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Abstract Pollution of terrestrial surfaces and aquatic sys-
tems by hexavalent chromium, Cr(VI), is a worldwide pub-
lic health problem. A chromium resistant bacterial isolate
identified as Exiguobacterium sp. GS1 by 16S rRNA gene
sequencing displayed high rate of removal of Cr(VI)
from water. Exiguobacterium sp. GS1 is 99% identical
to Exiguobacterium acetylicum. The isolate significantly
removed Cr(VI) at both high and low concentrations
(1-200 ug mL~') within 12 h. The Michaelis-Menten K,
and V,_,  for Cr(VI) bioremoval were calculated to be
141.92 ygmL~! and 1322 pgmL~'h™!, respectively.
Growth of Exiguobacterium sp. GS1 was indifferent at 1—
75 ugmL~! Cr(VI) in 12h. At initial concentration of
8,000 pg L', Exiguobacterium sp. GS1 displayed rapid
bioremoval of Cr(VI) with over 50% bioremoval in 3 h and
91% bioremoval in 8 h. Kinetic analysis of Cr(VI) biore-
moval rate revealed zero-order in 8 h. Exiguobacterium sp.
GS1 grew and significantly reduced Cr(VI) in cultures con-
taining 1-9% salt indicating high salt tolerance. Similarly
the isolate substantially reduced Cr(VI) over a wide range
of temperature (1845 °C) and initial pH (6.0-9.0). The
T, and initial pH,, were 35-40 °C and 7-8, respectively.
Exiguobacterium sp. GS1 displayed a great potential for
bioremediation of Cr(VI) in diverse complex environments.
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Introduction

Hexavalent chromium (Cr(VI)) and trivalent chromium
(Cr(II)) are the most prevalent species of chromium in the
natural environment [11]. Cr(IIl) is relatively insoluble in
water and exhibits little or no toxicity. In mammals Cr(II)
promotes effective glucose, protein, and lipid metabolism
[1]. The hexavalent form (Cr(VI)) is, however, highly solu-
ble and mobile in water and displays toxic, mutagenic, and
carcinogenic effects to living systems, including microor-
ganisms, at low concentrations [23]. Cr(VI) is an irritant at
relatively high concentrations [11]. It has also been linked
to morphological changes and growth reduction in plants
[21]. Major sources of Cr(VI) pollution include effluents
from leather tanning, chromium electroplating, wood pres-
ervation, alloy preparation and nuclear wastes due to its use
as a corrosion inhibitor in nuclear power plants [40].
Although some living organisms require Cr as an essential
element, its toxic, mutagenic, and carcinogenic nature ren-
der it hazardous [10, 20]. Health problems associated with
Cr pollution of terrestrial surfaces and aquatic systems is of
increasing world-wide concern. Discharge of Cr(VI) into
surface waters is regulated by both the European Union and
US EPA to below 50 ng L~! [16]. The United States Envi-
ronmental Protection Authority (US EPA) set the maxi-
mum contaminant level (MCL) for total chromium
including Cr(VI) and Cr(III) at 100 ug L~" of water [11].
Widespread anthropogenic contamination of water and
soils by hexavalent chromium Cr(VI) has spurred the
development of physicochemical and bioremediation treat-
ment technologies for Cr(VI) removal or detoxification.
Physicochemical treatment technologies include ion
exchange adsorption, electrodialyses, precipitation, and
chemical reduction [6, 23]. The drawback of these conven-
tional methods include high energy expenditure in the
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process, use of expensive and toxic chemical reductants
[22] as well as inefficient removal of low concentrations of
Cr(VI) in wastewater [24, 39]. Biological methods
(bioremediation) for Cr(VI) removal involve the use of
microorganisms (microbial bioremediation) and plants
(phytoremediation). Bioremediation is a more attractive
option in that the technology is relatively cheap and envi-
ronmentally compatible [37]. Mechanisms of Cr bioremedi-
ation are by microbial metabolism [7, 8] including
dissimilatory removal and detoxification as well as biosorp-
tion [20]. Indirect reaction with metabolites such as H,S is
a possible mechanism [27, 29]. Microbially mediated biore-
moval of chromium from high valence to low valence states
have been reported in some microorganisms including
Arthrobacter crystallopoietes [7], Bacillus spp. [5, 9],
Providencia sp. [40], Enterobacter spp. [12], Streptomyces
spp. [15], Micrococcus roseus and Escherichia coli [19], D.
desulfuricans and D. vulgaris [32], Shewanella alga [18]
and other bacterial isolates [4, 6, 10, 30, 31]. Biomass
related removal of Cr(VI) has also been reported in Chla-
mydomonas [1] and in fungi [3]. However, there is paucity
of information on microorganisms that can remove Cr from
more diverse environments especially in saline aquatic sys-
tems and in both high and low temperature conditions
encountered in natural environments. In this study six envi-
ronmental isolates of Cr(VI) resistant bacteria were exam-
ined for rapid removal of Cr(VI) in aqueous media. One
isolate identified by 16S ribosomal RNA gene sequencing
as Exiguobacterium species GS1 with high capacity for
Cr(VI) bioremoval was further characterized.

