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The transcription factor dehydration-responsive element binding protein (DREB) is able to
improve tolerance to abiotic stress in plants by regulating the expression of downstream genes
involved in environmental stress resistance. The objectives of this study were to evaluate the
salt tolerance of GmDREBI transgenic wheat (Triticum aestivum L) and to evaluate its
physiological and protein responses to salt stress. Compared with the wild type, the transgenic
lines overexpressing GmDREB1 showed longer coleoptiles and radicles and a greater radicle
number at the germination stage, as well as greater root length, fresh weight, and tiller number
per plant at the seedling stage. The yield-related traits of transgenic lines were also improved
compared with the wild type, indicating enhanced salt tolerance in transgenic lines
overexpressing GmDREBI1. Proteomics analysis revealed that osmotic- and oxidative-stress-
related proteins were up-regulated in transgenic wheat leaves under salt stress conditions.
Transgenic wheat had higher levels of proline and betaine and lower levels of malondialdehyde
and relative electrolyte leakage than the wild type. These results suggest that GmDREB1 regulates
the expression of osmotic- and oxidative-stress-related proteins that reduce the occurrence of
cell injury caused by high salinity, thus improving the salt tolerance of transgenic wheat.
© 2014 Crop Science Society of China and Institute of Crop Science, CAAS. Production and
hosting by Elsevier B.V. All rights reserved.
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1. Introduction

High levels of salt, drought and freezing induce the dehydra-
tion of plant cells and thereby impair plant growth, biomass
production, and crop productivity [1]. To protect cells from
stress, plants generally respond to these abiotic stresses in a
complex, integrated manner that involves many genes,
several cellular signal transduction pathways, and many

Peer review under responsibility of Crop Science Society of stress-related proteins and enzymes [2]. Given the polygenic
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nature of abiotic stress responses, the development of abiotic
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stress tolerance in crop plants by conventional approaches
has been a challenge for plant breeders [3]. The genetic
engineering of plants with individual genes gives promise of
achieving abiotic stress tolerance with less effort and time.
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These genes include primarily those governing the accumu-
lation of compatible solutes; those encoding detoxification
enzymes, late embryogenesis abundant (LEA) protein, and
protein kinases related to the signal transduction of this
protein; and those encoding transcription factors [4].

Of these gene products, the DREB transcription factors have
gained much attention, owing to their involvement in the
regulation of many stress-related genes that play an important
role in producing a cascade of responses to environmental
stimuli [5,6]. Since the DRE cis elements were identified in
Arabidopsis [7], approximately 40 homologs of the DREB gene
from nearly 20 types of plants have been reported, and one
DREB gene can be induced by multiple stress factors [4,8,9].
Owing to the important role of DREBs in abiotic stress tolerance,
plants have been transformed with more than 20 different DREB
transcription factors induced by the constitutive promoter
CaMV35S or by the stress-inducible promoter rd29A, which
confers multiple abiotic stress tolerance to plants [4,8].

The genetic engineering of plants for abiotic stress tolerance
can be achieved by the expression of DREB transcription factors
that, in turn, regulate the expression of abiotic stress-related
downstream genes by binding to DRE/CRT cis-acting elements
in the promoter regions of these genes [7,10]. Most of these
downstream genes have been found to encode proteins
including osmoprotectants, LEA proteins, protease inhibi-
tors, lysophospholipase C, cold acclimation proteins, glu-
cose transporter proteins, and transcription factors. These
genes were identified using cDNA microarrays and play
important roles in plant stress tolerance [4,8,11-13].

A proteomic approach was used to investigate the protein
expression profiles of wild-type and transgenic plants over-
expressing DREB2C under mild heat stress (37 °C) for 24 h.
Eleven protein spots were identified as being differentially
regulated in 35S:DREB2C plants. Of these 11 proteins, four
were up-regulated at both translation and transcriptional
levels. Moreover, one or more DRE/CRT sequences (5'-A/
GCCGAC) (the recognition sequence of DREB2C) were found
in the 1000-bp promoter regions of these four proteins.
Thus four genes encoding peptidyl-prolyl isomerase ROC4,
glutathione transferase 8, elongation factor Tu (EF-Tu), and
pyridoxal biosynthesis protein PDX1 are potential targets of
DREB2C [14]. The expression of seven other proteins that do not
contain the DRE/CRT motif in their promoter region was also
affected by the overexpression of DREB2C [14]. Savitch et al. [15]
reported the overexpression of two Brassica CBF/DREB1-like
transcription factors (BNCBF5 and BNCBF17), the presence of
accumulated COR gene mRNA and the accumulation of GLK1-
and GLK2-like transcription factors, cyclophilin ROC4, p-amylase,
and triose-P/Pi translocator in transgenic Brassica plants. In
addition to producing changes in the transcript levels of these
proteins, transgenic plants showed improved photosynthetic
capacity, enhanced activity of enzymes involved in the Calvin
cycle, and increased sucrose and starch biosynthesis. In trans-
genic Arabidopsis, DREB1/CBF also regulated the expression of
genes encoding transcription factors [11] that may regulate the
expression of other downstream genes, thus forming a regulatory
network of DREB responses to stress.

