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Bioassays are well established in the pharmaceutical industry
and single compound analysis, but there is still uncertainty
abouttheir usefulness in environmental monitoring. We compared
the responses of five bioassays designed to measure
estrogenic activity (the yeast estrogen screen, ER-CALUX,
MELN, T47D-KBluc, and E-SCREEN assays) and chemical analysis
on extracts from four different water sources (groundwater,
raw sewage, treated sewage, and river water). All five bioassays
displayed similar trends and there was good agreement with
analytical chemistry results. The data from the ER-CALUX and
E-SCREEN bioassays were robust and predictable, and well-
correlated with predictions from chemical analysis. The T47D-
KBluc appeared likewise promising, but with a more limited
sample size it was less compelling. The YES assay was less
sensitive than the other assays by an order of magnitude, which
resulted in a larger number of nondetects. The MELN assay
was less predictable, although the possibility that this was due
to laboratory-specific difficulties cannot be discounted. With
standardized bioassay data analysis and consistency of operating
protocols, bioanalytical tools are a promising advance in the
development of a tiered approach to environmental water quality
monitoring.
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Introduction

The presence of contaminants in the aquatic environment
is a key challenge facing humanity (1). In past decades, the
field of endocrine disruption has generated much concern
over the potential of environmental contaminants to disrupt
endocrine functions in exposed wildlife and human popula-
tions. Endocrine disrupting compounds (EDCs) that can
mimic or interfere with the functions of estrogens have been
extensively studied as estrogens regulate a variety of biological
functions in vertebrates such as growth, metabolism, cell
growth and proliferation, cell function and differentiation,
sexual development and behavior, and development of the
immune system in both sexes (2, 3). Estrogenic chemicals in
the environment have been implicated with a variety of
reproductive and physiological abnormalities in wildlife
(2,4, 5), and while it is still not entirely clear whether exposure
to environmental levels of EDCs currently affects human
populations (2) there is a need to monitor levels of estro-
genicity in the aquatic environment.

Invitro bioassays are now recognized as potent monitoring
tools in a tiered approach as they detect chemical contami-
nants based on their biological action. As the specific chemical
composition of an environmental sample is often unknown
and mixture interactions cannot always be inferred from the
concentrations of the individual components, bioassays are
important tools to examine the presence of and integrate the
biological activity in complex mixtures of EDCs (6).

There is, however, uncertainty about the reliability of
bioassays in environmental monitoring. Bioassay results may
be affected by other unrelated toxic effects from complex
mixtures, and there have been questions about their vari-
ability, reliability, and robustness, particularly in dealing with
highly polluted samples. There are significant issues with
interlaboratory variability due to poor standardization of
bioassay techniques (7), and there is a perception that
bioassays (with a biological detector) are too different from
chemical techniques (with a physical detector) to allow
comparison between the two methods.

The objectives of this study were to assess the efficacy of
commonly used bioassays to detect and quantify estrogenic
activity in environmental samples and their ability to
complement chemical analysis. This is a critical validation
step toward integrating bioassays into risk assessment
frameworks that are currently developed for single chemicals.
Five in vitro bioassays were selected for evaluation after a
comprehensive review of the literature (8): the yeast estrogen
screen (YES) (9), a yeast-based reporter gene assay; the
ER-CALUX (10), the MELN (11), and the T47D-KBluc (12)
assays, which are mammalian-based reporter gene assays;
and the E-SCREEN (13) assays, based on proliferation of
estrogen-dependent breast cancer cells. Simultaneous chemi-
cal analysis was also performed on all samples for com-
parison. Each of these bioassays has strength and limitations
inherent to its design (reviewed in refs 8, 14, and 15) and the
mechanism of estrogen action (described in detail in ref 16)
it monitors.

