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ARTICLE INFO ABSTRACT

Edited by Professor Bing Yan Microplastics (MPs), due to their impacts on the ecosystem and their integration into the food web either through
trophic transfer or ingestion directly from the ambient environment, are an emerging class of environmental
contaminants posing a great threat to marine organisms. Most reports on the toxic effects of MPs exclusively
focus on bioaccumulation, oxidative stress, pathological damage, and metabolic disturbance in fish. However,
the collected information on fish immunity in response to MPs is poorly defined. In particular, little is known
regarding mucosal immunity and the role of mucins. In this study, marine medaka (Oryzias melastigma) larvae
were exposed to 6.0 pm beads of polystyrene microplastics (PS-MPs) at three environmentally relevant con-
centrations (102 particles/L, 10* particles/L, and 10° particles/L) for 14 days. The experiment was carried out to
explore the developmental and behavioural indices, the transcriptional profiles of mucins, pro-inflammatory,
immune, metabolism and antioxidant responses related genes, as well as the accumulation of PS-MPs in
larvae. The results revealed that PS-MPs were observed in the gastrointestinal tract, with a concentration- and
exposure time-dependent manner. No significant difference in the larval mortality was found between the
treatment groups and the control, whereas the body length of larvae demonstrated a significant reduction at 10
particles/L on 14 days post-hatching. The swimming behaviour of the larvae became hyperactive under exposure
to 10* and 10° particles/L. PS-MPs. In addition, PS-MP exposure significantly up-regulated the mucin gene
transcriptional levels of muc7-like and muc13-like, however down-regulated the mucin gene expression levels of
hegl, muc2, muc5AC-like and muc13. The immune- and inflammation and metabolism-relevant genes (jak, stat-3,
il-6, il-18, tnf-a, ccl-11, nf-kb, and sod) were significantly induced by PS-MPs at 10* and 10° particles/L compared
to the control. Taken together, this study suggests that PS-MPs induced inflammation response and might
obstruct the immune functions and retarded the growth of the marine medaka larvae even at environmentally
relevant concentrations.

Keywords:

Microplastic accumulation
Body length

Swimming behaviour
Mucins
Immunomodulation

1. Introduction

Plastic refers to a group of polymers made from petroleum sources,
including polystyrene (PS), polypropylene (PP), polyvinylchloride
(PVC) and polyethylene (PE) (Vert et al., 2012). The plastic debris could
be categorised as mesoplastics, microplastics and nanoplastics based on
their sizes (Andrady, 2011). Microplastic (MP) are referred to as plastic
smaller than 5 mm in size (Anon, 2009; Barnes et al., 2009) and MP

debris is documented ubiquitously in marine ecosystems worldwide,
including coastal and sea surface waters (Gao et al., 2022; Lusher et al.,
2014), deep-sea sediment (Woodall et al., 2014), arctic regions (Mu
etal., 2019; von Friesen et al., 2020), and marine organisms (Fang et al.,
2021). Great variations in MP concentrations have been observed
worldwide in marine surface waters, with concentrations ranging from
10~ to 381 particles/L (Lorenz et al., 2019; Shruti et al., 2021; Song
et al., 2018, 2015; Zhao et al., 2015).
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MPs in marine environments are of particular concern since they are
posing an increasing threat to marine organisms. An extensive range of
marine species can ingest some MPs, because the sizes, shapes, and
colours of MPs are similar to those of food (Alimba and Faggio, 2019).
Besides, MPs can also be transferred along the food chain to higher
trophic level organisms (Hasegawa and Nakaoka, 2021; Sucharitakul
et al., 2021; Wang et al., 2021; Zhang et al., 2022). Numerous studies
have already focused on the toxicity of MPs on marine organisms,
including crustaceans, fish, molluscs and microbiota (Ajith et al., 2020;
Farrell and Nelson, 2013; Lee et al., 2013; Martins and Guilhermino,
2018). For instance, the most obvious growth inhibition of the marine
diatom (Skeletonema costatum) has been observed after exposure to 50
mg/L MPs (PVC, 1 um) at 96 h (Zhang et al., 2017). However, no
mortality of African catfish (Clarias gariepinus) juveniles was observed in
all treatments except in the highest concentration (2 g/L) of low-density
polyethylene (LDPE) MPs (50-500 um) exposure for 4 days (Tongo and
Erhunmwunse, 2022). In addition, the ingested MPs could accumulate
in the fish gastrointestinal tract (GIT) and resulting blockages (Tongo
and Erhunmwunse, 2022; Wright et al., 2013). MPs have shown to cause
adverse effects including oxidative stress (Jovanovic, 2017; Kang et al.,
2021), reproductive disturbances (Sussarellu et al., 2016), and modulate
a series of immunological functions, such as the transcriptional levels of
immune genes in fish (Espinosa et al., 2017; Gu et al., 2020). Further-
more, Choi et al. (2018) reported that irregular MPs decreased the
swimming behaviour of sheepshead minnow (Cyprinodon variegatus).

