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concern

ABSTRACT

Natural and synthetic steroid hormones are released uncontrolled into the environment and are consid-
ered as pollutants with regard to their endocrine activity and negative influence on all kind of organisms.
Due to their widespread presence, endocrine activity even at low concentrations, and their potential
adverse effects in both the environment and human health, there is an increasing need for the devel-
opment of rapid, sensitive and quantitative techniques for measuring trace levels of these steroids. In
addition to classical analytical methods like GC-MS, LC-MS and others, several techniques have been
established that are based on human nuclear steroid receptors as reporter systems. However, many of
these systems require human or yeast cell culture and are therefore time consuming and expensive, while
others suffer from too low sensitivity or cover only one specific steroid compound. These are some of
the main reasons that limit current techniques for environmental application. The remarkable ability of
certain microorganisms to transform and degrade the steroid nucleus and to respond with the induced
expression of steroid regulated genes lead us to explore, whether the steroid signalling machinery of
Comamonas testosteroni could be used to construct a steroid sensoring system that is sensitive, rapid,
easy to perform, and which could also be applied to detect environmental steroid mixtures at low con-
centrations. Both whole C. testosteroni mutant cells as well as the cytosol thereof were used as new and
sensitive fluorescence based biosensor systems for the successful determination and quantification of
a variety of different steroids. We could show that our COSS (Comamonas testosteroni Steroid Sensor)
is able to detect testosterone, estradiol and cholesterol in concentrations of 29 pg/mL, 0.027 pg/mL, and
9.7 pg/mL, respectively. The sensitivity of the COSS together with the fact that it is very fast, reproducible
and can be used for high-throughput screening in a microplate format makes it suitable for the detection of
single steroid hormones or steroid hormone mixtures in environmental samples at low costs. In summary,
the COSS is able to detect steroid hormone effects at the molecular level through activation of bacterial
steroid-sensing systems. In the future, it may be further developed as a useful tool for the integrative
assessment of ecotoxicological potentials caused by hormonally active agents and endocrine-disrupting
compounds.

© 2010 Elsevier Ltd. All rights reserved.

natural target genes [1]. By mimicking physiological hormones or
disrupting signal pathways as endocrine disruptors, these environ-
mental steroids can misregulate or interfere with normal biological

Natural sex hormones and a rising number of man-made syn-
thetic steroids are becoming increasingly important as potential
environmental contaminants because they can interfere with the
hormone system of any organism. Importantly, steroid hormones
have biological activities already at low concentrations, because
they mediate their effect by transactivation of their cognate recep-
tors that bind to hormone responsive elements (HRE) at their
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responses [2]. Such effects were shown in aquatic organisms, in
animals in field studies [3], as well as in laboratory studies with
molluscs [4], fish [5], amphibians [6,7], birds [8], and mammals
[9]. Especially, the exposure of aquatic organisms to environmental
steroid hormones and their metabolites may be significant in view
of their occurrence in treated effluents of sewage treatment plants,
landfill leaches and contaminated waters [10].

Even in concentrations near the detection limit natural and
synthetic sex hormones can cause adverse effects. For example,
at environmentally relevant concentrations 173-estradiol and the
synthetic 17a-ethinylestradiol lead in fish to induction of the
yolk precursor vitellogenin, effects on gonadal histology, reduc-
tion of fecundity and reproductive success [11,12]. Already at
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around 0.1ng/L 17a-ethinylestradiol induces the expression of
vitellogenin in fish [13] and affects sex differentiation [14].

Recently, synthetic gestagens were shown to affect fish repro-
duction: levonorgestrel at around 1 ng/L, drospirenone at around
6 pg/L [15]. Interestingly, levonorgestrel at somewhat higher con-
centrations (3.3 ng/L) even lead to a clear masculinization of female
fish, which was most probably due to the androgenic partial effect
of this steroid hormone [15]. It should be noted, here, that on
the basis of a theoretical estimation (according to the European
Medicines Agency [16]), the environmental concentration of lev-
onorgestrel can reach a level of 2 ng/L, which underlines that the
effects on fish caused, at least by levonorgestrel, may be of envi-
ronmental relevance.

Due to their incomplete removal during wastewater treatment
processes, their widespread presence in the environment, and
their endocrine activity even at low concentrations [17,18], these
endocrine disruptors have therefore received increased attention
in water quality management and health care [19]. However, the
monitoring of hormonal active steroids in the environment affect-
ing human health is a major challenge not only for governmental
institutions.

The increasing environmental and public risk requires, in a
first step, the development of novel approaches to detect these
compounds in the environment. In a later phase it is envisaged
to prevent disturbances in the development and functionality of
the human and animal reproductive systems by bioremediation of
environmental steroid contaminations.

2. Specific detection and quantification of steroid
hormones

2.1. Classical methods

A variety of classical analytical techniques for specifically esti-
mating steroids have already been reported such as high pressure
liquid chromatography (HPLC), liquid chromatography coupled
with fluorescence measurement or mass spectrometry (MS), or
gas chromatography coupled with mass spectrometry (GC/MS)
[20,21]. However, not of all these techniques are suitable for envi-
ronmental probes because the sample preparation is either time
consuming or the limit of detection is insufficient to detect environ-
mental concentrations. Analytical methods have been developed
to successfully determine ultra-traces of target endocrine disrup-
tors in the aquatic environment by gas chromatography coupled
to tandem mass spectrometry (GC-MS-MS) as well as detecting
estrogens in different matrices by liquid chromatography tandem
mass spectrometry (LC-MS-MS) [22,23].

On the other hand, due to the high specificity of these meth-
ods for definite steroid molecules, other steroids with a slightly
altered configuration or when their precise chemical structure is
not known are sometimes not identified by these methods.

2.2. Surface plasmon resonance sensing (SPR)

Novel developments for the quantitative and specific evaluation
of low levels of estrogens are highly sensitive immunoassays using
a surface plasmon resonance (SPR) system [24] or electrochemical
immunosensors [25].

The surface plasmon resonance (SPR) immunoassay was used
for the quantitative evaluation of low levels of the estriol metabo-
lite estriol-16-glucuronide (E3-16G) in liquid media [24]. As the
authors state, this method is simple to apply and does not require
any sample pre-treatment, such as hydrolysis, extraction, or deriva-
tization. Quantification of E3-16G is performed in aqueous samples
by means of competition between injected free E3-16G (pre-mixed

with the anti-E3-16G-antibody) and E3-16G conjugated to ovalbu-
min through oligoethylene glycol (E3-16G-OEG-OVA) immobilised
on a CM5 BIAcore biosensor chip via amine coupling to develop
inhibition immunoassays. The biosensor response is obtained by
binding of just the antibody to the conjugate which minimizes
the distance to the biosensor surface, thereby increasing the corre-
sponding SPR signal. A further advantage of this format is that the
result could be obtained in less than 10 min.

