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Abstract: Traditionally, pollution risk assessment is based tbe measurement of a
pollutant’s total concentration in a sample. Theidity of a given pollutant in the
environment, however, is tightly linked to its biadability, which may differ significantly
from the total amount. Physico-chemical and biatafiparameters strongly influence
pollutant fate in terms of leaching, sequestratéord biodegradation. Bacterial sensor-
reporters, which consist of living micro-organisrgenetically engineered to produce
specific output in response to target chemicaleran interesting alternative to monitoring
approaches. Bacterial sensor-reporters detect &iladle and/or bioaccessible compound
fractions in samples. Currently, a variety of easimental pollutants can be targeted by
specific biosensor-reporters. Although most of satiains are still confined to the lab,
several recent reports have demonstrated utilitpamfterial sensing-reporting in the field,
with method detection limits in the nanomolar ranghis review illustrates the general
design principles for bacterial sensor-reportengsgnts an overview of the existing
biosensor-reporter strains with emphasis on orgammpound detection. A specific focus
throughout is on the concepts of bioavailabilitg dmoaccessibility, and how bacteria-based
sensing-reporting systems can help to improve @sicbunderstanding of the different
processes at work.

Keywords: whole-cell living bioreporters, luciferase, ¢fp, td@alactosidase,
bioremediation, synthetic biology.
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Introduction

Sensing techniques form an integrated part of oadem life. We like to be accurately and
constantly informed about the quality, security ammmposition of products that we consume or
encounter in our daily life. Medical tests neegtovide instantaneous answers on health parameters,
blood values or presence of potential pathogengammsms. Industrial processes rely on constant
physical and chemical sensing of process parametgstem inflow or outflow. Sensors come in
thousand and more forms and shapes, principles catdut. Future demand calls for further
miniaturization, continuous sensing, rapidity, Besed sensitivity or flexibility.

One of the emerging domains in sensing technolesgyhe use of living (microbial) cells or
organisms. Whereas this principle is arguable \ady (for example, mine canaries were used in
Roman times to sense carbon monoxide), it is omlgesthe last twenty years that living cell-based
sensing assays have gained impetus and develofmed scientific and technological area by itself.
The question we would like to discuss here is whg avould use living cells and organisms for
sensing? What are the specific purposes for bas#nging methods on living cells and what are the
advantages that cellular-based sensing can haveotiver sensing techniques? In this overview we
will concentrate specifically on bacteria- (micrepbased sensor (MBS) methods. We will shortly
rehearse the major design principles in MBS and givne examples of potentially useful applications
that have been achieved up to now. Furthermorewillefocus our attention on the concepts
bioavailability and bioaccessibility which are useful to explain the central conceptifierences
between sensing based on living cells and othesisgmethods.

Microbe-based sensors (MBS)

Initiated almost twenty years ago [1], the engimeerof microbial cells with the purpose of
chemical detection has enormously expanded sindé [Phe major driving force for this development
has been the advance in genetic engineering tastsiicthe relative ease to redesign (certain)
hardware components in microbial cells and to absemsynthetic genetic circuitry for sensing and
producing robust output signals. Although in prpleiany constituent, product or reaction of living
cells can form the basis for a ‘sensing device’ stmesearch has concentrated on non-cognate so-
called reporter proteins that are to be producethbycell after specific contact or interaction hwé
target analyte or condition [5,6]. The use of nogate proteins as reporters ensures a low
background in the absence of the trigger, and,llidea highly specific output signal [3,7,8]. In
addition, the conditional synthesis of the repoptetein is an important prerequisite for a higimsil-
to-noise ratio.

The choice of a suitable reporter protein is depahdn the targeted application form. For
example, MBS used fomn-situ single-cell measurements often apply autofluongisqgeoteins as
reporters [9,10]. A large variety of autofluoresceproteins with different spectral properties,
maturation kinetics, photobleaching or temperatstability is now available, mostly but not
exclusively based on mutants of green fluorescentem (GFP) or DsRed [11,12]. Recently, a new
type of fluorescent protein based on the YtvA proté Bacillus subtilisandPseudomonas putidaas
developed that can produce fluorescence even imltkence of oxygen, a characteristic which GFP
does not have [13]. Bulk measurements of MBS haenlrarried out with several different types of
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reporter proteins [3], of which bacterial and ewykdic luciferases have been particularly popular
[7,14]. Mostly because of their relatively high guam vyields, luciferases have been the optimal
choice for highly sensitive applications. Differespectral variants have been developed by
mutagenesis strategies [15,16]. On the other heuldiryotic luciferases require substrate additizoh a
cell membrane permeabilization in bacteria, whiomsewhat limits their practicality for MBS assay
configurations. Bacterial luciferases have been rtigst applied reporters in MBS. Two different
configurations have been used, one (LUxCDABE), mcl the cells synthesize the substrate for the
luciferase, and another (LuxAB), in which extersaibstrate addition is needed [7,14]. Although
external substrate addition is somewhat more cusobeg, it avoids false-positive stimulation of
luciferase activity by membrane regeneration [17d & less energy demanding for the cell. Other
reporter proteins can be used for colorimetric tmcteochemical detection [3]. Of these, beta-
galactosidase is currently probably the most vesditecause a large variety of substrates is aviail

