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a b s t r a c t

Although many pharmaceutical compounds (and their metabolites) can induce harmful impacts at the
molecular, physiological and behavioural levels, their underlying mechanistic associations have remained
largely unexplored. Here, we utilized RNA-Seq to build a whole brain transcriptome profile to examine
the impact of a common endocrine disrupting pharmaceutical (17a-ethinyl estradiol, EE2) on repro-
ductive behaviour in wild guppies (Poecilia reticulata). Specifically, we annotated 16,791 coding tran-
scripts in whole brain tissue in relation to the courtship behaviour (i.e. sigmoid display) of EE2 exposed
(at environmentally relevant concentration of 8 ng/L for 28-days) and unexposed guppies. Further, we
obtained 10,960 assembled transcripts matching in the non-coding orthologous genomes. Behavioural
responses were assessed using a standard mate choice experiment, which allowed us to disentangle
chemical cues from visual cues. We found that a high proportion of the RNAseq reads aligned back to our
de novo assembled transcriptome with 80.59% mapping rate. Behavioural experiments showed that when
males were presented only with female visual cues, there was a significant interaction between male
treatment and female treatment in the time spent in the preference zone. This is one of the first studies
to show that transcriptome-wide changes are associated with the reproductive behaviour of fish: EE2
exposed male guppies that performed high levels of courtship had a gene profile that deviated the most
from the other treatment groups, while both non-courting EE2 and control males had similar gene
signatures. Using Gene Ontology pathway analysis, our study shows that EE2-exposed males had gene
transcripts enriched for pathways associated with altered immunity, starvation, altered metabolism and
spermatogenesis. Our study demonstrates that multiple gene networks orchestrate courting behaviour,
emphasizing the importance of investigating impacts of pharmaceuticals on gene networks instead of
single genes.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Pharmaceutical pollution is an issue of global environmental
concern (Arnold et al., 2014), with discharge of effluent from
wastewater treatment plants being a primary source of
e by Dr. Da Chen.
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contamination (Verlicchi et al., 2012). Since pharmaceuticals are
manufactured to produce therapeutic effects at low concentrations
and can retain pharmacological activity due to their incomplete
metabolism in the body (Ort et al., 2010), they have the potential to
impact non-target organisms (Brodin et al., 2013; Vasquez et al.,
2014; Martin et al., 2017; Bertram et al., 2018; Lagesson et al.,
2019). One pharmaceutical of global concern is 17a-ethinyl estra-
diol (EE2), a synthetic estrogen used commonly in the oral con-
traceptive pill. Given its widespread use, EE2 has now been
reported in surface and effluent waters worldwide at concentra-
tions ranging from 0.1 ng/L (Hannah et al., 2009) to 11 ng/L
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(Tiedeken et al., 2017). Since the biological pathways targeted by
EE2 are evolutionarily conserved (Ankley et al., 2007), EE2 has been
shown to have adverse effects on a wide range of organisms, from
ovarian regression in frogs (Vu et al., 2015) and reduced sperm
count inmice (Porro et al., 2015) to eggshell thinning in birds (Holm
et al., 2006), and population collapse in fish (Kidd et al., 2007, 2014).

Sex hormones play an important role in regulating and modu-
lating sex-specific behaviours (Xu et al., 2012). Although, in mam-
mals and birds, sexual differentiation of the brain is considered
permanent (Arnold and Breedlove, 1985; McCarthy and Arnold,
2011), in fish, neuroendocrine systems and brain programming is
plastic (Rosenfeld et al., 2017). Gonadal hormones act via nuclear
and membrane receptors (Zhu et al., 2003), effects of which are
modulated by neurotransmitters, neuropeptides and neurohor-
mones (Rosenfeld et al., 2017). Indeed, the expression of specific
behaviours is often based upon both steroid and non-steroid hor-
mones acting via the neuroendocrine system (Goncalves and
Oliveira, 2011). In this regard, teleost fish sexual expression
(Godwin et al., 1996) and sex determination patterns (Munday
et al., 2006) can both be mediated by social and environmental
cues driving rapid phenotypic responses (Todd et al., 2016). This is a
serious concern, because chemical contaminants, such as EE2, with
a capacity to disrupt neuroendocrinology, can directly and indi-
rectly impact sexual differentiation of the brain (Rosenfeld et al.,
2017). For instance, previous studies have demonstrated that
exposure to EE2 can alter brain structure (Vosges et al., 2010),
neurosteroidogenesis (Lyssimachou et al., 2006), neuron network
morphology, and synaptic potentiation (Martyniuk et al., 2010).
Although there is increasing evidence of the impact of pharma-
ceuticals on neuroendocrine function in non-target organisms
(Volkova et al., 2015; Rosenfeld et al., 2017), much less attention
and research effort has been given to investigating how this might
affect behaviour.

