) were
grown in a mixture of peat moss and vermiculite (2 : 1, v/v)
under a 16/8 h day/night photoperiod at 22�C with 60% relative
humidity. Tobacco (N. benthamiana) seeds were grown in pots
with peat moss and vermiculite (2 : 1, v/v) in a greenhouse at
23�C under a 16/8 h day/night cycle. Rice was grown on 1/2 MS
plates and in soil with 14 h of light at 28�C and 10 h of darkness
at 25�C daily.

Cloning of the LcSAIN1 gene

Based on the data from transcriptome analyses of sheepgrass
seedlings with or without salinity stress conducted using the
454 high-throughput sequencing technique, a number of can-
didate salinity-induced transcripts were identified. Among
these transcripts, one designated as LcSAIN1 was an unknown
gene that was induced to the greatest extent under salt stress
treatment, according to our previous experimental verification.
To obtain the full-length cDNA of LcSAIN1, 4-week-old sheep-
grass seedlings under 400 mM NaCl stress for 48 h were har-
vested. Total RNA was isolated using the Trizol Kit (Invitrogen),
according to the manufacturer’s instructions, and genomic
DNA was removed by digestion with RNase-free DNase I
(TAKARA). A sample of 1 mg of total RNA was used for the
first-strand cDNA synthesis with the SMART RACE cDNA
Amplification Kit (Clontech), according to the user’s manual.
Full-length LcSAIN1 cDNA was amplified using the primers 50-A
GGAGGACGACGACCATCAA-30 and 50-ACGGCAAAAAAGTA
TTGGAGAG-30 with cDNA from the 50 RACE as a template. The
amplification conditions were as follows: 95�C for 5 min,

followed by 38 cycles of 95�C for 30 s, 60�C for 30 s, 72�C for
1 min, and a final extension at 72�C for 10 min. All of the PCR
products were cloned into the pMD19-T vector and sequenced
at Sangon Biotech (Shanghai Co., Ltd.). Genomic DNA was
prepared from 4-week-old sheepgrass using the Plant
Genomic DNA Rapid Extraction Kit (Bioteke Corporation).
The genomic DNA sequence was also amplified using the pri-
mers as described above.

Gene structure and bioinformatics analysis

The full-length cDNA and genomic DNA sequences of LcSAIN1
were assembled using DNAMAN v5.0 (Lynnon Biosoft Inc.), and
LcSAIN1 homologs were identified using the NCBI BLAST
server. The amino acid sequences from LcSAIN1 and other
Gramineae plant proteins were aligned with the Neighbor–
Joining method using ClustalX2 and MEGA4 software (Larkin
et al. 2007, Tamura et al. 2007). The conserved domains of
the protein were predicted by the Pfam (Bateman et al. 2004)
and SMART (Letunic et al. 2002) programs. The subcellular
localization of the LcSAIN1 protein was predicted using the
Plant-mPLoc program (Chou and Shen 2010).

Semi-quantitative RT-PCR and qPCR

Total RNA was extracted from Arabidopsis, rice and sheepgrass
seedlings with the Trizol reagent and treated with RNase-free
DNase (TAKARA). First-strand cDNA was synthesized using
the Prime Script RT-PCR Kit (TAKARA), following the manu-
facturer’s protocol. LcACTIN, AtACTIN2 and OsACTIN1
(Supplementary Table S1) were used as the internal reference
genes for assessing the expression levels in sheepgrass,
Arabidopsis and rice, respectively, and the primers for
these genes are specific for amplifying a single gene. For semi-
quantitative RT–PCR, the following program was used: 5 min
denaturation at 94�C, followed by 28 cycles of 94�C for 30 s,
56�C for 30 s and 72�C for 30 s, and completed with an exten-
sion step of 10 min at 72�C. The SYBR� PrimeScriptTM PCR Kit
(TAKARA) was used for qPCR. Each 20ml qPCR sample was
subjected to 40 cycles of 94�C for 5 s and 60�C for 20 s. Each
qPCR test was run in triplicate. After the PCR program, data
were quantified using the comparative CT method (Livak and
Schmittgen 2001). All semi-quantitative RT–PCR and qPCR
experiments described in this section were reproduced at
least three times using independent cDNA preparations. The
primer sequences used for semi-quantitative RT–PCR and
qPCR are listed in Supplementary Table S1.

Tobacco transient expression and confocal
microscopy

The LcSAIN1 gene was combined with the N-terminal end of
GFP to yield a fusion protein. The coding region of the target
gene was amplified using the primers 50-GAAGATCTGATGGG
GGACGTGTCG-30 (forward, BglII site underlined) and 50-GGAC
TAGTCCACCGCTTGTCGCC-30 (reverse, SpeI site underlined),
and the amplified coding region was inserted into the SpeI
and BglII sites of vector pCAMBIA1302, which was used to
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transform Agrobacterium tumefaciens (EHA105) cells. The
intact leaves of 4-week-old WT tobacco (N. benthamiana)
plants were injected with Agrobacterium tumefaciens cells har-
boring either pCAMBIA1302 or pCAMBIA1302-LcSAIN1-GFP.
Transgene-derived expression was monitored 2–3 d after infil-
tration by confocal microscopy on a Leica TCS SP5 microscope
(Leica Microsystems). Fluorophores were excited using an
argon laser at 488 nm (GFP), and bright-field images were
collected using the transmitted light detector.

