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ARTICLE INFO ABSTRACT

Keywords: Microplastics (MPs) have become a global issue as they are omnipresent in the ocean. Fish ingesting MPs through
Atlantic cod feed could be affected in their physiological function, e.g., disrupted enzyme production and function, reduction
Egg quality

of feeding and reproductive failure. This study assessed the effects of feed containing naturally weathered MPs
Gene expression from the Oslofjord (Norway) on the reproductive physiology of Atlantic cod (Gadus morhua). Farmed cod
Microplastics broodstock were fed either control (C-diet) or feeds containing 1% microplastic (MP-diet) starting nine months
gPCR prior to spawning, from June until May. No major differences were found between diet groups in overall bio-
metrics or gonad histology. Sex steroid levels (testosterone, 11-ketotestosterone and 17p-estradiol) resulted in
expected profiles increasing over time without any significant differences between treatments. Gene expression
levels of the steroidogenic enzyme 20p-hydroxysteroid dehydrogenase (204-hsd) and vitellogeninl (vtgl) showed
significant differences between dietary treatments with lower expression in the control group. This can be a
direct effect of MPs, but endocrine disrupting effects of potentially leachable plastic additives cannot be
completely ruled out. Thus, these enzymes could be indicators of exposure to contaminants that disrupt sexual
maturation by affecting the production of primarily maturation-inducing steroid. Although the concentration of
MPs employed in this study may not be high enough to elicit any observable short-term biological effects, the
observed gene expression suggests that long-term consequences should be considered caused by an expected
increase of MPs in marine environments.

Gadus morhua

1. Introduction

The increase in production of plastics over the last few decades has
made its litter, arising from the inappropriate disposal of plastic prod-
ucts, a major worldwide problem (MacLeod et al., 2021). For instance,
plastics comprise the main litter source (80%-90%) collected from
beaches (Sundt et al., 2014). Over time, plastic litter breaks down to
fragments, with those smaller than 5 mm called microplastics (MPs)
(GESAMP, 2015). Besides this breakdown of larger plastic particles
(secondary), MPs also occur in the environment due to the release of
manufactured MPs (primary) from products such as personal care

products, medicines or with laundry wastewater (Wright et al., 2013).
MPs can be found throughout the aquatic environment, and concentrate
in harbours, industrial coastal areas and ocean gyres (Goldstein et al.,
2013; Bronzo et al., 2021). In recent years, the ingestion of MPs has been
described in various aquatic systems (Vazquez-Rowe et al., 2021) and
many animal taxa, including zooplankton (Cole et al., 2013), fish
(Foekema et al., 2013; Kibria et al., 2022), birds (Wang et al., 2021) and
marine mammals (Zantis et al., 2020). Much ongoing research focuses
on the effects of MPs entering and channelling up to several trophic
levels through aquatic food chains (Prinz and Korez, 2020; Bronzo et al.,
2021; Kibria et al., 2022), but it has also been a field of increased
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attention to identify the short and/or long-term effects on marine bio-
resources (Wang et al., 2019; De Vries et al., 2020; Solomando et al.,
2020; Kim et al., 2021; Rios-Fuster et al., 2021; Mkuye et al., 2022).

Microplastics consisting of e.g., polyethylene, polypropylene and
polystyrene, are reported to be ingested by fish, but their effects on fish
health and possible routes of transport upon gut absorption are still
unclear (Roch et al., 2020; Kim et al., 2021; Rios-Fuster et al., 2021). MP
exposure was reported to have several effects on fish. For instance, MPs
induced liver toxicity, hepatic stress and the disruption of endocrine
function in Japanese medaka, Oryzias latipes (Rochman et al., 2013,
2014), while in zebrafish (Danio rerio), MP exposure led to inflammatory
responses of the innate immune system (Brun et al., 2018) and the
disruption of metabolic processes (Lu et al., 2016). MPs may also cause
disturbance in reproductive physiology affecting fecundity and offspring
performance due to decreased oocyte diameter and sperm mobility, thus
reducing the fertilization rate (Sharifinia et al., 2020; Wang et al., 2019).
The question of interactions with chemical contaminants has been dis-
cussed, including MPs operating as a passive sampler of previously
ingested chemicals (Mohamed Nor and Koelmans, 2019). However, MP
ingestion did not cause a measurable enhancement of pollutants depu-
ration in rainbow trout (Onchorhynchus mykiss) (Rummel et al., 2016).
These studies point out the possibility of different effects of MPs, pre-
sumably influenced by upper and lower size range, polymer type, con-
centration, sorption capacity, and the species involved.

Furthermore, plastics contain many chemicals as additives, ensuring
certain functionalities of the plastic material, and have also been shown
to adsorb hydrophobic persistent organic pollutants (POPs) from the
environment, favoured by their high surface area to volume ratio
(Goldstein et al., 2013; Fauser et al., 2022). POPs include chemical
contaminants such as polychlorinated biphenyls (PCBs) and poly-
brominated diphenyl ethers (PBDEs). These chemicals can be desorbed
from MPs faster in the gut of organisms than in natural water due to
processes in the digestion and concentration driven transfer of chemicals
(Bakir et al., 2014). In theory, the ingestion of MPs could lead to
increased toxic effects from POPs and plastic additives some of which
are known to be carcinogenic and endocrine disruptors (Oehlmann
et al., 2009; Fauser et al., 2022). The concentration of adsorbed POPs in
weathered MPs are generally low, but assumed to be higher close to
point sources and cities.