However, the members of this regulatory network vary with
the DREB gene and/or with the type of stress [4,8]. Transgenic
crops overexpressing the DREB gene show significantly increased

tolerance to stress under laboratory or greenhouse conditions.
However, it remains undetermined whether these transgenic
plants show enhanced stress tolerance under complex field
conditions. In certain transgenic plants, the overexpression of the
DREB gene under a constitutive CaMV35S promoter enhanced
stress tolerance. However, simultaneously, negative effects on
the plant phenotype were observed in these transgenic plants
[16-18]. For example, the constitutive expression of SbDREB2 led
to pleiotropic effects in rice, and these transgenic plants did not
set seed [19]. Certain transgenic plants constitutively overex-
pressing the DREB gene showed better growth parameters than
the wild type without growth retardation [20,21]. Thus the stress
tolerance of transgenic plants grown in the field, the physiolog-
ical and biochemical mechanisms of improving salt tolerance in
transgenic plants, and the regulatory network of DREB genes
require further study.

The GmDREB1 gene (GenBank accession number AF514908),
which encodes a stress-inducible transcription factor, was
cloned by screening a cDNA library of Glycine max cv. Jinong 27
using the yeast one-hybrid method [22]. The stress-inducible
expression of GmDREBI1 conferred salt tolerance on transgenic
alfalfa plants [23]. T, transgenic lines of wheat with Ubi:
GmDREB1 and with rd29A:GmDREB1 showed better drought
and salt tolerance than wild-type plants [22].

In the present study, the advanced-generation transgenic
wheat lines T349 and T378 with Ubi:GmDREBI and the wild-type
Jimai 19 were used to evaluate the salt tolerance of these plants at
the germination and seedling stages and throughout the growing
season. Using a comparative proteomic approach, we investigat-
ed the mechanisms that underlie high-salinity tolerance in Ubi:
GmDREBI transgenic wheat based on phenotypic characteristics,
physiological parameters and protein responses to salt stress.

2. Materials and methods
2.1. Plant growth and salt tolerance evaluation

T349 and T378 are transgenic lines of wheat constitutively
expressing the GmDREB1 gene under the control of the maize
ubiquitin promoter in wheat variety Jimai 19. Wild-type Jimai
19 was used as the control.

2.1.1. Germination stage

In total, 100 seeds of each genotype were germinated on wet
filter paper in culture dishes with distilled water (CK) and with a
2.0% NaCl solution under white light (150 pmol Photons m=2 s7%;
14-h light/10-h dark photoperiod) at 20 °C in a growth chamber.
When the coleoptiles were 1/3 or the radicle was 1/2 of the length
of the seed, the seed was considered germinated. The percent
germination under CK and the treatment was scored at 5 and
10 days, respectively, after seeding. The relative salt injury rate
(RSIR) was calculated as

RSIR (%) = (Xck—X71) x Xt x 100,

where Xcx is the mean germination percentage of the cultivar
under normal, non-stressed (control) conditions, and Xr is the
mean germination percentage of the cultivar under salt stress.
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The coleoptile length, radicle number, and radicle length of
seeds were recorded. The experiment was performed with three
replications.

2.1.2. Seedling stage

In total, 50 germinated seeds were grown in plastic containers
containing complete Kimura B nutrient solution [24] under white
light (150 pmol Photons m~2 s~%; 14-h light/10-h dark photoperi-
od) at 25 °C in a growth chamber. Ten-day-old seedlings were
treated with 300 mmol L~ NaCl in Kimura B nutrient solution
for 7 days. The salt injury symptoms of seedlings were investi-
gated and assigned a score of 0-5 following the method used in
other studies [25-28], with some modification. The classification
criteria of salt injury were as follows: level 0 (no injury), level 1
(damage on leaf tips), level 2 (half of the leaf showing injury),
level 3 (full leaf showing injury), level 4 (only the youngest leaf
surviving), and level 5 (death). The experiment was performed
with three replications. The salt injury index (SI) was calculated
using the following formula [25-28]:

SI(%) = % x 100

where N;is the number of plants assigned with scorei ? (from 0 to
5); N is the total number of tested seedlings and I is the highest
score. The fresh weight and root length of seedlings were
recorded. The salt tolerance score at the germination and
seedling stages was assigned according to the RSIR and SI
(Table 1).

To determine the numbers of tillers per plant at the seedling
stage under salt stress, T349, T378, and Jimai 19 were planted in
pots (7 cm x 7 cm x 7 cm) with soil and watered with a 0.3%
Nacl solution. Each pot had only one plant, with 12 pots in one
plate and three plates for each replication. After growth for
3 months in a 4 °C phytotron, the number of tillers and the
fresh weight per plant were investigated. The experiment was
performed with three replications.

2.1.3. The entire growing season

T349, T378, and Jimai 19 were grown in saline-alkaline soil in
natural fields using a randomized complete block design with six
replicates. Each plot consisted of 10 rows 2 m long, with 30 seeds
per row. The space between rows was 30 cm and the separation
between plots was 50 cm. The average soil salt content was
0.66%. Seedling emergence rate was recorded 65 days after
sowing. Other agronomic traits, namely biomass per plant, tillers
per plant, effective tillers per plant, plant height, spike length,
grain number per spike, grain weight per plant, grain number per
plant, and 1000-grain weight, were measured at harvest.

