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a b s t r a c t
Rivers containing efﬂuents from water treatment plants are complex soups of compounds, ranging from
pharmaceuticals to natural hormones. Male fathead minnows (Pimephales promelas) were exposed for 3
weeks to efﬂuent waters from the Metropolitan Wastewater Treatment Plant in St. Paul, MN. Fish were
tested for their competitive nest holding behavior. Changes in vitellogenin were measured and these
were correlated to changes in gene expression using a 22,000 gene microarray developed speciﬁcally for
fathead minnows. Signiﬁcant changes in gene expression were observed in both liver and testis, which
correlate to phenotypic changes of vitellogenin induction and reduced competitive behavior. We also
compared by real-time PCR the expression changes in key genes related to steroid biosynthesis and
metabolism in ﬁsh exposed to the efﬂuent as well as in ﬁsh exposed to a model estrogen and a model
androgen. While the gene expression signature from efﬂuent-exposed ﬁsh shared some elements with
estrogen and androgen signatures, overall it was different, underscoring the complexity of compounds
present in sewage and their different modes of action.
© 2010 Elsevier B.V. All rights reserved.

1. Introduction
There is a major effort to characterize efﬂuents released from
sewage treatment plants (STPs) in North America, especially since
studies suggest that many pharmaceuticals and endocrine disrupting compounds (EDCs) may escape primary and secondary
treatments and are released into the environment (Desbrow et al.,
1998; Kolpin et al., 2004; Benotti and Brownawell, 2007; Sumpter,
2008). At many locations pharmaceuticals and EDCs are present
in the environment at concentrations capable of altering physiological processes in wildlife. For example, in the United Kingdom
concentrations of 17␤-estradiol (E2 ) can reach 48 ng/L at some
locations (Desbrow et al., 1998). In the United States, there are
studies showing the masculinization of female mosquito ﬁsh by
exposure to kraft mill efﬂuent (Bortone et al., 1989). Conversely
the feminization of male ﬁsh by exposure to estrogens in the environment has been found throughout Europe and the United States
(Purdom et al., 1994; Folmar et al., 1996, 2001). Estrogenic activ-
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ity can come from a variety of anthropogenic chemicals including
industrial chemicals, surfactants and pesticides, in addition to the
discharge of human estrogens E2 and estrone and the pharmaceutical ethinylestradiol (EE2 ) found in birth control pills (Desbrow et al.,
1998). More recently additional problems have been deﬁned due
to efﬂuent run-off from conﬁned animal feeding lots that introduce
high levels of anabolic androgens (17␤-trenbolone) (Jensen et al.,
2006), estrogens (E2 and zearalenone) and progestins (melengestrol acetate) (Lange et al., 2001).
Efﬂuents from STPs are dynamic and concentrations of individual contaminants constantly change depending on human use and
environmental factors including storms, season and human activity
(Lee et al., 2004; Martinović et al., 2008). Some studies suggest that
an intermittent variation of EDCs actually augment the estrogenic
effects of contaminants (Panter et al., 2000).
The study site for this project was the Metropolitan Wastewater Treatment Plant (MWTP) in St. Paul, MN. The MWTP serves
a population of 1.8 million people from 62 communities and 800
industries and reports an average release of 215 million gallons
per day of treated efﬂuent directly into the Mississippi river. It is
a modern plant with advanced secondary treatment with chlorination/dechlorination. An in depth characterization of organic
residues in the efﬂuent from the MWTP was carried out by USGS
in 2004, as part of a larger study to characterize such residues
in several water efﬂuents (Lee et al., 2004). Contaminant evaluation was carried out at 4 different times of the year and residues
were widely different for each sampling time, indicating the high
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variability of individual contaminants. A wide range of pharmaceuticals, pesticides, plasticizers etc. were found in the efﬂuents (Lee
et al., 2004).
The efﬂuent from the MWTP has been reported to be estrogenic
for the common carp (Folmar et al., 1996) and walleye (Folmar et
al., 2001) which live in its receiving waters. However, other studies
suggest that the estrogenic potential is quite variable. For example
little effect was observed on goldﬁsh reproductive behavior and
sperm production when they were exposed for a 10-week period
to efﬂuent from MWTP (Schoenfuss et al., 2002). In this project
we exposed fathead minnows (Pimephales promelas, FHM) for 3
weeks to MWTP efﬂuent and observed vitellogenin (Vtg) induction
in male ﬁsh, altered sexual competitive behavior and altered gene
expression proﬁles that suggest that the exposure could impact
reproduction. Even a short exposure to efﬂuent waters has been
shown to affect gene expression in ﬁsh and create site-speciﬁc gene
signatures in a pilot study (Garcia-Reyero et al., 2009a).
