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GRAPHICAL ABSTRACT

ABSTRACT

Because of their global consumption and persistence, per- and polyfluoroalkyl substances (PFASs), are ubiqui-
tously distributed in the environment, as well as in wildlife and humans. In the present study, we have employed
an ex vivo organ culture technique, based on the floating agarose method, of Atlantic cod ovarian tissue to inves-
tigate the effects of three different concentrations of PFOS, PFOA (1, 5 and 25 puM) and PENA (0.5, 5 and 50 puM),
used singly and in also in combination (1x, 20x and 100x). In the 1x exposure mixture, concentrations were de-
cided based on their proportional levels (in molar equivalents) relative to PFOS, which is the most abundant PFAS
in cod liver from a 2013 screening project. To investigate the detailed underlying mechanisms and biological pro-
cesses, transcriptome sequencing was performed on exposed ovarian tissue. The number of differentially
expressed genes (DEGs) having at least 0.75 log,-fold change was elevated in high, compared to low and medium
concentration exposures. The highest PFNA, PFOA and PFOS concentrations, and the highest (100x ) mixture ex-
posure, showed 40, 68, 1295, and 802 DEGs, respectively. The latter two exposure groups shared a maximum of
438 DEGs. In addition, they both shared the majority of functionally enriched pathways belonging to biological
processes such as cellular signaling, cell adhesion, lipid metabolism, immunological responses, cancer, reproduc-
tion and metabolism. Shortlisted DEGs that were specifically annotated to reproduction associated gene ontology
(GO) terms were observed only in the highest PFOS and mixture exposure groups. These transcripts contributed
to ovarian key events such as steroidogenesis (star, cyp19ala), oocyte growth (amh), maturation (igfbp5b, tgfi32,
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tgf33), and ovulation (pgr, mmp2). Contrary to other PFAS congeners, the highest PFOS concentration showed al-
most similar transcript expression patterns compared to the highest mixture exposure group. This indicates that
PFOS is the active component of the mixture that significantly altered the normal functioning of female gonads,
and possibly leading to serious reproductive consequences in teleosts.

© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Per- and polyfluoroalkyl substances (PFASs) are anthropogenic con-
taminants of environmental, biota and human health concerns (Conder
et al., 2008). Structurally, PFASs are composed of fully fluorinated hy-
drophobic alkyl chains with either alcohol, carboxyl, or a sulfonate
terminal group (Conder et al., 2008). These unique chemical and struc-
tural properties render PFASs non-degradable (thermal stability and ox-
idation resistance) and persistent in the environment (Houde et al.,
2006). The persistent nature of PFASs is fuelled by their use in different
domestic and industrial applications such as surface treatment, surfac-
tants, fire retardants, and coating materials (Co-operation, O. f. E,
2002). From 1950 until 2000, long-chain PFASs (greater than 8 carbons)
were produced at an exponential rate (Lehmler, 2005). Later, they were
voluntarily phased-out and substituted with shorter chain compounds
(Lehmler, 2005). However, there has been a shift of PFASs production
from Japan, Western Europe and the United States of America (USA)
to China and India, making continental Asia the global hotspot for
PFAS environmental contamination (Wang et al., 2014a; Wang et al.,
2014b). Among the long-chain group, three most commonly used
PFASs that are present at elevated levels in the environment include
perfluorooctane sulfonate (PFOS), perfluorooctanoic acid (PFOA) and
perfluoronanonanoic acid (PFNA) (Jantzen et al., 2016). Estimates
showed that PFOS and PFOA were produced at 3500 and 500 metric
tons, respectively, at the time when the phase-out began (Lau et al.,
2007). Due to the broad commercial application of these compounds,
many of the PFASs have been detected around the world in different
geographical distributions from terrestrial to aquatic environments
(Giesy and Kannan, 2001). They are present in the range of parts per tril-
lion in the Atlantic, central Pacific and eastern Pacific ocean surface
water (Yamashita et al., 2005; Zhang et al., 2019).

PFASs have a propensity to bioaccumulate in aquatic animals, where
the bioaccumulation rate is directly proportional to PFASs carbon chain
length (Houde et al., 2011). Additionally, PFASs functional groups also
contribute to their accumulation in tissues. For example, the sulfonate
end group is reported to bioaccumulate more, than those of the same
carbon chain length with a carboxylate end group (Conder et al.,
2008). Earlier statistics also showed the prevalence of PFOS in animal
tissues to a greater extent. In North America, PFOS was found in the
tissue of Polar bear (180-680 ng/g wet weight, ww), River otters
(34-990 ng/g ww), Albatrosses (<35 ng/g ww), Bald eagles
(1-2570 ng/g ww) and fish (21-87 ng/g ww). On the contrary, very
few animal samples showed PFOA concentration above the detection
limit (Giesy and Kannan, 2001). Likewise, in Norway's mainland and
marine environments, PFOS have been reported at the highest levels
in Harbour seal liver (66.3 ng/g ww), Herring gull egg (48.2 ng/g ww),
Eider egg (10.1 ng/g ww) and Cod liver (0.59 ng/g ww), followed by
perfluorinated carboxylic acids such as PFNA and perfluorotridecanoic
acid (PFTrA) (Harju et al,, 2013).

There is limited information on the long-term toxicity of PFASs to
aquatic organisms (Directorate, OECD Environmental, 2002). Most of
the studies that have been performed previously have focused primarily
on early life stages of fish or amphibians and at high exposure concen-
trations. For example, reduced fathead minnow (Pimephales promelas)
survival to PFOS exposure at a concentration of 1 mg/L was reported
by Ankley and coworkers (Ankley et al., 2005). Likewise, Northern
leopard frogs showed a delay in developmental rate to PFOS at a con-
centration of 10 mg/L (Ankley et al., 2004). There is still a significant

knowledge gap in terms of toxicity of PFASs on other important life
stages such as ovarian and testicular development and overt repro-
duction that has possible ecological consequences. It was hypothe-
sized that PFASs could affect reproduction through alterations of
the hypothalamic-pituitary-gonadal (HPG) axis (Preus Olsen et al.,
2014). Earlier studies showed that rainbow trout and fathead min-
nows showed altered plasma concentration of androgen and estro-
gen after exposure to both PFOS and PFOA (Oakes et al., 2002;
Oakes et al., 2004). Reduced testosterone (T) levels after PFOA expo-
sure paralleled Cyp19ala (aromatase: an enzyme that converts T to
17p-estradiol: E2) increase (Biegel et al., 1995; Liu et al., 1996).