for different detection purposes.

Figure 1. Concept of a bacterial sensor-reporter cell.

(a) DNA parts necessary for constructing an inducgsesor-reporter circuit. Parts can be
combined and assembled by genetic engineering itpads Regulatory and reporter genes
are necessary for the sensing function and systégput respectively. Promoter, operator(s),
terminators, ribosome binding sites, etc. are DN4uences needed for control of the gene
expression(b) Set-up in which the sensor function is providedatsingle regulatory protein.
In this example, the regulator protein binds thrggacompound and induces the transcription
of the reporter gene, leading to the productiomepbrter proteins (signal amplificatior(x)
Set-up for separated sensor and regulator functiortbis configuration, the target compound
is sensed by a periplasmic receiver protein tlaatsimits the detection event via a signalling
(e.g. phosphorylation) cascade to the regulatomytepr (zigzag arrow). The activated
regulator then induces reporter gene expressitiefase.
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In most of the current designs, tde novosynthesis of reporter protein is under controlaof
transcription factor, which directs the repress@ninduction of reporter gene expression from a
dedicated site on the DNA (e.g., promoter). Thessgnfunction can be provided by the transcription
factor itself via, for instance, an internal effacbinding domain that transmits target perceptmn
forming productive interactions with RNA polymera$é], or via a sensory protein, which
subsequently transmits the perception event vigg@abing cascade (e.g., phosphorylation) to the
ultimate transcription regulator [18] (Fig. 1). Sery events are thus translated and amplified én th
form of reporter protein synthesis, the activitydfich is generally measured in the assay (reguitin
further signal amplification). The specificity o&rget detection is determined by the recognition
specificity of the primary sensor protein or tramston factor, and by any other condition influerg
the signaling cascade or acting on the same prorfi@g The construction of the genetic circuitor f
the sensor-reporter conditional switch is accomplisby established recombinant DNA technology
or, more and more, by direct DNA synthesis. Deddatesources have become available that list
available biological parts and their specificatioreeded for the circuitry, much like catalogues of
electronic parts (http://partsregistry.org/Main_€agig. 1). Due to the ease of manipulation, b&cter
such asEscherichia coliare very often used as host cells for the sengmr®r constructs, but
likewise have yeast [20] or human cell lines [2&fb employed. Many different instruments can be
used for the measurement of the reporter signal,benth populations of sensor-reporter cells (i.e.,
bulk measurements) or individual cells can servieaass for reporter analysis (Fig. 2).

Bioavailability

Are there specific advantages for exploiting livinglls for sensory purposes rather than e.g.,
physico-chemical detectors, or even purified preteand antibodies? Obviously, in order for the
sensor-reporter construct to operate, the MBS medx maintained alive and in some sort of active
state and optimal environment to produce the reduresponse. This requirement in practise puts
serious constraints on the shelf-life of MBS. Oa tther hand, MBS are self-propagating entities and
therefore relatively easy and cheap to produce.fatiethat different MBS can be engineered, which
solely differ in target recognition but otherwisavie the same reporter output signal, may pave the
way for sensing arrays while maintaining relativeiyple detectors and devices [4] (box 1). The main
important advantage for using MBS, however, that (he time being) only cells themselves can
provide is the integration of biological processekevant to the target one would like to address.
Cellular toxicity, for instance, is conceptually steeasily determined by the cell in question itsélf
we succeed in interrogating the appropriate bioéb@melements in the cell. Bacterial pollutant
degradation activity (another domain where MBS ased) is most accurately measured by the
bacterial cells themselves, which we can tranglati® a useful reporter signal when directing the
dedicated genetic sensor-reporter circuit to the@piate key elements in the cell. In the follogyin
we will thus argue that the key advance made by NEB® analyze biologically relevant processes
while providing at the same time a certain analo{le bioavailability or bioaccessibility fractiotg
classical chemically derived compound concentratifor chemical ‘activities’). This is most easily
explained in the form of the example of pollutaarnediation and environmental risk assessment.
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Figure 2. Schematic analysis of an MBS-assay.