Materials and methods
Chemicals

Potassium dichromate (99%) was purchased from Acros
Organics (Fair Lawn, NJ, USA), sym-diphenylcarbazide
(97%) was procured from Pfaltz and Bauer, Inc (Water-
bury, CT, USA), oligonucleotides were synthesized by
Sigma-Genosys (The Woodlands, TX, USA), ethanol
(95%), sodium chloride (100%), sodium hydroxide (98.4%)
were purchased from Fisher Scientific (Rochester, NY,
USA) and hydrochloric acid (36.5%) was from EM Science
(Gibbstown, NJ, USA).

Screening of Cr(VI) resistant microorganisms for Cr(VI)
removal

Six chromium resistant bacterial isolates were selected
from enrichment cultures of Cr(VI) resistant bacteria [38].
Tryptic soy broth (TSB) was contaminated with
500 ug mL~" Cr(VI) from K,Cr,0, stock (35.35 mg/mL;
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I mL = 12.5 mg Cr). The Cr(VI) stock was prepared in dis-
tilled water and filter sterilized (0.22 um) before predeter-
mined aliquots were added to cultures and controls to the
desired concentration of Cr(VI). The inoculum was pre-
pared by inoculating TSB containing 0.5 pg mL~! Cr(VI)
in Fisher brand 16 mm x 125 mm borosilicate glass culture
tubes with three loops of each of the six bacteria from 24 h
old colonies grown on typtic soy agar (TSA). Inocula were
incubated at 30 °C for 12 h. Inocula cells were recovered
by centrifugation and resuspended in 5 mL. TSB. The initial
ODy,, was determined (0.98, 0.48, 0.50, 0.94, 0.47, and
0.61 for GS1, GS2, GS3, PB1, PB2 and PB3, respectively).
Seven milliliters of TSB in Fisher brand 16 x 125 mm
borosilicate glass culture tubes equipped with polypropyl-
ene caps, were contaminated with Cr(VI) at 200 pg mL~".
The inoculum suspension were normalized to an ODg, of
approximately 0.5 with sterile TSB and 200 pl was used to
inoculate the Cr(VI) contaminated medium. Cultures were
incubated aerobically in an orbital incubator (Lab-Line
instruments, Melrose Park, IL.) at 30 °C and 120 rpm for 6 h.

Cr(VI) analyses and biomass determination

Hexavalent chromium was determined by the diphenylcar-
bazide method [2] using UV-9100 spectrophotometer (Bes-
tech, Irvine, CA) at Asy. A Cr(VI) standard curve was
prepared in the range 25-800 pug mL~'. To achieve concen-
trations within the linear range of the standard, dilutions of
culture supernatants were subjected to Cr(VI) analysis and
remaining Cr(VI) concentrations were calculated from the
Cr(VI) standard curve. Biomass was determined by mea-
suring absorbance at /g, against sterile TSB blank without
Cr(VD).