The present study derived inspiration from the latest (2013) Norwe-
gian environment screening report (Harju et al., 2013), showing the de-
tection of different PFASs in the liver of cod from Norway's marine and
coastal environments. We selected three long-chain PFASs (PFOS, PFOA,
and PFNA) from this list, to investigate their effects on cod ovaries using
individual or mixture exposure scenarios. Ex vivo organ culture tech-
nique based on a floating agarose method was employed to expose
cod ovarian slices to these PFASs. We aimed to investigate the molecular
basis of PFASs effect on ovarian physiology through changes in tran-
scriptome profile. In addition, we wanted to perform functional analysis
of transcriptomic data to investigate biological pathways that were
affected, in order to produce predictive information as a tool for envi-
ronmental monitoring and screening of PFAS effects on biota. Our hy-
pothesis is that ex vivo exposure of cod ovary to organic contaminants
(such as PFASs) will produce compound and concentration-specific al-
terations of transcript patterns in biological pathways, with direct con-
sequences for ovarian physiology and reproduction success.

2. Materials and methods
2.1. Animals

Juvenile Atlantic cod were obtained from Havbruksstasjonen in
Tromse AS (Tromsg, Norway) and maintained at the Industrial and
Aquatic Laboratory in Bergen (ILAB, Bergen, Norway). Fish were kept
in 500 L tanks supplied with seawater at a temperature of 8-10 °C,
34 ppt (parts per thousand) salinity, 12:12 h light/dark cycle and fed
with a commercial marine diet (Amber Neptune, Skretting, Stavanger,
Norway). Before euthanizing to collect ovarian tissue for exposure,
fish were approximately 18 months old, with mean body weight of
261 g (standard deviation (SD) = 59 g). The experimental setup was
approved by the Norwegian Food Safety Authorities and performed ac-
cordingly (FOTS # 11730/17/18948).

2.2. Chemicals

DMSO (CAS No: 67-68-5), PFOS (CAS No: 2795-39-3), PFNA (CAS
No: 335-67-1) and PFOA (CAS No: 72629-94-8) were purchased from
Sigma-Aldrich (St. Louis, MO, U.S.A). All other chemicals were of highest
commercially available grade.

2.3. Experimental design

Three PFASs (PFOS, PFOA, and PFNA) were used in this study and
were selected based on the 2013 Norwegian environment screening re-
port (Herzke et al., 2013). Concentrations were decided based on the
proportional presence of different PFAS congeners, quantified in cod



EA. Khan, X. Zhang, EM. Hanna et al.

liver from Northern Norway (Table S1) (Herzke et al., 2013). PFOS is
the most abundant in the liver, and was used as a reference in cal-
culating the relative abundance of other PFASs. For making a 1x
PFAS mixture, concentration of PFOS was chosen based on the
study conducted earlier by Bratberg et al. (2013) and liver bioaccu-
mulation data as reported by Herzke et al. (2013). The concentra-
tions of other compounds were determined by considering their
relative abundance as discussed above, whose values are presented
in SI Table S1. In addition, a 20x and 100x mixtures were used for
high concentration exposures. Previously, a similar PFAS mixture
that included PFTrA was used for in vivo exposure of cod (Khan
etal., 2019). In addition to the mixture, single exposures were per-
formed on ovarian slices at three different concentration levels,
namely - low, medium and high (Table 1). A control group was pre-
pared for each chemical. Ovarian slices from the same fish were
distributed equally to control and individual exposure groups in
order to minimize inter-exposure variations. In total five fish
were used for each PFAS congener or mixture exposure. Out of
these five individuals, ovarian slices from three fish were used for
transcriptome sequencing.

2.4. Culturing of ovarian slices and exposure

This method of exposing tissue slices was adopted from the
floating method using elder pith for culturing eel testicular tissue
ex vivo (Nader et al., 1999). Later, Kortner and Arukwe (2007) vali-
dated this procedure by replacing the elder pith with an agarose cyl-
inder (1% agarose) and used for exposing cod ovarian slices to
organic contaminants and for evaluating reproductive endocrine
physiology of fish.

Briefly, ovaries from juvenile female cod were dissected after seda-
tion and kept on ice-cold Leibowitz-15 medium (Life Technologies™
Gibco®, Paisley, UK) and sliced manually with a sharp blade to achieve
a final thickness of approximately 1 mm. Ovarian slices were cultured in
6-well plates on a floating agarose substrate covered with a nitrocellu-
lose membrane. Culture media used in the present study was
Leibowitz-15 medium supplemented with 0.1 mM L-aspartic acid,
0.1 mM L-glutamic acid, 1.7 mM L-proline, 10 mM Hepes (pH 7.4),
0.5% BSA and 1% penicillin-streptomycin-amphotericin (10,000 U/mL
potassium penicillin, 10,000 pg/mL streptomycin and 25 pg/mL
amphotericin B; Sigma-Aldrich). Cod ovarian slices were incubated at
10 °C with shaking at 50 rpm. Initially, ovarian slices were preincubated
for 2 h followed by growth medium replacement with another medium
containing either dimethyl sulfoxide (DMSO (0.01%): carrier vehicle) or
PFOS, PFOA, and PFNA at three different concentrations, given individu-
ally or in a mixture (Table 1). After 72 h culture, ovarian slices were
sampled and stored at —80 °C for RNA extraction. Another batch of
slices was run in parallel in the same experimental setup for viability
assay (TUNEL). Ovarian slices were fixed with 4% paraformaldehyde at
4 °C, followed by paraffinization and preparation of histological slides.

