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Abstract Arsenic contamination of natural waters is a
worldwide concern, as the drinking water supplies for large
populations can have high concentrations of arsenic. Tradi-
tional techniques to detect arsenic in natural water samples can
be costly and time-consuming; therefore, robust and inexpen-
sive methods to detect arsenic in water are highly desirable.
Additionally, methods for detecting arsenic in the field have
been greatly sought after. This article focuses on the use of
bacteria-based assays as an emerging method that is both
robust and inexpensive for the detection of arsenic in
groundwater both in the field and in the laboratory. The
arsenic detection elements in bacteria-based bioassays are
biosensor—reporter strains; genetically modified strains of,
e.g., Escherichia coli, Bacillus subtilis, Staphylococcus
aureus, and Rhodopseudomonas palustris. In response to
the presence of arsenic, such bacteria produce a reporter
protein, the amount or activity of which is measured in the
bioassay. Some of these bacterial biosensor-reporters have
been successfully utilized for comparative in-field analyses
through the use of simple solution-based assays, but future
methods may concentrate on miniaturization using fiber-
optics or microfluidics platforms. Additionally, there are
other potential emerging bioassays for the detection of
arsenic in natural waters including nematodes and clams.
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Arsenic in the environment

Arsenic is a ubiquitous metalloid in the environment: it can
be found in natural systems all over the world from both
natural and anthropogenic sources [1]. Natural sources of
arsenic include rocks and minerals in the earth's crust, as
well as the sediments and soils derived from them [1, 2].
Anthropogenic sources of arsenic include the application of
organoarsenical pesticides, the burning of fossil fuels, the
use of organoarsenical feed additives, mining activities, the
disposal of industrial wastes, and the application of
arsenical desiccants and preservatives [1, 2]. Arsenic
contamination of natural waters is of particular concern as
arsenic is a known toxin and carcinogen [3, 4]. The most
recent crisis involving arsenic in water supplies is in
Southeast Asia, including Bangladesh, Vietnam, India, and
Cambodia, where naturally occurring arsenic contamination
of groundwater has resulted in millions of cases of arsenic
poisoning [4].

Several arsenic species are found in natural waters, with
the dominant forms occurring as arsenite [As(IIl)] or
arsenate [As(V)] as anions in solution. Arsenic can also
complex with colloidal particles, and can also be found as
organoarsenic compounds, depending on the source and the
environmental conditions [2]. The toxicity of arsenic
species in natural waters varies, with arsenite being the
most toxic, and arsenate, monomethylarsonate, and dime-
thylarsinate being less toxic [2]. Arsenic cycles through the
hydrosphere via several key processes. Arsenic can be
released from surface sources to soil water, and can be
subsequently transported to groundwater and surface water
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supplies, and may eventually be discharged to the ocean.
Arsenic can also be leached directly into groundwater
supplies via dissolution of arsenic-bearing minerals in the
aquifer matrix, and this contamination can then be trans-
ported to surface and ocean waters. Uptake of or irrigation
with arsenic-contaminated water results in contamination of
crops or livestock, which can further aggravate the arsenic
toxicity cycle in biota and people [5]. Several biogeochem-
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Fig. 1 Design principle of most bacteria sensor—reporters for arsenic.
a When no arsenic enters the cell, the ArsR protein represses the
transcription of the arsenic defense system genes (arsD, arsC, arsA,
and arsB) from one particular DNA region upstream of the gene for
itself (the operator—promoter site). In the presence of arsenite in the
cell, ArsR loses affinity for the operator and RNA polymerase will
transcribe the arsDCAB genes to produce the defense. ArsC is a
reductase that reduces arsenate [(4s(V)] to arsenite [A4s(Il])], whereas
ArsAB constitute an efflux pump for arsenite. b In the sensor—reporter
strain, an extra copy of the operator—promoter DNA fused to the arsR
gene and a gene for a reporter protein are added to the cell. In this
case, when arsenite or arsenate is sensed by the cell, transcription for
the reporter gene will also be unleashed and the reporter protein will
be formed. The presence or activity of the reporter protein is
subsequently measured

@ Springer

ical processes control the release and transport of arsenic in
natural waters, including adsorption, oxidation—reduction,
and microbial activity. Arsenic adsorbs strongly to metal
oxides and clays, which is a highly pH dependent process
[6]. Oxidation and reduction of arsenic species impact
speciation, which can thus impact mobility, as arsenite has
been observed to be more mobile than arsenate [6].
Microbial activities play an important role in the dissolution
of arsenic-containing minerals and in transforming arsenic
speciation. For example, arsenate is reduced to arsenite by
the common bacterial enzyme arsenite reductase [7].
Arsenate can also serve as an electron acceptor for
anaerobic respiration with organic materials [8]. Arsenite
can be oxidized to arsenate under aerobic conditions by
certain types of bacteria that derive chemical energy from
the reaction [8]. Furthermore, organoarsenicals are pre-
sumed to be formed via microbial activities [9].