With this system, a detection limit for E3-16G of 76 pg/mL was
achieved using a rabbit anti-sheep primary antibody as a binding
agent. Interestingly, the detection limit was further improved by
using synthesized gold colloids (15 nm) as high mass labels conju-
gated to the primary antibody. In this Au nanoparticle-enhanced
assay, the concentration of E3-16G in aqueous samples could be
determined within 7.5 min at a level as low as 14 pg/mL [24].

According to the authors, the sensitivity of the assay indicates
its potential applicability in monitoring E3-16G in applications
including the menstrual cycle, foetal well-being, detecting high-
risk pregnancy, and to monitor environmental liquid, waste waters,
and drinking waters.

2.3. Electrochemical immunosensor

Another technique which can offer a specific, sensitive and fast
means of detection of estradiol is the electrochemical immunosen-
sor [26]. This method is based on the extent of competitive binding
between sample estradiol and labelled estradiol to its specific cap-
ture antibody that has been immobilised on the immunosensor
surface [27].

In a recent approach, this immunosensor featured a gold
particle/Protein G-scaffold, to which a monoclonal anti-estradiol
capture antibody was immobilised to facilitate the competi-
tive immunoassay between sample estradiol and a horseradish
peroxidase-labelled 173-estradiol conjugate. Upon constructing
this molecular architecture on a disposable gold electrode in a flow
cell, amperometry was conducted to monitor the reduction current
of benzoquinone produced from a catalytic reaction of horseradish
peroxidase. This current was then quantitatively related to 17f3-
estradiol present in a sample [25].

Regarding sensitivity, a detection limit of 6 pg/mL was yielded
with blood serum samples. This low detection limit was attributed
to the favourable characteristics of the immunosensor to the gold
nanoparticle/Protein G-scaffold, where the gold nanoparticles pro-
vided a large electrochemically active surface area that permits
immobilisation of an enhanced quantity of all components of the
molecular architecture [25].

2.4. Are these techniques suitable for environmental probes?

The structural diversity of the multitude of steroid hormones
suspected in the environment demands the need to develop
detection methods that would identify these substances by their
hormonal activity rather than by their chemical structure. In
addition, a screening for every single steroid hormone in the
environment would be very costly and impracticable for envi-
ronmental monitoring purposes. Therefore, the assessment of
potential endocrine risks requires test systems that do not need
structural knowledge of the agents but are based on an effect-
oriented approach.

3. Steroid determination via their biological activity
3.1. Effect-oriented assays

To monitor hormonally active steroids in the environment and
to help understand the mechanisms by which they interact with
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their biological targets, the development of novel investigation
methods has become an important task. Biosensors have shown
the potential to monitor steroids using nuclear hormone receptors
as recognition elements.

Steroids bind to and activate nuclear hormone receptors with
subsequent activation or repression of transcription of respective
genes harbouring hormone responsive sequences as cis-regulatory
elements. This reflects that such nuclear receptors act as ligand-
dependent transcription factors, which mediate the effects of
hormones to regulate the expression of specific genes, which in
turn affect reproduction and development.

Since the activity of steroid hormones can be measured by bind-
ing to and activation of their cognate receptors, in vitro assays
for assessment of endocrine activities may provide quantitative
estimates of the total activity of particular receptor-mediated
responses. Several reporter gene constructs have been established
in the past for analyses of biological effects at the molecular and
biochemical level. These nuclear hormone receptor-based assays
provide an effect-oriented identification of hormone-active sub-
stances by a well defined molecular mechanism.

3.2. The estrogen screen (E-Screen)

An important biosystem for detecting estrogenic activities is the
estrogen-screen (E-screen) which has been developed to asses the
estrogenicity of environmental chemicals using the proliferative
effect of estrogens on their target cells as an end point [28]. This
assay is performed with the human breast cancer cell line MCF-7
expressing the estrogen receptor o (ERa) constitutively and mea-
sures the estrogen-induced increase of the number of cells. Cell
proliferation depends on binding of estrogens or xeno-estrogens
with the receptor. The basic end point of the E-screen assay is the
cell number relative to the hormone-free control. The proliferative
effect of a hormone is defined as the ratio between the highest cell
number achieved with the hormone and the cell number of the
negative control.

The E-screen requires full culturing of MCF-7 cells. Subcon-
fluent cells are harvested and seeded e.g. into in 24-well plates
and exposed to the sample. Six days later (day 6) the assay is
terminated during the late exponential phase of proliferation.
Hormone-dependent cell growth is measured e.g. by sulforho-
damin B staining at 492 nm. The absorbance measured correlates
with estrogen or xeno-estrogen-induced growth.

In addition to estrogens, the E-screen bioassay is a reliable tool
to assess estrogenicity on a large number of compounds. These
xeno-estrogens are found among antioxidants, plasticizers, poly-
chlorinated biphenyl (PCB) congeners, and pesticides.

The E-screen is an in vitro cell-based assay found to be appropri-
ate to determine estrogenic activity in environmental extracts from
river grab samples and wastewater treatment plant effluents sam-
ples [29]. Although the system can detect estrogenic compounds
with high sensitivity (the limit of detection for 17(-estradiol is
e.g. 0.32 ng/L), the method is time consuming and laborious, since
beside full cell culturing it needs long exposure periods of the cells
to the samples (ca. 6 days) [30].

3.3. Yeast estrogen screen (YES) and yeast androgen screen (YAS)

Another two widely used receptor/reporter assays for detect-
ing estrogenic and androgenic compounds are the yeast estrogen
screen (YES) [31] and the yeast androgen screen (YAS) [32].
Recombinant yeast cells contain either a stably transfected human
estrogen receptor o (YES) or androgen receptor (YAS) within their
main chromosome together with an expression plasmid carrying
receptor specific-responsive sequences that control the reporter
gene lacZ. Binding of an estrogen or androgen to the hormone

receptors in the yeast cell leads to the activation of the receptor
thereby inducing the expression of the lacZ gene. The enzyme [3-
galactosidase, which is then produced, is secreted into the medium
and catalyzes the metabolism of the yellow chlorophenol red [3-
D-galactopyranoside into a red product that can be measured
spectrophotometrically at 540 nm.

The YES and YAS have been applied for the detection
of estrogens/androgens in environmental waterways, aquifers,
wastewater treatment systems and dairy manure [33-35]. In addi-
tion, the YES has been used extensively to measure endocrine
responses to a variety of non-steroidal hormonal active substances
such as polychlorinated biphenyls, polynuclear aromatic hydrocar-
bons (PAH) and other compounds [36-39].

The YAS was originally developed for the identification of andro-
genic as well as anti-androgenic contaminants of environmental
samples [40], and may also be suitable to detect activities of
anabolic androgens in human urine samples. The YAS assay was
able to detect stanazolol and norandrosterone metabolites in con-
centrations of 80 ng/mL and 36 ng/mL, respectively [41].

The yeast-based assays may be carried out in 96-well microtiter
plates. After 72 h incubation the microtiter plates can be read in
microplate readers at absorbance of 540 nm to detect colour change
of the assay medium, and at 620 nm to measure turbidity as an
indicator of yeast growth [42].

