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Abstract. Bacillus subtilis strain GB03 has been shown to confer salt tolerance in Arabidopsis thaliana. In this study,
the potential for GB03 to promote biomass accumulation and increase salt tolerance was investigated in wheat (Triticum
aestivum). Soil-grown wheat seedlings were assayed for dry-weight increase. Endogenous Na+ and K+ contents were
determined in plants with or without soil inoculation with GB03 along with 0, 25 or 100mM NaCl solution added to the
soil. We demonstrated that the introduction of GB03 in the soil triggered wheat biomass accumulation. Furthermore,
GB03 improved salt tolerance as measured by increased tissue mass, lower Na+ accumulation and improved K+/Na+

ratio when GB03-inoculated plants were grown under elevated salt conditions. This study provides insight for the
application of selected bacteria to monocot crops to combat saline toxicity.
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Introduction

Around one-third of all agricultural land on earth, >800Mha, is
affected by soil salinity (Rengasamy 2010). Increasing soil
salinisation is a worldwide problem leading to substantial
impairment of agricultural productivity. Soil salinity is an
acute issue in both irrigated and non-irrigated areas of the
world (Zhang et al. 2010b; Zhang and Shi 2013). Soil salinity
induces osmotic stress, water deficit, reduction of leaf expansion,
and stomata closure, and in so doing reduces photosynthesis
and biomass accumulation (Rahnama et al. 2010; James et al.
2011). Wheat (Triticum aestivum) is a cereal crop of global
importance serving as a food staple for most humans;
however, the plant is only moderately salt-tolerant (Fischer
2011). In agricultural plots where soil salinity rises to 100mM

NaCl, wheat growth and yield diminish substantially. Durum
wheat (Triticum turgidum ssp. durum) is especially sensitive to
soil salinity (Munns et al. 2006).

Plant growth-promoting rhizobacteria (PGPR) are naturally
occurring soil microorganisms that colonise roots and stimulate
plant growth. Such bacteria have been applied to a wide range of
agricultural crops for growth enhancement including increased
seed germination, plant biomass, yields, nutrition uptake
efficiency and disease resistance (Zhang et al. 2008a; Harvey

et al. 2009; Paré et al. 2011). Under conditions of no salt stress,
PGPR colonisation is proposed to trigger plant growth by
bacterial synthesis of the plant hormones indole-3-acetic acid,
cytokinin and gibberellins, as well as by increased mineral and
nitrogen availability in the soil (Timmusk et al. 1999).

Bacillus subtilis strain GB03, a commercially available
rhizobacterium, has been studied for its role in growth
promotion and abiotic stress tolerance in Arabidopsis (Zhang
et al. 2008a, 2008b). GB03 has been shown to trigger
differential expression of ~600 Arabidopsis transcripts related
to cell-wall modifications, primary and secondary metabolism,
stress responses, hormone regulation and other expressed
proteins (Zhang et al. 2007). Specific transcripts have been
linked with mediating iron acquisition, photosynthesis and
osmotic-stress tolerance (Zhang et al. 2007, 2008a, 2008b,
2010a; Banchio et al. 2009; Xie et al. 2009; Rudrappa et al.
2010). In addition, salt tolerance has been correlated with tissue-
specific regulation of the high-affinity K+ transporter (HKT)
(Zhang et al. 2008a).

Whether this beneficial soil bacterium induces biomass
accumulation and salt tolerance in monocot crop plants is
unknown. The aim of this study was to evaluate the effect of
Bacillus subtilis GB03 on biomass accumulation, salt tolerance
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and ion accumulation in wheat. The study demonstrates a
potential application value of GB03 in growth promotion and
salt tolerance enhancement in important monocot crop plants.

Materials and methods
Bacterial suspension culture

Bacillus subtilis strain GB03 was streaked onto Luria broth (LB)
agar plates and incubated at 288C in darkness for 24 h. The
bacterial cells were harvested from LB agar plates into liquid
LB media and cultured at 288C and 250 rpm in the absence of
light to yield 109 colony-forming units (CFU)/mL, as determined
by optical density and serial dilutions with plate counts (Zhang
et al. 2008a).

Plant growth and treatment

Wheat (Triticum aestivum L. cv. Scout 66) seeds were surface-
sterilised with 0.1% HgCl2 followed by 70% ethanol and then
imbibed in aerated water for 24 h. Seeds were sown in pre-
sterilised plastic pots (diameter 20 cm, 1.0 kg soil and six
seeds per pot with eight replicates) containing autoclave-
sterilised commercial vermiculite–soil mix watered with half-
strength modified Hoagland’s nutrient solution. After
germination, four wheat seedlings were retained in each pot
and each seedling was inoculated with 1mL of bacterial
suspension culture or liquid LB media as control near the roots
(Zhang et al. 2010a). Pots were supplied with 400mL of nutrient
solution. For the salt treatments, the Hoagland solution was
supplemented with 0, 25 or 100mM NaCl, the concentration
of which was increased by 25mM per day to the final
concentrations. Plants were grown in a growth room under
metal halide and high-pressure sodium lamps were set to a
cycle of 16 h of light and 8 h of darkness with a total light
intensity of 200mmol/m2.s, an average temperature of
218C� 48C, and a relative humidity of 60%� 10%.