Atlantic cod (Gadus morhua) is an important commercial finfish in
the North Atlantic. In Norway, its habitat ranges from the continental
shelf edge to the inner parts of fjords where it is exposed to anthropo-
genic litter (Foekema et al., 2013). Available studies of MP ingestion by
Atlantic cod have shown that 3% of the studied individuals on the
Norwegian coast had MPs in their stomach (Brate et al., 2016), which is
lower than in other areas such as the North Pacific (35%; Boerger et al.,
2010) or the English Channel (37%; Lusher et al., 2013). However,
studies on how naturally weathered MP particles affect the digestion,
reproductive physiology and egg production in Atlantic cod are still
limited.

The aim of this study was to explore the effects of 1% MPs, retrieved
after natural weathering in the sea and added to feed, on digestion,
gonadal development, and reproductive endocrinology performance (i.
e., egg production and fertilization success) of Atlantic cod, from early
maturation until past spawning. Such knowledge is essential to under-
stand potential consequences of the anticipated increase of MPs in ma-
rine environments and to direct further research and monitoring in this
field.

2. Material and methods

All animal procedures and handling described in this study were
carried out according to Norwegian Animal welfare laws and were
approved by the Norwegian Animal Research Authority (For-
sgksdyrutvalget; FOTS ID 11236).
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2.1. Feed composition

2.1.1. Sorption of contaminants to microplastics

The MPs used in this study originated from an industrial linear low
density polyethylene powder (ICORENE®3545, LyondellBasell, Astorp,
Sweden) purchased from Plastinvent AS (Radgy, Norway) that use it for
rotational moulding. The powder were sieved at the Norwegian Institute
of Food, Fisheries and Aquaculture Research (Nofima AS) to a fraction
between 0.3 and 0.6 mm. Five-hundred grams of this powder were
packed in water permeable filter bags (pore size 0.2 mm,
NMO20012X18D, Midwest Filter LLC, West Chicago, USA) and
deployed in the inner areas of the Oslofjord (59.88° N, 10.68° E; Oslo
County) at 2-3 m depth for 4 months to study the sorption of POPs. After
weathering, no biofilm on the MPs were observed only outside the
permeable bags. Detailed information about the weathering process and
POP concentration before and after weathering of MPs, silicone and
polyoxymethylene at the Oslofjord and seven other locations along the
coast of Norway will be published elsewhere (Vorkamp et al., 2019).
Briefly, the polymers were analysed for congeners of PCB, PBDE, hex-
abromocyclododecane (HBCD), toxaphene (CHB) and chlordane-related
pesticides. Weathered MPs sampled from the Oslofjord showed from the
sum of congeners a 44-fold increase in PCB, 5-fold increase in PBDE,
8-fold increase in HBCD, 2-fold increase in CHB and 17-fold increase of
chlordane-related pesticides compared to clean MP in its original form.

2.1.2. Microplastics in experimental feeds

Control (C-diet) and microplastic (MP-diet) feed were produced from
the same ingredient mix at the Nofima Feed Technology Centre in Ber-
gen (Suppl. Table 1; Suppl. Table 2) with the only difference that 1%
weathered MPs (low density PE at 0.3-0.6 mm size) was added to the
experimental diet (MP-diet) prior to extrusion. The contribution of
accumulated contaminants (PCBs and PBDESs) from MPs in the fish feed
was low compared to the levels in the feed ingredients (Suppl. Table 3).
Any effects on the cod broodstock fed the experimental diet were
assumed to be the result of MPs inclusion in the diet, because the con-
centrations of POPs in the control and the experimental feed were
similar (Bogevik et al., in preparation).

2.2. Broodstock maintenance

In June 2017, four hundred farmed Atlantic cod broodstock (four
years old; 5.5 + 1.6 kg average weight) of third generation (F3) were
transferred from sea cages (Centre for Marine Aquaculture — CMA sea
cage facility, Rgsnes, Norway) to six 25 m> tanks located at a CMA land-
based facility (Kvalgya, Tromsg). Three tanks (29-37 fish per tank) were
established as the control group (C1-C3) and three other tanks con-
formed the experimental group (MP1-MP3). Fish were fed diets ad libi-
tum and according to their appetite, previously estimated to regulate the
optimal food intake, i.e. three times a week from early maturation (June
2017; 5.5 kg) until spawning (March-April 2018; 7.1 kg). The light and
temperature regimes followed the natural rhythm of Tromsg, Norway
(69.6492° N, 18.9553° E).

2.3. Broodstock sampling

Based on the general model of cod oocyte maturation by Kjesbu et al.
(2010), fish were sampled at 5 time points: June 2017 (initial sampling
after the spawning and post-spawning recovery), September 2017 (prior
to the start of vitellogenesis), December 2017 (mid/late vitellogenesis),
late February 2018 (gonadal maturation) and May 2018 (post spawning,
only biometric measurements). At the initial sampling, 16 fish (8 males
and 8 females) were sampled from the common pool (without treatment
separation), while in subsequent samplings 16 fish per tank were
sampled targeting equal number of samples from both sexes. Sex iden-
tification was difficult, especially at early maturation due to the lack of
external signs, resulting in uneven sex ratio among samples (Suppl.
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Table 1
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Names, abbreviations, primer sets, annealing temperature (Tm, °C), efficiency (Eff., %) and correlation index (R2) of the analysed genes and target tissues (B, Brain; P,

Pituitary; G, Gonad and L, Liver).