Table 1 - Salt tolerance score at germination and seedling
stages.

Score Salt tolerance RSIR (%) at SI (%) at

germination seedling
stage stage

1 Highly tolerant 0-20.0 0-20.0

2 Tolerant 20.1-40.0 20.1-40.0

3 Moderately tolerant 40.1-60.0 40.1-60.0

4 Sensitive 60.1-80.0 60.1-80.0
5 Highly sensitive 80.1-100.0 80.1-100.0

2.2. Determination of physiological indices

The germinated seeds were grown in plastic containers
containing complete Kimura B nutrient solution under white
light (150 pmol Photons m~2 s™%; 14-h light/10-h dark photope-
riod) at 25 °Cin a growth chamber. Ten-day-old seedlings were
treated with 300 mmol L~! NaCl in Kimura B nutrient solution.
Before treatment and after 1, 3, 5, and 7 days, the first leaves of
seedling samples were harvested for physiological analysis. The
entire experiment was independently repeated three times.

2.2.1. Proline content

Proline contents were determined according to the method of
Li [29]. Wheat leaf samples (0.5 g) from each group were
homogenized in 3% (w/v) sulfosalicylic acid, and the residue
was removed by centrifugation. The extract (2 mL) was mixed
with 2 mL of glacial acetic acid and with 3 mL of acid
ninhydrin (1.25 g of ninhydrin was warmed in a mixture of
30 mL of glacial acetic acid and 20 mL of 6 mol L™* phosphoric
acid until dissolved) for 1h at 100 °C; the reaction was
terminated in an ice bath. The reaction mixture was extracted
with 5 mL of toluene. The chromophore-containing toluene
was warmed to room temperature and its optical density was
measured at 520 nm. Proline concentrations were determined
using calibration curves.

2.2.2. Glycine betaine content

Fresh tissues were ground in liquid nitrogen and 25 mL of 95%
ethanol was added. After being heated for 3 h, the concentrate
was diluted with 1.5 mL of 0.1 mol L™* HCI and 0.3 mL of
petroleum ether was added for extraction. Active carbon was
added to decolorize the solution. After centrifugation, the
supernatant was heated for 10 min in boiling water. One
milliliter of Reinecke’s salt was added, and the solution was
cooled for 3 h. After centrifugation, the supernatant was
precipitated with 1 mL of ethyl ether. The precipitate was
redissolved in 1 mL of 70% acetone and the absorbance was
read at 525 nm. The glycine betaine content was calculated as
follows:

Glycine betaine content = (Asps—-0.0121)/0.035 x 1.5 x 25/0.5.

2.2.3. Malondialdehyde content

Lipid peroxidation was determined by measuring
malondialdehyde (MDA) formation using the thiobarbituric
acid method described by Madhava Raoand and Sresty [30].
One half gram of a leaf sample was homogenized with 2.5 mL of
0.1% trichloroacetic acid (TCA) to extract MDA. The homogenate
was centrifuged for 10 min at 10,000 xg. For every 1 mL of the
aliquot, 4 mL of 20% TCA containing 0.5% thiobarbituric acid
(TBA) was added. The mixture was heated at 95 °C for 30 min
and cooled rapidly in an ice bath. The mixture was then
centrifuged for 15 min at 10,000 xg, and the absorbance of the
supernatant was read at 450, 532, and 600 nm. The MDA
content was calculated as follows:

MDA concentration = 6.45 x (As32—Ag00)—0.56 X Asso

MDA content = (MDA concentration x extraction volume) /
(sample weight x 1000).
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2.2.4. Relative electrolyte leakage

Electrolyte leakage was determined according to the method
of Li [29]. For each measurement, 0.5 g of the first leaves of
wheat seedlings was cut into 1 cm long segments, floated in
15 mL of double-distilled water, and vacuum filtered until all
of the segments sank. The conductivity of the bathing
solution was measured (value A) with an electrolyte leakage
apparatus. The solution and segments were then transferred
into sealed tubes and boiled for 15 min. After cooling to room
temperature, the conductivity of the bathing solution
was measured again as value B. For each measurement, ion
leakage was expressed as the percentage of leakage, i.e.,
(value A/value B) x 100.

2.3. Proteomic analysis

The germinated seeds were grown in plastic containers
containing complete Kimura B nutrient solution under white
light (150 pmol Photons m™2 s7%; 14-h light/10-h dark photo-
period) at 25 °C in a growth chamber. Ten-day-old seedlings
were treated with 300 mmol L~! NaCl in Kimura B nutrient
solution. After 7 days, the first expanded leaves of seedlings
were harvested, frozen in liquid nitrogen, and stored at —-80 °C
for proteomic analysis. The entire experiment was indepen-
dently repeated 3 times.

