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ABSTRACT

A novel Cr (VI) resistant bacterial strain LSSE-09, identified as Pannonibacter phragmitetus, was isolated
from industrial sludge. It has strong aerobic and anaerobic Cr (VI)-reduction potential under alkaline con-
ditions. At 37 °C and pH 9.0, growing cells of strain LSSE-09 could completely reduce 100 and 1000 mgL-!
Cr (VI)-Cr (IlII) within 9 and 24 h, respectively under aerobic condition. Resting cells showed higher
anaerobic reduction potential with the rate of 1.46 mg g~ (4ry weighty Min~!, comparing with their aerobic
reduction rate, 0.21 mgg~' min~'. External electron donors, such as lactate, acetate, formate, pyruvate,
citrate and glucose could highly increase the reduction rate, especially for aerobic reduction. The presence
of 3000 mgL-! acetate enhanced anaerobic and aerobic Cr (VI)-reduction rates up to 9.47 mgg~! min~!
and 4.42mgg' min!, respectively, which were 5 and 20 times faster than those without it. Strain
LSSE-09 retained high activities over six batch cycles and NOs~ and SO42~ had slightly negative effects
on Cr (VI)-reduction rates. The results suggest that strain LSSE-09 has potential application for Cr (VI)
detoxification in alkaline wastewater.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Chromium and its compounds are widely used in industry, such
as electroplating, leather tanning, water cooling, metal finishing
and wood preservation [1,2]. Chromium occurs in the environment
primarily in Cr (VI) and Cr (III) states [3]. Cr (VI) is known to be toxic
to both plants and animals, as a strong oxidizing agent and poten-
tial carcinogen whereas Cr (III) is less toxic than Cr (VI) compounds
[4]. Hence, the removal of Cr (VI) is more important than Cr (III) in
water pollution control. The discharging limit for Cr (VI) has been
instituted by most industrialized countries. Environmental Protec-
tion Agency (EPA) in US recommends that the amount of Cr (VI)
in drinking water should be less than 50 ugL~! [5]. Therefore, it is
essential to remove Cr (VI) from wastewater before disposal.

Conventional methods for removing metals from aqueous
solutions include chemical precipitation, oxidation/reduction, ion
exchange, filtration, membranes and evaporation [6,7]. The major
shortcomings of conventional treatments include costly safe dis-
posal of toxic sludge, incomplete reduction of Cr (VI) and high cost
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for Cr (VI) reduction, especially for the removal of relatively low
concentrations of Cr (VI) [8]. Biotechnological approaches that are
designed to cover such niches have attracted worldwide atten-
tion recently [9]. Among biotechnological approaches, microbial
reduction which is cost-effective and eco-friendly can offer a viable
alternative [10,11].

The application of microbial reduction seems very promising,
which presents continuous metabolic uptake of specific metals,
self-replenishment and avoidance of separating biomass produc-
tion [9]. Microbial reduction of the toxic Cr (VI) to the less toxic
Cr (IIl) represents a useful and cost-effective detoxification pro-
cess [12]. Development of a feasible microbial reduction process
requires isolation of efficient chromate-reducing bacterial strains
[10]. To date, several bacteria which can reduce Cr (VI) under
both aerobic and anaerobic conditions have been reported, such
as Bacillus QC 1-2 [13], Pseudomonas fluorescens LB300 [14], Pseu-
domonad CRB5 [15], Escherichia coli ATCC 33456 [16], Agrobacterium
radiobacter EPS-916 [17] and Achromobacter Ch1 [18,19]. However,
previous researches on bacterial reduction of Cr (VI) were mainly
conducted under neutral conditions. For the detoxification of Cr
(VI)-contaminated alkaline wastewater from chromate factories,
an effective Cr (VI)-removing strain under alkaline conditions is an
essential pre-requisite. Until recently the information about it was
quite insufficient.
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Herein, an effective Cr (VI)-reduction strain, identified as Pan-
nonibacter phragmitetus, was isolated from industrial sludge. Its Cr
(VI)-reduction potential was characterized with the presence of
growing and resting cells. The effect of external electron donors
on Cr (VI)-reduction potential under both aerobic and anaerobic
conditions was also investigated. In addition, the Cr (VI)-reduction
mechanisms were investigated by applying electron paramagnetic
resonance (EPR), transmission electron microscopy (TEM), and
energy-dispersive spectrometry (EDS).

2. Materials and methods
2.1. Isolation and identification of the bacterium

Cr (VI)-reducing strain was isolated from the industrial sludge
of a chromate factory in Henan Province, China. Samples were
enriched in Luria-Bertani (LB) medium which contained 10 g tryp-
tone, 10 g NaCl and 5 g yeast extract in 1 L distilled water, modified
by supplementing 300mgL-! Cr (VI) in the form of K,Cr,0;. The
pH of medium was adjusted to 9.0 with 1.0M NaOH. Cultures
were performed at 37 °C with 150 rpm shaking. After enrichment,
the cultures were purified by isolating single colonies on LB solid
medium which contained 1.5% (w/v) agar. All media were auto-
claved at 121 °C for 20 min prior to use, and all chemicals were of
analytical reagent grade.

