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Abstract The effects of Bacillus sp. SLS18, a plant-
growth-promoting endophyte, on the biomass production
and Mn/Cd uptake of sweet sorghum (Sorghum bicolor L.),
Phytolacca acinosa Roxb., and Solanum nigrum L. were
investigated. SLS18 displayed multiple heavy metals and
antibiotics resistances. The strain also exhibited the capac-
ity of producing indole-3-acetic acid, siderophores, and 1-
aminocyclopropane-1-carboxylic acid deaminase. In pot
experiments, SLS18 could not only infect plants effectively
but also significantly increase the biomass of the three
tested plants in the presence of Mn/Cd. The promoting
effect order of SLS18 on the biomass of the tested plants
was sweet sorghum>P. acinosa>S. nigrum L. In the
presence of Mn (2,000 mg kg ') and Cd (50 mg kg ') in
vermiculite, the total Mn/Cd uptakes in the aerial parts of
sweet sorghum, P, acinosa, and S. nigrum L. were increased
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by 65.2%/40.0%, 55.2%/31.1%, and 18.6%/25.6%, respec-
tively, compared to the uninoculated controls. This demon-
strates that the symbiont of SLS18 and sweet sorghum has
the potential of improving sweet sorghum biomass produc-
tion and its total metal uptake on heavy metal-polluted
marginal land. It offers the potential that heavy metal-
polluted marginal land could be utilized in planting sweet
sorghum as biofuel feedstock for ethanol production, which
not only gives a promising phytoremediation strategy but
also eases the competition for limited fertile farmland
between energy crops and food crops.

Keywords PGPE - Energy crop - Sweet sorghum - Mn/Cd -
Phytoremediation

Introduction

Heavy metal contamination, caused by multiple human
technogenic activities, poses a serious threat to human
health and ecosystem (Abou-Shanab et al. 2000).
Manganese (Mn) is an essential micronutrient and an
activator for many enzymes (Xue et al. 2004), but
exposure to excessive Mn leads to Mn poisoning, such as
Parkinson symptoms (Gerber et al. 2002) and abnormalities
of the immune system (Vartanian et al. 1999). Cadmium (Cd)
is not only a non-essential element for biosynthetic metab-
olism but also toxic to living beings when accumulated.
Therefore, the development of methods to lessen the harm of
Mn and Cd in soil to public health and organisms has
become a worldwide environmental concern. Because of
less cost and being safer for human and environment,
phytoremediation has more advantages than convention-
al technologies of removing heavy metals from soil
(Krdamer 2005; Dowling and Doty 2009; Glick 2010). In
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recent years, the concentration of heavy metals in lots of
terrestrial plants has been researched (Xue et al. 2004).
Some of those plants have been defined as hyper-
accumulators that possess the ability to accumulate
large quantities of heavy metals in their biomass
without hindrance to their growth and development
(Wu et al. 2006). Nevertheless, low biomass of hyper-
accumulators and low bioavailability of heavy metals in soil
limit the efficiency of phytoremediation by hyperaccumula-
tors (Sheng and Xia 2006; Ma et al. 2011).

This has encouraged researchers to seek for the possible
strategy to improve the efficiency of phytoremediation.
Recent attention has been paid on the partnership between
plants and plant-growth-promoting endophytes (PGPEs),
which can effectively carry forward the application of
phytoremediation by hyperaccumulators (Sheng et al.
2008b; Chen et al. 2010). The PGPEs assist their host
plants in coping with contaminant-induced stress and
improving plant growth through various mechanisms, such
as indole-3-acetic acid (IAA), siderophores, and 1-
aminocyclopropane-1-carboxylic acid (ACC) deaminase
production, nitrogen fixation, and phosphates solution
(Rajkumar et al. 2009; Ma et al. 2011). On the other hand,
these mechanisms are of paramount importance for the use
of plants as stocks of biofuels and carbon sequestration
through biomass production (Taghavi et al. 2009).