Molecular characterization of isolate GS1
DNA extraction

Isolate GS1 was identified by 16S ribosomal RNA gene
sequencing as follows. The isolate was cultivated by streak-
ing on tryptic soy agar with incubation at 30 °C for 24 h for
evaluation of culture purity. Discrete bacterial colonies were
then suspended in nuclease-free water (Promega, Madison,
WI). Cells were recovered by centrifugation. DNA was
extracted from the cells using Promega wizard genomic
DNA purification kit (Promega, Madison, WI) with slight
modification. Briefly, cells were re-suspended in 600 pl of
nucleic acid lysis solution, incubated at 80 °C for 5 min and
allowed to cool to room temperature. RNase solution (3 pl)
was added and incubated at 37 °C for 20 min. Protein pre-
cipitation solution (200 pl) was added and the tubes incu-
bated on ice for 5 min. Following centrifugation, the
supernatant was transferred to a tube and ice cold 95% ethanol
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was added. The precipitate was recovered by centrifugation.
The pellet was washed with 70% ethanol at ambient temper-
ature and resuspended in rehydration solution.

Polymerase chain reaction amplification (PCR) of 16S
rRNA gene and DNA sequencing

Bacterial universal primers corresponding to E. coli positions
27F (5'-AGAGTTTGATCMTGGCTCAG-3') and 1492R
(5'-TACGGYTACCTTGTTACGACTT-3") were used for
PCR amplification of the 16S ribosomal DNA [25]. The PCR
reaction mixture consisted of 25 pl of PCR master mix
(Promega, Madison, WI), genomic DNA template (2 pl),
primer 27F (5 pl = 25 pmol), primer 1492r (5 pl =25 pmol)
and made up to 50 pl final volume with nuclease-free water.
The 16S rRNA gene was amplified using a 35-cycle PCR (ini-
tial denaturation, 95 °C for 5 min; subsequent denaturation,
95 °C for 0.5 min; annealing temperature, 50 °C for 1 min;
extension temperature, 72 °C for 1 min and final extension,
72 °C for 5 min). The PCR amplification products were ana-
lyzed by electrophoresis on a 1% agarose gel. Millipore Mon-
tage PCR filter units (Millipore, Billerica, MA) were used to
remove primers, salts, and unincorporated dNTPs according
to the manufacturer’s instructions except that an additional
400 pl of sterile nuclease free water was added to wash off
residual PCR ingredients. DNA cycle sequencing was per-
formed using BigDye terminator kit (Applied Biosystems,
Foster City, CA) with sequencing primers 1492r and 519r (5'-
GWATTACCGCGGCKGCTG-3') in independent reactions
(UCR Genomics Institute, Riverside, CA).

DNA sequence similarity and phylogenetic analysis

Genbank BLAST (N) was used for homology searches.
Evolutionary position amongst related organisms was ana-
lyzed by MyRDP Release 9.50 [34]. The ribosomal RNA
gene sequence was submitted to Genbank under accession
number EF 608145.

Morphology and oxygen requirement

Cells were cultivated on tryptic soy agar overnight (18 h)
and then microscopically examined (1,000x) after Gram
staining. To evaluate oxygen requirement for growth, cells
were streaked on tryptic soy agar and incubated under strict
anaerobic condition at 30 °C for 3 days using a BBL GasPak
anaerobic system (Becton-Dickinson, Cockeysville, MD).

Effect of chromium concentration

Effect of chromium concentration was determined using
the enrichment medium contaminated with 1, 25, 50, 75,

100, 125, 150, 175, and 200 pg mL~! of Cr(VI) using ali-
quots of filter-sterilized (0.22 um) potassium dichromate
stock solution. The sterile Cr(VI) media were inoculated
with 100 pl aliquots of Exiguobacterium sp GS1
(ODgyp =0.91) and incubated aerobically at 30 °C for
12 h with orbital shaking (120 rpm). Inoculum prepara-
tion, biomass determination and chromium analysis were
as described under screening of Cr(VI) resistant microor-
ganisms.

Time course of hexavalent chromium bioremoval

Sterile enrichment medium was aseptically contaminated
with Cr(VI) to a final concentration of 8,000 ug L~" using
the stock chromium solution. The Cr(VI) contaminated
sterile medium was then inoculated with 500 pL of Exig-
uobacterium sp. cell suspension (ODg,, = 0.94) and incu-
bated aerobically with orbital shaking (120 rpm) to keep
cells suspended. Cultures were terminated at different
time intervals (¢, t; t,, t3, ty, 15, tg, 15, tg, and t,,; subscripts
are hours). Remaining Cr(VI), biomass and final pH were
determined. The relationship between optical density
(OD) readings and cell dry weight was estimated by mea-
suring ODgj, of dilutions of cultures and drying at 60 °C
for 24 h.