The Cr (VI)-reducing strain was characterized by phylogenetic
and phenotypic studies. 16S rRNA gene sequence was amplified
as described by Gerhardt et al. [20]. The amplified products were
sequenced on an automated DNA sequencer (TECHNE Techgene,
Britain). DNA BLAST searched at NCBI GenBank database. The 16S
rRNA gene sequences were aligned with the CLUSTAL_X program,
version 1.64b [21], and positions with insertions or deletions were
excluded during calculations. A neighbour-joining phylogenetic
tree was constructed using MEGA 4.0, based on evolutionary dis-
tances that were calculated with the Kimura two-parameter model
[22].

2.2. Cr (VI) resistance and reduction capacity by growing cells

P. phragmitetus LSSE-09 cells were inoculated into 100 mL LB
medium, cultured aerobically at 37°C and 150 rpm for 12 h. There-
after, 1.0 mL of the bacterial cultures was transferred into 100 mL
of LB medium which contained 300 mg L~ Cr (VI). The effect of ini-
tial pH (6.0, 7.0, 8.0, 9.0, and 10.0) was investigated, respectively.
Aliquots of solution were withdrawn using a syringe at designed
intervals and centrifuged at 12,000xg for 5 min. The supernatants
were analyzed for residual Cr (VI) concentrations.

To characterize Cr (VI) resistance and reduction capacity by
growing cells atinitial pH 9.0, 100 mL of LB medium containing 100,
300, 500 and 1000 mg L~ Cr (VI), respectively, was added 1.0 mL of
the bacterial cultures and then incubated aerobically at 37 °C and
150 rpm. Aliquots of solution were withdrawn to analyze ODggg
and residual Cr (VI) concentrations as described above.

2.3. Cr(VI) reduction capacity by resting cells

P. phragmitetus LSSE-09 cells were harvested by centrifuga-
tion (4000xg) for 15min at 4°C, washed twice with de-ionized
water and then suspended in different buffers. 50mM phos-
phate buffer was used to suspend resting cells at pH 6.0. For
other pH values ranging from 7.0 to 10.0, 50 mM Tris-HCl buffers
were used. The dry weight of cells was approximate 1.95gL"!
(2.04 x 10° cellsmL~1). Cr (VI)-reduction experiments were per-
formed at 37°C and 150 rpm under both aerobic and anaerobic
conditions, as a function of pH values, initial Cr (VI) concentrations,
electron donors and different co-ions.

For aerobic experiments, 20 mL of the reaction mixtures were
incubated in 50 mL flasks. Anaerobic experiments were performed
using 50 mL anaerobic glass bottles. Each bottle was sparged with
nitrogen for 3 min, introduced by a syringe needle through the self-
sealing rubber septum. Air displacement was achieved by inserting
another syringe needle as the outlet. The composition of the reac-
tion mixture depended on the parameters which were investigated
as follows. Samples were taken periodically with a syringe to ana-
lyze residual Cr (VI) and total Cr concentrations.

To characterize the Cr (VI)-reduction efficiency of strain LSSE-
09, effects of initial pH (6.0, 7.0, 8.0, 9.0 and 10.0), and Cr
(VI) concentration (150-450 mgL~1), and recycling stability were
investigated, respectively. Experiments were conducted under
both aerobic and anaerobic conditions as described above. Con-
trols for all experiments were supplemented with all components
except LSSE-09 cells.

To evaluate the effect of external electron donors on Cr (VI)
reduction efficiency, 20 mL 50 mM Tris-HCl (pH 9.0) buffers were
respectively added 3000mgL-! lactate, acetate, formate, citrate
and glucose. The concentration of Cr (VI) in Tris—HCl buffer is
350mgL-1. Samples were drawn at regular intervals to analyze
remaining Cr (VI). The Cr (VI)-reduction rate (TCR) is given by

Co—Ct

TeR = 1.95¢

(1)

Co—Cs

TCR =
or om;

(2)
where

TCR the Cr (VI)-reduction rate (mgg~! gry weighyy min~!, Eq. (1);
mgcell-! min~1, Eq. (2))

Co the initial Cr (VI) concentration (mgL-1)

Ct the finial Cr (VI) concentration (mgL-1)

1.95 the dry weight of cells (gL-1)

C4 the cell density (cellsmL~1)

t the Cr (VI)-reduction time (min)

In addition, the influence of other anions on Cr (VI) reduction
was also investigated by conducting 500 and 1000 mg L~ chloride
(NaCl), nitrate (NaNOs3) and sulfate (Na;SO4). All the experiments
were set up in a completely randomized design with at least three
replicate.

2.4. Analytical methods

The analysis of Cr (VI) inaqueous samples was performed using a
UV-vis spectrophotometer (UNICO7200, USA) at 540 nm after com-
plexation with 1,5-diphenylcarbazide [23]. Total concentrations of
chromium in the samples were measured by an inductively cou-
pled plasma atomic emission spectrometer (ICP-OES, Perkin Elmer
Optima 7000DV, USA).

To investigate the valence states of chromium in the whole cell
after chromium reduction, solid-state EPR analysis was conducted.
EPR samples were prepared following the methods of Li et al. [24].
The EPR measurements were conducted with an ER 200D-SRC spec-
trometer at 9.53 GHz with 100 kHz modulation. Experiments were
performed in a 1-mm-diameter glass tube at room temperature
(300K).