2.3.1. Protein extraction, electrophoresis and image analysis
Proteins were extracted using the protocol of Jiang et al. [31].
Approximately 350 mg of protein was loaded onto isoelectro-
focusing (IEF) polyacrylamide gels (pH 3.5-10.0). The IEF gels
were polymerized in glass tubes to obtain gels 13.5 cm long and
2 mm in diameter according to the method of Komatsu et al. [32].
The gel mixture, the equilibration of the IEF gels and the
second-dimension SDS-PAGE were performed as described by
Jiang et al. [31]. The gel was stained with 0.1% (w/v) Coomassie
brilliant blue R-250, 24% (v/v) ethanol and 8% (v/v) acetic acid.
The stained gels were scanned and analyzed using ImageMaster
2D Platinum software 5.0 (GE Healthcare Bio-Science) to identify
the differentially expressed protein spots, as described by Jiang
et al. [31].

2.3.2. In-gel tryptic digestion

The target protein spots were excised from the preparative
gels and de-stained with 100 mmol L~! NH,HCO; in 30% ACN.
After removal of the de-staining buffer, the gel pieces were
lyophilized and rehydrated in 30 pL of 50 mmol L™' NH,HCO;
containing 50 ng trypsin (sequencing grade, Promega, USA).
After overnight digestion at 37 °C, the peptides were extracted
three times with 0.1% TFA in 60% ACN. Extracts were pooled
and lyophilized. The resulting lyophilized tryptic peptides
were stored at -80 °C for mass spectrometric analysis. A
protein-free gel piece was treated as described above and used
as a control to identify autoproteolysis products derived from

trypsin.

2.3.3. MALDI-TOF/TOF MS analysis and database searching

Mass spectrometry (MS) and MS/MS spectra were obtained with
an ABI 4800 Proteomics Analyzer MALDI-TOF/TOF (Applied
Biosystems, Foster City) operating in result-dependent acquisi-
tion mode. Peptide mass maps were acquired in positive ion

reflector mode (20 kV accelerating voltage) with 1000 laser shots
per spectrum. Monoisotopic peak masses were automatically
determined within the mass range 800-4000 Da, with a
signal-to-noise ratio minimum set to 10 and with a local noise
window width of m/z 250. Up to five of the most intense ions
with a minimum signal-to-noise ratio of 50 were selected as
precursors for MS/MS acquisition, excluding common trypsin
autolysis peaks and matrix ion signals. In MS/MS positive ion
mode, spectra were averaged, collision energy was 2 kV, and
default calibration was specified. Monoisotopic peak masses
were automatically determined with a minimum signal-to-
noise ratio of 5 and with a local noise window width of m/z 250.
The MS and MS/MS spectra were searched against the
UniProtKB/SwissProt database (v. 2009.03.03, release number
14.9/56.9) using the software GPS Explorer, version 3.6 (Applied
Biosystems) and MASCOT version 2.1 (Matrix Science) with the
following parameter settings: trypsin cleavage, one missed
cleavage allowed, carbamidomethylation set as a fixed modifi-
cation, oxidation of methionines allowed as a variable modifi-
cation, peptide mass tolerance set at 0.1 Da, fragment tolerance
set at + 0.3 Da, and minimum ion score confidence interval for
MS/MS data set at 95%.

2.4. Statistical analysis

Data for morphology, physiology, and agronomic traits were
statistically analyzed using a one-way analysis of variance
(ANOVA). The volume changes of protein spots were analyzed
using Student’s t-test.

3. Results
3.1. Evaluation of salt tolerance

3.1.1. Germination stage

When seeds were grown in 2% NacCl solution, there were no
significant differences in RSIR between T349 and Jimai 19 or
between T378 and Jimai 19. The transgenic lines and the
control all had a salt tolerance score of 2, classifying these
plants as salt-tolerant at the germination stage according to
the standard in Table 1. When the transgenic wheat lines
were compared with the wild type, the coleoptile lengths and
the radicle lengths of T349 and T378 were all significantly
longer than those of Jimai 19. The radicle number of the
transgenic varieties was also significantly greater than that of
Jimai 19 (Fig. 1-A). The radicles of the transgenic wheat seeds
were well developed under salt treatment (Fig. 1-B). These
results indicate that the salt tolerance of the transgenic lines
T349 and T378 was higher than that of the wild type Jimai 19
at the germination stage.

3.1.2. Seedling stage

Under salt stress, the leaves of the wild type Jimai 19 turned
yellow earlier than the leaves of the transgenic wheat lines
T349 and T378, and the roots of wild-type plants were shorter
than those of the transgenic lines (Fig. 2-A). According to the
salt injury symptoms observed in the seedlings, the salt injury
index of Jimai 19 was 72%, and the salt tolerance was scored
as 4, whereas the salt injury index values of T349 and T378
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Fig. 1 - Differences in seed germination between the transgenic wheat lines and the wild type under salt stress. One hundred
seeds of the wild type (Jimai 19) and transgenic wheat lines (T349 and T378) were germinated with a 2.0% NacCl solution. Ten
days later, the average coleoptile length, radicle number, and radicle length of the transgenic wheat lines were significantly
greater than those of the wild type (A), and this increase can be clearly seen (B). The experiment was performed with three

replications. The values are the means = SE (n = 3). Different letters indicate significance at P < 0.05 (A).

were 54% and 58%, respectively, and the salt tolerance levels
were both scored as 3. The root length and fresh weight of the
transgenic lines were significantly greater than those of the
wild type (Fig. 2-B).

