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The  effects  of bacteria  (Burkholderia  cepacia)  on  plant  growth,  metal  uptake,  tolerance  index and  phenan-
threne  degradation  by a hyperaccumulating  plant  (Sedum  alfredii)  were  investigated.  It was  found  that
inoculation  of  bacteria  did  not  enhance  plant  growth  and  metal  uptake;  while  both  metal  translocation
factor  (up  to  84% for Cd  and 42%  for Zn)  and  tolerance  index  (up  to 23.2%  for  shoot  and  72%  for  root)  were
significantly  increased.  In addition,  inoculation  of bacteria  also  alleviated  the  reductions  of bioaccumula-
tion  factor  and  phytoextraction  efficiency  of  As,  Cu  and  Zn  with  the  increasing  proportions  of  polluted  soil
applied,  while  they  were  even  increased  for Cd  and  Pb  (up  to  31.2 and  124%,  respectively).  Up  to  96.3%  of
cid phosphatase
urkholderia cepacia
ehydrogenase
AHs
hytoextraction efficiency
olerance index
ranslocation factor

phenanthrene  was  removed  in  the  treatment  with  both  plant  and  bacteria  at  the  end  of  the experiment.
A  positive  correlation  between  metal  and  P accumulation  in  plants  was  observed,  it is  suggested  that  high
P uptake  is directly  involved  in  metal  detoxification  and leading  to an increased  P requirement.  With  the
assistance  of bacteria,  S. alfredii  could  be  able  to  withstand  higher  metal  concentrations  and  it  could  also
provide a practical  tool  for phytoremediation.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

Heavy metals and polycyclic aromatic hydrocarbons (PAHs) are
wo of the most abundant and toxic pollutants found in polluted
oils [1].  Bioremediation is one of the most promising methods of
emoving PAHs from contaminated environments [2].  However, it
s often difficult to generate sufficient microbial biomass in natural
oils to achieve an acceptable rate of movement of tightly bound
ydrophobic PAHs to the microbes where they can be degraded
3]. To enhance the efficiency of remediation process, one of the

ethods is to accelerate the removal and degradation rate of PAH
hrough microbial or mechanical process. In addition, it is found
hat the application of higher plants plays an important role in
ncreasing the amount of microbial biomass in contaminated soils
4]. To fulfill the above requirements and remediate the heavy

etal and PAH contaminated soil, phytoextraction is one aspect

f in situ plant-based technologies. It is commonly recognized that
sing metal hyperaccumulating plants for phytoextraction of met-
ls is a feasible remediation technology for the decontamination of

∗ Corresponding author at: Croucher Institute for Environmental Sciences, and
epartment of Biology, Hong Kong Baptist University, Hong Kong SAR, PR China.
el.:  +852 3411 7746; fax: +852 3411 7743.

E-mail address: mhwong@hkbu.edu.hk (M.H. Wong).

304-3894/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2012.01.055
metal-polluted soils [5]. Although using hyperaccumulating plants
for remediation of persistent contaminants may have advantages
over other methods, many limitations exist for this technology.
One serious limitation is that metal availability is usually lower in
non-treated (EDTA) soils [6]. Therefore, it might limit the phytore-
mediation efficiency. In addition, the number of microorganisms
is depressed in most contaminated soils, so there are not enough
bacteria either to facilitate contaminant degradation or to support
plant growth [7].

In spite of the abovementioned problems, phytoremediation
may  still be possible through proper use of soil bacteria. This
entails using metal-tolerant, mobilizing and PAH degrading bac-
teria. Many microorganisms in the soil are able to solubilize
‘unavailable’ forms of heavy metal-bearing minerals by excreting
organic acids [8,9]. In addition, many soil bacteria are tolerant
to heavy metals and play important roles in their mobilization
[10,11]. The presence of rhizosphere bacteria increased concentra-
tions of Zn in Thlaspi caerulescens [12] and Ni in Alyssum murale
[13].

There is lack of information on the relationships among
hyperaccumulating plants and PAH degrading bacteria on soil

contaminated by both heavy metals and PAHs. Xu et al. [14] demon-
strated the degradation of phenanthrene and pyrene from soil by
the application of three plant species, but PAH degrading bacteria
was not examined. Siciliano and Greer [15] showed that inoculation

dx.doi.org/10.1016/j.jhazmat.2012.01.055
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:mhwong@hkbu.edu.hk
dx.doi.org/10.1016/j.jhazmat.2012.01.055
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f grasses Bromus erectus,  Lolium perenne and Anthoxanthum odor-
tum with Pseudomonas sp. strain I4 increased the culturable soil
eterotrophic population and also reduced trinitrotoluene (TNT)

evels in soil, but heavy metals were not studied. Maliszewska-
ordybach and Smreczak [16] found that contamination of soils
ith PAHs and heavy metals had deleterious influences on soil
icrobial activity and plant development in their early stage of

rowth, but no hyperaccumulating plant was involved and heavy
etal uptake and PAH degradation were not monitored.
There is currently a dearth of information on using the com-

ination of rhizodegradation and phytoextraction. In addition, the
nteractions of introduced microbes, heavy metals, PAHs and metal
yperaccumulating plants on soil co-contaminated with heavy
etal and PAHs have not been investigated. It is an area of research

hat has not been covered to any extent. Therefore, this experiment
ims to study the interaction of microbes and metal hyperaccu-
ulating plants on soil contaminated with both heavy metals and

AHs. The main objectives were to study the effects of bacteria on
he (1) growth of Sedum alfredii; (2) metal uptake and accumulation
y S. alfredii;  (3) translocation factor, metal tolerance, bioaccumu-

ation factor and phytoextraction efficiency of S. alfredii and (4)
egradation of phenanthrene contaminated soil during a 3-month
reenhouse study.

. Materials and methods

.1. Chemicals

Phenanthrene was obtained from SIGMA Chemical Co.
Germany) with purities higher than 98%. It represented typical
AH compounds with three benzene rings.

.2. Preparation of phenanthrene and metals contaminated soil

Control soil without any detectable PAHs was  collected from
oi Tung village, New Territories, Hong Kong. The basic physico-
hemical properties of the soil are listed in Table 1. The control
nd heavy metal polluted soil samples were air-dried and sieved
hrough a 2 mm mesh before sterilization (121 ◦C for 2 h) by
utoclaving (model: SS-325, TOMY, Seiko, Tokyo) to eliminate
ndigenous microorganisms. Two hundred mg/L of phenanthrene

as spiked into the soil according to the method described by
rinch et al. [17]. Phenanthrene powder was dissolved in acetone
nd added to 25% (w/v) of the soil samples. After evaporation of the
cetone, the spiked soil was then thoroughly mixed with multi-
etal polluted soil (QZ) from an ancient Pb/Zn mine located at
u Zhou City, Zhejiang Province at four different rates: 0% (PS0),
0% (PS10), 20% (PS20) and 40% (PS40) (w/w), respectively. After-
ards, the spiked soil samples were covered with aluminium foil

nd equilibrated in the dark for 3 weeks prior to the experi-
ent. Initial concentrations of phenanthrene and metalloid/heavy
etals (As, Cd, Cu, Pb and Zn) in soil were analyzed by gas chro-
atography/mass spectrometry and inductively coupled plasma

tomic emission spectrometry (ICP-AES, Fisons ARL Accuris) before
tarting the experiment, respectively. For details, please refer to
ection 2.5 which showed the details of plant tissues and soil
nalysis.

.3. Isolation and inoculation of metal tolerant and phenanthrene
egrading bacteria
The bacterium used in this experiment was isolated from a metal
ine (Pb/Zn) in Hunan Province, China [18]. The bacterium strain
as further enriched by using phenanthrene as a sole carbon source

19]. The bacterium Burkholderia cepacia was grown in LB medium
 Materials 209– 210 (2012) 421– 433

for 24 h on an incubation shaker (model no: 4628-1, Lab-line, Barn-
stead, U.S.A.) at 200 rpm. The culture was  centrifuged at 8000 rpm
for 10 min  (Beckman Advanti J25 I, U.S.A.), then washed with 0.85%
sterilized NaCl twice and resuspended in deionized water. The cen-
trifuged bacterial cells were then transferred into sterilized peat
moss (from Gartengold Company in Germany) as the microbial
inoculum. Finally, the inoculum was transferred into the soil with
an initial concentration of approximately 3.0 × 108 CFU/g dry soil
[11].