TEM samples were prepared following the methods of Li et al.
[24]. All TEM measurements were carried out by JEM-2010 trans-
mission electron microscopy coupled with an EDS (Oxford) system.
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Fig. 1. Phylogenetic tree derived from 16S rRNA sequence data of P. phragmitetus
LSSE-09.

3. Results and discussion
3.1. Identification of the bacterium

Cr (VI) resistant bacterial strain LSSE-09 with high Cr (VI)-
reduction ability was isolated from industrial sludge. The 16S rRNA
gene sequence analysis revealed that strain LSSE-09 was closely
related to P. phragmitetus with the similarity of 99% (about 1370 bp,
Genebank number: FJ882624.1). The neighbour-joining phyloge-
netic tree (Fig. 1) also showed that strain LSSE-09 tightly clustered
with P. phragmitetus, together componented Pannonibacte genus.
The phylogenetic tree was shown in Fig. 1. Strain P. phragmite-
tus LSSE-09 had been conserved in China General Microbiological
Culture Collection Center (CGMCC No. 3512).

3.2. Cr(VI) resistance and reduction capacity by growing cells

3.2.1. Cr(VI)resistance capacity

Cr (VI) resistance and reduction capacity by growing cells was
evaluated under aerobic condition. The cell growth under different
concentrations of Cr (VI) at initial pH 9.0 was investigated to eval-
uate the Cr (VI) resistance of P. phragmitetus LSSE-09. As shown in
Fig. 2, there was no remarkable difference in curve patterns among
the tested Cr (VI) concentrations, and the maximal ODggg value was
obtained nearly at 40 h. Strain LSSE-09 was tolerant to as high as
1000 mgL-! Cr (VI) at initial pH 9.0. However, 1000 mg L~ Cr (VI)
caused a markedly slower growth and a significantly lower growth
yield than lower Cr (VI) concentrations did. As the cells in Cr (VI)-
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Fig. 2. Growth curves of P. phragmitetus LSSE-09 at different Cr (VI) concentrations
at initial pH 9.0.

a

300

- [} N
m o W
e © ©

* concentration (mg i)
=]
o

o

Cr
h
S

(=}

6 8
Time (h)

(o3

1000 |-

[}

[~}

(=
T

—v— 1000 mg L™

o
T

concentration (mg Lnl)
3 3

& 200}

1 1 1 1 1 1 1 H

10 12 14 16 18 20 22 24 26
Time (h)

2 4 6 8

oF

Fig. 3. Cr (VI) reduction capacity by growing cells: (a) effect of pH; (b) effect of
different Cr (VI) concentrations at initial pH 9.0.

containing mediums grew, the color of the medium became turbid
and gray-green, while the control cultures (grown in the absence
of Cr (VI)) showed no obvious coloration.

3.2.2. Effect of pH

Since Cr (VI) reduction is enzyme-mediated, changes in pH will
affect the degree of ionization of the enzyme, the protein’s con-
formation and the enzyme activity [25]. Fig. 3(a) shows the effect
of pH on Cr (VI) reduction by growing cells of strain LSSE-09. It
could reduce 300mgL-! Cr (VI) in 12 h at initial pH 9.0. There was
no obvious difference in Cr (VI)-reduction yield when initial pH
ranged from 9 to 10, but Cr (VI)-reduction rate highly decreased
at pH 8.0. At initial pH 8.0 and 10.0, strain LSSE-09 reduced 180
and 262mgL-! Cr (VI), respectively. In addition, no obvious Cr
(VI)-reduction occurred at initial pH 6.0 and 7.0. Apart from strain
LSSE-09, some bacteria such as growing cells of Ochrobactrum sp.
strain CSCr-3 [26] and a gram-positive bacterium ATCC700729 [27]
were found to reduce Cr (VI) at pH 9.0.

3.2.3. Effect of Cr (VI) concentrations

Fig. 3(b) reveals that growing cells of strain LSSE-09 can com-
pletely reduce Cr (VI) at concentrations ranging from 100 to
1000 mgL-'. No obvious abiotic reduction of Cr (VI) by LB medium
occurred. Mclean and Beveridge [15] have reported that Pseu-
domonad strain CRB5 could completely reduce 20mgL~1 Cr (VI)
after 120 h. Complete Cr (VI)-reduction by Ochrobactrum sp. strain
CSCr-3 was observed for 100 and 200 mgL-! at 48 h [26]. Another
Pannonibacte phragmitetus, strain BB could completely reduce
500mgL-! Cr(VI)in 24 h at 30°C [28]. Comparatively, strain LSSE-
09 could completely reduce 100 and 1000 mg L~! Cr (VI) after 9 and
24 h of cultivation, respectively, with relatively higher reduction
rate.
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Fig. 4. Effect of pH on Cr (VI)-reduction capacity of resting cells under anaerobic
condition without electron donors.

3.3. Cr(VI) reduction capacity by resting cells

In order to separate metal reduction from growth-related pro-
cess, Cr (VI) reduction capacity by resting cells was evaluated. Truex
et al. [29] suggested that metal reduction under resting condi-
tions might simulate competition for limited substrates in natural
environments. Cr (VI) reduction capacity by resting cells was eval-
uated under both aerobic and anaerobic conditions. Among various
parameters, pH and temperature affected the Cr (VI)-reduction rate
significantly.