Behaviour can often be the product and the driver of underlying
genetic mechanisms interacting with the environment. For
instance, social information triggers alterations in brain and
behaviour, which, in turn, affects neural and neuroendocrine
regulation, including the transcriptome (Robinson et al., 2008).
Much of this evidence comes from research suggesting an apparent
link between the expression of specific genes to behaviours, such as
sociality (Filiano et al., 2016), aggression (Loveland and Fernald,
2017) and mate choice (Cummings et al., 2008). Genes, however,
do not define behaviour directly (Robinson et al., 2008), and the
complex patterns of activation between a gene and a specific
behaviour are known to vary across and within major taxonomic
groups, and even between closely related species (Young et al.,
1997). To date, some studies have linked gene responses in the
brain to endogenous hormones (Robinson et al., 2008; Rosenfeld
et al., 2017), but no study has tested for an association between
pharmaceutical-induced behavioural changes and underlying gene
signatures. This is true despite research showing that EE2 can alter
both gene expression (e.g. gonads: Gardner et al., 2012; liver: De
Wit et al., 2010; brain: Saaristo et al., 2017; Porseryd et al., 2018)
and behaviour (S€offker and Tyler, 2012; Porseryd et al., 2019;
Fenske et al., 2020) of non-target organisms.

Guppies (Poecilia reticulata) are an ideal species for exploring
the behavioural and transcriptomic responses of wildlife to chem-
ical contaminants. Guppies are a small, sexually dimorphic live-
bearing freshwater fish and their reproductive behaviours are well
characterized. Specifically, male guppies employ two alternate
mating strategies, either courting females by performing so called
‘sigmoid displays’ (Houde, 1997), or forcing copulations by
thrusting their modified anal fin towards the female’s genital pore
(Luyten and Liley, 1991). In this regard, males are known to enjoy
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higher insemination success through solicited, rather than unso-
licited, copulations (Luyten and Liley, 1991). Although previous
studies of mate choice in guppies have tended to focus on female
choice, male guppies can also be choosy (Dosen and Montgomerie,
2004), and use both visual and chemical cues in mate assessment
(Guevara-Fiore et al., 2009).

Behaviour aside, guppies present a promising model to examine
the genetic basis of phenotypic variation (Hughes et al., 2005) and
the transcriptome of guppies has been the focus of recent in-
vestigations. For instance, the following resources now exist: a de
novo assembly (454 sequencing) of the male and female guppy
transcriptomes (brain and body: Fraser et al., 2011), non-barcoded
and barcoded library (RNA-Seq) fromwhole embryos and tissues of
male and female guppies (brain, tail, gonad: Sharma et al., 2014),
and transcriptome (RNA-Seq) of male and female guppy brains
using normalized libraries (Saaristo et al., 2017). In particular, we
previously discovered 285 transcripts specific for EE2-treated fish
and evidence of sex-specificity (Saaristo et al., 2017). The existence
of such resources provides an excellent opportunity with which to
unravel the effects of EE2 on the genetic mechanisms and gene
signatures underlying phenotypic (i.e. behavioural) variation in the
guppy.

Accordingly, in the first study of its kind, we set out to investi-
gate the impacts of EE2-exposure on sexual behaviour, and po-
tential gene signatures in the brain transcripts of, male guppies. To
provide an environmentally relevant scenario, we exposed both
females and males to EE2, but only focus on the male part of the
study here. First, we tested whether exposure to EE2 impacts male
mate choice. Based on previous studies in other fish (Bell, 2001;
Larsen et al., 2009; Saaristo et al., 2009a,b; Saaristo et al., 2010), we
predicted EE2-exposure to either have no effect or decrease male
courtship behaviour. Secondly, using a transcriptomewide analysis,
we tested whether behaviour is associated with differences in male
gene expression profile, and whether any EE2-induced behavioural
changes were associated with altered gene expression patterns.
According to our previous study (Saaristo et al., 2017), we predict
transcript abundances to be specific to EE2-treatment- and sex.
2. Methods

Collection and housing. Wild adult guppies were collected
using dip nets from Alligator Creek (19�26017.9400S, 146�5701.0900E),
which is located adjacent to the Bowling Green Bay National Park in
Queensland, Australia. Water quality testing at this location carried
out across multiple locations and years confirmed that the guppy
population used in our study had not been previously exposed to
pharmaceuticals (ALS group, unpubl. data). Mature fish were
separated by sex and brought back to Monash University, Mel-
bourne, where they were acclimated to laboratory conditions
(þ26 �C ± 1, 12: 12 h light: dark regime) for two months in 54 L
tanks (20 fish per tank) prior to exposure. Fish subsisted on an ad
libitum diet of commercial fish pellets. This study was approved by
the Biological Sciences Animal Ethics Committee at Monash Uni-
versity (BSCI/2013/09) and complies with all relevant State and
Federal laws of Australia.

