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Abstract

An arsenic oxyanion-inducible Escherichia coli chromosomal operon (arsRBC) has been previously identified.
Construction of a luciferase transcriptional gene fusion (arsB::luxAB) showed that ars operon expression, plus
concomitant cell luminescence, was inducible in a concentration- dependent manner by arsenic salts. The present
study was conducted to evaluate the potential of the arsB: :1uxAB transcriptional gene fusion for use as a biosensor
in monitoring the toxicity of arsenic compounds. Cultures from this gene fusion strain were exposed to increasing
concentrations of the wood preservative chromated copper arsenate (CCA), as well as its constituents, sodium
arsenate and chromated copper solution (CC). Analysis of luciferase activity revealed that the arsB::luxAB gene
fusion was expressed in response to CCA and sodium arsenate, but not to the CC solution. The detection limit
of arsenic was found to be 0.01 ug As/ml (10 parts per billion, 10 ppb) and therefore well within the range of
environmental concerns. A greater induction of luminescence by arsenate was observed when cells were limited
for phosphate, as phosphate can act as a competitive inhibitor of arsenate ions. Our results suggest that the E. coli
arsB::luxAB fusion strain has a promising future as a specific and sensitive biosensor for monitoring bioavailable

levels and toxicity of arsenic near sites where CCA-treated wood has been used.

Introduction

The increase of arsenic (As) concentration on the
earth’s surface is due to both natural sources, such
as volcanic activity and weathering processes, as well
as anthropogenic sources, such as mining activities,
agricultural and forestry applications. One example of
anthropogenic arsenic contamination in the environ-
ment is the use of arsenic-containing wood preserva
tives. The most extensively used wood preservative is
chromated copper arsenate (CCA), which is pressur-
ized into the wood through a process called ‘ Wolman-
izing' (Weis & Weis 1994). Wood intended for marine
uses receives 24 to 40 kg CCA per cubic meter of
wood to prevent its destruction by bacteria, fungi and
insects. Each of the three chemicalsin CCA is known
to be toxic to aguatic biota at concentrations above
trace levels, and found to be leached from the treated
wood in both fresh and sea water (Warner & Soloman

1990; Weiset al. 1991; Weis & Weis1992). Chemicals
leached from CCA-treated wood can affect organisms
that grow on the wood itself, those that live adjacent
to the CCA-treated bulkheads, and aso be adsorbed
onto sediments, where they can be slowly released or
taken up by benthic organisms (Weis & Weis 1992,
1995; Weis et al. 1993). The rate of metal accumu-
lation in sediments and in benthos differs with each
chemical in the order: Cu > As > Cr, and decreas-
es with distance and time (Weis and Weis 1994; Weis
and Weis 1996). Benthic organisms living near CCA-
treated bulkheadswere foundto contain elevated levels
of Cuand As. Thenumber of individuas, aswell asthe
species diversity, were also decreased at sites adjacent
to CCA-treated bulkheads (Weis & Weis 1994). Patho-
logic and genotoxic effects have also been observedin
oysters (Crassostrea virginica) living on CCA-treated
wood (Weis et al. 1995). In addition, CCA was shown
to affect the growth of PCP-degrading bacterial species
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and their ability to degrade PCP (Wall & Stratton 1994,
1995). Thus, monitoring of bioavailable amounts of
CCA released by the treated wood, is important in
order to detect and rectify its toxic effects. Among
the three chemical congtituents of CCA, arsenic isthe
most abundant in the environment, and known to have
carcinogenic and teratogenic effects on humans upon
chronic exposure (Morton & Dunnette 1994; Hartwig
1995). Therefore, the focus of this study ison biomon-
itoring of arsenic toxicity.