The most frequently detected synthetic polymers in the aquatic
environment are low- and high-density polyethene (LDPE and HDPE),
PS, PP, and polyethene terephthalate (PET) (Bratovcic, 2017). These
synthetic polymers increase the occurrence of MPs in the aquatic envi-
ronment as they are discarded after use (Turra et al., 2014). Among the
above-mentioned multiple types of polymers, PS is the most frequently
used plastic polymer, making it the most commonly used microplastic in
toxicological studies and often detected in the aquatic environment
(Browne et al., 2010). PS-MPs negatively impact the body length, sur-
vival rate and metabolism of marine organisms under stressful exposure
(Wang et al., 2019b; Yin et al., 2019). In addition, the increased
expression of genes encoding the antioxidants superoxide dismutase
(SOD), catalase (CAT) and glutathione peroxidase (GPx) in the Chinese
mitten crab (Eriocheir sinensis) decreased after PS-MP exposure (Yu et al.,
2018). Furthermore, some studies of MP exposure demonstrated the
inhibitory effects on the locomotor ability of aquatic organisms (Qiang
and Cheng, 2019; Sun et al., 2021; Yin et al., 2019). On the contrary, the
swimming behaviour of zebrafish became hyperactive after MP expo-
sure (Chen et al., 2020b).

The immune system defends against exogenous microorganisms and
xenobiotics, and the negative effects of MPs on the immune system of
aquatic animals have been previously reported (Kang et al., 2021;
Limonta et al., 2019). MP exposure can modulate a series of immuno-
logical functions, such as lysozyme activity, neutrophil levels, immu-
noglobulin levels, respiratory burst, phagocytosis, and the
transcriptional levels of immune genes in fish (Choi et al., 2018; Espi-
nosa et al., 2017; Gu et al., 2020; Kim et al., 2021). However, the
collected information of PS-MPs on fish immunity is poorly defined
(Abihssira-Garcia et al., 2020; Kim et al.,, 2021). Secreted and
membrane-associated mucins are classes of multifunctional glycosylated
proteins involved in cell proliferation, cell differentiation and immune
response (Pérez-Sanchez et al., 2013), which play important roles in
mucosal immunity (Good et al., 2017). The expression patterns and
distribution of mucin in human organs are relatively well known
(Dhanisha et al., 2018; Gollub et al., 1992; Larivée et al., 1994; Smir-
nova et al., 2001; Sperber et al., 1991; Wang et al., 2007). However,
knowledge of mucins in fish has just started to advance in the last few
years (Marcos-Lopez et al., 2018). PS-MP exposure induced mucin
secretion in the gut of zebrafish (Jin et al., 2018), meanwhile, viral in-
fections resulted in a mucin disturbance expression in mucosal tissues in
the common carp (Cyprinus carpio) (Adamek et al., 2017). In addition, it
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is reported that MP exposure tends to cause intestinal flora disorders,
reduce intestinal mucus secretion, and finally led to the destruction of
the digestive system (Qiao et al., 2019; Yin et al., 2021). Our previous
research showed that eight out of twenty-one differentially expressed
genes were mucin genes of marine medaka larvae exposed to 6.0 um
PS-MPs at a concentration of 10° particles/L (Chen et al., 2020a).
Herein, we hypothesise that mucin genes may play an important role in
the immune protection of marine medaka larvae against PS-MP stress.

The goals of the present study were to examine the toxicity of PS-MP
exposure (14 days) on the immune response, swimming activity and
development of marine medaka (Oryzias melastigma), a marine fish
model (Bo et al., 2011; Kong et al., 2008). Firstly, the distribution and
accumulation patterns of fluorescently labelled PS-MPs inside
O. melastigma larvae were examined. Then, the developmental effects of
PS-MPs on marine medaka larvae were investigated in terms of body
length, body width, and survival rate. Furthermore, the effects of
PS-MPs on the swimming behaviour of the larvae were determined.
Finally, the transcriptional profiles of a panel of target genes involved in
immune- and inflammation-related genes, mucin genes, metabolic
genes, and oxidative stress-relevant genes were also analyzed.