2. Materials and methods
2.1. Site description
The efﬂuent used for exposure came from the MWTP located in
St. Paul, MN. Inﬂuent to the MWTP is composed mostly of commercial and residential sewage (91%) and is subjected to both primary
and advanced secondary treatment before being discharged into
the Mississippi River (approximately 700 million L/d). This efﬂuent
from the MWTP was selected because it is a major contributor to the
Mississippi River (USA), uses many modern technologies, and has
an estrogenic nature that has already been established. One of the
ﬁrst studies describing in vivo estrogenic activity of MWTP efﬂuents in USA was conducted by Folmar et al. (1996) in the vicinity of
the MWTP efﬂuent. Over the past 14 years the estrogenic properties
of this efﬂuent were repeatedly conﬁrmed using a variety of in vitro
approaches (Martinović et al., 2007; Novak et al., 2008) and in vivo
vitellogenin (Vtg) induction assays (Folmar et al., 2001; Martinović
et al., 2007; Barber et al., 2007). Novak et al. (2008) reported
that estrogenicity entering the plant was relatively consistent and
was removed effectively, as measured by a receptor binding assay
(the YES assay) (96 ± 2%). The analytical chemistry studies identiﬁed multiple chemicals with estrogenic activity in this efﬂuent.
Novak et al. (2008) reported that the estrogenicity leaving the plant
consisted mainly of estrone, nonylphenol, and bisphenol A. Hormones (estriol and ethynylestradiol) were detected on 2 occasions
and were highly variable from non-detectable to 410 and 18 ng/L,
respectively. These ﬁndings are congruent with those of Barber et
al. (2007) who also reported presence of bisphenol and alkylphenolethoxylates (e.g. NP, OP, NP1EO to NP2EO, OP1EO to OP2EO,
and NP1EC to NP2EC were 0.77, 0.15, 0.87, 0.15, and 133 g L−1 ,
respectively). Barber et al. (2007) also noted that the steroidal hormone concentrations were frequently below the method detection
limit (0.005 g L−1 ), but a maximum 17␤-estradiol concentration
of 0.031 g L−1 was detected on 1 occasion.
2.2. Exposures of FHM
2.2.1. Efﬂuent exposure
Adult (ca. 6 months old) male FHM were cultured at the University of Minnesota and were acclimated to 25 ◦ C and 16:8 h light:dark
cycle in a ﬂow through system. Efﬂuent was transported to the laboratory using the protocol described by Martinović et al. (2007).
Brieﬂy, each day approximately 700 L (maximum trucking capacity)
of efﬂuent was pumped from the efﬂuent channel into polypropylene containers (Nalgene) using a submersible pump. After being
trucked to the lab, it was pumped using submersible pumps into
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a large ﬁberglass tank where it was heated to 25 ◦ C (±1 ◦ C) using
submersible heaters (Process Technologies, 1800 W) before being
pumped again into a head tank for delivery to exposure tanks. Efﬂuent was used immediately after it reached the desired temperature
and any remaining efﬂuent was discarded prior to delivery of new
efﬂuent the following day.
Exposures were performed as static renewal with efﬂuent delivered at full strength (400 ml/min, for 4 h) twice daily into exposure
aquaria containing 3 females and 9 males (N = 2 runs). Control tanks
had the same number of ﬁsh but only received well water during the same 4 h dosing periods. Fish exposure lasted 3 weeks and
males not used for behavioral assays were sacriﬁced for plasma
and tissue samples. At the conclusion of the exposure, blood samples were collected for analysis of Vtg plasma concentrations. Liver
and testis samples were removed and stored in RNA later (Applied
Biosystems/Ambion, Austin, TX).
2.2.2. Estrogen and androgen exposure
At the University of Minnesota ﬁsheries laboratory, mature male
FHM were exposed to the primary male androgen in ﬁsh 11ketotestosterone (11-KT, 292 ng/L measured in the water), or to
a carrier control, triethylene glycol (TEG) using 5 aquaria with a
ﬂow-through diluter, modiﬁed from Lemke et al. (1978). In a different exposure, ﬁsh were exposed to 500 ng 17␤-trenbolone (TB) or
TEG. Each diluter cycle delivered 500 mL of water to each aquarium
containing 36 L. Water turnover in each aquarium was 3–4 times
per day. Well water ﬂowed from the upper diluter compartments
to a mixing chamber where the 11-KT was added by peristaltic
pump or to another mixing chamber where the TEG was added by
peristaltic pump. At the start of each exposure, 20–25 male FHM
were randomly assorted into the aquarium for each treatment. At
approximately 72 h after the start of the exposure, 5 males were
removed from each treatment and sacriﬁced to harvest tissues.
Testis and livers were removed and immediately placed on dry ice
in separate cryovials. Within an hour, the vials were transferred to
liquid nitrogen where they were stored until the tissues were processed. In addition to the exposures conducted at the University
of Minnesota, reproductively-mature male FHM were exposed for
48 h to 5 ng/L EE2 at the University of Florida (Garcia-Reyero et al.,
2009b). Brieﬂy, each exposure was conducted in quadruplicate and