(a) Typical calibration curve with reporter output asfunction of analyte concentration,

produced from incubations with a set of known atelgoncentrations. Output from an

unknown sample is interpolated on the calibratiaorve (dotted lines), analyzed at the same
time and under the same conditions, to derive aevalf 'equivalent target compound

concentration'. Additional spiking assays can befopmed (i.e., adding known target

amounts to unknown samples) to correct for possskbl@mple interferences or presence of
toxic compounds(b) Time-dependent signal calibration. MBS-assaysuatelly carried out

in such a manner that output values are relatigpeddent on incubation time and amount of
cells in the assay. Her as an example curves t2thridr longer and shorter incubations,

respectively. For this reason, simultaneous cdlimacurves must accompany analysis of
unknowns.(c) Various instruments for measuring reporter outpate shown as an example

for three currently used reporter activities: fleseence, bio- or chemiluminescence, and
colorimetry.
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Bioremediation and risk assessment

Environmental risk assessment is an essential itotthe investigation of polluted sites and the
subsequent decision making process on the eventudliactive site remediation. In Switzerland
alone, some 50’000 polluted sites have been enterieyentory — among which 4’000 may represent
a danger for environment and will have to be trdatethe next 15 years [22]. Obviously, there is
insufficient public funding available for an exterestreatment of every site, and thus prioritiegento
be set on the basis of pollution exposure and .ri€kgrent regulations most often base on total
pollutant concentrations at a site for predictirgls. However, most likely only a fraction of thaal
amount of hazardous substance will actually havémgact on living organisms (by definition, the
fraction which is available or accessible to thgamisms). Therefore, the use of the total amount is
likely to overestimate the risk [23]. The discreparbetween the total and the bioavailable or
bioaccessible fractions is particularly significaint the case of contaminants with poor agueous
solubility (e.g., PCBs, PAHs) or very low dissomat constants (e.g., certain heavy metal
precipitates). Nowadays, increasing attention iss thiven tobioavailability assays that better predict
the real exposure of specific organisms to pollstf24].

Although the ternbioavailability is frequently used in scientific papers, it doesalways have the
same definition. For this reason, other authorfepred to speak dfioavailability processedo reflect
the fact that various biological, chemical or plegsisteps influence the final outcome [24]. In this
review, we will use Semple’s definition of bioaaility as the fraction of a chemical in a system
“which is freely available to cross an organisn(gallular) membrane from the medium the organism
inhabits at a given point in time” [25,26]. The laots further suggested using the tdrimaccessibility
to dinstinguish the fraction that coupmbtentially cross the cellular membrane if the organism had
access to it. A bioaccessible fraction can becoimavhilable over time or in space if physical bensi
that restrict access to the organism are relie@edganisms themselves can influence the bioaccessibl
fraction by changing the compound mass-transfex tatthe cells [27]. For example, a bacterium
metabolizing a poorly water-soluble carbon compowiitideplete this from solution, which can drive
further dissolution from a solid phase. Semeleal. argued that it would be useful to differentiate
chemically active compound (bioavailable) from clatty inactive but potentially exploitable
(bioaccessible), and that for risk assessment ibacbessible fraction would be the more relevant
determinant. Bioaccessibility is inherently orgamidependent [24], but its actual (numeric) value
may be the same among various organisms. Therefaréel organisms such as MBSs may be useful
to assay bioaccessibility.

Bioavailability and bioaccessibility assays with M

We could thus envision different types of bioasséggeting compound bioavailability and
bioaccessibility. A typical MBS assay consists ofubating the cells in an aqueous sample for a
particular pre-defined reaction period, after whilsl reporter signal is determined (Fig. 2). Beeans
this case the sensor-reporter cells can be assumietb have been limited by the access of the
compound in solution (i.e., no mass transfer litrota existed), they must have detected the fraction
which was bioavailable to them during the assayopgeWe will see that this is essentially the case,
although metabolic decisions in cells can stilluehce the behaviour of the sensor-reporter [19,28]
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Bioaccessibility assays are trickier to perforngdiese in essence they have to somehow overcome the
time or spatial barrier that prevents further commmbtransfer to the cells. Chemically, bioacce$gibi
can be tested by using so called non-exhaustivaatidn techniques (NEETs). NEETs employ, for
instance, Tenax or cyclodextrins to rapidly reteiew compound fraction from the sample that is
similar to the fraction metabolized by (micro-) angjsms during a much longer incubation period
[29,30]. For example, Dickt al.added {'C]-labeled phenanthrene or pyrene to soils, andetiahat

the total fraction of PAHs metabolized by bactémighe soil during thirty days as derived frofd]-

