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a b s t r a c t
The ratio of arsenite (AsIII ) to arsenate (AsV ) in soils and natural waters is often controlled by the activity of
As-transforming microorganisms. Phosphate is a chemical analog to AsV and, consequently, may competitively inhibit microbial uptake and enzymatic binding of AsV , thus preventing its reduction to the more
toxic, mobile, and bioavailable form – AsIII . Five As-transforming bacteria isolated either from As-treated
soil columns or from As-impacted soils were used to evaluate the effects of phosphate on AsV reduction
and AsIII oxidation. Cultures were initially spiked with various P:As ratios, incubated for approximately
48 h, and analyzed periodically for AsV and AsIII concentration. Arsenate reduction was inhibited at high
P:As ratios and completely suppressed at elevated levels of phosphate (500 and 1000 M; P inhibition
constant (Ki ) ∼ 20–100 M). While high P:As ratios effectively shut down microbial AsV reduction, the
expression of the arsenate reductase gene (arsC) was not inhibited under these conditions in the AsV reducing isolate, Agrobacterium tumefaciens str. 5B. Further, high phosphate ameliorated AsV -induced cell
growth inhibition caused by high (1 mM) As pressure. These results indicate that phosphate may inhibit
AsV reduction by impeding AsV uptake by the cell via phosphate transport systems or by competitively
binding to the active site of ArsC.
© 2011 Elsevier GmbH. All rights reserved.

Introduction
The activity of soil microorganisms that transform As into different chemical species has signiﬁcant environmental ramiﬁcations
because different forms of As exhibit variation in solubility, mobility, bioavailability, and toxicity (Masscheleyn et al. 1991; Nriagu
1994; Inskeep et al. 2002). Arsenic most commonly occurs in soils
as AsIII (arsenite) and AsV (arsenate). The predominant AsIII species
in soils is H3 AsO3 0 , with an exception that sulﬁdic environments
may yield signiﬁcant levels of AsIII –sulﬁde complexes (Rochette
et al. 2000). The weak acid H3 AsO3 0 has a pKa value of 9.2; consequently, across most environmental systems, AsIII will exist as an
uncharged species (Cullen and Reimer 1989). The neutrally charged
AsIII species can enter cells via aqua-glyceroporins (large pores in
the cell membrane) that allow passage of water and uncharged
solutes (Rosen 2002). Once internalized, AsIII toxicity occurs as it
binds to the sulfhydryl groups of proteins and impairs their function
(Oremland and Stolz 2003).
Pentavalent As is thermodynamically favored in oxic environments as the oxyanion AsV , which generally sorbs more strongly
and to a wider variety of minerals than AsIII (Pierce and Moore
1982; Xu et al. 1991). Hence, AsV is generally considered to be
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less mobile and less bioavailable than AsIII . The predominant
forms of AsV in soil solutions and natural waters will typically be
either H2 AsO4 − (pKa = 7.0) or HAsO4 2− (pKa = 11.5), although the
presence of signiﬁcant concentrations of thioarsenates in sulﬁdic
environments has also been reported (Planer-Friedrich et al. 2007).
Structural similarities between arsenate and phosphate enable AsV
to enter cells via membrane-associated phosphate transporters
(Mukhopadhyay et al. 2002; Oremland and Stolz 2003). Arsenate is
detrimental to basic cell function when it is substituted for phosphate in cell metabolic processes such as oxidative phosphorylation
(Mukhopadhyay et al. 2002; Oremland and Stolz 2003).
The relative abundance of AsIII and AsV in soil environments
is inﬂuenced by microbial transformations including detoxifying
or energy-yielding redox pathways (Inskeep et al. 2002). Most
microorganisms in culture have been shown to possess at least
one type of As-transforming mechanism. While AsV is often the
predominant valence state in oxidized environments (Oremland
and Stolz 2003), microbial reduction to AsIII in both aerobic and
anaerobic systems is an important factor increasing the mobility
and potential bioavailability of As (Macur et al. 2001; Harvey et al.
2002).
Because phosphate and arsenate are structural analogs, it would
be expected that high levels of P can inhibit enzymatic processes
involving AsV . Phosphate has been shown to compete with the
cell uptake of AsV in numerous biological species (Rothstein and
Donovan 1963; Harold and Baarda 1966; Willsky and Malamy
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1980; Thiel 1988); therefore, it is hypothesized that high concentrations of P may completely inhibit microbial uptake of AsV , thus
preventing its reduction to AsIII via the ArsC (cytoplasmic arsenate
reductase) encoded in the ars operon.
The ars operon is widely distributed phylogenetically, including
the three genera of particular interest for this study: Agrobacterium,
Arthrobacter, and Bacillus (Silver and Phung 2005; Jackson and
Dugas 2003). Other studies further support that microorganisms
capable of reducing AsV are ubiquitous across myriad soil environments (Macur et al. 2001, 2004). Previous research (Gladysheva
et al. 1994; Ji et al. 1994; Mukhopadhyay et al. 2000; Zhou et al.
2004) indicates that the ability of phosphate to inhibit arsenate
reductase activity is relatively low and varies by species. For example, phosphate did not inhibit the in vitro activity of the arsenate
reductase in Leishmania major, LmACR2 (Zhou et al. 2004); the Saccharomyces cerevisiae arsenate reductase, Acr2p (Mukhopadhyay
et al. 2000); or the arsenate reductase encoded on plasmid pI258
of Staphylococcus aureus (Ji et al. 1994). However, phosphate was
shown to be a weak competitive inhibitor of AsV reduction by the
ArsC encoded on the Escherichia coli plasmid R773 (Gladysheva et al.
1994). The degree to which phosphate may affect the uptake of AsV
or the activity of ArsC in countless other organisms is yet to be
determined.
Consequently, the overall goal of the current study was to evaluate the effects of phosphate on the microbial transformations of
arsenic in ﬁve As-transforming soil bacteria. Speciﬁc objectives
were to (i) determine the effects of phosphate:arsenic ratios on
arsenate reduction and cell growth in organisms known to possess
arsC genes (e.g., known aerobic AsV reducers); (ii) evaluate whether
high phosphate:arsenate ratios can inhibit the expression of arsC
in a speciﬁc AsV -reducing microorganism, namely Agrobacterium
tumefaciens str. 5B; and (iii) evaluate the oxidation of arsenite by
several known AsIII -oxidizing organisms as a function of P:As ratio.