3.3.1. Effect of pH

To find a suitable pH for effective chromium reduction by resting
cells of strain LSSE-09, experiments were performed at different ini-
tial pH values (pH 6.0, 7.0, 8.0, 9.0 and 10.0). There was no increase
in cell number during the Cr (VI) reduction process. Fig. 4 shows
the effect of pH on Cr (VI)-reduction capacity under anaerobic con-
dition without external electron donors. Strain LSSE-09 completely
reduced 350mgL-1 Cr (VI) at pH 9.0 after incubating 120 min. At
pH 8.0 and 10.0, strain LSSE-09 reduced 255 and 182 mg L~ Cr (VI),
respectively. It is similar to growing cells that no obvious Cr (VI)-
reduction occurred at initial pH 6.0 and 7.0. Most bacteria reported
on Cr (VI)-reduction were mainly conducted under neutral con-
ditions. Rare bacteria such as resting cells of Achromobacter Ch1
[18,19] was reported to reduce Cr (VI) at pH 9.0.

However, no obvious aerobic-reduction occurred for strain
LSSE-09 at pH 9.0 (Fig. 5(a)). Similar result was also reported for
Enterobacter cloacae HO1 [30]. Strain LSSE-09 probably utilized
toxic chromate as a terminal electron acceptor anaerobically, but
Cr (VI)-reducing activities were rapidly inhibited by oxygen which
acted as the competing electron acceptor [31].

3.3.2. Effect of external electron donors

In order to increase the reduction rate, the effect of exter-
nal electron donors on dichromate reduction by P. phragmitetus
LSSE-09 was evaluated. No abiotic reduction of Cr (VI) by these
electron donors occurred. External electron donors were essential
to improve the reduction rate. As shown in Fig. 5(a), at pH 9.0 and
37°C, when acetate was added to the medium, Cr (VI)-reduction
rates were significantly improved under both aerobic and anaerobic
conditions. Moreover, the anaerobic reduction rate was much faster
than that of the aerobic one. When supplemented with 3000 mg L~
acetate, strain LSSE-09 completely reduced 350mgL-! Cr (VI)
within 20 min anaerobically, compared with 40 min aerobically.

Fig. 5(b) shows the effect of different electron donors on Cr
(VI)-reduction rate at initial pH 9.0. The reduction rate was calcu-
lated by Eq. (1). For blank samples, which were conducted without
external electron donors, anaerobic and aerobic reduction rates
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Fig. 5. Effect of electron donors on Cr (VI)-reduction rate at initial pH 9.0 under
aerobic and anaerobic conditions: (a) with or without acetate; (b) effect of different
electron donors; (c) effect of different acetate concentrations.

were 1.46 mg g~ (dry weighyy Min~! and 0.21 mgg~"' min~', respec-
tively. The anaerobic reduction rate was much higher than the
aerobic one, because this bacterium could anaerobically reduce Cr
(VI) by using internally stored reserves as electron donors, whereas
external electron donors such as lactate, acetate, formate, pyru-
vate, citrate and glucose were essential to stimulate the aerobic
reduction. Among all tested electron donors, washed cells incu-
bated with acetate showed the most significant enhanced effect on
dichromate reduction activity. The presence of 3000 mg L~ acetate
enhanced anaerobic and aerobic Cr (VI)-reduction rates up to 9.47
and 4.42mgg- ! min~!, respectively, which were 5 and 20 times
faster than those without it. For electron donors-containing cul-
tures, the increased reduction rate indicated that it was an active
process [15], because electron donors were also carbon and energy
sources for resting cells. Some bacteria reported can utilize glucose
[13,14], acetate or glycerol [30], pyruvate [ 18] and lactate[15,18,32]
as external electron donors to mediate Cr (VI) reduction.
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Table 1
Comparison of Cr (VI)-reduction rates between different reported bacteria.

Bacteria Temperature (°C)

Cr (VI) concentration

Cell density Time (min) Reduction rate References

(mgL-1) (cellsmL-1) (mgcell~! min~1)
Bacillus QC 1-2 Aerobic 30 15.6 1.0 x 10° 1200 1.3x10° Campos et al. [13]
Agrobacterium radiobacter EPS-916  Aerobic 30 26 2.0x10° 360 3.6x10°14 Lloveraetal.[17]
Pseudomonad CRB5 Aerobic 30 20 1.5 x 107 7200 1.9x10°13 J. McLean et al. [15]
Achromobacter sp. Ch-1 Aerobic 30 250 2.0x10° 45 2.8x10°12 Ma et al. [18]
Anaerobic 104 3.64x10° 35 8.2x 10713 Zhu et al. [19]
Enterobacter cloacae HO1 Anaerobic 30 26 1.0 x 107 600 43 x 10712 Wang et al. [30]
Pannonibacter phragmitetus LSSE-09  Aerobic 37 350 2.04 x 10° 40 43x10°12 The present
Anaerobic 350 2.04 x 10° 20 8.6 x 10712
Reduction rate was calculated by Eq. (2).