To enhance the sensitivity, the colorimetric (LacZ) yeast assays
described above have been further developed to yeast-based
bioreporters using the green fluorescent protein [43], the firefly
luciferase [44] or the Photorhabdus luminescens lux operon. For
example, by substitution of the lacZ gene in the YES and the YAS
assay the Saccharomyces cereviseae bioluminescent bioreporters
BLYES (Bioluminescent Yeast Estrogen Screen) [45] and BLYAS (Bio-
luminescent Yeast Androgen Screen) [46] have been generated. As
the authors state, one significant advantage of bioluminescence
assays compared with colorimetric assays is speed. Quantifiable
bioluminescence using BLYES and BLYAS was observed in 60 min
with maximum bioluminescence observed in 3-4 h [45,46]. In con-
trast, the colorimetric assays required 3 days before a response
was measured and for target compounds or environmental sam-
ples with low estrogenicity, 5 days of incubation were required for
detection of the estrogenic response [35,36].

With regard to sensitivity, the ECsg values were 6.3 x 10~10M
of the BLYES for 17B-estradiol and 1.1 x 10~8 M of the BLYAS for
5a-dihydrotestosterone [47]. However, regarding speed, still it
is necessary to perform time-consuming yeast cell cultivation to
obtain recombinant yeast cells containing the human estrogen or
androgen receptors stably integrated into their main chromosome
together with expression plasmids carrying the reporter genes.

3.4. Enzyme-linked receptor assay (ELRA)

As valid for the systems described so far, the development of
the enzyme-linked receptor assay (ELRA) was motivated by the
intension to provide a fast and sensitive instrument for detecting
estrogenic and xeno-estrogenic agents in environmental samples
[48]. The receptor assay is based on the principle of a competitive
enzyme-linked immunoassay (ELISA) that analyses a ligand pro-
tein interaction. The essential difference is the use of the human
estrogen receptor a (ERa) instead of an antibody as a linking pro-
tein. Namely, the ELRA measures the competitive binding of sample
estrogens (or xeno-estrogens) against estradiol supplied as a BSA-
coating conjugate to the dissolved ERa.

The ELRA uses the recombinant human ERca, which has been
produced in transformed yeast (S. cereviseae), and can be carried
out in a 96-well microplate format using the experimental setup
known from ELISA. In detail, the microplates are coated witha 173-
estradiol-BSA conjugate and a dilution series of sample estrogens or
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xeno-estrogens and incubated with the ERa.. After a washing step, a
biotinylated mouse anti-ER antibody is added to each well. Sample
estradiol or xeno-estrogens binding to the ERa are determined by
a streptavidin-peroxidase-biotin complex with subsequent mea-
surement of the peroxidase activity at the wavelength of 450 nm
using a commercial ELISA multiplate reader [48].

It has been stated that the ELRA is a subcellular test proce-
dure that can be applied to detect the estrogenicity of single
substances, chemical mixtures, or even more complex matrices
such as environmental samples by use of the human ERa under
laboratory conditions. It may therefore ensure an efficient envi-
ronmental monitoring with low hardware requirements and high
sample throughput [48].

Regarding time, after overnight coating of the microtiter plates
the test can be performed within more or less 4 h. The detection
limit of the ELRA for 17[3-estradiol was reported to be 0.1-0.2 p.g/L
[48]. Hence, in comparison with the E-screen and the YES, the
ELRA excels in shorter assay duration, but has lower sensitivities
for reference substances like 173-estradiol (YES=3ng/L, MCF-7
test=0.27 ng/L) [49].

3.5. Bipartite recombinant yeast system (BRYS)

In interesting approach is the bipartite recombinant yeast sys-
tem (BRYS) which was developed to discriminate and characterize
subtype-selective estrogen receptor (ER) ligands [50]. The idea is
based on the fact that there exist two different subtypes of the
estrogen receptor, ERa and ER[3, which are thought to mediate dif-
ferent biological effects. For this purpose, either the ERa or ER(3
was introduced into the yeast system combined with a reporter
plasmid.

Although being products from two separate genes, both ERa
and ER[B are nuclear receptors that share a similar architecture
[51]. A common amino-terminal region of each receptor plays an
important role in target-gene transcription. The central region of
both receptors is involved in DNA binding and receptor dimeriza-
tion. The carboxyl-terminal domain of the receptors is crucial for
ligand binding, nuclear translocation, receptor dimerization, and
modulation of target-gene expression associated with coregula-
tors [52]. The variability in the carboxyl-terminal domain (only
58% similarity) of both ER subtypes is the bases for the respective
binding affinities of estrogenic ligands and their variable agonistic
transcriptional activities [53].

The expression of ERa and ER depends strongly on the tissue
or even on the different cell types of the same tissue. While in some
tissues both isoforms are expressed on a similar level, in other tis-
sues either ERa or ERP3 seems to predominate [54]. The different
expression pattern of the two isoforms might play an important role
for the function of physiological estrogens. On the other hand, ERa
and ER may have different affinities to synthetic ER modulators,
agonists and antagonists which is of great interest with regard to
medical application [51]. For example, selective estrogen receptor
modulators (SERMs) like tamoxifen are used in cancer treatment
and exert an antagonistic effect in the breast while acting as an
agonist in the uterus and bone [55]. Raloxifene has even a higher
tissue selectivity and is used in the treatment of postmenopausal
osteoporosis.

To establish the system [50], yeast cells were subsequently
transformed with the reporter gene plasmids and the ER expres-
sion plasmids, the latter being under the control of the inducible
metallothionine promoter (CUP1). Under the induction of copper
ion, either ERa or ER[3 are expressed which form estrogen-ER com-
plexes that are recruited to estrogen responsive elements (ERE) of
the reporter plasmids. Subsequently, the transcription of the lacZ
reporter gene which encodes [3-galactosidase is initiated. By mea-
suring the B-galactosidase activity in lysates of the transformed

yeast cells, the estrogenic effects of different ligands can be ana-
lyzed.

In the study by Liang et al. [50], a variety of specific estro-
gen receptor agonists were tested to validate this system. There
was obvious an anticipative discrimination between the agonistic
activities when these chemicals were identified and characterized.
Regarding sensitivity, 4.7 pM (1.3 ng/L) estradiol was the lowest
concentration that could be detected with the ERa system and
0.12nM (33.5 ng/L) with the ER system. The results indicate that
this yeast system could be used to in vitro screen for subtype-
selective ER ligands.

However, despite the possibility to be performed in 96-well
plates, the yeast cells for the BRYS have first to be cultured and
then be incubated with the samples in the microplates for 24 h at
30°C. After lysis for another 2h, 3-galactosidase activity can be
measured. Hence, with the BRYS it takes just 2 days to complete an
entire assay with a larger number of samples [50].