Experimental Section

Chemicals. The following model compounds were tested in
this study: the hormones 174-Estradiol (“E2”, 98% pure,
Sigma), estrone (“E1”, >99% pure, Aldrich), and estriol (“E3”,
USP grade, Sigma); the pharmaceuticals 17a.-ethynylestradiol
(“EE2”,98% pure, Aldrich) and tamoxifen (96% pure, Aldrich);
the industrial compounds 4-nonylphenol (“4-NP”, technical
grade, Aldrich), 4-tert-octylphenol (“4tOP”, 97% pure, Ald-
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TABLE 1. Comhined Chemical Data (Weighted Averages + SD)°

description E2(ng/L) E1(pg/L) E3(ug/L) EE2(ug/L) 4t0OP(ug/L) 4-NP(ug/L) BA(ug/L) BBP(xg/L)

groundwater 1

(shallow aquifer) <0.005 <0.005 <0.005 <0.005 0.583 +£0.454 0.271+0.219 <0.025 <5
groundwater 2

(deep aquifer) <0.005 <0.005 <0.005 <0.005 <0.025 <0.125 <0.025 <5
raw sewage 1 0.016 £ 0.011 0.017 +£0.012 0.181 & 0.009 <0.013 262+253 633+115 0433+£0.029 <125
raw sewage 2 0.024 +0.011 0.083 +0.021 0.159 + 0.057 <0.013 0.400 +0.087 3.64+552 0.633+0.126 <125
"gg\t,ffgg o1 <0.005 0.023 £ 0.021 <0.005 <0.005 0.500 £ 0.278 1.12+0.076  0.050 + 0.000 <5
treated

sewage 2 <0.005 <0.005 <0.005 <0.005 0.2334+0.104 0.338 = 0.239 <0.025 <5
river 1

{large river) <0.005 <0.005 <0.005 <0.005 0.483 +0.029 0.221 + 0.146 <0.025 <5
river 2

lomall stream) <0.005 0.007 + 0.007 <0.005 <0.005 0.367 £0.153  5.27 + 4.97 <0.025 <5
gz‘s’g{l‘(‘:‘é")"’ter 1 0.025+£0.005 0.075 +0.022 0.018 4 0.013 <0.005 580+510 9414908 574+£550 7204515
gzgg{ﬁg‘c’;’)ﬁter 2 0.014 £ 0.004 0.061 +0.005 0.042 +0.003 0.008 +0.004 0.300+0.100 90.7+11.6 532+430 775103
'E}gvpislfggﬁge 1 0.033+£0.008 0.277 +£0.014 0.197 £+ 0.010 <0.013 7.28+735 2074203 47.2+£224 887 +52.1
ra(‘;"piﬁfe";’;’;'ge 2 0.043+0.010 0.134+£0.001 0.279 + 0.065 <0.013 0.450 £0.100 14.8+0.763 46.1+277 71.5+10.1
"fsa;fkdejfwage T 002740005 0.138+0.003 0.055+ 0.005 <0.005 420+£547 278+448 4644287 3324745
"f:;?k‘ijf""age 2 0.007+0.005  <0.005 <0.005 <0.005 0817 +0.679 122+1.02 185+175 373+97.3
river 1 (spiked) 0.010£0.001 0.070 +0.007 0.040 +0.005 0.006+£0.004 1.22+0.321 3874+193 49.6+390 3414458
river 2 (spiked) 0.008 £ 0.003 0.088 £ 0.005 0.045 + 0.005 0.008 +0.003 0.383+£0.126 515+252 482+3.88 5514584

2 n = three fully independent samples, analysed in two different laboratories. Four of the chemicals monitored were
never detected: tamoxifen (<0.1 ug/L), endosulfan (<10 ug/L), dieldrin (<10 ug/L), and p,p-DDT (<50 ug/L). Abbreviations
used: E2 = 17f-estradiol, E1 = estrone, E3 = estriol, EE2 = 17a-ethynylestradiol, 4tOP = 4-t-octylphenol, 4-NP =
4-nonylphenol, BA = bisphenol A; BBP = benzyl butyl phthalate.

rich), bisphenol A (“BA”, >99% pure, Aldrich), benzyl butyl
phthalate (“BBP”, 98% pure, Aldrich) and tetrabromobisphe-
nol A (97% pure, Aldrich); the pesticides dieldrin (99.1% pure,
Supelco), a- and S-endosulfan (99.5% pure each, Supelco)
and p,p-DDT (99.3% pure, Supelco); and the natural phy-
toestrogen genistein (>98%, Sigma). The estrogenic potencies
of these chemicals relative to 17/-estradiol are presented in
Supporting Information (SI) Table S1.