2.4. Experimental design

The experiment consisted of four levels of multi-metal pollution
(PS0, PS10, PS20 and PS40; 200 mg/kg phenanthrene was added
into each levels of polluted soils), and four treatments: control
(CK), bacterial inoculation (B), S. alfredii cultivation (P) and bac-
teria + S. alfredii cultivation (B + P), resulting in 16 sets with four
replicates each. Mature plants collected from Qu Zhou multi-metal
mine were grown on plotting soil and propagated in a green-
house, and new shoots of the plants were selected and grew in
1/10 hoagland solution [20] for 2 weeks for initiation of new roots.
Roots of each plant surface were sterilized with 30 mg/L of chlo-
ramphenicol (SIGMA) for 3 min  to minimize microbial growth [21],
followed by washing with distilled water. All pots were placed
randomly on the same bench in a greenhouse, with temperature
control (25–28 ◦C), and supplemented with additional illumination
(with a light intensity of 250 �mol/m2/s, under a 14/10 h-light/dark
cycle).

2.5. Plant tissues and soil analysis

After 3 months, plants were harvested and washed thor-
oughly with deionized water, and the roots of intact plants were
immersed in 20 mM Na2-EDTA for 15 min  to remove the metal
ions adhered to the root surfaces [22]. The plants were then sep-
arated into roots and shoots, oven-dried (70 ◦C) to a constant
weight, grounded and passed into powder for metal analysis. We
used all harvested root samples and 0.25 g of shoot samples for
metal digestion. Grounded plant materials were digested with conc.
HNO3 [23]. Phosphorus (P) concentration in the shoot and root
was measured in digests using the molybdenum blue methods
[24].

Soil pH and electrical conductivity (EC; solid:distilled
water = 1:5, ORION meter) were measured in a water solution
of soil (soil:distilled water, 1:5) after shaking for 2 h at 200 rpm.
Water extractable organic carbon (EOC) was analyzed using Total
Organic Carbon analyzer (solid:distilled water = 1:10, TOC-5000A,
Shimadzu, Japan). The concentrations of water-soluble nitrogen
(N) and total kjeldahl N (TKN) were measured using berthelot
reaction [24]. The concentrations of water-soluble, 0.5 M NaHCO3-
extractable and total P (TP) were measured using molybdenum
blue method [24,25]. The concentrations of total, water-soluble
and diethylenetriaminepentaacetic acid (DTPA)-extractable heavy
metals in soils were determined with ICP-AES after extracting
with conc. 50% HF:70% HNO3, 1:2 (v/v) by microwave extraction
[26], deionized water [27] and 1 M DTPA (1.976 g DTPA; 14.29 g
triethanolamine; 1.47 g CaCl2·2H2O and dissolved in 980 ml
deionized H2O, and made up to 1 L, pH 7.30) [28], respectively.
Blanks and standard reference materials of soil and plant (NIST
2711 Montana Soil and NIST 1570a Spinach, U.S. Department of

Commerce, National Institute of Standards and Technology, U.S.A.)
were used for quality control and the recovery rates were within
100 ± 10% after comparing the metal concentrations of standard
reference materials to its certificate.
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Table 1
Basic physicochemical properties of soil mixed with different proportions of polluted soil from a multi-metal mine.

pH Electrical
conductivity
(EC, �S/cm)

Extractable organic
carbon (EOC,
mg/kg)

Nitrogen (N, mg/kg) Total metal concentration (mg/kg)

Total kjeldahl
N

Water-soluble
N

As Cd Cu Pb Zn

PS0 6.43 ± 0.02 364 ± 5 720 ± 3 1890 ± 114 34.5 ± 0.4 66.0 ± 3 5.03 ± 0.18 12.1 ± 0.7 74.1 ± 4.3 257 ± 11
PS10 6.68  ± 0.08 480 ± 10 811 ± 5 1850 ± 121 37.9 ± 0.7 294 ± 19 41.3 ± 2.5 44.2 ± 2.4 2240 ± 175 2000 ± 113
PS20  6.73 ± 0.09 495 ± 19 612 ± 5 1840 ± 106 34.8 ± 1.9 481 ± 15 72.4 ± 4.8 76.4 ± 4.6 4600 ± 262 3740 ± 200
PS40  6.93 ± 0.01 585 ± 8 512 ± 3 2340 ± 133 37.6 ± 0.9 898 ± 57 96.0 ± 6.3 141 ± 8 8640 ± 417 8360 ± 413

Phosphorus (P, mg/kg) Water-soluble metals (mg/kg)

Total P Water-soluble P Olsen-extractable P As Cd Cu Pb Zn

PS0 1200 ± 52 7.52 ± 0.23 86.4 ± 2.0 <0.05 0.0192 ± 0.0011 0.114 ± 0.004 <0.05 0.993 ± 0.014
PS10 1390 ± 86 2.73 ± 0.15 61.7 ± 2.2 0.538 ± 0.023 0.0683 ± 0.0036 0.237 ± 0.001 0.894 ± 0.033 3.87 ± 0.01
PS20 1570 ± 92 1.70 ± 0.06 69.7 ± 2.3 0.751 ± 0.046 0.139 ± 0.005 0.226 ± 0.007 1.25 ± 0.02 5.03 ± 0.01
PS40  1970 ± 104 0.81 ± 0.04 54.5 ± 1.4 0.823 ± 0.039 0.214 ± 0.004 0.221 ± 0.010 1.82 ± 0.03 6.59 ± 0.03
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S0: 0% polluted soil; PS10: 10% polluted soil + 90% control soil; PS20: 20% polluted
etection limit (mg/kg): As = 0.05, Cd = 0.005, Cu = 0.005, Pb = 0.05 and Zn = 0.005.
alues are expressed as mean ± standard deviation with n = 4.

Tolerance index (TI) was calculated by the following equation
29]:

olerance index (%) = growth in soil + metal
growth in soil − metal

× 100

For soil phenanthrene analysis, soil samples were extracted
ccording to EPA Standard Method 3540C [30]. All the samples
ere extracted for 18 h with acetone and dichloromethane (v:v,

:1, 80 ml)  in a Soxhlet apparatus. Florisil column was used for
urifying the concentrated extract (EPA Standard Method 3620B)
31]. The eluant was evaporated to less than 2 ml  prior to analysis.
henanthrene concentrations were analyzed using gas chromatog-
aphy/mass spectrometry, based on the EPA Standard Method
270C [32]. A certified reference material (soil CRM104-100,
esource Technology Corporation, US) was used for quality con-
rol and the recovery rates were within 100 ± 10% after comparing
he phenanthrene concentration of standard reference materials to
ts certificate.

.6. Measurement of soil microbial activity

The determination of the dehydrogenase activity was  based on
he use of soluble tetrazolium salt as an acceptor [33]. Samples
f 1.0 g of soil were weighed in test tubes, mixed with 2 ml  of
.88 mM iodonitrotetrazolium chloride (INT) solution and 1.5 ml
f 1 M Tris buffer (pH 7), and incubated for 2 h at 40 ◦C. After incu-
ation, iodonitrotetrazolium formazan (INTF) formed by reduction
f INT was extracted with 10 ml  of tetrahydrofuran and measured
t 464 nm using a UV–visible spectrophotometer (PharmaSpec UV-
700, Shimadzu, Japan). Blanks were treated in the same manner
ith soil samples, which were sterilized by autoclaving (121 ◦C,

0 min) to inhibit microbial activity. The acid phosphatase activities
ere analyzed as described by Alef and Nannipieri [34]. Samples
f 1.0 g of soil were weighted in test tubes, mixed with 0.25 ml  of
oluene, 4 ml  of modified universal buffer at pH 6.5 and 1 ml  of
5 mM p-nitrophenyl phosphate solution, and incubated for 1 h at
7 ◦C. After incubation, 1 ml  of 0.5 M calcium chloride and 4 ml  of
.5 M sodium hydroxide were added into the tubes and mixed. For
he control, 1 ml  of p-nitrophenyl phosphate solution was  added
efore filtration (Whatman No. 42 filter paper) and the absorbance
as measured at 400 nm using a UV–visible spectrophotometer.
80% control soil; PS40: 40% polluted soil + 60% control soil.