It is well known that the competition of agricultural
resources between energy crop and food crop is one of the
critical socioeconomic issues with the increasing use of
biofuels (Taghavi et al. 2009). This dilemma could be
bypassed through producing biofuel feedstocks on marginal
land (comprising soil that is infertile, arid, or has been
contaminated by toxic heavy metals and organic pollutants),
which is not suitable for agriculture (Weyens et al. 2009a).
Bacterial endophytes, the most closely plant-associated
bacteria colonizing the internal tissues of plants, could be
of great value in enabling energy plants to grow better on
marginal land for promoting the production of biofuels
stocks. On account of recent economic analysis, sweet
sorghum (Sorghum bicolor L.) is not only considered to be
one of the most drought resistant energy crops but also
equipped with higher biomass yield and photosynthetic
efficiency and lower production costs than many other energy
plants (Rubin 2008; Corredor et al. 2009; Li et al. 2010).
Sweet sorghum contains quantities of soluble carbohydrates
of glucose and sucrose and has been alternative as an
important stock for the production of fuel ethanol (Jasberg et
al. 1983; Mamma et al. 1995). Furthermore, sweet sorghum
could also remove heavy metals such as Cd, Pb, and Cu
from soil (Zhuang et al. 2009; Epelde et al. 2009). Therefore,
as an energy crop (Bennett and Anex 2009; Linton et al.
2011) that can grow on marginal land contaminated by
heavy metals, sweet sorghum is a good candidate for biofuel
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feedstock production and phytoremediation. However, little
attention has been paid to the potential of heavy-metal-
resistant PGPEs originating from hyperaccumulator to
facilitate biomass production and heavy metal phytoreme-
diation of sweet sorghum on heavy metals contaminated
land. It is significant to explore whether excellent bacterial
endophytic isolated from hyperaccumulator could success-
fully colonize and be beneficial to sweet sorghum.

In this study, an endophytic bacterial strain SLS18
with multiple heavy metals resistances and plant-
growth-promoting traits was applied to inoculation
with sweet sorghum for promoting biomass production
and heavy metals phytoremediation. Two hyperaccu-
mulators Phytolacca acinosa Roxb. (pokeberry) and
Solanum nigrum L. (black nightshade) were also
inoculated as comparison.

Materials and methods
Isolation of heavy-metal-resistant PGPE

Endophytic bacteria were isolated using a surface sterilization-
trituration-plating technique from Mn-hyperaccumulator P.
acinosa collected at a mine wasteland in Hengyang,
Hunan Province, China, according to the previous protocol
(Chen et al. 2010). An isolated bacterium from the stem of P,
acinosa, designated as SLS18 with multiple heavy metals
resistance and plant-growth-promoting traits, was selected
for further studies.

PGP traits and carbon sources utilization of SLS18

The production of TAA by SLS18 was determined according
to the method of Sheng et al. (2008a). Strain was cultured for
4 days at 30°C in the shaking sucrose-minimal salts (SMS)
medium supplemented with 0.5 mg mL™" of L-tryptophan.
The concentration of IAA in culture was determined by the
Salkowski’s reagent (Gordon and Weber 1951) and a
calibration curve of pure IAA as a standard for linear
regression analysis (Sheng et al. 2008a). Production of
siderophores by strain SLS18 was detected according to the
chrome azurol-S (CAS) analytical method (Schwyn and
Neilands 1987). After incubation on CAS agar plate at 30°C
for 4 days, appearance of orange halos around the colonies
on plates demonstrated siderophores production. ACC
deaminase activity was evaluated as the ability to grow in
the sterile minimal medium, DF salts (Dworkin and Foster
1958) with ACC as the sole nitrogen source (Penrose and
Glick 2003). The uninoculated DF medium was for control.
After cultivation for 24 h, the bacterial growth was positive
when the culture medium became turbid, demonstrating that
the strain had ACC deaminase activity.
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In order to examine autotrophy and nitrogen fixation,
bacteria were grown in shaking Schatz minimal salt
medium (Schatz and Bovell 1952) at 30°C for 3 days
without any carbon or nitrogen sources, respectively. The
bacterial growth was positive when the culture medium
became turbid, proving that SLS18 had the capability of
autotrophy and nitrogen fixation. Besides, to assess the
potential of the strain SLS18 to thrive within the sweet
sorghum interior, the utilization of carbon sources by
SLS18 was tested in shaking Schatz medium containing
different carbon nutrient sources (2 gL™") at 30°C for
3 days. Two of these carbon sources, glucose and sucrose
(soluble carbohydrates), were abundantly contained in
sweet sorghum (Mamma et al. 1995). In this experiment,
as positive control, strain was inoculated in Schatz minimal
salt medium supplemented with C-mix (1 L of medium:
1.3 mL glucose 40%, 0.7 mL lactate 50%, 2.2 mL gluconate
30%, 2.7 mL fructose 20%, and 3 mL 1 M succinate)
(Taghavi et al. 2009).