Determination of kinetic parameters

Data obtained from the effect of substrate concentration on
Cr(VI) bioremoval was used to calculate the half saturation
constant (K,) and the maximum velocity (V) using
hyperbola regression equation, y = ax/(b + x), equivalent of
Michaelis—Menten equation, V=1V_, [SI/(K,, + [S]) [33].
SigmaPlot 10 software (Systat, San Jose, CA) was
employed. Time course data of Cr(VI) bioremoval fitted a
zero-order model and the Kinetic constant (k) was calcu-
lated from linear regression curve.

Evaluation of Exiguobacterium sp heat killed biomass
for Cr(VI) removal

Cr(VI) bioremoval culture medium was inoculated with an
overnight culture of Exiguobacterium sp GS1 as described
under time course experiment. Cultures were incubated
with orbital shaking at 30 °C for 8 h and sterilized at
121 °C for 20 min. Medium pH was then aseptically
adjusted to 7.3 using predetermined amounts of 1M
NaOH. The media containing dead biomass and controls
(without biomass) were spiked with Cr(VI) to a final con-
centration of 8,000 pg L™!, vortex mixed to fully resuspend
dead cells and incubated as described under time course
experiment.
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Effect of culture parameters

The effects of temperature, pH, and salinity on bacterial
growth and Cr(VI) bioremoval by Exiguobacterium sp. were
examined using the enrichment medium artificially contami-
nated with 40 ug mL~" Cr(VI) using aliquots of filter-steril-
ized (0.22 um) potassium dichromate stock solution. For
evaluation of the influence of temperature, cultures were
incubated at 18—45 °C. In the experiment in which the effects
of pH were examined, sterilized enrichment medium was
adjusted to pH 5.0, 6.0, 6.5, 7.0, 7.5, 8.0, and 9.0 by addition
of pre-determined amounts of filter-sterilized (0.22 um) 1 M
NaOH or 1 M HCI and incubated at 30 °C. The effect of salt
concentration was examined using enrichment medium made
with varying concentrations of NaCl (1, 3, 5, 7, and 9%).
Preparation of inoculum, media inoculation, and biomass
determination were as described under screening of Cr(VI)
resistant microorganisms for Cr(VI) removal except that the
initial OD of the inoculum suspension was 0.91 and 100 pL
of inoculum was used. Cultures were incubated aerobically
with orbital shaking (120 rpm) at 30 °C for 12 h. Cr(VI) was
determined by the diphenylcarbazide method.

Statistical validation of treatment effects

The means and standard deviations (N — 1) of independent
replicate treatments were calculated. Significance of factor
effect (P <0.05) and non-significance (P> 0.05) were
assessed as necessary by ManWhitney non-parametric test
using InStat 3 statistical software (GraphPad, San Diego,
CA, USA).

Results
Cr(VI) removal from water by isolates

Table 1 presents an evaluation of Cr(VI) removal from
water by six Cr(VI) resistant bacteria. Cr(VI) removal was
highest in cultures of isolate GS1 (57.06%). Growth of most
of the isolates was significantly inhibited by 200 pg mL ™!
Cr(VI). Isolate GS1 was the most resistant to Cr(VI).

Identity of isolate GS1

Chromium resistant isolate GS1 is a Gram positive rod with
rounded ends. Colonies are yellow to orange on TSA
plates. GS1 grows both aerobically and anaerobically.
Growth under aerobic condition is more rapid than under
strict anerobic condition. Approximately 1.45 kb of the 16S
rDNA of isolate GS1 was sequenced from a band amplified
by polymerase chain reaction (Fig.1). Blast analysis
revealed significant similarity to Exiguobacterium spp.,
99% similarity to E. acetylicum and E. antarcticum, and
98% similarity to E. oxidotolerans and E. aestuari. Isolate
GS1 was therefore identified as Exiguobacterium sp. GS1.
Figure 2 presents a phylogenetic tree showing the evolu-
tionary position of Exiguobacterium sp. GS1 amongst
related organisms based on 16S rRNA gene sequence.