Materials and methods
Isolate selection and preparation
Five As-transforming microorganisms isolated from soils with
long-term As contamination were selected for use in liquid culture
experiments. Speciﬁcally, the microorganisms were three known
AsV -reducing organisms – A. tumefaciens str. 5B (accession #:
AF388030), Bacillus-like str. S18 (EU787020), and Arthrobacter-like
str. S6 (EU787019) – and two known AsIII -oxidizing organisms
– Variovorax sp. str. RM1 (AF388028) and A. tumefaciens str. 5A
(AF388033). Three of these organisms (Variovorax sp. str. RM1 and
A. tumefaciens strs. 5A and 5B) were isolated previously (Macur et al.
2004) from aerobic column experiments conducted using agricultural soil with prior exposure to As-rich irrigation water from the
Madison River (Gallatin County, MT). The remaining two organisms
(Bacillus-like str. S18 and Arthrobacter-like str. S6) were isolated
from soil samples impacted by aerial As contamination from several
copper smelters near Anaconda, MT (N 46.10313◦ W 112.87296◦ ;
Masur et al. 2007).
Prior to their use as inoculum in As transformation experiments,
these microorganisms were grown in autoclaved centrifuge vials
containing 200 mL of synthetic soil solution media (SSE), which was
modiﬁed from Macur et al. (2004) to contain NH4 NO3 (1.25 mM),
MgCl2 (1 mM), KH2 PO4 (0.05 mM), KOH (0.25 mM), FeCl3 /Na2 EDTA
(0.02 mM), CaSO4 (2 mM), glucose (5 mM), yeast extract (2 mg L−1 ),
MOPS buffer (5 mM), and 1 mL L−1 trace metals solution modiﬁed
from Newman et al. (1997) to exclude FeCl3 . Cells in the logarithmic growth phase were pelleted (centrifuged at 5000 × g, 40 min)
and re-suspended in approximately 30 mL of SSE media without
KH2 PO4 . Cells were enumerated using light microscopy and epiﬂu-