After growing for 40 days in a 4 °C phytotron under salt
stress (watering soil with 0.3% NaCl solution), the vernaliza-
tion and the tiller formation of the wheat seedlings were
complete (Fig. 2-C). After growing for 3 months under salt
stress conditions, the number of tillers and the fresh weight
per plant for seedlings were significantly different between
the transgenic lines and the wild type. The transgenic lines
T349 and T378 had more tillers per plant than the wild type
Jimai 19, so that the fresh weight of the transgenic plant was
much higher than that of Jimai 19 (Fig. 2-C, D). The evaluation
of salt tolerance at the seedling stage suggested that the salt

tolerance of the transgenic lines T349 and T378 was higher
than that of the wild-type Jimai 19 at the seedling stage.

3.1.3. Entire growing season

To analyze the salt tolerance of transgenic wheat throughout
the growing season, T349, T378, and Jimai 19 were planted in
saline-alkaline soil in natural fields. The average soil salt
content was 0.66%. The results showed that the biomass per
plant and the number of tillers per plant of transgenic lines
were significantly higher than those of the wild type Jimai 19.
The seedling emergence rate, effective number of tillers per
plant, grain number per plant, and grain weight per plant of
the transgenic lines were significantly greater than those of
Jimai 19. The spike length of transgenic lines was signifi-
cantly less than that of Jimai 19. There were no significant

Fig. 2 - Differences in seedlings between transgenic wheat lines and the wild type under salt stress. When grown in plastic
containers containing 300 mmol L™! NaCl in Kimura B nutrient solution, the leaves of the transgenic lines (T349 and T378) were
greener and the roots were longer than those of the wild type (Jimai 19) (A). The differences in salt injury index, root length, and
fresh weight (50 plants) between the wild type and the transgenic lines were significant at P < 0.05 (B). When planted in pots
with soil and watered with a 0.3% NaCl solution, the transgenic lines had more tillers compared with the wild type (C), and
average tiller numbers and fresh weight per plant were significantly higher in the transgenic lines than in the wild type (D). The
experiment was performed with three replications. The values are the means * SE (n = 3 replications). Different letters indicate
significance at P < 0.05.
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Table 2 - Comparison of means for 10 agronomic traits between transgenic wheat lines (T349 and T378) and the wild type

(Jimai 19) throughout the growing season under salt stress (means + SE).

Trait Jimai 19 T349 Percent increase (%) * T378 Percent increase (%) *

Seedling emergence rate (%) 31.72 + 3.16 4428 +4.15 39.58" 40.06 + 3.71 26.29"
Biomass per plant (g) 10.13 + 0.55 11.56 + 1.03 14.13" 11.04 + 0.89 9.04"
Tillers per plant 3.68 = 0.12 5.06 = 0.33 3750 479 +0.30 3035
Effective tillers per plant 3.29 £ 0.12 4.22 +0.29 28.21" 4.10 + 0.28 24.42"
Plant height (cm) 4372 + 0.82 41.97 +0.90 -3.99 4252 + 0.94 -2.74

Spike length (cm) 7.49 + 0.19 6.93 = 0.15 -750" 7.06 + 0.12 -5.73"
Grain number per spike 31.43 £ 1.22 33.22 £ 2.01 5.69 33.08 £ 1.13 5.24

Grain weight per plant (g) 2.93 £ 0.15 3.61 + 0.34 23.14" 3.57 £ 0.34 21.74"
Grain number per plant 81.32 + 3.53 105.56 = 9.98 20.81" 100.11 + 6.79 23.11°
Thousand-grain weight (g) 35.44 + 0.76 34.64 + 0.92 -2.27 34.03 + 0.70 -3.98

2 Percent increase was relative to Jimai 19.
** Significant at P < 0.01.
* Significant at P < 0.05.

type. Because of the significantly higher number of effective
tillers per plant in the transgenic lines, the grain number per
plant of the transgenic lines was more than 20% greater than
that of Jimai 19, and the grain weight per plant and the biomass
per plant were also significantly greater in the transgenic lines.
As aresult, the salt tolerance of the transgenic lines was greater
than that of the wild type Jimai 19 throughout the growing
season when the plants were grown in natural fields. This
difference is reflected primarily in the increased values per
plant of number of effective tillers, biomass, grain number, and
grain weight of the transgenic lines.

As indicated in Table 2, the overexpression of the GmDREB1
gene improves the salt tolerance of wheat at the germination
stage, the seedling stage and throughout the growing season.
Because the salt tolerance of the transgenic line T349 was
slightly higher than that of T378, we selected the transgenic line
T349 for further investigation of physiological and protein
responses to the salt stress.

3.2. Physiological analysis

After 0,1, 3,5, and 7 days of NaCl treatment, the first leaves of
T349 and Jimai 19 seedling samples were harvested for
measurement of the betaine, proline, and malondialdehyde
(MDA) contents and relative electrolyte leakage.

