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S
OIL AND WATER SITES WERE SAMPLED AT
a South African antimony mine with ele-
vated levels of arsenic due to the refining

process. Enriched media yielded two pure
bacterial cultures able to grow in both arsenite
and arsenate. These were identified as Steno-
trophomonas maltophilia SA Ant 15 and Serratia
marcescens SA Ant 16. Stenotrophomonas
maltophilia SA Ant 15 was resistant to
10 mmol l–1 arsenite and 20 mmol l–1 arsenate,
whereas S. marcescens SA Ant 16 grew in
15 mmol l–1 arsenite and in up to 500 mmol l–1

arsenate, making it the most arsenic-resistant
organism described to date. During growth,
addition of arsenate or arsenite anions ad-
versely affected biomass production and
maximum specific growth rate and, in some
instances, longer lag phases were induced.
Reduction of arsenate to arsenite partly ac-
counted for the high tolerance of the bacteria
to arsenate. Our results suggest the use of
these hyper-resistant bacteria as remediation
agents in areas where arsenic contamination
is prohibitively high.

Introduction
Arsenic is widely distributed through-

out the earth’s crust, ranging from trace
levels up to hundreds of milligrams per
kilogram. Sources of contamination in-
clude erosion of local rocks, industrial
effluents, various commercial processes
and combustion of fossil fuels.1 Arsenic
can exist in several oxidation states, but
under aerobic conditions arsenate [As(V)]
predominates, while in reducing envi-
ronments arsenite [As(III)] is the domi-
nant species. A change in the oxidation
state of arsenic alters the solubility of the
oxyanion, with potential applications in
the bio- remediation industry.2 Although
As(III) is considered to be up to 1000 times
more toxic,3 and is generally more mobile,
than As(V),2 it readily forms precipitates
with metal sulphides4 or hydrous oxides
of iron5 and can therefore be removed
from solution. Microorganisms have a va-
riety of ways to cope with high levels of
arsenic, ranging from reduced uptake,6

methylation7 and adsorption,8 to dissimi-
latory arsenate respiration.9 The most
widespread and best-described mecha-
nism is reduction of arsenate and extru-

sion of the resulting arsenite by soluble re-
ductases and membrane-associated
pumps.10–13 The aim of the study reported
here was to isolate and identify bacteria
from an arsenic-impacted environment,
to determine the level of arsenic resistance
and to establish if resistance is due to the
reduction of arsenate to arsenite.

Materials and methods
See Appendix

Results

Enrichments and identification
Two bacterial cultures, resistant to anti-

mony and arsenate, were selected from
the isolates. Near full-length 16S rDNA
sequences were deposited in the NCBI
database under accession numbers DQ

079059 and AY551938. BLAST (v 2.2.13)
analysis, with entries available at the
EMBL, GenBank, and Ribosomal Data
Project (release 9.35) databases, retrieved
an optimum alignment (98% identity)
with the 16S rDNA of Serratia marcescens
(AB061685) and (99% identity) with the
16S rDNA of Stenotrophomonas maltophilia
(AJ131114), respectively. The phylogenetic
tree (Fig. 1) illustrates the relatedness of
these isolates to their counterparts. API
and Biolog testing confirmed isolate
SA Ant 16 as Serratia marcescens with a
similarity index of 0.58. It was not possible
to make a definitive identification using
biochemical testing for isolate SA Ant 15.