Heavy metal and antibiotic resistances of SLS18

Heavy metal and antibiotic resistances of SLSI8 were
evaluated by measuring the minimal inhibitory concentra-
tion of heavy metal ions and antibiotics. SLS18 was
monitored for the growth under increasing concentrations
of various metal ions and antibiotics, e.g., Cu®" (0—
300 mg L"), Zn** (0-300 mg L), Cd** (0-50 mg L),
Pb*" (0-600 mg L"), Mn*" (0-3,000 mg L"), kanamycin
(0-50 pg mL™"), streptomycin (0200 pg mL™"), rifampin
(0-50 pg mL™"), tetracycline (0-50 pg mL™'), and
ampicillin (0-100 ug mL™") by sterile Luria—Betani (LB)
agar medium. Plates were checked after incubation at 30°C
for 7 days.

Molecular characterization of SLS18

DNA was extracted from the strain SLS18 after overnight
cultivation in LB medium according to the method of Araujo
et al. (2002). The obtained 16S rDNA, as a template, was
amplified by PCR using universal bacterial 16S rDNA
primers, 27f (5-AGAGTTTGATCACTGGCTCAG-3') and
14951 (5'-CTACGGCTACCTTGTTACGA-3'). The PCR was
performed using an initial denaturing step performed at
94°C for 10 min, followed by 28 cycles of 50 s at 94°C,
50 s of annealing at 52°C, and a 65 s extension at 72°C,
and a final polymerization step of 72°C for 10 min with
a DNA Engine Thermal Cycler (PC-512, Bibby, USA).
The PCR products of 16S rDNA fragments were purified
with a DNA purification kit (KeyGEN, China) and
sequenced at Invitrogen Company (Shanghai, China).
The 16S rDNA sequence was compared against the
GenBank database sequences with BLASTN tool in the

National Center for Biotechnology Information (NCBI)
website.

Pot experiments

The effects of SLS18 on plant growth and Mn/Cd
uptake of sweet sorghum, P. acinosa, and S. nigrum L.
were studied by pot experiments. Plastic pots were filled
with 300 g sterile vermiculite containing Mn>* (0, 1,000
and 2,000 mg kg ') and Cd** (0 and 50 mg kg ') and
then moistened with sterile one-fourth Hoagland’s nutrient
solution (Hoagland and Amon 1950).

The seeds of sweet sorghum, P. acinosa, and S. nigrum
L. were surface sterilized in 70% ethanol for 1 min,
followed by another period of 10 min in 1% sodium
hypochlorite, and then rinsed with sterile water. To confirm
seed sterility, five seeds were incubated to LB agar for
3 days at 30°C. SLS18 was cultured in liquid LB medium
for 24 h at 30°C. The resulting cells were collected through
being centrifuged, washed, re-centrifuged, and re-
suspended in sterile distilled water to get a density of 5x
10® cfu mL'. After that, surface-sterilized seeds were
immersed in bacterial suspension for 4 h, while the seeds
were soaked in sterile water as the control. Five seeds
inoculated with strain SLS18 of each plant were sown in
every pot, and three replicates were conducted for each
treatment. Finally, all pots were deposited in a green house
under controlled light (14 h photoperiod, PAR of
300 umol m? s') and temperature (28/25°C day/night)
and irrigated with sterile one-fourth Hoagland’s solution
every 2 days.

After 2 weeks, the plants were thinned to one plant
per pot, and all plants were carefully removed from pots
after growing 8 weeks. The aerial part tissues and roots
were separated, rinsed repeatedly, and dried at 105°C
before surveying the dry weight of plant tissues. The
concentrations of Mn and Cd in the aerial part and root
of plants were detected according to the method of
Sheng et al. (2008a) by an atomic absorption spectrometer
(Z-2,000 Polarized Zeaman atomic absorption spectropho-
tometer, Japan). To assure the measurement accuracy and
precision, blank test sample and duplicates were used.