Detection of arsenic in environmental samples

Robust and inexpensive methods to detect arsenic in the
field have become highly desirable, as standard laboratory-
based techniques such as atomic absorption and atomic
fluorescence spectrometry, inductively coupled plasma
techniques, and high-pressure liquid chromatography, while
highly effective [10, 11], can be costly and time-
consuming. Regions that have the most extensive arsenic
contamination are also the areas with the least access to
these particular techniques, making the need for in-field
arsenic detection even more urgent. In addition, certain
countries such as Bangladesh have an extremely delocal-
ized water supply system with millions of individual tube
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Fig. 2 Example of a calibration of a bioassay using an arsenic sensor—
reporter strain. Cells of Escherichia coli (pJAMA-arsR) are incubated
in an aqueous suspension with a series of known concentrations of
sodium arsenite. After 2 h of incubation of the cells with arsenite, the
substrate for the reporter protein (here, bacterial luciferase) is added
and light emission is measured with a luminometer. Extracts from
unknown samples are measured simultaneously and values are
interpolated on the calibration curve, as indicated. (Graph and data
redrawn with permission from Baumann and van der Meer [28])
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will invoke a reporter protein response at very low
(extracellular) arsenite concentrations, typically significantly
below 50ug/L. By calibrating the response of the
sensor—reporter cells in the bioassay at various arsenite
concentrations, one can thus infer the equivalent arsenite
concentration in an unknown sample (Fig. 2).

This principle has been demonstrated numerous times in
the literature, using different bacteria as a “host” for the
sensor—reporter construction such as Escherichia coli, Bacil-
lus subtilis, Staphylococcus aureus, or more recently
Rhodopseudomonas palustris. One of the interesting aspects
of this technology is that there are a wide variety of
possibilities for choosing the reporter protein [16]. In
general, a reporter protein is selected that is easy to measure,
has a high degree of selectivity (i.e., has no background in
the host cell), and a high sensitivity (i.e., very few reporter
protein molecules in the cell can be detected). Current
examples are bacterial or eukaryotic luciferase, autofluor-
escent proteins, [3-galactosidase, ice-nucleation protein, and
cytochrome ¢ peroxidase. Luciferases, which will elicit
bioluminescence, have been widely exploited because of
their high selectivity and sensitivity. On the other hand, they
impose a large energy cost on the host cell. Autofluorescent
proteins have attracted wide interest because no cofactors are
needed for the activity, as they permit single-cell detection
and a variety of different fluorescence colors exist. This may
not be particularly important for a single target sensor—
reporter cell, but it becomes interesting when multiple
chemical targets have to be measured simultaneously.
[3-Galactosidase is a very versatile enzyme for which a wide
range of different substrates exist that enable chemilumines-
cence, fluorescence, or colorimetric signal formation. Table 1
presents an overview of the various bacterial arsenic sensor—
reporters that have been developed and the ranges of
detection sensitivity in the bioassays.

The majority of the microbial sensor-reporters for arsenic
are based on E. coli with luciferase, green fluorescent protein
(GFP), [3-galactosidase, or cytochrome ¢ peroxidase as the
indicator for exposure to arsenic in solution. The assays
conducted with bacterial sensor—reporters for arsenic in
general consist of incubating an aquatic suspension of sensor
cells with the sample and reading out the reporter signal after
2-4 h. The first E. coli sensor—reporters utilized bacterial and
firefly luciferase as reporter proteins for arsenic contamina-
tion [7, 17]. The reported linear detection range of bioassays
with E. coli expressing firefly luciferase was still relatively
high, being 257 ug/L to 26 mg/L of arsenite in solution [17].
Bioassays with subsequently reengineered E. coli sensor—
reporters with bacterial and firefly luciferase were capable of
detecting lower concentrations of arsenite that are at or below
the most common drinking water standard of 10 ug As/L [18,
19]. Bioassays with very low detection ranges for arsenic in
solution (10-50pg/L) were also reported using E. coli

sensor—reporter cells expressing 3-galactosidase. Assays with
these cell lines display a linear detection range for arsenic
concentrations in solution either less than 10ug/L or less than
S50ug/L [19, 20]. Recently, we and others proposed the
concept of a traffic light system, in which strains with
different reaction sensitivity to arsenic are applied that would
render the analysis independent of external calibrations [20].
Assays with E. coli cells expressing GFP as a reporter protein
display a wider arsenic detection range than the [3-
galactosidase reporters. The GFP reporter assays have a
linear detection range for arsenic in solution ranging from 1
to 100pg/L [21], from 8 to 47pg/L and from 8 to 234pg/L
[19], and from 78 to 390 ug/L [22]. Cytochrome ¢ peroxidase
has also been utilized as a reporter to produce an E. coli
arsenic biosensor. Bioassays with cytochrome ¢ peroxidase
reporter strains showed linear detection ranges for arsenic
ranging from 4 to 20 or 30 ug/L and from 20pg/L to 5 mg/L,
as well as in ranges greater than 1 mg/L, dependent on
genetic differences of the reporter strain [20].