each aquarium contained 8 male fathead minnows in 25 L of treatment water. EE2 was purchased from Sigma Chemical Company
(St. Louis, MO). Working solutions for EE2 consisted of 1 mg/ml test
compound in 70% triethylene glycol (TEG) and 28.5% ethanol. This
working solution was further diluted so as to maintain a concentration of 50 l TEG/L of test water. Control tanks had only vehicle
(TEG). The 11-KT, TB, and EE2 concentrations were chosen because
they were shown to have androgenic (11-KT and TB) or estrogenic
(EE2 ) effects in preliminary studies (data not shown). All procedures
involving live ﬁsh were reviewed and approved by the University of
Minnesota and the University of Florida Institutional Animal Care
and Use Committees (IACUC).
2.3. Vitellogenin measurement
Plasma concentrations of Vtg were determined by competitive binding enzyme-linked immunosorbent assay (ELISA) that
employed a FHM antibody (Korte et al., 2000). Brieﬂy, 96-well
plates were coated with puriﬁed FHM Vtg and any remaining binding sites blocked with goat serum. Diluted plasma samples that
had previously been incubated with a primary antibody were then
added to the well plate where remaining unbound antibody could
bind to the Vtg in the wells. Following washing, a secondary antibody was added to the wells which then underwent a color reaction
before being read at a wavelength of 450 nm using a microplate
reader (Bio-Rad model 550, CA).
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2.4. Estrogen equivalence determination of the efﬂuent
The rainbow trout estrogen receptor assay (rtERA, Schmieder
et al., 2004) was used to estimate the estrogen equivalence of the
complex MWTP efﬂuent. Efﬂuent samples were collected in triplicate for each sample day over the 3 week exposure period. Brieﬂy,
1 L of efﬂuent was vacuum ﬁltered using paper ﬁlters (Whatman
#3), and then extracted using C18 columns (Waters Corporation,
MA) primed with 10 ml of methanol followed by 10 ml of deionized
water. These columns were eluted with 5 ml of methanol and the
eluent was stored at −20 ◦ C until use. Prior to analysis, methanol
samples were concentrated under a stream of nitrogen at 37 ◦ C.
The samples for each of the 3 sampling days were pooled. Then the
pooled C18 extracts of the efﬂuent samples were assayed in duplicate and then at 5 dilutions to determine the concentration that
causes 50% inhibition (IC50 ) in competitive binding (Martinović et
al., 2008). Efﬂuent estrogenicity was calculated by dividing the IC50
of E2 (ng/L) by the IC50 of efﬂuent.
2.5. Competitive nest holding behavior
On the last day of the 3 week exposure to efﬂuent a sub-sample
of male ﬁsh were anesthetized with MS-222 and paired (1 control
and 1 exposed) as closely as possible by size as larger ﬁsh have
been shown to have an advantage in nest acquisition (Hudman
and Gotelli, 2007). This assay is both ecologically relevant and very
sensitive to estrogens (Martinović et al., 2007). While anesthetized
both male ﬁsh had either the upper or lower lobe of their caudal ﬁn
clipped for identiﬁcation and clips alternated between treatments
in all tanks, however, placement of clip did not affect competitive
ability (data not shown). Male pairs were put in a tank (5 L) with 1
nest and 2 unexposed females for a 5 day competitive assay (n = 13).
The nest-holder was recorded daily and agonistic and nest tending
behaviors were observed. Behavioral observations began 30 min
following the addition of females and nests to allow 1 male to establish dominance so that a nest-holder could be identiﬁed. Behavioral
observations were performed once a day, between 0800 and 1200 h
by a “blind” observer, unaware of the treatment history of the ﬁsh
being observed, for 5 days. The nest-holder was identiﬁed as the
ﬁsh that spent more than 50% of the 5 min observation period in
the nest (recorded by a stop watch) and also performed at least one
nest tending or defending act. Signiﬁcant differences in the percentage of nest-holders or agonistic acts performed were analyzed
using Fisher’s exact test.
2.6. RNA extraction
Total RNA was isolated from testis and liver tissue with the
RNA Stat-60 reagent (Tel-test, Friendswood, TX) as described previously (Garcia-Reyero et al., 2006). RNA pellets were resuspended
in 50–150 l RNA Secure (Ambion, Austin, TX) to inactivate RNases
following the manufacturer’s protocol. A total of 10 g of RNA was
treated with DNase to avoid contaminating DNA using DNA-free
(Ambion, Austin, TX) following the manufacturer’s protocol. The
quality of total RNA was assessed with the Agilent 2100 BioAnalyzer
(Agilent, Palo Alto, CA) and the quantity was determined on a NanoDrop spectrophotometer (NanoDrop Technologies, Wilmington,
DE). RNA was stored at −80 ◦ C until further use.
2.7. Real-time polymerase chain reaction (PCR)
Real-time PCR was performed on RNA samples obtained from
testis and livers of ﬁsh from 3 exposures: efﬂuent, estrogen (EE2 ),
and androgen (11-KT). Unfortunately, the TB samples could not be
used for RT-PCR, so we used 11-KT instead as a model androgen.
We chose a set of genes known to be important in the HPG axis