Although proline and glycine betaine are critical for
osmoprotection, there were no significant differences in glycine
betaine and proline contents between T349 and Jimai 19 after 0
and 1 day of NaCl treatment. After 3, 5, and 7 days of NaCl
treatment, glycine betaine, and proline contents were signifi-
cantly higher in T349 than in Jimai 19 (Fig. 3).

The MDA content and relative electrolyte leakage are
associated with the oxidization of the cell membrane. There
were no significant differences in MDA content or relative
electrolyte leakage between T349 and Jimai 19 after 0, 1, and
3 days of NaCl treatment. After 5 and 7 days of NaCl treatment,
MDA content and relative electrolyte leakage were significantly
lower in T349 than in Jimai 19 (Fig. 3).

3.3. Proteomic analysis

Total proteins were extracted from the first expanded leaves
of salt-treated seedlings of T349 and Jimai 19. The profiles of

wheat leaf proteins were established at a pI range of 3.5 to 10.0
and with a molecular mass range of 13 to 110 kDa (Fig. 4).
Compared with Jimai 19, 17 protein spots (S1-1 to S1-17) were
up-regulated in T349 (Fig. 5), and all of these proteins were
identified by mass spectrometry (Table 3). The significant
differences between Jimai 19 and T349 leaves corresponded to
their different protein responses to salt stress.

The functional classification analysis according to gene
ontology (GO) annotations and PubMed references revealed
that the proteins were clustered into several categories. Those
17 differential proteins were involved in osmotic stress,
oxidative stress, photosynthesis, and lipid metabolism. Osmot-
ic stress-related proteins include methionine synthase (S1-11)
and glyceraldehyde-3-phosphate dehydrogenase (GPD) (S1-6).
Oxidative stress-related proteins include NADP-dependent
malic enzyme (S1-12), glutathione transferase (S1-3) and 2-cys
peroxiredoxin (S1-10). Photosynthesis-related proteins in-
clude Rubisco large subunit (RLS), Rubisco activase (S1-16)
and chlorophyll a-b binding proteins (S1-9). Spots S1-7, S1-8,
S1-13, S1-14, and S1-15 were all identified as Rubisco large
subunits with different molecular masses and isoelectric
points corresponding to their spot positions on the gel.
Lipases (S1-17) directly catalyze the hydrolysis or synthesis
of lipids.

Spots S1-1, S1-2, S1-4, and S1-5 were identified as predicted
proteins of barley. According to NCBI BLAST results, spot S1-1 (gi|
326503994) contains the region PLN00128, which is annotated as
a succinate dehydrogenase (ubiquinone) flavoprotein subunit,
and has 94% identity with the Triticum urartu protein succinate
dehydrogenase (ubiquinone) flavoprotein subunit (sequence ID:
gb|EMS46614.1|). Spot S1-2 (gi|]326511988) contains the region
MopB_Res-Cmplx1 Nad1l, which is annotated as the second
domain of the Nad11/75-kDa subunit of the NADH-quinone
oxidoreductase, and has 98% identity with the T. urartu protein
NADH-ubiquinone oxidoreductase 75 kDa subunit (sequence ID:
gb|[EMS48685.1|). Spot S1-4 (gi|326493416) contains the
region PLN02300, which is annotated as lactoylglutathione
lyase, and has 98% identity with the Aegilops tauschii protein
lactoylglutathione lyase (sequence ID: gb|EMT08036.1|). Spot S1-5
(gi|326491885) contains the region WD40, a domain found in
many eukaryotic proteins that cover a wide variety of functions,
including adaptor/regulatory modules in signal transduction,
pre-mRNA processing and cytoskeleton assembly.
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Fig. 3 - Physiological index of the transgenic line T349 and wild type Jimai 19 treated with salt at 0, 1, 3, 5, and 7 days. Fifty
germinated seeds of the wild-type Jimai 19 and transgenic wheat line T349 were grown in plastic containers containing
complete Kimura B nutrient solution, and then ten-day-old seedlings were treated with 300 mmol L~* NaCl in Kimura B
nutrient solution. After treatment for 0, 1, 3, 5, and 7 days, the firstleaves of seedling samples were harvested for physiological
analysis. The experiment was independently repeated three times. The values are the means of three replicates + SE.
*Transgenic line T349 was significantly different at P < 0.05 when compared with Jimai 19.
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Fig. 4 - 2-DE of total protein extracts from T349 and Jimai 19 leaves with salt stress. Ten-day-old seedlings of Jimai 19 and T349
were treated for 7 days with 300 mmol L~* NaCl in Kimura B nutrient solution. Total proteins were extracted from the first
expanded leaves. Comparing the total leaf protein expression of Jimai 19 and T349, 17 protein spots, S1-1 to S1-17, were
up-regulated in the transgenic line T349 compared with the wild type Jimai 19.
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Fig. 5 - Quantification of salt stress-responsive proteins. Image Master reported the %Vol for every spot on the gel. The average
%Vol of a spot was obtained from three replicates of the same segment, and the %Vol was compared between gels of Jimai 19
and T349. Only spots that showed more than 1.5-fold changes in average %Vol between segments, with statistically significant
differences, as determined by Student’s t-test (P < 0.05), were defined as differentially expressed protein spots. The data are

means of three independent replicates + SD.