Gene Code 5'-Forward primer-3' 5'-Reverse primer-3' Tm  Tissue Eff R2 Source
Target genes
Luteinizing Hormone lhb GTGGAGAAGAAGGGCTGTCC GGACGGGTCCATGGTG 60 P 112.73  0.993  Hodne et al., 2010/
Subunit Beta Von Krogh et al., 2017
Luteinizing hormone lhr GCCACTGTTGTGCCTTCCA GAGCCTTGTGAGGTTCTTTAATGC 62 G 114.91 0.965 Mittelholzer et al.,
receptor 2009/Breton et al.
(2012)
Follicle Stimulating fshb GAACCGAGTCCATCAACACC GGTCCATCGGGTCCTCCT 60 P 107.39 0.997 Hodne et al., 2010/
Hormone Subunit Beta Von Krogh et al., 2017
Follicle Stimulating fshr CACGCCAACCTCACCTATCAC TGAACAGATGGAGTCCCACTTG 62 G 100.11  0.973  Mittelholzer et al.,
Hormone Receptor 2009/Breton et al.
(2012)
Estrogen receptor esrl CGCTTTCGGATGCTCCAG ACGAGAAGGCCCCAGAGTTG 60 B,P,G, 103.64 0.991  Yadetie et al. (2018)
L
Vitellogenin 1 vtgl AGACTGGCCTGGTCGTCAAA GCGAGGATAGAGGCAGGGAT 62 L 84.46 0.993 Yadetie et al. (2018)
20p-hydroxysteroid 20p- ATCACTGTGCAGTGTGTGG GCAGCCGTTGGTGTAGTT 60 G 104.27  0.984  Dale et al. (2019)
dehydrogenase hsd
Gonadotropin-Releasing gnrh3 AGAAGTGTGGGAGAGCTGGA CCTCGTCGTTGACCAGACT 60 B 104.94 0.986  Hildahl et al. (2011)
Hormone 3
Gonadotropin Releasing gnrhr2a TTCACCTTCTGCTGCCTCTT TCCGTGGAGGAAAGATTGTC 60 P 115.41  0.977  von Krogh et al., 2017
Hormone Receptor 2a
Gonadotropin-Releasing gnrh2 CACTGGTCTCATGGCTGGTA GGCCAGGACATCCATAAAGA 62 B 90.03 0.956 Hildahl et al. (2011)
Hormone 2
Reference genes
Translation elongation efla CGGTATCCTCAAGCCCAACA GTCAGAGACTCGTGGTGCATCT 60 B,P,G, 108.32 0.992 Dale et al. (2019)
factor lalpha L
B-Actin actb CGACGGGCAGGTCATCACCATCG  CCACGTCGCACTTCATGATGCTGT 60 B,P,G, 101.68 0.991  Yadetic et al. (2018)
L
Table 2 euthanized in an overdose Finquel (60 mg L™; Scan Aqua AS, Arnes,
able

Spawning biometrics of cod broodstock fed with control (C-diet) and micro-
plastics added feeds (MP-diet).

Treatment  Tank Female biomass Egg volume Egg output (mL
no. (kg) (mL) kg™H

MP-1 5 50 44 893

MP-2 6 60 64 1073

C-1 7 87 53 614

c-2 5 39 28 702

P-value 0.764 0.489 0.083

Statistics by one-way ANOVA mean effect of diet (P < 0.05).

Table 3
Quality parameters of spontaneously and manually stripped eggs of cod
broodstock fed control (C-diet) and microplastics added feeds (MP-diet).

Quality Spontaneous Manual stripping P-value
parameter spawning
C-diet MP- C-diet MP- Method  Diet
diet diet
Fertilization 20.4 18.6 50.9 54.6 0.001 0.762
success (%) +84 +£37° +1.8 +15°
Normal cell 36.8 38.3 45.1 48.0 0.016 0.382
division (%) + 3.4% +2.3° + 2.3 +4.2°7

Mean =+ st.dev., n = 2 tanks. Statistics by two-way ANOVA mean effect of egg
collection method and diet (P < 0.05). Superscripts with different letters indi-
cate significant differences (P < 0.05) between bars as determined by Tukey’s
post hoc test.

Table 4). In September 2017, 16 fish were sampled from each tank (C1,
C2, MP1 and MP2) and fish from C3 and MP3 were randomly divided
and transferred to C1, C2 and MP1, MP2, respectively. This was done to
account for the intense sampling design (5 sampling points including
initial control), cost to run six tanks per year and limitation of number of
adult fish that can be stocked in one tank at an optimal density to pre-
serve fish welfare (Fig. 1).

Sampling involved random selection of fish that were netted and

Norway). Total body length and weight were measured and blood was
collected from the caudal vein using heparinised tubes (BD Vacutainer
LH 68 1.U.), centrifuged at 3750 g for 10 min to extract blood plasma,
and stored at —25 °C for later sex steroid analysis. Gonad, liver, pituitary
and brain samples were preserved in RNAlater and stored at —80 °C for
quantitative real-time PCR (qPCR) analysis. Total weight of gonad and
liver were also recorded. Ovary and testis samples were fixed in 10%
buffered formalin for histology analysis. At the sampling point in
February 2018, the content of distal gut was collected in glass breakers,
pooled per sex in each tank, frozen on dry ice and stored at —20 °C for
digestibility analysis. The apparent digestibility for crude protein (and
similar for dry matter and total fat) was calculated as follows: 100-100
x (FeedLxFacces CBy where I is concentration of digestibility indicator
yttrium (III) oxide and CP is crude protein (Nx6.25) content.

