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ARTICLE INFO ABSTRACT

Keywords: Plastic pollution has been a growing environmental concern for decades, increasingly affecting both marine and
Nanoplastics freshwater ecosystems worldwide. Nano-sized plastic particles (NPs) potentially have various toxicological im-
Plastic pollution pacts on aquatic organisms and the ecosystem; however, less is known about their possible adverse effects on the
I:)efgi;;:gon reproductive biology and offspring traits of fishes. The present study investigated whether an acute exposure of

gametes to aged NPs during fertilization affects offspring early mortality, hatching time, body size at hatching or
swimming performance of larvae in a common freshwater fish, the European whitefish (Coregonus lavaretus).
Using a replicated full-factorial breeding design, we fertilized the eggs of seven females with the milt of seven
males both under exposure medium containing aged 270 nm polystyrene NPs and under control medium. In
comparison with the control group, exposure of gametes to NPs increased larval body length slightly but
significantly, whereas the embryo mortality, hatching time, and larval swimming performance were not affected.
Maternal identity affected significantly all the studied offspring traits while paternal identity only affected the
offspring length. Our results suggest that the studied acute exposure of gametes to aged NPs might have inter-
fered normal embryonic development by affecting larval size, but this did not seemingly compromise offspring

Body length

performance.

1. Introduction

Plastic pollution has become one of the most severe environmental
threats during the last few decades (Barnes et al., 2009; Parker et al.,
2021). In the environment, plastics undergo fragmentation, resulting in
secondary microplastics (MPs; size below 5 mm) and further in nano-
plastics (NPs; size below 1000 nm) that often end up in aquatic envi-
ronments and their food webs (Gigault et al., 2018; Pitt et al., 2018;
Barria et al., 2020). In addition of being formed by the degradation from
macroplastics and MPs, NPs are also directly released into the envi-
ronment, for instance, via domestic wastewaters and industrial dis-
charges (da Costa et al., 2016; Koelmans et al., 2019; Barria et al., 2020;
Khosrovyan and Karhu, 2021). Accordingly, major attention has
recently been paid especially in the presence and role of NPs in natural
waters and sediments. Natural aging processes affect the structural
properties of plastic debris and their sorption behavior in the
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environment; thus, non-weathered polymeric plastic particles often used
in experimental research may not properly represent the real NPs found
from the environment (Sun et al., 2021). For example, toxicity and
bioaccumulation of non-weathered NPs can be very different when
compared to those of NPs that have been aged (i.e. weathered to mimic
natural aging) (Pflugmacher et al., 2020).

NPs are capable of impacting organisms at cellular and molecular
levels, either directly or indirectly, by acting as carriers of potentially
toxic chemicals (Shen et al., 2019; Liu et al., 2021). Furthermore, several
studies have demonstrated that NPs may readily penetrate across bio-
logical barriers and this way accumulate into various tissues and organs
(Mattsson et al., 2016; Bergami et al., 2017; Mattsson et al., 2017). For
example, Mattsson et al. (2017) showed that NPs can accumulate in the
brain tissue and cause behavioral disorders in fish. Marcelino et al.
(2022) recently reviewed the adverse effects of MPs and NPs. They
found that plastic particles can disturb the structure and function of
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reproductive organs in mammals causing sperm malformation,
decreased number of sperm cells and sperm motility as well as disrup-
tion of blood-testis barrier in male gonads. Moreover, Marcelino et al.
(2022) showed that accumulation of nanoplastics reduced number of
growing follicles, while inducing ovarian cysts and cell apoptosis in fe-
male gonads.

Despite the fact that early life stages are generally considered the
most sensitive to the environmental contaminants, many of the earlier
studies have focused on clarifying the adverse impacts of NPs on adult
life stages (Mohammed, 2013; Jacob et al., 2020; Rebelein et al., 2021).
However, it has been demonstrated that the presence of NPs in zebrafish
(Danio rerio) embryos and larvae can induce behavioral impairment and
oxidative stress (Chen et al., 2017; Van Pomeren et al., 2017). In addi-
tion, Kashiwada (2006) observed an increased accumulation of NPs in
yolk and gallbladder of medaka (Oryzias latipes) larvae from aqueous
exposed eggs: however, no increased mortality during the hatching
period was found in relation to the control group.

