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Abstract

Endocrine disrupting chemicals (EDCs) can induce abnormalities in organisms via alteration of
molecular pathways and subsequent disruption of the endocrine functions. Bisphenol A (BPA) and
17a-ethinylestradiol (EE2) are ubiquitous EDCs in the environment. Many aquatic organisms,
including fish, are often exposed to varying concentrations of BPA and EE2 throughout their
lifespan. Both BPA and EE2 can activate estrogenic signaling pathways and cause adverse effects
on reproduction via alteration of pathways associated with steroidogenesis. However,
transcriptional pathways that are affected by chronic exposure to these two ubiquitous
environmental estrogens during embryonic, larval, and juvenile stages are not clearly understood.
In the present study, we examined transcriptional alterations in the testis of medaka fish (Oryzias
latipes) chronically exposed to a low concentration of BPA or EE2. Medaka were exposed to BPA
(10 pg/L) or EE2 (0.01 ug/L) from 8 hours post-fertilization (as embryos) to adulthood 50 days
post fertilization (dpf), and transcriptional alterations in the testis were examined by RNA
sequencing (RNA-seq). Transcriptomic profiling revealed 651 differentially expressed genes
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(DEGS) between BPA-exposed and control testes, while 1475 DEGs were found between EE2-
exposed and control testes. Gene ontology (GO) analysis showed a significant enrichment on
“intracellular receptor signaling pathway”, “response to steroid hormone” and “hormone-mediated
signaling pathway” in the BPA-induced DEGs, and on “cilium organization”, “microtubule-based
process” and “organelle assembly” in the EE2-induced DEGs. Pathway analysis showed
significant enrichment on “integrin signaling pathway” in both treatment groups, and on “cadherin
signaling pathway”, “Alzheimer disease-presenilin pathway” in EE2-induced DEGs. Single
nucleotide polymorphism (SNP) and insertion-deletion (Indel) analysis found no significant
differences in mutation rates with either BPA or EE2 treatments. Global gene expression
differences in testes of medaka during early stages of gametogenesis were responsive to chronic

BPA and EE2 exposure.
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Introduction

Endocrine disrupting chemicals (EDCs) can perturb endocrine systems and consequently
cause a variety of adverse health effects in organisms directly exposed, or in their progeny
through transgenerational effects (Bhandari et al., 2015a). Many environmental EDCs are
manmade chemicals (Diamanti-Kandarakis et al., 2009), including bisphenol A (BPA), one
of the highest production chemicals (Galloway et al., 2010). BPA is primarily used as the
monomer in polycarbonate plastics, which are used as food containers as well as epoxy resin
in cans. BPA leaches out of these materials, while in use or after these materials have been
disposed of in landfills, making BPA a ubiquitous groundwater contaminant near landfills
(Masoner et al., 2014). Approximately, 30-40% of river and ground water samples tested
were found to have detectable concentration of BPA ranging from 1-28 pg/L (Barnes et al.,
2008; Heisterkamp et al., 2004; Jin et al., 2004; Kolpin et al., 2002; Loos et al., 2010; Rudel
etal., 1998).

17a-ethinylestradiol (EE2) is a synthetic estrogen used in birth control pills, and
approximately 16-68% of EE2 is excreted in the urine or feces of women taking these pills
(Johnson and Williams, 2004). Thus, EE2 is commonly found in surface waters as current
wastewater treatment methods cannot completely eliminate EE2 from effluents, making it
one of the most frequently detected EDCs in aquatic environments (Kolpin et al., 2002).
Both BPA and EE2 are present in surface water at concentrations that are sufficient to affect
development, osmoregulation, and reproduction in aquatic organisms (Bhandari et al.,
2015a; Bhandari et al., 2015b; Brown et al., 2009; Wang et al., 2019). Moreover, the
pervasiveness of these chemicals predicts widespread and continued exposure of aquatic
organisms, which may lead to reproductive impairment and potentially, population level
effects (Kidd et al., 2007a; Schwindt et al., 2014).

An extensive literature exists with regards to EE2 effects on development and reproduction
in fish and wildlife, suggesting that chronic exposure to low concentrations of EE2 can result
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in impairment of fertility in wild fish species, thereby risking future population of fish in the
wild (Bhandari et al., 2015a; Kidd et al., 2007b; Schwindt et al., 2014). Pejerrey fish
(Chilean silverside, Odonesthes regia) exposed to mixtures of 17 beta-estradiol (E2) and
EE2 showed impaired sperm motility, reduced fertilization, and reduced embryo and larval
survival (Garriz et al., 2015). In zebrafish, early-life exposure to EE2 had both immediate
and delayed impacts on adult phenotype (Santos et al., 2014). EE2 also caused
cardiotoxicity in embryos and altered a set of genes related to oxidative stress and immune
dysfunction (Colli-Dula et al., 2014). Additionally, EE2 caused transgenerational
reproductive and neurobehavioral effects in subsequent, unexposed generations of fish
(Bhandari et al., 2015b; Volkova et al., 2015).