Table 1
Concentrations of phosphate and arsenic, and corresponding P:As ratio, used in
experiments to examine effects of phosphate on AsIII -oxidizing or AsV -reducing isolates. A phosphate:arsenic ratio of 0.5 (baseline treatment) was used to conﬁrm each
organism’s As phenotype.
P (M)

As (M)

P:As

50
50
500
1000
50
50
1000

100
1000
100
100
10
5
1000

0.5
0.05
5
10
5
10
1

orescent microscopy of DAPI-stained cells; cell numbers were then
correlated to optical density measurements (A500 ).
Liquid culture experiments
Duplicate autoclaved glass 118 mL culture vials were ﬁlled with
sterile SSE media (80 mL without KH2 PO4 ) and spiked with either
AsV (Na2 HAsO4 ) or AsIII (NaAsO2 ) plus phosphate (KH2 PO4 ) at one
of the P:As ratio combinations used in the experiments (Table 1).
Vials were inoculated with cells grown in the absence of As to obtain
similar initial cell densities among treatments. Cultures and sterile controls were incubated at 30 ± 1 ◦ C for approximately 48 h on
an orbital shaker (120 rpm). Two 1–5 mL solution samples were
extracted and ﬁltered (0.22 m) at 0, 8, 24, and ∼48 h; samples were
utilized to measure AsV and AsTotal using the sodium-borohydride
method described in Macur et al. (2004). Arsenic was analyzed
using hydride generation-atomic absorption spectrometry (HGAAS; Varian VGA 77, Palo Alto, CA; Perkin Elmer 3100, Waltham,
MA) or inductively coupled plasma spectrometry (ICP-OES, Model
5500Perkin Elmer) as detailed in Macur et al. (2004). The AsIII concentration was calculated from the difference between measured
AsV and AsTotal values. At each sampling time-point, samples were
also obtained for optical density measurement and for subsequent
analysis of mRNA transcripts (cell suspensions were centrifuged
and immediately frozen at −80 ◦ C).
Ampliﬁcation of arsC mRNA transcripts
The effect of phosphate and As concentration on the expression of arsC during growth of Agrobacterium str. 5B was evaluated
by extracting RNA from cells using the FastRNA Pro Blue Kit (MP
Biomedicals, Irvine, CA). A 346 bp fragment of arsC mRNA was PCRampliﬁed from the total RNA extracts (∼10 ng RNA) using 1 M
each of the Atume-arsC forward (5 -ACCCTCGCACTCATTGAGC-3 )
and reverse (5 -ACCTGCTCGCCGTCTTCT-3 ) primers. The primer
design was based on the known arsC sequences in the Agrobacterium str. 5B (Macur et al. 2004; accession #: AY286230). The initial
generation of cDNA using the Access RT-PCR System (Promega,
Madison, WA) was followed by a PCR protocol of 95 ◦ C for 2 min, 40
cycles of 95 ◦ C for 45 s, 50 ◦ C for 45 s, 72 ◦ C for 50 s, and ﬁnal extension of 72 ◦ C for 5 min. To verify that the correct target sequences
were ampliﬁed, puriﬁed PCR products were cloned into the pGEM-T
Vector System (Promega) and the clones were sequenced.
Results and discussion
Effects of phosphate on microbial reduction of arsenate
All three AsV -reducing isolates (Agrobacterium str. 5B, Arthrobacter str. S6, and Bacillus str. S18) exhibited efﬁcient reduction of
AsV to AsIII within 48 h in the presence of 100 M AsV and 50 M
phosphate (referred to as the baseline treatment; Fig. 1). The
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grown in media containing only AsIII . Growth curves and As totals
remained uniform, respectively, for each bacterial species across
the ﬁve P:As ratio treatments.
Effects of phosphate on microbial oxidation of arsenite
In all ﬁve of the P:As ratio experiments that utilized the two AsIII oxidizing strains (Variovorax str. RM1 and Agrobacterium str. 5A),
the amount of AsIII decreased to less than 10% of the initial concentration by the ∼48-h time-point (Fig. 1, Supporting Information).
Signiﬁcant differences (˛ = 0.05; univariate ANOVA) in the amount
of AsIII oxidized as a function of P concentration were minimal at
the conclusion of each experiment. These results suggested that the
presence of phosphate had little apparent effect on the oxidation
process. Sterile control trials showed average abiotic oxidation of
1.3%.
Effects of phosphate on AsV reduction and cell growth in the
presence of high arsenic