To date, only few studies have investigated the transgenerational
effects of NPs and these studies have been conducted mainly in in-
vertebrates. For instance, in Daphnia galeata, parental exposure to NPs
was associated with abnormal development of embryos and low
hatching rate, though, the subsequent survival of offspring was com-
parable to that of the unexposed group (Cui et al., 2017). However, the
transgenerational, gamete-mediated effects of NPs have remained
poorly known in vertebrates such as fishes. Our previous study (Yar-
ipour et al., 2021) on European whitefish (Coregonus lavaretus) showed
that exposure of sperm to 10 000 pcs spermatozoa ! of 50 nm non-aged
polystyrene NPs is associated with decreased sperm motility, embryo
hatching times, offspring body mass, and early swimming performance,
thus indicating that NPs can potentially have transgenerational effects
on offspring phenotype and performance. In nature, the developing
gametes of both sexes are potentially chronically exposed to very low
concentrations of plastic particles and other contaminants. However, in
fishes with external fertilization, like whitefish, gametes of both sexes
are vulnerable to environmental exposure of ambient weathered NPs
pollution also during the fertilization.

The present study asks if the exposure of gametes during fertilization
to aged 270 nm polystyrene NPs would affect the mortality and hatching
rate of embryos, as well as the performance and size of hatched larvae,
indicative of possible transgenerational effects. In the literature,
parental gametes before fertilization and offspring are considered
different generations (Crean et al., 2013; Lymbery et al., 2020), and we
adopt a similar interpretation of transgenerational effects here as well.
We used a full-factorial breeding design where the eggs from seven fe-
males were fertilized with the milt from the seven males (49
male-female combinations) to control for the effects arising from po-
tential differences in parental qualities. Fertilization in all these com-
binations were performed both in the presence and absence (control) of
aged NPs, which allowed us to directly evaluate the effect of aged NPs
exposure on the above-mentioned offspring traits across all families. We
predicted that aged NPs would negatively affect the embryonic survival
and offspring characteristics. Further, we predicted that the studied
offspring traits are also dependent on the identity of parents or their
combination (i.e. male-female interaction) (Kekaldinen et al., 2010;
Yaripour et al., 2021).

2. Material and methods
2.1. The model NPs and preparations

Non-fluorescent spherical polystyrene NPs, 270 nm in diameter,
were purchased from Microparticles GmbH, Berlin, Germany. Inside of
the NPs was 40% doped with iron-oxide with a density of ~2 g/cm>. The
surfaces of the particles are polymeric and these particles have been
previously successfully used in aquatic ecotoxicology research, demon-
strating no Fe release from the polystyrene (PS) during a 24 h
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experiment (Abdelsaleheen et al., 2021). In the present study, the "iron
label" characteristic of particle was not utilized due to practical limita-
tions. To simulate natural aging processes in the aquatic environment,
NPs were oxidated by heat-activated potassium persulfate (K2S2Og)
treatments according to Liu et al. (2019). NPs were suspended in freshly
prepared 100 mM aqueous solution of potassium persulfate. Final con-
centration of suspended Fe-PS NPs was 2.7 g/l. The suspension was
prepared in a water bath at 60 °C under continuous mixing for 24 h.
Equal amount of K3S,0g was added to the suspension after 12 h to
compensate the consumption of the oxidant. After 24 h, the suspension
was centrifuged (Multifuge 1S-R, Germany) at 4000 rpm for 20 min at
4 °C. The supernatant was removed, and the pellet was resuspended with
50 ml of MQ water and the suspension was kept at 4 °C in darkness until
the egg exposure. Prior to exposure suspension was diluted with 4 °C tap
water (source from non-chlorinated ground water of the city of Joensuu)
produce the final fertilization medium (NPs concentration 0.001 g/1).
Currently, efficient methods to sample and identify NPs in the envi-
ronment and biota are absent, why accurate environmental concentra-
tions of NPs and their bioaccumulation could not have been fully
determined yet (Barria et al., 2020). Here, the exposure concentration of
NPs was considered to presumably be more environmentally relevant
(much lower concentration) than those of some earlier ecotoxicological
studies, which have used NPs concentrations 0.05 g/1to 0.01 g/1, and 10
000 pcs spermatozoa’1 (van Pomeren et al., 2017; Abdelsaleheen et al.,
2021; Yaripour et al., 2021, respectively).