Exposure design. Guppies were exposed to EE2 for 28-days via
a flow-through system using the design of Saaristo et al. (2013).
Briefly, the exposure set-up comprised 16 exposure tanks, which
was made up of 8 control tanks (a solvent control: 0.00004%
ethanol) and 8 exposure tanks (EE2: measured mean concentration
of 8 ng/L, SE ¼ 1.13, n ¼ 22 water samples). During the exposure
period, water samples were taken weekly from the exposure tanks
and measurement of EE2 was conducted using a commercial kit
(Ecologiena, EE2 ELISA Kit, Tokiwa Chemical Industries, Japan) in
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accordance with the manufacturer’s instructions, with minor
modifications (Saaristo et al., 2013). A total of 448 fish (224 males,
224 females) were randomly taken from the holding tanks and
placed into the exposure tanks, with the sexes kept separately
(60 � 30 � 24 cm; 28 fish per tank). All exposure tanks were
maintained at a temperature of 25e27 �C, on a 12: 12 h light: dark
regime, with fish fed once a day during the exposure period.

Behavioural assays. We examined male mate choice using a
standard mate choice experiment (Guevara-Fiore et al., 2009).
Specifically, a male (control or EE2) was presented with a dichot-
omous choice between two size-matched females (one control and
one EE2-female; 19.85 ± 0.36 mm and 19.90 ± 0.37 mm). The glass
tank (60 � 30 � 28 cm) had 2 cm layer of gravel on the bottom and
was filled with filtered freshwater. The tank was divided with
transparent acrylic dividers (without perforations to prevent
chemical communication) into three sections, with the focal male
in the middle compartment and one female in each of the two end
compartments. The side compartment occupied by the exposed
and control females were alternated between trials to eliminate
side bias (Guevara-Fiore et al., 2009).

Prior to each trial, females were introduced first and allowed to
acclimate for 5 min, after which, the male was placed in the centre
of his compartment inside a plastic container and, after a further
5 min of acclimation, the male was gently released from the
container into the compartment and video recorded, over a 15 min
period. Trials were video recorded to eliminate the presence of a
human observer from disturbing the fish. For each male, the
following behaviours were quantified: total time the male spent
within a 5 cm preference zone (equivalent to approximately 1.5
body length) in front of each female’s compartment and actively
interacting with the female, the number of times the male entered
the zone, as well as, the number of sigmoid displays performed.
Time spent in the preference zone associating with females is
widely used in studies of mate choice in fishes (Houde,1997), and is
the standard measure of mating preferences in poeciliids, including
guppies (Jeswiet and Godin, 2011). After the trial, the females and
dividers were removed and the male was left in the tank overnight.
Total sample size for this part of the experiment was: control ¼ 24
males, EE2 ¼ 24 males.

To examine whether a male (control or EE2) is able to discrim-
inate between control and EE2-exposed females, we collected fe-
male olfactory cues from 5 L glass tanks holding a mix of five
females (small, medium and large in size). The preparation of the
chemical cue water started by setting up a large glass tank
(60 � 30 � 28 cm) with aquarium corner filters, aquarium heaters
and filtered freshwater. The corner filters were used to remove any
traces of cues from the filtered tap water. This water was used the
next day (24 h later) to fill up the 5 L glass olfactory cue tank after
which five females were introduced. During the 24 h the females
spent in the tank, they were not fed, but they had visual contact
with 5 males in an adjacent glass tank. After 24 h, the females were
taken out of the tank and the holding water was used as the ol-
factory cue tank in the trials. The cue water was used on the day
females were removed. Every day we prepared four olfactory cue
tanks: 2 x control females and 2 x EE2-exposed females.