CO; evolution was almost the same as the PAH-amouraa®d by hydroxypropyl-beta-cyclodextrin
[30]. In a MBS assay, this might be imitated byngssensor-reporter cells which not only detect, but
also metabolize the target compound. These cellsreate a mass transfer flux during the assay and
may thus more faithfully detect the bioaccessibhetion (Fig. 3). For the remainder we will discass
number of MBS assays specifically in the light afdvailability — bioaccessibility detection of orge
chemicals.

Figure 3. 'Equilibrium' versus 'sink’ sensor-reporter clslifferentiate between bioavailable
and bioaccessible fractionga) Microbe-based sensors (MBS) which do not degrde t
analyte rely on the aqueous phase concentratiach@mical activity. An equilibrium will
arise between bulk agueous phase concentratiad, figction and intracellular compound
concentration (the latter more or less equalling @aljueous phase concentration). The MBS
can only sense the immediate or bioavailable foactb) MBS that can degrade the analyte.
By degrading the analyte, a flux is created from plollutant compartment to the biological
compartment. The MBS thus acts as a 'sink’ anddegatt part of the bioaccessible fraction.
Thickness of the arrow points to the pollutant floam one compartment to the other. The
MBS cell here is depicted as a square box.
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MBS detection of benzene, toluene, ethylbenzene argenes

In a number of MBS-assays so-called BTEX compoundse addressed. BTEX stands for
benzene, toluene, ethylbenzene and xylene; fowatilelaromatic compounds that are found in crude
oil, gasoline and natural gas. BTEX are also ma$gigroduced by industry as solvent and starting
materials for chemical synthesis, and are conside® one of the major environmental pollutant
classes [31-33]. The four compounds have varioxE teffects, including blood disorder, impact on
the central nervous, reproductive and respiratgsyesns, whereas benzene is also a known carcinogen
[34]. Because BTEX compounds are rather water $ol(dg., up to 1.8 g/L for benzene [35]), they
represent a risk for drinking water pollution [34Dn the other hand, their volatility and
hydrophobicity make it hard to predict their biodadaility and bioaccessibility.

The first MBSs for the detection of BTEX and rethmmpounds were created more than ten years
ago using the regulatory protein XyIR and thgoRomoter from the xylene degradation pathway @n th
TOL plasmid of the bacteriufAseudomonas putidat-2 as a conditional switch [36,37]. One of these
consisted of anEscherichia colistrain carrying the plasmid pGLUTR, which expresseefly
luciferase luc gene) from the XylR-Psystem [38]. Other MBSs for BTEX used the TodSiisse-
regulatory proteins and theqf promoter from the toluene degradation pathwayPséudomonas
putida F1, coupled to expression of bacterial luciferf@®41]. Also the regulatory protein TbuT and
the Ryua1 promoter from the toluene degradation pathwalRRatstonia pickettiPKO1 have been used
as a basis for a BTEX-MBS, this time exploitiigeudomonas fluoresceA506 (pTS) as a host strain
expressing the green fluorescent protein (gfpeasnter [42]. BottE. coli DH5alpha (pGLUTR) and
P. fluorescen®\506 (pTS) were not able to degrade BTEX compountiereas the MBSs employing
the TodST-Rgx constructions was. Interestingly, the presencetloér carbon substrates diminished
the reporter output fronf. putida F1-Rygx-luxAB [41]. The authors explained this behaviour by
assuming that multiple usable carbon substratesedilthe metabolic flux through the toluene pathway
[41]. Although this can be considered as a hindedoc successful use of the MBS for bioaccessybilit
measurements, the system does present a faittd@clior of the cells. This implies that in this case
toluene bioaccessibility is diminished becauseimiuianeous presence of other compounds. Even the
non-degrading MBS for BTEX did not in all casesp@sd to the available fraction in aqueous
solution, because of metabolic interference atRpRpromoter. This promoter is especially prone to
secondary control, such as via the phenomenomxpbigential phase silencing’ [43]. The result ofthi
interference is that the promoter is not induceghethough sufficient toluene is present for thé cel