3.6. Reflectometric interference spectroscopy (RIfS)

In nature, ERa does not only bind to its ligand(s), rather it also
interacts with coactivators or corepressors through a specific bind-
ing site. For example, estradiol binding causes the ERa to adopt
a conformation typical for a bound agonist, whereas raloxifene or
tamoxifen cause the ERa to adopt a conformation typical for an
antagonist [56]. An agonist-type conformational change of ERa
(estradiol) leads to formation of a binding site for coactivators,
an antagonist-type conformational change (tamoxifen, raloxifene)
prevents coactivator interaction [57].

The reflectometric interference spectroscopy (RIfS) biosensor
system utilizes the specific interaction between the ERa and short
peptides as coactivators. This system does not only allow to dis-
criminate between ligands and nonligands of the ERa, but also
between agonists and antagonists of the ERa.

The RIfS monitors binding of molecules to sensitive bionic inter-
faces through the change in the apparent optical thickness of
the sensing layer [58]. A RIfS biosensor chip (glass) surface with
immobilised DAPEG (diaminopoly(ethylene glycol)) is covalently
modified with biotin-streptavidin and biotinylated peptide o/(3 1
[59], the latter consisting of 15 specific amino acids. The interac-
tion of the ligand binding domain of the ERa with the coactivator
peptide and the ligand itself is monitored with RIfS. In principle,
the change in apparent optical thickness of the chip is recorded by
interference of white light reflected at the interface of a multilayer
system using a diode array spectrometer.

The major advantage of RIfS, apart form the short time neces-
sary (about 1 h)and the avoidance of labels which might interfere in
the biological process, is the ability to determine kinetic and ther-
modynamic data of the monitored interactions [60]. In addition,
the biosensor is applicable to complex biological matrices, even
crude cell extracts, and might therefore be used for environmen-
tal samples. However, the major drawback of this technology is
the low sensitivity of detection which is in the range of 10 pg/mL
173-estradiol (measured after 30 min incubation with a lysate con-
taining 0.01 mg/mL of the ERa ligand binding domain). This is
especially true when compared with fluorescence-based meth-
ods. Another problem is non-specific binding to the sensor surface
which makes it difficult to distinguishing between specific and non-
specific effects [61].

3.7. Summary of human steroid receptor-based biosensors

Overall, major disadvantages of steroid biosensors that are
based on human nuclear receptors are their time consuming pro-
cedures and their high costs. In addition, with most of these
techniques only one specific steroid compound or a relatively small
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Fig. 1. The Comamonas testosteroni Steroid Sensor (COSS). The regulatory region of
the hsdA gene (468 bp) was cloned upstream of the gfp gene coding for the green
fluorescent protein (GFP). Upon steroid exposure, the expression of the gfp gene is
induced via the hsdA regulatory region. The enhanced expression of the GFP protein
was recorded in a fluorescence microplate reader (Tecan, Austria GmbH). For further
details cf. text.

group of compounds can be detected, because the systems do only
use a specific type of human nuclear hormone receptor. Therefore,
new methods for steroid detection and quantification are urgently
needed that are cheap, easy to perform, are sensitive enough to
detect even lowest concentrations in the environment, and cover a
broader spectrum of different substances in one assay.

4. A bacterial steroid-inducible gene and its regulatory
region as novel biosensor system for steroid determination

4.1. The Comamonas testosteroni Steroid Sensor (COSS)

The remarkable ability of the bacterium C. testosteroni to use
steroids both as carbon source and also as signal molecules for
the induction of appropriate steroid degrading enzymes led us to
explore if the regulatory region of steroid sensitive genes in C.
testosteroni could be used as a sensitive biosensor system for steroid
determination in the environment.

C. testosteroni is a Gram-negative bacterium found in soil and
water [62], but has also been found in humans [63]. This bacterium
is able to grow on steroids or aromatic hydrocarbons as sole car-
bon and energy source and may therefore play an important role in
the biodegradation of these compounds in the environment [64].
We have shown in earlier investigations that 3a-hydroxysteroid
dehydrogenase/carbonyl reductase (3a-HSD/CR) is a key enzyme in
the degradation of these complex ring structures by C. testosteroni
[65-67]. The enzyme catalyzes the interconversion of hydroxy-
and oxo-groups at position 3 of the steroid ring structure. Inter-
estingly, 3a-HSD/CR is expressed only at very low and basal levels
in the absence of steroids, but can undergo a several fold induced
expression in the presence of steroids like testosterone [65,67,68].

Previously, we have elucidated the complex regulation of the
3a-HSD/CR gene (hsdA) from C. testosteroni and identified a variety
of cis- and trans-regulating elements for hsdA expression [69-71].
It turned out that 3a-HSD/CR expression is controlled by two
repressors (RepA and RepB), an activator (ActA) and a testosterone-
inducible regulator (TeiR) that drives steroid-dependent gene
regulation via its kinase activity. In a recent work, we replaced hsdA
within the C. testosteroni chromosomal DNA by the gene coding for
the green fluorescent protein (GFP). In the resulting C. testosteroni
mutant (CT-GFP5-1), GFP was under transcriptional control by the
hsdA upstream regulatory region, including the cis-acting promoter
and operator sequences, and the corresponding trans-acting factors
[72]. The bacterial system obtained was named COSS (C. testosteroni
steroid sensor) and was tested for its capability to detect a variety
of different steroids (Fig. 1).

In a first set of experiments, whole CT-GFP5-1 bacterial
cells were exposed to different concentrations of testosterone,
estradiol and cholesterol in 96-well black plates at room tem-
perature. The fluorescence was determined in a GENios Pro

Fluorescence Microplate Reader from Tecan, Austria GmbH. Within
this cell-based assay, the fluorescence signals indeed increased
dependent on steroid concentration and time. The determi-
nation range obtained was 57-450pg/mL (0.195-1.56nM) for
testosterone, 1.6-14.4 pg/mL (0.006-0.054 nM) for estradiol, and
19.3-154.4 pg/mL (0.050-0.390 nM) for cholesterol. Compared to
testosterone, the sensitivities for estradiol were much higher,
which is probably due to testosterone binding (scavenging effect)
to Rep B (discussed in Ref. [72]). Importantly, the maximum fluo-
rescence could already be detected as early as after 30 min.

To further optimize the COSS assay, a cell-free bacterial bioas-
say for steroid determination was established. The idea was to
simplify the system, since cell-free assays do not require cul-
turing of fresh cells before each detection. A cell-free protein
synthesis method was reported that was used to screen for
soluble protein expression constructs [73]. For our system, the
cytoplasm of C. testosteroni CT-GFP5-1 mutant cells was used in
96-well black plates. After isolation of the cytoplasm, the plasmid
pTOPO-3aGFP5 was added, which harbours the hsdA regulatory
region upstream of the gfp gene, together with different con-
centrations of testosterone, estradiol and cholesterol [72]. The
results of testosterone, estradiol and cholesterol determination
in this cell-free bioassay yielded an up to 2 orders of magni-
tude higher sensitivity than that of the cell-based bioassay. The
determination range obtained was 29-576 pg/mL (0.1-2.0 nM) for
testosterone, 0.027-0.532 pg/mL (0.0001-0.002 nM) for estradiol,
and 9.7-194 pg/mL (0.0245-0.512 nM) for cholesterol (Fig. 2). As
observed for the cell-based assay, the sensitivities for estradiol
were much higher compared to testosterone. Disadvantages of the
COSS assay are the limited detection range for the steroids and the
high background of fluorescence observed in both the cell-based
and cell-free systems. These applications are the focus of on-going
investigations.