Fig. 1. Percent of AsV relative to AsTotal plotted as a function of time in P:AsV ratio
experiments by three AsV -reducing strains – Agrobacterium tumefaciens str. 5B,
Arthrobacter sp. str. S6, or Bacillus sp. str. S18. Error bars indicate standard deviation of duplicate cultures; when apparently absent, error bars are contained within
the symbol. Legend values in M.

Agrobacterium str. 5B and Arthrobacter str. S6 showed near complete reduction (>98%) of AsV within 24 h, while the Bacillus str.
S18 isolate showed approximately 74% AsV reduction by 48 h.
Apparently, under these conditions, the Bacillus str. S18 is a less
vigorous AsV -reducing strain when compared to the Agrobacterium
and Arthrobacter strains used in this study. Sterile controls sampled
over the same time-frame exhibited less than 4% reduction to AsIII .
At 100 M AsV , reduction was almost completely inhibited
(Fig. 1) when P concentrations were increased to 500 and 1000 M
(P:As ratios of 5 and 10). These effects were observed for all three
AsV -reducing isolates, suggesting that high P to AsV ratios in natural
systems may decrease the likelihood that AsV will become reduced
to AsIII via microbial detoxiﬁcation processes. However, results
from experiments conducted at identical P:As ratios (5 and 10) but
with relatively low AsV concentrations (5 and 10 M, respectively)
and a constant P concentration (50 M), showed no signiﬁcant differences (˛ = 0.05; univariate ANOVA) in AsV reduction compared
to the baseline treatment (50 M P and 100 M AsV ) where nearly
100% of the AsV was reduced (Fig. 1). Consequently, high P:As ratios
alone are not sufﬁcient to inhibit microbial reduction of AsV ; the
absolute concentration of P is also an important factor. Finally, none
of the three AsV -reducers showed signiﬁcant AsIII oxidation when