2.2. Parental fish and gamete collection

The parental whitefish were of hatchery origin and they were
haphazardly sampled from the broodstock of the River Koitajoki popu-
lation (62°51’59.99" N 30°15'60.00" E) maintained at the Saimaa Fish-
eries Research and Aquaculture Station of the Natural Resource Institute
Finland (Luke), in Enonkoski, Finland. On November 19, 2020, we
sedated seven ovulated females (mean body length 559.1 + 22.6 S.D.
mm, mean body mass 2988.4 + 615.7 S.D. g) and seven mature males
(mean body length 596.4 £+ 19.7 mm, mean body mass 3534.6 + 602.0
g) using tricaine methanesulphonate (MS-222; 100 mg 11, Sigma®,
Sigma Chemical Co. Burlington, MA, United States), and collected their
gametes by stripping. We stored the stripped eggs and milt on ice in
plastic boxes and oxygen-filled plastic zipper bags, respectively, until
the breeding experiment. The fertilization experiment was conducted
few hours later on the same day at the laboratory of the University of
Eastern Finland, Joensuu.

2.3. Artificial fertilization and incubation of eggs

Artificial in vitro fertilizations were performed in all possible com-
binations between seven males and seven females to create 49 full-sib
families. All these families were exposed to NPs in three replicates,
and the experimental design also included three replicates of control
treatments (no exposure). Hence, the breeding design contained 294
fertilization batches (7 males x 7 females x 3 replicates x 2 treatments)
in total (Fig. 1). The mean number of fertilized eggs per male-female
combination (i.e., full-sib family) was 154.0 (+ 27.2, SD). Exposure
medium consisted of non-chlorinated tap water containing either 0.001
g/1 of NPs or no NPs (control). All the fertilizations were performed at
4 °C on 90 mm plastic Petri dishes. First, 5 pl of milt (this volume has
been found to be appropriate in previous whitefish research; Yaripour
et al. 2021) was directly added to the eggs and then 40 ml of the
fertilization medium was immediately poured on the eggs, and finally,
the dishes were gently shaken for 3 s. After 60 s of exposure, fertilization
medium was replaced with 40 ml of 4 °C non-chlorinated tap water in
both treatment groups. Then, the eggs from each family were randomly
divided into separate incubating containers in three replicate tanks
within both treatments (Fig. 1). Each of the six tanks containing the full
fertilization matrix was filled with 600 L of temperature-controlled
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Fig. 1. Diagram of the experimental design used in experimental fertilizations. Eggs from seven females were fertilized with milt from seven males under exposure to
either aged 270 nm NPs medium or to control medium. Fertilization matrices were replicated three times in both treatments, and the eggs were incubated in their

family-specific compartments until hatching.

non-chlorinated tap water. The eggs were incubated at 4 °C until
hatching in March-April 2021. Dead embryos were counted and
removed weekly during the whole incubation period. Embryo hatching
time was counted from fertilization day to the date when all the embryos
in each container had been hatched.

2.4. Offspring swimming performance and body size

Swimming performance of the newly-hatched larvae was tested be-
tween March 30 and April 7, 2021, using a swimming tube system with a
gravity-driven flow and constant water velocity of 5.6 ¢cm s * (Huus-
konen et al., 2009; Yaripour et al., 2021). From each possible fertiliza-
tion batches, three larvae were haphazardly selected for the trials.
Individual larvae were forced to swim against a water current at ~6 °C
water temperature, and the times until they drifted against a net placed
at the rear end of the swimming tube and could not continue swimming
within 5 s, were recorded. After the experiments, the larvae were killed
by an overdose of MS-222 and preserved in a solution of 70% ethanol
and 1% neutralized formalin. The larvae were later measured for body
mass and total length. The time between hatching and larvae swimming
time measurement was taken into account by monitoring the estimated
hatching of fertilization batches and studying preferably earlier hatch-
ing larvae first. All the experiments were based on a license by the
Finnish Animal Experiment Board (ESAVI/3385/2018).