2.7. Statistical analyses

The bioaccumulation factor was  defined as the ratio of the metal
concentrations in shoot to water-soluble metal concentrations in
soils [35] and phytoextraction efficiency was calculated based on
the ability of the root to transport heavy metals to shoot (the
amount of heavy metals in the shoot expressed/g root dry weight
[36]). The translocation factor (TF) for metals within a plant was
expressed by the ratio of [metal]shoot/[metal]root which showed
the metal translocation properties from roots to aboveground
parts [37]. The significant difference between soil parameters, soil
metal concentrations and bacterial inoculation was tested by using
Fisher’s protected least significant difference (LSD) after an analysis
of variance (ANOVA). In addition, to compare the effects of contami-
nated soil and bacteria on soil parameters, soil enzymatic activities,
biomass and metal concentrations of plant, two-way ANOVA was
tested, statistical results (Tables S1–10) can be found in the supple-
mentary material. All statistical analyses including Pearson’s partial
correlation analysis were carried out using SPSS 11.0.0. Unless oth-
erwise indicated, all treatment means were tested for significant
difference at P < 0.05. Means and standard deviations were calcu-
lated based on four replicates.

3. Results

3.1. pH, EC and EOC

Table 2 shows the effects of S. alfredii and bacterial inoculation
on soil pH, EC and EOC mixed with different proportions of the
polluted soil. The addition of polluted soil significantly (P < 0.001)
increased the pH values (Table S1).  In addition, the pH values
increased significantly (P < 0.001) in treatment B by 0.33–1.11 (pH
unit), treatment P by 0.35–0.59 and treatment B + P by 0.75–1.61
when compared to treatment CK. However, the pH values of all
treatments decreased when compared with the initial pH (Table 1).
Different treatments (especially B and B + P) posed significant
(P < 0.001, Table S1)  effects on soil EC but no significant effect was
detected in the addition of polluted soil. A marked increase of EC
was observed in treatment B by 17.9–84.5%, while EC decreased
in treatment P by 63.1–82.7%. However, EC only decreased by

3.41–28.4% in treatment B + P. Tables 2 and S1 show that the addi-
tion of polluted soil had significant (P < 0.001 for 1st and 2nd month
and P < 0.05 for 3rd month) effects on soil EOC concentration,
decreasing by 22.5–52.0%, 7.86–49.8% and 25.7–45.8 during the 1st,
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Table 2
Influence of S. alfredii and bacterial inoculation on soil physicochemical parameters after 3 months’ growth in soil with different proportions of polluted soil.

Treatment pH Electrical conductivity
(EC, �S/cm)

Extractable organic carbon
(EOC, mg/kg)

Nitrogen (N, mg/kg) Phosphorus (P, mg/kg) Total P

1st month 2nd month 3rd month Water-soluble N Total kjeldahl N Water-soluble P Olsen-P

PS0
CK 4.37 ± 0.14 a 967 ± 72 b 663 ± 43 a 529 ± 79 a 360 ± 23 a 3.27 ± 0.11 a 1852 ± 86 a 25.6 ± 1.3 b 91.7 ± 11.6 b 1140 ± 87 a
B  5.48 ± 0.11 c 1640 ± 138 c 1160 ± 97 c 746 ± 21 a 788 ± 42 b 4.52 ± 0.58 a 3063 ± 184 b 45.6 ± 1.1 d 131 ± 4 c 1248 ± 92 a
P 4.91 ±  0.19 b 167 ± 12 a 736 ± 88 ab 668 ± 28 a 321 ± 18 a 2.87 ± 0.07 a 1836 ± 249 a 18.8 ± 0.7 a 60.0 ± 5.7 a 1162 ± 110 a
B  + P 5.98 ± 0.34 d 934 ± 61 b 897 ± 52 b 810 ± 197 a 452 ± 22 ab 3.23 ± 0.26 a 2887 ± 38 b 39.2 ± 1.6 c 119 ± 2 c 1630 ± 257 a
PS10
CK  5.07 ± 0.12 a 1380 ± 94 bc 513 ± 33 a 487 ± 38 a 285 ± 13 a 6.68 ± 1.19 b 1898 ± 49 a 8.29 ± 2.07 a 37.0 ± 1.3 a 1356 ± 86 a
B 5.70  ± 0.08 bc 1880 ± 115 c 713 ± 49 b 711 ± 55 b 522 ± 45 b 4.06 ± 0.56 ab 2722 ± 256 b 22.5 ± 1.4 b 104 ± 4 b 1670 ± 68 a
P 5.67  ± 0.29 b 268 ± 84 a 778 ± 90 b 554 ± 60 a 309 ± 27 a 2.34 ± 0.27 a 1977 ± 167 a 11.1 ± 0.6 a 34.9 ± 0.5 a 1516 ± 121 a
B  + P 6.02 ± 0.10 c 990 ± 328 ab 1090 ± 16 c 856 ± 73 b 397 ± 44 a 3.11 ± 0.06 ab 2956 ± 168 b 23.6 ± 0.3 b 106 ± 1 b 2221 ± 187 b
PS20
CK  5.45 ± 0.27 a 1300 ± 163 b 541 ± 39 ab 265 ± 24 a 380 ± 57 a 3.33 ± 1.24 a 2039 ± 120 a 3.07 ± 0.26 a 29.0 ± 0.8 a 1460 ± 69 a
B 6.05 ±  0.12 b 1540 ± 125 b 542 ± 51 ab 636 ± 46 b 499 ± 81 a 3.06 ± 0.11 a 3275 ± 145 b 15.1 ± ± 0.3 c 75.5 ± 1.3 b 2024 ± 176 b
P  5.89 ± 0.07 b 303 ± 24 a 346 ± 29 a 312 ± 16 a 336 ± 28 a 1.38 ± 0.32 a 2013 ± 111 a 5.50 ± 0.56 b 27.7 ± 1.4 a 1438 ± 102 a
B  + P 6.20 ± 0.21 b 991 ± 57 b 722 ± 33 b 570 ± 10 b 379 ± 12 a 2.86 ± 0.58 a 2876 ± 207 b 15.6 ± 0.4 c 77.4 ± 5.1 b 2130 ± 296 b
PS40
CK  5.86 ± 0.06 a 1270 ± 147 b 318 ± 13 b 269 ± 24 a 195 ± 11 a 3.26 ± 0.86 ab 2148 ± 89 a 0.763 ± 0.060 a 20.9 ± 1.2 a 1418 ± 110 a
B  6.19 ± 0.14 b 2340 ± 127 c 554 ± 14 d 415 ± 11 b 382 ± 10 c 3.55 ± 0.37 b 3141 ± 90 b 5.03 ± 0.34 b 52.7 ± 1.4 b 1914 ± 126 c
P  6.21 ± 0.17 b 467 ± 36 a 297 ± 8 a 297 ± 12 a 324 ± 29 b 1.40 ± 0.06 a 2255 ± 178 a 1.42 ± 0.17 a 20.7 ± 0.4 a 1527 ± 135 ab
B  + P 6.61 ± 0.09 c 996 ± 227 ab 492 ± 5 c 615 ± 30 c 202 ± 13 a 2.23 ± 0.08 ab 3094 ± 46 b 6.54 ± 0.39 c 54.0 ± 1.9 b 1750 ± 90 bc

PS0: 0% polluted soil; PS10: 10% polluted soil + 90% control soil; PS20: 20% polluted soil + 80% control soil; PS40: 40% polluted soil + 60% control soil.
CK:  control; B: bacterial inoculation; P: S. alfredii cultivation; B + P: bacteria + S. alfredii cultivation.
Values are expressed as mean ± standard deviation with n = 4.
For each treatment, different letters in the same column indicate significant difference within treatments at the level of P < 0.05.
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Fig. 1. Influence of S. alfredii and bacterial inoculation on (a) soil acidic phos-
phatase activity with different proportions of polluted soil and relationship of (b)
soil  water-soluble P and (c) soil Olsen-P with soil acid phosphatase activities after
3  months’ growth in soil. PNP: p-nitrophenol; PS0: 0% polluted soil; PS10: 10% pol-
luted soil + 90% control soil; PS20: 20% polluted soil + 80% control soil; PS40: 40%
W.C. Li, M.H. Wong / Journal of Haza

nd and 3rd month, respectively. In addition, different treatments
especially B) posed significant (P < 0.001, Table S1)  effects on soil
OC, increasing by 0.12–74.4%, 41.0–140% and 31.4–119% during
he 1st, 2nd and 3rd month, respectively.