Arsenic belongs to the VA group in the periodic
table. It can existin +5, +3, 0, and — 3 oxidation states
in nature. The arsenic component in CCA is arsenate,
the pentavalent inorganic form that is chemically sim-
ilar to phosphate. Thetoxicity of arsenical compounds
depends on their bioavailability, oxidation states, and
organometalloidal forms (for a review, see Tamaki &
Frankenberger 1992). For the last few decades, numer-
ousanalytical methods, including gas chromatography
(GC) with flameionization, reverse phase and high per-
formance liquid chromatography (HPL C), mass spec-
trometry, X-ray fluorescence, and flame atomi c absorp-
tion spectrophotometry (AAS), have been developed
to detect the concentration of different forms, as well
as the total amount, of arsenic in environmental sam-
ples. These methods are highly sophisticated and sen-
sitive, but may require extensive sample pretreatment
and high costs. In many cases, the samples have to be
converted into other forms (e.g. arsine) in order to be
detected by these analytical procedures. Moreover, the
bioavailability of the original arsenic speciespresentin
asample, andtheir potential toxic effectson biota, may
not be reflected by these analyses. In thisregard, effec-
tive means of detecting bioavailable concentrations of
arsenic, and its effects on living cells, need to be fully
elaborated.

Our laboratory has previoudly identified, using
gene fusion techniques, an Escherichia coli chromo-
somal operon (ars), whose expression is induced in
the presence of inorgani c arsenic and antimony oxyan-
ions (Diorio et al. 1995). This As/Sb-inducible operon
contains three open reading frames, arsR, B, and C,
which encode a trans-acting repressor (arsR) that neg-
atively regulatesthe expression of the operon (Xuet al.
1996; Cai & DuBow 1996), a membrane-based pump
(arsB), which specifically mediates extrusion of arsen-
ite and antimonite anions, and an arsenate reductase
(arsC). The chromosomal ars operon confers moder-
atelevels of resistanceto toxic formsof arsenicalsand
antimonials(Diorioetal. 1995; Carlinet al. 1995). The
arsR, B and C genes of the chromosomal ars operon

are highly homologous to an E. cali plasmid (R773)-
encoded ars operon, which contains five ORFs in the
order arsRDABC and encodes an arsenite/antimonite-
stimulated ATP-driven efflux pump (Kaur & Rosen
1992; Wu & Rosen 1993). Further studies have been
conducted to elucidate the regulation of chromosomal
ars operon expression (Xu et al. 1996; Cai & DuBow
1996).

The aim of the present study is to examine the
effects of CCA, and its constituent compounds, on
bacteria cell growth and expression of the ars oper-
on. Moreover, we explore the potential of an E. coli
chromosomal arsB::IuxAB gene fusion as a biosensor
(Karube & Suzuki 1990; Danilov & Ismailov 1989)
in detecting biologically important concentrations of
arsenatein CCA.

Materials and methods
Bacterial strains and growth media

The bacterial strains used in this study have been
described previously (Cai & DuBow 1996). E. coli
40 isthe strain in which weisolated and sequenced the
chromosomal ars operon (Diorio et a. 1995). E. coli
strain LF20012 is a chromosomal arsB::luxAB Tet"
transcriptional fusion strain (and thus ars™) derived
from E. coli 40 (Cai & DuBow 1996). All assayswere
performed in either Luria-Bertani (LB) (Miller 1972)
or LB broth reduced in phosphate, called dephospho-
rylated LB broth (Bukhari & Ljungquist 1977), to
compare the effects of phosphate on arsenate toxic-
ity. Tetracycline (10 pg/ml, final concentration) was
routinely added to cultures of LF20012.

Chemicals

Chromated copper arsenate was purchased from
Chemical Specialties Inc. (CSI, Harrisberg, NC), and
is a mixture of arsenate (19% as As,Os, w/w), chro-
mate (23.5% as CrOz w/w) and cupric oxide (9.25%
as CuO, w/w). The ratio of As.Cr:Cu in this commer-
cia formulais 13.11: 14.82: 9.11. Sodium arsenate
(NagAsOy-7H,0), chromium oxide (CrO3) and cupric
oxide (CuO) were purchased from American Chem-
icals Ltd. (A&C, Montreal, QC). A stock solution,
containing identical concentrationsof chromium oxide
(23.5%, w/w) and cupric oxide (9.25%, w/w) as those
in CCA, was prepared and designated CC solution.