BPA is known as a relatively weak estrogenic chemical compared to EE2, but BPA can still
produce adverse effects in the male reproductive tract, since BPA circulates in human blood
at levels sufficient to cause effects via estrogen receptors (Bhandari et al., 2015a; Flint et al.,
2012; Vandenberg et al., 2009; vom Saal et al., 2012; Welshons et al., 2003). In mammals,
BPA has been found to induce multiple reproductive abnormalities (\Vandenberg et al., 2009;
Whitacre et al., 2012), including alteration in prostate development (Timms et al., 2005),
induction of obesity (vom Saal et al., 2012), and impairment of spermatogonial stem cell
function (Vrooman et al., 2015). In fish and aquatic wildlife, BPA exposure causes a
multitude of abnormalities (Bhandari et al., 2015a; Canesi and Fabbri, 2015; Flint et al.,
2012), including precocious neurogenesis leading to hyperactivity (Kinch et al., 2015), and
cardiovascular defects (Lombo et al., 2015). High concentration exposure (1-10 mg/L
range) has been found to cause teratogenic effects in fish, while endocrine and pleiotropic
effects have been observed at lower environmentally relevant concentrations within the low
ug/L range (Flint et al., 2012).

Estrogenic effects of BPA are mediated by modulation of endogenous estradiol effects via
direct interaction with estrogen receptors (Arase et al., 2011; Welshons et al., 2006; Zhao et
al., 2017). BPA has been demonstrated not only to cause direct toxic effects in the
generation of the exposed but also to future generations that were never directly exposed
(Bhandari et al., 2015b; Drobna et al., 2017; Goldsby et al., 2017; Lombo et al., 2015;
Wolstenholme et al., 2012; Wolstenholme et al., 2013). Mechanistically, epigenetic
associations have been found with BPA-induced health effects, most of them in mammals
(Dolinoy et al., 2007; Igbal et al., 2015; Lombo et al., 2015; Manikkam et al., 2013).

In our previous work, exposure of medaka fish to a 100 pg/L concentration of BPA or 0.05
ug/L concentration of EE2 during first 7 days of early embryonic development induced
transgenerational reproductive defects, such as a significant reduction in fertilization rates
and an increased incidence of embryo mortality in three and four generations after the
exposure was ceased (Bhandari et al., 2015b). It is not as yet clear what exposure-specific
memory, and how it is established in developing embryos, that translates into altered
reproductive and behavioral health later in life. While a wealth of information is available
regarding direct effects of BPA and EE2 exposure on reproductively active tissues of adult
fish (reproduction-centric), it is unclear whether chronic exposures to low concentrations of
BPA or EE2 during embryonic, larval, and juvenile stages alter molecular pathways leading
to later reproductive impairment. We, therefore, chronically exposed medaka to low

Aquat Toxicol. Author manuscript; available in PMC 2021 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bhandari et al.

Page 4

concentrations of BPA and EE2 from day 0 through day 50 and examined alterations in
transcriptional networks that are dysregulated by exposure to these two contaminants in
sexually immature male medaka. Our objective was to examine whether reproductive and
metabolic pathways in gene expression are altered before male medaka fish reach full adult
reproductive age.

2. Materials and methods

2.1 Fish care

The study was conducted at USGS Columbia Environmental Research Center, Columbia,
Missouri under approval of Institutional Animal Care and Use Committee (IACUC) and in
accordance to the procedures described by the American Society of Ichthyologists and
Herpetologists (ASIH), American Fisheries Society (AFS), and American Institute of
Fishery Research Biologists (AIFRB), “Guidelines for Use of Fishes in Field Research”
(ASIH, AFS, and AIFRB 1988); and CERC guidelines for the humane treatment of test
organisms during culture and experimentation. Sexually mature broodfish were separately
maintained on 14L:10D photoperiod and fed 3 times/day. During the first 10 days of post
hatching development, juveniles were supplied with ground food and brine shrimp, and
thereafter, with flake food once a day and brine shrimp twice a day. Tanks were siphon-
cleaned periodically. Water temperature were maintained at 25+1°C.