2. Materials and methods
2.1. Polystyrene microplastics

PS-MPs were selected in the present study because they are abundant
in the marine ecosystems (Han et al., 2020; Sadri and Thompson, 2014).
Fluorescent-labelled and fluorescent-free PS-MPs with a diameter of 6.0
um were obtained from Polysciences (Warrington, PA, USA). The size
and morphology of the PS-MPs were confirmed by scanning electron
microscopy (SEM). The PS-MPs were spherical and had a consistent size
of 6.0 um (Fig. 1a and b), and the MPs were homogeneously dispersed in
the artificial seawater (ASW) under an inverted fluorescence microscope
(Fig. 1c and d), and no dense aggregates were observed on the water
surface or walls of the plate.

In the present study, we used two types of PS-MPs, green fluorescent-
labelled and fluorescent-free. Green fluorescent-labelled PS-MPs were
used to determine the distribution of PS-MPs in the medaka larvae, while
fluorescent-free PS-MPs were used in all other toxic experiments.
Regarding the fluorescent dyes of PS-MPs, the supplier of the green
fluorescent-labelled PS-MPs used in this study indicates that there is no
leaching effect of the fluorescence and they show high stability in
organic solvents, and these products feature water-insoluble dyes, which
minimizes the incidence of dye leaching. In addition, a previous study
reported that the fluorescent dyes of PS-MP leakage in the aqueous
phase can be assumed to be negligible (Li et al., 2020).

2.2. Marine medaka maintenance

Marine medaka were kindly provided by Dr. Doris W.T. Au (City
University of Hong Kong). Maintenance of the fish was in accordance
with the standard methods as previously described (Chen et al., 2020a).
Adult marine medaka was maintained in 30%o. ASW at 28.5 °C under a
photoperiod of 14 h light and 10 h darkness, and fish were fed with 2.0
% body weight newly hatched brine shrimp (Artemia salina) and fed
three times daily at 9:00, 12:00 and 17:00. The ASW was filtered with
0.22 um pore diameter GF/A cellulose nitrate membrane filters (Milli-
pore Sigma Corp., Burlington, MA, USA). The preparation of fish em-
bryos and larvae was carried out according to a previous study (Zhang
et al., 2021). In brief, adult marine medaka were transferred into a
breeding aquarium at a ratio of 1:1 male: to female. Breeding crosses
were set at 17:30, and embryos were collected the next morning be-
tween 8:00 and 9:00. The collected fertilised eggs were randomly
assigned to glass petri dishes with a diameter of 12 cm, and incubated in
100 mL ASW. The hatched larvae were reared in PS-MP solution for 14
days in petri dishes (100 larvae in each petri dish and 500 larvae in each
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Fig. 1. The morphology and distribution of polystyrene microplastics in artificial seawater (ASW) confirmed by scanning electron microscopy (a) 200 um, (b) 10 um,

and inverted fluorescence microscope (c) 100 pm, (d) 50 um.

group; for mortality test: 40 larvae in each petri dish and 200 larvae in
each group). During PS-MP exposure period, the larvae were fed
commercially formulated feed purchased from Zeigler (East Berlin, PA,
USA) twice daily at 2.0 % body weight. All animal experiments were
carried out under a guideline approved by Ethics committee of Xiamen
University (XMULAC20190066).

2.3. Experimental design

After the embryos were hatched (most embryos were hatched at 11
dpf, marked as 0 day post-hatching, dph), the healthy larvae were
randomly separated and exposed to the control group, and PS-MP
treatment groups (100 larvae per replicate, five replicates), for a total
duration of 14 days. PS microspheres with the size of 6.0 um were used
and four concentrations were used as treatments: 0 (control group),
1 x 102 particles/L (equal to 1.1 pg/L), 1 x 10* particles/L (equal to
1.1 x 10% pg/L) and 1 x 10° particles/L (equal to 1.1 x 10° pg/L). The
PS-MP size of 6.0 um was chosen due to such a small size of MPs being
frequently found in the marine environment and that they be easily
ingested by marine biota (Kane and Clare, 2019). The concentration of
PS-MPs used in this study was set in a range closed to the environ-
mentally relevant MP concentrations (10’4 to 381 particles/L), as well
as the commonly used concentrations as previous studies reported
(0.88 x 10% t0 6.82 x 1010 particles/L) (Davarpanah and Guilhermino,
2015; Leslie et al., 2017; Niu et al., 2021; Prata et al., 2022; Song et al.,
2015; Zhang et al., 2017).