.2. Soil N, P and acid phosphatase activity

Total and bioavailable soil nutrients (N and P) are shown in
able 2. Addition of polluted soil and different treatments sig-
ificantly (P < 0.001, Table S1)  decreased the water-soluble N,
specially in treatment P. However, the reduction of water-soluble

 was alleviated with the inoculation of bacteria. On the other hand,
ddition of polluted soil did not significantly decrease TKN in soil,
hile it was significantly (P < 0.001) increased in treatment B and

 + P, by 43.4–65.4% and 41.0–55.9%, respectively.
Water-soluble and Olsen-P (NaHCO3 extractable, available inor-

anic P) were significantly decreased by the addition of polluted soil
P < 0.001, Table S1), but increased significantly (P < 0.001) with the
noculation of bacteria in treatments B and B + P. Water-soluble and
lsen-P increased in treatment B by 78.6–557% and 42.6–180%; in

reatment B + P by 108–362% and 97.89–203%, respectively. Simi-
arly, inoculation of bacteria also posed a significant effect on TP,

hich was increased by 23.2–38.6%, and the addition of polluted
oil had no significant (P > 0.05) effect on TP.

The influence of S. alfredii and bacterial inoculation on soil acid
hosphatase activity under different proportions of polluted soil is
hown in Fig. 1a. Soil phosphatase activity decreased significantly
P < 0.001) with the addition of polluted soil. No enzyme activity
as detected in the control under both 20 and 40% of polluted soil.
owever, different types of treatments had significant (P < 0.001)
ffect on enzyme activities, especially in treatment B + P, which had
he highest enzyme activity among different proportions of pol-
uted soils. The relationships between water-soluble P, Olsen-P and
ctivities of acid phosphatase are further illustrated in Fig. 1b and c.
ater-soluble P (R = 0.68, P < 0.001) and Olsen-P (R = 0.57, P < 0.001)

n soil were positively correlated with acid phosphatase (P < 0.001).

.3. Plant biomass and P uptake

No visual symptoms of metal toxicity were observed through-
ut the experiment. The biomass and P uptake of S. alfredii (on a dry
eight basis) are shown in Table 3. The addition of polluted soil had
o significant effect on shoot biomass. Conversely, root biomass
as found to increase significantly (P < 0.05, Table S2), especially in

0% polluted soil. Although no dramatic decrease was detected in
hoot biomass in higher proportions of polluted soil, it was signifi-
antly (P < 0.05, Table S2)  reduced with the inoculation of bacteria
y 15.5–22.1%. For P uptake by S. alfredii,  the addition of higher pro-
ortions of polluted soil had no effect on P uptake in shoot and root.
owever, inoculation of bacteria significantly (P < 0.01, Table S2)
nhanced the uptake of P in root by 4.61–74.0%, but no significant
ifference (P > 0.05, Table S2)  was detected in shoot which only

ncreased by 5.65–11.3%.

.4. Metal uptake, translocation factors and tolerance index

The effects of adding polluted soil and bacterial inoculation on
etal uptake by S. alfredii are illustrated in Table 4. In general, metal

ptake in both shoot and root increased significantly (Table S3)
ue to the addition of polluted soil. However, significant reduc-
ion of metal uptake in the treatment of S. alfredii with bacterial
noculation was observed, especially for Cd, Pb and Zn (for Cd in

hoot and root by 11.4–24.1% and 38.1–50.5%; Pb by 58.6–62.0%
nd 38.7–83.2%; Zn by 24.6–45.4% and 40.0–44.4%, respectively).

Translocation factor and tolerance index of S. alfredii are
hown in Table 4. No significant (Table S3)  effect of increasing
polluted soil + 60% control soil; values are expressed as mean ± standard derivation
with n = 4 and for each treatment, different letters in the same column indicate
significant difference within treatments at the level of P < 0.05 in (a).

proportions of polluted soil on translocation factor for metals
was observed, except for Zn. However, bacterial inoculation posed

different effects on metal translocation factor. For Cu, bacterial
inoculation decreased the translocation factor by 10.3–25.6%. On
the contrary, for Cd, Pb and Zn, it increased by 24.6–84.0%, 1.4–100%
and 10.6–42.0%, respectively. The addition of polluted soil and



426 W.C. Li, M.H. Wong / Journal of Hazardous Materials 209– 210 (2012) 421– 433

Table  3
Influence of bacterial inoculation on plant P, shoot and root biomass of S. alfredii after 3 months’ growth in soil with different proportions of polluted soil.

Treatment Biomass (g) Phosphorus (P, mg/kg)

Shoot Root Shoot Root

PS0
P 0.599 ± 0.047 0.0552 ± 0.0067 2160 ± 180 3270 ± 189
B  + P 0.506 ± 0.118 0.0464 ± 0.0171 2330 ± 210 3420 ± 141
PS10
P 0.690  ± 0.112 0.0483 ± 0.0054 2020 ± 236 3260 ± 179
B  + P 0.479 ± 0.094 0.0410 ± 0.0067 2130 ± 189 5670 ± 420
PS20
P  0.545 ± 0.038 0.0564 ± 0.0072 2150 ± 192 3410 ± 372
B  + P 0.451 ± 0.071 0.0461 ± 0.0153 2360 ± 257 5840 ± 297
PS40
P 0.644  ± 0.097 0.0993 ± 0.0154 1890 ± 81 3240 ± 156
B  + P 0.502 ± 0.092 0.0468 ± 0.0081 2110 ± 156 5430 ± 392

P  soil +
P
V

b
N
o

3

r
t
P
T

T
I
s

P
P
D
V
n

S0: 0% polluted soil; PS10: 10% polluted soil + 90% control soil; PS20: 20% polluted
:  S. alfredii cultivation; B + P: bacteria + S. alfredii cultivation.
alues are expressed as mean ± standard deviation with n = 4.

acteria together had no significant effect on the tolerance indices.
evertheless, bacterial inoculation increased the tolerance indices
f shoot and root by 7.32–23.2% and 52.0–72.0%, respectively.

.5. Bioaccumulation factor and phytoextraction efficiency

Table 5 shows that the addition of polluted soil and bacte-

ia significantly (Cd: P < 0.01; Zn: P < 0.05, Table S4)  decreased
he bioaccumulation factor of Cd and Zn, while factors of Cu and
b were only decreased significantly (Cu: P < 0.001; Pb: P < 0.01,
able S4)  by the inoculation of bacteria. A dramatic decrease in the

able 4
nfluence of bacterial inoculation on metals uptake, translocation factor and tolerance ind
oil.