Verification of inoculation

To verify whether the inoculation of SLS18 was successful
or not, endophytic bacteria were re-isolated from the aerial
parts and roots of sweet sorghum, P. acinosa, and S. nigrum
L. Briefly, healthy plant tissues were surface sterilized
according to the method of the above seeds surface
sterilization. Aerial part materials (1 g) and root materials
(0.5 g) were ground in 5 mL sterile 10 mM MgSO,
aqueous solution in a mortar with a pestle. The samples and
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their dilutions were spread on plates containing LB medium.
After incubation for 4 days at 30°C, the re-isolated
strains were identified by colony characteristics and
sequenced against the 16S rDNA sequence of SLSI18
inoculated to seeds.

Statistical analysis

All statistical analysis was conducted using SPSS 10.0
package. Analysis of variance, independent samples test,
and the Student—Newman—Keuls test (p<0.05) were used to
compare treatment.

Results
Characterization of SLS18

The strain SLS18 was assayed for a number of properties
that were important for plant-growth-promoting activity
(Table 1). SLS18 possessed the ability to secrete IAA
(13.7+2.3 ug mL™") after cultivation for 4 days at 30°C in
the shaking SMS medium with |-tryptophane. The
emergence of orange halos around the bacterial colonies
of the strain SLS18 demonstrated siderophore production.
Moreover, SLS18 was capable of utilizing ACC as the sole
nitrogen source, demonstrating that the strain was also

qualified with ACC deaminase activity. Additionally, the
ability of SLS18 to utilize different carbon sources was
tested. The result showed that SLS18 could not grow
autotrophically and was unable to fix nitrogen. The
bacterial strain SLS18 also exhibited different multiple
heavy metals (Mn, Cd, Pb, Cu, and Zn) and antibiotics
(kanamycin, streptomycin, rifampin, and ampicillin) resis-
tant characteristics.

The partial sequence (1,437 bp) of 16S rDNA of SLS18
obtained was matched against nucleotide sequences
present in GenBank using the BLASTn program. The
highest sequence similarity (100%) clearly indicated that
SLS18 belonged to Bacillus sp. The sequence has been
deposited in the NCBI database under accession number
HQ416900. In addition, the strain was deposited in the China
Center for Type Culture Collection under accession number
M2010359.

Plant growth promotion of SLS18

After inoculation of SLS18 or not, the three tested plants
were subjected to different levels of Mn/Cd treatment for
10 weeks. The presence of 50 mg kg ' Cd significantly
(»<0.05) decreased the aerial part dry weight of sweet
sorghum and S. nigrum L.; the presence 2,000 mg kg ' of
Mn significantly decreased the aerial part dry weight of sweet
sorghum (Fig. 1). However, the presence of 1,000 mg kg '

Table 1 Properties of plant growth promotion, carbon source utilization, and tolerance indexes of SLS18

Metabolic property Carbon sources utilization®

MICs®

Heavy metals (mg/L) Antibiotics (pg/mL)

IAA (pg/mL) 13.7+2.3¢ D-Mannitol +
Siderophore +d Lactose +
ACC deaminase +° Sucrose +
Autotrophy =f Xylose +
Nitrogen fixation - Glucose +

Fructose +

Mn 2,000 Kanamycin 40
Cd 40 Streptomycin 170
Pb 500 Rifampin 10
Cu 200 Tetracycline 0
Zn 100 Ampicillin 90

Experiments were carried out as independent triplicates

*The utilization of carbon sources was tested for colony-forming units per milliliter after growth in shaking Schatz medium containing different
carbon nutrient sources (2 gL71 ) at 30°C for 3 days; (+) cfu mL™" >1x10%; () cfu mL™ <1x10®

® Minimal inhibitory concentrations (MICs) of heavy metals and antibiotics resistances were evaluated after cultivating SLS18 on LB agar plate
with increasing concentrations of various metal ions and antibiotics at 30°C for 7 days

¢ The concentration of IAA was determined after growth at 30°C for 4 days in the shaking sucrose-minimal salts (SMS) medium supplemented
with 0.5 mg mL™" of { -tryptophan
9The production of siderophores was determined after growth on CAS agar plate at 30°C for 4 days; (+) orange color appearance in the medium

¢ ACC deaminase activity was evaluated after growth in DF salts with ACC as the sole nitrogen source for 24 h at 30°C; (+) turbidity formation in
medium