The chemical cue assay followed the visual cue assay (i.e. 24 h
after). The trials were carried out in the same tank as the visual cue
assays (but without the Perspex dividers), because we wanted to
minimize handling between trials. Two olfactory cue tanks (one
control and one EE2) were placed on a shelf directly above the trial
tank. The side the cue was on, was alternated between the trials.
Each cue tank had a silicon tube connected to its base, which was
fed through a peristaltic pump (Watson-Marlow), which controlled
the drip rate (1.5 mL/min) to the actual trial tank. The rate at which
the olfactory cues flowed was checked before each trial. After the
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olfactory cues had been set up, the male was given a 5 min accli-
mation period. Following this we introduced the olfactory cues into
the tank and recorded male behaviour for 15 min. Trials were video
recorded to eliminate the presence of a human observer from
disturbing the fish. To quantify the behaviours of the focal fish, we
watched the recordings blind to treatment using the key-logging,
event-recording software JWatcher V1.0. For each male, the
following behaviours were quantified: total time the male spent in
each preference zone, total time the male spent in the neutral zone
and frequency of these behaviours. A total of 48 trials were con-
ducted (n ¼ 24 control males, n ¼ 24 EE2-males).

RNA isolation and quality assessment. After the behavioural
assays were completed, both males and females were euthanized,
the weight and length measured, whole brain tissue removed un-
der a stereomicroscope and stored in RNALater. Total RNA was
isolated from the whole brain using a combination of the Trizol
method and the NucleoSpin RNA II kit (Marchery-Nagel, Germany)
following the protocol of Saaristo et al. (2017). RNA isolation and
quality were determined (Nanodrop ND-1000 and Agilent Bio-
analyzer) and the concentrations varied between 15 and 90 ng/uL,
260/280 ratios were >1.8, and RIN were >8.

RNA-Seq library construction and sequencing. Selected RNA
samples were sent to LGC Genomics (Berlin, Germany) for cDNA
library preparation and next generation sequencing. Specifically,
we used RNA samples from individual fish (6 control males, 6 EE2-
exposed males), to create biological replicates. Because we had
behavioural data for each male, we divided males into two groups
based on their degree of sexual interest in the females: (1) those
that had performed sigmoid displays during the trial (note:
courting males also spent >50% of their time associating with fe-
males) versus (2) those that did not perform any sigmoid displays
and spent significantly less time associating with females. For
sequencing, we chose 3 control males that performed sigmoid
display (i.e. male sigmoid control; hereafter ‘MSC’), 3 control males
that did not perform sigmoid display (i.e. male non-courting con-
trol; hereafter MNC), 3 EE2-exposed males that performed sigmoid
display (i.e. male sigmoid exposed; hereafter ‘MSE’) and 3 EE2-
exposed males that did not perform sigmoid display (i.e. male
non-courting exposed; hereafter ‘MNE’). Our sequencing strategy
was based upon the finding of EE2-exposed males showing high
levels of courtship (Liu et al., 2013). Also, to cover estrogen-specific
rare transcripts, we used both female and male samples for build-
ing the transcriptome. Poly-A containing mRNA was isolated via
oligo-dT selection on mRNA Catcher Plates (Invitrogen) and used
for the preparation of strand-specific cDNA libraries with the
Ovation® Universal RNA-Seq System 1e16 (NuGEN) but without
DNase treatment (Borodina et al., 2011) and individual libraries
were prepared by amplification and barcoding before pooling.
Sequencing was carried out on an Illumina Hiseq 2000 platform
with 100bp paired-end (read length ¼ 2 � 100bp), which was run
on 2 lanes and 6 samples per channel (LGC Genomics, Berlin,
Germany).

Illumina data analysis and sequence assembly. Initial
sequence processing was conducted at LGC. All libraries were
demultiplexed using the Illumina bcl2fastq (1.8.4) software to
generate raw reads (FASTQ format). Mismatches of 1 or 2 Ns were
permitted in the barcode readwhen the barcode distances between
all libraries on the lane allowed for it. Clipped reads were produced
by removing sequencing adapter remnants from all raw reads, as
well as, reads with final length <20 bases. FastQC reports were
produced for all FASTQ files and confirmed phred quality
values > 20. Read counts for the demultiplexed data are presented
in Supplementary Table S1.

We used the published guppy reference genome (Guppy_fe-
male_1.0_MT, INSDC Assembly GCA_000633615.2) (Künstner et al.,
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2016) to perform alignment of RNAseq reads using HISAT2 aligner
(v2.1.0) (Kim et al., 2015). On average we found 40e60% reads
aligning back to the reference genome (Supplementary Table S1).
Further we checked the coverage of the known guppy genes
(Guppy_female_1.0_MT; dated April 24, 2014) in our RNAseq data
but found only 20e30% mapped reads overlapping the published
annotation (Supplementary Table S1). Given low mapping rates of
our RNAseq reads with the published genome and gene annotation,
this suggested that a large snapshot of our RNAseq experiment had
not been covered in the existing annotation. We therefore decided
to run a de novo assembly of the transcriptome using published
reference genome information as a guide. We analysed both the
coding and non-coding parts of the transcriptome.