2.2 Chemical exposure

All final dosing solutions were prepared in glass containers using CERC well water as
previously described (Bhandari et al., 2015b). Briefly, water was brought to pH 11 for
making stock solution for dissolving BPA, and subsequent dosing solutions of BPA was
prepared with CERC well water at a concentration of 10 ug/L. The measured concentrations
were determined for each replicate tanks as previously reported (Bhandari et al., 2015b).
Briefly, EE2 was extracted from water samples using solid phase extraction (SPE) followed
by detection with ELISA according to manufacturer protocols (Ecologiena EE2 ELISA Kit,
Tokiwa Chemical Industries, Tokyo, Japan). BPA was analyzed in water samples by liquid
chromatography/mass spectrometry (LC-MS/MS) according to (Vandenberg et al., 2014).
Briefly, BPA was extracted from 1 mL of water using Thermo Hypersen C18 cartridge
(Thermoscientific) and eluates were dried under nitrogen and reconstituted in 50:50
methanol:20MM ammonium acetate for HPLC. BPA, in water was quantified by liquid
chromatography with mass spectrometry (LCMS/MS) using a Thermo TSQ Quantum
Access Max (Thermo Fisher Scientific, Waltham, MA) connected to an integrated Thermo-
Accela LC system. Analytes were detected using electrospray ionization with negative
polarity, and conditions (tube lens setting, collision energy) were optimized for each analyte
using the instrument software. Separations were performed on a 100x4.6 mm 3-micron
Hyperclone HPLC column (Phenomenex, Torrance, CA), at a flow rate of 350 uL/min. A
gradient mobile phase was employed using 10:90 acetonitrile and acetonitrile, containing
0.01% ammonia. Thermo LCQuan software was used to autotune, acquire, and process the
LC/MS data. BPA and C13-BPA were detected using selected reaction monitoring for m/z
227>212, m/z 239>224, respectively, and quantitation was made against standard curves of
the analytes at concentrations ranging from 1-200 ng/ml. The limit of quantitation (LOQ)
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for BPA was 0.18 ug/L. Control water was prepared by mixing the required amount of pH
11 water with CERC well water. The final pH of exposure solution was within the
acceptable range for medaka (7.0-7.4). EE2 was dissolved in methanol to make a
concentrated stock solution and dosing solution was prepared at the concentration of 0.01
ug/L with CERC well water.

Fertilized eggs were collected and exposed to EE2 (0.01 pg/L) or BPA (10 ug/L) through the
incubation water in petri dishes over a period of 12 dpf in 50 ml glass petri dishes. Embryo
exposures were static with daily renewal of test chemicals from fertilization through day 12.
Initial parameters (survival and success of hatching) were recorded. After hatching, on the
13 day the fish were transferred to a diluter system and the exposure was continued until
50 days post fertilization with food and aeration. Exposure solution in the diluter was
replaced every day. Three fish tanks were assigned to each treatment and each tank
contained 30 fish (including males and females). Individual fish in each tank represented a
technical replicate, whereas each tank represented a biological replicate. In total, 3 exposure
groups were used (Control, BPA-exposed, and EE2-exposed), and 3 biological replicates
were used per exposure group. Treatment concentrations in the diluter were adjusted
accordingly to meet the designated final concentration of the dosing chemical.

2.3 Sample collection

At 50 dpf, the sex of each fish was determined by the presence of male-specific orange
coloration on the body and caudal fins, and subsequently by genomic PCR using the DNA
from their caudal fin (Kinoshita et al., 2009). Total length, whole body weight, and gross
morphological evaluations of the fish were conducted at this time to evaluate developmental
anomalies of spinal curvature, fin, head and eye deformities. At 50 dpf, 3 males were
randomly selected from each tank, and the whole testis was collected. In total, nine testes
samples were collected from each exposure group (3 fish per biological replicate tank and 3
tanks per exposure group). Altogether, 27 testes samples (3 males x 3 tanks x 3 exposure
groups) were used for RNA sequencing.

2.4 RNA extraction and RNA-seq library sequencing

To conduct a broad, detailed evaluation of the transcriptomic changes in testes undergoing
early stage of spermatogenesis that coincides with epigenetic reprogramming of germ cells
after chronic exposure to BPA or EE2, we performed RNA sequencing on testes samples to
obtain gene transcription profiles. Total RNA from each testis sample was extracted using a
commercial kit for RNA/DNA isolation (Qiagen, Carlsbad, CA) according to manufacturer’s
instructions. The quality control and RNA-seq library preparation were conducted by the
DNA sequencing Core facility of the University of Missouri Columbia. The RNA-seq
libraries were sequenced on the Illumina Hiseq 2500 platform using the 100 bp single-end
sequencing strategy.