However, in our study, Cr (VI) could not be entirely reduced aer- 500 1
obically with the presence of 3000 mg L~! formate and citrate even —e— 150 mg L~
though their initial reduction rates were highly stimulated. In order -

g . ghly _ 400l —a— 250mg L]
to compare the effect of different electron donors, reduction rates 1
of blank, formate and citrate samples were calculated at 120 min by —v— 350mgL
Eq. (1). To compare the Cr (VI)-reduction rates with other bacteria 300 1

reported, the reduction rate of strain LSSE-09 was calculated by Eq.
(2) with cell density of 2.04 x 10° cells mL~! (Table 1). The results
obtained suggested that strain LSSE-09 has high-level aerobic and
anaerobic reduction rates.

In addition, the effect of concentration of sodium acetate over a
range of 0-9000 mg L~! on anaerobic and aerobic Cr (VI)-reduction
rates was evaluated. As shown in Fig. 5(c), both aerobic and anaer-
obic reduction activities increased with increasing concentration.
Nevertheless, when the concentration of sodium acetate was higher
than 3000 mgL~!, the reduction rate reached a plateau with minor
increase, which could be attributed to the saturation of electron
donor relative to the reductase in whole cells.

3.3.3. Effect of Cr (VI) concentrations

The effect of initial Cr (VI) concentrations on Cr (VI)-reduction
efficiency was investigated (Fig. 6). Washed cells were added to
50 mM pH 9.0 Tris-HCI buffers containing various concentrations
of Cr (VI) (150-450 mg L~1) individually. Substantial Cr (VI) reduc-
tion occurred over the entire range of Cr (VI) tested. Resting cells
of strain LSSE-09 reduced 450 mg L~ Cr (VI) within 25 min anaer-
obically (Fig. 6(b)), compared with 50 min aerobically (Fig. 6(a)).

Aerobic and anaerobic Ky, and Vqax values for intact cells were
determined. The kinetic constants were calculated by fitting the
initial rate data to a double-reciprocal Lineweaver-Burk plot of 1/V
[mg of Cr (VI) min~!g of cells~'] vs. 1/[Cr (VI)] (mgL-1) derived
from a linear transformation of the Michaelis—Menten equation.
This allowed the estimation of the specific K, and Vinax for the
non-specific rate constants for whole cell reduction [15]. Initial
reduction rates were estimated from the data in Fig. 6. For aero-
bic reduction, the nonspecific half-saturation or Michaelis-Menten
constant, Ky, was estimated to be 140.00mgL-! and the maxi-
mum nonspecific reduction rate or maximum velocity, Vmax, was
estimated to be 6.03 mg of Crmin~! gofcells~! (Fig. 6(a)). For anaer-
obic reduction, Ky, and Vimax were estimated to be 50.91 mg L1 and
10.53 mgof Crmin~! gof cells~!, respectively (Fig. 6(b)). The anaer-
obic Ky, value is less than the aerobic one, which means that the
crude reductase in whole cells have higher activity under anaerobic
condition.

3.3.4. Effect of different co-ions

Table 2 shows the Cr (VI)-reduction rate in presence of Cl—,
NO3~ and SO42-. No significant difference was observed when Cl~
was added in the resting buffer but NO3~ or SO42~ had slightly
negative effects on Cr (VI)-reduction rates. The higher concentra-
tions of NO3~ and SO42~ were added, the lower reduction rates
were obtained. SO42~ at a concentration of 1000 mgL~! showed

—<— 450 mg L~

g

g
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Fig. 6. Effect of Cr (VI) concentrations on Cr (VI)-reduction rate with 3000 mgL~!
acetate at initial pH 9.0: (a) aerobic; (b) anaerobic.

the most inhibitory effect on Cr (VI) reduction and decreased reduc-
tion rates to 3.70mgg~! min~! aerobically and 7.46 mgg~! min~!
anaerobically, which were 83.7% and 78.8% compared with the
blank samples.

Table 2
Effect of different co-ions on Cr (VI) reduction rates.

Treatment Concentration (mgL~") Reduction rate (mg g~ 4ry weighe min~")
Aerobic Anaerobic
Blank 0 442 + 0.06 9.47 + 0.36
Cl- 500 4.55 + 0.08 9.36 + 0.53
1000 4.32 + 0.08 8.68 + 0.76
NOs3~ 500 412 + 0.05 8.55 + 0.29
1000 3.98 + 0.15 8.15 + 0.27
S04%~ 500 3.89 + 0.03 8.06 + 0.39
1000 3.70 + 0.08 7.46 £+ 0.22

All samples including blank were added 3000 mg L~ acetate as an electron donor.
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As we know, Cr (VI) can be adsorbed directly by biomass and
reduced to less toxic Cr (IlI) and then immobilized [24]. Cr (VI)
mainly present in aqueous solution as chromate (CrO42~) when pH
is larger than 6.0 [33]. Due to the structural similarity of CrO42~ and
S042-, the chromate anion can overcome the cellular permeability
barrier, entering intracellularly via the SO42~ active transport sys-
tem [32,34]. In this experiment, SO42~ may be a competitive ion for
the uptake of CrO42-, because the Cr (VI)-reduction rate decreased
correspondingly. Das and Guha[35] also reported that the uptake of
chromium by live biomass was reduced in presence of sulfate ion.
The existence of NO3 ~ also decreased the Cr (VI)-reduction rate but
the mechanism may be different from SO42~, because NO3~ could
act as another competing electron acceptor, similar to oxygen [31].