Isolates were subjected to additional experiments in the
presence of either 1000 M AsV or AsIII (for reducing- or oxidizingisolates, respectively) plus 50 M phosphate (P:As = 0.05) to query
each organism’s ability to transform signiﬁcant levels of As. All
As-oxidizers (Fig. 2, Supporting Information) and As-reducers
(Fig. 2), except the Bacillus str. S18, continued to exhibit their
expected As-phenotype at this elevated As concentration. However,
a lag in AsV reduction (Fig. 2) or AsIII oxidation (Fig. 2, Supporting Information) was noted when plotted as a percent of
AsTotal . The actual maximum rates of AsV reduction in the 50 M
P:1000 M As experiments for the Agrobacterium, Arthrobacter, and Bacillus strains were 4.46 × 10−11 , 1.64 × 10−11 , and
1.75 × 10−9 mmol AsV reduced h−1 cell−1 , respectively, and each
was higher than the maximum rate of reduction calculated in the
baseline experiments.
A 10–82% decrease in the cell growth of As-reducers (Fig. 3)
and As-oxidizers (Fig. 3, Supporting Information) was observed
in experiments containing 1000 M As. However, it is noteworthy that all isolates, with the exception of Bacillus str. S18,
remained surprisingly vigorous despite this extreme As pressure. To determine if increased P concentration would ameliorate
high As-induced reduction in cell growth, the AsV -reducing bacteria were subjected to an additional treatment: 1000 M As and
1000 M P. This high P treatment did enhance growth rates in all
isolates and appeared to have the greatest effect on the growth
of Bacillus str. S18. This organism was clearly sensitive to AsV at
concentrations of 1000 M; however, the addition of 1000 M P
appeared sufﬁcient to alleviate this toxicity (Fig. 3). Increased phosphate concentrations of 1000 M also successfully inhibited AsV
reduction for all three AsV -reducing isolates (Fig. 1).
Possible mechanisms controlling phosphate inhibition of arsenate
reduction
The inhibition of AsV reduction by phosphate could be the result
of several possible factors. One of the hypotheses tested was that
increased P:AsV causes AsV -reducing isolates to down-regulate the
production of ArsC at, or prior to transcription. However, an analysis
of arsC mRNA using gene-speciﬁc PCR primers revealed that high
P:AsV failed to inhibit transcription of arsC in Agrobacterium str. 5B,
even when a high absolute P concentration (1000 M) was used
(Fig. 4). A similar result was reported in a previous study (Saltikov
et al. 2005), where three different P:AsV ratios (0.02, 0.12, and 1)
failed to reduce arsC expression in Shewanella sp. str. ANA-3.
In the current study, expression of the arsenate reductase gene
was not observed at T0 , suggesting that either arsC is not a consti-
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Fig. 2. Reduction of AsV by three AsV -reducing isolates – Agrobacterium tumefaciens
str. 5B, Arthrobacter sp. str. S6, and Bacillus sp. str. S18 as a function of AsV and P concentrations, including high levels of AsV (1000 M) and phosphate (1000 M). The
0.5 ratio study (50 M P:100 M As) serves as each organism’s baseline reduction
trend. Error bars indicate standard deviation of duplicate cultures; when apparently
absent, error bars are contained within the symbol. Legend values in M.

tutively expressed gene in this organism or that the concentration
of ArsC mRNA in the cells was below detection using this protocol.
However, expression was observed at the 8- and 24-h time-points
for both the 50 M P:100 M As and 1000 M P:100 M As experiments, despite the fact that essentially no AsV reduction was
observed in the latter experiment. These results suggest that transcription of the isolate’s arsC gene is not substantially inhibited by
either high P to AsV ratios or a high P concentration and that the
decreased reduction of AsV observed in the high P:AsV experiments
(ratios of 5 and 10) was the result of some other mechanism, such
as competitive inhibition at the enzymatic binding site during the
uptake and or the reduction step.
Enzyme kinetics
The inhibitory effect of phosphate in the P:AsV experiments
with A. tumefaciens str. 5B, Arthrobacter sp. str. S6, and Bacillus
sp. str. S18 was modeled using Michaelis–Menten enzyme kinetic
expressions. The maximum velocity of AsV reduction (VMAX ) and
the Michaelis constant (KM ) for each isolate were estimated using
Eq. (1), which was optimized with MicroSoft Excel® Solver optimization software. Input values included AsV -reduction velocities
(v, in mmol AsV h−1 cell−1 ) and corresponding AsV concentrations

Fig. 3. Cell growth of AsV -reducing isolates subjected to three treatments – 50 M
P:100 M As, 50 M P:1000 M As, and 1000 M P:1000 M As. Error bars indicate
standard deviation of duplicate cultures; when apparently absent, error bars are
contained within the symbol. Legend values in M.