4.2. Concluding remarks

Invitro tests like our COSS, using the regulatory region of steroid
sensitive genes in bacteria, are obviously effective in detecting
steroids and may be commonly used in the first stage screening of
hormonal compounds in the environment. Advantages of our COSS
are a fast, cost-effective, and less complex tool that can be used
for high-throughput screening in a microplate format (Table 1).
Moreover, the COSS is robust and not susceptible towards cytotoxic
interferences like the common cell-culture methods. In addition,
the cytoplasm could be stored at —20°C at least for 1 month.

Current methods of risk assessment usually focus on the
assessment of single substances. This is in contrast to the expo-
sure situation in the environment, where organisms are typically
exposed to a variety of steroid hormones as mixtures and at very
low concentrations. With the reporter systems developed so far,
using human steroid receptors expressed in yeast cells or human
cell culture, it is difficult to assess the effects of a complex mixture
of steroids hormones (Table 1).

It is an important improvement that a microbial steroid-
dependent gene regulatory system (which is rather non-specific
for one steroid) is now used for steroid hormone detection instead
of a eukaryotic (yeast, human cells) system harbouring a specific
human steroid receptor (ERe, ER[3, AR). The new microbial fluo-
rescence based COSS may serve as a first stage screening tool for
identification of compounds that require further characterization.
Furthermore, the COSS was motivated by the intention to provide a
fast and sensitive instrument for detecting hormonal active agents
in environmental samples and to ensure an efficient environmen-
tal monitoring with low hardware requirements and high sample
throughput. Since steroid compounds in the environment have
such diverse concentration-effect relationships, and in view of its
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Fig. 2. Determination of testosterone, estradiol and cholesterol with the COSS bioassay. Different concentrations of testosterone, estradiol and cholesterol were assayed in
the cell-free Comamonas testosteroni Steroid Sensor (COSS) system as described in [72]. RFU, relative fluorescence units. For further details cf. text.

testosteroni steroid ~ bacterial reporter estra: 0.027 pg/mL  perform,

biosensor system genes chol: 9.7 pg/mL cost-effective;

(COSS) simple; 96
well-plate,

high-throughput

Table 1
Comparison of a variety of steroid detection methods.
Method System Time Limit of Advantage Disadvantage Applicable as Literature
detection/range biosensor to
environmental
probes
Classical (e.g. Analytical (Time consuming ~1 pg/mL High sensitivity Specific for only one — [20]
GC/MS; LC/MS) chromatography sample compound;
preparation) time consuming
sample preparation
Surface plasmon Immunoassay 10 min 14-76 pg/mL High sensitivity Specific for only one - [24]
resonance compound
Electrochemical Immunoassay <1h 6 pg/mL High sensitivity Specific for only one — [25]
detection compound
Estrogen (E)-screen MCF-7 human 1 week 0.32 pg/mL High sensitivity Specific for only (+) [28]
breast cancer cell estrogenic compounds;
line time consuming cell
culture
Yeast estrogen Yeast transformed  3-5 days YES: 109 pg/mL High sensitivity; 96 Specific for only (+) [45]
screen (YES) with human ERa; (4.0 x 1010 M) well-plate estrogenic or [32]
colorimetry androgenic
compounds; time
consuming procedure
Yeast androgen Yeast transformed ~ 3-5 days YAS: 36-80ng/mL  High sensitivity; 96
screen (YAS) with human AR; well-plate
colorimetry
Bioluminescent Yeast transformed  3-4h BLYES: 171 pg/mL  High sensitivity; 96 Specific for only + [45]
yeast with human (63 x10°1°M)for  well-plate estrogenic or [46]
estrogen/androgen ERa/AR; Estradiol androgenic
screen bioluminescence BLYAS: 3.8 ng/mL compounds,
(BLYES/BLYAS) (1.1 x 108 M) for respectively
5a-DHT
Enzyme-linked Competetive 4h 100 pg/mL High sensitivity 96  Specific for only + 48]
receptor assay binding to well-plate estrogenic compounds
(ELRA) recombinant ER«;
POD colorimetry
Bipartite Yeast transformed 2 days Era: 1.3 pg/mL High sensitivity; 96 Specific for only (+) [50]
recombinant yeast ~ with either human (1.3ng/L) well-plate; estrogenic compounds;
system (BRYS) ERa or ERB; ERB: 33.5 pg/mL differentiates time consuming
colorimetry (33.5ng/L) between ERa and
(B-galactosidase) ERB-ligands
Reflectometric Binding of ER LBD 1h 10 pg/mL Discrimination Low sensitivity; (+) [61]
interference to glass chip; DAD between specific for only
spectroscopy (RIfS) ERa-agonists and ERa-ligands;
ERa-antagonists non-specific binding to
the sensor surface
Comamonas Steroid-sensitive 30 min test: 29.0 pg/mL Rapid, easy to High background + [72]

AR, androgen receptor; DAD, diode array detector; ER, human estrogen receptor; estra, estradiol; LBD, ligand binding domain; POD, peroxidase; test, testosterone; chol,

cholesterol; applicability as biosensor for environmental probes: + (yes); (+) (with limitations); — no.
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proven sensitivity, functionality and fastness, it is reccommendable
to standardize the COSS as an environmental test system.

In conclusion, our COSS is a microbial cell-free method that is
very sensitive, can be performed faster and easier than eukaryotic
steroid reporter systems, is more robust against interferences and
shows less variation in the results. The system is easy to handle, cost
efficient and needs no high-tech equipment. But most importantly,
this biological test system does not require detailed knowledge
of the chemical structure of a steroid hormone and might there-
fore be suitable to detect previously unidentified hormonally active
substances, especially those with endocrine-disrupting potential.

Acknowledgments

The work on the Coss in our laboratory is funded by the Deutsche
Forschungsgemeinschaft MA 1704/4-3 and the Cluster of Excel-
lence “Future Ocean”.

References

[1] M. Beato, Gene regulation by steroid hormones, Cell 56 (1989) 335-344.

[2] AK.Hotchkiss, C.V.Rider, C.R.Blystone, V.S. Wilson, P.C. Hartig, G.T. Ankley, P.M.
Foster, C.L. Gray, L.E. Gray, Fifteen years after “Wingspread”—environmental
endocrine disrupters and human and wildlife health: where we are today and
where we need to go, Toxicol. Sci. 105 (2) (2008) 235-259.