2.4. Egg quality measurements

Prior to the anticipated spawning, egg collectors were placed inside
the tank and checked daily. When spawning commenced, eggs were
collected daily and egg volume registered, in addition to fertilization
success and proportion of eggs with normal cell cleavage recorded from
a subsample of the egg collected per tank from March 8th to May 22nd’
2018 (204 batches in total during the trial). The fertilization success was
calculated as percentage of eggs with symmetrical cell division among
50 cleaved eggs (Hansen et al., 2013). Besides the collection of eggs from
the tanks, eggs and sperm were also hand stripped from selected
broodstock at mid-spawning season (9 parents per dietary group),
cross-fertilized and incubated until hatching. For the stripped eggs,
conventional egg quality indicators, such as fertilization success, em-
bryonic development and hatching rate, were recorded and determined
based on previous studies (Pickova et al., 1997; Hansen and Puvanen-
dran, 2010).

2.5. Histology

From the late February sampling (gonad maturation), ovary and
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Fig. 1. Schematic diagram the experimental set-up. @ - ® denote the sampling points in June, September, December 2017, February and May 2018, respectively.
Tank numbers were reduced from six to four in September 2017 after the second sampling.

testis samples (n = 8-10 per group) were embedded, sectioned and
stained at the Norwegian Veterinary Institute (Harstad, Norway).
Briefly, prior to embedding in paraffin, samples were dehydrated
following an ethanol series and Histo-clear (National Diagnostics).
Sections of 4 pm thickness were obtained and were stained with
haematoxylin-eosin (H-E). Pictures of the slides sections were captured
using a Nikon DS-Fi2 camera coupled to a Nikon Eclipse Ci microscope
(Nikon) using the NIH elements program for visualisation. Oogonia were
staged following Hall et al. (2004) and differentiated between
pre-vitellogenesis, early vitellogenesis, mid-vitellogenesis, late vitello-
genesis and spawning (Suppl. Figure 1). To determine the maturation
status, oocyte stage percentages were calculated from three different
sections per slide by the number of oocytes in a stage divided by the total
amount of oocytes. Similarly, testis was staged following Nagasawa et al.
(2014) and classified as spermatogonia (SPG), spermatocytes (SPC),
spermatids (SPD) and spermatozoa (SPZ) (Suppl. Figure 2). The matu-
ration status was determined based on the percentage of the area ob-
tained per stage, calculated from three different sections per slide.

100 %
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2.6. Plasma steroid measurements

To investigate possible endocrine disrupting effects of MPs, levels of
testosterone (T), 11-ketotestosterone (11-KT) and 17f-estradiol (E2) in
blood plasma were analysed using enzyme-linked immunosorbent assay
(ELISA) kits according to the manufacturer’s instructions (Cayman
Chemical, Ann Arbor, USA). Plasma from six fish per dietary treatment
and sex sampled September, December and February were selected (72
in total). Prior to the analysis, steroids were extracted using diethyl ether
(Sigma-Aldrich) following previously established protocols (Tveiten
et al., 2010). Briefly, in a borosilicate glass tube, 200 pL plasma was
mixed thoroughly on a plate shaker in 4 ml diethyl ether, and thereafter
allowed to separate into an aqueous and organic phase. The aqueous
phase was frozen on dry ice and the diethyl ether containing the steroids
was transferred into a new borosilicate glass tube. The diethyl ether was
evaporated for ca. 30 min using a water bath at 45 °C. The dry extracts
were resuspended in 600 pL ELISA buffer for ca. 10 min using a water
bath at 45 °C and stored at —20 °C until analysis.

STAGE (% area)

N\
A\

C1 c2 MP1 MP2

100 %
90%
80%
70%
60%
50%
40%
30%
20% | 2 %
10% 7 1 %
0%
€1

Cc2 MP1 MP2

OSPG @OSPC @ASPD MSPZ

OPre vit. OEarly vit. F1Mid vit. B Late vit. O Spawning

Fig. 2. Gonadal histology in females (A) and males (B) sampled February 2018. Abbreviations; vit = vitellogenic; SPG = spermatogonia; SPC = spermatocytes; SPD

= spermatids; SPZ = spermatozoa.
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2.7. Gene expression analysis

The relative expression of genes involved in reproduction was
investigated in brain, pituitary, gonad and liver tissues using quantita-
tive real-time PCR (qPCR) analysis. Five males and three females
sampled June 2017, and six fish per sex and dietary treatments were
selected for RNA analysis from tissue sampled September, December,
and February (80 in total). The RNA was extracted from 30 mg of tissue
using the total RNA Isolation kit (NZYTech, Lisbon, Portugal) and
following the manufacturer’s instructions. Since all tissues but pituitary
contained high lipid concentration, a final step was added to prevent
DNA contamination, i.e., samples were incubated with 5 U of DNase I
(Thermo Fisher) at 37 °C for 15 min, followed by enzyme inactivation
with chloroform-isoamilic alcohol. RNA integrity and quantity were
assessed with the Thermo Scientific NanoDrop Lite Spectrophotometer
and visualised by electrophoresis in 2% agarose gels. Reverse tran-
scription was performed from 500 ng of total RNA using the NZY First-
Strand c¢cDNA Synthesis Kit (NZYTech, Lisbon, Portugal) in a reaction
volume of 20 pL using a thermocycler GeneAmpPCRSystem 9700
(Thermo Fisher Scientific).