Treatment Total metal (mg/kg)

As Cd Cu 

Shoot Root Shoot Root Shoot 

PS0
P <0.05 20.9 ± 1.2 119 ± 28 37.6 ± 5.6 9.82 ± 0.76 

B  + P <0.05 <0.05 132 ± 15 18.6 ± 4.8 8.74 ± 1.05 

PS10
P <0.05  84.9 ± 10.7 311 ± 29 139 ± 19 9.91 ± 1.22 

B  + P <0.05 81.2 ± 6.5 236 ± 37 83.1 ± 14.9 8.87 ± 1.28 

PS20
P  <0.05 93.2 ± 10.9 399 ± 55 181 ± 29 12.2 ± 0.8 

B  + P <0.05 127 ± 24 303 ± 78 90.0 ± 12.3 10.8 ± 1.8 

PS40
P  <0.05 68.7 ± 14.2 398 ± 65 181 ± 27 10.9 ± 1.6 

B  + P <0.05 86.7 ± 16.4 352 ± 44 112 ± 13 9.59 ± 1.34 

Treatment Translocation factor (Metalshoot/Metalroot) 

As Cd Cu 

PS0
P n.a. 3.17 ± 0.38 0.632 ± 0.059 

B  + P 0.0938 ± 0.0122 5.83 ± 0.67 0.474 ± 0.077 

PS10
P  0.0741 ± 0.0068 2.33 ± 0.22 0.477 ± 0.065 

B  + P n.a. 2.91 ± 0.14 0.432 ± 0.061 

PS20
P  n.a. 2.45 ± 0.36 0.485 ± 0.078 

B  + P n.a. 3.81 ± 0.88 0.401 ± 0.082 

PS40
P  0.544 ± 0.084 2.29 ± 0.25 0.504 ± 0.075 

B  + P n.a. 3.27 ± 0.72 0.568 ± 0.049 

S0: 0% polluted soil; PS10: 10% polluted soil + 90% control soil; PS20: 20% polluted soil +
:  S. alfredii cultivation; B + P: bacteria + S. alfredii cultivation.
etection limit (mg/kg): As = 0.05, Cd = 0.005, Cu = 0.005, Pb = 0.05 and Zn = 0.005.
alues are expressed as mean ± standard deviation with n = 4.
.a.: not available.
 80% control soil; PS40: 40% polluted soil + 60% control soil.

factor was observed with the increasing proportions of polluted
soil used, especially for Cd and Zn without bacterial inoculation.
The bioaccumulation factor for Cd and Zn decreased in the absence
of bacteria by 30.7–55.0% and 12.5–45.5%, respectively. However,
the reduction alleviated with the inoculation of bacteria, for Cd and
Zn by 16.2–34.7% and 15.9–29.8%. For phytoextraction efficiency
(Table 5), Only Pb significantly (P < 0.001, Table S4)  decreased with

bacterial inoculation and the addition of polluted soil had a signifi-
cant reduction (P < 0.05, Table S4) on Zn. In general, phytoextraction
efficiency of Cd, Cu, Pb and Zn decreased with the increasing pro-
portions of polluted soils added into the treatments. However, the

ex of S. alfredii after 3 months’ growth in soil with different proportions of polluted

Pb Zn

Root Shoot Root Shoot Root

22.0 ± 2.7 <0.05 <0.05 10,240 ± 1220 4280 ± 301
8.69 ± 1.55 <0.05 <0.05 5590 ± 736 2570 ± 327

26.9 ± 3.4 54.6 ± 7.2 347 ± 72 18,680 ± 2226 10,110 ± 1476
33.5 ± 4.6 20.7 ± 3.8 58.3 ± 10.6 12,100 ± 972 6010 ± 781

30.8 ± 3.8 85.1 ± 12.9 542 ± 131 19,630 ± 3540 12,710 ± 2826
31.6 ± 6.5 33.0 ± 2.4 145 ± 17 13,630 ± 1816 7070 ± 405

22.2 ± 3.3 127 ± 17 485 ± 101 15,780 ± 2064 12,010 ± 925
19.3 ± 0.9 52.5 ± 6.6 298 ± 33 11,910 ± 1315 6700 ± 857

Tolerance indices (%)

Pb Zn Shoot Root

0.126 ± 0.028 2.62 ± 0.24 n.a. n.a.
0.254 ± 0.066 2.55 ± 0.29 n.a. n.a.

0.190 ± 0.061 1.92 ± 0.25 123 ± 23 87.4 ± 10.6
0.272 ± 0.035 2.30 ± 0.44 132 ± 34 150 ± 28

0.173 ± 0.069 1.80 ± 0.35 95.0 ± 18.4 105 ± 13
0.109 ± 0.009 1.99 ± 0.31 117 ± 11 160 ± 25

0.281 ± 0.047 1.36 ± 0.26 116 ± 25 185 ± 40
0.284 ± 0.019 1.94 ± 0.47 133 ± 17 182 ± 27

 80% control soil; PS40: 40% polluted soil + 60% control soil.
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Table 5
Influence of bacterial inoculation on bioaccumulation factor and phytoextraction efficiency of S. alfredii after 3 months’ growth in soil with different proportions of polluted
soil.

Treatment Bioaccumulation factor Phytoextraction efficiency

As Cd Cu Pb Zn As Cd Cu Pb Zn

PS10
P n.a. 10,960 ± 2087 38.1 ± 4.7 39.1 ± 6.4 4085 ± 553 n.a. 5250 ± 681 171 ± 40 930 ± 173 317,700 ± 26,600
B  + P n.a. 6410 ± 516 30.8 ± 4.1 36.5 ± 13.5 3240 ± 240 n.a. 3380 ± 543 136 ± 23 298 ± 79 181,100 ± 16,260
PS20
P  n.a. 7590 ± 1107 43.7 ± 5.2 49.1 ± 6.5 3580 ± 428 n.a. 3900 ± 537 122 ± 21 829 ± 132 196,300 ± 39,550
B  + P n.a. 5370 ± 895 34.7 ± 5.9 25.0 ± 3.2 2730 ± 300 n.a. 3670 ± 419 127 ± 14 410 ± 58 165,600 ± 20,110
PS40
P 17.1  ± 2.8 4940 ± 574 39.2 ± 6.6 69.0 ± 5.4 2226 ± 105 n.a. 3000 ± 238 79.8 ± 8.6 930 ± 122 117,600 ± 28,220
B  + P n.a. 4180 ± 329 29.6 ± 3.8 23.2 ± 3.0 2274 ± 166 n.a. 4430 ± 512 113 ± 32 667 ± 97 144,700 ± 20,510

P: S. alfredii cultivation; B + P: bacteria + S. alfredii cultivation.
PS10: 10% polluted soil + 90% control soil; PS20: 20% polluted soil + 80% control soil; PS40: 40% polluted soil + 60% control soil.
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alues are expressed as mean ± standard deviation with n = 4.
.a.: not available.

hytoextraction efficiency of Cd and Pb increased by 8.7–31.2%
nd 37.6–123.8% in treatment B + P, respectively. For Cu and Zn,
he reduction of phytoextraction efficiency was alleviated by the
noculation of bacteria. The phytoextraction efficiency of Cu and
n decreased by 28.6–53.3% and 38.2–63.0%, respectively, with the
ncreasing proportions of polluted soil. On the contrary, the effi-
iency for Cu and Zn only decreased 6.6–16.9% and 8.6–20.1% in
reatments with bacterial inoculation, respectively.

.6. Heavy metal extractability and total metals in soil

Table 6 shows the effects of S. alfredii with bacteria on water-
oluble, DTPA-extractable and total metals at the end of the
xperiment. The addition of polluted soils and different types of
reatments posed significant effects on the concentrations of water-
oluble metals. In general, the concentrations of water-soluble
etals increased with the increasing proportions of polluted soils,
hile inoculation of bacteria posed different effects. Treatments

 and B + P decreased water-soluble concentrations of Cd, Pb and
n significantly (P < 0.001, Table S5), however, concentrations of
ater-soluble As and Cu increased with the inoculation of bacteria

P < 0.001). The addition of polluted soils and different treatments
lso posed significant effects (P < 0.001, Table S5)  on the concen-
ration of DTPA-extractable metals. Concentrations of Pb increased
ignificantly (P < 0.001) in treatments B and B + P, while concentra-
ions of DTPA-extractable Cd, Cu and Zn decreased with inoculation
f bacteria (P < 0.001).