A de novo transcriptome was assembled using TRINITY (v2.8.5)
(Grabherr et al., 2011) in parallel mode on a high-performance
compute cluster at Monash eResearch Centre with 16 CPUs and
memory set at 300 GB. Additional analysis was also computed on
ARCHIE-WeSt High Performance Computer (www.archie-west.ac.
uk) based at the University of Strathclyde. All reads (both male
and female) were concatenated into a single set, the directionality
of the strand-specific library specified and run TRINITY in genome-
guided settings (Bryant et al., 2017). Females were included to
incorporate female-specific transcripts that might be produced in
EE2-treated males. The reads were then normalized in-silico prior
to assembly generation (default settings).

The assembled transcripts underwent processing through best
practice blastx and blastn pipelines suggested in the TRINITY
workflow to find orthologous matches in three different databases
i.e. uniprot (The UniProt Consortium, 2019), nucleotide database at
NCBI and ncRNA database generated using RNAcentral (PMID:
30395267). Further, we used TransDecoder (Haas et al., 2013) to
identify candidate coding regions within the assembled transcript
sequences. Transdecoder looks for the presence of an Open Reading
Frame (ORF) and predicts a transcript to be coding based on several
computational coding potential criteria. The coding transcripts
from each sample were then used to perform gene co-expression
analysis to explore system-level functionality of genes. We used
Salmon (Patro et al., 2017) to quantify expression of assembled
transcripts using an alignment free approach.
Fig. 1. (A) Mean total time (þSE) male associated with females when presented with femal
preference zone when presented with female chemical cues only. Blue ¼ control female; Yel
legend, the reader is referred to the Web version of this article.)
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2.1. Gene signatures

We examined groups of co-expressed genes (aka “modules”) to
generate gene expression signatures related to each condition
(Zhang and Horvath, 2005). Specifically, we generated gene
expression signatures related to each treatment group by consid-
ering co-expressed gene modules using a R based tool called
CEMiTool (Russo et al., 2018). Four co-expressed modules with trait
significance resulted from the analysis, namelyM1, M3, M7 andM8.
To identify if the co-expressed genes in amodule belong to a certain
pathway or a function, we obtained overrepresented biological
processes from Gene Ontology (GO) knowledgebase (http://
geneontology.org/). We used the human database as a reference
to perform the GO analysis which gave us the highest number of
matching gene terms. Finally, using gene set enrichment analysis
(GSEA) we assessed whether the genes in a module showed sig-
nificant, concordant difference between treatment groups. This is
measured as a net enrichment score (NES) shown as positively
correlated (red) or negatively correlated (blue).

3. Results

Behavioural assays. Exposure to EE2 had no effect on the fre-
quency of male sigmoid courtship displays (courting control: n¼ 8;
non-courting control: n ¼ 16; courting EE2: n ¼ 7; non-courting
EE2: n ¼ 8; c2 ¼ 0.1, df ¼ 1, p ¼ 0.756). When males were pre-
sented only with female visual cues, there was a significant inter-
action between male treatment and female treatment (df ¼ 87,
t ¼ 2.29, p ¼ 0.024) in the time spent in the preference zone.
Specifically, EE2 males spent more time in the preference zone of
EE2 females compared to control females, while control males
showed no preference in either direction (Fig. 1a). There was no
difference in the number of times males (control or EE2) entered
the preference zones (z ¼ 1.88, p ¼ 0.061). When males were
presented only with female chemical cues, EE2 exposure had no
effect on the total time males (control or EE2) spent in the prefer-
ence zone (interaction term ‘male treatment x chemical cue’:
df ¼ 79, t ¼ �1.105, p ¼ 0.272). However, EE2 males showed a
preference for control-female chemical cues over EE2 female
e visual cues only and (B) mean number of times (þSE) male visited the chemical cue
low ¼ EE2-exposed female. (For interpretation of the references to colour in this figure
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Fig. 2. A) Venn diagram shows the number of common coding transcripts obtained from three different approaches (Blastn, Blastx, Transdecoder). B) Histogram of common coding
transcripts lengths. Blue vertical intercept marks 500 nucleotides position. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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chemical cues (interaction between ‘male treatment x chemical
cue’: z ¼ �2.45, p ¼ 0.014; Fig. 1b).