As outlined above, in most assays the MBS werdi@id in agueous solution with known BTEX
concentrations. The reporter signal produced fronknown aqueous sample incubations is
interpolated on the calibration curve, from whicls@called BTEX-equivalent concentration can be
derived (box 1). In order to appropriately estimBié€EX availability and accessibility in contamindte
soils, samples have been extracted and the extragbated in the MBS assay. Willardsenh al.
attempted to extract soils with ethanol and addetanol extract in the MBS-assay. A dilution of
almost twenty times had to be used, at which ethamacentration still 40% inhibition of the cells
occurred. This resulted in a BTEX detection limit 3 mg/L [38]. Other groups used soil-water
extracts [44,45], and showed that toluene-equivatemcentrations determined in the MBS-assay
were similar as the total concentration of ethyimte plus benzene in the soil-pore aqueous phase by
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GC-MS [45]. Dawson further compared BTEX degradatio soil over a 30-days time period and
measured toluene-equivalent concentrations in dilevater extract by their BTEX-biosensor. They
showed that the MBS detected less-and-less overdsrbiodegradation proceeded, but no correlation
was made to the total BTEX load in the soil detewdi by methanol extraction and GC [44]. From
these studies we can thus conclude that MBS deteavailable fractions in soil-water extracts which
are similar as the dissolved chemical concentrafextept in the case of metabolic interference as
discussed above). Organic extractions on the dihad, retrieve higher BTEX fractions from soil,
and, therefore, MBS-assays on the organic solvemaas provide an idea about the bioaccessible
fraction. Disadvantage of use of organic phas#sasthey easily inhibit the cells in the assay. this
reason, the extracts have to be used in highlyadiltorm.

Very few studies actually investigated BTEX availiéyp and accessibility fractions in soil without
the introduction of an extraction step. In prineipan incubation of MBS cells with the sample and
subsequent retrieval and measurement of the MB&tespsignal at different incubation time periods
would show the immediate response (i.e., bioavildbaction) and the slow released fraction
(bioaccessible). An excellent example of this pphle was provided by Leveaat al. [46], who
analyzed fructose bioaccessibility on plant leavgssavant and colleagues [47] developed a similar
idea for monitoring toluene availability planta However, their sensor-reporter system did notsho
a dosage effect, but only produced a yes-or-noakigfrom the number of individual MBS cells
expressing GFP isolated from the exposed plant tte®t could infer the past exposure to toluene.
These biosensor cells did not degrade the targetpoand and, therefore, only detected the
bioavailable fraction of toluene in the system abthwe threshold needed to trigger the response. Als
in this study, the authors observed that the MBS wéuenced by indigenous chemicals such as
isoprene, which led to GFP induction.

The bioavailability problem of very poorly water sduble compounds

The distinction between bioavailability and bioasibility becomes even more pronounced for
polycyclic aromatic hydrocarbons (PAHs) than for BBI PAHs comprise a large group of
compounds (>100 chemicals studied), most of wheoemo direct commercial use. They consist of
two or more fused aromatic rings, have an elevatelting point and poor water solublity, and are
typically formed during incomplete burning of orgamaterial [48]. Combustion of coal, oil, gas and
garbage are common sources of PAH production,Hayt tan be found in cigarette smoke or grilled
meat as well. PAHs in the environment mostly ogoworbed form to organic matter or soil particles
[48]. Apart from their acute toxicity, some PAHseaknown or suspected carcinogens and they
accumulate in animal tissue [35]. PAH biodegraduatiates are strongly dependent on the chemical
nature and number of aromatic rings, and are giyetaongly limited by poor aqueous solubility
[49]. For all these reasons, it is extremely imaottto have accurate measurements of PAH
bioavailability and bioaccessibility, and in a ey of environments.