Table 1
Concentration of PFASs (PFOS, PFOA, and PFNA) used in the different ex vivo exposure sce-
narios with Atlantic cod ovarian slices, singly or in combination (mixture).

Compounds  Concentration uM (mg/L)
Low Medium High
PFOS 1(0.5) 5(2.5) 25 (12.5)
Individual exposure ~ PFOA 1(0.41) 5(2.07) 25(10.4)
PFNA 0.5 (0.23) 5(2.32) 50 (23.2)
Compounds  Concentration uM (mg/L)
1x 20x 100x
PFOS 0.067 (0.02) 1.35(0.5) 6.77 (2.5)
Mixture exposure PFOA 0.012 (0.004) 0.25(0.07) 1.25(0.38)
PFNA 0.017 (0.006) 0.35(0.11) 1.73 (0.6)
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2.5. RNA extraction and sequencing

Direct-zol™ RNA extraction kit (Zymo research corporation, Irvine,
CA, US.A.) was used for extracting total RNA from frozen ovarian tissues
(n = 3-6 per group), followed by RNA quantification and integrity con-
firmation using NanoDrop ND-1000 spectrophotometer (NanoDrop
Technologies, Wilmington, DE, USA) and formaldehyde agarose gel
electrophoresis, respectively. Total RNA (400 ng) was used for purifying
poly(A)™ RNA followed by fragmentation and preparation of comple-
mentary DNA (cDNA) library using guidelines of TruSeq® Stranded
mRNA preparation kit. The Illumina HiSeq 4000 (Illumina, Inc., San
Diego, CA, USA) platform was used to sequence the cDNA library to gen-
erate 75 bp (base pair) paired-end reads of 50 million depth.

2.6. Differential expression analysis (DEA)

To analyze the differential expression of genes, we used the pipeline
developed by Zhang and Jonassen (2019). In brief, the FastQC v0.11.5
tool (http://www.bioinformatics.babraham.ac.uk/project/fastqc) was
used for quality control, followed by reads alignment against available
Atlantic cod genome gadMor1 using HISAT2 v2.1.0 tool (Star et al.,
2011; Kim et al., 2015). FeatureCounts (from Subread 1.6.4) was used
to generate read counts (Liao et al., 2014). Here, we set a threshold
count per million (cpm) of 21, in at least two samples per comparison
(between control and exposure groups). Genes passing threshold
values were selected for differential expression analysis. The number
of genes shortlisted while comparing each exposure group to their re-
spective control group is shown in SI Table S2.

The differential expression of genes between control and expo-
sure groups was determined by edgeR v3.18.1 using paired test and
Trimmed Mean of M values (TMM) normalization and applying
Benjamini-Hochberg method on the p-values to control the false dis-
covery rate (FDR) (Robinson et al., 2010). Based on FDR (<0.05) and
threshold log,-fold change of 0.75, the gene list was further short-
ened for functional analysis. The RNA-seq data have been deposited
at European Nucleotide Archive (ENA) with accession number
PRJEB39440.

2.7. Functional annotation

To investigate the functional implications of differentially expressed
genes (DEGs), Molecular Signature Database (MSigDB) v7.1 under Gene
Set Enrichment Analysis (GSEA) v4.0 tool (www.broad.mit.edu/gsea)
was used in the present study. MSigDB has a collection of Kyoto Ency-
clopedia of Genes and Genomes (KEGG) gene sets that specifically indi-
cate pathways affected by exposures. DEGs were mapped to KEGG gene
sets. Significance levels were determined using software with inbuilt
hypergeometric distribution test to examine enrichment of DEGs
against identified genes. The pathway with a corrected p-value <0.05
is considered as significant. On the other hand, a custom gene set
belonging to the hypothalamic-pituitary-gonadal (HPG) axis and
reproduction-related biological processes were sorted using GO enrich-
ment analysis tool (http://geneontology.org/) powered by PANTHER.
Before functional analysis, human (Homo sapiens) orthologs of Atlantic
cod genes were collected using Ensembl (http://www.ensembl.org)
BioMart tool.

2.8. Real-time (quantitative) polymerase chain reaction (qPCR)

Reverse transcriptase (quantitative) polymerase chain reaction (RT-
qPCR) was performed to quantify changes in the expression of seven
(7) transcripts. Complementary DNA (cDNA) synthesis was performed
using the iScript cDNA synthesis kit (Bio-Rad, Hercules, CA, USA).
Followed by preparation of qPCR reaction mix (20 pL) containing -
5 pL of 1:6 diluted cDNA, 0.5 pM each of the forward and reverse
primers, 1x iTaq SYBR green supermix with ROX (Bio-Rad Laboratories,
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Hercules, CA, U.S.A.) and amplified using Mx3000P real-time PCR ma-
chine (Stratagene, La Jolla, CA). Detailed procedure for the quantifica-
tion of transcript expression is presented in SI Section 1. Primer pair
sequences used for transcript amplification are shown in SI Table S3.

2.9. Ovarian tissue viability assay

Terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) assay was performed to investigate the viability of in vitro cul-
ture of ovarian slices using the guideline of in situ apoptosis detection kit
with Alexa Fluor™ dyes (Invitrogen, Cat# C10617). Before assay, tissue
was fixed with 4% paraformaldehyde, paraffinized and cut into 5 pm
slices. Finally, images were taken at 10x magnification using a fluores-
cence microscope.