and steroidogenesis which were potential targets for EDCs. The
PCR analysis was used to compare the expression of the key HPG
axis genes from the MWTP exposure to the expression from an
estrogenic and an androgenic exposure. In the testis, we measured
activin-␤a (ACTBA), activin-␤b (ACTBB), inhibin (INHB), activin
receptor IIB (ACTIIRB), 3␤, 11␤, and 20␤-HSD (hydroxysteroid
dehydrogenase); estrogen receptors (ER) ␣, ␤a, and ␤b; aromatase
(CYP19), follistatin (FOLL), steroidogenic acute regulatory protein (StAR), androgen receptor (AR), cytochrom B5 (CYTB5), P450
side chain cleavage enzyme (P450scc), follicle-stimulating hormone receptor (FSHR), and 17␣-hydroxylase/17,20 lyase (CYP17).
In the liver, we measured ER␣, ER␤a, ER␤b, AR, vitellogenin
(Vtg), cytochrome P450 1A (CYP1A), cytochrome P450 3A (CYP3A),
and zona pellucida 3 (ZP3). Primers were synthesized by Operon
Biotechnologies (Huntsville, AL). Sequences for all the primers can
be found in Table S1 of the Supporting Information. Brieﬂy, 800 ng of
total RNA was ﬁrst reverse transcribed into cDNA in a 20 L reaction
containing 250 ng of random primers and SuperScript III reverse
transcriptase (Invitrogen, Carlsbad, CA), following the manufacturer’s protocols. The synthesized cDNA was diluted to 10 ng/L.
Real-time PCR was performed on an ABI Sequence Detector 7900
(Applied Biosystems, Foster City, CA). Each 20 L reaction was run
in triplicate and contained 6 L of synthesized cDNA template,
along with 2 L of each forward and reverse primer (5 M) and
500 nM SYBR Green PCR Master Mix (Applied Biosystems, Foster
City, CA). Cycling parameters were 95 ◦ C for 15 min, 40 cycles of
95 ◦ C for 15 s, and 60 ◦ C for 1 min. Results were normalized to 18S
rRNA and analyzed using the Ct method, as described by the
manufacturer (Applied Biosystems, Foster City, CA).
2.8. Microarrays
Fathead minnow 22,000 gene arrays were designed by EcoArray
(Alachua, FL) and were purchased from Agilent. Array hybridizations were performed using a reference design, where each sample
was compared to a reference sample, as described previously
(Garcia-Reyero et al., 2009a). The reference consisted of equal
amounts of RNA from control female and male tissues (liver, brain
and gonad) and was prepared as a standard for several experiments.
Four replicates consisting of four different male individuals were
analyzed for each of the tissues, liver and testis for both the control
and the efﬂuent-exposed ﬁsh. The EE2 and TB microarray analysis
also consisted of four replicates per treatment, each replicate being
an individual male ﬁsh, per each tissue (liver and testis), except
for the TB treated liver that only had two replicates. cDNA synthesis, cRNA labeling, ampliﬁcation and hybridization were performed
following the manufacturer’s kits and protocols (Agilent Low RNA
Input Fluorescent Linear Ampliﬁcation Kit and Agilent 60-mer oligo
microarray processing protocol; Agilent, Palo Alto, CA). Testis and
liver samples from the ﬁsh were labeled with Cy5 while the reference sample was labeled with Cy3. Text versions of the Agilent raw
data from this study have been deposited at the Gene Expression
Omnibus website (GEO: http://www.ncbi.nlm.nih.gov/geo/; Accession series record number GSE23490).
2.9. Bioinformatics
Microarray image processing and data pre-processing were
performed using Agilent’s Feature Extraction software v 9.5 (Agilent, 2007). The intensity of each spot was summarized by the
median pixel intensity. A log2 transformed signal ratio between
the experimental channel and the reference channel was calculated for each spot, followed by within-array lowess transformation
and between-array scale normalization on median intensities
(Zahurak et al., 2007). T-test for the MWTP samples was performed on normalized log2 transformed signal ratios of each
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probe individually, followed by multiple testing correction using
a Benjamini–Hochberg approach (Benjamini and Hochberg, 1995).
Statistical signiﬁcance was determined at a p-value of <0.05. After
testing for signiﬁcance we also eliminated from consideration
genes whose fold-expression changes were less than 1.5-fold.
The differentially expressed genes for the MWTP can be found
in Supplementary Tables 2 and 3. To compare the gene expression changes from ﬁsh exposed to the MWTP, EE2 , and TB, an
ANOVA was applied followed by multiple testing correction using
a Benjamini–Hochberg approach (Benjamini and Hochberg, 1995).
Statistical signiﬁcance was determined at a p-value of <0.05. Hierarchical clustering of the three exposures was done using TreeView
(Eisen et al., 1998).
Network analysis and functional analysis (biological functions and biological/toxicological processes) from the MWTP
exposure were obtained using Ingenuity Pathway Analysis (IPA,
http://www.ingenuity.com/). These functions were performed
using homologies between fathead minnow genes versus zebraﬁsh
(Danio rerio), human and mouse genes. Toxicological or biological
processes were obtained from lists of molecules that are known to
be involved in a particular type of toxicity. IPA scores the dataset
against these known lists. Over-representation of differentially
expressed genes in the biological functions category and biological
processes were determined by Fisher Exact Test (p ≤ 0.05). Network analyses give insight into the relationships that exist between
the genes/proteins in the dataset. Molecules are combined into
networks that maximize their speciﬁc connectivity, which is the
interconnectedness with each other relative to all molecules they
are connected to in the Ingenuity Knowledge Base (Calvano et al.,
2005).