During the light period, glass pipettes were used to agitate the
incubating solution every 4h to keep the PS-MPs homogeneously
dispersed in the water column. The incubating solutions were refreshed
every 24 h and dead larvae were removed. At 3-, 7- and 14-dph, the
larvae were sampled for the measurement of morphological parameters
(body length and body width, n = 9, three larvae from each replicate,
three replicates), PS-MP accumulation (n = 3, a pooled sample of three
larvae from each replicate, three replicates), larvae swimming

behaviour assay (n = 25, five larvae from each replicate, five replicates)
and relative gene expression (n = 5, a pooled sampled of 15 larvae from
each replicate, five replicates).

2.4. Measurements of survival rate, body length, and body width of
marine medaka larvae

The marine medaka larvae were inspected three times daily at 9:30,
12:30 and 17:30, and the survival rates ( %) were recorded at the end of
the 14-day PS-MP exposure (40 larvae in each replicate, five replicates).
The survival rates ( %) were measured by dividing the number of sur-
viving larvae by the total number of larvae. Growth was measured by
individual body length and body width from photographs taken at 3, 7,
and 14 d post-exposure, and nine larvae from each group were sampled
at each time point. The body width and body length of marine medaka
larvae were determined by a stereomicroscope (Nikon SMZ1270; Nikon
Corp., Tokyo, Japan).

2.5. Accumulation of polystyrene microplastics in marine medaka larvae

To determine the accumulation of ingested fluorescent PS-MPs in
marine medaka, three larvae from each replicate were sampled and
imaged at 3, 7, and 14 dph (n =9, three larvae sampled from each
replicate, three replicates), followed by digested and transfer to a filter
to count the number of MP beads as per a previous study (Fang et al.,
2018). In brief, marine medaka larvae were sampled and rinsed imme-
diately with Milli-Q water three times to remove the PS-MPs adhered to
the larval skin. The larvae were then euthanized by rapid cooling in ice
water. After alkaline digestion with 10 % KOH (w/v), followed by
floatation and filtration, the microplastic was then transferred to the
filter. The number of MPs was counted under a fluorescence microscope
(Olympus IX81; Olympus Corp., Tokyo, Japan).
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2.6. Larvae behavioural assay

The behaviour assay of marine medaka larvae was performed ac-
cording to a previous study with slight modification (Zhang et al., 2021).
In brief, five larvae were randomly selected from each petri dish at 3, 7,
and 14 dph and gently transferred to 96-well plates with one larva per
well (n =25, five larvae from each replicate, five replicates). The
behaviour assay was determined between 14:30 and 16:30 under 26
+0.5°C. After a 10 min acclimation in the dark, the swimming
behaviour of each larvae was monitored using the DanioVision system
(Noldus, Netherlands) in response to light-to-dark transitions (10 min
light: 10 min darkness cycle, repeat once). The data (movement dura-
tion and distance moved) were exported from EthoVision XT v11.5,
followed by calculating in Excel (Microsoft Corp., USA), and carried out
the significance test in SPSS v26.0.0.0 (SPSS Software Inc., USA).

2.7. Real-time quantitative polymerase chain reaction (RT-gPCR)

The following genes expression levels were determined by RT-qPCR:
(i) immune and inflammation: ¢3 (complement component 3, a central
complement component), hepl and hep2 (antimicrobial peptide genes,
hepcidinl and 2), il-6 (interleukin 6), il-8 (interleukin 8), il-14 (inter-
leukin 1p), tnf-a (tumour necrosis factor a), jak (Janus kinase), stat-3
(signal transducer and activator of transcription 3), nf-xb (Nuclear
transcription factor-kb), and ccl-11 (c-c motif chemokine 11); (ii) mucin
genes: hegl (mucin-like membrane protein, sialylated protein heg ho-
molog 1), intestinal muc-like, intestinal muc-like2, intestinal muc-like4,
mucl-like, muc2, muc4-like, muc6-like, muc7-like, muc5AC-like, mucl3,
mucl3-like, and mucl9; (iii) metabolism-related genes cyplal (cyto-
chrome P450 1al) and ahr (aryl hydrocarbon receptor); (iv) antioxidant
genes: sod (superoxide dismutase), cat (catalase) and gpx (glutathione
peroxidase). The genes were identified from the genome of marine
medaka (Kim et al., 2018). In addition, the chromosomal location and
classification of mucin genes in marine medaka are shown in Fig. S1.