The concentrations of total metals in soil after harvesting the
lant are shown in Table 6. The addition of polluted soil signifi-
antly (P < 0.001, Table S5)  increased the total metal concentrations
n soil, and different types of treatments significantly (P < 0.001)
ecreased total As, Cu, Pb and Zn in soil. In general, treatments B, P
nd B + P decreased (P < 0.001) the total metal concentrations in soil.
or example, treatment P decreased 14.2–31.0% of Cd, 13.1–34.6%
f Cu, 4.8–24.6% of Pb and 20.9–26.5% of Zn accordingly when com-
ared to the control.

.7. Soil dehydrogenase activity

The effects of S. alfredii and bacterial inoculation on soil dehy-
rogenase activities during the experimental period are illustrated

n Fig. 2. The addition of polluted soil significantly (P < 0.001 for

st and 2nd month, P < 0.05 for 3rd month, Table S6)  decreased
nzyme activities in soil, while enzyme activities were signifi-
antly increased in the treatments with bacteria during the 1st
onth. During the 2nd and 3rd month, it was  observed that soil
dehydrogenase activities were significantly (P < 0.001, Table S6)
enhanced in treatments B and B + P.

3.8. Phenanthrene removal in soil

The removal of phenanthrene from soil is shown in Fig. 3. The
addition of polluted soil significantly (P < 0.01 for 1st month and
P < 0.001 for 2nd and 3rd month, Table S6)  decreased the removal
rate of phenanthrene from soil. However, treatments B, P and B + P
significantly (P < 0.001) enhanced the removal of phenanthrene
in soil. Throughout the pot trial, the removal of phenanthrene
from soil was  dramatic, with the loss of 66.8–79.5%, 92.5–95.6%,
75.5–86.5% and 92.2–96.3% phenanthrene in treatments CK, B, P
and B + P accordingly at the end of experiment.

4. Discussion

4.1. Effects of bacteria on soil pH, EC and EOC

At the end of the experimental period, there has been a decrease
in soil pH in all control treatments (without bacterial inoculation
and plant cultivation) compared to the beginning of experiment
and it might be due to nitrification of the peat moss bacterial inocu-
lums applied [38]. On the other hand, soil pH in each treatment was
higher than the control. Lorenz et al. [39] and Luo et al. [40] also
found an increase in soil pH during the growth of radish (Raphanus
sativus) and T. caerulescens, which was  probably due to the plants
taking up N predominantly in the form of NO3-N, with concur-
rent excretion of OH− ions in order to maintain electrical neutrality
within their roots [41]. Soil EC and EOC were significantly increased,
especially in treatment with bacterial inoculation. It indicated that
heterotrophic bacteria, which requires organic supplements for
growth and energy supply, may  contribute to the increase of EC and
EOC because they decompose the organic matter and then release
soluble low-molecular-weight organic compounds, such as organic
acids, into the soil [42]. EC is useful in monitoring the mineraliza-
tion process of organic matter, and for that reason the increase of
EC could be caused by the decomposition of organic matter in soil.
In addition, EC could also serve as a measure for both cations and
anions soluble nutrients in soil [43]. Therefore, a similar pattern
of concentrations of EC, EOC and water-soluble nutrients could be
found. The bacterial metabolic activities led to an increase in EOC
and EC, which has an essential function in accumulation and mobil-

ity of metals as well as in delaying their circulation in soils [44].
Although EOC and EC concentration increased significantly in the
present study, the mobility of metals decreased, due to precipita-
tion effect of high P concentration in the soil.
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Table 6
Influence of S. alfredii and bacterial inoculation on soil water-soluble, DTPA-extractable and total metals after 3 months’ growth in soil with different proportions of polluted soil.

Treatment Water-soluble metal (mg/kg) DTPA extractable metal (mg/kg)

As Cd Cu Pb Zn As Cd Cu Pb Zn

PS0
CK 0.451 ± 0.108 ab <0.05 0.164 ± 0.045 ab <0.05 2.92 ± 0.38 b <0.05 0.224 ± 0.014 a 1.36 ± 0.09 b 5.95 ± 1.41 a 47.3 ± 2.8 c
B  0.724 ± 0.217 b <0.05 0.189 ± 0.023 b <0.05 1.10 ± 0.30 ab <0.05 0.218 ± 0.028 a 1.17 ± 0.11 ab 9.19 ± 2.88 a 40.2 ± 3.2 bc
P  0.195 ± 0.048 a <0.05 0.080 ± 0.005 a <0.05 0.594 ± 0.046 a <0.05 0.380 ± 0.020 b 1.35 ± 0.08 b 13.8 ± 4.2 a 27.0 ± 5.6 a
B  + P 0.519 ± 0.133 ab <0.05 0.138 ± 0.036 ab <0.05 0.737 ± 0.097 a <0.05 0.247 ± 0.019 a 1.06 ± 0.16 a 14.6 ± 5.0 a 34.8 ± 3.5 ab
PS10
CK 0.910 ±  0.154 a 0.191 ± 0.051 b 0.243 ± 0.066 a 0.582 ± 0.009 a 16.8 ± 3.5 b <0.05 5.67 ± 0.33 c 2.91 ± 0.15 b 166 ± 6 a 312 ± 15 b
B  0.803 ± 0.097 a 0.0841 ± 0.0280 a 0.241 ± 0.033 a 0.458 ± 0.077 a 6.13 ± 0.89 a <0.05 4.40 ± 0.19 ab 2.45 ± 0.14 a 231 ± 20 b 245 ± 7 a
P 1.07 ±  0.14 ab 0.0320 ± 0.0023 a 0.255 ± 0.014 a 1.43 ± 0.23 b 4.60 ± 0.38 a <0.05 4.88 ± 0.30 b 3.72 ± 0.30 c 282 ± 32 bc 270 ± 39 a
B  + P 1.46 ± 0.18 b 0.0440 ± 0.0058 a 0.285 ± 0.020 a 0.751 ± 0.167 a 3.77 ± 0.61 a <0.05 4.29 ± 0.14 a 3.38 ± 0.18 c 331 ± 14 c 244 ± 19 a
PS20
CK  0.728 ± 0.093 a 0.258 ± 0.045 b 0.185 ± 0.025 a 0.494 ± 0.007 a 21.4 ± 2.8 b <0.05 9.45 ± 2.10 a 3.60 ± 0.13 c 146 ± 7 a 404 ± 10 bc
B 1.25 ±  0.29 ab 0.0670 ± 0.0072 a 0.316 ± 0.014 b 0.439 ± 0.050 a 7.22 ± 0.45 a <0.05 7.88 ± 0.58 a 2.63 ± 0.22 a 183 ± 24 a 339 ± 25 ab
P 0.870  ± 0.15 ab 0.0620 ± 0.0081 a 0.283 ± 0.012 b 1.72 ± 0.21 b 5.44 ± 0.51 a <0.05 9.66 ± 0.50 a 3.96 ± 0.24 d 179 ± 9 a 412 ± 25 c
B  + P 1.34 ± 0.06 b 0.0580 ± 0.0064 a 0.309 ± 0.026 b 1.45 ± 0.35 b 4.99 ± 0.40 a <0.05 6.75 ± 1.62 a 3.17 ± 0.18 b 290 ± 38 b 326 ± 40 a
PS40
CK  0.467 ± 0.0712 a 0.287 ± 0.047 b 0.114 ± 0.016 a 0.652 ± 0.019 a 24.2 ± 4.6 b <0.05 16.7 ± 0.50 c 4.07 ± 0.10 bc 97.5 ± 5.8 a 533 ± 10 c
B 0.755 ±  0.140 ab 0.163 ± 0.010 a 0.319 ± 0.025 b 0.574 ± 0.075 a 11.1 ± 3.3 a <0.05 15.0 ± 1.08 b 3.35 ± 0.09 a 146 ± 7 c 472 ± 24 ab
P 0.874  ± 0.287 ab 0.093 ± 0.009 a 0.284 ± 0.020 b 3.07 ± 0.19 b 7.44 ± 1.55 a <0.05 15.1 ± 0.29 b 4.38 ± 0.33 c 124 ± 15 b 501 ± 20 b
B  + P 0.982 ± 0.144 b 0.092 ± 0.012 a 0.330 ± 0.051 b 2.40 ± 0.70 b 5.23 ± 0.02 a <0.05 13.3 ± 0.45 a 3.72 ± 0.21 ab 206 ± 8 d 463 ± 18 a