T Autotrophy was detected after cultivating SLS18 in shaking Schatz minimal salt medium at 30°C for 3 days without any carbon source; (=) no
growth

€ Nitrogen fixation was detected after cultivating SLS18 in shaking Schatz minimal salt medium at 30°C for 3 days without any nitrogen source;
(-) no growth
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Mn significantly increased the aerial part dry weight of sweet
sorghum and the root dry weight of S. nigrum L. (Fig. 1). It
might be attributed to the fact that Mn is an essential
micronutrient, and appropriate amount of Mn ions is
beneficial to plant growth. Meanwhile, the root dry
weight of sweet sorghum and P acinosa had no
significant variation (p<0.05) when exposed to Mn/Cd.
The effect of SLS18 on the dry weight of the tested
plants in the presence of Mn/Cd is shown in Fig. 1. In
the absence of heavy metals and the presence of Mn

Concentration of metals (mg kg'1of vermiculite )

[] Sweer sorghum
Il Sweet sorghum|{+5L518)

S. nigrum L.
S. nigrum L.(+5L518)

[ZZ7] P. acinosa
3 P. acinosa (+5LS18)

(1,000 and 2,000 mg kg ') and Cd (50 mg kg') in
vermiculite, significant increases of aerial parts and root dry
weights of all three plants were observed when the tested
plants were inoculated with SLS18, compared with non-
inoculated control (Fig. 1). Results revealed that the dry
weights of aerial part and root for sweet sorghum increased by
46.8% and 77.7% (absent of metal), 37.0% and 74.4%
(1,000 mg kg ' Mn), 45.5% and 81% (2,000 mg kg ' Mn),
and 38.0% and 80.3% (50 mg kg ™' Cd) compared to non-
inoculated control, respectively. The promoting effect order
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of SLS18 on biomass of the tested plants was sweet
sorghum>P. acinosa>S. nigrum L.

Effect of SLS18 on Mn/Cd uptake by plants

The effects of SLS18 on Mn/Cd concentration in sweet
sorghum, P. acinosa, and S. nigrum L. tissues are shown in
Table 2. Compared with non-inoculated control, no signif-
icant increase in Mn concentrations in S. nigrum L., but
significant increases (p<0.05) of Mn concentrations in
sweet sorghum and P. acinosa were observed when the
tested plants were inoculated with SLS18. However, no
significant increase in Cd concentrations in all the tested
plants was found when the tested plants were inoculated
with SLS18, compared with control. The total Mn/Cd
uptakes in aerial part of the symbionts of the plants and
SLS18 were improved by 65.2%/40.0%, 55.2%/31.1%, and
18.6%/25.6% in sweet sorghum, P. acinosa, and S. nigrum
L. in the presence of 2,000 mg kg ' Mn or 50 mg kg 'Cd,
respectively.

Establishment and survive of SLS18 in plant tissue

SLS18 was re-isolated to examine the survival rate of the
colonized bacteria in the interior tissue of all the tested
plants growing under different concentrations of heavy
metals after seed inoculation with SLS18. The 16S rDNA
sequence of the re-isolated strain that has the same colony
characteristics of SLS18 was 100% identical with its parent
strain. It was necessary to state that SLS18 was not detected
in the non-inoculated plants. Colonization of SLS18 in the
interior tissue of tested plants growing under different
concentrations of heavy metals was determined (Table 3).
The presence of Cd significantly inhibited the survival of
SLS18 in the three tested plants. Except for the root of P

acinosa, the presence of 2,000 mg kg™ ' Mn significantly
decreased the growth of SLS18 in the three tested plants.
No significant effect of 1,000 mg kg' Mn on the survival
of SLS18 was found. In addition, bacterial survival was
better in sweet sorghum and P. acinosa than in S. nigrum L.,
and the bacterial densities in aerial part were lower than
those in root.