The pooled samples of 15 larvae obtained at 3, 7, and 14 dph from
each replicate were collected from glass petri dishes (n = 5, five repli-
cates), flash frozen in liquid nitrogen and stored at — 80 °C until further
analysis. Total RNA in the larvae was isolated using TRIzol reagent
(Takara Biochemicals, Beijing, China). The RT-qPCR primers are shown
in Table S1. The amplification efficiency of all the tested genes ranged
from 90 % to 120 %. 18 S ribosomal RNA (18 S rRNA) was used as the
housekeeping gene and RT-qPCR was performed as previous description
(Bo et al., 2012).

2.8. Statistical analysis

Results are reported as mean =+ standard error (S.E.). The statistical
analysis was performed with SPSS v26.0.0.0 (SPSS Software Inc., USA).
Normal distribution of the data was first checked with Shapiro-Wilk’s
test, followed by Levene’s test to check the homogeneity of variances of
the data. The biometric data were analysed with a one-way analysis of
variance (one-way ANOVA) analysis followed by a Tukey’s (honestly
significant difference) HSD test when the data were normally distrib-
uted. If the data is non-normal distributed, then non-parametric Kruskal-
Wallis tests were used. Pearson’s correlation between accumulated PS-
MPs number and exposure time/concentration was assessed using
GraphPad Prism v8.4.0 (GraphPad Software, San Diego, CA, USA).
Significant differences were accepted at * p < 0.05, * * p < 0.01. Graphs
were generated using GraphPad Prism v8.4.0 and organized with
Microsoft PowerPoint (Microsoft Corp., USA).

3. Results
3.1. Survival rate, body length, and body width of marine medaka larvae

The survival rates of marine medaka larvae were generally high than
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99 % (99.17-100 %) in the control and treatment groups (Table S2) after
PS-MP exposure for 14 days, with no significant difference between each
group. No significant difference in the body width of larvae was
observed between the PS-MP treatment groups and control at 3, 7 and 14
days. Compared to the control, a significant reduction (p < 0.05) in body
lengths of larvae was observed in the PS-MP treatment group for 14 days
(Table S3). The width of the larvae ranged from 0.55 mm to 0.94 mm
and the body length ranged from 1.53 mm to 2.83 mm (Table S3).

3.2. Accumulation of polystyrene microplastics in marine medaka larvae

The fluorescently labelled PS-MPs were observed in the GIT of ma-
rine medaka larvae at 7 and 14 dph (Fig. 2a). Regarding the exposure
concentration, fluorescent PS-MPs were only detected in the larvae
exposed to 10% and 10° particles/L PS-MPs (Fig. 2a). A blank control
filter (only ASW, no marine medaka larvae) was set up during the larvae
digestion process, and no fluorescent PS-MPs were found. The number of
PS-MPs in marine medaka larvae in different groups indicated a positive
correlation (Pearson correlation) with concentration and exposure
duration. The number of PS-MPs in marine medaka larvae reached the
highest level (327.3 items/replicate) on day 14 under the exposure
concentration of 10° particles/L (Fig. 2b), which is consistent with the
visible fluorescence signals shown in Fig. 2a.

3.3. Locomotor activity

For the distance moved (per 10 min), no significant changes in lo-
comotor activity of marine medaka larvae were observed (p > 0.05)
during the light period in all treatment groups at 3-, 7- and 14- day post
PS-MP exposure relative to the control group (Fig. 3a and b). However,
the distance moved by the larvae from 10* particles/L and 10° particles/
L PS-MPs groups was significantly increased during the dark period
(Fig. 3aand b, * p < 0.05 and ** p < 0.01) at all the three-time points
except 14 d (Fig. 3¢). In terms of average distance moved per minute, the
larvae from 10% particles/L, 10* particles/L and 10° particles/L groups
did not significantly differ (p > 0.05) in the locomotor activity at 3, 7
and 14 d compared to the control (Fig. 3d, e and f). Furthermore, the
average distance moved every minute of the marine medaka larvae from
all the groups was similar to each other at 14 days post-PS-MP exposure
(Fig. 3f) compared to that of day 3 and day 7 (Fig. 3d and e).