2.5 Reads mapping and differentially expressed genes (DEGS) identification

Sequencing reads from each sample were mapped to medaka reference transcripts (Ensembl
version 95) using HISAT2 software with default parameters (Kim et al., 2015; Kim et al.,
2019). Only uniquely mapped reads were used for subsequent analysis. Cufflinks software
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(http://cole-trapnell-lab.github.io/cufflinks/, University of Washington) was used to conduct
differentially expressed gene (DEG) analysis on the raw count data. Technical replicates
were merged together using the publicly available SAMtools software (Latendresse et al.,
2009). Differentially expressed genes were computed using Cuffdiff function of the
Cufflinks package. Gene expression values were generated in the normalized form of
fragments per kilobase of transcript per million mapped fragments (FPKM) values. The
FDR-adjusted p-value < 0.05 (g-value in Suppl table 3 and Suppl table 3) was considered as
significantly differentially expressed (Trapnell et al., 2012). A total of 27 samples was
sequenced, which represent 3 technical replicates per tank (biological replicate), 3 biological
replicates per exposure group, and 3 exposure groups. In the analysis, three technical
replicates were merged together to reduce the sequence bias. We did this because the
transcripts that are not sequenced in one library can be sequenced in the library of other
replicates. Merging replicate sequence files reduces sequencing bias and increases
sequencing depth. Finally, the DEGs were calculated from biological replicates and
identified as chemical treated groups and control groups. Sequencing data reported in this
paper have been deposited to the public database at NCBI Gene Expression Omnibus (GEO)
under accession number GSE129727.

2.6 Gene enrichment analysis

Gene enrichment analysis was performed using the PANTHER Overrepresentation Test
(Released 2019-07-11) with GO Ontology database (Released 2019-12-09) (Ashburner et
al., 2000; Consortium, 2018; Mi et al., 2016). Gene Ontology terms in the biological
processes (GO biological process complete), molecular functions (GO molecular function
complete), cellular component (GO cellular component complete) and PANTHER Pathways
annotation (Version 15, Released 2020-02-14) were selected. Fisher’s Exact Test followed
by False Discovery Rate (FDR) correction were used to determine significance. FDR
adjusted p-value < 0.05 indicated significantly enriched GO and pathway terms.

2.7 qRT-PCR validation

Quantitative RT-PCR was performed to quantify expression levels of 17 genes, including
four DNA methyltransferases, three fef methylcytosine dioxygenases, six genes associated
with male sex differentiation in medaka, and four genes randomly selected from RNA-Seq
gene set.

Specific primer pairs used in the gRT-PCR were designed using Primer3web (Untergasser et
al., 2012). The sequences of primers are shown in Supp Table 1. At least one junction of
exon and intron was covered by primer or amplified region to avoid amplifying genomic
DNA. B-actinwas used as an endogenous reference gene to determine relative expression.
Three technical replicates were used for each biological replicate. Since there were three
biological replicates for each exposure group, the total of 9 testis samples were analyzed
from each treatment group. qRT-PCR was performed by PowerUp SYBR™ Green Master
Mix (Applied Biosystems) using a QuantStudio 3 Real-Time PCR System as the following
process: 2 min at 50 °C and 10 min at 95 °C for pre-incubation, 40 cycles at 95 °C (15 s) and
60 °C (1 min). The PCR primer amplification efficiencies (E) for each PCR target sequence
were calculated from the standard curve generated from five cDNA dilutions. The equation
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used for the efficiency calculation was E = [-1+10(-1/s19Pe)]_ percent efficiency was
calculated by dividing E by 2 and then multiplying by 100. A dissociation analysis was
included for each primer pair to evaluate primer specificity for the target sequence. Target
gene expression was analyzed by 2722Ct method (Livak and Schmittgen, 2001). PCR
product produced by each primer pair produced a single band of expected size on 2%
agarose gel, suggesting that the primers were specific to the target amplicon. Correlations
between RNA-seq and gRT-PCR were conducted in Excel® software using the
“PEARSON?” function. Differences with p < 0.05 were considered as significant.

2.8 Single nucleotide polymorphism (SNP) and indel markers discovery

Samtools and VarScan (Koboldt et al., 2012) were used to identify potential single
nucleotide polymorphisms (SNPs) and indels from transcriptomes, with the minimum read
depth above 8 and p-value < 0.01.

3. Results

3.0 Water concentration of test solutions and fish morphology

The measured concentration of the exposure solution ranged from 95 to 98% of nominal
concentration for EE2 and from 104% to 110% of nominal concentration for BPA. No
differences in total length or whole-body wet weight were observed between treatment
group and the control fish at 50 dpf, when the exposure was terminated (p < 0.98, One-way
ANOVA followed by Bonferroni post-hoc test, see Supplemental Figure 1). Additionally, no
gross abnormalities (skin lesions, spinal curvatures, fin erosions, cranial deformities) were
observed at this time.