[3] LJ. Guillette Jr., T.S. Gross, D.A. Gross, A.A. Rooney, H.F. Percival, Gonadal
steroidogenesis in vitro from juvenile alligators obtained from contaminated
or control lakes, Environ. Health Perspect. 103 (Suppl. 4) (1995) 31-36.

[4] F. Gagne, C. Blaise, M. Salazar, S. Salazar, P.D. Hansen, Evaluation of estrogenic
effects of municipal effluents to the freshwater mussel Elliptio complanata,
Comp. Biochem. Physiol. C. Toxicol. Pharmacol. 128 (2) (2001) 213-225.

[5] R. Lange, T.H. Hutchinson, C.P. Croudace, F. Siegmund, H. Schweinfurth, P.
Hampe, G.H. Panter, J.P. Sumpter, Effects of the synthetic estrogen 17 alpha-
ethinylestradiol on the life-cycle of the fathead minnow (Pimephales promelas),
Environ. Toxicol. Chem. 20 (6) (2001) 1216-1227.

[6] W.Kloas, I. Lutz, R. Einspanier, Amphibians as a model to study endocrine dis-
ruptors. II. Estrogenic activity of environmental chemicals in vitro and in vivo,
Sci. Total Environ. 225 (1-2) (1999) 59-68.

[7] L Lutz, W. Kloas, Amphibians as a model to study endocrine disruptors. I. Envi-
ronmental pollution and estrogen receptor binding, Sci. Total Environ. 225
(1-2) (1999) 49-57.

[8] S. Stifani, R. George, W.]. Schneider, Solubilization and characterization of the
chicken oocyte vitellogenin receptor, Biochem. J. 250 (2) (1988) 467-475.

[9] V.P.Eroschenko, Estrogenic activity of the insecticide chlordecone in the repro-
ductive tract of birds and mammals, J. Toxicol. Environ. Health 8 (5-6) (1981)
731-742.

[10] D.W. Kolpin, E.T. Furlong, M.T. Meyer, E.M. Thurman, S.D. Zaugg, L.B. Barber,
H.T. Buxton, Pharmaceuticals, hormones, and other organic wastewater con-
taminants in U.S. streams, 1999-2000: a national reconnaissance, Environ. Sci.
Technol. 36 (6) (2002) 1202-1211.

[11] J.V.Brian, C.A. Harris, M. Scholze, T. Backhaus, P. Booy, M. Lamoree, G. Pojana, N.
Jonkers, T. Runnalls, A. Bonfa, A. Marcomini, ].P. Sumpter, Accurate prediction
of the response of freshwater fish to a mixture of estrogenic chemicals, Environ.
Health Perspect. 113 (6) (2005) 721-728.

[12] J.P. Sumpter, A.C. Johnson, Lessons from endocrine disruption and their appli-
cation to other issues concerning trace organics in the aquatic environment,
Environ. Sci. Technol. 39 (12) (2005) 4321-4332.

[13] C.E. Purdom, P.A. Hardiman, V. Bye, N.C. Eno, C.R. Tyler, J.P. Sumpter, Oestro-
genic effects of effluent from sewage treatment works, Chem. Ecol. 8 (1994)
275-285.

[14] A.R.van, N.Pounds, T.H. Hutchinson, S. Maddix, C.R. Tyler, Window of sensitiv-
ity for the estrogenic effects of ethinylestradiol in early life-stages of fathead
minnow, Pimephales promelas, Ecotoxicology 11 (6) (2002) 423-434.

[15] J. Zeilinger, T. Steger-Hartmann, E. Maser, S. Goller, R. Vonk, R. Lange, Effects
of synthetic gestagens on fish reproduction, Environ. Toxicol. Chem. 28 (12)
(2009) 2663-2670.

[16] European Medicines Agency, Guideline on Environmental Risk Assessment of
Medicinal Products for Human Use, Committee for Human Medicinal Prod-
ucts/Safety Working Party/4447/00, London, UK, 2006.

[17] B. Pauwels, H. Noppe, H. De Brabander, W. Verstraete, Comparison of steroid
hormone concentrations in domestic and hospital wastewater treatment
plants, J. Environ. Engeneering—ASCE 134 (2008) 933-936.

[18] L. Clouzot, B. Marrot, P. Doumenq, N. Roche, 17alpha-Ethinylestradiol: an
endocrine disrupter of great concern. Analytical methods and removal pro-
cesses applied to water purification. A review, Environ. Prog. 27 (2008)
383-396.

[19] T. Colborn, F.S. vom Saal, A.M. Soto, Developmental effects of endocrine-
disrupting chemicals in wildlife and humans, Environ. Health Perspect. 101
(5)(1993) 378-384.

[20] M. Farre, M. Kuster, R. Brix, F. Rubio, M.J. Lopez de Alda, D. Barcelo, Compar-
ative study of an estradiol enzyme-linked immunosorbent assay kit, liquid
chromatography-tandem mass spectrometry, and ultra performance liquid
chromatography-quadrupole time of flight mass spectrometry for part-per-
trillion analysis of estrogens in water samples, ]J. Chromatogr. A 1160 (1-2)
(2007) 166-175.

[21] G.G. Ying, R.S. Kookana, Z. Chen, On-line solid-phase extraction and fluo-
rescence detection of selected endocrine disrupting chemicals in water by
high-performance liquid chromatography, J. Environ. Sci. Health B37(3) (2002)
225-234.

[22] S. Rodriguez-Mozaz, M.J. Lopez de Alda, D. Barcelo, Picogram per liter level
determination of estrogens in natural waters and waterworks by a fully auto-
mated on-line solid-phase extraction-liquid chromatography-electrospray
tandem mass spectrometry method, Anal. Chem. 76 (23) (2004) 6998-
7006.

[23] R. Draisci, L. Palleschi, E. Ferretti, C. Marchiafava, L. Lucentini, P. Cam-
marata, Quantification of 17 beta-estradiol residues in bovine serum by
liquid chromatography-tandem mass spectrometry with atmospheric pressure
chemical ionization, Analyst 123 (12) (1998) 2605-2609.

[24] X.Jiang, M. Waterland, L. Blackwell, Y. Wu, K.P. Jayasundera, A. Partridge, Sensi-
tive determination of estriol-16-glucuronide using surface plasmon resonance
sensing, Steroids 74 (10-11) (2009) 819-824.

[25] X. Liu, D.K. Wong, Picogram-detection of estradiol at an electrochemical
immunosensor with a gold nanoparticle|Protein G-(LC-SPDP)-scaffold, Talanta
77 (4) (2009) 1437-1443.

[26] A.L. Ghindilis, P. Atanasov, M. Wilkins, E. Wilkins, Immunosensors: electro-
chemical sensing and other engineering approaches, Biosens. Bioelectron. 13
(1)(1998) 113-131.

[27] R. Draisci, G. Volpe, D. Compagnone, I. Purificato, Q.F. delli, G. Palleschi,
Development of an electrochemical ELISA for the screening of 17 beta-
estradiol and application to bovine serum, Analyst 125 (8) (2000)
1419-1423.