3.3.5. Recycling stability

The cells of strain LSSE-09 were tested repeatedly in a reaction
mixture containing 350 mgL~! Cr (VI) and 3000 mgL-! acetate. At
the end of each batch, the coated cells were collected by centrifuga-
tionand then reused in another test. Cr (VI) was completely reduced
by strain LSSE-09 in each batch. As shown in Fig. 7, the activity of
strain LSSE-09 decreased during the Cr (VI) reduction process. The
reduction rate was originally 9.47 mg g~! min—1,and it decreased to
7.98 mg g~ min—! after first batch cycle. After that, the decreasing
rate became slower. Six batch cycles later, the reduction rate was
still as high as 6.61 mgg~! min~!, which was only 30% less than
the original rate. For aerobic tests, the varying tendency was sim-
ilar and the reduction rate was 3.04mgg~! min~! after six batch
cycles, which was 31% less than the original rate. The results sug-
gested that strain LSSE-09 could be repeatedly used and retained
high specific Cr (VI)-reduction activity.

3.3.6. Valence states of chromium binding to bacteria and the
state of chromium inside the bacteria

During the reduction process, the original orange color became
gray-green in both aerobic and anaerobic conditions as described
previously. Whole amounts of bacteria for EPR were prepared to
determine if this turbidity was in part due to the precipitation of
reduced Cr (III).

To detect the possible valence states of chromium in the whole
cell after reduction, EPR analysis of solid-state cells after centrifu-
gation was conducted. Fig. 8 shows the EPR spectrums from solid
samples of strain LSSE-09 incubated with 350 mgL~! Cr (VI) and
3000 mg L1 acetate after Cr (VI) was completely reduced. A abroad
signal (about 500G) centered at a g factor of 1.97 was observed in
both aerobic and anaerobic samples, which could be attributed to
Cr (III) paramagnetic signal [24,36,37]. In comparison with solid
samples, no change was observed in the dried dichromate powder

anaerobic

3000 3500 4000 4500 5000

Magnetic Field (G)

2000 2500

Fig. 8. EPR spectrum from a solid-state of strain LSSE-09 incubated with 350 mg L~!
Cr (VI) and 3000mgL-" acetate in Tris-HCI buffer after Cr (VI) was completely
reduced.

because there is no paramagnetism for Cr (VI). Meanwhile, no other
paramagnetic Cr species such as Cr (V) were found.

To investigate the distribution of chromium inside the bacte-
ria, conventional thin-section TEM of bacteria together with EDS
was applied. If Cr (VI) was not introduced, there was no Cr in EDS
spectrum. U peaks were TEM specimen preparation artifacts from
uranyl acetate used to stain the cells. After introducing 350 mgL~!
Cr (VI), no obvious changes were found on the cell morphology.
EDS analysis showed that the inner parts of bacteria contained
chromium after bioaccumulation (Fig. 9(b)) and the amount of
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Fig. 9. Conventional TEM images of bacterial thin sections of bacteria after anaer-
obically incubated in Tris-HCI buffer with 350 mgL~! Cr (VI) for 120 min: (a) TEM
results of precipitates generated in bacteria after reduction; and (b) EDS spectrum
of these precipitates (black circular portion).
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Table 3
Total concentration of Cr in the supernatant after reduction.

Electron donors Total Cr (mgL-1')

Aerobic Anaerobic
Blank 305.70 + 4.10° 300.55 + 4.88
Acetate 280.42 + 5.89 309.00 + 9.76
Lactate 284.70 + 0.96 293.15 + 3.89
Formate 324.40 £ 4.102 316.60 + 4.95
Pyruvate 311.05 + 3.75 297.40 + 6.93
Citrate 321.55 + 2.6223 315.75 + 3.04
Glucose 314.15 £ 6.72 322.10 + 8.20

2 Means that Cr (VI) was not entirely reduced after 120 min. Total Cr was tested
at 120 min for blank, formate and citrate samples.

chromium inside the bacteria was so small that few obvious pre-
cipitates were formed (Fig. 9(a)).

Considerable soluble Cr (III) was found outside the bacteria cells
as described in Table 3. The final pH was between 9.0 and 10.0 when
the initial pH of Tris—HCl buffer was 9.0 (results not shown), and the
produced Cr (III) is thought to be insoluble Cr(OH);3 [3]. However,
most Cr (III) was not accumulated inside the cells and released into
the supernatant. In this study, the minimum final concentration
of total soluble chromium in the supernatant was 280.42mgL"!
(Table 3). More than 82% of the Cr (III) retained in a soluble form in
the culture supernatant.

As such, Cr (VI) reduction in the presence of cellular organic
metabolites could form both soluble and insoluble organo-Cr (III)
end-products [38]. Several research groups have reported that sig-
nificant amounts of Cr (II) remained in the supernatant of bacterial
cultures and did not precipitate after reduction [13,16,31,39]. It can
be deduced that some soluble organo-Cr (III) end-products were
probably formed after the reduction in this experiment. Further
investigation is being undertaken to remove these soluble organo-
Cr (III) end-products from waste water.

