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Abstract

A growing number of studies have highlighted the contamination and the effects towards organisms of diverse microplastics
(uPs) in the marine environment. Surprisingly, although the main sources of pPs for marine environments are inland surface
waters, the information on the occurrence and the effects of uPs in freshwater ecosystems is still scant. Thus, the aim of the
present work is to investigate the ingestion and possible adverse effects due to the exposure to polystyrene uPs (PSuPs; @ =
3 um) on tadpoles of the Amphibian Xenopus laevis. Larvae at the developmental stage 36, prior to mouth opening, were exposed
under semi-static conditions to 0.125, 1.25, and 12.5 ug mL™" of PSuPs, and allowed to develop until stage 46. At the end of the
exposure, the digestive tract and the gills from exposed and control tadpoles were microscopically examined, as well as changes
in body growth and swimming activity. PSuPs were observed in tadpoles’ digestive tract, but not in the gills, from each tested
concentration. However, neither body growth nor swimming activity were affected by PSuPs exposure. Our results demonstrated
that PSuPs can be ingested by tadpoles, but they did not alter X. /aevis development and swimming behavior at least during early-
life stages, also at high, unrealistic concentrations.
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Introduction

Plastic contamination is a worrisome environmental problem
gripping aquatic ecosystems worldwide. Over the past
50 years, an unfathomable amount of plastic debris has
reached the marine environment, representing a serious hazard
for seas and oceans at all latitudes (Thompson et al. 2004).
Although the negative impact of big plastic debris (i.e.,
macroplastics; >25 mm in size) on marine ecosystems has
been highlighted since the 1980s (Stefatos et al. 1999), a
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growing scientific interest has recently raised on
microplastics. Microplastics (iPs) are small plastic particles
(<5 mm in size) that are produced ex novo to be used in
cosmetics, industrial or medical applications, or derive from
macroscopic debris after chemical, physical, and biological
breakdown (Barnes et al. 2009). A number of studies have
identified marine ecosystems as hotspots of uPs pollution
(Wright et al. 2013 and references therein), where they have
been recorded up to a maximum estimated density of 100,000
particles m > in surface waters and in the range of 100,000
items m 2 on shorelines (e.g., Desforges et al. 2014).

In spite of these findings, the contamination of freshwaters
cannot be underestimated. In fact, freshwaters are the primary
source of uPs entering seas and oceans through household
sewage discharge (e.g., Fendall and Sewell 2009), direct input
in water run-off or via storm-7water and wastewater treatment
plant outlets (Dris et al. 2015), spillage of plastic resin pow-
ders or pellets used for airblasting (Gregory 1996), and feed-
stocks used to manufacture plastic products (Zbyszewski et al.
2014) or, alternatively, from the breakdown of larger plastic
items. Microplastic contamination of surface waters that has
been reported was in the 0.001-0.1 items m ™2 range for lakes
and 0.1-1 items m 2 range for rivers, while in the 10-10,000
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items m 2 and 1-1000 items m > for lake and river sediments,
respectively (Dris et al. 2015). The presence of uPs in differ-
ent environmental matrices and their small size can result in
the ingestion by organisms. A wealth of studies has demon-
strated the ingestion of different puP items in 160 marine spe-
cies (see Lusher 2015 and reference therein), including fish
(Collard et al. 2017), seabirds (Lavers et al. 2014), mammals
(Fossi et al. 2012), and invertebrates (Graham and Thompson
2009; Cole et al. 2013; Messinetti et al. 2018), as well as in 39
freshwater species (Scherer et al. 2017). Experimental studies
have also demonstrated that uPs ingestion might negatively
affect the health status of aquatic species, including fish (e.g.,
Lei et al. 2018), molluscs (e.g., Sussarellu et al. 2015), and
crustacean (e.g., Frydkjaer et al. 2017). However, such inves-
tigations have returned contrasting results mainly depending
on WP size and shape, as well as the tested concentration (Lee
et al. 2013; Wright et al. 2013; Scherer et al. 2017).

Whilst evidence of strong negative effects, including intes-
tinal damage, inhibition of feeding activity, and reduction of
survival rates and body growth have been found (Lei et al.
2018; Murphy and Quinn 2018), some studies have pointed
out slight or null adverse effects due to uPs ingestion (Hamer
et al. 2014; Imhof et al. 2017; Weber et al. 2018). In spite of
these findings, information on the impact of uPs on swim-
ming activity of aquatic organisms are still limited.
However, this effect cannot be neglected because ingestion
of plastic microparticles could constrain organisms’ move-
ments in water.