Environmental Samples. Samples from four environ-
mentally relevant compartments were tested: groundwater,
raw sewage, treated sewage and river water. All samples were
collected in Brisbane (Australia) in methanol-rinsed glass
bottles and immediately acidified to pH 2. Six replicate
samples were taken at each site, half of which were
immediately spiked after pH adjustment with a standard
mix of estrogenic chemicals as positive controls (E1, E2, E3,
EE2, BA, NP, and BBP; predissolved in ethanol) or with a
vehicle control (ethanol; in all cases the final ethanol
concentration was 0.08%). The samples were brought back
to the laboratory and extracted as described below. The
concentration of the spiked compounds in the final extract
(tested in the bioassay) determined by chemical analysis is
presented in Table 1.

Sample Extraction. Samples were processed immediately
upon return to the laboratory. Raw sewage samples were
first centrifuged at 4 °C and 2000gfor 12 min to remove large
particulate matter. All samples were then extracted using a
standard extraction protocol (I17) with minor modifications.
In brief, samples were filtered with AP20 filters (Millipore)
under gentle vacuum, and passed by vacuum through Oasis
HLB reversed-phase solid-phase extraction cartridges (Waters
Corp). Cartridges were dried on the manifold for 1—2 h (until
dry), wrapped in aluminum foil and stored at 4 °C until elution
(maximum 10 days). The cartridges were eluted with 5 mL
of methanol followed by 5 mL of 1:1 acetone:hexane. The
solvent was evaporated to dryness under gentle nitrogen
stream, and the extract reconstituted in 500 uL ethanol.
Samples were split into 12 40 uL aliquots in MaxRecovery
vials (Waters Corp), evaporated to dryness, and flooded with
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argon. The samples were then shipped to all participating
laboratories for analysis.

Bioassays. Five bioassays were performed in seven distinct
laboratories: 2x YES, 1x ER-CALUX, 1x MELN, 1x T47D-
KBluc, and 2x E-SCREEN assays.

The YES assay was performed in two different laboratories,
each using its own previously established and validated
protocols. The protocols all follow the standard method for
the YES assay (18). In brief, yeast cells are distributed in a
96-well plate and exposed to the sample in culture medium
for 3 days. The yellow chromogenic substrate CPRG (chlo-
rophenol red-j-p-galactopyranoside) is added and trans-
formed to ared product by -galactosidase which is measured
by spectrophotometer at 540 nm.

The ER-CALUX assay was performed in only one labora-
tory using a standard method previously described (10).
Briefly, cells are seeded into 96-well plates two days prior to
induction. A day later, the medium is changed to steroid-
free medium. On the day of induction, the medium is changed
again and replaced by steroid-free medium and the sample.
After 24 h of exposure, cells are lysed, luciferin is added to
the incubation medium and luciferase activity is measured
by luminescence.

The MELN assay was performed in only one laboratory
using a previously described protocol (19). In brief, cells are
seeded into a 96-well plate two days prior to induction. A day
later, the medium is changed to steroid-free medium. On
the day of induction, the medium is changed again and
replaced by steroid-free medium with the sample. After 16—24
h of exposure, cells are lysed, luciferin is added to the
incubation medium and luciferase activity is measured by
luminescence.

The T47D-KBluc was performed by only one laboratory
following a previously published protocol (12). In brief,
cells are withdrawn into steroid-free medium for 1 week
prior to being seeded into a 96-well plate for 24 h, after
which they are exposed to the sample for a further 24 h.
At the end of the incubation period, cells are lysed and
luciferase activity measured by luminescence. Only one



of the three independent replicates for each sample was
analyzed in this assay.

The E-SCREEN assay was performed in two different
laboratories, each using its own previously established
method (20-22). Briefly, MCF-7BOS breast cancer cells (a
gift of Dr Ana Soto, Tufts University, Boston, MA) are seeded
in a 96-well plate in steroid-free medium. After 24 h, the
medium is exchanged for fresh steroid-free medium with
the sample. After 5 days of exposure, the number of live
cells in each well is determined using a standard MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide) assay.

Wide Spectrum Chemical Screening. Gas chromatog-
raphy/mass spectrometry (GC/MS) wide spectrum screening
was used to measure E2, E1, E3, TMX, o-endosulfan,
p-endosulfan, dieldrin, p,p-DDT, 4tOP, 4-NP, BA, and BBP.
The analysis was performed as previously described (22).