Effect of Cr(VI) concentration on GS1

Concentrations of Cr(VI) in the medium in the range
1-75 pg mL~! generally showed no substantial inhibition
of growth. Significant growth decreases of 11.26, 14.94,
17.47, 19.31, and 30.34% were, however, respectively,
observed at 100, 125, 150, 175, and 200 pg mL~!. Isolate
GS1 significantly removed Cr(VI) at both high and low
concentrations (1-200 ug mL~') in 12 h. In cultures spiked
with 1 ug mL~! no Cr(VI) was detected in 12 h. The K,
and V,_, for Cr(VI) bioremoval were calculated to be
141.92 and 13.22 pg mL~" h™!, respectively, by non-linear
regression analysis (Fig. 3).

Dynamics of Cr(VI) bioremoval in water

The dynamics of Cr(VI) removal from water by Exiguobac-
terium GS1 is presented in Fig. 4a. Sterile control media
contaminated with Cr(VI) remained relatively stable during
the 8 h incubation. Cr(VI) contaminated media inoculated
with Exiguobacterium sp. GS1 displayed rapid bioremoval
of Cr(VI) with over 50% bioremoval in 3 h and 91% biore-
moval was recorded in 8 h. Depletion of Cr(VI) from an
initial concentration of 8,000 ng L' to below accurate
detection by the analytical method employed (<25 pg L)

Table 1 Bioremoval of hexava-

. Isolate Source Biomass (4g) % Growth Remaining Cr(VI) % Cr(VI)
lent chromium from water by inhibition (ng mL~) removal
Cr(VI) resistant isolates. Initial
chromium concentration was GS1 Grass land soil 0.887 £ 0.02 15.52 85.89 + 7.96 57.06
200 pg mL™". Cultures were ]
incubated for 6 h at 30 °C GS2 Grass land soil 0.267 £ 0.05 40.66 153.47 £9.95 23.26

GS3 Grass land soil 0.187 £+ 0.06 52.05 155.58 +16.92 2221
PB1 Plant bed soil 0.177 £ 0.04 59.12 214.02 +£ 13.93 0
PB2 Plant bed soil 0.573 £0.03 43.26 93.63 + 12.94 53.18
PB3 Plant bed soil 0.236 + 0.03 45.50 203.46 &+ 8.96 0

@ Springer



J Ind Microbiol Biotechnol (2008) 35:1571-1579

1575

Fig. 1 Schematic representa- PCR
tion of the identification of Exig- 27f
————

uobacterium sp. GS1 by PCR
amplification of 16S rRNA gene.
Morphological characteristics
and oxygen requirements are

485 bp 960 bp
. ————————————e

. 519r 1492r
given Sequencing PCR/Sequencing
Blast Analysis (% Similarity) Morphology
g’ Zf:;’; ::it":iZUmm_— ggz;: Gram +ve, short rod with
E. oxidotolerans — 98% Y ”r ou:wded ends TsA
E. aestuarii — 98% elfow-orange on
:’ ;'a:’:;_?ee:sees_— ggzﬁz Facultatively anaerobic

Fig. 2 Evolutionary position of
Exiguobacterium sp. GS1
amongst related organisms
based on 16S rRNA gene se-
quence (1,445 nucleotides). The

Bacillus nealsonii (T);
4'—@111115 firmus (T);
. 98 Bacillus benzoevorans (T) ;
Marinibacillus marinus (T);

FO-092
NCIMB 9366
DSM5391
DSM 1297
Paenibacillus macerans (T); NCDO 1764

scale represents the evolutionary
distance value. Number at each

s2—-Exiguobacterium acetylicum (T);
Exiguobacterium aurantiacum (T); NCDO 2321

Exiguobacterium oxidotolerans (T); T-2-2
o Exiguobacterium undae (T); L2
ool *°—Exiguobacterium antarcticum (T); C/C-aer/b
97 GS1 (27f/1492r internal)
; NCIMB 9889

node is the bootstrap out of 100
analyses

Deinococcus grandis (T); DSM 3963T

Scale:

O = N W H 1O N ® O O
!