All other chemicals were obtained from commercial
sources.

Luciferase assays

Cultures of E. coli LF20012 were grown overnight in
LB, or dephosphorylated L B, broth containing tetracy-
clinein a 37 °C air shaking incubator. The overnight
culture was diluted 100-fold in the same medium and
growth continued until mid-log phase (Agg= 0.3-0.4).
The cells were then exposed to increasing concentra-
tions of sodium arsenate, CCA or CC, respectively,
by adding increasing amounts of the stock solutions of
each chemical tothe culture, and growth was continued
for 2 h. Aliquots of these cultures were removed every
30 min for luciferase activity assays. Samples were
diluted in LB broth to afinal Aggg of 0.05. One milli-
liter (1 ml) of diluted bacterial culture (intriplicate) was
placedin a4 ml cuvette, which wasthen inserted into a
[uminometer (Tropix Optocomp |, MGM Instruments,
Hamden, Connecticut). Luminescence measurements
were initiated by injection of 100 pl of a dodecanal
stock solution (1:100 dilution in LB, mixed by vig-
orous shaking). Total relative light units (RLU) were
recorded for al0 secinterval. Theaverage RLU of each
triplicate, aswell astheir standard deviations, werecal -
culated by the automated program of the luminometer.
Luciferase activity was expressed as the number of
photons emitted per second per Aggo Unit.

Sensitivity assays

Bacterial cells were grown at 37 °C overnight in LB
or dephosphorylated L B, broth containing tetracycline
when required. The overnight cultures were diluted
100-fold in the same medium containing increasing
concentrations of the chemicals of interest. The cul-
tures were incubated in a shaking incubator for 6 h
at 37 °C. The optical density at 600 nm of each sam-
ple (in triplicate) was recorded. The average value of
the Aggo Of each culture obtained in the absence of
added chemicals after 6 h incubation was used as a
reference point, and set at 100%. The percent growth
of each culture in the presence of added chemicals at
various concentrations was calculated by dividing the
average value of the observed Agy after 6 h incuba-
tion by that of the reference culture. The effects of the
chemicalson cell growth was expressed as the percent
growth versusarsenic concentration. Inthe case of CC,
the concentration was equivalent to that used for the
experimentswith CCA. The L Dsy values of each sam-
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ple were defined as the elemental concentrations of
arsenic in each chemical (except in CC, as designated
above) that caused a 50% reductionin cell growth, and
obtained according to the above growth curves.

Results

Expression of the arsB::luxAB gene fusion is specific
for arsenicin CCA

To evaluate the effects of CCA on the expression of the
ars operon, and the potential of the arsB::luxAB gene
fusion for use as a biosensor in detecting bioavail-
able levels of arsenic compounds, bacterial cells con-
taining this gene fusion (LF20012) were exposed to
sublethal levels of CCA. Luciferase activity was ana-
lyzed as described in Material s and methods. Two oth-
er compounds, sodium arsenate, which is the form of
arsenic in CCA, and the CC solution, which contains
identical concentrations of chromate and cupric oxide
as in CCA, but lacks arsenic, were aso examined.
The results showed that the arsB::IuxAB gene fusion
can be induced by CCA in both LB (Figure 1D) and
dephosphorylated LB broth (Figure 1A), but not by
CC (Figure 1C and F), indicating that expression of
the arsB::luxAB gene fusion is specific for the arsenic
oxyanion of CCA. Theseresultswere supported by the
inducible expression of cell luminescence by sodium
arsenate (Figure 1B and E). Expression of luciferaseis
concentrati on-dependent within the sublethal concen-
trations tested, with an assay time of 60 min or less,
and can be detected at arsenic concentration as low as
0.01 pg As/ml (10 parts per billion, 10 ppb). Optimum
levels of luciferase activity were achieved at 60 min
post-exposure to 0.1 to 1.0 pg/ml arsenic in CCA or
sodium arsenate, with a maximum induction of 50-
to 90-fold, depending on the experimental conditions
used (Figure 1A, B, D, and E). A decrease in the level
of luminescence was observed after 60 min when cells
were exposed to CCA in dephosphorylated L B but not
in LB (see Discussion). Arsenic concentrationsgreater
than 1.0 pug As/ml caused a reduction of luminescence
(data not shown) presumably due to toxic effects of
arsenic on cell physiology and luciferase cofactor lev-
els (Meighen 1991; Guzzo et al. 1992).