Targeted Chemical Analysis. Analysis of E1, E2, EE2, E3,
4-NP, 4tOP, and BA was done by GC/MS after solid-phase
extraction and silylation of the analytes (23). Analysis of BBP,
TBBPA, and TMX was done by GC/MS after solid-phase
extraction. Analysis of p,p-DDT, dieldrin and endosulfan
was done by gas chromatography/electron capture detection
(GC/ECD) after liquid—liquid extraction following the pro-
cedure described in the German standard method DIN 38407,
part 2 (24). Analysis of genistein was done by liquid
chromatography coupled to tandem mass spectrometry by
an electrospray interface (HPLC-ESI-MS-MS).

Data Analysis. Chemical data from the screening and
targeted analysis were combined using weighted averages to
give more influence to the more precise data (Table 1).

All measurements in the bioassays were expressed as
estradiol equivalents (EEq). The EC50 values of the bioassay
response (whether galactosidase or luciferase activity or cell
proliferation) derived from a 173-estradiol standard curve
(in ng/well) was divided by the EC50 value obtained from a
sample dilution series (in L equivalent/well) to obtain the
EEq (inng/L). All data were log-transformed to be compatible
with statistical assumptions of normality and homogeneity
of variances. Samples below the quantification limit (non-
detects) were dealt with separately depending on purpose:
for graphical representations and summary of averages and
SD, values below the quantification limit of the bioassay were
assigned a value of half the quantification limit; while the
full data set including values below quantification limit was
used for survival (Kaplan—Meier) analysis (Figure 2).

To evaluate the performance of the bioassays irrespective
of the type of sample, a survival analysis (Kaplan—Meier
analysis) was carried out using GraphPad Prism 5 (GraphPad
Software Inc.). This type of analysis allows the statistical
comparison of right-censored data sets, and thus the left-
censored data from all bioassays in this study were trans-
formed to right-censored data using the following equation:

x:=(1)/(log (x)) + 4, where x;is the transformed data and
x the original data.

Finally predicted estrogenic activity (Figure 3) was cal-
culated as Pred = X(RP x conc), where RP is the relative
potency (SI Table S1) and conc is the concentration as
determined by analytical chemistry (Table 1). Where avail-
able, the specific relative potency obtained in this project
was used, otherwise the average of the relative potencies for
that bioassay type published in the literature was used (SI
Table S1).

Results and Discussion

Chemical Analysis. Chemical data is presented in Table 1.
Bioassays—Model Compounds. Estrogenicity of the in-

dividual compounds tested is presented in SI Table S1 (results

obtained from this study are highlighted with an asterisk).

Overall the estrogenic activity was similar to that previously

reported with the exception of 4tOP and 4NP, which were
more potent estrogen mimics in the YES assay than previously
reported by 1—2 orders of magnitude (SI Table S1). Tetra-
bromobisphenol A and 4tOP were cytotoxic in the YES and
ER-CALUX assays, respectively.

Bioassays—Environmental Samples. All bioassays dis-
played similar trends in estrogenic activity among the
environmental samples, but with different amplitudes (Figure
1). Of the nonspiked environmental samples, the raw sewage
samples displayed the highest estrogenic activity in all
bioassays (Figure 1, left). Sewage treatment resulted in >88
t0 >99% removal of the estrogenic activity, depending on the
bioassay. Low estrogenic activity was detected in the river
samples with some of the bioassays, while estrogenicity in
groundwater samples was below the quantification limit of
most bioassays except the ER-CALUX and the E-SCREEN
assays from the second laboratory (Figure 1). These results
are comparable to those reported in previous studies for
similar water types (reviewed in ref 14). Addition of the spike
resulted in a predictable increase in estrogenic activity for
all sample types in all bioassays with the notable exception
of raw sewage in the MELN assay, where addition of the
spike caused an unexpected decrease in estrogenic activity
(Figure 1C, right).

The YES assays had the highest method quantification
limit (MQL; 3.5 and 5 ng/L) while the other bioassays had
much lower MQLs: 0.27 ng/L for the MELN assay, 0.2 ng/L
for the KBluc and both E-SCREEN assays and 0.1 ng/L for
the ER-CALUX. The high MQL of the YES assays meant that
activity was not detected in any of the nonspiked samples
except the most polluted (i.e., raw sewage; Figure 1A) and
the YES assays had the highest proportion of samples below
the MQL (40%). Conversely, the low MQL of the ER-CALUX
bioassay allowed detection of estrogenic activity in almost
all samples, with only 3% of nondetects (Figure 1B). The
MELN assay, the KBluc, and the two E-SCREEN assays
reported 22—29% of nondetects.