[28] A.M. Soto, C. Sonnenschein, K.L. Chung, M.F. Fernandez, N. Olea, F.O. Serrano,
The E-SCREEN assay as a tool to identify estrogens: an update on estrogenic
environmental pollutants, Environ. Health Perspect. 103 (Suppl. 7) (1995)
113-122.

[29] A.Vega-Lopez, E. Ramoén-Gallegos, M. Galar-Martinez, F.A. Jiménez-Orozco, E.
Garcia-Latorre, M.L. Dominguez-Lépez, Estrogenic, anti-estrogenic and cyto-
toxic effects elicited by water from the type localities of the endangered
goodeid fish Girardinichthys viviparus, Comp. Biochem. Physiol. C: Toxicol. Phar-
macol. 145 (2007) 394-403.

[30] C.Bicchi, T. Schiliro, C. Pignata, E. Fea, C. Cordero, F. Canale, G. Gilli, Analysis of
environmental endocrine disrupting chemicals using the E-screen method and
stir bar sorptive extraction in wastewater treatment plant effluents, Sci. Total
Environ. 407 (6) (2009) 1842-1851.

[31] EJ.Routledge, ].P. Sumpter, Estrogenic activity of surfactants and some of their
degradation products assessed using a recombinant yeast screen, Environ. Tox-
icol. Chem. 15 (1996) 241-248.

[32] 1J. Purvis, D. Chotai, C.W. Dykes, D.B. Lubahn, F.S. French, E.M. Wilson, A.N. Hob-
den, An androgen-inducible expression system for Saccharomyces cerevisiae,
Gene 106 (1) (1991) 35-42.

[33] K.V. Thomas, M.R. Hurst, P. Matthiessen, M. McHugh, A. Smith, M.]. Waldock,
An assessment of in vitro androgenic activity and the identification of environ-
mental androgens in United Kingdom estuaries, Environ. Toxicol. Chem. 21 (7)
(2002) 1456-1461.

[34] O. Conroy, D.M. Quanrud, W.P. Ela, D. Wicke, K.E. Lansey, R.G. Arnold, Fate
of wastewater effluent hER-agonists and hER-antagonists during soil aquifer
treatment, Environ. Sci. Technol. 39 (7) (2005) 2287-2293.

[35] D.R. Raman, E.L. Williams, A.C. Layton, R.T. Burns, J.P. Easter, A.S. Daugherty,
M.D. Mullen, G.S. Sayler, Estrogen content of dairy and swine wastes, Environ.
Sci. Technol. 38 (13) (2004) 3567-3573.

[36] A.C. Layton, ]. Sanseverino, B.W. Gregory, ].P. Easter, G.S. Sayler, T.W. Schultz,
In vitro estrogen receptor binding of PCBs: measured activity and detection of
hydroxylated metabolites in a recombinant yeast assay, Toxicol. Appl. Pharma-
col. 180 (3) (2002) 157-163.

[37] T.W. Schultz, G.D. Sinks, M.T. Cronin, Structure-activity relationships for gene
activation oestrogenicity: evaluation of a diverse set of aromatic chemicals,
Environ. Toxicol. 17 (1) (2002) 14-23.

[38] T.W.Schultz, G.D. Sinks, Xenoestrogenic gene expression: structural features of
active polycyclic aromatic hydrocarbons, Environ. Toxicol. Chem. 21 (4) (2002)
783-786.

[39] P. Sohoni, P.A. Lefevre, ]J. Ashby, J.P. Sumpter, Possible androgenic/anti-
androgenic activity of the insecticide fenitrothion, J. Appl. Toxicol. 21 (3) (2001)
173-178.

[40] P. Sohoni, J.P. Sumpter, Several environmental oestrogens are also anti-
androgens, J. Endocrinol. 158 (3) (1998) 327-339.

[41] O. Zierau, S. Lehmann, G. Vollmer, W. Schanzer, P. Diel, Detection of anabolic
steroid abuse using a yeast transactivation system, Steroids 73 (11) (2008)
1143-1147.

[42] R.Kase, P.D.Hansen, B. Fischer, W. Manz, P. Heininger, G. Reifferscheid, Integral
assessment of estrogenic potentials of sediment-associated samples. Part 1. The
influence of salinity on the in vitro tests ELRA, E-Screen and YES, Environ. Sci.
Pollut. Res. Int. 15 (1) (2008) 75-83.

[43] T.F. Bovee, RJ. Helsdingen, P.D. Koks, H.A. Kuiper, R.L. Hoogenboom, J. Keijer,
Development of a rapid yeast estrogen bioassay, based on the expression of
green fluorescent protein, Gene 325 (2004) 187-200.



640 E. Maser, G. Xiong / Journal of Steroid Biochemistry & Molecular Biology 121 (2010) 633-640

[44] P. Leskinen, E. Michelini, D. Picard, M. Karp, M. Virta, Bioluminescent yeast
assays for detecting estrogenic and androgenic activity in different matrices,
Chemosphere 61 (2) (2005) 259-266.

[45] ]. Sanseverino, R.K. Gupta, A.C. Layton, S.S. Patterson, S.A. Ripp, L. Saidak, M.L.
Simpson, T.W. Schultz, G.S. Sayler, Use of Saccharomyces cerevisiae BLYES
expressing bacterial bioluminescence for rapid, sensitive detection of estro-
genic compounds, Appl. Environ. Microbiol. 71 (8) (2005) 4455-4460.

[46] M.L. Eldridge, J. Sanseverino, A.C. Layton, J.P. Easter, T.W. Schultz, G.S. Sayler,
Saccharomyces cerevisiae BLYAS, a new bioluminescent bioreporter for detec-
tion of androgenic compounds, Appl. Environ. Microbiol. 73 (19) (2007)
6012-6018.

[47] J. Sanseverino, M.L. Eldridge, A.C. Layton, J.P. Easter, ]. Yarbrough, T.W. Schultz,
G.S. Sayler, Screening of potentially hormonally active chemicals using biolu-
minescent yeast bioreporters, Toxicol. Sci. 107 (1) (2009) 122-134.

[48] M. Seifert, S. Haindl, B. Hock, In vitro analysis of xenoestrogens by enzyme
linked receptor assays (ELRA), Adv. Exp. Med. Biol. 444 (1998) 113-117.

[49] M. Seifert, Luminescent enzyme-linked receptor assay for estrogenic com-
pounds, Anal. Bioanal. Chem. 378 (3) (2004) 684-687.

[50] K. Liang, L. Yang, Z. Xiao, J. Huang, A bipartite recombinant yeast system for the
identification of subtype-selective estrogen receptor ligands, Mol. Biotechnol.
41 (1) (2009) 53-62.

[51] K.F. Koehler, L.A. Helguero, L.A. Haldosen, M. Warner, J.A. Gustafsson, Reflec-
tions on the discovery and significance of estrogen receptor beta, Endocr. Rev.
26 (3) (2005) 465-478.