To the best of our knowledge, only two studies have been
focused on pPs ingestion on amphibian species even though
these organisms can be a target of yuPs contamination, being
exposed both in aquatic and terrestrial ecosystems. Moreover,
as amphibians are filter feeders until they complete their meta-
morphosis, tadpoles are excellent models to investigate the
ingestion of puPs and the subsequent effects during early-life
periods. A first laboratory study demonstrated the uptake, ac-
cumulation, and elimination of polystyrene uPs in Xenopus
tropicalis, showing their presence in both the digestive tract
and on the gills (Hu et al. 2016). Similarly, a recent field work
performed by Hu et al. (2018) confirmed that tadpoles can
ingest uPs from their surrounding environment, showing the
presence of different puPs typologies in the digestive tract of
tadpoles belonging to four different species sampled in small
waterbodies of the Yangtze River Delta (China). Despite of
these findings, no study was focused on the potential adverse
effects induced by pPs ingestion in tadpoles. Thus, the present
study was aimed at investigating the ingestion and the possible
negative caused by polystyrene spherical microplastics (PuPs;
@ =3 um) on Xenopus laevis tadpoles. We exposed X. laevis
tadpoles to three increasing concentration of PSuPs (0.125,
1.25, and 12.5 pg mL™") from stage 36, prior to mouth open-
ing, to stage 46 (Nieuwkoop and Faber 1994). At the end of
the exposure, we assessed the ingestion of PSuPs in tadpoles’

digestive tract and gills, as well the effects on survival, body
growth, and swimming activity.

Materials and methods
Chemicals and polystyrene microplastic preparation

All analytical grade reagents, L-cysteine, 3-amino-benzoic acid
ethyl ester (MS222), salts for FETAX solution, and blue poly-
styrene microplastics (PSuPs; @ =3 um) were purchased from
Sigma-Aldrich, Milano, Italy. Chemical-physical properties of
the uP beads were tested. The size of polystyrene pPs was
assessed by measuring size of 500 particles on different pictures
captured with a scanning electron microscope (SEM) (Fig. S1)
using Fiji freeware software (Schindelin et al. 2012), resulting in
2.75+0.09 um of diameter. Polystyrene pPs were chemically
characterized by using a Fourier transformed infrared spectro-
scope (FT-IR) PerkinElmer Spectrum 100: PSpPs were analyzed
as received. Subsequently, 10 mL of FETAX solution was dried
at room temperature overnight (16 h) together with the same
volume of a FETAX solution containing the PSuP
(50 ug mL™"). The two residues were compared with the
PSuPs. In Fig. 1, the spectra obtained are overlapped and signals
showing the presence of PSuP are indicated. We focused on
PSuPs because this polymer is one of the most abundant in both
marine and freshwater ecosystems (Li et al. 2016). Moreover,
polystyrene has a negligible styrene release in water solution;
therefore, we can be reasonably sure that possible effects are
due to the physical presence of 1Ps and not to monomer release
(Cohen et al. 2002). The commercial standard was an aqueous
suspension (50 mg mL ™) that was diluted in culture medium to
obtain a stock solution of 50 ug mL™" concentration. Three
PSuPs concentrations, namely 0.125 (1 x 10° particles mL_l),
1.25 (2.833 x 10° particles mL ™), and 12.5 pg mL ™" (8.666 x

10° particles mL ™), were tested according to previous works on
other aquatic organisms (Lee et al. 2013; Messinetti et al. 2018).