The high proportion of nondetects in most data sets made
statistical correlations difficult. When nondetects were as-
signed a value of half the quantification limit, the coefficient
of correlation between all bioassay data sets was high (R? >
0.75 for all pairwise comparisons). Although this clearly
highlights the good agreement between the different bio-
assays in identifying samples with high vs low activity, it is
biased by assigning an artificial value to nondetect samples.
The correlation analysis using the censored data set (i.e.,
excluding the nondetects altogether) indicated less agreement
between assays (average R? values: YES = 0.32, ER-CALUX
=0.67, MELN = 0.19, T47D-KBluc = 0.58, and E-SCREEN =
0.64), although of course this ignores a significant portion of
the data that would support good agreement.

Comparison of Bioassays. To accurately compare the
bioassays and overcome the issue of nondetects, all estrogenic
activity data generated from analysis of environmental
samples as well as the synthetic samples from model
compounds (SITable S1) were combined and a Kaplan—Meier
survival analysis carried out on the entire data set (Figure 2).
The analysis shows that the bioassays generate remarkably
similar responses, particularly among samples with low- to
midestrogenicity (from 0.2 to 20 ng/L, Figure 2C). There were
no significant differences between the survival curves of any
of the assays (pairwise comparisons, log-rank Mantel-Cox
test, p>0.05) with the exception of the MELN survival curve,
which was significantly different from all but the YES assay
curve (p < 0.05, except for MELN vs YES assay where p =
0.09).

The results with the MELN assay appear skewed to the
left of the survival curve (Figure 2C), suggesting that
estrogenicity determined by the MELN was consistently lower
than those of the other bioassays with the methodology
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FIGURE 1. Estrogenicity (expressed as estradiol equivalents, EEq) in the environmental samples as determined by each bioassay. Left
panel, nonspiked samples; Right panel, spiked samples. Notes: n = three independent samples unless otherwise indicated by a
number in brackets above the bars. The cross-hatched shaded area indicates data below the method quantification limit (MQL). Error
bars represent standard deviations. Data include nondetects, set at half the quantification limit.

practices in this group of laboratories. The YES assay data
set was the most heavily censored (46.4 and 45.2% for the
YES assays in the first and second laboratory, respectively),
a reflection of its comparatively high MQL. Conversely, the
ER-CALUX data set had the lowest censorship with only 10%
of samples below the MQL.

There were no significant differences in the data set
between laboratories for either the YES or the E-SCREEN
assays (Figure 2A and B; p> 0.05), suggesting that differences
between laboratories can be maintained to a minimum with
appropriate standardization and quality control.

Bioassays vs Chemistry. By multiplying the concentration
of each chemical as determined by standard chemical
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methods (Table 1) with the relative potency for each
individual compound (SI Table S1), it is possible to calculate
a predicted estrogenicity for each sample. This predicted
estrogenicity based on chemical analysis can then be
compared to the estrogenicity measured by bioassays (Figure
3). Discrepancy between predicted and measured estroge-
nicity can indicate the presence of estrogenic compounds
other than those measured by chemical analysis, nonadditive
mixture interactions, poor bioassay performance due to
matrix interference, or the presence of potent antiestrogens.
A matching predicted and measured activity indicates that
estrogenicity measured in the bioassay can be accurately
predicted from chemical analysis. Of particular interest to



90

90

1000

—=— YES1 —e— E-SCREEN 1 B
—&— YES2 —e— E-SCREEN 2
g g
S 704 S 70 -
=] 3
[on o
o @
w w
o 504+ ———— s 90 4+————— e
2 2
5 kS|
g g
E 30 E 30
[3) 3
10 ; ; , 10 ; , .
01 1 10 100 1000 01 1 10 100
EEq (ng/L) EEq (ng/L)
) ’
—m— Combined YES C
—o— ER-CALUX
—A— MELN
—v— KBluc
> —e— Combined E-SCREEN
g 70
[
=}
o
4
w
s 04+ ———— R e
2
©
=
g
3 301
10 ; . .

0.1 1

10

100 1000

EEq (ng/L)
FIGURE 2. Survival graph for bioassay data. (A) YES assays 1 and 2; (B) E-SCREEN assays 1 and 2; (C) All bioassays.

confirm the predictability of the bioassays are the spiked
samples, where most of the activity should come from the
spiked compounds.