Illumina data analysis and sequence assembly. A total of 345M
demultiplexed, joined and quality filtered reads were obtained
from the twelve male guppies (Supplementary Table S1). The
assembled transcriptome contained 554,661 putative transcripts
(including reads from twelve females). To assess the quality of the
de novo assembly, we computed an Ex90N50 value, which was
computed to be 3.2 kb and consisted of 184,738 transcripts repre-
senting 90% of the total normalized gene expression captured in
our RNAseq experiment (Supplementary Table S1). A high pro-
portion of the RNAseq reads could be aligned back to our de novo
assembled transcriptome with 80.59% mapping rate of which 71%
showed concordant alignment with expected read pairing and
orientation. We obtained matches for 119,816 transcripts using
blastn, 72,174 matches with blastx and 160,799 transcripts were
predicted to contain an ORF (Supplementary Table S2). Addition-
ally, we performed blastnwith the non-coding RNA database (ftp://
ftp.ebi.ac.uk/pub/databases/RNAcentral) to confirm composition of
noncoding transcripts in our data. We further filtered these blast
results (10,960 transcripts) with a minimum 50% query length
matching criteria giving us 2219 non-coding transcripts, of which,
637 are known long-noncoding-RNA (Supplementary Table S3).
High numbers of non-coding RNA transcripts suggest that these
may have a role in gene expression regulation under the EE2 con-
dition. A more targeted in-depth sequencing of the non-coding
transcriptome may be performed in future to explore their
expression and to confirm their role. In general, there were a large
number of transcripts obtained from our analysis that can further
be annotated and studied for their function. A total of 16,791 coding
transcripts were confirmed by intersecting results from trans-
decoder, blastn and blastx (Fig. 2A), and were used for downstream
functional analysis. Although the minimum length cutoff of the
transcripts was selected to be 200 nucleotides, the majority of the
intersecting transcripts were longer than 500 nucleotides long
(Fig. 2B).

Gene signatures: Functional analyses based on gene expression
signatures revealed that M1 was associated with treatment and
behaviour (Fig. 3). Specifically, courting control males had a strong
positive signature, non-courting control males and courting EE2
males had a negative signature, while the signature was absent in
non-courting EE2 males. Further, M7 appeared to be associated
with treatment; non-courting control males had a positive
5

signature and courting EE2 males had a negative signature, while
this signature was missing in non-courting EE2 and courting con-
trol males (Fig. 3). M3 and M8 were associated with non-courting
behaviour (Fig. 3). In both cases, non-courting control males had
a negative signature, non-courting EE2 males had a positive
signature, while the signatures were missing from both courting
control and courting EE2 males (Fig. 4).
4. Discussion

This study demonstrated that exposure to an environmentally
relevant concentration of a common pharmaceutical endocrine
disruptor, EE2, alters the brain gene profile of male guppies.
Importantly, we showed, for the first time, that transcriptome-wide
changes are associated with the reproductive behaviour of fish: EE2
exposedmale guppies that performed high levels of courtship had a
gene profile that deviated the most from the other treatment
groups, while both non-courting EE2 and control males had similar
gene signatures.

We found that exposure to EE2 did not alter male courtship
behaviour but, instead, altered their mate choice. Specifically, when
males were presented only with visual cues of females, EE2 males
spent more time associating and performing courtship towards EE2
females than control females. The observation that courtship
behaviour seems resilient to the effects of EE2 could be partially
explained by the fact that, in teleost fish, estrogens are locally
produced within the brain itself (Pellegrini et al., 2016). However, it
is worth noting that this resistance to the feminizing effects of EE2
is consistent with some fish studies (Larsen et al., 2009; Coe et al.,
2010; Henriksen et al., 2016; Saaristo et al., 2019), but not with
others (Bell, 2001; Bjerselius et al., 2001; Oshima et al., 2003;
Kristensen et al., 2005). The reasons for these differences are not
well understood. One possibility could be due to the complex ac-
tions of gonadal hormones and how they are modulated by neu-
rotransmitters, neuropeptides, and neurohormones (Rosenfeld
et al., 2017). Further, differences between studies could be due to
species differences, the variety of experimental designs used, as
well as the exposure concentrations employed (Saaristo et al.,
2018). In any case, altered mate choice, as was evidenced in our
study, might have a direct bearing on male fitness. Indeed, when
males were presented only with chemical cues of females, we
found that EE2 males preferred the control female cues and made
more visits to the preference zone of that cue. This mismatched

http://ftp://ftp.ebi.ac.uk/pub/databases/RNAcentral
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Fig. 4. Gene set enrichment analysis (GSEA) associates activity of each module to its
sample class represented as Net Enrichment Scores (NES). The NES corresponds to a
shifting of gene set constituents of a module towards either end of the ranked list
representing strongly positive or negative correlations. Red represents higher (posi-
tive) activity and blue represents lower (negative) activity. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of
this article.)