2.10. Statistical analysis

The transcript expression results from the qPCR analysis were statis-
tically analyzed using IBM SPSS Statistics 25. The statistical difference
between control and exposure groups was determined using a paired
t-test with the significance level set at p < 0.05. The majority of genes
were normally distributed, except cyp1c2, cyp19ala, and mapk1 from
some exposures. Therefore, their expression data were transformed
using the logarithm function. This was statistically inspected using the
Shapiro-Wilk test. Correlation between RNA-seq and qPCR data were
evaluated using the Pearson correlation after fulfilling its assumptions.

3. Results and discussion
3.1. Viability of ovarian slices

Post-exposure viability of ovarian slices was evaluated using the
TUNEL assay. The DNase treated positive control slices showed many
TUNEL-positive cells, compared to ovarian slices from the control and
exposure groups without nuclease treatment (Fig. 1). Previously, the
same ex vivo organ culture technique was used to investigate testicular

Positive control Control

TUNEL Hoechst 33342

Melfge

Low

Science of the Total Environment 755 (2021) 142904

development and responses to contaminant exposures in fish, where
the positive control group showed many TUNEL-positive cells (Celino
et al.,, 2009). In contrast, the negative control group did not contain
any TUNEL-positive cells. Our observations follow the earlier findings,
demonstrating the cellular viability of the ovarian slices during the ex-
posure periods and validating the observed transcriptional changes as
PFASs exposure derived effects.

3.2. Transcript profiling and qPCR validation

The ex vivo PFAS mixture exposures at 1x, 20x, and 100x concentra-
tions, produced 55, 13, and 802 DEGs, respectively (Table 2). The signif-
icantly higher number of DEGs at 100x mixture exposure indicates the
potential alteration of reproductive physiology at this exposure concen-
tration. Limited studies have been conducted to investigate the toxico-
logical effects of PFASs on fish reproduction. Earlier, Ankley et al.
(2005) studied the toxicity of PFOS on the development and reproduc-
tion of fathead minnow (Pimephales promelas), showing that PFOS ex-
posure at 1 mg/L concentration for 14 days produced lethal effects on
adults, while 0.23 mg/L (50% of effect concentration, EC50) altered fe-
cundity after 21 days exposure. Female zebrafish (Danio rerio) showed
a reduction in gonadosomatic index (GSI) after PFOS exposure at 0.05
and 0.25 mg/L for 70 days (Du et al., 2009). Long term exposure to
PFOS at a concentration of 0.25 mg/L altered sex ratio, with a significant
dominance of females (Du et al., 2009), suggesting the estrogenic effect
of PFOS. Further, F1 progeny of exposed females (0.25 mg/L) showed se-
vere deformities at early developmental stages, leading to 100% larval
mortality (Wang et al., 2011). In contrast, Wang et al. (2011) and
Keiter et al. (2012) did not observe any effects on survival in the F1 gen-
eration of zebrafish exposed to PFOS. However, 100% mortality was re-
ported in the F2 generation after exposure to PFOS at 0.3 mg/L (Keiter
etal, 2012).

Ovoviviparous swordtail fish (Xiphophorus helleri) also showed re-
productive toxicities such as elevated GSI at 0.5 mg/L and vtg mRNA at
2.5 mg/L after 4-weeks exposure to PFOS (Han and Fang, 2010). Overall,
approximately 0.25 mg/L of PFOS has been reported as an effective dose

High

Medium

Fig. 1. Validation of Atlantic cod ovarian slice viability in the ex vivo floating agarose method using TUNEL assay. Positive apoptotic cells of ovarian tissues are shown in green fluorescence
with fluorescent-modified nucleotide (i.e., fluorescein-dUTP). The cell nucleus was stained with Hoechst 33342.
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:Jimir and percentage (%) of DEGs in Atlantic cod ovarian slices exposed ex vivo to different concentrations of PFASs (PFOS, PFOA, and PFNA), singly or in combination (mixture).
Compounds Number (percent of DEGs) Total DEGs
Low Medium High
PFOS 1(0.07%) 0 1295 (100%) 1295
Individual exposure PFOA 15 (19.2%) 0 68 (87.2%) 78
PFNA 1(2.2%) 6 (13.3%) 40 (88.8%) 45
Number (percent of DEGs) Total DEGs
1x 20x 100x
Mixture exposure 55 (6.3%) 13 (1.5%) 802 (92.6%) 866

for the modulation of reproduction variable and was also maternally
transferred to offspring at levels that produced embryo mortality (Han
and Fang, 2010). In the present study, PFOS concentration in 20x expo-
sure mixture exceeded the effective concentration level of 0.25 or
0.5 mg/L. Despite the presence of effective PFOS concentration in the
20x mixture, ovarian tissues did not show significant changes in the
number of DEGs. Comparing Ankley et al. (2005) proposed concentra-
tions to our designed mixtures, PFOS levels in the 100x exposure
exceeded the lethality limit and might probably explain the observed
large number of ovarian DEGs in the present study. However, there
are no perfect guidelines from previous studies to relate toxicological
responses across experimental models, as several studies have used dif-
ferent exposure conditions such as single or mixture exposure, concen-
tration and exposure durations.

Besides PFOS, other PFASs including PFOA and PFNA were used in the
exposure mixtures. Concerning available toxicological data, PFOA is
ranked second in performing species sensitivity distribution (SSD) for
the quantification of maximum acceptable concentration (MAC)-QS, in-
dicating acute toxicity threshold, that for marine organisms is at
0.450 mg/L (Valsecchi et al., 2017). In contrast, the high exposure mix-
ture (100x ) represents a concentration that is below the acute toxicity
threshold that may not necessarily play an active role in toxicological ef-
fects, compared to PFOS. Furthermore, limited PFNA toxicological data is
available in marine organisms. Therefore, it is difficult to conclude on the
involvement of PFOA and PFNA in the observed changes in transcript ex-
pression patterns. In order to understand the contribution of individual
PFAS, single exposures at three different concentrations (low, medium
and high), were also used for ex vivo exposure of ovarian tissue. To un-
derstand the possible mechanism of action of contaminants on biologi-
cal processes, there is a need to perform experiments with relatively
higher concentrations to elicit effects that can be extrapolated to lower
or environmentally-relevant concentration (Lema et al., 2007). In the
present study, the concentrations of PFASs used at high single exposures
are more than double the amount used for 100x mixture exposure.