41

Fig. 1. (a) Relative number of control and efﬂuent exposed males which held nests
in the competitive nest-holding assay over a 5-day period. (b) Percentage of ﬁsh
presenting agonistic behavior over time. Comparisons between treatment groups
were made each day using the Fisher’s Exact Test, * p < 0.05.

3. Results and discussion
3.1. Vitellogenin and estrogen equivalency of STP efﬂuent
Plasma Vtg was induced in males exposed to efﬂuent for 3 weeks. The Vtg levels in control ﬁsh were
0.0031 ± 0.0011 mg/ml, while in efﬂuent-exposed ﬁsh the values
were 0.0165 ± 0.0054* mg/ml (*p < 0.05). This is in agreement with
a previous study at this site which also showed induction of Vtg
in FHM males exposed for 3 weeks (Martinović et al., 2007). The
estrogenicity estimate of the efﬂuent as determined with the rtERA
was 4.1 ng/L EEQs. Measurement of pooled water samples taken
from control tanks containing well water was estimated to be
0.3 ng EEQs/L. The rtERA assay was previously used by Martinović
et al. (2007) to estimate the estrogenicity of the Metro STP, giving
an average of 44 ng EEQs/L and conﬁrming the high variability of
the efﬂuent’s estrogenicity. The presence of plasma Vtg and the
rtERA results show that the Metro STP efﬂuent was estrogenic
during the exposure period.
3.2. Competitive nest holding behavior
When efﬂuent exposed males were placed in competition with
control males they were less successful in gaining access to the nest
and holding it (* p < 0.05) (Fig. 1a). This behavioral deﬁcit was not
statistically signiﬁcant until the third day of observations, likely
because it takes time to achieve a stabilization of the social hierarchies. The delay could also be related to the acclimation to a
new environment. Fish exposed to the MWTP also performed a
much lower percentage of agonistic behavior throughout the 5
days (Fig. 1b). Although the differences were signiﬁcant only for
days 1, 2, and 4 (* p < 0.05) the similar tendency could be seen
all 5 days. Three week exposure to the MWTP efﬂuent elicited
a similar response in the past with control males outcompeting

efﬂuent exposed males (Martinović et al., 2007) and is indicative
of estrogenic effects on behavior. Estrogens can reduce performance of nest-tending and aggressive behaviors, both of which
are important for the nest acquisition (Martinović et al., 2007).
While the nest ownership took longer to get established, the differences in agonistic behavior were evident from the beginning
of the test. These differences might indicate different mechanism
affecting these types of behavior. Dey et al. (2010) demonstrated
a link between anti-androgen exposure and a decrease in agonistic behavior in the smallmouth bass (Micropterus dolimieu), while
the anti-androgen exposure did not affect nest tending. This suggests that the decrease in agonistic behavior in the MWTP-exposed
ﬁsh might be related to anti-androgenic compounds. Differences
in nest-tending behavior have been linked to estrogenic exposures
in the fathead minnow (Martinović et al., 2007; Salierno and Kane,
2009), where ﬁsh exposed to estrogenic compounds had lower circulating levels of 11-KT and were less successful at nest-tending
than non-exposed ﬁsh in competitive scenarios, but they reproduced successfully when they did not have to compete (Martinović
et al., 2007). Overall, the data suggests that different mechanisms
regulate behavior where both anti-androgenic and estrogenic compounds can affect the ability of ﬁsh to compete and reproduce
successfully.
3.3. Real-time PCR
In order to understand if the effects of the efﬂuent water on
gene expression were characteristic of an estrogenic or androgenic
exposure, we analyzed by real-time PCR expression changes in
genes related to steroid hormone synthesis and metabolism in tissues from the efﬂuent-exposed ﬁsh as well as from ﬁsh exposed
to an estrogen (EE2 ) and an androgen (11-KT) (Fig. 2). In the
liver, Vtg was highly up-regulated, as would be expected from an
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Fig. 2. Speciﬁc genes related to steroid hormone synthesis and metabolism were analyzed by real-time PCR in the efﬂuent-exposed ﬁsh as well as in ﬁsh exposed to a model
estrogen (EE2 ) and a model androgen (11-KT): (a) liver and (b) testis.