Growth
The bacteria exhibited varying tolerance

levels for both arsenite and arsenate.
Stenotrophomonas maltophilia SA Ant 15
grew in up to 10 mmol l–1 arsenite and
20 mmol l–1 arsenate (see Fig. A in supple-
mentary material online), while Serratia
marcescens SA Ant 16 was able to grow in
15 mmol l–1 arsenite and in up to 500 mmol
l–1 arsenate (Fig. B in online supplement).
Both the specific growth rate and biomass
yield were severely inhibited for S. malto-
philia SA Ant 15 in the presence of arse-
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Fig. 1. Phyolgenetic tree generated with 16S PCR sequences. A heuristic search was performed with PAUP*
4.0b518 and yielded 10 000 parsimonious trees. Bootstrap analysis of 100 replicates with cut-off of 50%.19 A
bootstrap value greater than 75% was considered good as support. Values of 65–75% were considered
moderate support and less than 65% as weak. Representative bacteria in the phylogenetic tree are: Bacillus
cereus AF290547; Bacillus thuringiensis Z84588; Moorella glycerini U82327; Dehalobacterium formico-
aceticum X86690;Desulfotomaculum geothermicum X80789;Clostridium halophilum X77837;Desulforhopalus
singaporensis AF118453; Desulfomicrobium baculatum AF030438; Serratia marcescens HO2-A AJ297950;
Serratia marcescens (T) KRED AB061685;Serratia marcescens HO1-A AJ 297946;Escherichia coli AY776275;
Yersinia intermedia (ER-3854) X75279; Shewanella alga X81622; Acinetobacter haemolyticus X81662;
Stenotrophomonas maltophilia ATCC 19861T AB021406; Stenotrophomonas maltophilia LMG 10989
AJ131907; Xanthomonas campestris AJ811695; Thiobacillus thioparus M79426; Thiobacillus thermosulfatus,
U27839; Agrobacterium ferrugineum D88522; Methylobacterium radiotolerans D32227; Aquifex pyrophilus
M83548.



nite. Arsenate inhibited growth less than
arsenite, as indicated by specific growth
rate and biomass yield, but longer lag
phases were observed with the addition
of increasing arsenic concentrations. For
S. marcescens SA Ant 16, addition of
arsenite resulted in a decrease in both
specific growth rate and biomass up to a
threshold concentration of 10 mmol l–1

with a sharp decline in both these param-
eters at higher concentrations. As for
S. maltophilia SA Ant 15, addition of
arsenate resulted in a proportionately
lengthened lag phase. A linear decrease in
total biomass yield was observed as well
as a decline in specific growth rate up to
500 mmol l–1 arsenate. Results are summa-
rized in Table 1.

Arsenate reduction by resting cells
Stenotrophomonas maltophilia SA Ant 15

removed 100% of the arsenate at a rate of
92.4 µmol l–1 h–1per mg cells over the first
2 h. Of all the arsenate removed, 25% of
this removal rate could be attributed to
reduction to arsenite at 4 µmol l–1h–1 per
mg cells. Serratia marcescens SA Ant 16
removed 50% of the arsenate and, in total,
15% of the arsenate added was reduced to
arsenite at approximately 2 µmol l–1h–1 per
mg cells (Fig. 2). No chemical reduction
was observed in control experiments.

Discussion
Two pure bacterial cultures, hyper-resis-

tant to arsenate and arsenite, were iso-
lated and identified as Stenotrophomonas
maltophilia SA Ant 15 and Serratia marces-
cens SA Ant 16. The bacteria tolerated
exceptionally high concentrations of arse-
nate (up to 500 mmol l–1 or ~37 500 ppm)
and high concentrations of arsenite (up

to 15 mmol l–1 or ~1125 ppm) during
growth. A model bacterium such as E. coli
has been shown to grow in up to 50 mmol
l–1 arsenate,20 while bacteria isolated from
arsenic-contaminated sites in New Zea-
land were unable to grow in arsenate con-
centrations exceeding 50 mmol l–1 (C.R.
Anderson, pers. comm.). While arsenic
concentrations in soils naturally vary
from 0.1 ppm to 1000 ppm,21 at the collec-
tion site the range is between 10 ppm and
30 ppm. Arsenic becomes concentrated to
up to 200 ppm during the refining pro-
cess,22 which is still much lower than

the tolerance level of the hyper-resistant
bacteria isolated from samples collected
from this site. Both the bacterial strains
described in this study were resistant to
these exceptionally high concentrations
without prior exposure to such high
levels of arsenic, suggesting that this trait
is genetically intrinsic. This raises interest-
ing questions as to the evolutionary pro-
cesses and pressures that would sustain a
characteristic such as this in an environ-
ment where it would seem redundant.