The individual high concentration exposures of PFOS, PFOA and
PFNA produced a larger number of DEGs, compared to both low and me-
dium concentrations, with respective 1295, 68 and 40 DEGs (Table 2).
Based on transcript differential expression profile, PFOS produced pro-
found effects on ovarian physiology, compared to PFOA and PFNA. Ear-
lier studies have ranked PFOS as the most toxic PFAS, followed by PFOA
and PFNA (Zheng et al., 2012; Ulhaq et al., 2013). The properties of PFOS
such as the sulfonic group, renders the compound more hydrophobic
and increases the bioaccumulation potential, compared to the carbox-
ylic group containing compounds, such as PFOA and PFNA. Our findings
are consistent with other toxicological patterns that were observed in
previous studies evaluating the toxic effects of PFASs on zebrafish em-
bryos (Zheng et al., 2012; Hagenaars et al., 2011). These findings were
further strengthened by toxicity tests on Daphnia and other fish species
(Giesy et al., 2010).

The observed changes in transcript expression patterns are different
between single and mixture exposures. For example, at 100x PFAS mix-
ture (containing 2.5 mg/L of PFOS), a total of 802 differentially

expressed transcripts were observed. In contrast, no significant changes
were observed when these concentrations were given singly, also for
both PFOA and PFNA. Our findings are consistent with a previous report
showing that the exposure of a primary culture of rare minnow
(Gobiocypris rarus) hepatocytes to PFOS, singly, produced significant
changes in a limited number of transcripts, compared to mixture expo-
sures, which produced a higher number of transcripts (Wei et al., 2009).
Thus, substantiating the different modes of action for single chemical
and mixture exposure conditions. The most plausible interpretation
for the observed differences in transcript expression patterns is that
complex mixture exposure may alter physiological processes at various
biological levels - including signal transduction, metabolism, regulation
of transcription and post-translational modifications. In addition, indi-
vidual PFASs may transiently regulate or alter the expression of a dis-
tinct set of transcripts whose effects may trigger other physiological
cascades with overt reproductive consequences for fish. Thus, exposure
to multiple PFASs may elicit novel signaling patterns that affect the
global transcript regulation in organisms.

Representative transcripts from the RNA-seq data were selected for
verification using RT-qPCR. The results are presented in the form of
correlation-plot between the log2 fold-change values obtained from
both RNA-seq and RT-qPCR (Fig. 2). The Pearson correlation coefficient,
r = 0.76 (p < 0.0001), showed strong positive relationships between
the two analytical approaches.

R=0.76"

qPCR

Sequencing
T 1

3

24

Fig. 2. Reverse-transcriptase quantitative polymerase chain reaction (RT-qPCR) validation
of differentially expressed RNA sequencing (RNA-seq) genes, in cod ovarian slices (n = 5)
exposed ex vivo to different concentrations of PFASs (PFOS, PFOA, and PFNA), given singly
or in combination (mixture). The linear regression line represents a positive association at
a significant Pearson correlation coefficient of r = 0.76 (p < 0.0001).
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PFOA PFOS

Mixture

A

High PFOS pathway genes

100x Mixture pathway genes

Fig. 3. Venn diagram of differentially expressed genes (DEGs) in high PFOS, PFOA, PFNA concentrations and 100x mixture exposures (A). Genes significantly responding to treatments of
Atlantic cod ovarian slices after exposure to PFOS (25 M), PFOA (25 uM), PFNA (50 pM), and 100x mixture (6.77 pM, 1.25 pM, and 1.73 uM, each of PFOS, PFOA and PFNA, respectively)
were compared. DEGs from both the high PFOS and 100x mixture exposures were significantly enriched in KEGG pathways and compared to the genes that are common between the
respective exposures, common response profile (CRP) (B). Actual number of DEGs in high PFOS and 100x mixture that are significantly enriched in KEGG pathways and CRP are

presented in the Venn diagram.
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3.3. Functional enrichment analysis

Functional enrichment analysis was conducted to understand the bi-
ological implications of DEGs on cellular pathways affected by different
PFASs, given singly and as a mixture. Several affected pathways were
identified in the high PFOS concentration and 100x mixture exposures.
These numbers were proportional to the number of DEGs, with the
highest significant pathways (87) that were enriched in high PFOS con-
centration, followed by a 100x mixture that contained 34 pathways (SI
Table S4). Except for a few, the majority of pathways in the 100x mix-
ture group are common with those affected in the high PFOS exposure.
This indicates that PFOS contributed significantly to the effects observed
in the mixture exposure (see also the profile of DEGs). The 100x mix-
ture exposure shared 438, 21 and 10 DEGs with the high concentration
of PFOS, PFOA and PFNA, respectively (Fig. 3A). The highest number of
common DEGs (438) is denoted with a common response profile
(CRP), sharing 34 and 56% in high PFOS concentration and 100x mix-
ture pathway associated transcripts, respectively (Fig. 3B). The remain-
ing transcripts (66%) in high PFOS concentration were unique, probably
due to the differences between the concentration of PFOS used in the
high and 100x mixture exposures. In addition, PFAS mixtures elicited
transcript expression changes that were different from single exposure
and as described previously by Wei et al. (2009), where PFOS exposure
alone produced few DEGs, compared to when given in a mixture with
other PFASs. It should be noted that, when given singly, the concentra-
tion of PFOS (2.5 mg/L) used in the 100x mixture did not elicit any
changes in transcript pattern. Therefore, PFOS at 12.5 mg/L (which is
5x of the medium concentration) used for a high exposure concentra-
tion provided significant insight in understanding the contribution of
PFOS in the mixture effects on transcript expression patterns.