Animals and experimental design

Adults of Xenopus laevis were maintained at the University of
Milan in aquaria filled with dechlorinated tap water at 22 +

2 °C, with a 12 h light/dark cycle and fed a semi-synthetic diet
(Mucedola S.r.L., Settimo Milanese, Italy). Embryos were ob-
tained from natural breeding of adult pairs and the experiment
run according to the Frog Embryo Teratogenesis Assay-
Xenopus, FETAX, protocol (ASTM 1998), lightly modified.
In particular, we planned a late exposure, being interested in
the possible effects of ingested PSpPs and not to their devel-
opmental toxicity. Embryos were thus exposed prior to mouth
opening, which happens at stage 40 (Nieuwkoop and Faber
1994), and not at the classic midblastula stage (stage 8). At the
end of the test (stage 46), FETAX endpoints, i.e., mortality
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Fig. 1 Chemical characterization
of blue PSuPs by a Fourier
transformed infrared spectroscope
(FT-IR). Spectra of PSuPs (blue),
FETAX solution (red), and
FETAX solution containing
PSuPs (black) are reported. Black
arrows indicate the specific peaks
of polystyrene
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and growth inhibition, were considered. Exposure tests were
performed in FETAX solution (0.01 M NaCl, 1 mM NaHCOs,
0.4 mM KCl, 0.1 mM CaCl,, 0.35 mM CaSO, and 2H,0, and
0.6 mM MgSQ,, at pH 7.6-8.0).

After breeding, adults were removed and embryos collect-
ed in plastic Petri dishes. Fertilized eggs were dejelled with
2% L-cysteine solution (pH 8.0) and rinsed several times with
FETAX solution. Normally, cleaved embryos were selected,
transferred to plastic Petri dishes filled with 10 mL of FETAX
solution, and allowed to develop until stages 3637, according
to Nieuwkoop and Faber (1994). Thirty tadpoles at stages 36—
37 were seeded in Petri dishes and exposed to a nominal

Fig. 2 Ventral view of X. laevis
tadpoles (stage 46) at the
steromicroscope. A Control
sample. B Sample exposed to
0.125 pg mL ™' PSuPs showing
no sign of blue beads in the
digestive system. C, D Samples
exposed to 1.25 (C) and

12.5 pg mL™! (D) showing large
amounts of PSpPs in their gut.
Scale bar=1 mm
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concentration of 0.125, 1.25, and 12.5 pug mL™' PSuPs in
FETAX. The test was performed in semi-static conditions ev-
ery single day. All groups were incubated in a thermostatic
chamber at 22 + 0.5 °C, and both control and PSpPs exposure
groups duplicated. Tadpoles were not fed during the experi-
ment and allowed to develop until stage 46, end of the expo-
sure test. At this point, 20 tadpoles from each group were
transferred to a small Petri dish filled with 5 mL of culture
medium to be video-tracked. Then, all tadpoles were anesthe-
tized with MS222 at a final concentration of 100 mg L™" and
evaluated for single malformations under a dissecting micro-
scope. At the end of the analysis, all samples were fixed in 2%
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glutaraldehyde in 0.1 M sodium cacodylate buffer solution
(pH 7.4) for growth retardation measurements and for the
subsequent microscopical analyses.

Microscopy analyses

For light microscopy analyses, 26 tadpoles per replicate were
dehydrated in ethanol (EtOH) up to 70% and examined under
a Leica DMRA2 microscope. Images were collected with a
Leica DC300F digital camera and tadpole body lengths mea-
sured using Fiji freeware software (Schindelin et al. 2012). For
electron microscopy analyses, 10 tadpoles from each treatment
group were randomly selected, post-fixed in 1% OsO, for 2 h at
4 °C, and critical-point dried in a Balzers Unions CPD 020

Fig. 3 SEM images from the
digestive epithelium of X. laevis
tadpoles showing the increasing
presence of PSpPs into the lumen.
LM low magnification, HM high
magnification. White arrowhead
indicates PSuPs, black arrowhead
indicates brush border, and
asterisk indicates the intestinal
wall

1.25 mg/L 0.125 mg/L CTRL

12.5 mg/L

apparatus (Balzers Unions, Lichtenstein). Under a stereomicro-
scope, the digestive tract and gills of each tadpole were dissected,
mounted onto standard SEM stubs, gold sputtered, and observed
under a Zeiss LEO 1430 SEM at 20 kV.

Swimming activity analysis

The effects on swimming activity of tadpoles were evaluated
by a video tracking analysis. Twenty tadpoles per treatment,
including control, were randomly selected from exposure Petri
dishes and individually transferred to another Petri dish (J =
60 mm) filled with 5 mL of culture medium. Because of their
high motility, tadpoles were enclosed in a small arena (J =
10 mm) placed in the center of the Petri dish where they
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stopped movements and acclimatized for 3 min to new con-
ditions. After acclimatization, the small arena was removed,
the tadpoles restarted to swim, and its movements were filmed
by an iPhone 6 for 10 s. The obtained 1080p Full HD videos
were analyzed by using the ImageJ plugin Animal Track
(Gulyas et al. 2016). The distance moved (mm) and mean
swimming speed (cm s~ ') were considered as swimming ac-
tivity endpoints.