3.4. Effects of polystyrene microplastics on the transcriptional expression
levels of target genes

3.4.1. Expression profiles of immune- and inflammation-related marker
genes

Compared to the control, the expression level of il-1f mRNA showed
a significant increment (p < 0.05) of the larvae from the 102 particles/L
PS-MP group at 3 d, and a significant increase (p < 0.05) of il-6, tnf-a, jak
and stat-3 transcripts at 7 d (Fig. 4). Interestingly, the transcript level of
nf-xb was significantly increased (p < 0.05) in the 10? particles/L PS-
MPs group at 7 d, but significantly decreased (p < 0.05) at 14
d compared to the control. For the 10* particles/L PS-MPs group, the
transcriptional level of nf-xb was significantly lower (p < 0.05) at 14
d among the nine immune- and inflammation-related genes. For the 10°
particles/L PS-MPs group, the expression of stat-3 was significantly
greater (p < 0.05) at 7 d than that of the control. Moreover, significant
decreases (p < 0.05) were observed in the il-6, il-1$ and nf-kb transcripts
from the 10° particles/L PS-MPs group at 14 d, and a significant decrease
(p < 0.01) in nf-xb transcripts was observed.

3.4.2. Expression profiles of mucin transcripts

Among the 13 mucin genes/transcripts, six genes (hegl, muc2,
muc5AC-like, muc7-like, mucl3 and mucl3-like) were significantly
regulated (p < 0.05) compared to the control (Fig. 5). (i) For the 102
particles/L PS-MPs group, no significant (p > 0.05) changes in the 13
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mucin genes were observed at 3, 7 and 14 d, except muc7-like demon-
strated a significant increase (p < 0.05) at day 7; (ii) In terms of 10*
particles/L PS-MPs group, a significant increase (p < 0.05) in muc13-like
transcripts was reported in the larvae at 3 days post-exposure, but the
expression levels of hegl and muc5AC-like were significantly decreased
(p < 0.01 for hegl, p < 0.05 for muc5AC-like) at 14 d; (iii) Regarding the
10 particles/L PS-MPs group, the muc2 and mucl3 mRNA levels were
significantly downregulated (p < 0.05) in the larvae at 3 days post-
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Fig. 2. Accumulation of polystyrene micro-
plastics (PS-MPs) in marine medaka larvae. (a)
Images of fluorescent PS-MPs in the gastroin-
testinal tract (GIT) of marine medaka larvae
(n =9 per group). Representative photos are
shown for each group. Red closed arrows indi-
cate PS-MPs in the GIT of the marine medaka
larvae. (b) The number of PS-MPs taken up by
marine medaka larvae exposed to different
concentrations of PS-MPs at different times
(n = 3 per group). When there is no common
sign between two entries, there is a significant
difference (p < 0.05). (For interpretation of the
references to colour in this figure legend, the
reader is referred to the web version of this
article.)

14d

327.3

14d

exposure, while a significant increase (p < 0.05) in mucl3-like tran-
scripts was observed at 7 days post-exposure.

3.4.3. Expression profiles of oxidative stress related genes

Compared to the control, 102 particles/L PS-MP exposure group
showed a significant increase (p < 0.05) of sod mRNA expression at 7 d,
and then it decreased to a basic level at 14 d (Fig. 6). Compared with the
control, no significant change (p > 0.05) of cat and gpx mRNA
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Fig. 3. Locomotor activity of larval marine medaka exposed to different concentrations of polystyrene microplastics (PS-MPs) for (a) 3, (b) 7 and (c) 14 d. Average
distance moved per minute of larval marine medaka exposed to different concentrations of PS-MPs for (d) 3, (e) 7 and (f) 14 d. Significant differences were accepted

at *p < 0.05, ** p < 0.01, n = 25 per group (5 larvae from each replicate, five

expression was observed in the larvae exposed to PS-MPs at any con-
centration or any exposure time point (Fig. 6).

3.4.4. Expression profiles of metabolism-related genes

Compared with the control, no significant changes (p > 0.05) of ahr
and cyplal mRNA expression were observed in the marine medaka
larvae exposed to PS-MPs at 3, 7, and 14 d (p > 0.05, Fig. 7).

4. Discussion

4.1. Polystyrene microplastic uptake delayed the growth of marine
medaka larvae

Body length of fish is an important marker for fishery resource
management, which determines the economic value of fish (Tseng et al.,
2020). In addition, from a sustainable development perspective, body
length can also be used as an important index regardless of mature fish.
The body length of larval zebrafish was significantly decreased under
polystyrene nanoplastic (PS-NP) exposure with the concentration of
1 mg/L for 5 days (Chen et al., 2017). Similarly, PVC-MPs inhibited the
body length growth of common carp (Cyprinus carpio var.) larvae under

replicates).