The amplification efficiency was determined for each primer set
assayed using a five-fold standard curve of cDNA. Ten genes were
selected for qPCR reactions (Table 1) as seven with optimal efficiency
(90-110%). The qPCR was run in duplicate using an ABI 7900HT Real-
Time PCR System (Applied Biosystems). Each reaction contained 5 pL
NZYSpeedy qPCR Green Master Mix (2x) ROX plus (NZYtech) with
SYBR Green Reagent, 0.4 pL 10 pM per primer, 2 pL diluted cDNA and
2.2 pL nuclease-free water to a final reaction volume of 10 pL. The
profile of the qPCR consisted of a 2 min activation and denaturing step at
95 °C, followed by 40 cycles of 95 °C for 5s, 30 s for annealing, extension
at 72 °C for 30 s and ended by a melting curve stage. The annealing
temperature (Tm) ranged between 58 and 62 °C and aimed to achieve
standard curve correlation values of 0.99 and efficiency of 100-105%.
The SDS 2.3 software (Applied Biosystems) was used for data collection.
The Ct mean values of the reference genes, i.e. translation elongation
factor lalpha (efla) and p-actin (actb) (Table 1) were used to calculate
the relative expression of the target genes by applying the comparative
CT method (Xia et al., 2010). This study used the initial sampling
(‘Start’; June 2017) as calibrator (reference sample) for it was a common
factor across tanks before treatments.

2.8. Data analysis

Statistical analyses were conducted using SPSS v26.0 (IBM Corpo-
ration, NY, USA). Fish total body weight (BW, kg), HSI (Hepatosomatic
index (%) = (liver weight/BW) x 100), GSI (Gonadosomatic index (%) =
(gonad weight/BW) x 100) and Fulton’s condition factor (K= (W/L3) x
100), where W represents body weight in grams and L fish length in cm)
were rank transformed to meet the requirements of normality. Statistical
analyses were performed with a three-way ANOVA with sampling date,
treatment (MP-diet and control diet) and sex as variables. Significant
effects in any variable were followed by Tukey post hoc test. Spawning
data (fecundity, fertilization success and normal cleavage) were ana-
lysed with one-way ANOVA. Differences were considered to be signifi-
cant at P < 0.05.

3. Results
3.1. Broodstock biometrics — growth and reproductive indices

In June 2017 the sampled males and females had an average body
weight (BW) of 5.0 + 2.0 kg and 4.3 £+ 1.0 kg, respectively (Suppl.
Figure 3A). The BW increased during maturation and dropped after
spawning; however, no significant differences were observed either
between sexes or between diets. The condition factor (CI) increased from
1.0 to 1.5 in the experimental period and peaked prior to spawning
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Fig. 3. Plasma levels of A) 11-keto testosterone (ng/mL) and B) testosterone
(ng/mL) in males and females, and C) 17p-estradiol (ng/ml) in females. Mean
+ SE; n = 6. ANOVA, mean effect of sampling dates, diet and sex. Superscripts
with different letters indicate significant differences (P < 0.05) between bars as
determined by Tukey’s post hoc test.
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(Suppl. Figure 3B).

Overall, females showed significantly higher hepatosomatic index
(HSI) than males, but there were no effects between diets or among
samplings (Suppl. Figure 4A). Similarly, females had larger gonads than
males but there were no significant differences in gonad weight between
diets. In both sexes, the gonadosomatic index (GSI) gradually increased
between September 2017 and February 2018, from 5% to 1%-20% and
15%, respectively (Suppl. Figure 4B).

3.2. Feed intake and digestibility

There were no differences in feed intake between diets. During the
first period of the experiment (June-September 2017), the daily feed
intake was low (<0.2% of fish weight) and increased during the matu-
ration process (September—December 2017) up to 0.4-0.5%. Feed intake
diminished during final maturation and spawning (Suppl. Figure 5A).
Pooled content from distal intestine (February 2018; Suppl. Figure 5B)
showed no significant differences in apparent digestibility coefficient
(ADC) of dry matter, protein and lipid, either between diets or between
sexes.

3.3. Histology

The gonadal maturation status showed small differences between
treatments, e.g., more pre-vitellogenic oocytes in tank C2 and sperma-
tozoa in tank MP1. Overall, there were no significant differences be-
tween diets (Fig. 2). Sampled fish were entering different stages of
maturation as females had most of the oocytes at the previtellogenic
stage (50-60%; Fig. 2A), while spermatozoa dominated in males
(70-80%; Fig. 2B). Gut histology was inconclusive and showed no signs
of inflammation or unexpected observations.