Statistical analysis

The effect of PSuPs exposure on the body length and the
swimming activity of tadpoles was investigated by using lin-
ear mixed models (LMMs) including the treatment as fixed
factor, while the identity of the Petri dish as a random factor.
As no mortality occurred in all the experimental groups, no
statistical analysis on this endpoint was performed. The anal-
yses were run using SPSS 21.0 statistical package.

Results and discussion

The present work showed that X. laevis tadpoles can ingest
polystyrene microplastic beads during early-life stages, even
though these particles did not significantly affect survival,
body growth, and swimming activity. Stereomicroscopy anal-
yses showed the presence of PSuPs in the whole digestive
tract of tadpoles, mostly after the exposure to 1.25 pg mL ™'
and 12.5 pg mL ™", while the lower concentration seems not to
show the presence of PSuPs (Fig. 2). However, the SEM
analyses showed the presence of PSuPs in the digestive tract
of tadpoles from all the treatments, including 0.125 g mL™"
(Fig. 3). As expected, the digestive tract from tadpoles ex-
posed to 12.5 ug mL™" of PSpPs was completely full of par-
ticles, while the amount of microbeads was notably lower in
the individuals from the other treatments. SEM analyses sug-
gest the absence of mechanical damage to the walls of the
epithelium. Our findings are in agreement with previous

studies demonstrating that polystyrene uPs of different size
can be easily ingested and accumulated in the digestive tract of
different aquatic organisms. For instance, PSuPs (1.7—
30.6 um in size) were observed in the digestive tract of 13
marine zooplanktonic organisms (Cole et al. 2013), while
100 nm—10 um PSpPs filled up the digestive tract of the
cladoceran Daphnia magna (Ma et al. 2016; Rist et al.
2017). Moreover, similar results were also obtained in
Xenopus tropicalis, whereby fluorescent polystyrene uPs (1
and 10 um in size) were clearly observed in alimentary canal,
stomach, and intestine of tadpoles already after 1 h of expo-
sure (Hu et al. 2016). However, in our study, no PSuPs were
found on tadpole gills at each tested concentration (Fig. S2),
contrasting previous results on X. tropicalis that showed the
presence of 1 and 10 um on the gills of tadpoles (Hu et al.
2016). Similarly, 8-10 pm PSuPs were found on the gills of
the crab Carcinus maenas (Watts et al. 2014). Such findings
suggested that the ingestion, the transfer, and the accumula-
tion of different uPs in specific body districts greatly depend
on the concentration and the size of the particles, as well as on
the size of the focal model species (Wright et al. 2013). Thus,
we suppose that the discrepancy in the presence of pPs on the
gills of two Xenopus species might be due to their different
body size. In fact, X. tropicalis is smaller than X. laevis, and
consequently, it owns smaller gills and thick filaments, which
allowed a more efficient trapping of PSuPs. This anatomic
feature could also explain the higher accumulation of PSuPs
in X. tropicalis compared to X. laevis although the exposure
concentration selected by Hu et al. (2016) was notably lower
(concentration range of 1 um PSpPs 10-10° particles mL ™"
and concentration range of 10 um PSpPs 0.1-10°
particles mL™") than those tested in our study (concentration
range of 3 um PSpPs 1 x 10°-8.6 x 10° particles mL ™.
Although PSuPs filled up the digestive tract of tadpoles, no
tadpole died over the exposure period neither in the control
nor in all the treatment groups. Our results are consistent with
previous studies showing no mortality on diverse aquatic or-
ganisms after the exposure to diverse concentrations of