2.5. Statistical analyses

The effects of NPs treatment (NPs vs. control), male, female, and
male-female interaction, and replicate incubation tank on hatching
time, embryo mortality, larval body size and swimming performance
were analyzed using linear mixed-effects models (LMM). In these
models, NPs treatment was as a fixed factor while male, female, male-
female interaction (full-sib family), interactions between NPs treat-
ment and all parental effects as well as replicated incubation tank
(nested within treatment) were all included as random factors.
Furthermore, models for larval body size and swimming performance
included day of the measurement as an additional fixed factor. Finally,
interactions between NPs treatment and all parental effects were
manually excluded from the final model based on Akaike’s information

criterion (AIC) if they did not improve model fit (see supplementary
material for more information). The egg mortality was log-transformed
for improved normality. The statistical significance of each variance
component was individually tested using the likelihood ratio test be-
tween the full model and a reduced model without the tested effect.
Assumptions of all the models were graphically verified using Q-Q plots
and residual plots. The LMMs were fitted with Ime4 and ImerTest pack-
ages in R (version 4.0).

3. Results
3.1. Effects of NPs on embryo mortality and hatching time

Embryo mortality was statistically significantly affected by the nes-
ted replicate tank (within treatment) (P = 0.008), female (P < 0.001),
whereas the effects of NPs treatment (P = 0.597), male (P = 1.00), and
male-female interaction (P = 0.125) were non-significant (Table 1,
Fig. 2). Embryo hatching time varied significantly among the nested
replicate tanks (P < 0.001), female (P < 0.001) and male identities (P =

Table 1

Linear mixed model statistics for the effects of male, female, male-female
interaction, replicate tank (within NPs treatment) (random factors), and NPs
treatment (fixed factor) on offspring hatching time and embryo mortality. d.f.
refers to degrees of freedom.

Hatching time Embryo mortality
Effects
Random 7 d.f. P- 7 d.f. P-
value value
male 6.570 1 0.010 0.000 1 1.000
female 16.344 1 < 181.900 1 <
0.001 0.001
male x female 0.000 1 1.000 2.357 1 0.125
treatment: male x 44.208 1 < - - -
female 0.001
replicate 171.905 1 < 7.122 1 0.008
(treatment) 0.001
Fixed F-value d.f. P- F-value d.f. P-
value value
treatment 0.338 1, 0.590 2.350 1, 0.597
4.3 4.0
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Fig. 2. Effects of aged NPs on the total proportion of dead embryos (log-transformed) (a) and hatching rate (b) (NS: non-significant).

0.010), and treatment-male-female interactions (P <0.001) whereas NPs
treatment (P = 0.59) and male-female interaction (P = 1.0) were sta-
tistically non-significant (Table 1, Fig. 2)

3.2. Effects of NPs on offspring body size and swimming performance

Larval body length was significantly affected by the NPs treatment
(P = 0.007), female (P = < 0.001), male (P = 0.017), and male-female
interaction (P = 0.004) (Table 2). Larvae in NPs exposed group were,
on average, slightly but significantly taller than in the control group (P
= 0.007) (Fig. 3). Offspring body mass was only affected by female (P <
0.001), whereas the effects of NPs treatment (P = 0.100), nested repli-
cate (within treatment) (P = 0.417), male (P = 0.088), and male-female
interaction (P = 1.000) were not significant (Table 2, Fig. 3). Offspring
swimming performance was significantly affected by female identity
only (P < 0.001), whereas the effects of treatment (P = 0.813), nested
replicate (treatment) (P = 0.146), male (P = 0.258), and male-female
interaction (P = 0.192) were not significant (Table 2, Fig. 3).

4. Discussion

Our results show that short-term exposure of whitefish gametes to
aged 270 nm polystyrene NPs during fertilization increased offspring
post-hatching body length, whereas embryo mortality, hatching time,
larval body mass and swimming performance were not affected. These
results do not support the previous findings on negative effects of sperm
NPs exposure on larval performance of whitefish (Yaripour et al., 2021).
In the previous study, short exposure of sperm to non-aged polystyrene
NPs did not affect embryo mortality, but hatching timing was acceler-
ated, in comparison with the control group. Furthermore, Yaripour et al.
(2021) found that sperm pre-fertilization exposure to high NPs con-
centration (10 000 pcs spermatozoa ') of non-aged particles also
impaired offspring swimming performance and lowered body mass,
relative to the control. In the present study, at lower and presumably
environmentally more relevant concentration of aged NPs, however, no
such effects were observed. As expected, maternal identity influenced

Table 2

the variations in all the offspring traits examined, confirming the
importance of maternal effects in early development of whitefish.
Instead, paternal identity only affected offspring hatching time and
length, referring to the presence of additive genetic variation in these
traits. In general, maternal effects are typically strong during early life
stages of fish, whereas the relative importance of paternal effects might
increase later in ontogeny (Kekaldinen et al., 2010; Kekalainen et al.,
2018).