[52] MJ. Tsai, B.W. O’'Malley, Molecular mechanisms of action of steroid/thyroid
receptor superfamily members, Annu. Rev. Biochem. 63 (1994) 451-486.

[53] ]. An, C. Tzagarakis-Foster, T.C. Scharschmidt, N. Lomri, D.C. Leitman, Estrogen
receptor beta-selective transcriptional activity and recruitment of coregulators
by phytoestrogens, J. Biol. Chem. 276 (21) (2001) 17808-17814.

[54] K. Dahlman-Wright, V. Cavailles, S.A. Fuqua, V.C. Jordan, J.A. Katzenellenbogen,
K.S. Korach, A. Maggi, M. Muramatsu, M.G. Parker, ].A. Gustafsson, International
Union of Pharmacology. LXIV. Estrogen receptors, Pharmacol. Rev. 58 (4) (2006)
773-781.

[55] V.C. Jordan, E. Phelps, J.U. Lindgren, Effects of anti-estrogens on bone in cas-
trated and intact female rats, Breast Cancer Res. Treat. 10 (1) (1987) 31-35.

[56] A.M. Brzozowski, A.C. Pike, Z. Dauter, R.E. Hubbard, T. Bonn, O. Engstrom,
L. Ohman, G.L. Greene, J.A. Gustafsson, M. Carlquist, Molecular basis of ago-
nism and antagonism in the oestrogen receptor, Nature 389 (6652) (1997)
753-758.

[57] A.C. Pike, A.M. Brzozowski, J. Walton, R.E. Hubbard, A.G. Thorsell, Y.L. Li, J.A.
Gustafsson, M. Carlquist, Structural insights into the mode of action of a pure
antiestrogen, Structure 9 (2) (2001) 145-153.

[58] C. Hanel, G. Gauglitz, Comparison of reflectometric interference spectroscopy
with other instruments for label-free optical detection, Anal. Bioanal. Chem.
372(1)(2002) 91-100.

[59] L.A. Paige, D.J. Christensen, H. Gron, J.D. Norris, E.B. Gottlin, K.M. Padilla, C.Y.
Chang, L.M. Ballas, P.T. Hamilton, D.P. McDonnell, D.M. Fowlkes, Estrogen recep-

tor (ER) modulators each induce distinct conformational changes in ER alpha
and ER beta, Proc. Natl. Acad. Sci. U.S.A. 96 (7) (1999) 3999-4004.

[60] G. Gauglitz, Direct optical sensors: principles and selected applications, Anal.
Bioanal. Chem. 381 (1) (2005) 141-155.

[61] P. Fechner, F. Proll, M. Carlquist, G. Proll, An advanced biosensor for the
prediction of estrogenic effects of endocrine-disrupting chemicals on the
estrogen receptor alpha, Anal. Bioanal. Chem. 393 (6-7) (2009) 1579-
1585.

[62] E. Garcia Valdes, E. Cozar, R. Rotger, J. Lalucat, ]. Ursing, New naphthalene-
degrading marine Pseudomonas strains, Appl. Environ. Microbiol. 54 (1988)
2478-2485.

[63] G.R. Cooper, E.D. Staples, K.A. Iczkowski, CJ. Clancy, Comamonas, (Pseu-
domonas) testosteroni endocarditis, Cardiovasc. Pathol. 14 (3) (2005) 145-
149.

[64] A.W. Coulter, P. Talalay, Studies on the microbiological degradation of Ring A,
J. Biol. Chem. 243 (1968) 3238-3247.

[65] E. Mobus, E. Maser, Molecular cloning, overexpression, and charac-
terization of steroid-inducible 3a-hydroxysteroid dehydrogenase/carbonyl
reductase from Comamonas testosteroni, ]. Biol. Chem. 273 (1998) 30888-
30896.

[66] U.C.T. Oppermann, I. Belai, E. Maser, Antibiotic resistance and enhanced insec-
ticide catabolism as consequences of steroid induction in the Gram-negative
bacterium Comamonas testosteroni, ]J. Steroid Biochem. Mol. Biol. 58 (1996)
217-223.

[67] U.C.T. Oppermann, E. Maser, Characterization of a 3a-hydroxysteroid dehy-
drogenase/carbonyl reductase from the Gram-negative bacterium Comamonas
testosteroni, Eur. ]. Biochem. 241 (1996) 744-749.

[68] C.T.Oppermann, KJ. Netter, E. Maser, Carbonyl reduction by 3 alpha-HSD from
Comamonas testosteroni—new properties and its relationship to the SCAD fam-
ily, Adv. Exp. Med. Biol. 328 (1993) 379-390.

[69] G. Xiong, HJ. Martin, E. Maser, Identification and characterization of a novel
translational repressor of the steroid-inducible 3 alpha-hydroxysteroid dehy-
drogenase/carbonyl reductase gene in Comamonas testosteroni, ]. Biol. Chem.
278 (48) (2003) 47400-47407.

[70] G. Xiong, E. Maser, Regulation of the steroid-inducible 3alpha-hydroxysteroid
dehydrogenase/carbonyl reductase gene in Comamonas testosteroni, ]. Biol.
Chem. 276 (13) (2001) 9961-9970.

[71] A. Gohler, G. Xiong, S. Paulsen, G. Trentmann, E. Maser, Testosterone-inducible
regulator is a kinase that drives steroid sensing and metabolism in Comamonas
testosteroni, ]. Biol. Chem. 283 (25) (2008) 17380-17390.

[72] G.Xiong, Y. Luo, S. Jin, E. Maser, Cis- and trans-regulatory elements of 3alpha-
hydroxysteroid dehydrogenase/carbonyl reductase as biosensor system for
steroid determination in the environment, Chem. Biol. Interact. 178 (1-3)
(2009) 215-220, note added in proof.

[73] T. Lamla, S. Hoerer, M.M. Bauer, Screening for soluble expression constructs
using cell-free protein synthesis, Int. J. Biol. Macromol. 39 (1-3) (2006)
111-121.



	The Comamonas testosteroni steroid biosensor system (COSS)—Reflection on other methods
	Introduction: steroid hormones are of ecotoxicological concern
	Specific detection and quantification of steroid hormones
	Classical methods
	Surface plasmon resonance sensing (SPR)
	Electrochemical immunosensor
	Are these techniques suitable for environmental probes?

	Steroid determination via their biological activity
	Effect-oriented assays
	The estrogen screen (E-Screen)
	Yeast estrogen screen (YES) and yeast androgen screen (YAS)
	Enzyme-linked receptor assay (ELRA)
	Bipartite recombinant yeast system (BRYS)
	Reflectometric interference spectroscopy (RIfS)
	Summary of human steroid receptor-based biosensors

	A bacterial steroid-inducible gene and its regulatory region as novel biosensor system for steroid determination
	The Comamonas testosteroni Steroid Sensor (COSS)
	Concluding remarks

	Acknowledgments
	References