Fig. 4 Estimated marginal means 11.25 ~ 5
(+ standard error) of total body — a a
length of X. laevis tadpoles (stage € 11.00 4 T a
46). Letters above histograms € ’ I L
indicate differences between :
groups, whereby similar letters 'uco 10.75 4
indicate no significant c
differences. No significant Q
differences were found (p > 0.05) % 10.50 1
_8
— 10.25 4
@
(e}
S 10.00
'_ .
CTRL 0.125 pg/mL 1.25 pg/mL 12.5 pg/mL
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dissimilar pP polymers, including invertebrates (e.g., Imhof
etal. 2017; Rist et al. 2017; Weber et al. 2018) and vertebrates
(e.g., Huetal. 2016; Chen et al. 2017). However, the ingestion
of PSuPs might cause sub-lethal effects, including the reduc-
tion of food assimilation and body growth (Cole et al. 2015;
Xu et al. 2017). No significant differences in body length of
tadpoles at stage 46 were noted between the treatment groups
and the control (F3 503 = 1.137; P=0.335; Fig. 4), suggesting
that PSuPs ingestion did not affect body growth of tadpoles
during early-life stages. Our results are in contrast with previ-
ous studies demonstrating that the ingestion of PSuPs nega-
tively affected body growth of diverse organisms (Besseling
et al. 2014; Lo and Chan 2018). These discrepancies might be
due to the duration of the exposure and/or the size of the tested
uPs. In fact, 14-day exposure to PSuPs (J=2-2.4 pum) re-
duced the growth of the onyx slipper snail Crepidula onyx (Lo
and Chan 2018). Moreover, the 21-day exposure to polysty-
rene nanoplastics (& = 70 nm) reduced the growth of Daphnia
magna (Besseling et al. 2014), while the exposure up to 7 days
post-fertilization to polystyrene nanoplastics (& =50 nm) al-
tered the early development of X. laevis (Tussellino et al.
2015). We may suppose that ingested PSuPs did not affect
body growth of X. laevis tadpoles because they do not inter-
fere with the assimilation of yolk reserves used during early-
life stages. Alternatively, polystyrene microbeads were
ingested and egested quickly by tadpoles (Hu et al. 2016)
and did not affect the development.

Despite no developmental effects, the ingestion of puPs
could affect tadpole swimming activity because particles can
represent an additional weight for tadpoles and consequently a
high energy demanding effort to be supported. According to
results on body growth, PSuPs ingestion did not affect the
swimming activity of tadpoles (Fig. 5a, b); no significant dif-
ferences in terms of distance moved (F3,73 = 0.677; P =0.569)
and mean swimming speed (F373=0.196; P=0.899) oc-
curred between the treatment groups and the control. On the
contrary, a previous study of the amphipod Platorchestia
smithi showed that the ingestion of polyethylene uPs (J =
35-45 um) caused a decrease of the jump height (Tosetto
et al. 2016). This discrepancy can be due to species-specific
differences, different ontogenetic stage, and/or to the type of
analyzed swimming activity of the model organisms. In fact,
in the present study, we monitored the horizontal swimming of
tadpoles, while Tosetto et al. (2016) monitored the vertical
hopping of amphipods. In addition, the rate of uP ingestion/
egestion, the size and the composition of plastic used for ex-
posures (3 wm polystyrene used in our study versus 35-45 um
polyethylene particles used by Tosetto et al. 2016), and their
exposure concentration can affect the swimming activity and
explain the differences of the responses after uP exposure.
Lastly, Tosetto et al. (2016) “doped” the polyethylene pPs
administered to amphipods with contaminated marine water
and doped puPs adsorbed on their surface 0.007 pug g ' of
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PAHs, which could cause the observed behavioral changes.
This hypothesis is supported by a previous study of zebrafish
larvae showing that negative effects on swimming activity
occurred only when organisms where co-exposed to uPs and
«-ethynylestradiol, while no swimming alteration was noted
when larvae were exposed to p1Ps alone (Chen et al. 2017).

Conclusion

Our findings showed that 3 um PSuPs are quickly ingested by
X. laevis tadpoles at all the tested concentrations, but the ex-
posure period does not induce negative effects on the body
growth and swimming activity, also at high unrealistic con-
centrations. Further studies should be planned in order to eval-
uate if long-term exposure can impact the development and
post-metamorphic stages of X. laevis. Lastly, investigations on
the potential effects due to smaller polystyrene spherical par-
ticles or to fragments, foams, and pellets, which are predom-
inant in freshwater ecosystems, should be necessary to under-
stand the real impact of PSuPs on aquatic organisms.
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