Bacterial MBS have mostly been designed for napéiieds) — a two-ring PAH of low molecular
weight and moderate solubility in water — becautdhe known genetic details on naphthalene
degradation [50-52]. Naphthalene-sensing MBS hgpiedlly applied the NahR regulatory protein in
conjunction with the & or P,an, promoters from the NAH7 plasmid d?. putida pPG7 [1,53].
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Interestingly, use of this genetic circuit autoroally leads to the detection of a metabolic ‘fluather
than of equilibrium concentration, since the cheahiffector for NahR is not naphthalene but its
metabolite salicylate [51]. Naphthalene needs tammtabolized by the MBS in order to generate
internal salicylate, which then triggers reporteotpin synthesis. Once in fully ‘activated’ statiee

flux through the naphthalene pathway is high andrival salicylate concentrations will be low. Cells
thus act as a sink for naphthalene and drive nafdrie diffusion toward them, a prerequisite for
bioaccessibility assays [52]. A fluorene-targetifBS was developed on the basis of randomly
introducing aluxAB transposon int@phingomonasp. strain L-132 [54]. Although these cells could
no longer completely metabolize fluorene as a ogusece of the transposon insertion, they still
partially transformed the compound and thus cosetit act as sink. The strain detected fluorene
concentrations as low as 200 pg/L (1.2 uM) in aggguhase with a response time of between 30 min
and 4 h. A phenanthrene-detecting MBS was consiruasingBurkholderia sartisolistrain RP037.
This strain produced GFP after contact with phedmame and naphthalene under control of the
regulatory protein PhnR and its activated prom8}gss[55]. PAHs have also been assessed with the
help of a sensor-reporter strain induced by a tyxresponse invoked by PAHSs [56,57].

MBS-assays for PAHs demonstrated that the cellvemg sensitive to mass-transfer processes and
are easily limited by the agueous phase conceottratior example, the detection limit for naphthalen
was lowered from 0.5 uM to 50 nM by using an MBSagsin the gas-phase rather than in aqueous
suspension [58,59]. This is due to the high vatgtibf naphthalene and the ~10’000 times faster
diffusion rates in air than in liquid [58]. Kohlnexi and colleagues then could further show that
biosensor-reporter cells exposed to saturated haljgme concentrations in aqueous solution without
or with further naphthalene crystals produced thmes maximum GFP reporter output after 4 hrs
incubation time. However, cells in the assay witystalline naphthalene continued to grow, leadmg t
a dilution of the amount of GFP in the cells atuipations longer than 4 h as a consequence of the
activated state of the naphthalene metabolic patlfagexplained above) [59]. This demonstrated that
such cells can be used to differentiate naphthalbiwavailability (4 h measurement) and
bioaccessibility (20 h measurement).

For PAHs with higher molecular weight, volatilitg istrongly reduced and the advantage for
measuring with MBS in the gas phase is abolishedthis class of compounds the aqueous solubility
strongly limits their bioavailability to the cellSimple ‘calibration’ of the MBS-assay by incubatin
with different aqueous concentrations of the taogahpound no longer produces sufficiently different
reporter activities in the cell. In that case, écbmes an option to calibrate the MBS on the bafsis
metabolic flux instead of equilibrium concentrati@iig. 3). We illustrated this possibility by usitige
B. sartisolistrain RP037 phenanthrene-sensing MBS [B5]sartisoli cells produce a stable GFP in
response to phenanthrene metabolism. Probably secaawth rates on phenanthrene are slower than
the GFP synthesis rates, cells experiencing diffee in phenanthrene flux produce more GFP over
time. Four days-exposure times were required irmotal obtain optimal signal-to-noise ratio, butthi
allowed us to calculate bioaccessible fractiongpfaenanthrene loadings in different materials yomf
different surface areas [55].
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Box 1.Multi-target biosensor analysis

Because a single bacterial host strain can be miéed with a wide diversity of genetic
reporter circuits, multi-target arrays can be desty The bacteriurgscherichia colis a long
known laboratory ‘pet’ organism, whose growth andcimtenance are easy and well
controllable. For this reason, this bacterium hiisnobeen used as a host strain for sensor-
reporter constructions and various reporter strafris. coli are now available for a diversity
of target chemicals. Since only small volumes afeamys sample are required for an MBS-
assay, a single sample can be tested against erybatt sensors with different target
specificities.(a) Two liters of sea water were contaminated with %) of crude oil in a
glass flask. Two hours after the addition of oihter was sampled via the tap and analyzed
for three compound classes in parallel, alkane€X8and 2-hydroxybiphenykb, ¢ and d)
Typical calibration curves with pure compounds ntentaminated sea water. Output values
obtained from the contaminated sample and fromikedpsample are indicated. Spiking
consists of adding a known concentration of induasdicated by a star) that allows us to
verify if the MBS is reporting satisfactorily. Dat&. Tecon and S. Beggah (unpublished).
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MBS for toxic organic compounds

Phenol and derivatives are widespread contamingmbse sources are both natural and industrial.
Phenol is massively produced and used as a stantatgrial for synthetic polymers and fibers. Phenol
is a strong irritant and long time exposure canseaa wide variety of health damages, including
effects on the immune system [60]. Various pheragivdtives are known for their toxic action.
Examples include 2-hydroxybiphenyl, a common dmsitdnt and fungicide, and 2,4-
dichlorophenoxyacetic acid (2,4-D), a widely useddicide that can cause nervous system damage in
humans. One of the main metabolites of 2,4-D isdighilorophenol (DCP), a proton shuttle and
dissipator of membrane potential [61]. Various MB&ve been developed to target phenolics, and
have usually been based on bacteria degrading them.