Biomass yield, growth rate and duration
of lag phase depended on the type of

280 South African Journal of Science 103, July/August 2007 Research in Action

Table 1. Effect of increasing concentrations of arsenite and of arsenate on biomass yield after 12 h of growth, and on maximum specific growth rate and lag phase for
Stenotrophomonas maltophilia SA Ant 15 and Serratia marcescens SA Ant 16.

Addition to culture medium Concentration Biomass (12 h) Max. specific Lag phase
(mmol l–1) (mg ml–1 dry weight) growth rate (h–1) (h)

Stenotrophomonas maltophilia SA Ant 15 TYG (nil) 1.41 0.30 (0.05) –
As(III) 2.5 1.14 0.27 (0.11) –

5 0.23 0.15 –
7.5 0.33 0.10 (0.02) –
10 0.21 0.06 (0.03) –

As(V) 5 1.06 0.30 –
10 0.98 0.22 5
20 0.87 0.20 6
100 0.04 0.04 10

Serratia marcescens SA Ant 16 TYG (nil) – 1.50 0.42 –
As(III) 2.5 1.42 0.44 –

5 1.36 0.37 –
10 1.23 0.23 –
15 0.09 0.08 –

As(V) 20 1.32 0.21 1
100 0.97 0.18 1
150 0.87 0.19 1
300 0.47 0.12 2
500 0.08 0.04 6

Fig. 2.Reduction of arsenate (●) to arsenite (■) by resting cells of (A) Stenotrophomonas.maltophilia SA Ant 15
and (B) Serratia marcescens SA Ant 16. In A, removal rate = 92.4(0–2 h)4.6 µmol l–1 h–1 per mg cells; reduction
rate = 2 µmol l–1 h–1 per mg cells;As(V) removed = 100%;As(III) formed = 23%. In B, removal rate = 3.7 µmol l–1 h–1

per mg cells; reduction rate = 2.1 µmol l–1 h–1per mg cells.‘Removal rate’expresses arsenate depletion; ‘reduction
rate’ indicates arsenite formation.



oxyanion enrichment. Both isolates were
more sensitive to arsenite and increasing
concentrations of arsenate caused longer
growth lag phases, lower biomass yields
and lower growth rates. It is important to
interpret these results in the context of a
dynamic system where the combined
effects of the oxyanion and the transfor-
mation products are biologically signifi-
cant. Other factors, such as a change in
external pH during growth,23 may also
contribute.

Both bacteria were able to reduce arse-
nate and extrude the resulting arsenite,
but a significant portion of arsenate re-
moved (69–77%) was not recovered as
arsenite. The differences between the
removal and reduction rates indicate
additional mechanisms of arsenate re-
moval, such as adsorption of the nega-
tively charged arsenic ions by oppositely
charged amino groups in the bacterial cell
walls,24,25 methylation following reduc-
tion of arsenate to arsenite,26 or sequestra-
tion by a range of cysteine-rich peptides
such as γ-glutamylcysteine (γ-EC) and
glutathione.26,27

The hyper-resistant bacteria described
in this report thus have significant poten-
tial for bioremediation in environments
with excess arsenic and its products.
This work was supported by a grant from the National
Research Foundation.
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Appendix