Treatment Total metal (mg/kg)

As Cd Cu Pb Zn

PS0
CK 67.7 ± 24.5 a 4.29 ± 1.36 a 8.10 ± 1.76 ab 77.6 ± 10.5 a 214 ± 12 b
B  25.8 ± 9.2 a 4.09 ± 0.88 a 12.8 ± 0.83 c 75.5 ± 18.9 a 210 ± 5 b
P 33.9 ±  5.5 a 3.10 ± 0.71 a 5.55 ± 1.40 a 59.6 ± 8.4 a 139 ± 21 a
B  + P 21.9 ± 4.6 a 2.33 ± 0.96 a 10.1 ± 1.59 bc 66.7 ± 17.1 a 194 ± 10 b
PS10
CK  229 ± 56 a 21.5 ± 6.4 a 51.9 ± 3.1 b 2588 ± 182 b 1355 ± 179 b
B 134 ±  13 a 16.8 ± 1.6 a 35.5 ± 1.0 a 1596 ± 39 a 1045 ± 21ab
P  168 ± 5 a 18.5 ± 3.5 a 33.9 ± 0.9 a 1953 ± 239 ab 996 ± 66 a
B  + P 233 ± 65 a 20.7 ± 6.9 a 42.4 ± 7.4 ab 2368 ± 365 ab 1268 ± 167 ab
PS20
CK  353 ± 37 a 35.9 ± 4.6 a 69.3 ± 9.5 ab 4420 ± 409 b 2492 ± 116 b
B  334 ± 85 a 40.9 ± 11.2 a 70.6 ± 5.2 ab 4008 ± 82 ab 2047 ± 142 a
P  316 ± 62 a 35.9 ± 4.4a 58.9 ± 4.6 a 3431 ± 446 a 1837 ± 252 a
B  + P 310 ± 25 a 42.9 ± 6.8 a 79.9 ± 6.3 b 3668 ± 241 a 2507 ± 111 b
PS40
CK  709 ± 17 b 79.9 ± 12.3 b 136 ± 16 b 7619 ± 963 a 4930 ± 1051 b
B  522 ± 20 a 52.5 ± 7.7 a 109 ± 6 a 6626 ± 193 a 3397 ± 141 a
P 565 ±  79 a 55.1 ± 6.9 a 119 ± 11 ab 7252 ± 182 a 3899 ± 568 ab
B  + P 578 ± 17 a 50.5 ± 5.4 a 125 ± 4 ab 7323 ± 200 a 4076 ± 317 ab

PS0: 0% polluted soil; PS10: 10% polluted soil + 90% control soil; PS20: 20% polluted soil + 80% control soil; PS40: 40% polluted soil + 60% control soil.
CK:  control; B: bacterial inoculation; P: S. alfredii cultivation; B + P: bacteria + S. alfredii cultivation.
Detection limit (mg/kg): As = 0.05, Cd = 0.005, Cu = 0.005, Pb = 0.05 and Zn = 0.005.
Values are expressed as mean ± standard derivation with n = 4.
For each treatment, different letters in the same column indicate significant difference within treatments at the level of P < 0.05.
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Fig. 2. Influence of S. alfredii and bacterial inoculation on soil dehydrogenase activ-
ity  in soil under different proportions of polluted soil. INF: iodonitrotetrazolium
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Fig. 3. Influence of S. alfredii and bacterial inoculation on phenanthrene removal in
soil (%) under different proportions of polluted soil. PS0: 0% polluted soil; PS10: 10%
polluted soil + 90% control soil; PS20: 20% polluted soil + 80% control soil; PS40: 40%
xpressed as mean ± standard derivation with n = 4 and for each treatment, differ-
nt letters in the same column indicate significant difference within treatments at
he  level of P < 0.05.

.2. Effects of bacteria on soil N and P
In the present study, different treatments and addition of pol-
uted soil caused an increase in TKN but a decrease in water-soluble
, especially in treatment P, it may  be caused by the uptake and uti-

ization of plant or leaching along with water application during the
polluted soil + 60% control soil; values are expressed as mean ± standard derivation
with n = 4 and for each treatment, different letters in the same column indicate
significant difference within treatments at the level of P < 0.05.

whole experimental period. Mine tailings and metal contaminated
soils are poor in major nutrients such as N and P [45]. There-

fore, the role of microorganisms is very important, as they help
to promote nutrient circulation and reduce the need for chemi-
cal fertilizers. Biological N-fixation provides a major source of N
for plants. Therefore, N and P concentrations were significantly
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ncreased in treatments with bacterial inoculation, as B. cepacia
ossess P-dissolving and N2-fixation capabilities [11]. Some of the
acteria may  solubilize inorganic P due to excretion of organic acids
46]; organic acid production was also detected with the inocula-
ion of B. cepacia in a previous work [18]. Furthermore, growth and

etabolic activity of soil microorganisms are limited by nutrient
vailability [47]. Mineral nutritional factors can affect the number
f bacteria in the rhizosphere [48]. The increased concentrations
f N and P in the soil might be due to the presence of B. cepacia,
herefore the number of bacteria in rhizosphere of S. alfredii should
ave increased due to the enrichment of available N and P in soil.

In the present study, higher acid phosphatase was also observed
n the treatment with plant and bacteria, therefore the available P
n soil was increased. This is in line with Tarafdar and Marschner
49] who revealed that plant-produced phosphatase is exclusively
cid phosphatase. Acid phosphatase could be produced by bacteria,
ungi, yeasts and protozoa, and therefore enhanced acid phos-
hatase activity in the rhizosphere may  be produced directly by
lant roots or indirectly via stimulation of the microbial biomass
50].

.3. Effects of bacteria on available metals

Microbial activity strongly influences metal speciation and
ransport in environment [51]. Plant roots and their free-living and
ymbiotic microbial populations can significantly alter the physico-
hemical characteristics of the rhizosphere by metabolic activities,
.g., metabolite excretion, resulting in a geochemical environment
hat is markedly different from the bulk soil [52]. The present study
evealed that inoculation of B. cepacia prompted the release of avail-
ble N and P into soil. However, the enhanced concentrations of P
ltered the bioavailability of metals in soil. A negative correlation
etween water-soluble metals and available P (water-soluble and
lsen-P) was observed (Table S7).  The decrease in water-soluble
d, Pb and Zn concentrations caused by bacterial inoculation might
e attributed to a dissolution–precipitation process due to the

ncreasing P in soil solution, as a consequence of functional release
y bacteria [53]. Phosphorus has been shown to immobilize and
educe Pb bioavailability [54,55]. Chaney et al. [56] found that addi-
ion of P fertilizer inhibited the uptake of some heavy metals, such
s Pb, due to metal precipitation as pyromorphite and chloropyro-
orphite. Pyromorphites are highly stable Pb phosphate minerals

nder natural conditions [57] and Brown et al. [55] also showed
hat P reduced Cd availability in soil.

.4. Effects of bacteria on plant biomass and metal uptake

Microbial inoculations in polluted soils can help the plant
hrough toxin decomposition as well as promoting plant growth
58]. Microorganisms may  also interact symbiotically with roots
o enhance the potential for metal uptake [59]. Therefore, inocula-
ion of B. cepacia should have a positive effect on S. alfredii through
he detoxification of metals and promote plant growth, however
ur results showed that the potential of metal uptake was not
nhanced.