Overall there was a good agreement between the predicted
and measured estrogenicity in the ER-CALUX, the second
YES assay and both E-SCREEN assays (most spiked samples
fall closely on the isometric line in Figure 3) with average
predicted/measured ratio with spiked samples of 1.02, 1.27,
1.46, and 1.03, respectively. The MELN assay and the YES
assay performed in the first laboratory seemed to slightly
underestimate the estrogenic activity, while the KBluc assay
overestimated it, with an average predicted/measured ratio
with spiked samples of 2.18, 3.32, and 0.61, respectively. The
YES assay has previously been reported to underestimate
estrogenic activity, possibly due to a high sensitivity to
antiestrogenic compounds (25). Antiestrogenicity did not
appear to affect the other bioassays however, so it is unclear
at this stage.

Previous studies have reported both good (6, 26) and poor
(27, 28) agreement between predicted and measured estro-
genic activity in sewage and surface water samples. A
discrepancy between the two can generally be put down to
anincomplete chemical characterization of complex samples
(such as raw sewage) or uncertainties in the accuracy of the
data used in the model (27).

Overall assessment. In vitro bioassays can detect chemi-
cals based on their biological activity and determine the total
estrogenic content of a given sample, and thus play a major
role asinitial screening tools for environmental samples (first-
pass screening). This can help prioritize further investigation
using in vivo methods and/or chemical identification of active
substances. In other words, a significant response in an in
vitro bioassay could be used as a trigger for further
investigation using in vivo test models, while a negative
response would suggest the scope of these financially and
ethically expensive investigations can be reduced. Addition-

ally, bioassays can detect potential estrogenic activity from
unexpected/unknown EDCs not included in the chemical
screening, thus providing further confidence in the monitor-
ing program.

While there were differences in the amplitude of the
response, the data trends were very similar between the
different assays. There were subtle differences in intensity
of estrogenicity between the bioassays that could be due to
the mechanism of action of the estrogenic chemicals
(reviewed in (16)). For example, the reporter gene assays
(YES, ER-CALUX, MELN, and KBluc assays) detect receptor-
mediated genomic events, while cell proliferation in the
E-SCREEN assay would also detect nongenomic estrogenic
effects (e.g., via cell surface receptors). Other differences could
be due to receptor isomer-specific responses.

A word of caution against generalization is appropriate
here. Only two of the five assays tested in this study were
replicated in two independent laboratories (YES and E-
SCREEN bioassays), and as such this study provides only a
limited measure of interlaboratory variability. It is also
difficult to determine from our results alone whether the
differences observed with the MELN assay for example are
assay- or laboratory-specific.

Ultimately, each assay has advantages and limitations.
Some limitations apply to all in vitro assays, such as the
inability to detect compounds that are pro-estrogens (com-
pounds that are converted to estrogens in vivo) (15) or to
conclusively identify the causative chemical without chemical
analysis. The ER-CALUX and E-SCREEN assays tested in this
study successfully measured estrogenicity in environmental
water samples, even at very low concentrations. The estro-
genic activity measured in these bioassays could be related
to predicted estrogenic activity based on chemical analysis,
suggesting that either of these bioassays could be used as
initial screening tools to detect estrogenicity in environmental
water samples. The KBluc assay also appeared to perform
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FIGURE 3. Comparison of estrogenic activity (EEq) measured in vitro against predicted from chemical analysis. The circle at the
bottom left (in the shaded area below the quantification limit) indicates the number and type of samples in this area. Notes: Each
symbol represents the average of three fully independent samples. The dashed horizontal and vertical lines represent the bioassay
quantification limit (MQL). The solid line represents the isometric line. YS1 = yeast estrogen screen 1, YS2 = yeast estrogen screen
2, CX = ER-CALUX, ME = MELN, KB = KBluc, ES1 = E-SCREEN 1, ES2 = E-SCREEN 2.

well, and in fact was very similar to the ER-CALUX, but the
data set obtained in this study was more limited for that
bioassay than for the others, and any conclusion based on
the KBluc assay must therefore be appraised critically. The
YES assay performed well with highly polluted samples but
itsrelatively high quantification limit meant that it was unable
to quantify low-level estrogenicity in less polluted samples
such as groundwater, river water and even treated sewage
effluent. With synthetic samples, the performance of the YES
assay was also significantly affected by the presence of
octylphenol (SI Table S1) and cell toxicity appears to be an
issue with concentrated environmental aqueous samples (29).
Furthermore, the yeast cell wall may impede active and
passive transport of chemicals to the intracellular space, thus
increasing the risk of false negatives (30). The MELN assay
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tested in this study also performed well, correctly identifying
low and high estrogenic activity, however it seemed to
underestimate estrogenic activity in many of the samples
(Figure 1—3). It is possible that laboratory-specific issues
could have impacted on the MELN results presented here
and independent confirmation of the reported trends is
required.