Fig. 3. Gene expression signatures are displayed as expression profiles of individual genes in each sample group (shown in different coloured blocks) and median gene expression
trend is plotted as a solid black line. Male groups: non-courting control males, non-courting EE2 males, courting control males, courting EE2 males. Each group represents
expression of three individual males (e.g. MCNI1 ¼ non-courting control male 1; MCNI2 ¼ non-courting control male 2; MCNI3 ¼ non-courting control male 3).
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preference between visual and chemical cues is supported by our
recent study where we found that guppy males (control and EE2)
preferred control females paired with an EE2 female chemical cue,
and EE2 females when paired with a control female chemical cue
(Saaristo et al., 2019).

Courtship displays are generally considered to be an honest
6

signal of male quality because they can be energetically demanding
to perform (Candolin, 2000), and are often reflective of current
physical condition (O’Steen et al., 2010). In the literature, it has been
suggested that so-called ‘dishonest’ signaling can arise as a termi-
nal effort, whereby males in poor condition increase their invest-
ment into current reproduction when the prospects of future
reproduction are grim (Candolin, 1999; Sadd et al., 2006; Nielsen
and Holman, 2012). In this regard, it is well established that
exposure to EE2 reduces body weight and size (Van den Belt et al.,
2003), and depresses immunity (Ahmed, 2000). Consequently, our
result could be evidence of dishonest sexual signaling, as has been
reported in other studies of wildlife exposed to environmental
contaminants, including effects of eutrophication on sticklebacks
(Gasterosteus aculeatus) (Wong et al., 2007) and EDC mixtures on
starlings (Sturnus vulgaris) (Markman et al., 2008). From an
ecological perspective, dishonest signaling has direct links to
fitness because it affects female choice and can therefore influence
both offspring quantity and quality (Candolin and Wong, 2012).
Also, the fact that some EE2 males in the current study still courted
provide us with further evidence that not all individuals are
affected equally when exposed to the same contaminants. Indeed,
it is becoming increasingly evident that differences in susceptibility
between individuals due to life-stage, size, behaviour, and meta-
bolism can all lead to differences in exposure loads (Henriksen
et al., 2016; Windsor et al., 2017; Martin et al., 2019; Tan et al.,
2020).

With the functional analysis, for module M1, we found that
courting control males had a gene profile that was distinct from the
other male groups. In particular, a strong positive signature was
revealed for genes related to movement and muscle membrane
stability. For example, in control courting males, the gene encoding
protein noelin-2 (also known as olfactomedin), which is involved in
transforming growth factor beta-induced smooth muscle differ-
entiation, was strongly positive. Previous studies have shown
noelin-2 to be an essential regulator of exploration, locomotion,
olfactory sensitivity and visual stimuli, in both mice (Sultana et al.,
2014) and zebrafish (Lee et al., 2008). Based on our study, the gene
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signature of EE2 males was negative in regard to noelin-2 and could
therefore partially explain the mismatched preference between
visual and chemical female cues in the current and earlier studies
(Saaristo et al., 2019). However, further research is required to
confirm this. Another gene that was strongly positive in courting
control males was a gene encoding zeta-sarcolycan, which plays a
role in maintenance of muscle membrane stability. Sarcoglycans
are part of a dystrophin and dystrophin-associated protein (DAP)
complex, which is a system protecting the plasma membrane of
striated muscle fibers against contraction-induced mechanical
stress (Ozawa et al., 2000; Shiga et al., 2006). Intriguingly, in
contrast to the positive signature in control courting males, the
gene signature of courting EE2males was negative in relation to the
above listed movement-related genes, as well as to ubiquitin
carboxyl-terminal hydrolase 42, a gene that plays an important role
during spermatogenesis in fish (Hu et al., 2017). The reasons for
these differences are unknown and warrant further investigation.