60-day dietary exposure (Xia et al., 2020). In this study, the body length
inhibitory effect of PS-MPs on marine medaka larvae is positively
correlated with the MP concentration after 14-day exposure. One
explanation for the decreased growth in larvae is that the accumulated
MPs may stimulate larval hyperactivity and thus activate the
pro-inflammatory immune response, resulting in an increase in energy
consumption (Chen et al., 2020b). Another possible explanation is that
the MPs blockage in larval GIT may decrease the food intake, as the MPs
may occupy space in the intestine, causing a decrease in food intake and
digestive capacity of the fish foregut (Bellehumeur et al., 2016; Chen
et al., 2020b; Watts et al., 2015).

4.2. Accumulation of polystyrene microplastics in the body of fish larvae

MPs seem to build up in fish GIT (mainly intestinal) and translocate
among tissues, resulting in adverse effects such as physical blockage,
intestinal damage, inhibition of biological functions and even inducing a
reduction in larval mortality (Bhuyan, 2022; Browne et al., 2010; Jeong
etal., 2018; Kang et al., 2021; Lusher et al., 2013; Wright et al., 2013). In
this study, the fluorescently labelled PS-MPs were detected in the GIT of
marine medaka larvae, with the number of accumulated PS-MPs
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increased in a time- and dose-dependent manner, suggesting blockage of
MPs in the GIT. However, the survival rates of O. melastigma larvae did
not significantly differ between the PS-MP treatment groups and the
control after 14-day exposure, which in line with the results obtained by
Zhu et al. (2020). Although MPs can accumulate in the GIT of marine
medaka larvae, they will not cause the death of larvae under the present
experimental condition.

Mounting studies suggested that MP exposure may disturb the gut
microbial community in fish (Kang et al., 2021; Yin et al., 2021) and
cause intestinal flora disorders, and result in inflammation in the
digestive system (Yin et al., 2021). In this study, the larvae are too tiny to
separate the intestine for transcriptional analysis of the
inflammation-relevant genes, and it is hard to know whether the in-
flammatory responses were caused directly by MPs or by intestinal flora
disorder, despite that we observed the accumulation of PS-MP particles
in the GIT (Fig. 2) and the inflammation-relevant genes were signifi-
cantly induced in the medaka larvae (Fig. 4).

4.3. Polystyrene microplastics led to hyperactive swimming behaviour in
marine medaka larvae

Locomotor behaviour has an indispensable role in the daily activities
of aquatic organisms, featuring in such activities as finding food and
avoiding predators (da Silva Souza et al., 2020; Sun et al., 2021). MPs

and further pollutants may affect the swimming behaviour of fish larvae
such as swimming speed and swimming distance (Chen et al., 2020b; Yin
etal., 2019; Zhang et al., 2021). In addition, the swimming distance and
velocity of zebrafish larvae were significantly decreased and showed a
correlation after exposure to 1 um PS-MPs at concentrations of 100 and
1000 pg/L (Qiang and Cheng, 2019). Furthermore, no significant
change was reported in the locomotor activity of zebrafish larvae
exposed to PS-MPs (45pum, 1000 pg/L), whereas PS-NPs (45 um,
1000 pg/L) resulted in a significant decrease in the swimming behaviour
of zebrafish larvae (Chen et al., 2017). In the present study, the marine
medaka larvae became hyperactive after exposure to 6 um PS-MPs at the
concentrations of 10* and 10° particles/L, which is consistent with a
previous study reporting that the locomotor activity exhibited a signif-
icantly increased in zebrafish exposed to MPs with a size of 5 pm (Chen
et al., 2020b). In addition, the hyperactive states of larval marine
medaka prolonged as the exposure concentration increased. The hy-
peractivity of fish locomotor activity may attribute to oxidative stress,
energy metabolism and particulate matter stimulation (Chen et al.,
2020b; Zhu et al., 2016). Neither positive nor negative correlations
between the locomotor activity alteration and oxidative stress were
observed in this study, therefore the abnormal hyperactivity in marine
medaka larvae was likely to be linked with the ingested MP particle
stimulation or energy metabolism.
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4.4. Polystyrene microplastic exposure activated pro-inflammatory and
immune responses