Some of the earliest MBS for phenols were basedhenregulatory protein DmpR and thg P
promoter from the plasmid pVI150 Bseudomonasp. strain CF600. One MBS of this type, the strain
P. putidaKT2440::DmpR (pVI360), could be activated by phleoesols and some dimethylphenols,
but did not respond to dichlorophenols or BTEX [62imilar MBS were constructed using the CapR-
system fromP. putida KCTC1453 [63] or the MopR-circuit fromAcinetobactersp. DF4 [64].
Modifying the sensor domain of DmpR by random miatet resulted in strains with an increased
sensitivity to phenols and a broader range of diete§65].

Leedjarv et al. reconstructed an MBS based on the DmpR syst®m fluorescensOS8
[PDNdmpRIux]) and determined the bioavailable fracs of phenols in dump leachates and
contaminated groundwater samples [66]. Since pkeaid sufficiently water soluble, the MBS was
calibrated in the classical ‘equilibrium’ mode (FR). The MBS-assay detected phenols in almost all
samples, but the bioavailable fractions varied emasly, ranging from 0 to almost 100% of the total
chemically-determined phenol amount in the sanifies demonstrated the great importance of taking
compound bioavailability in samples into consideratfor risk and bioremediation assesments.
Sandhu and colleagues addressed the question oblphieavailability in the air nearby plant-leaves.
Airborne phenol was detected using an MBS-assasctliyr on the plant leaves with. fluorescens
strain A506, expressing GFP under control of a edt®@mpR [65,67]. Their results showed that the
sensors-reporter cells were able to detect phengblant leaves exposed to phenols in the vapour
phase. Interestingly, the phenol concentration nteddoy the cells was more than tenfold higher than
the chemically-determined phenol concentration he fir, which the authors interpreted as an
accumulation of phenol on leaves.

Jasperst al. developed an MBS-assay for the detection of 2-twysiphenyl, a disinfectant and
fungicide, based on the HbpR transcription activatd Pseudomonas azelaicfs8]. Classical
incubation assays in aqueous solution resultedathod detection limits of 0.5 uM, but this could be
lowered some twentyfold by using a hypersensitivgamt of HopR [69]. A hybrid assay was then
developed which would detect bio-accumulation dfyBlroxybiphenyl via crab urine, and this showed
that the crabs concentrated 2-hydroxybiphenyl ud@0-fold after being exposed in contaminated
seawater for one week (Lewves al, unpublished).

Using a bacterium degrading 2,4-D and producingdugse under control of the regulatory protein
TfdR and B, promoter fromCupriviadus necatodMP134 [61], Toba and Hay developed a solid-
phase MBS-assay for the detection of 2,4-D in gtl. In this assay the sensor-reporter cells were
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spotted onto filter discs that were brought in ciireontact for 60 min with the contaminated soll
sample, after which the cells were retrieved anifduase expression was analysed. Under appropriate
moisture conditions, the MBS-assay detected 2,4-&eunts between 1 and 50 mg/kg soil. Because
these MBS cells degrade 2,4-D it would be concéevab replace the luciferase reporter for GFP,
expose for longer times and obtain a 2,4-D bioaibiéty assay — similar as outlined above for
phenanthrene [55].