The biological pathways that are common between high PFOS and
100x mixture belong to important processes categorized into general
terms such as: cellular signaling, adhesion, cytoskeleton remodeling,
lipid metabolism, ovarian development, and cancer (SI Table S5). Ear-
lier, Khan et al. (2020) reported that these biological processes were
also sensitive to contaminant exposure in cod ovary. Among cellular
signaling, the transforming growth factor-3 (Tgf3) pathway was signif-
icantly affected. The tgfb1, tgfb2 and tgfb3 transcripts were up-regulated
in the cod ovary, after the exposures (SI Table S6b and j). Previous stud-
ies have reported the importance of Tgf{> pathway on the development
of ovarian follicle (Knight and Glister, 2006). There is limited informa-
tion in the literature for discussing the modulations in the expression
levels of tgfb transcripts, after exposure to either EDCs or PFASs, in par-
ticular. Other pathways such as Mapk- and Wnt-signaling, which are es-
sential for sex determination and reproduction (Zhang et al., 2018; Du
et al.,, 2017), were also affected in response to the high PFOS and 100x
mixture exposures (SI Table S5). Exposure to PFOS alone elevated
Mapk mediated oxidative stress pathways in zebrafish embryos (Shi
and Zhou, 2010). Here, it was suggested that PFOS mediated transcript
modulation was through Wnt/p-catenin signaling pathway (O'Brien
etal, 2011).

Apoptotic and pro-apoptotic (p53 signaling) pathways that play in-
tegral roles in ovary-to-testis transformation were shown to be affected
in juvenile zebrafish (Uchida et al., 2002; Rodriguez-Mari et al., 2010).
Our data also showed the enrichment of both pathways in the cod
ovary (SITable S5), indicating the modulation of ovarian physiology. Ex-
posure of white sucker (Catostomus commersoni) to bleached kraft pulp
mill effluent altered reproductive endocrine homeostasis through high
ovarian cell apoptosis (Janz et al., 2001). Endocrine-disrupting effects
of contaminants on reproductive tissues could be assessed by examin-
ing their impact on chemokine signaling (Hall and Korach, 2013). In
the present study, elevated expression levels of C-X-C motif chemokine
ligand 14 (cxcl14) transcript was probably affected by chemokine sig-
naling and in turn may alter reproductive outcomes.

We observed that a set of DEGs from significantly affected path-
ways are involved in cell adhesion and regulation of cytoskeleton
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homeostasis. Among others, the expression of collagen type V (col5a2),
collagen type VI (col6al), and integrin subunit beta 1 (itgh1) transcripts
in cod ovary were up-regulated after the exposures (SI Table S6b and j).
These transcripts contribute structurally and functionally to the compo-
nents of extracellular matrix (ECM), whose modulation may lead to seri-
ous effects on the survival, proliferation, and steroidogenesis of granulosa
cells, as reported previously by Le Bellego et al. (2005). In zebra pleco
(Hypancistrus zebra) ovary, immunohistochemical analysis showed the
accumulation of type IV collagen (collagen type V and VI paralogues) in
theca cells of stage IV oocytes (Viana et al., 2018), whose expressions
were shown to be regulated through androgen response elements
(AREs) (Rolland et al., 2013). This suggests that EDCs may alter the
ECM components through the androgen receptor (Ar). Herein, we
observed that ar transcript was up-regulated after PFOS exposure,
as well as changes in levels of ECM transcripts, suggesting that
PFASs may interfere with Ar signaling in cod ovary. The cytoskeleton
homeostasis predicted pathways is in accordance with previous
findings showing that PFOS produced a disorganization of the
actin-based cytoskeleton in primary culture of rodent and human
Sertoli cells (Mao et al., 2018).

Lipid metabolism, including glycerophospholipid metabolic path-
way, was significantly affected in both high PFOS and 100x mixture ex-
posures. We observed that diacylglycerol kinase-alpha (dgka), -eta
(dgkh), glycerol-3-phosphate acyltransferase 3 (gpat3), and phospho-
lipid phosphatase 3 (plpp3) transcripts were up-regulated in cod
ovary, after the exposures (SI Table S6b and j). Consistent with our
data, Guan et al. (2018) had previously reported an association between
glycerophospholipid metabolism and ovarian developmental stages.
Our observation was further supported by a previous report showing
that exposure to PFASs modulated lipid metabolites that are associated
with glycerolipid and glycerophospholipid classes (Salihovic et al.,
2018). Exposure to PFAS mixture was also shown to modulate lipid me-
tabolism in cod liver (Dale et al., 2020).

Pathways belonging to immunological system such as cytokine-
cytokine receptor interaction and leukocyte trans-endothelial migration
were significantly affected in both high PFOS and 100x mixture expo-
sures. High PFOS concentration affected additional immunological path-
ways such as B cell receptor signaling, natural killer cell-mediated
cytotoxicity and others (SI Table S5). Such differences are probably
due to the different PFOS concentration used in 100x mixture and
high PFOS exposures. Previous studies have reported the immunomod-
ulatory effects of legacy (PCBs) and emerging compounds, such as
halogenated flame retardants (Waugh et al., 2018; Castafio-Ortiz et al.,
2019). Compromised immune system enhances the susceptibility of
fish ovaries to infections (Vidal-Dorsch et al., 2012). Our data showed
a set of DEGs that are in the significantly enriched pathways, belong
to infection processes (SI Table S5). Combined gonad infection and
immunological responses can negatively affect reproductive capabil-
ity (Williams, 2009).