The mucus layer in the GIT is considered to be the first line of defense
to the external environment (Pelaseyed et al., 2014), which contains
diverse microorganisms that play vital roles in immune function and
intestinal barrier function (Hsiao et al., 2013; Yano et al., 2015). The
mucin proteins, encoded by approximately 20 mucin genes, shape the
skeleton of the intestinal mucus and protect the intestinal tract
(Johansson and Hansson, 2016). A previous study reported that mucins
are disturbed in reaction to a broad range of injuries and/or challenges
(Pérez-Sanchez et al., 2013). For instance, MP exposure caused dysbiosis
of gut microbiota associated with immune dysfunction in marine
medaka and resulting in an increased mucin volume (Kang et al., 2021).
This is the first report on the distinct expression profiles of mucin genes
in fish under MP exposure. MP exposure can result in physical damage to
the fish intestine which is often associated with gut inflammation
(Bhagat et al., 2020). Mucl3, a transmembrane mucin, plays a crucial
protective role in reaction to injury and inflammation in mice (Sheng
et al., 2011). In this study, the mRNA expression level of muc13-like in
marine medaka larvae was significantly increased at 3 and 7 d under
PS-MP exposure, and it is speculated that muc13-like may have a similar
protective function in both fish and mammals. Muc2 and muc5AC,
secreted mucins, are thought to be involved in the formation of the
mucus layer over the epithelium in mammals (Cornick et al., 2015). The
expression levels of muc2 and muc5AC-like mRNA were significantly
decreased in the larvae in the present study, which indicates the
inhibitory effects of PS-MPs on the secreted mucins. Altogether, the
existence of multiple mucin genes of fish and the distinct expression
profiles suggest a complex and highly redundant protective mechanism
of fish under MP stressors.

Intestinal epithelial cells and goblet cells are also related to the im-
mune response process, and they can function as luminal sensors of the
immune system (Pelaseyed et al., 2014). The expression levels of in-
flammatory- and immune-related genes, such as il-6, jak, stat-3, tnf-a,
nf-kb, and il-1p, even at the lowest concentration (102 particles/L), were
significantly upregulated, indicating an immunomodulating and
pro-inflammatory response occurred in marine medaka larvae in
response to environmentally relevant concentrations of PS-MPs.
Immunotoxicological mechanisms of xenobiotics are involved in
different signalling networks, such as NF-kB and JAK-STAT pathways
through which the immune system is thought to be activated during
pollutant exposure (Cui et al., 2019). IL-6 can activate the JAK-STAT
signal pathway (Heinrich et al., 1998). On the contrary, NF-xB and
STAT3 can collaboratively induce IL-6 expression in cancer cells (Yoon
et al., 2012). In addition, lipopolysaccharide mediated anti-virus activ-
ity can be reversed by the suppression of NF-kB and JAK-STAT signalling
(Yu et al., 2020). Therefore, this means that IL-6, NF-kB and JAK-STAT
signalling pathways interact. Our results clearly showed that the im-
mune response of MPs could be mediated by the JAK-STAT and NF-kB
signalling pathways, and the activation of the JAK-STAT and NF-kB
signalling pathways could hypothetically increase the susceptibility of
fish to bacterial infections.

4.5. Microplastic exposure modulated metabolism and antioxidant
responses

The activities of antioxidant and transcriptional expression of anti-
oxidant enzyme-coding genes in fish were induced by environmental
pollutants and stresses (Rhee et al., 2013). The relative transcription of
antioxidant enzyme-related genes can accurately reflect the antioxidant
activity of fish when no biochemical factors exhibit interference
(Malandrakis et al., 2014; Wang et al., 2019a). Furthermore, oxidative
stress may induce inflammation and impair physiological functions
(Liguori et al., 2018). Therefore, monitoring the expression and alter-
ation of related genes encoding antioxidant enzymes can assist us in a
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great elucidation regarding the potential mechanism of aquatic organ-
isms in response to environmental stresses. The comparative expression
levels of sod in marine medaka larvae were significantly up-regulated in
response to 102 particles/L PS-MPs for 7 d and then decreased to normal
levels at 14 d, indicating that the SOD enzyme of marine medaka larvae
was generated in a timely manner in response to external stresses to
scavenge excess free radicals, thus preventing damage to the organism
(Wang et al., 2018; Xikeranmu et al., 2019; Zheng et al., 2016).

5. Conclusions

This study demonstrated that PS-MP exposure at levels at which they
are found in the environment resulted in modulation of the immune
relevant genes, mediated by pro-inflammatory and mucin transcript
modulation as well as NF-kB and JAK-STAT signalling pathway activa-
tion, hyperactive swimming behaviour, and body length shortening that
ultimately obstructed the development of marine medaka larvae. The
present study is the first report on the expression profiles of mucin genes
in fish in response to MP exposure, and the existence of multiple mucin
genes of fish and the distinct expression profiles propose a complex and
highly redundant protective mechanism of fish under MP stress. Further
consideration should be given to the regulation mechanisms of mucins
in aquatic organisms exposed to MPs.
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