Discussion

During the long period of evolution with plants, some
bacterial endophytes have formed a beneficial mutualistic
symbiosis relationship with their host plants. Endophytes
profit from host plants because of the enhanced availability
of nutrients, and plants can also receive benefits from
endophytes by growth enhancement or stress reduction
(Hardoim et al. 2008; Weyens et al. 2009b). The SLS18
possessed a number of properties that are important for
plant-growth-promoting activities, containing the ability
of TAA, siderophore, and ACC deaminase production
(Table 1). The presence of more than one PGP trait in this
bacterial endophyte can facilitate the growth of plant by
utilizing one or more above mechanisms at different times
during the life cycle of host plant (Rajkumar et al. 2009).
SLS18 seemed adapted to utilize a broad spectrum of plant-
derived compounds as carbon sources, such as D-mannitol,
lactose, sucrose, xylose, glucose, and fructose (Table 1). The
strain SLS18 was able to utilize sucrose and glucose, which
were typical soluble carbohydrates in sweet sorghum
(Mamma et al. 1995). It has been reported that endophytes
were able to utilize carbon sources in the host plant to thrive
within the host plant (Taghavi et al. 2009), so SLS18
probably had the potential to survive within sweet sorghum
interior. In natural environment, there is an abundance of

Table 2 The influence of PGPE SLS18 on aerial part and root Mn/Cd concentration (mg kg ' dry weight) of the plants in the presence of
Mn (0, 1,000, and 2,000 mg kgfl) and Cd (0 and 50 mg kgfl) in vermiculite

Plant Aerial part Root

1,000 (Mn) 2,000 (Mn) 50 (Cd) 1,000 (Mn) 2,000 (Mn) 50 (Cd)
Sweet sorghum
Control 2,508.4+137.5 3,457.1£135.9 13.7£1.9 3,286.7+117.4 3,653.1£129.0 88.8+6.7
SLS18 2,976.2+154.1* 3,923.8+£149.7* 13.942.3 3,804.3£124.0* 4,022.7+156.3* 95.3+£7.9
P. acinosa
Control 12,054.0+£496.6 19,443.2+695.3 85.5+5.8 2,931.3+109.7 4,672.8+136.8 54.8+3.7
SLS18 14,085.2+646.7* 21,631.6+718.4* 86.9+7.3 3,471.6+131.1* 5,834.6+207.5%* 63.1+5.4
S. nigrum L.
Control 5,971.4+248.2 10,949.1+298.6 89.9+7.2 4,681.5+128.4 6,209.8+296.3 171.5+11.5
SLS18 6,344.6+307.0 11,647.3+327.8 90.1+7.6 4,894.1+142.9 6,643.8+367.9 171.9+£13.2

Experiments were carried out as independent triplicates

*p<0.05, a mean value with SLS18 significantly greater than the corresponding control mean value (independent samples test)
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Table 3 Colonization of strain SLS18 in interior tissue of tested plant grown under different concentrations of heavy metals pollution after seed inoculation
with SLS18 (medium value and standard deviation of three replicas per treatment, values in colony forming units per gram of fresh plant tissue)

Concentration of Mn/Cd ~ Sweet sorghum P. acinosa S. nigrum L.
(mg kg )

Aerial part Root Aerial part Root Aerial part Root
0 7.51+0.82x10%c  15.07+1.31x10%c  7.45+0.98x10°b 9.74+0.97x10°b  4.31+£0.36x10%b 6.67+0.44x10°d
1,000 7.47+0.79%x10%c  12.14+1.07x10°b  7.34+0.56x10°b  8.14+0.68x10%ab 3.21+0.14x10%a 4.01+0.32x10%
2,000 5.02+0.34x10°b  11.72+0.75x10°b  5.82+0.41x10%a 7.79+0.73x10%ab 2.80+0.11x10%a 2.17+0.18x10%a
50 3.25+0.11x10%a 4.18+0.28x10%a  5.06+0.34x10% 7.32+0.57x10%a  3.22+0.30x10%a 3.35+0.27x10%

In each row with the same plant tissue, data with the different letters demonstrate that statistically significant differences (p<0.05) among different

concentrations of Mn/Cd

endophyte species in the inter-tissue of plants. Some of the
endophytes may secrete antibiotics against plant pathogen
for protecting their host plants and against other endophytic
fungi and bacteria for enhancing their own competitiveness
(Strobel 2003). The bacterial strain SLS18 exhibited
different multiple antibiotics as well as heavy-metal-
resistant characteristics (Table 1). For this reason, the
bacterial endophyte could survive in interior of Mn-
hyperaccumulator P. acinosa, which accumulated a huge
number of heavy metals and might contain antibiotics
from other endophytes. Previous reports proved that the
endophytic bacteria isolated from metal hyperaccumulator
plants had the tolerance to high metal concentration in
hyperaccumulators to adapt to such environmental con-
ditions (Idris et al. 2004). Furthermore, if being considered
as excellent plant-growth-promoting inoculants, bacteria
must be capable of colonizing successfully in the interior
tissue of plants (Sheng et al. 2008a). The effective re-isolation
of SLS18 suggested that the strain could successfully
colonize in both aerial part and root of the three tested
plants (Table 3).