3.1. Next-generation sequencing and mapping to the reference genome

After quality control, next-generation sequencing generated 19,644,917 to 37,306,636 high
quality clean sequence reads for each sample, and the reads uniquely mapping ratio ranged
from 83.45% to 88.19% (Supplemental Table 2). Mapping results from the same biological
replicates were merged together for the subsequent DEG analysis.

Correlation analysis of the gene expression of three groups showed that the BPA exposed
samples is closer to EE2 exposed samples than control samples (Figure 1A). The Jensen-
Shannon divergence analysis showed JS Distance between BPA exposed and control
samples was 0.108, the JS Distance between EE2 exposed and control samples was 0.127,
the JS Distance between BPA exposed and EE2 exposed samples was 0.103 (Figure 1B).
Principal component analysis (PCA,; Figure 1C) showed that treated groups were not clearly
separated from the controls.

3.2. Identification of differentially expressed genes in medaka testes

Significant DEGs were identified in each treatment group. Genes with a fold change (FC) >
2 and FDR < 0.05 in comparisons between BPA-exposed or EE2-exposed and control
treatment were identified as DEGs (Table 1). Briefly, there were 651 genes annotated by the
medaka reference genome (Hd-rR strain, Ensembl release 95) found to be significantly
differentially expressed between BPA exposed and control groups (Supplemental Table 3).
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Within these DEGs, 282 genes were upregulated, and 364 genes downregulated in the BPA-
exposed group (Figure 2A). Three genes were specifically expressed in controls and 2 genes
were specifically expressed in testes of the BPA treatment group.

A total of 1475 genes was found to be significantly differentially expressed between EE2
and control groups (Supplemental Table 4). Within them, 653 genes were upregulated, and
813 genes were downregulated (Figure 2A). Seven genes were specifically expressed in
controls and 2 genes were specifically expressed in EE2 treatment group testes.

A total of 378 genes was shared by the BPA and EE2 treatment groups (Figure 2B).
Interestingly, 187 DEGs were upregulated in both BPA and EE2 treatment groups and 184
DEGs were downregulated in both BPA and EE2 treatment (Figure 2C).

3.3 qRT-PCR validation

gRT-PCR results were consistent with RNA-seq results for both BPA (Figure 3A and
Supplemental Figure 2), and EE2 treatment groups (Figure 3B and Supplemental Figure 3).
For the BPA-exposed group, the correlation coefficient of RNA-seq results and the gRT-PCR
confirmation was 0.72 (Figure 3A), for the EE2-exposed group the correlation was 0.97
(Figure 3B). Overall, the results of gRT-PCR validated the results of RNA-seq and offered
support for the reliability of the observed DEGs.

3.4 Gene ontology analysis

The functional enrichment of DEGs identified in the BPA-exposed group included 647 out
of the 651 DEGs assigned to GO categories (Supplemental Table 5). In biological processes,

the most enriched GO terms included “chitin metabolic process”, “intracellular receptor

signaling pathway”, “cellular response to steroid hormone stimulus”, “steroid hormone
mediated signaling pathway”, “response to steroid hormone” and “hormone-mediated
signaling pathway” (Figure 4A and Supplemental Table 5). In cellular components, the most
enriched GO terms included “extracellular region”, “intrinsic component of membrane”,
“integral component of membrane”, “membrane” and “cellular anatomical entity” (Figure
4B and Supplemental Table 5). In molecular function, the most enriched GO terms included

(LT

“bile acid binding”, “serine-type carboxypeptidase activity”, “serine-type exopeptidase

activity”, “oxidoreductase activity”, “ephrin receptor activity” and “nuclear receptor
activity” (Figure 4C and Supplemental Table 5).

In the EE2-exposed group, 1470 out of 1475 DEGs were assigned to GO categories
(Supplemental Table 6). In biological process, the most enriched GO terms included “cilium
organization”, “microtubule-based movement”, “microtubule-based process”, “organelle
assembly”, “plasma membrane bounded cell projection organization™ and “cell projection
organization” (Figure 5A and Supplemental Table 6). In cellular components, the most

enriched GO terms included “condensed chromosome”, “cilium”, “plasma membrane
bounded cell projection cytoplasm”, “plasma membrane bounded cell projection”, “cell
projection”, and “polymeric cytoskeletal fiber” (Figure 5B and Supplemental Table 6). In
molecular function, the enriched GO terms included “nucleic acid binding” and “calcium ion

binding” (Figure 5C and Supplemental Table 6);
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Out of the 378 DEGs shared by the BPA and EE2 treatment groups (Figure 2B), 376 genes
were assigned to GO categories. In biological process, the most enriched GO terms included
“chitin metabolic process”, “glucosamine-containing compound metabolic process”,
“peptide cross-linking”, “amino sugar metabolic process” and “cell migration”
(Supplemental Figure 4A), In cellular components, those genes enriched in terms
“extracellular region” only (Supplemental Figure 4B). In molecular function, the enriched
GO terms included “serine-type carboxypeptidase activity”, “protein-glutamine gamma-
glutamyltransferase activity”, “serine-type exopeptidase activity”, “chitin binding”,
“transferase activity, transferring amino-acy! groups” and “ephrin receptor activity”

(Supplemental Figure 4C).