Table 2 provides a matrix summarizing the performance
of the bioassays tested in this study and their identified
strengths and limitations. The table highlights that each
bioassay has its advantages and limitations, and the notion
of “fit-for-purpose” is critical in determining what bioassay
to use. Ultimately, any of the five bioassays tested may be
suitable for testing estrogenic activity in environmental



TABLE 2. Summary of the Strength and Weaknesses and Overall Performance of the Bioassays Tested in This Study”

assay YES
performance
environmental samples EEq® +
likeness to other assays® ++
coefficient of variation (CoV)? +++
method quantification limit (MQL)® -
predicted vs measured comparison” +
overall performance in this study? +1/2
strengths and weaknesses
analysis of model compounds +++
analysis of environmental samples —h
ease of use ++
simple training ++
low maintenance and consumables cost +++
free access to cell line for nonprofit use +++
sensitivity -
robustness —I
reproducibility ++
maturity (widespread use) +++
high-throughput screening +++
quick results ++

? Notes: “-“, below average;

ER-CALUX MELN KBluc® E-SCREEN
+++ + (++) ++
+++ - +++ +++
+++ + NA ++
+++ +++ +++ +++
4+ + (++) ++
++3/4 +1/4 (++172) ++1/4
+++ ++ (+++) +++
+++ + (++) +++
+ + + +

1

- + + +

- +++ ++ +++
+++ ++ ++ ++
++ ++ ++ ++
+++ + ++ ++
++ + + 4+
4+ 4+ 4+ 4+
++ ++ ++ -

“+", fair; “++", good; “+++", excellent; NA, data not available. ?Values in brackets

indicate a lower precision due to less samples being analyzed in the KBluc bioassay. ® Environmental samples estrogenic
activity, data in Figure 1. ° Comparison with other bioassays irrespective of sample source, data in Figure 2. ¢ Coefficient of
variation, calculated from all data (not shown). © Method quantification limit, data in Figure 1 (dashed area). *Agreement
between predicted and measured estrogenicity for environmental samples, data in Figure 3. 9 Based on the factors above
as well as performance with synthetic samples (S| Table S1). " Below average due to its poor method quantification limit.
"This project in fact intended to run the KBluc assay in two independent laboratories, but one laboratory was not able to
develop the KBluc assay within defined QA/QC parameters before the project deadline. / Octylphenol creeping across the
assay plate appears to be a significant problem in this assay, resulting in variable results when octylphenol was present at

high concentrations in the samples.

samples as long as their limitations and technical require-
ments are clearly understood by the researcher.

Future Work. Further work should involve standardization
of operating protocols and quality assurance/quality control
procedures, including the development of a standardized
bioassay data analysis methodology. It should be emphasized
that although this work clearly shows that in vitro bioassays
are sufficiently advanced to be used as screening tools for
estrogenic contaminants in water, there is still much work
to be done to link effects in vitro to whole organism in vivo
responses. Recent studies suggests good agreement between
in vitro and in vivo estrogenicity (27, 3I), so careful
extrapolation may be possible.

While the bioassays evaluated in this study can measure
estrogenic activity in environmental samples, more work is
needed to identify trigger levels for further investigation.
Indeed, as some of these bioassays can detect estrogenic
activity as low as few pg/L of estradiol equivalents, it becomes
important to clearly understand and communicate levels of
associated risks. In the case of estrogenic activity for example,
based on studies with fish (32-35), a concentration of 1 ng/L
estradiol equivalent may be acceptable. As our analytical
detection limits constantly improve, it is crucial to understand
that we will be able to detect lower and lower levels of
pollution, and that there are thresholds of toxicological
concerns below which health risks are not implicated.
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Table S1. EC50 values for JFestradiol (in M) and estrogenic equivalency factor (EEF) of mode
compounds relative to Bsestradiol (all values log10).