Cr (V1) removed (ug mL™" h)

50 100 150 200 250
Cr (V1) (ng mL")

o

Fig. 3 Effect of Cr(VI) concentration on rate of Cr(VI) bioremoval by
Exiguobacterium GS1. Data was subjected to hyperbola non-linear
regression analysis to calculate K,, and V,
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was observed after 12 h. Biomass measurement revealed a
typical bacterial growth pattern. Bacterial biomass develop-
ment increased rapidly and logarithmic growth was main-
tained for 4 h (Fig. 4a). Thereafter bacterial biomass
increased slightly maintaining a pseudo stationary phase for
the rest of the incubation period. Kinetic analysis of Cr(VI)
bioremoval from water at 8,000 g L~ ! revealed a zero-
order model in 8 h (Fig.4b) with k& and 7 values of
0.71 pgmL~"h~" and 0.99, respectively. The relationship
between culture biomass ODy, readings and dry weight
can be predicted from the regression curve
(y =4.33x + 23.73; where y and x are dry weight and bio-
mass readings, respectively).

Effect of heat killed biomass on Cr(VI) bioremoval

During the 8 h incubation of Exiguobacterium dead biomass
in Cr(VI) medium, Cr(VI) concentration remained relatively
stable. Abiotic loss of Cr(VI) was approximately 6.6% after
8 h. Biomass levels similarly remained stable. Initial bio-
mass (ODy,) reading was 1.18 and 1.16 was recorded after
8 h incubation at 30 °C, indicating no cell growth.

Effect of temperature and media pH

Cr(VI) bioremoval and growth profiles at different tempera-
tures are illustrated in Fig. 5a and b, respectively. Exiguo-
bacterium sp. GS1 substantially reduced Cr(VI) over a
wide range of incubation temperature (18—45 °C). Biore-
moval of Cr(VI) was highest at 35-40 °C and slightly
decreased at 45 °C. Bacterial biomass development was
maximal at 30-35 °C and significantly decreased at 45 °C.
Cr(VI) bioremoval by Exiguobacterium at different initial
pH levels is presented in Table 2. Cr(VI) removal was sim-
ilar from pH 6 to 8 and only declined significantly at pH 9.
Growth of GS1 apparently increased with increasing initial
culture pH (Fig. 6). However, initial culture pH generally
decreased during the 12 h incubation.

Effect of salt concentration
The influence of salinity on Cr(VI) bioremoval and bacte-

rial biomass development are illustrated in Fig. 7a and b,
respectively. Exiguobacterium sp. GSI1 significantly
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Fig. 4 a The dynamics of Cr(VI) bioremoval in water over 8 h incu-
bation at 30 °C. Remaining Cr(VI) in culture (filled circle), remaining
Cr(VI) in control (uninoculated) (filled triangle) and biomass (filled
square). Initial chromium concentration was 8 pg mL~'. b Kinetic
analysis of the rate of Cr(VI) removal. K .. = dy/dx which was cal-
culated from the regression curve y = 0.705x + 1.7417

removed Cr(VI) in cultures containing 1-9% salt (NaCl)
indicating salt tolerance. Generally Cr(VI) bioremoval and
growth were inversely related to the concentration of
sodium chloride. Approximately 76.5 and 63.1% removal
were, respectively, observed at NaCl concentrations of 5
and 9% in cultures of Exiguobacterium sp. GS1 incubated
for 12 h. Substantial biomass development was noted at all
concentrations of NaCl. Optical density readings (ODyj),
however, declined to 0.284 at 9% NaCl.

Discussion

Bacterial removal of hexavalent chromium is an attractive
bioremediation strategy for Cr(VI). In this study, Exiguo-
bacterium sp. GS1 displayed rapid bioremoval of hexava-
lent chromium from water. Exiguobacterium species are
cryotolerant bacteria [17, 41-43] frequently isolated from
ancient permafrost sediments and more recently from
diverse environments [43] but have not been reported to
reduce hexavalent chromium.
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Fig. 5 Effect of temperature on Cr(VI) bioremoval (a), with growth
(b) of Exiguobacterium sp. GS 1. Remaining Cr(VI) (filled square) and
% removal (filled triangle). Initial chromium concentration was
40 pg mL~!

Table 2 Effect of pH on Cr(VI) bioremoval by Exiguobacterium sp.
GS1. Initial chromium concentration was 40 pig mL ™!