3.5 Pathway enrichment analysis

In the BPA-exposed group, upregulated DEGs were enriched with “Integrin signaling
pathway” (Supplemental Table 7), while no significant enrichment was observed in
downregulated DEGs. In the EE2-exposed group, upregulated DEGs were enriched at
“Cadherin signaling pathway”, “Alzheimer disease-presenilin pathway”, “Integrin signaling
pathway” and “Inflammation mediated by chemokine and cytokine signaling pathway”

(Supplemental Table 8); no significant enrichment was observed in downregulated DEGs.

3.6 SNP markers identification

To investigate if BPA or EE2 exposure induced any genetic variations, we searched for SNPs
and Indels in each sample. A total of 98,239 SNPs was identified in the control group,
97,826 SNPs were identified in the BPA-exposed group, and 100,774 SNPs in the EE2-
exposed group (Figure 6 and Supplemental Figure 5). No significant differences were found
in SNP numbers among different groups. For indels, a total of 6,739 were identified in
control group, 6,822 in BPA-exposed group, and 6,919 in EE2-exposed group (Figure 6 and
Supplemental Figure 6). No significant differences were found in indel numbers among
different groups either. These results suggest that BPA and EE2 treatment did not induce
genetic variation in coding regions of the genome analyzed.

4. Discussion

Environmental estrogens can induce organizational effects in developing embryos, including
sex reversal, altered reproductive functions, neurobehavioral alterations, and cardiovascular/
metabolic defects. However, the molecular pathways that are initially programmed in the
developing testis and are integral to adult onset reproductive abnormalities from exposure to
estrogenic chemicals are largely unknown. The present study identified a suite of molecular
pathways in the testes affected by chronic BPA or EE2 exposures from the day of
fertilization to early adult stage initiation of gametogenesis (50 dpf) in medaka.

During the experimental exposure period, no morphological deformities, including
histological alterations and body somatic indices, were found in fish exposed to BPA and
EE2. In our previous study, embryonic BPA or EE2 exposure at a concentration slightly
higher than used in the present study also did not induce morphological deformities and
reproductive impairment in adulthood in the exposed generation (Bhandari et al., 2015b).
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However, embryonic exposure alone lead to a transgenerational phenotype of reduced
fertilization and increased embryo mortality in the F2 and F3 generation of medaka,
respectively (Bhandari et al., 2015b). No effects of BPA exposure on morphological end
points have been reported for directly exposed fish of several species (Bhandari et al.
2015a). For example, zebrafish fed with BPA at the concentration of 500 mg/kg feed did not
have effects on development of embryos (Drastichova et al., 2005); whereas 60 days
exposure to 7 ug/L BPA reduced tail length in swordtail fish (Kwak et al., 2001). With
exposure to concentrations such as 837 ug /L or higher, BPA induced feminization in
medaka (Kang et al., 2002). Together, observations suggested that low concentration of BPA
do not impose directly observable acute toxic effects in medaka and other fish species, but it
is not clearly understood whether the changes in gene expression reported in the present
study could affect physiological endpoints later in life.

Given the estrogenic nature of both BPA and EE2, a degree of similarity was expected in the
transcriptomic response to exposure, based on our attempt to use doses of BPA and EE2
predicted to result in similar effects on phenotype. Over 58% of DEGs identified in the BPA-
exposed group overlapped with DEGs in the EE2-exposed group, suggesting that BPA and
EE2 may affect testis development through at least some common mechanisms. Most
biological processes altered in the EE2-exposed testis included cell adhesion, microtubules,
and assembly suggesting mitotic cell activities (Vagnarelli, 2012); whereas BPA exposure
resulted in regulation of biological processes involving steroid hormone-mediated signaling
and response pathways. Specifically, there was a significant increase in the expression
pattern of steroidogenic acute regulatory protein (star) gene in the BPA-exposed group.
StAR is an enzyme that catalyzes the production of pregnenolone from cholesterol, the first
step of sex steroid biosynthesis. StAR is responsible for the transport of cholesterol across
the mitochondrial membrane for it to serve as substrate for sex steroid production. Alteration
in expression of starsuggests BPA exposure effects on the steroidogenic pathway in the
testes of fish that are not reproductively active yet.