estrogenic exposure of 4.1 ng estrogen equivalence/L, but lower
than seen with the positive control EE2 exposure at 5 ng EE2 /L.
Nevertheless, ER␣, a gene that is known to be very responsive to ERmediated effects (Larkin et al., 2003) was not changed in the liver
by the efﬂuent water. One possible explanation for this unexpected
result could be the very variable mixture of compounds the ﬁsh
were exposed to in the efﬂuent treatment. Some anti-estrogenic
or androgenic compounds could be blocking the ER up-regulation.
Both in the liver and in the testis the efﬂuent exposure had very
different expression patterns when compared to EE2 and 11-KT. In
the case of Cyp17, a key enzyme in steroidogenesis, the response
matched the estrogenic response, as it was down-regulated in
both exposures. But for other genes like 20␤-HSD (the enzyme
that converts 17␣-hydroxyprogesterone to 17␣,20␤-dihydroxy-4pregnen-3-one) the expression proﬁle was more similar to that
of an androgenic exposure. Often, though, gene changes by the
efﬂuent exposure did not precisely parallel the estrogenic or the
androgenic exposure, consistent with the fact that efﬂuents are
a complex mixture of compounds that can be affecting the ﬁsh
through many different modes of action. This is also consistent with
the results shown in Fig. 3, where the hierarchical clustering of all
the three exposures shows that the MWTP exposure pattern is very
different from the androgenic (TB), and the estrogenic exposures
(EE2 ). We also need to take into account that the laboratory expo-

sures and the efﬂuent exposures differed in several aspects, such as
duration of exposure, or vehicle control. These factors might also
contribute to differences in gene expression.
3.4. Gene expression in the MWTP exposed ﬁsh
The 22,000 gene FHM array is fairly well annotated, with
a high percentage of the probes matching database entries
(http://www.ecoarray.com) (Garcia-Reyero et al., 2009c). Fig. 3
shows the hierarchical clustering of MWTP, EE2 , and TB exposed
ﬁsh by treatment. These clusters illustrate similarities between the
MWTP samples and an estrogenic (EE2 ) and androgenic (TB) exposure. While the MWTP samples cluster closer to the estrogenic
exposure, there is a clear difference among all three treatments.
There are also very few differentially expressed genes that are the
same among the different exposures (data not shown), again illustrating the complex nature of the MWTP site, which must contain
elements within the efﬂuent that are neither estrogenic nor androgenic, but have other toxicities.
The reminder of the discussion will focus only on the MWTP
microarray analysis. At the p < 0.05 level, there were 1201 genes
altered in the liver (429 up regulated and 772 down-regulated)
and 637 genes altered in the testis of efﬂuent exposed males (311
up-regulated and 328 down-regulated). Supplementary Tables 2
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Fig. 3. Hierarchical clustering for genes that are differentially expressed by the different treatments (EE2 , TB, and efﬂuent). Genes used in the cluster were signiﬁcant
at p < 0.05. Represented are genes that are up-regulated (red) or down regulated
(green) by the treatments compared to controls: (a) liver and (b) testis.
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and 3 shows the differentially expressed genes in the liver and
in the testis. Among the most highly up-regulated genes in the
liver were several involved in reproduction and immunity including “somatostatin 1” (61-fold induction), “vitellogenin 1” (39-fold),
“myosin” (31-fold), “major histocompatibility complex class 1” (31fold), “anti-mullerian hormone” (Amh) (17-fold), “vitellogenin 3”
(5-fold), plus many other genes that function as important regulator molecules to control transcription, DNA replication and growth.
In the testis, the most highly up-regulated genes were “COX4 neighbor” (29-fold), “similar to cornifelin” (13-fold), “adenylate cyclase
2” (11-fold) and “solute carrier family 4” (10-fold).
Among the most down-regulated genes in the liver we observed
several cytochrome P450s, such as “CYP 2J” (8-fold downregulated), suggesting an overall down-regulation of metabolism.
The most down-regulated gene that we could identify was
“oxysterol-binding protein 3” (10-fold). But, we also saw down regulation of genes such as “suppression of tumorigenicity” (7-fold),
suggesting that the exposure could alter primary defenses against
disease in the ﬁsh. In the testis, the most down-regulated genes
included “similar to Mxi1 protein” (8-fold), “heparin sulfate proteoglycan 2” (9-fold), “EH-domain containing 2” (18-fold) and “MAD2
mitotic arrest deﬁcient-like 2” (36-fold).
The biological functions that were affected by the exposure,
along with their Fisher Exact p values and molecules included
in each category, are listed in Supplementary Tables 4 and 5
for liver and testis, respectively. In the liver, some of the most
affected biological functions were ‘nucleic acid metabolism’, ‘drug
metabolism’, ‘immunological disease’, ‘endocrine system development’, ‘inﬂammatory response’, ‘behavior’, or ‘nervous system
development and function’, among others. In the testis, some of the
most affected biological functions were ‘endocrine system develop-

Fig. 4. Liver inferred network: connective tissue development and function, skeletal and muscular system development and function, reproductive system disease. The colors
indicate gene expression changes (red for up-regulated and green for down-regulated).