Plant biomass measurements

For the plant-growth-promotion experiment, plants were
sequentially harvested 1–5 weeks after bacterial inoculation.
For the salt-tolerance experiment, plants were harvested
3 weeks after bacterial inoculation and salt treatments. Plants
were removed from the pots and roots were rinsed with water
to remove attached soil; roots and shoots were separated and
blotted with paper towel. Samples were oven-dried at 808C for
2 days to obtain dry weight.

Ion analysis

For ion content analysis, plants were harvested 3 weeks after
bacterial inoculation. Roots were washed twice for 8min in ice-
cold 20mM CaCl2 to exchange cell-wall-bound K

+ and Na+, and
the shoots were rinsed in deionised water to remove surface
salts. Roots and shoots were separated and samples were oven-
dried at 708C for 2 days. Dried tissue was extracted with 10mL
of 100% HNO3 for 24 h, followed by incubation at 90�1008C
for 2 h. Digested samples were diluted with water 10-fold.
Aqueous K+ and Na+ were determined by atomic absorption
spectrophotometry (Model 6300; Shimadzu Scientific
Instruments, Columbia, MD, USA) (Zhang et al. 2008a).

Statistical analyses

Results of biomass, ion concentration and ion ratios are presented
as means with standard deviations (n=8). Data were subjected to
analysis of variance (ANOVA), andDuncan’s multiple range tests
were performed using software (SPSS 17.0; IBM, Armonk, NY).

Results

Biomass accumulation promotion of wheat by Bacillus
subtilis GB03

The time-course required for commercial PGPR strain Bacillus
subtilis GB03 to induce wheat biomass accumulation was
determined by measuring seedling biomass (dry weight)
each week for 5 weeks after seedling inoculation. Significantly
enhanced root and shoot growth was observed fromweek 1 and 3
after inoculation, respectively (Fig. 1). Compared with the
corresponding media control, GB03 significantly improved
shoot dry weight by 29%, 30% and 27% at 3, 4 and 5 weeks
after bacterium inoculation, respectively; moreover, GB03
significantly improved root dry weight by 89%, 74%, 84%,
109% and 99% at 1, 2, 3, 4 and 5 weeks after bacterium
inoculation, respectively.

Improved salt tolerance of wheat by GB03

To determine whether GB03 could improve salt tolerance of
wheat seedlings, soil-grown plants were watered with the
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Fig. 1. Dryweight (DW) of wheat seedlings treatedwithGB03 for different
periods (1–5 weeks). Closed and open bars represent GB03 treatment and
control, respectively.Values aremeans� s.d. (n = 8) andcapped lines indicate
s.d. Columns with the same letter are not significantly different at P= 0.05
(Duncan’s test).
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nutrient solution supplemented with 0, 25 or 100mMNaCl. Both
shoot growth and root growth were reduced by elevated salinity.
However,GB03 reducedwheat sensitivity to salt. Comparedwith
the corresponding media control, GB03 significantly improved
shoot dry weight by 14%, 35% and 37% with 0, 25 and 100mM

NaCl treatments, respectively; GB03 significantly improved root
dry weight by 26%, 49% and 33%, respectively, with the three
levels of NaCl treatments (Fig. 2).

Altered ion accumulation in wheat by GB03

To test whether GB03 inoculation resulted in reduced
endogenous sodium in the plant with varying exogenous
sodium levels, Na+ content was assayed in plants grown with
0, 25 and 100mM NaCl. Three weeks after root bacterial
inoculation, Na+ accumulation in wheat seedlings was reduced
significantly. Compared with the corresponding control, GB03
significantly decreased shoot Na+ content by 26% and 22% and
root Na+ content by 59% and 40% with 25 and 100mM NaCl
treatments, respectively (Fig. 3). This result also showed that
GB03 soil inoculation was more effective in reducing Na+

content in roots than in shoots.
Accumulation of K+ was unaffected in the wheat shoots at

the three exogenous NaCl levels at 3 weeks after GB03

inoculation. However, a reduction in K+ content was observed
in GB03-treated roots, by 22% and 33%, with 0 and 25mM

exogenous NaCl, respectively (Fig. 4). The K+/Na+ ratio was
ameliorated significantly in wheat seedlings with 25 and 100mM

NaCl treatments. Compared with the corresponding media
control, GB03 significantly improved the shoot K+/Na+ ratio,
by 47% and 40%, and the root K+/Na+ ratio, by 49% and 37%,
under soil salinity conditions of 25 and 100mM NaCl,
respectively (Fig. 5).