Effects of CCA on bacterial growth

Theeffect of CCA on bacterial growth wasevaluated as
described in Materials and methods. The arsB::luxAB
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Figure1. Luminescence of the arsB::|uxAB fusion strain L F20012 in the presence of CCA, arsenate, and CC. Cells growing a mid-log phasein
dephosphorylated LB (A—C) or regular LB (D—F) were exposed to increasing concentrations of arsenic in CCA (A and D), sodium arsenate (B
and E), aswell as CC solution (C and F), whose concentration was equivalent to that of CCA. Samples were removed every 30 min. Luciferase
activity was measured (in triplicate) as described in Materials and methods. The standard deviations are shown by error bars. @, 0 pg/ml; A,

0.01 pg/ml; %, 0.1 pg/ml; M, 0.5 pg/ml; V¥, 1.0 pg/ml.

fusion strain (ars—) was found to be more sensitive
to arsenic than the wild type strain (Figure 2A, B and
E), consistent with previous studies of E. coli strains
in which the ars operon is no longer functional (Dio-
rio et a. 1995; Carlin et a. 1995). The toxicity of
CCA or sodium arsenate was higher in dephosphory-
lated LB than in LB medium, as revealed by the LDsg
valuesshown in Table 1. However, when cultureswere
exposed to CCA in LB broth, there was no significant
difference in LDsy values between the arsB::luxAB

fusion strain and the wild type strain at the concentra-
tionstested (Figure 2D and Table 1). Thisresult may be
due to the predominant toxic effects of chromium and
copper, over those of arsenic, when phosphateis abun-
dant, and is supported by the observation that wild type
cellswere more sensitiveto CC thanto arsenate (Table
1). Nonetheless, greater sensitivity of both strainswas
observed in mediacontaining CCA than those contain-
ing CC only, suggesting asynergistic toxic effect of the
three congtituents of CCA on the cells.
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Figure 2. Growth inhibition in the presence of CCA, arsenate and CC. Cells were grown at 37 °C in ashaking air incubator in the presence of
increasing concentrations of CCA (A and D), sodium arsenate (B and E), and CC (C and F) in either dephosphorylated LB (A-C) or regular LB
(D—F). After 6 h, the absorbance at 600 nm (Aggo) of each sample (in triplicate) was recorded. The average percent of growth (compared with
no added chemical) of each sample was calculated as described in Materials and methods, and plotted on the Y axes. The standard deviations
are shown by error bars. The concentrations indicated on the X axes are the elemental concentrations of arsenic (ug/ml), except in the case of
CC, whose concentration is equivalent to that used for the experiments with CCA. x, LF20012 (ars~); B, 40 (arst).

Table 1. LDso(ug As/ml) of chemicals to E. coli 40 (arst) and E. coli LF20012 (ars™)

Chemical CCA Naarsenate cct

culture medium de-PLB¢ LB de-PLB LB de-PLB LB
E. coli strain

40 (arst) 17 14.8 50 300 30 35
LF20012(ars™) 39 13.4 5.8 20.8 235 30

@ Calculated as described in Materials and methods.

b The concentrations of chromate and cupric oxide in CC are equivalent to those in CCA.
¢ Dephosphorylated LB.
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Discussion