4. Discussion

4.1. The overexpression of the GmDREB1 gene improves salt
tolerance in transgenic wheat

The coleoptile length, radicle length, and radicle number of
the GmDREBI transgenic wheat lines were significantly higher
than those of the wild type, suggesting that the overexpres-
sion of the GmDREB1 gene improves the growth of wheat
seedlings under saline conditions. Early and rapid elongation
of roots is an important indicator of the ability of the plant to
resist abiotic stresses, such as cold and salt [33,34].

In this study, when seedlings were grown in a nutrient
solution with salt in the laboratory, the salt tolerance of Jimai
19 was found to be 4, whereas that of GmDREB1 transgenic
wheat lines was found to be 3. The wild type was sensitive to
salt, whereas the transgenic varieties had medium tolerance,
and the roots of the transgenic varieties were longer than
those roots of the wild type. When the seedlings were grown
in soil watered with salt in a phytotron, the transgenic lines
had more tillers than the wild type. When plants were grown
in natural saline-alkaline soil, the seedling emergence rate
and the effective tillers per plant of the transgenic lines were
also significantly higher than those of the wild type. At the
physiological level, the significant amounts of proline and

Table 3 - Identification of salt-stress-responsive proteins in wheat leaves.

Spot Protein Protein Accession  Protein Mw  Protein pl Pep. Protein
source no. (kDa) count score
S1-1 Predicted protein H. vulgare €i|326503994 68.8 6.08 14 427
S1-2 Predicted protein H. vulgare gi|326511988 81.2 6.38 12 552
S1-3 Glutathione transferase T. aestivum gi|20067415 25.1 6.35 10 341
S1-4 Predicted protein H. vulgare gi|326493416 32.8 5.34 12 191
S1-5 Predicted protein H. vulgare €i|326491885 36.7 5.97 7 458
S1-6 Glyceraldehyde-3-phosphate dehydrogenase  Z. mays gi|22240 41.3 7.21 9 369
S1-7 Rubisco large subunit H. bulbosum gi|31087905 53.7 6.22 14 298
S1-8 Rubisco large subunit H. bulbosum gi|31087905 53.7 6.22 17 401
S1-9 Chlorophyll a-b binding protein T. aestivum gi|225690794 27.2 5.42 5 84
S1-10  2-Cys peroxiredoxin BAS1 T. aestivum gi[2829687 234 5.71 12 851
S1-11  Methionine synthase 1 H. vulgare gi|68655495 84.9 5.74 23 1090
S1-12  NADP-dependent malic enzyme T. aestivum gi|158701881 63.4 5.56 20 444
S1-13  Rubisco large subunit G. hederacea gi|67079098 25.7 6.90 12 324
S1-14  Rubisco large subunit K. kokonorica  gi|343173696 27.9 6.13 8 543
S1-15 Rubisco large subunit C. triflora gi|1770202 52.8 6.44 10 535
S1-16  Rubisco activase isoform 1 H. vulgare gi|167096 47.3 8.62 15 509
S1-17 Putative lipase H. vulgare gi[118748148 39.5 7.44 9 354
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glycine betaine that accumulated in the transgenic line
T349and the significant reduction in the relative electrolyte
leakage and in the MDA content in T349 suggested that the
tolerance of transgenic wheat seedlings to salt stress was
enhanced by the GmDREB1 gene transfer.

When the GmDREB1 gene was transferred into alfalfa [23],
the transgenic plants also showed enhanced tolerance to salt
at the seedling stage. The transgenic wheat overexpressed the
GmDREB1 gene and grew normally in culture medium with
0.6% NaCl, whereas the leaves of the wild type were curly, and
the roots were slender at the three-leaf stage [22]. This
observation suggests that the salt tolerance of the transgenic
wheat was enhanced by the transfer of the GmDREB1 gene.

The ultimate goal of plant transformation is the introduc-
tion of a novel trait without producing detrimental effects on
agronomic performance. Evaluation of transgenic plants
under field conditions is thus necessary for determining the
effects of genetic transformation on crop agronomic traits
[35,36]. In this study, for the first time, the salt tolerance of
DREB transgenic wheat grown in natural fields was investi-
gated. Grown in saline-alkaline soil of natural fields and thus
likely facing additional stresses, the transgenic lines showed
improvements in some agronomic traits but no growth
retardation, sterility, or negative effects on phenotype.

4.2. Leaf protein response of GmDREB1 transgenic wheat to
high salinity

In this study, the transgenic lines overexpressing GmDREB1
showed higher salt tolerance than the wild type. DREB
expression confers abiotic stress tolerance on transgenic plants
because DREB transcription factors bind to DRE/CRT cis-acting
elements in the promoter regions of many stress-related genes
that play important roles in plant stress tolerance [5,6].
However, the increased stress tolerance and plant growth
achieved in DREB-transgenic plants maybe due not only to the
up-regulation of stress-related gene expression; other genes
working in different plant physiological and developmental
processes that, in turn, contribute to improved plant growth in
DREB transgenic plants may be involved [11,14,15]. High salinity
can cause osmotic stress and further salt intake, and osmotic
stress can produce superabundant reactive oxygen species
(ROS) that increase oxidative stress in plants [37,38]. In the
present study, under salt stress, some osmotic and oxidative
stress-related proteins that may be involved in improving the
salt tolerance of transgenic wheat were up-regulated in the
transgenic line T349.