3.4. Fecundity and egg quality

No significant differences between diets were found in fecundity,
fertilization success and normal cleavage (P = 0.083, 0.762 and 0.382,
respectively; Tukey post hoc test). One of the tanks fed on the MP-diet
tended to produce more eggs (1073 ml egg per kg female) compared
to both tank MP1 (893 ml/kg) and control tanks C1 and C2 (614 and
702 ml/kg) (Table 2). The spawning lasted eleven weeks and peaked
between weeks 5-7 (Suppl. Figure 6A). Manually stripped cod produced
egg of a significantly higher quality than eggs collected after sponta-
neous spawning, i.e., the average fertilization success was 50-55% vs.
20% and the ratio of normal cell division was 44-48% vs. 37-38%,
respectively (Table 3). Eggs from spontaneous spawning also showed a
poor quality throughout the spawning season, and their fertilization
success showed no tendency to peak at mid spawning (Suppl. Figure 6B).

3.5. Plasma steroids

The plasma content of the sex steroids 11-KT, T and E2 increased
during maturation from September 2017 to February 2018. No signifi-
cant differences were observed between diets. Males had high level of
11-KT and a peak level of T in February 2018, while females had a barely
detectable level of 11-KT and a peak level of E2 in February 2018
(Fig. 3).

3.6. Gene expression

The relative expression levels of some genes involved in sexual
maturation were analysed in four tissues, i.e., brain, pituitary, gonad
and liver, in order to investigate the potential effect of MPs consumption
on the reproductive pathways.

3.6.1. Brain tissue
Gonadotropin-releasing hormone 2 (gnrh2) expression levels
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appeared to increase from June 2017 (start) to September 2017 and
thereafter decreased toward spawning (February 2018). This was
particularly pronounced in females (Fig. 4A). Gonadotropin-releasing
hormone 3 (gnrh3) expression showed no significant differences
among diets, sexes or samplings (Fig. 4B). The estrogen receptor (esr1)
showed a downregulation towards spawning in females and males. A
higher expression level was observed in the MP-diet as compared to the
C-diet (P = 0.05); however, no significant differences were identified
between diets at specific sampling points (Fig. 4C).

3.6.2. Pituitary tissue

In both sexes, the relative expression levels of gonadotropin releasing
hormone receptor 2a (gnrhr2a) increased over time from June 2017 to
February 2018 (Fig. 4D). In females, the expression levels of the lutei-
nizing hormone subunit beta (lhb) showed the same trend as gnrhr2a.
However, upregulation appeared earlier in females compared to males
(Fig. 4E). Follicle stimulating hormone subunit beta (fshb) exhibited an
overall increased expression in the pituitary of all groups after June,
except September males fed the C-diet showing a comparable expression
to males in June (Fig. 4F). Expression of the estrogen receptor (esr1) in
the pituitary samples of both sexes showed an overall reduction in
expression since the beginning of the trial (Fig. 4G). This reduction was
similar in both the MP-diet and the C-diet.

3.6.3. Gonad tissue

Between June 2017 and February 2018, the luteinizing hormone
receptor (lhr) showed an increase in relative expression levels in both
sexes and with only minor differences among MP-diet and C-diet
(Fig. 5A). Follicle stimulating hormone receptor (fshr) showed overall
differences among samplings and sexes. However, the main differences
being that males (except MP-diet fish sampled in December 2017)
appeared to have similar expression throughout the experiment, while
females showed an upregulation in the expression levels of fshr in
December and February as compared to June and September samples
(Fig. 5B). Estrogen receptor (esrl) showed similar profiles as fshr,
upregulation for females in December and February compared to June
and September (Fig. 5C). The expression levels of 20p-hydroxysteroid
dehydrogenase (20p-hsd) exhibited an upregulation over time, higher
levels in males compared to females as well as in the MP-diet as
compared to the control. Females showed an overall increased expres-
sion in time, while this was not observed in males. In addition, there
appeared to be differences between diets, not significantly different at
the same sampling points, but with a higher expression of 204-hsd in the
MP-diet in December and February compared to the C-diet. The only
significant dietary differences observed were in females with a higher
expression in the MP-diet sampled in December compared to females
sampled from the C-diet in February (P = 0.035; Fig. 5D).

3.6.4. Liver tissues

The relative expression levels of estrogen receptor vitellogenin 1
(vtgl) increased in females over time, being on average higher in the MP-
diet compared with the C-diet at all time points from September
2017-February 2018 (Fig. 5E). In MP-diet males, vtgl expression levels
showed a respectively 10 and 80-fold increase in September and
December, relative to the start values, which was followed by a decrease
in February. On the other hand, the C-diet males showed first a non-
significant downregulation between June and December, followed by
a significant upregulation between December and February. There was
an overall effect of the dietary treatments with a marginal significant
higher expression level in cod fed the MP-diet compared to C-diet (P =
0.056). The expression levels of estrogen receptor (esrl) in females
increased in September compared to the initial sampling and a faster
regulation appeared to take place in the MP-diet. In males, expression
was similar among diets and sampling months (Fig. 5F).
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Fig. 4. Variation of relative expression of seven target genes in female and male cod among microplastic (MP-diet) and control (C-diet) feeds from September to
February. Brain: A) gnrh3, gonadotropin-releasing hormone 3; B) gnrh2, gonadotropin-releasing hormone 2; C) esrl, estrogen receptor. Pituitary: D) gnrhr2a,
gonadotropin releasing hormone receptor 2a; E) lhb, luteinizing hormone subunit beta; F) fshb, follicle stimulating hormone subunit beta; G) esr1, estrogen receptor.
‘Start’ was used as a calibrator sample. Mean + SE; n = 6. ANOVA, mean effect of sampling dates, diet and sex. Superscripts with different letters indicate significant
differences (P < 0.05) between bars as determined by Tukey’s post hoc test.
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Fig. 5. Variation of relative expression of seven target genes in female and male cod among microplastic (MP-diet) and control (C-diet) feeds from September to
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hoc test.