MBS assays for polychlorinated biphenyls (PCBs) andils

It is particularly challenging to obtain MBSs fo€Bs, since no bacterial systems are known that
can sense PCBs and trigger gene expression. PGBsilaquitous in the environment at low
concentrations, are toxic and poorly degraded. PR#& been shown to cause a large variety of
health effects, which is more severe for the higidorinated congeners [71]. Because of the lack of
appropriate sensory proteins in bacteria, most Idpueents have relied on using co-induction
involving further uncharacterized activator proteinFor example, a PCB-degradirigalstonia
eutrophaserved as a host strain for the construction dB& (R. eutrophaENV307 [pUTK60]). The
strain expresses bacterial luciferase from thg.aP promoter under control of an unidentified
regulatory protein [72]. Although it is not cleahether this sensor-reporter bacterium directly egns
chlorinated biphenyls or one of their metabolitdee MBS-assay enabled detection of biphenyl,
monochlorinated biphenyls and Aroclor 1242 (a PCtune) in aqueous solution down to 1 mg/L.
More recently, biosensor-reporter strains were ufwmd PCB detection via its metabolites 3-
chlorobenzoate [73] or chloromuconic acids [74]itkermore, the aforementioned HbpR syster&.in
coli was used in an assay to detect hydroxylated P@RBgueous solution and in human serum, with
the idea of detecting metabolites in animals anohdru exposed to PCBs [75]. Interestingly, some
hydroxylated PCBs were detectable at concentra@snkbw as 10 nM and serum as assay medium
was found to result in higher reporter output ie #ssay [75]. Finally, most recently we ourselves
showed that mutants of the HbpR regulatory proteim be obtained which enable direct detection of
2-chlorobiphenyl and triclosan [69]. None of thdd8S-assays so far really addressed the issue of
PCB bioavailablity or bioaccessibility, except ireditly the one using human serum [75].

Another compound class for which bioavailabilitydabioaccessibility are important issues, are
alkanes. Alkanes are common constiuents of crugdeatural gas and oil products, but come in adarg
variety of different chain lengths, branchings gelic forms (e.g., cyclohexane). Their environménta
fate strongly depends on the number of carbon gtahesr solubility in water being inversely
proportional to this number [35]. Although theiruée and chronic toxicity are not extremely high,
they form good indicators for oil pollution in tleavironment. Very few bacterial biosensor-reporter
cells were constructed for alkane detection. Th&t filescribed strain produced bacterial luciferase
under control of the AIKS regulatory protein angkd?promoter fromPseudomonas oleovorafss].
Assays with the AIkS-MBS efficiently detected limeglkanes with chain lengths froms @ G at
nominal concentrations as low as 10 nM [76, 77]orP@porter signals were obtained with linear
alkanes with longer chain lengths, with branchddams or cycloalkanes [76]. Because short-chain
alkanes are very volatile, gas-phase based MBSsmssm be used like described for naphthalene
detection. Consequently, decreasing the volumeasfaiase in the assay helps to lower the apparent
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method detection limit with sensor-reporter celtsaqueous suspension [77]. An example of the
functioning and calibration of this MBS is presehte Box 1. The detection of long-chain alkanes by
MBS has proven to be very difficult, probably besawf extremely low aqueous solubilitylQ nM
[78]), and thus very low bioavailability fractiols a proof of principle, however, we previously
studied the octane mass-transfer from a point sotimough the aqueous phase by usind:anoli
strain with octane-inducible GFP formation [77].ig Btrain could not degrade but only detect octane
and, therefore, could not form a sink driving fenthdiffusion from the source. Octane diffusion
gradients could be detected over a length of 2.5ncas short as 30 minutes [77].

Conclusions

We illustrated here that microbial sensors, anglarticular bacterial sensors, can easily be dedigne
for a wide variety of purposes. For the sake ofrtsi@ss, we have omitted any further examples of
MBS for heavy metals or toxicity, which have beecantly reviewed elsewhere [4,14]. Leaning on
the tools of genetic engineering, today's huge ganagesources and the natural diversity within the
microbial world, there is little limitation to oumagination for designing MBSs. In addition, we bav
shown that a plethora of assay forms can be eeasiigeived. Cultivation of bacterial cells — the thea
of the MBS-assay - is easy, and production costsvary low. Method detection limits of MBS-
assays, as we have demonstrated, are often iratf@molar range, thereby competing effectively with
existing chemical analytics. Despite these asp&tiES-assays are still rarely applied outside regear
laboratories [79]. Convincing data have been preduwhich demonstrate field robustness, good
measurement precision and accuracy of MBS-assagemparison to chemical analytics, as in the
case of arsenic in groundwater [80] or rice [81]slhigh time that regulatory authorities accef@ 3/
as realistic alternative for a variety of analytiggocedures, which would certainly help their
implementation. In addition, MBS could offer exesit possibilities for assaying the complex nature
of bioavailable and bioaccessible fractions in $ands of cases of severe and toxic pollution, which
currently cannot be easily addressed. We are cemtfithat MBS sensing-reporting technology will
contribute to fill this gap in the near future.
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