Interestingly, we found that larvae originating from the NPs-exposed
fertilization groups were, on average, 0.13 mm longer than the control
individuals, whereas the offspring body mass was not significantly
different between the groups. To date, many studies have observed
negative impacts of plastic debris on animal growth. For example, Wang
et al. (2021) observed a significant decrease in larval body length after
parental exposure to non-weathered MPs in marine medaka (Oryzias
melastigma). Chen et al. (2017) also reported that exposure of embryos to
50 nm non-weathered NPs reduced body length in zebrafish larvae. Our
results thus contradict these findings, although the duration of the
exposure phase and type of used particles in the present experiment is
also very different, when compared to the abovementioned studies.
Either way, larvae that are of large size at hatching are likely capable of
ingesting larger prey and thus have more potential to start feeding and
grow faster, in comparison with smaller individuals (Dostatni et al.,
1999; Graeb et al., 2004). While we are presently unable to provide a
clear explanation for longer mean body length in the exposed group, the
present findings might be related to changes in embryo metabolism that
regulates growth and energy allocation. Alternatively, the difference
might result from size-selective mortality of embryos if there was size
variation between the eggs and if the NPs increased the mortality of
smallest embryos. The biological significance of the ~1% increase in
larval length observed is presumably very small or negligible. If the
weight of larvae is same but larvae are taller, the longer larvae should be
slightly slenderer and thus, in theory, more vulnerable to gape limited
predators, that are numerous in natural environment for the small sized
larvae (Schmitt and Holbrook, 1984; Urpanen et al., 2005; Gaeta et al.,
2018). It is obvious that further research is needed to understand the

Linear mixed model statistics for the effects of male, female, male-female interaction, replicate tank (within treatment) (random factors), NPs treatment and exper-
imental day order (fixed factors) on offspring body size and larvae swimming performance. d.f. refers to degrees of freedom.

Body mass Body length Swimming performance

Effects

Random 7 d.f. P-value 7 d.f. P-value 7 df. P-value
male 2.917 1 0.088 5.670 1 0.017 1.281 1 0.258
female 72.177 1 <0.001 47.843 1 <0.001 16.006 1 <0.001
male x female 0.000 1 1.000 8.178 1 0.004 1.698 1 0.192
replicate(treatment) 0.659 1 0.417 0.000 1 1.000 2.113 1 0.146
Fixed F-value d.f. P-value F-value d.f. P-value F-value d.f. P-value
treatment 0.000 1,38 1.000 7.426 1, 529 0.007 0.064 1,39 0.813
experimental day 129.38 1, 386 <0.001 67.012 1,528 <0.001 2.742 1, 450 0.098
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Fig. 3. Effects of aged NPs on larvae body length (a), body mass (b) and swimming performance (c). The swimming performance data in seconds were log-

transformed to normalize their distribution. (**: P < 0.01; NS: non-significant).

underlying mechanism and biological significance.

Hatching is crucial and also the first life-history transition of fish
(Warkentin, 2011; Touchon et al., 2013). Even a minor shift in hatching
time could have considerable consequences for the ability of larvae to
find suitable zooplankton food and resist starvation (Wedekind and
Miiller, 2005; Porter and Bailey, 2007). For example, Huuskonen and
Karjalainen (1993) reported that in vendace (Coregonus albula, a close
relative of whitefish), yolk sac absorption lasted approximately 15 and 5
days at temperatures of 8 and 18 °C, respectively. During this time,
larvae need to find suitable zooplankton food. Since too early hatching
can induce a phenological mismatch between hatching and food pro-
duction (see Cushing 1990), possible exposure-associated modifications
in larval length and hatching time may have an indirect effect on larval
survival and thus recruitment of fish stocks. Timing of hatching is
dependent on many internal and external processes. Intrinsic factors
basically determine when the embryo has reached the adequate devel-
opmental stage for hatching, but different environmental factors, such as
incubation temperature, hypoxia and chemicals, can alter the timing of
the event (Warkentin, 2011; Korwin-Kossakowski et al., 2012).