4. Discussion

The present study evaluates the potential effects of naturally
weathered MPs on the digestion, gonadal development, endocrine and

reproductive performance in Atlantic cod. Plastics can accumulate
chemicals from the environment, that, if released in the gut, can exhibit
toxic effects (Oehlmann et al., 2009; Goldstein et al., 2013). Here,
Atlantic cod was fed a diet including fish meal and oil, with or without
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1% MPs. The chemical analysis of the weathered MPs revealed that the
concentration of POPs that may have sorbed during the weathering
process was low compared to the natural background in fish feed in-
gredients. Any differences observed between the two types of diets were,
therefore, assumed to be related to the presence of MPs in the diets.
However, it cannot be completely ruled out that other chemicals not
analysed in the present study and/or inherited chemicals in MPs, i.e.,
chemical additives, could be released in the gut and affect fish health
(Schrank et al., 2019).

The most common consequences of the MPs ingestion are the
blockage of the digestive tract, feeding reduction followed by false
satiation of the fish (Mallik et al., 2021) and a decrease in caloric intake
(Galloway et al., 2017), which could be also induced by nonedible
natural particles of similar size and shape at high concentrations (Ogo-
nowski et al., 2018). The effects of these non-palatable materials are
tightly related to their small size as they can easily be phagocytized and
transported into tissues where they may cause inflammatory responses,
oxidative stress and the expression of stress-related genes (Brun et al.,
2018). However, unrealistically high concentrations are often adminis-
tered to obtain measurable effects in studies (Lenz et al., 2016), where
high exposure levels can provoke effects that are transient under natural
conditions (Ogonowski et al., 2018). In the context of this study, 1%
naturally weathered MPs added to extruded fish feed showed no sig-
nificant differences in feed intake, nutrient digestibility and biometrics
(e.g., body weight, HSI and GSI) of maturing Atlantic cod. This result is
in agreement with previous studies using naturally occurring concen-
trations of MPs (Asmonaité et al., 2018). The absence of MP effects on
feed intake, nutrient digestibility and biometric measures could be
explained by the fact that fish are used to ingesting indigestible particles
and their gut is adjusted to deal with such undesired compounds pro-
vided their low amount and exposure time (Mallik et al., 2021; De Vries
et al., 2020). Nonetheless, these particles can be absorbed and interfere
with signal pathways in the gut-brain axis or desorb inherited chemicals
(e.g., additives) that may affect physiological functions in the fish (Wang
et al., 2019; Zhu et al., 2020).

The posterior movement of particles to the gut or other organs
through the circulatory system is mainly governed by particle size,
concentration and time of exposure (Bhagat et al., 2020). This
size-dependent accumulation is based on the fact that smaller particles
(<0.1 mm) could be incorporated in the gut and transported to the liver
or other peripheral organ, while larger particles are confined to gill and
the digestive tract (Qiao et al., 2019; Bhagat et al., 2020). Smaller MP
particles, in particular at the nanoscale, are also likely to cause more
pronounced adverse effects (Kogel et al., 2020). However, studies in this
size range are still challenged by methodological limitations. Besides MP
size, concentrations and exposure time (Kogel et al., 2020), shape has
also been reported to influence MPs toxicity as fibers tend to embed
easily into the tissue as compared to fragments and have longer gut
passage time than spherical shape beads (Bhagat et al., 2020). In this
study polyethylene powder at 0.3-0.6 mm were used in the feeds. These
particles were most likely transported through the gastrointestinal tract
(GD), but it is unknown if the MPs had an impact on gastrointestinal
functions, although no effect on feed intake and nutrient digestibility
were observed. This is in agreement with Asmonaité et al. (2018) who
observed no measurable effects on fish intestinal permeability, active
transport or electrophysiology in rainbow trout (Oncorhynchus mykiss)
after 4 weeks of 0.1-0.4 mm polystyrene exposure.

Sexual maturation in fish is controlled by the brain—pituitary—gonad
(BPG) axis. In the brain gonadotropin-releasing hormone (GnRH) stim-
ulates the synthesis and release of follicle-stimulating hormone (FSH)
and luteinizing hormone (LH) by the pituitary, which in turn stimulate
gonadal steroidogenesis and gametogenesis for the production of sex
steroids and gametes, respectively (Kagawa et al., 1982; Weltzien et al.,
2004; Rocha et al., 2008; Von Krogh et al., 2017). Most of the impacts on
reproductive systems resulting from MP exposure tend to be induced
indirectly by oxidative stress, apoptosis of germ cells, or energy shift to
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consumption for growth instead of reproduction (Qiang and Cheng,
2021). However, no differences in histological maturation status,
fecundity or egg quality measures were observed between treatments in
the present study. This result may suggest that the exposure concen-
tration of MPs should be higher, the particle size should be smaller or the
exposure time should be longer in order to observe the changes reported
by Qiang and Cheng (2021).