We found that non-courting behaviour was associated with a
specific gene signature. Specifically, modules M3 and M8 had gene
signatures that were only present in non-courting control and EE2
males. For example, GAGE12J encoding protein G antigen 12J, which
belongs to a multigene family expressed in a large variety of tumors
(Lee et al., 2015), was strongly positive in non-courting EE2 males.
Another gene that was strongly positive in non-courting EE2-males
was CLEC18A encoding C-type lectin domain family 18A protein,
which has been suggested to contribute to host immunity against
pathogens (Huang et al., 2009; 2015). These findings suggest
altered immunity in non-courting EE2-males, which is consistent
with recent studies in fish showing that exogenous exposure to EE2
can impair immune competence and immunomodulatory path-
ways (marine medaka, Oryzias melastigma) (Ye et al., 2018), as well
as genes encoding inflammatory response (trout, Oncorhynchus
mykiss) (Massart et al., 2014). Interestingly, another gene that was
highlighted in module M3, the gene QRICH2, encodes for
glutamine-rich protein 2 and plays an essential role in reproduction
due to its function in the formation of sperm flagella and flagellar
structure maintenance. Indeed, a recent knockout mouse study
confirmed the importance of QRICH2 in spermatogenesis and the
implications of its malfunction to male fertility (i.e. homozygous
QRICH2 knock-out males were infertile; Kherraf et al., 2019). It re-
mains to be tested, however, if malfunction to formation of sperm
flagella or altered immunity induced by chemical contaminants
affects the reproductive success of male guppies.

We found that module M7 captured gene signatures associated
with EE2 treatment. Specifically, it showed a positive gene signa-
ture in non-courting control males and a negative signature in
courting EE2 males, while being absent in both control and non-
courting EE2 males. In particular, present in this signature were
genes linked to immune response, T-cell mediated cytotoxicity,
locomotory behaviour, and insulin-like growth factor stimulus and
starvation. For example, PFR1 encoding protein perforin-1, plays a
key role in secretory granule-dependent cell death, in defense
against virus-infected cells, and as an important mediator of im-
mune cytotoxicity (Chowdhury and Lieberman, 2008; Cullen and
Martin, 2008; Ovadya et al., 2018). A recent study showed that
PFR1 knockout mice accumulated more senescent cells in their
tissues, which was accompanied by a progressive state of chronic
inflammation, increased tissue fibrosis, tissue damage, and
compromised organ functionality (Ovadya et al., 2018). Such find-
ings could suggest compromised immunity in non-courting control
males, indicative of an honest sexual signaling function for male
courtship displays in guppies (Lopez, 1998; Grether et al., 2001;
O’Steen et al., 2010).

By contrast, altered metabolism did not appear to have an effect
on courtship in EE2 males. Specifically, a gene strongly positive in
7

non-courting control males and negative in courting EE2 males,
was FBN1. Encoding the protein fibrillin-1, FBN1 is an important
component of both elastic and nonelastic connective tissues
throughout the body (L€onnqvist et al., 1998; Milewicz et al., 1995).
Interestingly, its C-terminal cleavage product, asprosin, is a protein
hormone that regulates glucose homeostasis. This recently
discovered fasting-induced hormone modulates hepatic glucose
release (Romere et al., 2016; Duerrschmid et al., 2017), resulting in
appetite stimulation, and an urge to accumulate adiposity and body
weight (Duerrschmid et al., 2017). Malfunction of this protein
hormone has profound effects on the pathway that leads to glucose
release into circulation (L€onnqvist et al., 1998; Romere et al., 2016).
This indicates, perhaps, that pathways related to glucose release
and appetitewere negatively affected in courting EE2males. Hence,
the fact that such males engaged in courtship regardless of altered
metabolism, suggests that courting EE2 males may be signaling
dishonestly as to their metabolic condition. These associations
warrant further investigation, with our study identifying important
gene signatures for disentangling the mechanistic pathways un-
derpinning behavioural responses to EE2-exposure.

5. Conclusions

We highlight a previously unknown association between envi-
ronmentally relevant EE2-exposure, gene signature and reproduc-
tive behaviour. This is the first study to show that transcriptome-
wide changes are associated with the reproductive behaviour of
fish. Specifically, we found that EE2 exposed male guppies that
performed high levels of courtship had a gene profile that deviated
the most from the other treatment groups. Using Gene Ontology
pathway analysis, our study shows that EE2-exposed males had
gene transcripts enriched for pathways associated with altered
immunity, starvation, altered metabolism and spermatogenesis.
Our study demonstrates that multiple gene networks orchestrate
courting behaviour, emphasizing the importance of investigating
impacts of pharmaceuticals on gene networks instead of single
genes. Overall, our study contributes pivotal insights into the mo-
lecular and neurobiological consequences of a widespread endo-
crine disruptor.
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