The association of endophytic bacteria with their hosts
has beneficial effects for many different plant species
(Taghavi et al. 2009). In this research, biomass of the
three tested plants increased when being inoculated with
SLS18 in the presence of Mn/Cd (Fig. 1). SLS18 had the
capacity of facilitating the growth of plants, which might
be relevant to its ability to produce IAA, siderophore, and
ACC deaminase, in agreement with the reported results
(Rajkumar et al. 2006; Rajkumar et al. 2009). The IAA
produced by PGPE can enhance plant growth through
altering the plant hormonal balance (Chen et al. 2010). It
was also reported that PGPE could synthesize IAA to
strengthen its host plant’s growth (Sheng et al. 2008b; Jha
and Kumar 2009; Shi et al. 2010). Bacterial siderophores
production, which may be stimulated by the presence of
heavy metals, can help plant to reduce heavy metal
toxicity by increasing the supply of iron to the plant
(Burd et al. 2000) and also form some complexes with
other bivalent heavy metal ions, which can be assimilated

by the plant (Evers et al. 1989). Biomass increase was
observed for mung plants inoculated with siderophore-
producing Pseudomonas putida KNP9 in the presence of
Cd (Tripathi et al. 2005). Bacteria with ACC deaminase
activity could efficiently ease plant stress by decreasing
excess ethylene biosynthesis, which might inhibit plant
development and thus facilitate the growth and develop-
ment of plant (Chen et al. 2010). For example, bacteria
containing ACC deaminase significantly improved the
growth of maize and tomato plants (Jiang et al. 2008).
Meaningfully, the promoting effect order of SLS18 on
biomass of the tested plants was sweet sorghum>P.
acinosa>S. nigrum L. One possible explanation was that
the detoxification ability of sweet sorghum was weaker
than those of hyperaccumulators, so the growth-promoting
ability of SLS18 played a more remarkable role in the
growth of sweet sorghum in the presence of heavy metals.
In addition, the strain SLS18 was an endophytic bacterium
originally isolated from P. acinosa, so it might interact
more effectively with P. acinosa than S. nigrum L. when
re-colonizing to plant. Therefore, SLS18 has the potential
to facilitate the growth of sweet sorghum on metal-
contaminated marginal lands. The dry weight of sweet
sorghum was higher than that of the two hyperaccumula-
tors in the presence of Mn/Cd (Fig. 1).

After SLS18 inoculation, the phytoremediation efficien-
cy of the tested plants could be promoted mainly through
the increases in plant biomass (Fig. 1) and partly through
the increases in metal uptake in plants (Table 2). Low
production of plants biomass and low bioavailability of
heavy metals in the soil restrict the efficiency of phytor-
emediation by hyperaccumulators. Some previous studies
have confirmed the importance of the inoculation of heavy-
metal-resistant bacteria for promoting plant growth and
facilitating phytoremediation in heavy-metal-contaminated
soils (Sheng et al. 2008a; Mastretta et al. 2009; Compant et
al. 2010). In this study, SLS18 inoculation significantly
facilitated phytoremediation efficiency of sweet sorghum.
This reveals that SLS18 has the potential of practical
application in increasing the biomass of sweet sorghum for
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biofuel stock production on marginal land, as well as the
phytoremediation of heavy metal polluted marginal land.

In conclusion, heavy-metal-resistant PGPE Bacillus sp.
SLS18 could not only successfully infect sweet sorghum, P.
acinosa, and S. nigrum L. but also increase the growth and
Mn/Cd accumulation of the three tested plants in the
presence of Mn/Cd. Furthermore, the promoting effect
order of SLS18 on biomass of the tested plants was sweet
sorghum>P. acinosa>S. nigrum L. These results suggest
that the symbiont of SLS18 and sweet sorghum has the
potential of promoting the biomass production and heavy
metal-polluted soil remediation effect of sweet sorghum on
heavy metal polluted marginal land.
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