Progesterone mediated oocyte maturation is the only pathway that
was specifically enriched in ovarian physiological modulations in both
high PFOS and 100x mixture exposure. These exposures produced sig-
nificant elevation of progesterone receptor (pgr) transcript in cod
ovary (SI Table S6b and j). Elevated expression of pgr in the ovary has
been shown to induce early oocyte maturation through pgr-mediated
signaling pathways (Aizen et al., 2018). Although there are limited
data on the modulation of pgr after exposure to PFASs, other EDCs
such as diethanolamine and tetrachloroethylene have been reported
to respectively repress and induce basal expression of estrogen-
responsive pgr transcript (Alofe et al., 2019). In addition, other path-
ways associated with ovarian physiology such as the gonadotropin re-
leasing hormone (GnRH) signaling, steroid hormone biosynthesis, and
oocyte meiosis were affected only in the high PFOS group (SI Table S5).

Both PFOA and PFNA contributed to very few DEGs. As a result of
these small number of DEGs, no significant enrichment of pathways
was observed. Individually, these exposures did not produce functional
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alterations. However, this does not, by any means, underestimate their
potential contribution in the observed mixture effects. Some DEGs in
the high PFOA and PFNA exposures were also observed in the 100x mix-
ture exposure and are part of pathways affected in the mixture expo-
sure. For example, bone morphogenetic protein 4 (bmp4) transcript
was differentially expressed after exposure to high PFOA and 100x mix-
ture and participated in tgff3 signaling and cancer pathways at the mix-
ture exposure. Likewise, CAMP-responsive element binding protein 5
(creb5) transcript was differentially expressed at high PFNA and 100x
mixture exposures and participated in cancer pathways in the mixture
exposure. Contrary to the transcripts discussed earlier, some DEGs
that are common between high PFOA/PFNA and 100x mixture, belong
to CRP. This indicates that both PFOS and PFOA/PFNA contributed to
the modulations in the expression of those transcripts in the mixture
exposure group. For example, the inhibitor of nuclear factor-kappa B ki-
nase subunit beta (ikbkb) belonging to the CRP, was differentially
expressed at high PFNA and participated in the majority of pathways af-
fected by the 100x mixture exposure. A key observation was that each
biological process has a set of pathways that are comparatively larger
in high PFOS, compared to 100x mixture exposure (SI Tables S4 and
S5). The differences in effects can only be attributed to the concentra-
tion differences between the individual high PFOS exposure, that mod-
ulated the expression of a larger number of transcripts, which in turn
affected more pathways.

3.4. Reproductive physiology profiling

To address biological consequences in the context of reproduction
physiology, DEGs were annotated to GO terms associated with repro-
duction. Except for high PFOS and 100x mixture, the rest of the expo-
sures have few DEGs and lack annotation to selected GO terms. Out of
1295 DEGs of high PFOS exposure, 128 were annotated to “reproduc-
tion” (GO:0000003). Other reproduction-related GO terms including
“reproductive system development” (GO:0061458), “ovulation cycle”
(G0:0042698), “female gamete generation” (G0O:0007292), “regulation
of steroid metabolic process” (GO:0019218) were identified and shared
transcripts with the highly representative term, GO:0000003 (Table 3).
On the other hand, 100x mixture has fewer DEGs (73) annotated to “re-
production” (GO:0000003). Other reproduction-related GO terms are
presented in Table 3. Both high PFOS and 100x mixture shared 49 tran-
scripts, as represented in the Venn diagram (Fig. 4). This indicates that

Table 3
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PFOS dominated other mixture components for the modulation of re-
productive related genes in the ovary. Previous laboratory studies on
the impact of individual endocrine-active chemicals on these transcripts
reported some of the same responses, as those observed in the present
study (Vang et al., 2007; Moore et al., 2011; Takahashi et al., 2019;
Munier et al., 2016).

Some of the overlapping transcripts regulate ovarian key events. For
example, a transcript of steroidogenesis acute regulatory (star) protein
was up-regulated in both high PFOS and 100x mixture exposures
(Fig. 4). The Star protein plays an important role in the uptake and trans-
fer of cholesterol across the mitochondrial membrane as the rate-
limiting step in steroidogenesis (Miller, 2007). Exposure to the synthetic
pharmaceutical endocrine disruptor, 17a-ethynylestradiol (EE2) re-
sulted in a similar response, showing a concentration-dependent in-
crease of the Star protein in follicular cells (Vang et al., 2007). During
ovarian steroidogenesis, androgens are metabolized to estrogens by cy-
tochrome P450 aromatase (Cyp19ala) (Callard et al., 2001). Previously,
Lee et al. (2013) demonstrated the correspondence between plasma E2
levels and the expression of star and cyp19ala transcripts in granulosa
and theca cells. Herein, we observed that cyp19ala and star transcripts
showed parallel expression patterns in both high PFOS and 100x mix-
ture exposures (Fig. 4).

Other transcripts that are important for oocyte growth, maturation
and ovulation were differentially regulated in both high PFOS and 100x
mixture exposures. For examples, anti-miillerian hormone (Amh) plays
important role in regulating early ovarian development and late oocyte
growth (Munsterberg and Lovell-Badge, 1991; Wu et al,, 2010). Juvenile
sex changes were shown to be altered through modulations in the ex-
pression of amh gene (Wu et al., 2010). Zebrafish (Danio rerio) male go-
nadal tissues showed significantly higher expression levels of amh
transcripts, compared to female ovary (Rodriguez-Mari et al., 2005).
Herein, elevated amh expression suggests a possible genotypic develop-
ment of intersex characteristics in juvenile female cod to high PFOS and
PFASs mixture, that may be phenotypically manifested after continuous
long-term exposure. Previously, Wei et al. (2007) reported intersex char-
acteristics in male rare minnows (Gobiocypris rarus) after long-term
(28 days) exposure to PFOA.

Previous molecular studies have shown that different growth factors,
such as insulin-like growth factors (igfs), Igf-binding proteins (igfbps)
and members of the transforming growth factor beta (tgf3) superfamily
exhibit marked expression patterns throughout the preovulatory

Reproduction associated gene ontology (GO) terms that are significantly affected by high exposure concentration of PFOS and 100x mixture.