The development of arsenic bioassays using B.
subtilis, S. aureus, and R. palustris biosensor cells has
occurred to a lesser extent. Only two B. subtilis sensor—
reporter strains for arsenic have been created; one which
expresses firefly luciferase and the other 3-galactosidase.
Bioassays with the firefly luciferase reporter achieved a
linear detection range for arsenic of 257-7,800 ug/L [17],
whereas with the (3-galactosidase reporter a linear detec-
tion range for arsenic of 22—7,800ug/L was found [23].
The advantage of the B. subtilis system is that this
bacterium forms spores that can be easily stored at room
temperature for long periods of time. A reactivation period
for the spores to form vegetative cells of around 12—14 h
would then be necessary to obtain active cells that can be
used for arsenic measurements. Only one each of the S.
aureus and R. palustris bioreporters have been created.

a 0 Aslll

b 10 pg/L Aslil

Fig. 3 Example of a microfluidics assay readout with sensor—reporter
bacteria. Cells of E. coli (pPR-arsR-ABS) were incubated without (a)
or with (b) 10ug As(III)/L for 60 min. The intensity of the
fluorescence produced from the reporter (here, green fluorescent
protein) is imaged with a camera, from approximately 200 cells in a
microcavity on the chip
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The S. aureus bioreporter utilizes firefly luciferase and
bioassays with this strain achieved a linear detection range
for arsenic of 8-257ug/L [17]. Bioassays with the R.
palustris sensor—reporter strain rely upon a spectrophoto-
metic determination of color change that does not have a
linear detection range [24].

There are many advantages and disadvantages to both
biotic assays and abiotic sensors; however, sensor—reporter
bacteria-based assays show a high promise for increased
applicability in field deployment, not least because the
assays can be kept extraordinarily simple and the “sensor”
part (i.e., the bacterial cells) is self-reproductive at low cost.
In a 2005 comparative study we provided compelling data
on the performance of a bioassay using an E. coli sensor—
luciferase reporter for arsenic in analyzing groundwater
samples from Vietnam [25]. These data were obtained on
simple aqueous suspension assays with the sensor—reporter
cells and single-tube luminometers. Obviously, for direct
field application one would like to have standalone assay
systems with low or no maintenance requirements. This is
still difficult to achieve, because of poor maintenance of the
immediate reaction potential of the sensor—reporter cells
upon long-term storage [26]. Most often, therefore, bio-
assays apply freshly grown or deep-frozen cells to have the
shortest reaction time. Future improvement may be
achieved by embedding and drying techniques, or applica-
tion of cells to microfluidics devices (Fig. 3) or fiberoptic
cables, and the development of in-field assays are all future
capabilities for biological sensors that are currently under
development.

Outlook on future bioassays

Bacterial sensor—reporter cells have proven to provide
simple and quantitative assays, not only for arsenic
determination, but in a variety of fields [27]. Bioassays
with arsenic-specific bacterial sensor—reporter cells are
usually carried out in an aqueous suspension with the
target analyte, but this does not necessarily limited the
assay to groundwater or drinking water analysis. Recently,
we showed that a bioassay can be adapted to analyze
arsenic in rice [28], and assays using bacterial sensor—
reporters have also been applied to crab urine [29] and
human blood [30]. Bioassays may also be developed for
arsenic in soil using soil-water extracts, but similar as for
groundwaters this may require optimization of procedures
to avoid arsenic complexation with iron hydroxides [25].
Still, sensor—reporter-based bioassays are still hardly ap-
plied outside research laboratories. This may have a variety
of reasons, such as them being genetically modified
organisms, a lack of regulatory imperative to use biosensor
tests as opposed to more regular chemical tests, and

@ Springer

absence of commercial enterprises marketing the sensor—
reporter cells and the accompanying assays. There are many
avenues for improvement and expansion of both the
bacterial strains and the bioassays with the strains for use
in the field, which would enable easier maintenance even
for non-microbiology experts. For example, microbial
biosensor cells are currently being applied to microfluidics
devices for use as sensors in the field [22], as well as to
fiberoptic cables for in situ deployment [31, 32].

Further developments may lie in combinations of
bacterial sensor-reporters and other organisms. For
example, bacterial sensor—reporters were used to measure
toxicants in urine of sea crabs [29]. Most previous
research has focused on the use of microbes as biological
detectors of arsenic, but there are other organisms that
could be used to detect arsenic in different and specialized
ways. For example, it is possible that the nematode
Caenorhabditis elegans extracted from arsenic-
contaminated soils could be fed bacteria that fluoresce
when exposed to arsenic, and a fluorescent response in the
gut of the nematode would indicate the presence of
arsenic. Additionally, the Asiatic clam Corbicula fluminea
is a known bioaccumulator of arsenic [33], and it could be
deployed in natural waters containing arsenic to serve as a
proxy for the amount of arsenic bioaccumulation possibly
seen in other aquatic species.
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