Remaining Cr(VI) A Cr(VI) Cr(VID) Final pH

(ng mL™h (g mL™")  removal (%)
6.0 8.82+1.18 31.18 77.95 5.85 +0.07
6.5 851=+144 31.49 78.73 5.74 £ 0.12
7.0 8.49 +£0.08 31.51 78.78 5.76 + 0.03
7.5 7.85+1.38 32.15 80.38 5.80 + 0.01
8.0 8.36+0.21 31.63 79.09 591+ 0.02
9.0 1299+ 1.24 27.01 67.53 6.45 + 0.01

Growth of Exigubacterium sp. GS1 was indifferent to
1-75 ug mL~" Cr(VI) and only 25% decrease in biomass
concentration was recorded at 200 pg mL ™" in 12 h. Strep-
tomyces griseus removed hexavalent chromium but growth
was significantly inhibited above 25 pg mL~' [26]. Losi
et al. [29] reported Cr(VI) concentration of 12 pg mL~" to
be inhibitory to soil bacteria in liquid cultures. Chromium
toxicity to microorganisms has been attributed to alteration
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of nucleic acid structure as well as physiological and meta-
bolic processes [30].

Kinetic analysis of the effects of chromium concentra-
tion revealed a K, and V_,, of 14192 and
13.32 pg mL~' h™!, respectively. In a study [35] of bacte-
rial removal of hexavalent Cr in water, higher K,, values of
13-1,730 mM were observed. Camargo et al. [6] reported
on five Cr(VI) reducing bacterial isolates which displayed
K, values of 0.271 mgL~'(2.61 uM) to 1.51 mgL™!
(1450 puM) and a V. of 884ugL'h7!
(14.17 nmol min~") to 489 ng L~ h~'(78.36 nmol min~").
The velocity of Cr(VI) bioremoval from water by Exiguo-
bacterium sp. GS1 is superior to that of a potent Cr(VI)
remover, Bacillus sp. ES29, which displayed a V,,, of
0.489 ug L' h~! [6].

The dynamics of Cr(VI) bioremoval from water by GS1
revealed rapid depletion of Cr(VI) with slight lag period of
biomass development and Cr(VI) bioremoval. Cheung and
Gu [10] attributed the lag period to acclimatization to
Cr(VI). The negligible amount of Cr(VI) depletion
observed in the non-inoculated control or with heat killed
cells of GS1 indicated no substantial abiotic destruction of
chromate and further suggests biological removal. The
kinetic model that fit GS1 data, the abiotic studies, effect of
salt, temperature and pH profiles, and effect of Cr(VI) con-
centration are all indications that the major mechanism of
Cr(VI) removal is attributable to microbial metabolism.

Cr(VI) removal over a wide range of culture conditions
was observed with GS1. As far as could be established
there is no report on bacterial removal of Cr(VI) at low
temperature. Other studies reported drastic reduction of
Cr(VI) removal at high temperature [6, 26]. Acidiphilium
cryptum strain JF-5 [14], only removed Cr(VI) from pH
1.7-4.7 and optimally at pH 3.2. Hexavalent chromium is a
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Fig. 7 Effect of salt concentration on Cr(VI) bioremoval (a), and
growth (b). Remaining Cr(VI) (filled square) and % removal (filled
triangle). Initial chromium concentration was 40 pig mL ™'

common contaminant of waste water [10] which contains
high solute. Ion exchange treatment processes for removal
hexavalent chromium [6, 23] and other contaminants [13]
also produce wastes that are high in salt [13, 36]. Such high
solute wastes suppress bacterial growth in treatments to
remove contaminants [28]. Very interestingly GSl1
removed Cr(VI) in high salt media suggesting it could be
useful for Cr(VI) bioremediation in saline environments. At
high salt concentration, acidic pH and high temperature,
biomass readings were low although substantial Cr(VI)
removal was observed. Such culture conditions cause cell
lysis which can lower optical density. Moreover, lysis of
cells release enzymes [8] that remove Cr(VI).

In conclusion, Exiguobacterium sp. GS1 can be consid-
ered a halotolerant, thermotolerant, psychroactive, and
alkalitolerant facultatively anaerobic bacterium. Exiguo-
bacterium sp. GS1 displayed rapid bioremoval of Cr(VI)
from water under diverse environmental conditions. The
Cr(VI) bioremoval properties of this organism make it a
unique potential organism for bioremediation of environ-
mental pollutants in diverse complex environments. Further
studies will focus on the metabolic factors that catalyze
Cr(VI) bioremoval in Exiguobacterium sp. GS1.
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