The presence of MPs and the associated chemicals have also been
described as potential endocrine disruptors affecting estrogenic activity
and reproduction (Wang et al., 2019; Zhu et al., 2020), e.g., decreasing
sex hormone levels of female fish and subsequently their fecundity,
while in males it led to increased testosterone (T), 11-ketotestosterone
(11-KT) and 17p-estradiol (E2) levels (Brander et al., 2016; Wang
et al., 2019). Therefore, it is evident that the influence of MPs on the sex
steroids of fish differs with sex as previously reported by Mallik et al.
(2021), but those differences are not significant in cod under the char-
acteristics of our study (i.e., MPs amount and time of exposure).

Gonadotropin releasing hormone (GnRH) is a key regulator of sexual
development and reproduction in vertebrates. Several isoforms of GnRH
receptors (GnRHr) have been identified (Hildahl et al., 2011). All of
them are expressed in the brain and pituitary, but gnrhr2 and gnrhr3
showed lower expression in pituitaries and ovaries. The expression of
gnrhr2a is well correlated to gonadal maturation, stimulating both go-
nadotropins Fsh and Lh, while gnrhr3 expression levels are reported to
increase in the pituitary during puberty (Hildahl et al., 2011). Our re-
sults showed that relative expression levels of gnrhr2a in the pituitary
increased over time following gonadal maturation. This profile is also
obtained for luteinizing hormone subunit beta (lhb) and follicle stimu-
lating hormone subunit beta (fshb), thus corroborating the connection
between the hormone receptor activation and the gonadotropin release.
Endocrine disruption described by MPs to affect steroid production
(Brander et al., 2016; Wang et al., 2019) is closely related to the
expression of the genes in the BPG-axis. During oocyte maturation, a
shift in steroidogenesis occurs in ovarian follicles, mediated by an
increased gene expression of the steroidogenic enzymes (Mittelholzer
et al., 2007). In agreement with this, ovarian 20p-hsd showed increased
expression during maturation in the present study. Also, the significant
higher expression of 20p-hsd in females exposed to dietary MP, indicates
early sign of endocrine disruption, although no dietary effects on other
BPG-genes, steroid levels, fecundity, or egg quality measures were
observed. MP size and concentration may matter for a more disruptive
effect of MP as observed by Brander et al. (2016) and Wang et al. (2019),
and should be studied in depth to have a better understanding of how
MP can affect ovarian steroid production, fecundity and egg quality.

Although analysis of genes in BPG-tissues showed minor differences
between dietary treatments, the main effect of MPs appears to be in the
liver in the present study. In agreement with previous studies showing
effects on liver histology and endocrine disruption (Bhagat et al., 2020),
we observed an upregulation of vitellogenin 1 (vtgl1) in the MP group.
This is a yolk precursor protein synthesised by the liver under stimula-
tion of E2 during sexual maturation. It is a useful biomarker of hormonal
control in relation to oogenesis and it can act as an indicator of exposure
to estrogenic or anti-estrogenic substances in aquatic environments
(Arukwe and Goksgyr, 2003). In general, male fish will not express vtgl,
as the level of endogenous E2 is too low to induce its synthesis; however,
they do possess the genes for vtg, and a de novo synthesis can be induced
by exposure to E2 (Arukwe and Goksgyr, 2003). In our analysis,
compared with males of the C-diet, males of the MP group had higher
levels of vtgl expression in liver samples from September and December
2017, while no differences were observed in February 2018. The in-
crease of vtgl expression levels observed in males may be a result of
external exposure to E2 in a shared tank by maturing females to syn-
chronise spawning (Henry et al., 2009). Another plausible explanation is
the potential endocrine disrupting effect caused by plastic additives
known to be endocrine disruptors (Rochman et al., 2014). Further, E2
up-regulates the expression of its receptor (ESR) in brain, pituitary and
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ovaries and induces the synthesis of Vtg (Arukwe and Goksgyr, 2003;
Dale et al., 2019). The expression of esr]1 decreased towards spawning in
brain and pituitary for both sexes in the present study. In contrast, the
expression of esrl increased during maturation in the gonad samples
concomitant with an increased expression of vtgl in the liver. These
results are in accordance with Morini et al. (2017), where esrl expres-
sion levels decreased in pituitary until testis development was complete
and only increased in some brain areas (mes-/diencephalon) of the
European eel. The upregulation of vtgl liver samples exposed to MPs
agrees with the proposed disruption of oogenesis process observed by
Mak et al. (2019), with no effect in reproductive success in zebrafish.
These changes in vtgl regulation may lead to variation in fish fecundity
(Zhang et al., 2008), although not clearly observed in the present study.
Plasma vitellogenin analysis and sperm quality measure were not
included in the present study.

5. Conclusions

The inclusion of 1% polyethylene MPs at 0.3-0.6 mm had no effect
on feed intake, nutrient digestibility or biometric measures (including
gonadal development) during maturation of Atlantic cod, nor on
fecundity or egg quality measures during its spawning. Measure of gene
expression through the BPG-axis and plasma steroid analysis revealed
normal development through maturation, with minor differences be-
tween sexes and diets, but a significant effect on gonadal 204-hsd and
liver vtgl expression. It will be relevant to study further whether these
effects are likely related to MP exposure or to a leaching of endocrine
disrupting chemicals present in the plastic polymer. In addition, given
the expected increase of MP amounts in the oceans, more knowledge is
needed of the putative effects of different polymers, particle sizes and
concentrations of MPs on physiology and fecundity of fish broodstock.
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