There is currently a lack of information about the underlying causes
how emerging plastic pollution, and specifically NPs, could affect
hatching time in fish. In the present study, the hatching time did not
differ between the NP-treated embryos and control embryos. The pre-
sent results contrast our own earlier findings (Yaripour et al., 2021) and
results by a recent study by Wang et al. (2021) reporting that parental
exposure of marine medaka to larger, 2 um PS MPs, in concentrations of
2 and 20 pg/L accelerated offspring hatching time. These earlier studies
concluded that accelerated hatching can be a response of fertilized eggs
to reduce adverse effects of microplastic exposure. These studies also
suggested that induced anti-oxidative stress response after NPs exposure
increases heartbeat of embryos that might stimulate premature hatch-
ing; plastic particles per se may decrease the accumulation of nutrients in
embryos while increased heart rate induces high rate of metabolism.

Then, embryos may try to prevent nutritional deficiency by earlier
hatching (Wang et al., 2021). Advanced hatching has been reported also
as a response to heavy metal exposures (Jezierska et al., 2009; Jezierska
and Witeska, 2001). According to these studies, early hatching might be
caused by reduction in metabolic rate, hypoxia, and damage to the cell
membranes. Stouthart et al. (1996) noted that metals possibly damage
the chorion of the eggs, leading to chorionic fragility and subsequent
early hatching. Malafaia et al. (2020) in turn suggested that plastic
exposure may cause early hatching similarly as exposure to metals, but
the exact mechanisms have not yet been proposed. One could suggest
that the treatment-induced increased length observed in the present
study might indeed be a part of the adaptive physiological response to
avoid hatching too early, because usually in the freshwater fishes
early-hatched larvae are shorter, and not longer than later-hatched
conspecifics (Bidgood, 1974; Porter and Bailey, 2007). The developing
larvae might thus trade-off their energy allocation between growth and
body movements inside the shell (that can lead earlier hatching, see
Korwin-Kossakowski 2012). This hypothesis should be verified in future
experiments. It is also worth noting that in nature, contrary to our
fertilization and incubation set-up, embryos are exposed to ambient
contaminants throughout the incubation period, in addition to possible
pre-spawning contamination inside the bodies of parental fish.

We found that aged NPs present during in vitro fertilization had no
detectable transgenerational effects on larval swimming performance.
The literature on the possible transgenerational effects of acute versus
chronic plastic exposures generally reports very mixed results. An earlier
study on zebrafish showed that non-weathered NPs bioaccumulated
through maternal dietary exposure in eggs can transfer to offspring
without affecting their performance (Pitt et al., 2018). According to
Qiang et al. (2020), parental exposure to MPs neither impacted offspring
survival and development, although MPs were accumulated in parents’
intestine. A recent study in Daphnia magna indicated that the trans-
generational toxicity of MPs and NPs under acute exposure is restrained
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even in high concentrations but chronic exposure has adverse effect (Xu
et al., 2020). Nevertheless, more research is needed especially in fishes
to determine possible transgenerational effects of long-term parental
NPs exposure and to estimate whether possible transgenerational effects
of plastic particles are significant or recoverable.

5. Conclusions

The present study is among the first experiments focusing on the
potential effects of presence of aged nanoplastics during spawning of
fish. Our study demonstrates that even the acute exposure of whitefish
gametes to aged NPs during fertilization may affect offspring length,
either by affecting metabolism or size-dependency of mortality. How-
ever, embryonic mortality, hatching time or swimming performance of
offspring were not affected. Interestingly, we observed significantly
longer body length but unaffected body weight in the treated group.
These results, along with the previous observations (Yaripour et al.,
2021), increase our knowledge on the effects of NPs on fish reproduction
while also raise some new questions to be addressed. Further research
will also be needed to investigate the possible long-term chronic effects
of NPs on fishes and other aquatic organisms.
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