Methionine synthase catalyzes the formation of methionine
by the transfer of a methyl group from 5-methyltetrahydrofolate
to homocysteine. This reaction occurs in the activated methyl
cycle, which is known as the metabolic source of single carbons
[39]. In this cycle, methionine is further converted into
S-adenosylmethionine (SAM) by S-adenosylmethionine synthe-
tase. SAM provides a methyl group for many metabolites,
including important compounds, such as glycine betaine,
methylated polyols, and polyamines, under high salinity
conditions. Glycine betaine and methylated polyols are com-
patible solutes that accumulate in the cytoplasm and that
regulate osmotic balance under salt stress [40,41]. Thus the
up-regulation of methionine synthase (S1-11) in T349 may play

an important role in improving the ability of transgenic wheat
to tolerate salt by regulating the osmotic balance. In barley
leaves, the methionine synthase protein and transcript levels
all increased under salt stress (200 mmol L™ NaCl for three
days) [42]. Glyceraldehyde-3-phosphate dehydrogenase (GPD)
(S1-6) was also up-regulated in T349 under salt stress. GPD is an
important enzyme in the glycolysis and gluconeogenesis
pathways. Increased GPD activity mobilizes carbon away from
glycerol and into the pathway leading to glycolysis and ATP
formation, providing the compatible osmolytes and the energy
required for osmotic stress tolerance [43]. In other studies, the
salt tolerance of transgenic potato plants was improved by the
gene transfer of glyceraldehyde-3 phosphate dehydrogenase
[44]. GPD was transcriptionally up-regulated in Mesembryanthe-
mum crystallinum during salt stress [45]. Thus the up-regulation
of methionine synthase and GPD in T349 may also play an
important role in improving the plant’s salt tolerance by
regulating the osmotic balance. At the physiological level, after
3,5, and 7 days of NaCl treatment, glycine betaine, and proline
contents were significantly higher in T349 than in Jimai 19.
Although there is a positive correlation reported between
proline accumulation and osmotolerance, the cardinal role of
proline as an osmoprotectant under varying conditions of stress
has been shown in certain plants [46,47]. It is well known that
glycine betaine, as an osmolyte and enzyme-protectant, can
protect the integrity of the membrane under conditions of salt
stress, thereby improving the salt tolerance of the plant [48,49].

ROS function by generating peroxidants that injure mem-
brane lipids, proteins, and nucleic acids under salt stress
conditions [50]. In the present study, NADP-dependent malic
enzyme (S1-12), glutathione transferase (S1-3) and 2-cys
peroxiredoxin BAS1 (S1-10) were up-regulated in the transgenic
line T349 under salt stress. The NADP-dependent malic enzyme
catalyzes the oxidative decarboxylation of L-malate, producing
pyruvate, CO,, and NADPH. NADPH provides the reducing
power required for ROS metabolism [51]. Glutathione transfer-
ase catalyzes the conjugation of the tripeptide glutathione
with compounds containing an electrophilic center to form
more soluble, nontoxic peptide derivatives to reduce the lipid
peroxidation caused by ROS [52,53]. The molecule 2-cys
peroxiredoxin BAS1 is a homodimeric thiol-based peroxidase
that catalyzes the reduction of H,0, (producing H,0) or reduces
the peroxide substrate to the corresponding alcohol, reducing
the cell injury caused by oxidative stress [54]. The presence of
spots S1-1, S1-2, and S1-4, which contain the region of the
succinate dehydrogenase (ubiquinone) flavoprotein subunit,
NADH-quinone oxidoreductase, and lactoylglutathione lyase,
respectively, indicates that these proteins are involved in the
oxidative stress response. These proteins were induced by
stress, salt/abscission, aluminum or by low temperature [55].
Thus, all of these proteins maybe involved in removing
superabundant ROS to reduce the lipid peroxidation caused by
ROS and thereby improve the salt tolerance of the plant. Rice
NADP-dependent malic enzyme genes have been shown to be
up-regulated by NaCl stress at the transcriptional level [56,57].
The overexpression of glutathione transferase in transgenic
tobacco seedlings produced reduced levels of lipid peroxidation
[58]. These findings indicate that the overexpression of the
NADP-dependent malic enzyme and glutathione transferase
provides protection from oxidative damage caused by salt
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stress. After 5 and 7 days of NaCl treatment, MDA contents and
relative electrolyte leakage were significantly lower in the
transgenic line T349 than in the wild-type Jimai 19. The relative
electrolyte leakage reflects the permeability of the cell mem-
brane, so that increased electrolyte leakage is considered
a reliable indicator of membrane damage. Malondialdehyde,
which is a product of lipid peroxidation, has also been
considered to indicate oxidative damage. Both of these proteins
have been widely used as indicators of a plant’s ability to
tolerate salt [S9-61]. These results at the protein and physiolog-
ical level suggest that the transgenic wheat line T349 effectively
reduces the cell damage caused by oxidative damage, thereby
improving its salt tolerance.
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