, cytokine/growth factor;

, enzyme;

, group/complex;

, transcription

regulator;
, transporter;
, kinase;
, G-protein coupled receptor;
, peptidase;
, unknown. RGMA: RGM domain family member A; ZNF423: zinc ﬁnger protein
423; FOXD1: forkhead box D1; GUSB: glucoronidase beta; SMAD6: SMAD family member 6; NEO1: neogenin homolog 1; GDE1: glycerophosphodiester phosphodiesterase
1; FDXR: ferredoxin reductase; CTGF: connective tissue growth factor; FSH: follicle stimulating hormone; ARL4C: ADP-ribosylation factor-like 4; CDC42EP4: CDC42 effector
protein 4; LH: luteinizing hormone; AMH: anti-mullerian hormone; PLG: plasminogen; COL10A1: collagen type X alpha 1; Akt: AKT/PKB protein kinase; LOX: lysyl oxidase;
STK25: serine/threonine kinase 25; COL15A1: collagen type XV alpha 1; SEC14L2: SEC14-like 2; SULF1: sulfatase 1; DNAH7: dynein axonemal heavy chain 7; GABARAPL2:
GABA(A) receptor-associated protein-like 2; P4HB: prolyl-4 hydroxylase beta polypeptide; PRKCSH: protein kinase C substrate 80K H; EPPK1: epiplakin 1; ST13: suppression
of tumorigenicity 13; RET: RET proto-oncogene; PER3: period homolog 3; DOK6: docking protein 6.
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ment and function’, ‘behavior’, ‘reproductive system disease’, ‘lipid
metabolism’, ‘nervous system development and function’, ‘inﬂammatory response’, or ‘organismal development’, among others.
Interestingly, many of the biological functions affected are common
in both tissues. These categories suggest that the ﬁsh exposed to the
sewage treatment efﬂuent are experiencing signiﬁcant alterations
of reproductive and immune function, both of which are critical
determinants of lifetime reproductive success and survival. The
variety of responses indicates that ﬁsh are responding to a multitude of stressors in their environment. Supplementary Tables 6
and 7 gives a closer look at the genes that have been linked to the
nervous and neurological systems in mammalian models and that
are found differentially expressed in the liver (Supplementary Table
6) or in the testis (Supplementary Table 7) of the MWTP exposed
ﬁsh. The list is subdivided into different categories such as ‘neurological disease’, ‘nervous system development and function’ and
‘behavior’.
The network obtained from the differentially expressed genes
in the liver of the exposed ﬁsh is shown in Fig. 4. This network
is related to connective tissue development and function, skeletal
and muscular system development and function, and reproductive
system disease. Two of the highly connected genes (hubs) in this
network are FSH (follicle-stimulating hormone) and LH (luteinizing hormone), key hormones in steroidogenesis. The expression
of LH and FSH is not changed in the liver, as one would expect,
but the fact that they are important hubs in this network suggests that they are highly connected to many of the differentially

expressed genes. This suggests that the steroidogenesis pathway
might be affected by different molecules or pathways that we
might not be aware of. SMAD6 (SMAD family member 6) is another
hub in the network. SMAD6 is down-regulated in ﬁsh exposed
to MWTP. This could be due to estrogenic exposure as SMAD6
has been found down-regulated in human cells exposed to E2
(Stossi et al., 2009). SMAD6 is a TGF-␤ receptor and is highly
involved in the negative regulation of TGF-␤ signaling, another
hub in our network. SMAD6, as well as TGF-␤, are involved in the
retinoic acid receptor (RAR) activation pathway. RARs are members of the nuclear receptor superfamily whose speciﬁc natural
ligands are derived from vitamin A (retinoid) precursors (Chambon,
1996). They are essential for hematopoiesis, immune function,
vision, reproduction, growth, and differentiation (Chambon, 1996).
RAR expression has been shown to be up-regulated by E2 exposure in human cells (Lu et al., 2005). Gardiner et al. (2003) ﬁrst
detected RAR agonistic activity in water samples from Minnesota
and California lakes in which frog malformations were routinely
found. A large number of synthetic compounds have been proven
to have RAR agonistic activity, such as organochlorine pesticides,
monoalkylphenols, and parabens (Lemaire et al., 2005; Katama et
al., 2008). The presence of RAR agonistic activity has also been found
in rivers and STPs efﬂuent waters (Zhen et al., 2009; Inoue et al.,
2010).
The network obtained from the differentially expressed genes in
the testis of MWTP exposed ﬁsh (Fig. 5) is related to cardiovascular
disease, organismal injury and abnormalities, and developmental