4. Conclusions

P. phragmitetus LSSE-09 showed a strong potential to reduce Cr
(VI) to Cr (Ill) intracellularly by growing and resting cells aerobi-
cally and anaerobically under alkaline conditions. Resting cells of
strain LSSE-09 have high anaerobic-reduction potential whereas
no obvious aerobic-reduction occurred. External electron donors
could highly increase the reduction rate, especially for aerobic
reduction. Most reduced Cr (III) was extruded extracellularly and
formed some soluble organo-Cr (IlI) end-products. In addition,
NO3~ and SO42- had slightly negative effects on reduction rates.
Strain LSSE-09 could be repeatedly used and retained high specific
Cr (VI)-reduction activity. This bacterium shows great promise for
detoxification of Cr (VI) at low or high concentrations in alkaline
wastewaters.

Acknowledgment

This work was financially supported by the National Basic
Research Program of China (No. 2007CB613507).

References

[1] J. Barnhart, Occurrences, uses, and properties of chromium, Regul. Toxicol.
Pharmacol. 26 (1997) S3-S7.

[2] J.W. Patterson, Wastewater Treatment Technology, first ed., Ann Arbor Science
Publishers Inc., New York, 1975.

[3] D.Rai, B.M. Sass, D.A. Moore, Chromium (III) hydrolysis constants and solubility
of chromium (III) hydroxide, Inorg. Chem. 26 (1987) 345-349.

[4] M. Costa, Potential hazards of hexavalent chromate in our drinking water,
Toxicol. Appl. Pharmacol. 188 (2003) 1-5.

[5] A. Baral, R.D. Engelken, Chromium-based regulations and greening in metal
finishing industries in the USA, Environ. Sci. Policy 5 (2002) 121-133.

[6] S.S. Ahluwalia, D. Goyal, Microbial and plant derived biomass for
removal of heavy metals from wastewater, Bioresour. Technol. 98 (2007)
2243-2257.

[7] X.Xiao, S. Luo, G. Zeng, W. Wei, Y. Wan, L. Chen, H. Guo, Z. Cao, L. Yang, J. Chen,
Q. Xi, Biosorption of cadmium by endophytic fungus (EF) Microsphaeropsis sp.
LSE10 isolated from cadmium hyperaccumulator Solanum nigrum L., Bioresour.
Technol. 101 (2010) 1668-1674.

[8] D. Kratochvil, P. Pimentel, B. Volesky, Removal of trivalent and hexavalent
chromium by seaweed biosorbent, Environ. Sci. Technol. 32 (1998) 2693-2698.

[9] A. Malik, Metal bioremediation through growing cells, Environ. Int. 30 (2004)
261-278.

[10] A.Ganguli, A.K. Tripathi, Bioremediation of toxic chromium from electroplating
effluent by chromate-reducing Pseudomonas aeruginosa A2Chr in two bioreac-
tors, Appl. Microbiol. Biotechnol. 58 (2002) 416-420.

[11] B. Kiran, A. Kaushik, C.P. Kaushik, Biosorption of Cr (VI) by native isolate of
Lyngbya putealis (HH-15) in the presence of salts, J. Hazard. Mater. 141 (2007)
662-667.

[12] S.Sultan, S. Hasnain, Reduction of toxic hexavalent chromium by Ochrobactrum
intermedium strain SDCr-5 stimulated by heavy metals, Bioresour. Technol. 98
(2007) 340-344.

[13] J. Campos, M. Martinez-Pacheco, C. Cervantes, Hexavalent-chromium reduc-
tion by a chromate-resistant Bacillus sp. strain, A. Van. Leeuw. 68 (1995)
203-208.

[14] L.H. Bopp, H.L. Ehrlich, Chromate resistance and reduction in Pseudomonas
fluorescens strain LB300, Arch. Microbiol. 150 (1988) 426-431.

[15] J. McLean, TJ. Beveridge, Chromate reduction by a Pseudomonad isolated from
a site contaminated with chromated copper arsenate, Appl. Environ. Microbiol.
67 (2001) 1076-1084.

[16] H. Shen, Y.T. Wang, Characterization of enzymatic reduction of hexavalent
chromium by Escherichia coli ATCC 33456, Appl. Environ. Microbiol. 59 (1993)
3771-3777.

[17] S. Llovera, R. Bonet, M.D. Simon-Pujol, F. Congregado, Chromate reduction by
resting cells of Agrobacterium radiobacter EPS-916, Appl. Environ. Microbiol. 59
(1993) 3516-3518.

[18] Z.Ma, W. Zhu, H. Long, L. Chai, Q. Wang, Chromate reduction by resting cells of
Achromobacter sp. Ch-1 under aerobic conditions, Process Biochem. 42 (2007)
1028-1032.

[19] W. Zhu, L. Chai, Z. Ma, Y. Wang, H. Xiao, K. Zhao, Anaerobic reduction of hex-
avalent chromium by bacterial cells of Achromobacter sp. Strain Ch1, Microbiol.
Res. 163 (2008) 616-623.

[20] P.Gerhardt, W.A. Wood, N.R. Krieq, R. Murray, Methods for General and Molec-
ular Bacteriology, second ed., American Society for Microbiology, Washington,
DC, 1994.

[21] ]J. Thompson, T. Gibson, F. Plewniak, F. Jeanmougin, D. Higgins, The CLUSTAL_X
windows interface: flexible strategies for multiple sequence alignment aided
by quality analysis tools, Nucleic Acids Res. 25 (1997) 4876-4882.