In the present study, an E. coli arsB::luxAB luciferase
gene fusion strain (LF20012) was shown to increase
luminescence in the presence of increasing concentra-
tions of the commonly used, arsenic-containing wood
preservative, CCA, as well as to sodium arsenate,
but not to the other two components (chromate and
cupric oxide) of CCA. It is interesting to note that
the arsB::luxAB gene fusion is expressed, in gener-
al, to a higher level in dephosphorylated LB medi-
um than in LB medium when the same amount of
arsenic was present in the media (Figure 1). These
results may be due, in part, to the fact that arsen-
ate is taken up by most organisms through phosphate
transport systems. In E. coli, for example, there are
two major inorganic phosphate transport systems, the
low affinity Pit system and the high affinity Pst sys-
tem (Willsky and Malamy 1980). The Pit system has
equal affinity for both phosphate and arsenate, while
the Pst system has a higher affinity for phosphate than
for arsenate (Willsky and Malamy 1980). Therefore,
the depletion of phosphate (in dephosphorylated LB
broth) may favor increased arsenate uptake by the cells
through both Pit and Pst systems due to the decreased
phosphate competition for arsenate uptake, leading to
higher levels of arsB::luxAB gene fusion expression
in response to arsenate. On the other hand, a gener-
al decrease in the level of luminescence was observed
after 60 min of cellular exposure to CCA or arsen-
ate. In particular, a greater decrease was seen after
60 min in dephosphorylated LB with CCA than in
LB medium. This phenomenon could be attributed to
several factors. First, cells begin to enter stationary
phase at the time between 60 to 90 min under these
conditions, with concomitantly slower metabolic rates
and reduced oxygen uptake, production of luciferase
enzyme and its substrate (FMNH,), all of which can
lead to a decrease in luminescence in general (see Cal
& DuBow 1996, for example). Secondly, Blouin et
al. (1996) suggest that formation of the luciferase-
FMNHOOH complex is a primary determining factor
for bioluminescence, whereasregeneration of FMNHo,
the substrate for the luciferase enzyme, depends on
the level of NAD(P)H+HT and NADH-FMN oxi-
doreductase (Blouin et al. 1996). Arsenate is known
to uncouple oxidative phosphorylation by arsenoly-
sis [29, 30], which may affect the intracellular lev-
el of NAD(P)H+H™ generated via the electron trans-
port system, thusdecreasing cellular level sof FMNH,.
Since there is presumably a higher level of intracellu-

lar arsenate in phosphate depleted LB medium thanin
regular LB medium, thistoxic effect may be more pro-
nounced in dephosphorylated LB medium with time,
leading to a more rapid decrease in luminescence in
dephosphorylated LB.

The advantage of this bacterial gene fusion as an
arsenic biosensor lies in its specificity, sensitivity,
selectivity, and simplicity of operation. Our results
have shown that this biosensor is specific for arsenic,
and the detection limit can be as low as 0.01 pg/ml,
which is within the federal drinking water standard
(i.,e. 0.05 pg As/ml). Secondly, bacterial cells are
easy to maintain. It has been recently reported that
a recombinant E. coli biosensor for organophospho-
rus neurotoxins can be stably maintained at 4 °C for
over 2 months (Rainina et al. 1996). Our arsB::luxAB
gene fusion strain has been found to be stable for at
least 6 months when stored in 25% (v/v) glycerol at
—20 °C (data not shown). Moreover, bacterial cells
can be easily and inexpensively propagated, lumines-
cence assays are simple to perform, and results can be
rapidly obtained after sampling. It isinteresting to note
that a non-linear dependence of luminescence versus
the concentration of arsenic tested was observedin our
system, suggesting a complex intracellular biochem-
istry of arsenic, as supported by our previous obser-
vation that even an ars~ mutant can grow in arsen-
ite or arsenate concentrations above those that induce
ars operon expression (Diorio et a. 1995), suggest-
ing that the ars operon is not the only system acting
on toxic arsenic oxyanions. Nonetheless, the value of
this gene fusion strain as a living bacterial biosensor
cannot be underestimated. With proper control analy-
ses, the use of living biosensor systems can enhance
analytical chemistry in quantitatively evaluating not
only the levels, but also the bioavailability and toxic
effects, of arsenic in the environmental samples. Thus,
the use of these luminescent gene fusion biosensors
in detecting environmental arsenic contamination may
hold promise in environmental assessment.
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