The present study shows that inoculation of B. cepacia did
ot enhance plant biomass and metal uptake of S. alfredii,  when
ompared to the plant treatment without bacterial inoculation.
lthough in a previous work [18] we observed an obvious increase

n shoot and root biomass with the inoculation of B. cepacia in the
ydroponic experiment, both metal uptake (by S. alfredii) and plant
iomass were reduced in the present study. This might be due to the

levated P concentration in soil, which decreased metal bioavail-
bility (Table S7)  and eventually decreased the metal uptake by
lant. In addition, a negative correlation between soil N, P and metal
ptake in plant was obtained (Table S7).  Excessive P application to
 Materials 209– 210 (2012) 421– 433

S. alfredii might inhibit growth and Zn uptake [60]. In other studies,
significant increase of biomass and metal uptake was observed in
As and Cd/Zn hyperaccumulators with increasing concentrations
of metals in soils or nutrient solutions [61,62].  In order to explain
the consequences of reduced plant biomass and metal uptake, the
relationships between plant biomass, soil nutrients, metal uptake
and metal availability in soil were investigated. Positive correla-
tions between plant biomass and metal uptake by plant (Table S8),
between metal availability and plant metal concentrations were
obtained (Table S8). Based on these results, it is suggested that
the amount of available metals in soil would significantly affect
metal uptake in plant and plant biomass. Metal contents in plant
depended on metal availability in soil and the microbial activities
in the rhizosphere [63].

4.5. Effects of bacteria on P uptake

B. cepacia increased P uptake in both shoot and root in all treat-
ments. Increased nutrient uptake by plants inoculated with bacteria
has been attributed to the production of plant growth regulators
by the bacteria at the root interface, which stimulated root devel-
opment and resulted in better absorption of water and nutrients
from the soil [64]. The production of phytohormones and vita-
mins by rhizosphere bacteria has been revealed in different studies
[65,66]. Rhizosphere bacteria Pseudomonas spp., Azospirillum spp.,
Pantoea spp. and Agrobacterium spp. increased plant growth and
nutrient uptake in maize, wheat and legumes [67], and inoculation
of maize and wheat with Azotobacter and Azospirillum increased
plant growth, nutrient uptake and yield [68].

4.6. Effects of bacteria on metal tolerance

In polluted areas, plants are more dependent on microbial activ-
ity because microorganisms are able to enhance their metabolic
activity to combat stress [69]. Depending on the level of environ-
mental damage, the activity and diversity of soil organisms are
increased to a threshold value prior to the loss of function. The
bioaccumulation factor is one of the most important factors deter-
mining the feasibility of phytoextraction [70]. In the present study,
although bacterial inoculation did not enhance metal uptake by the
plant, it was  observed that metal tolerance in plants had increased
and bioaccumulation factor reduction (Cd and Zn) was  less severe
with increasing proportions of polluted soil. Furthermore, bacterial
inoculation on S. alfredii alleviated the reduction of phytoextraction
efficiency (Cu and Zn) and increased the phytoextraction efficiency
for Cd and Pb by 8.8–31.2% and 37.7–124%, respectively. A posi-
tive correlation between metal and P accumulated in plants was
observed (Table S9). One of the possible explanations is that P
uptake is directly involved in Zn detoxification by the host [71],
leading to an increased P requirement in the presence of high shoot
metal concentrations. If this is the case, bacterial inoculation could
play an important role in metal detoxification by increasing avail-
able P in soil and P uptake in plant. It has also been suggested that
phytotoxicity caused by Cd could be alleviated by increased absorp-
tion of major nutrients such as N and P [72]. Bacteria could protect
plants against the inhibitory effects of metals through siderophore
production and P solubilizing isolates, which might have helped
plant root proliferation and enhanced the uptake of soil minerals
such as Fe and P by the host plant [73].

Metal phytoextraction is a promising alternative approach to the
ex situ decontamination techniques applicable to slightly or mod-
erately contaminated soils [74]. With the assistance of B. cepacia,

S. alfredii might be able to withstand higher metal concentrations
in polluted soils, without decreasing phytoextraction efficiency.
Doelman [75] reported that the efficiency of phytoremediation of
heavy metal contaminated sites is closely related to the presence
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f higher proportions of metal resistant microbial populations in
he soil, which likely resulted in better nutritional assimilation and
rotection for plants. These beneficial effects, together with the
uggested interrelationship of microbial metal resistances, indi-
ated that inoculation with microbes might have some potential
n aiding plants thrive in heavily metal contaminated soils.

.7. Effects of bacteria on enzymatic activities

Soil enzymes could behave differently when exposed to differ-
nt pollutants, such as heavy metals, pesticides and PAHs [76].
n polluted soils, the size of microbial population is dramatically
educed. The activity of dehydrogenase (oxireductase enzyme) is
n indication of microbial metabolism in soil [77]. In addition, glu-
osidase have a key role in regulating nutrient availability through
he mineralization processes [78]. Figs. 1 and 2 show that the addi-
ion of phenanthrene and increasing proportions of polluted soil
eakened the activities of acid phosphatase and dehydrogenase.

he enzymatic activities were affected by the presence of heavy
etals and PAHs, but bacterial inoculation increased enzymatic

ctivities, when compared to treatments without bacterial inoc-
lation. Lipophilic compounds like PAHs have a narcotic mode of
oxic action and they may  affect the permeability and structure
f bacteria by interacting with lipophilic components of their cyto-
lasmic membranes [79]. Hence, heavy metals may  penetrate more
asily into microbial cells and affect their functions in PAH contami-
ated soil. A similar combined toxic effects of heavy metals (Zn, Cd
nd Cu) and phenanthrene toward soil bacteria was reported by
ogolev and Wilke [80].

A negative correlation between water-soluble metals and soil
nzymes (acid phosphatase and dehydrogenase) was  observed
Table S10). High levels of metals could negatively affect soil

icrobial biomass [81], and resulted in a negative effect on dehy-
rogenase activity, which is similar to Cd effect on the microbial
iomass [69]. However in the present study, soil enzymatic activ-

ties increased with bacteria and plant cultivation. It was revealed
hat plant root exudates enhanced the development of a higher
iversity of bacteria in soil and were efficient for supporting bac-
erial growth [82,83]. Such stimulating effects reflected better
iological function and fertility of the inoculated soil. Thus, the
ffectiveness of different treatments types on metal tolerance and
hytoextraction efficiency could be the result of an indirect effect
hrough changes on microbial composition in the rhizosphere [84].

.8. Effects of bacteria and plants on phenanthrene removal

It was observed that bacteria enhanced the removal of phenan-
hrene from soil, i.e. the removal of phenanthrene in treatment

 + P was more efficient than CK. The presence of bacteria could
ncrease the degradation rate of phenanthrene, and it also plays
n important role in enhancing plant tolerance to stressful condi-
ions [85]. A negative correlation between soil dehydrogenase and
henanthrene concentration in soil was observed (Table S10). As

 result of the high enzyme activities, the phenanthrene concen-
ration decreased. Therefore, the presence of B. cepacia protected
lants from metal and PAH toxification, leading to a further increase

n enzymatic activities, which is important for enhancing the degra-
ation of phenanthrene in soil.

. Conclusion

The present study elucidated the interactions between a hyper-

ccumulating plant and bacteria on soil co-contaminated with
eavy metal and phenanthrene. Though bacterial inoculation can

mprove soil N and P nutrition, metal availability in soil decreased.
n addition, inoculation of bacteria did not enhance metal uptake

[

[
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and accumulation by S. alfredii.  This might be due to the precipita-
tion effects of elevated P concentration in soil. The present study
indicated that inoculation of bacteria enhanced metal tolerance of
S. alfredii and increased its phytoextraction efficiency for Cd and Pb
by 8.8–31.2% and 37.7–124%. The bacteria used in this study also
increased the removal of phenanthrene. Therefore, the use of inte-
grated methods to enhance remediation process may be an optimal
solution for the clean up of mixed persistent contaminants and
heavy metals from the environment.
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