[22] M. Kimura, A simple method for estimating evolutionary rates of base substi-
tutions through comparative studies of nucleotide sequences, ]. Mol. Evol. 16
(1980) 111-120.

[23] A.E. Greenberg, R.R. Trussell, L.S. Clesceri, Standard Methods for the Examina-
tion of Water and Wastewater, 16th ed., APHA, New York, 1985.

[24] B.Li,D.Pan,].Zheng,Y.Cheng, X. Ma, F. Huang, Z. Lin, Microscopic investigations
of the Cr (VI) uptake mechanism of living Ochrobactrum anthropi, Langmuir 24
(2008) 9630-9635.

[25] F.A.O. Camargo, F.M. Bento, B.C. Okeke, W.T. Frankenberger, Chromate reduc-
tion by chromium-resistant bacteria isolated from soils contaminated with
dichromate, J. Environ. Qual. 32 (2003) 1228-1233.

[26] Z. He, F. Gao, T. Sha, Y. Hu, C. He, Isolation and characterization of a Cr (VI)-
reduction Ochrobactrum sp. strain CSCr-3 from chromium landfill, J. Hazard.
Mater. 163 (2009) 869-873.

[27] A.R. Shakoori, M. Makhdoom, R.U. Haq, Hexavalent chromium reduction by a
dichromate-resistant gram-positive bacterium isolated from effluents of tan-
neries, Appl. Microbiol. Biotechnol. 53 (2000) 348-351.

[28] L. Chai, S. Huang, Z. Yang, B. Peng, Y. Huang, Y. Chen, Cr (VI) remediation
by indigenous bacteria in soils contaminated by chromium-containing slag,
]. Hazard. Mater. 167 (2009) 516-522.

[29] MJ. Truex, B.M. Peyton, N.B. Valentine, Y.A. Gorby, Kinetics of U (VI) reduction
by a dissimilatory Fe (IlI)-reducing bacterium under non-growth conditions,
Biotechnol. Bioeng. 55 (1997) 490-496.

[30] P.C. Wang, T. Mori, K. Komori, M. Sasatsu, K. Toda, H. Ohtake, Isolation and
characterization of an Enterobacter cloacae strain that reduces hexavalent
chromium under anaerobic conditions, Appl. Environ. Microbiol. 55 (1989)
1665-1669.

[31] S.S. Middleton, R.B. Latmani, M.R. Mackey, M.H. Ellisman, B.M. Tebo, C.S.
Criddle, Cometabolism of Cr (VI) by Shewanella oneidensis MR-1 produces
cell-associated reduced chromium and inhibits growth, Biotechnol. Bioeng. 83
(2003) 627-637.

[32] A. Mabbett, L. Macaskie, A novel isolate of Desulfovibrio sp. with enhanced
ability to reduce Cr (VI), Biotechnol. Lett. 23 (2001) 683-687.

[33] R.K. Tandon, P.T. Crisp, ]. Ellis, R.S. Baker, Effect of pH on chromium (VI) species
in solution, Talanta 31 (1984) 227-228.

[34] H. Ohtake, C. Cervantes, S. Silver, Decreased chromate uptake in Pseudomonas
fluorescens carrying a chromate resistance plasmid, ]. Bacteriol. 169 (1987)
3853-3856.



1176 L. Xu et al. / Journal of Hazardous Materials 185 (2011) 1169-1176

[35] S.K. Das, AK. Guha, Biosorption of hexavalent chromium by Termitomyces [38] GJ. Puzon, A.G. Roberts, D.M. Kramer, L. Xun, Formation of soluble organo-
clypeatus biomass: kinetics and transmission electron microscopic study, J. chromium (III) complexes after chromate reduction in the presence of cellular
Hazard. Mater. 167 (2009) 685-691. organics, Environ. Sci. Technol. 39 (2005) 2811-2817.

[36] A. Nakajima, Y. Baba, Mechanism of hexavalent chromium adsorption by per- [39] H. Shen, Y. Wang, Simultaneous chromium reduction and phenol degradation
simmon tannin gel, Water Res. 38 (2004) 2859-2864. in a coculture of Escherichia coli ATCC 33456 and Pseudomonas putida DMP-1,

[37] E. Lopez-Navarrete, A. Caballero, V.M. Orera, F.J. Lazaro, M. Ocafia, Oxidation Appl. Environ. Microbiol. 61 (1995) 2754-2758.

state and localization of chromium ions in Cr-doped cassiterite and Cr-doped
malayaite, Acta Mater. 51 (2003) 2371-2381.



	Reduction of hexavalent chromium by Pannonibacter phragmitetus LSSE-09 stimulated with external electron donors under alka...
	Introduction
	Materials and methods
	Isolation and identification of the bacterium
	Cr (VI) resistance and reduction capacity by growing cells
	Cr (VI) reduction capacity by resting cells
	Analytical methods

	Results and discussion
	Identification of the bacterium
	Cr (VI) resistance and reduction capacity by growing cells
	Cr (VI) resistance capacity
	Effect of pH
	Effect of Cr (VI) concentrations

	Cr (VI) reduction capacity by resting cells
	Effect of pH
	Effect of external electron donors
	Effect of Cr (VI) concentrations
	Effect of different co-ions
	Recycling stability
	Valence states of chromium binding to bacteria and the state of chromium inside the bacteria


	Conclusions
	Acknowledgment
	References