Vector construction and plant transformation

The full-length LcSAIN1 coding sequence was amplified using
the primers 50-GGGGTACCATGGGGGACGTGTCGACG-30

(forward, KpnI site underlined) and 50-CGAGCTCTCACCACC
GCTTGTCGCC-30 (reverse, SacI site underlined). The coding
region was cloned into the KpnI and SacI sites of the
pSN1301 vector and pUN1301 vector (Ge et al. 2004) under
the control of the CaMV 35S promoter and ubiquitin promoter,
respectively, containing gusA and nptII (kanamycin) expression
units. The recombinant plasmid pSN1301-LcSAIN1 was electro-
porated into A. tumefaciens (EHA105) cells for Arabidopsis
transformation using the floral dip method (Clough and Bent
1998). The pUN1301-LcSAIN1 construct was also electropo-
rated into A. tumefaciens EHA105 cells and then introduced
into rice embryonic calli by A. tumefaciens EHA105-meditated
methods (Xu et al. 2005). LcSAIN1 transgenic plants were
selected on MS medium (Murashige and Skoog 1962) supple-
mented with 50mg ml�1 hygromycin (Roche). T1 trans-
genics were confirmed for the presence of T-DNA by the
b-glucuronidase (GUS) staining of seedlings and by PCR ana-
lysis using the gene-specific primers for LcSAIN1, as described
above. The T1 lines were segregated approximately 3 : 1 for
hygromycin resistance, which presumed one T-DNA insertion
in transgenic T2 plants. Three T3 generation Arabidopsis plants
(Line 1, Line 3 and Line 9) and two LcSAIN1-overexpressing
rice lines (OE12 and OE15) were selected for further stress
tolerance studies.

Salt stress treatments on transgenic plants

Germination assays were first performed to test the salt toler-
ance of the transgenic Arabidopsis. At least 40 seeds from each
transgenic line or from the WT line were sterilized and sown on
MS plates supplemented with different concentrations of NaCl
(0, 100, 125 or 150 mM). The plates were kept at 4�C for 2 d and
then incubated in a growth room at 21–22�C. After germin-
ation for 14 d, the seeds that developed green cotyledons were
scored. After growing for 2 weeks, 10 seedlings from each line
were weighed, and the fresh weight of each seedling was calcu-
lated for seedling growth assays. To determine the effects of salt
stress on the survivability of young seedlings, WT and trans-
genic Arabidopsis seeds were grown in half-strength MS
medium (agar concentration 5 g l�1) under control conditions
(16 h light and 8 h dark at 22�C). After 7 d, 40 plants were
transferred to agar medium containing NaCl and incubated
for another 21 d to assess their survivability. To determine

the effects of NaCl on root growth, 4-day-old plants grown
on vertically standing half-strength MS plates (agar concentra-
tion 5 g l�1) were transferred to vertically standing plates con-
taining 0–200 mM NaCl. On the seventh day after plant
transfer, root length elongation was measured. All assays were
repeated at least three times, and the error bars indicate the SD.
To determine the relative expression levels of stress-associated
genes in response to salt treatment, 3-week-old transgenic and
WT seedlings treated with 150 mM NaCl after 1 or 2 d were
sampled and used for qPCR.

To determine the effects of salt stress on rice seed germin-
ation, seeds from two LcSAIN1-overexpressing lines (OE12 and
OE15) and WT seeds were surface-sterilized and sown on 1/2
MS medium containing 0–150 mM NaCl. After 1 week, the
germination rate and root length of 40 plants were measured.
For seedling treatment with salt stress, 3-week-old plants grown
in pots were treated with 200 mM NaCl for 1 week. Twenty
plants were included in each of the three replications, and the
error bars indicate the SD

Measurement of lipid peroxidation, proline and
soluble sugar content

Three-week-old transgenic (Arabidopsis and rice) plants or
WT plants were transferred to 1/2 MS medium supple-
mented with 150 mM NaCl. After 0, 1 and 2 d salt treatment,
the leaves of WT and transgenic lines were harvested. Lipid
peroxidation was determined by measuring the level of MDA
by a modification of the method described by Kramer et al.
(1991). Proline was determined following the protocols
described by Shan et al. (2007), and the soluble sugar con-
tent was measured as described previously by Bailey (1958).
Each data point had three replicates, and the error bars
indicate the SD.

Statistical analysis

The data regarding Arabidopsis and rice seedling growth
parameters, MDA, soluble sugar and proline content were
subjected to analysis of variance (ANOVA) using SPSS 15.0.

Supplementary data

Supplementary data are available at PCP online.
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