Gene ontology (GO) terms High PFOS 100x mixture

Number of genes FDR Number of genes FDR
Reproductive process (G0:0022414) 118 4.83E—09 73 0.0000317
Reproduction (GO:0000003) 118 7.22E—09 73 0.0000328
Developmental process involved in reproduction (GO:0003006) 76 5.66E—05 48 0.00406
Multi-organism reproductive process (G0:0044703) 71 2.05E—-03 - -
Multicellular organism reproduction (G0:0032504) 57 2.64E—02 - -
Multicellular organismal reproductive process (GO:0048609) 55 3.97E—02 - -
Sexual reproduction (G0:0019953) 55 4.04E—02 - -
Reproductive structure development (GO:0048608) 54 2.95E—09 35 0.00000315
Reproductive system development (GO:0061458) 54 3.96E—09 35 0.00000385
Sex differentiation (GO:0007548) 37 3.34E—-07 20 0.00338
Development of primary sexual characteristics (G0:0045137) 33 3.33E-07 16 0.0158
Gonad development (G0O:0008406) 32 5.76E—07 16 0.0124
Female sex differentiation (GO:0046660) 22 1.05E—06 12 0.00298
Development of primary female sexual characteristics (G0O:0046545) 20 2.27E—06 9 0.0373
Female gonad development (GO:0008585) 19 4.52E—06 9 0.0279
Female gamete generation (G0:0007292) 15 2.10E—02 - -
Regulation of steroid metabolic process (G0:0019218) 14 2.08E—02 - -
Ovulation cycle (GO:0042698) 13 7.85E—04 9 0.0061
Ovulation cycle process (G0:0022602) 11 4.00E—04 6 0.0414
Ovarian follicle development (G0O:0001541) 11 1.14E—-03 - -
Female genitalia development (G0:0030540) - - 4 0.0453
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Fig. 4. A Venn diagram comparing differentially expressed genes (DEGs) belonging to reproductive physiology in high PFOS and 100x mixture exposures of Atlantic cod ovaries ex vivo.
Normalized count (log-transformed) of genes in the individual sample is presented in the heat map. Rows represent genes and columns represent samples.

periods (Bobe et al., 2004; Kamangar et al., 2006). Exposure to high PFOS
and 100x PFASs mixture produced significantly higher levels of igfbp5b,
tgf32 and tgf33 transcripts in ovarian tissue (Fig. 4). In accordance with
our findings, Moore et al. (2011) reported the alteration of Tgf{> super-
family signaling in gonadal tissue after exposure to environmental con-
taminants. In addition, ovulation associated progesterone receptor (pgr)
and its regulatory protease, matrix metallopeptidase 2 (mmp2)
(Ogiwara and Takahashi, 2017; Curry and Smith, 2006) were enriched
in the cod ovary after high PFOS and 100x mixture exposures. Previ-
ously, granulosa synthesis of Pgr and its ligand were regulated by intra-
cellular cyclic adenosine monophosphate (cAMP) levels and shown to
be modulated by EDCs (Takahashi et al., 2019; Munier et al., 2016).

In our data, most of the reproduction related DEGs in 100x mixture
overlapped with those of the high PFOS exposure. In contrast, a large
proportion of DEGs were unique in the high PFOS group (Fig. 4).
Although they are unique, they also participated in the same functions
as shared DEGs. Some of the unique genes such as cytochrome P450
family 51 (cyp51), 3-hydroxy-3-methylglutaryl-CoA reductase
(hmgcr), apolipoprotein E (apoe) and follicle-stimulating hormone re-
ceptor (fshr) are responsible for the biosynthesis and uptake of choles-
terol, as well as steroidogenesis in teleost ovary (Leng et al., 2019;
Skolness et al., 2013). It has been reported that HMG-CoA reductase ac-
tivity was induced by estrogen receptor-a (Esr) agonists (Wang et al.,
2006). The elevated expression of hmgcr in cod ovary suggests the
estrogenic effects of PFOS. Previously, Rodriguez-Jorquera et al.
(2018) reported the induction of vitellogenin (Vtg) by PFASs in a
fathead minnow (Pimephales promelas) oligonucleotide microar-
ray. The rationale for such unique responses may be attributed to
the concentration and composition of the exposure mixture and
PFOS exposure groups.

3.5. Environmental consequences of PFAS mixture

The current study was designed based on concentrations of different
PFASs accumulated in cod tissue, caught from Norway's coastal and

marine environment (Herzke et al,, 2013). Countries that do not follow
the phasing-out regime, may expect PFAS levels reaching a plateau
where the 100x exposure mixture might be a relevant concentration
for evaluating risk assessments. Only 1x exposure mixture has levels
closest to what was measured in the mentioned screening project and
could be used to evaluate health and reproduction risks fish species at
Norway's mainland and coastal environments. However, environmental
concentrations may exceed the 1x exposure mixture at PFASs contam-
inated areas. Contrary to 100x, a 1x exposure mixture effected the ex-
pression of very few transcripts (SI Table S4). In response to transcript
changes, only the Mapk-signaling pathway was significantly enriched
in the cod ovary. Previous studies have indicated the activation of
Mapk-signaling pathway in the presence of reactive oxygen species
(ROS). In the teleost hypothalamic-pituitary-gonadal (HPG) axis, go-
nadotropins ignite an inflammatory response in the follicles to generate
ROS that may also activate the Mapk-signaling pathway and thereby
play an indispensable role for ovulation (Shkolnik et al., 2011). Exposure
to PFOS induced Mapk mediated oxidative stress pathways in zebrafish
embryos (Shi and Zhou, 2010). Observation from the present study sug-
gested that long-chain PFASs (PFOS, PFOA, and PFNA) in an environmen-
tally realistic concentration mixture can affect ovarian physiology in cod.
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