Materials and methods

Enrichments
Soil and water samples were collected asepti-

cally and placed on ice at the mining and refin-
ing sites of Consolidated Murchinson Mine
near Gravelotte in the Limpopo province of
South Africa. Because of the structural similar-
ity between arsenic and antimony and the high
concentrations of both at the site, aerobic
enrichments were performed in TYG medium

at pH 5.8, containing 5 g l–1 tryptone (Biolab),
3 g l–1 yeast extract (Biolab), 1 g l–1 glucose
(Holpro) and 100 mmol l–1 potassium antimony
tartrate (Sigma) for two days at 37°C. Positive
enrichment cultures were transferred into
fresh TYG medium supplemented with
100 mmol l–1 potassium antimony tartrate and
incubated overnight at 37°C and thereafter
streaked on antimony-supplemented plates
(100 mmol l–1) to obtain pure cultures. These
pure cultures were then inoculated into two
sets of media, consisting, respectively, of TYG
media containing up to 250 mmol l–1 arsenate
(Na2HAsO4) (BDH Chemicals) and TYG media
enriched with up to 100 mmol l–1 arsenite
(NaAsO2) (BDH Chemicals), and cultured at
37°C in a rotary shaker at 200 rpm. Two isolates
capable of growth in the presence of arsenic
were used for further experiments.

Species identification
Genomic DNA was extracted with DNAZOL™

reagent (Gibco BRL), according to the manu-
facturer’s instructions, and 16S rDNA frag-
ments were amplified using universal bacterial
primers 27F and 1492R.14 The PCR products
were ligated into pGem®T-Easy vector (Pro-
mega), transformed into competent E. coli
JM109 cells, and plasmids containing inserts
were isolated using standard procedures.
Sequencing was performed on the 16S rDNA
products from both isolates and aligned,
using ClustalX (1.83),15 with those of bacteria
previously found in the subsurface of mining
environments as well as the closest matches
revealed with BLAST searches16 and at RDP.17

A strict consensus tree18,19 was constructed and
rooted with the outgroup Aquifex pyrophilus.
GN2 Microplates™ (Biolog, Hayward) and
API 20E panels (bioMerieux) were used to con-
firm the identification.

Minimum inhibitory growth concentration
Bacteria were inoculated into 30 ml TYG

media in Erlenmeyer flasks at pH 5.8 and
grown at 37°C. TYG media, enriched with in-
creasing concentrations of arsenite and arse-
nate, was inoculated with exponential growth
phase cells to an OD560 of approximately 0.1.
The inoculated cultures were grown with
shaking at 37°C, samples withdrawn hourly
and optical density monitored at 560 nm over a
12-h period.

Whole cell arsenate reduction
Bacteria were grown at 37°C in 100 ml TYG

media containing 1 mmol l–1 arsenate until late
exponential growth phase was reached. Cells
were harvested by centrifugation at 8000 × g,
washed in 10 mol l–1 PIPES buffer, pH 6.5
and resuspended in the same buffer (1:1 w/v).
This was then supplemented with glucose
(0.2% w/v) and arsenate (10 mmol l–1) and incu-
bated at 37°C. Aliquots were withdrawn, cells
pelleted by centrifugation and the supernatant
stored at –80°C until analysis. A negative con-
trol, without any cells, was employed to moni-
tor chemical reduction. Arsenic species were
separated on a Hamilton PRP X-100 HPLC col-
umn (12 mmol l–1 H3PO4, pH 3.2 at 1 ml min–1,
isocratic elution), and both substrate depletion
(arsenate) and product formation (arsenite)
were monitored at 195 nm.

This article is accompanied by supplementary material
online (see www.sajs.co.za).
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Fig. A. Growth of Stenotrophomonas maltophilia SA Ant 15 in absence and presence of (A) arsenite (■, TYG; ●, 2.5 mM; ▲, 7.5 mM;�, 10 mM) and (B) arsenate (�,
TYG; +, 10 mM;�, 20 mM;�, 100 mM).

Fig. B. Growth of Stenotrophomonas marcescens SA Ant 16 in absence and presence of (A) arsenite (■, TYG; ●, 5 mM; ▲, 10 mM;�, 15 mM) and (B) arsenate (�,
TYG; +, 20 mM;�, 300 mM;�, 500 mM).