(S1 , in mM) from the four P:AsV experiments that used an initial P
concentration of 50 M (Table 1):

v=

VMAX
1 + (KM /[S1 ])

(1)

The predicted VMAX and KM values for each isolate were then used
to estimate the phosphate inhibition constant (Ki , in mM) in Eq. (2).
Input values included P concentrations (I, in mM) for the three P:As
experiments that used an initial AsV concentration of 100 M (S2 ,
in mM; Table 1):

v=

VMAX · [S2 ]
KM (1 + ([I]/Ki )) + [S2 ]

(2)

The results of this modeling effort (Table 2) conﬁrm that
phosphate is a strong competitive inhibitor of AsV reduction
in Agrobacterium str. 5B (Ki = 0.024 mM), Arthrobacter str. S6
(Ki = 0.090 mM), and Bacillus str. S18 (Ki = 0.105 mM). Although
this data supports the idea that phosphate acts as a competitive
inhibitor of AsV reduction in these AsV -reducing isolates, it does
not specify whether inhibition occurs during phosphate transport
or AsV reduction. A previous study has documented phosphate’s
ability to competitively inhibit AsV reduction by the ArsC in E. coli
(Gladysheva et al. 1994); in that case however, P was shown to
only weakly inhibit ArsC activity (inhibition constant, Ki = 30 mM).
It should be noted however, that direct comparison of the kinetic
parameters presented here and those reported by Gladysheva et al.
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Table 2
Calculated kinetic values for three known AsV -reducing isolates (Agrobacterium str. 5B, Arthrobacter str. S6, and Bacillus str. S18) based on Michaelis–Menten modeling.
Calculated parameters included maximum As reduction velocity (VMAX ), Michaelis constant (KM ), and phosphate inhibition constant (Ki ).
Isolate
Agrobacterium str. 5B
Arthrobacter str. S6
Bacillus str. S18

VMAX (mmol h−1 cell−1 )
−11

5.0 × 10
1.9 × 10−11
1.75 × 10−9

KM (mM)

R2 (%)

Ki (mM)

R2 (%)

0.055
0.070
0.075

99.9
99.0
98.8

0.024
0.090
0.105

97.1
88.7
88.7

All ﬁve isolates included in this study showed decreased growth
and As-transforming capability when grown under high As conditions (1000 M), though the Arthrobacter sp. str. S6 appeared to
be the least affected. With the addition of a high P concentration
(1000 M), cell growth was enhanced and AsV reduction was inhibited in the AsV -reducing isolates, likely by limiting cell exposure to
high AsV through competition for cell uptake.
The ﬁndings of this study add justiﬁcation to the theory that
phosphate concentration in soils or natural waters may be an
important parameter indirectly limiting the formation of AsIII via
microbial processes. A better understanding of the factors that control formation of the more toxic, mobile, and bioavailable AsIII form
in soils and natural waters has implications for reducing chronic
human As poisoning, increasing compliance with the US drinking
water regulation for As, and for bioremediation of As-contaminated
lands.
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Fig. 4. Expression of the arsenate reductase gene, arsC, in Agrobacterium tumefaciens
str. 5B as a function of time (0–24 h) and phosphate concentration (50 and 1000 M).

(1994) are not possible because the parameters presented here are
based on cell numbers and not on enzyme concentrations. Furthermore, since enzyme concentrations were not measured in this
study, direct conversion from a per cell rate to a speciﬁc enzymatic
rate is not possible.
Conclusions
High phosphate concentrations were shown to inhibit the
microbial reduction of AsV to the more toxic AsIII form both empirically and through Michaelis–Menten enzyme kinetic modeling.
Conversely, P:As ratios had no effect on the microbial oxidation of
arsenite by known AsIII -oxidizing organisms. The absolute concentration of P was important as well as the ratio of P to AsV . It appeared
that for the three AsV -reducing isolates, a P concentration threshold
must be exceeded to effectively inhibit reduction; based on the current study, this threshold is between 50 and 500 M. The inhibition
of AsV reduction observed in this study was not a result of inhibited
arsenate reductase expression. Rather, a decreased amount of AsV
was microbially reduced to AsIII via the ars operon because the elevated amount of phosphate ions present in the media (i) allowed
less AsV to be taken into the cells due to competition for phosphate
membrane transporters and or (ii) prevented AsV from binding to
the ArsC active site.
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