Chemical YES ER-CALUX MELN T47D-KBluc E-SCREEN
oo E} -11.00 [13]
o8 -11.00 [7] 1212 4]
. : -11.30 [8] -10.75 [10] -11.05 [14]
s el LER OBEM wmm LGy
: : 1170 (9 11.25 () : -11.21 [15]
-9.6816] -11.31 (%)
vty 1127 (%)
-9.04 ()
48917
-4.66 [16] e {16}
200 Fz}} -4.641[8] 411 [18]
4-Nonylphenol (4-NP) —4.60 3] —4'64 9] -5.80 [10] -4.43 (%) -6.63 [4]
CASRN: 84852-15-3 : 6419 5.02 () : -4.24 [14]
-6.14 [6] 3.92 (9 o he
35709 4.41 ()
-2.96 () 416 (*)
4.19 [18]
4-tert-Octylphenol (4tOP) _53542 [ELSE]S] cytotoxic (*) 5.32 () 472 () :22; ﬁg}
CASRN: 140-66-9 2.67 (%) y : : e
277 () -3.38 (%)
4.60 [17]
% ﬁ} -4.53 [18]
Bisphenol A (BA) 3.9 [3] e {Q -3.74[10] -5.70 (%) -fiﬁc? [[143]
CASRN: 80-05-7 -4.25 [4] s : : 42810
-4.07 [9] -4.78 [16]
-4.30 [16] A
-6.50 [4]
-6.00 [8] -5.62 [15]
Benzyl butyl phthalate (BBP) -5.40 [16] -5.85[8] -5.88 (%) 551 (%) -5.60 [16]
CASRN: 85-68-7 -4.84 (¥) 5.43 (¥) : : 0
ND ("5-90) (*) _5:54 (*)
Tetrabromobisphenol A cytotoxic (*) ND [7] -6.50 (*) .37 (%) '_65'%01[(1*?]
CASRN: 79-04-7 ND (-5.47) (*) -6.88 (¥) : : ND (SN )
Dieldrin
D 60.57.1 NA 6.62 [9] NA NA -6.70 [13]
-6.00 [13]
Endosulfan ) -6.04 [4]
CASRN: 115-29-7 NA 6.00[9] NA NA -5.32 [15]
-5.84 [16]
: 3.86 [1] 5.40 [16]
p,p-DDT ND (-5.76) (*) -6.02 (*) -5.87 (¥) -6.17 (%) 6.41 (%)
CASRN: 50-29-3 ND (5.60) () .4_74[(*)]
4.89[17
Genistein -3.61 [1] ) } ) -3.55 [15]
CASRN: 446-72-0 -3.31[16] 4.2219] 3.1910] 4.52[12] -3.85 [16]
4.05 (¥)
-2.00 [17]
Estrone (E1) a0 F;} 1.60 [10] 87 ﬁiﬂ
strone ' -1. y -0.
CASRN: 53-16-7 -0.42120] -1.258] -0.60 [11] -1.67() -1.02 [15]
-1.02 [16] EEATS
-0.61 () 1.95 (%)
.15 [17]
Estriol (E3) 2.62 [20] 075 [10] o e -0.53 [14]
CASRN: 50-27-1 -2.20 [16] 0.00(21] -1.09 [11] 1.32(9 -0.60 [16]
-1.07 (9
0.08 [8] 0.10 [17]
-0.05 [2] 0.03 [8]
hynylestradiol (EE2) 0.36 {431} 0.39 [10] 60i738[ﬂ]]
Ethynylestradio . . ) .
CASRN: 57-63-6 -0.02 [5] 0.08 [8] 0.06 [11] 0.45[12] 0.28 [6]
-0.15 [6] -0.04 [15]
-0.05 [16] 0.05 [16]
0.09 () 0.17 (9
-3.15 [4] 439 [17]
Tamoxifen 4.33[16] e oy (e 5.52[12] -3.30 [16]
CASRN: 10540-29-1 -3.07 (% 383 () 3.92 () -3.08 (%) -3.25 ()
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CASRN: Chemical Abstract Services Registry NumbdD. = no detectable effect (although when availatile, highest
possible potency is given in brackets based orhifjleest concentration tested). NA = not availablete that Fang et al
2000 [16] is a review and reports potencies fronesa different papers$.Note that for 1p-estradiol, the log of the EC50
(in M) is reported instead of the log of the relatpotency (the log of the relative potency of-Estradiol is of course 0.00).
(*) Value obtained in this study by dividing the &Cof 1 B-estradiol by the EC50 of the compound.
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