Discussion

Increased plant biomass accumulation through inoculation of
beneficial soil bacteria has been reported for many plant species
(Gray and Smith 2005; van Loon 2007; Xie et al. 2009; Paré et al.
2011), and effects of GB03 inoculation on wheat growth
evaluated in the present study are consistent with previous
reports. Interestingly, our results indicated that GB03 is more
efficient in promoting growth of roots than shoots. Significant
growth increases in roots were recorded after only 1 week
following inoculation with GB03, whereas 3 weeks were
required before significant increases in shoot growth were
recorded.

Inducible salt tolerance mediated by beneficial soil bacteria
has been observed for several cultivated and wild plant species,
including dwarf saltwort (Salicornia bigelovii) (Bashan et al.
2000), tomato (Lycopersicon esculentum) (Mayak et al. 2004),
chickpea (Cicer arietinum) (Mhadhbi et al. 2004), lucerne
(Medicago sativa) (Ibragimova et al. 2006), common
glasswort (Salicornia europea) (Ozawa et al. 2007) and
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Fig. 2. Dryweight (DW)ofwheat seedlings treatedwithNaCl andGB03 for
3 weeks. Closed and open bars represent GB03 treatment and control,
respectively. Values are means� s.d. (n= 8) and capped lines indicate s.d.
Columns with the same letter are not significantly different at P= 0.05
(Duncan’s test).

NaCl (mM)

N
a+

 c
on

te
nt

 (
m

m
ol

/g
.D

W
)

b

c

d

aa

d

0
0 25 100

1

2

3

4

e

d

b

e

c

a

0

S
ho

ot
R

oo
t

0.2

0.4

0.6

0.8

Fig. 3. Accumulation of Na+ in wheat seedlings treated with GB03 for
3 weeks. Closed and open bars represent GB03 treatment and control,
respectively. Values are means� s.d. (n= 8) and capped lines indicate s.d.
Columns with the same letter are not significantly different at P= 0.05
(Duncan’s test).
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messina (Melilotus siculus) (Bonython et al. 2011). Our results
indicated that Bacillus subtilis GB03 improved salt tolerance
of wheat seedlings.

Saline soils contain a varied and complex array of
cation–anion pairs (e.g. Na2SO4, MgSO4, CaSO4, MgCl2, KCl
and Na2CO3), with Na+ often the dominant species (Flowers
et al. 1977). Growth inhibition, a common plant response to soil
salinity, is correlated with high internal Na+ concentration and
K+ deficiency in the plant (Zhang et al. 2010b), and ion-specific
cell damage (Tester and Davenport 2003). Plants grown in saline
conditions canminimiseNa+ toxicity by restricting its uptake and
xylem loading, extruding Na+ from root cells, sequestering into
vacuoles, retrieving from the xylem stream, redirecting from
shoots to roots, and by secreting Na+ to the leaf surface
(Chinnusamy et al. 2006; Zhang et al. 2010b; Zhang and Shi
2013). Arabidopsis–GB03 studies have already established
inducible salt tolerance mediated by organ-specific expression
of the ion transporter HKT1, which controls Na+ uptake in roots
(Zhang et al. 2008a). Under salt stress (100mM NaCl), GB03
concurrently down- and up-regulates HKT1 expression in roots
and shoots, respectively, correlating with lower Na+

accumulation throughout the plant compared with controls.
Consistent with HKT1 participation in GB03-induced salt
tolerance, GB03 fails to rescue salt-stressed athkt1 mutants
from stunted foliar growth and elevated whole-plant Na+. In
wheat, TaHKT2;1 is tissue-specifically expressed in root
cortical cells and participates in mediating both Na+ and K+

uptake (Schachtman and Schroeder 1994; Gassmann et al.
1996; Laurie et al. 2002; Huang et al. 2008). Wang et al.
(2007) proposed that an HKT-type transporter might mediate
Na+ uptake in Suaeda maritima under low saline condition
(25mM NaCl). In this study, GB03 significantly reduced both
Na+ and K+ contents in roots of wheat seedlings under low
saline condition (25mM NaCl). Future studies are necessary to
examine the regulation of TaHKT2;1 by GB03 in wheat.

The results presented here established that GB03 inoculation
in soil significantly increases biomass and salt tolerance by
regulation of ion accumulation in wheat. The long-term goals
of this research are to reduce fertiliser requirements of wheat
and improve wheat production in more marginal soils affected
by salinity by inoculating with beneficial microbes. This study
provides insight for the application of selected bacteria to
monocot crops to combat saline toxicity.
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