We also examined if downstream pathways are affected by BPA or EE2 exposure in the
same samples. No changes in expression of reproduction related genes were observed. Testis
development and male reproduction in fish is a precisely coordinated event involving timely
expression and repression of genes (Devlin and Nagahama, 2002). At the juvenile stage (50
dpf), no reproductive genes, particularly those in downstream steroidogenic pathway, are
expected to be expressed. That being said, exposure did not induce precocious expression of
these genes. A number of studies in medaka have demonstrated alteration in expression
pattern of sex determining genes in response to the varying concentrations of BPA or EE2;
generally at concentrations greater than those used in the present study (Kang et al., 2002;
Sun et al., 2014). However, we did not find changes in any major male sex determining
genes, such as gsdf;, sox9a, dmrt1 and dmy. Interestingly, we observed upregulation of r-
spondins (an ovarian differentiation related gene (Zhou et al., 2012) in the BPA exposed
group, indicating that -spondins may be an upstream target of BPA, which may lead to
male-female sex reversal or impairment of male reproduction in medaka (Horie et al., 2020).
On other hand, estrogen receptor 2 (esr2) was significantly upregulated in both treatment
groups, suggesting the role of esr2 in mediation of BPA/EE2-induced reproductive
impairment in males, which requires further studies. £5r2has been demonstrated to be
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essential for female reproduction in medaka and zebrafish (Kayo et al., 2019; Lu et al.,
2017). Taken together, the present results suggest that the effects of exposure at these
concentrations of BPA or EE2 on steroid pathways and reproductive pathways in the testes
are not sex-specific in the exposed generation. It was not investigated if this exposure could
lead to transgenerational effects in the future generations.

Single nucleotide polymorphisms (SNPs) and indels are the most common type of genetic
variations among individuals, which are caused by point mutations or deficiencies of DNA
repair pathways. To determine if developmental exposure to BPA or EE2 at early stages
could induce genetic variation in testes, we determined the SNPs and indels from each of
these treatments. There was no change in total number of SNPs and indels after exposure to
either BPA or EE2, suggesting that exposure to BPA or EE2 did not induce genetic
mutations in the genome sequence. In a previous study, exposure of medaka fish to a 100
Hg/L concentration of BPA or 0.05 ug/L concentration of EE2 during first 7 days of early
embryonic development induced transgenerational reproductive defects (Bhandari et al.,
2015b). Present results support our hypothesis that the transgenerational phenotypes caused
by BPA or EE2 exposure, which we previously reported (Bhandari et al., 2015a), are
mediated by epigenetic rather than genetic modifications.