Fig. 5. Testis inferred network: cardiovascular disease, organismal injury and abnormalities, developmental disorders. The colors indicate gene expression changes (red
for up-regulated and green for down-regulated). PHLDB2: pleckstrin-homology like domain family B member 2; FLNC: ﬁlamin C gamma; SGCD: sarcoglycan delta; SGCG:
sarcoglycan gamma; MLL: myeloid/lymphoid or mixed lineage leukemia; CPSF3: cleavage and polyadenylation speciﬁc factor 3; CPSF2: cleavage and polyadenylation speciﬁc
factor 2; CDC7: cell division cycle 7 homolog; SMARCB1: SWI/SNF related matrix associated actin dependent regulator of chromatin b1; KAT2B: K (lysine) acetyltransferase
2B; BCAS3: breast carcinoma ampliﬁed sequence 3; RBBP7: retinoblastoma binding protein 7; PRDM16: PR domain containing 16; HDAC1: histone deacetylase 1; HAT:
histone acetyltransferase; BCL11B: B cell CLL/lymphoma 11B (zinc ﬁnger protein); RRM2: ribonucleotide reductase M2; E2F4: E2F transcription factor 4; NASP: nuclear
autoantigenic sperm protein; LOX: lysyl oxidase; S1PR3: sphingosine-1-phosphatase receptor 3; AMH: anti-mullerian hormone; NXF1: nuclear RNA export factor 1; SIAH2:
seven in absentia homolog 2; CACYBP: calcyclin binding protein; HNRNPUL1: heterogeneous nuclear ribonucleoprotein U-like 1. (For legend, see Fig. 4).
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disorders. One of the genes present in the network is Amh, which is
involved in testis differentiation (Miura et al., 2002) and has been
suggested to play a role in sex determination and gonadal differentiation in ﬁsh (von Hofsten and Olsson, 2005). Amh has also been
suggested to be a broad regulator of subtle sex-linked biases in
the nervous system (Wang et al., 2009). Amh down-regulation has
been linked to anti-androgen and estrogen-induced feminization
in ﬁsh (Filby et al., 2007). Many of the other genes present in the
network are related to transcription, and we also ﬁnd members of
the SMAD family. The NF␤ complex is an important hub in the
testis network. It is involved in many cell functions like apoptosis,
survival, cell death, proliferation, differentiation, and growth. It is
also involved in many pathways such as androgen signaling, AhR
signaling, PPAR signaling, PPAR␣/RXR␣ activation, or xenobiotic
metabolism signaling.
Fig. 6 shows the biological processes most likely affected in
the liver and the testis. Interestingly, many of them such as
‘hypoxia-inducible factor signaling’, ‘TGF-␤ signaling’, ‘oxidative
stress mediated by Nrf2’, ‘aryl hydrocarbon receptor signaling’,
‘NF-␤ signaling pathway’, ‘p53 signaling’, ‘gene regulation by
peroxisome proliferators via PPAR␣’, or ‘PPAR␣/RXR activation’
are common between the two tissues. These biological processes
are related to several outcomes that could be affecting reproduction, ﬁtness, and survival in the FHM such as cholesterol
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metabolism, apoptosis, inﬂammatory response, immune regulation, metabolism of xenobiotics, and fatty acid metabolism. Fig. 7
shows an overview of the potential toxic effects that the FHM
exposed to the MWTP might be suffering. The overview is extracted
from the results obtained from the networks, toxicological, and
functional analyses. It suggests that the ﬁsh are not only exposed to
estrogenic compounds, but to a complex set of different compounds
that can disrupt the system at different levels. These analyses suggest the presence in the MWTP of compounds that could act as TR,
RAR, AhR, or PPAR␣ ligands.
Our results show that a relatively long (3 weeks) exposure to
efﬂuent waters from sewage-treatment plants is enough to induce
a speciﬁc gene expression pattern and to affect sexual behavior in
the fathead minnow. Although the efﬂuent was clearly estrogenic,
only some of the gene expression changes are consistent with those
by a model estrogenic compound, suggesting complex interactions
at the level of gene expression from multiple stressors in the efﬂuent. These ﬁndings suggest that although the efﬂuent is estrogenic
and is able to change agonistic and reproductive behaviors in the
ﬁsh, it is also affecting other pathways through mechanisms of
action different from those affected by estrogen/androgen exposures, consistent with the variable and complex composition of
efﬂuent waters. Our results also indicate that studies which specifically address genetic, endocrine, and behavioral changes in wild,
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Fig. 6. Biological processes affected in the (a) liver and (b) testis.
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Fig. 7. Overview of potential toxicological effects on FHM exposed to the MWTP. TR: thyroid hormone receptor; IL: interleukin; RXR: retinoid X receptor; PPAR␣: peroxisome proliferator-activated receptor alpha; RAR: retinoic
acid receptor; AhR: aryl hydrocarbon receptor; E: estrogen; ER: estrogen receptor.
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sexually active ﬁsh have the potential to become extremely useful
to deﬁne contaminated aquatic environments for risk assessment
and environmental monitoring.
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