Among the cellular components altered by BPA exposure involved cell membrane and cell
adhesion molecules; whereas EE2 exposure resulted in alterations in pathways to condensed
chromosome suggesting epigenetic processes being perturbed (Vagnarelli, 2012). BPA can
alter molecular pathways known to be important in epigenetic programming and potentially
involved in transmission of transgenerational effects in fish. BPA exposure decreased global
DNA methylation in zebrafish testes (Laing et al., 2016; Liu et al., 2016) and suppressed
anti-mullerian hormone in ovaries through recruitment of histone H3K4me3 and H3K27me3
marks together with increased CpG methylation of promoter regulatory regions (Santangeli
et al., 2019). We investigated DNA methyltransferases in the RNA-seq results and verified
them with qRT-PCR to determine if there were changes in gene expression of epigenetic
modification-related genes. DNA methylation is one of the major forms of genome apparent
modification in transcriptional regulation and inhibition of retroviral factors, gene imprinting
and X chromosome inactivation (Jaenisch and Bird, 2003). We did not observe any
significant changes in DNA methyltransferase or TET methylcytosine dioxygenase gene
expressions in the RNA-seq data, and only dnmt3bb.1 was significantly upregulated
according to the gRT-PCR results. However, expression of mba3b was decreased in both
treated groups. mbd3b gene encodes a Methyl-CpG binding domain (MBD) containing
proteins, which specifically binds methylated-CpG nucleotides and regulates transcription of
target genes by changing accessibility of transcription factors to their binding sites and
altering chromatin structure. The current observations are derived from whole organ, which
is heterogenous in cell population. It is thus not possible to conclude that the expression
patterns of the genes that regulate epigenetic processes truly reflect BPA-induced epigenetic
alterations in the target cells. Also, the measurement of global DNA methylation profile of
the whole testis will not yield any plausible information. Future studies, therefore, require
isolation of a pure population of germ or somatic cells from the testis for epigenetic
assessments.
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Primordial germ cells (PGCs) are one of the cell types that give rise to future generations
and undergo epigenetic programming during the period of sex determination and testis
differentiation (Bhandari, 2016; Nilsson et al., 2019; Seisenberger et al., 2012; Wang and
Bhandari, 2020b). Exposure window in the present study overlapped with the sensitive
windows of epigenetic reprogramming of germ cells in medaka (Wang and Bhandari,
2020a); however, it is not clear if any of the observed DEGs are involved in the promotion of
long-term transgenerational effects in male germ cells. It is not yet clearly understood if
environmentally induced effects on developing germ cells persist in sperm and eggs in
adulthood. Studies in various animal models suggest that environmental chemicals may alter
epigenetic reprogramming of developing PGCs, leading to no apparent reproductive effects
in the exposed generation, yet multiple health problems in future generations. BPA or EE2
can induce transgenerational health effects in fish, including impairment of male
reproduction, female reproductive defects, cardiac deformities, as well as anxiety behavior.
Additionally, several endocrine disrupting chemicals have been found to induce
transgenerational health abnormalities in fish if exposed during early embryogenesis or
gametogenesis (Baker et al., 2014; Carvan et al., 2017; Cheng et al., 2017; Knecht et al.,
2017; Seemann et al., 2015; Sun et al., 2015; Wang et al., 2016; Wang and Bhandari, 2019;
Wang and Bhandari, 2020b). All transgenerational studies agree in that chemicals-induced
molecular changes are programmed in such a way that they affect gene expression and
physiological processes long past when the exposure ceases. These initially programmed
networks of genes may not necessarily be the same as those involved in subsequent adverse
endpoints observed. Hence, a better understanding is required between the initial molecular
signatures altered by environmental chemical stressors, and whether they contribute to the
emergence of phenotypes.

In conclusion, the present study provides gene expression profiles in response to early life
stage exposures to BPA or EE2 in medaka. There was significant overlap (58%) of DEGs in
the testes between the BPA and EE2 treatments, as might be expected from two estrogens,
suggesting disruption of some common pathways. No morphological measurements were
altered by either treatment, and no SNPs were observed in the testes of either treatment
group. Exposure-induced molecular signatures in the reproductively active adult testis may
be different from the signatures that are established developmentally. Future studies,
therefore, should focus on connection of molecular pathways specially from pre-
reproductive to reproductively active states.
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Highlights
. Gene networks affected by BPA prior to gonadal maturation were investigated
. BPA and EE2 altered gene networks involved in receptor-mediated
endocytosis
. Expression of genes involved in male reproduction are not altered by BPA

exposure prior to sexual maturation
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Figure 1:
Distance and distance heatmap between each sample. (A): distance between each sample;

(B): JS distance heatmap between each sample; (C): Principal component analysis (PCA):
plot showing the first 2 principal components (PC1, PC2).
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EE2 vs Control

BPA vs Coqtrol

Differentially expressed genes (DEGs) identified between BPA or EE2 exposed and control
samples. (A): Upregulated or downregulated genes between BPA or EE2 exposed and
control samples; (B): Venn diagrams for DEG relationships between two groups showing the
shared DEGs and specific DEGs in each treatment; (C): DEGs shared by two treatment

groups were consistent.
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Figure 3:

Validation of the RNA-Seq data using gRT-PCR. Consistency of log2(FC) between RNA-
Seq data (X-axis) and gRT-PCR assay (Y-axis) is high based on the selected genes. (A): BPA

exposed group; (B): EE2 exposed group.
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Figure 4:

Gene Ontology (GO) enrichment of DEGs in BPA exposed sample. (A): Biological process;

(B): Cellular component; (C): Molecular function.
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Figure 5:
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Gene Ontology (GO) enrichment of DEGs in EE2 exposed sample. (A): Biological process;

(B): Cellular component; (C): Molecular function.
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Figure 6:

SNPs and indels identified in each sample
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Table 1:

Summaries of DEGs between different sample comparation

Page 25

Exposurevs. Exposure  Up-regulated in Down-regulated in Specific in sample_1  Specific in sample_2  Total
sample_1 sample_1

BPA control 300 376 3 3 682

EE2 control 682 866 7 7 1562

BPA EE2 183 420 4 2 609
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Table 2:

Statistics of single nucleotide polymorphism types

Transition Transversion

CIT AG AT AIC T/G CI/G Total

Control 1958 2141 573 644 589 563 6468
BPA 1901 2052 529 604 546 513 6145
EE2 2065 2186 551 675 623 567 6667
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