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Abstract: Microplastics (MPs), classified as plastic debris less than 5 mm in size, are widely found
in various aquatic environments. However, there have been few studies regarding their potential
threat under aquaculture conditions. The aim of this study was to investigate the general health,
intestinal morphology and microbiota of virgin polypropylene MPs (3—4 mm) on largemouth bass
(Micropterus salmoides) over a 28-d exposure period. Four groups were divided according to whether
the MPs were added in water or in food. The results disproved the hypothesis that MPs expose
may adversely affect the growth of fish. Largemouth bass expelled MPs with minimal harm to the
organism. MPs exposure had no significant effect on the community composition or diversity of
intestinal microbial, although it could partly influence intestinal morphology, and the recombination
process of the intestinal microbial community. Fish may be more sensitive to answer MPs exposure
in water than in feed. Proteobacteria could potentially be pathogenic bacteria phylum in fish gut
when affected by MPs. This research represents an innovative attempt to investigate the impact of
virgin MPs on largemouth bass using a manipulative feeding experiment. The results could provide
new insight on commercial fish health when challenged with MPs pollution.
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1. Introduction

Microplastics (MPs) are identified as plastic particles smaller than 5 mm in size as
referenced by the standards setting of the US National Oceanic and Atmospheric Adminis-
tration (NOAA). MPs are generally categorized in four shapes: fibers, films, fragments and
spheres [1-3]. Fibers are mainly derived from textiles and worn fishing nets [4,5]. Spheres
come from microbeads in beauty and health products such as cleansers [6]. Fragments
and films are irregularly shaped microparticles originated from the degradation of larger
plastics in the environment due to physical, chemical and biological processes [7,8]. As a
potential threat to nature, MPs have appeared in nearly all environments, thus they are
becoming a growing concern worldwide [9-12].

Several reviews have described how adverse effects of MPs in aquatic organisms point
to important factors that lead to bioaccumulation [13-15]. Due to the attractive color, buoy-
ancy and food-like properties, fish are particularly prone to ingesting MPs [16]. Numerous
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animal studies have shown that MPs can lead to physical damage and histopathologi-
cal alterations in the intestines and can even change swimming behavior and the lipid
metabolism [17-20]. We suspected that these adverse effects are generally observed in
acute toxicity studies with high concentrations of MPs that may not be present in the
real environment. Moreover, most MPs exposure test used regular shape microspheres as
materials, while spheres were not the common shape found in MPs field investigations.
The chosen concentration and shape of MPs should be reliable in the experimental design
as for the caution of potential harm in aquaculture.

The definition of virgin MPs is opposite to commercial MPs. Virgin MPs mean the
materials of MPs from human daily life, and generally with no uniform shape. Fibers,
fragments and films, are common shapes of virgin MPs, which also commonly found in
water and organisms. Few studies have reported harm to the organism coming from virgin
MPs. It seems unclear whether virgin MPs cause imminent harm to fish or not, as different
researchers have shown discrepant results. For example, there was no significant difference
in fish mass between control group and harbor collected plastics treatment, which fed to
small juvenile glassfish (Ambassis dussumieri) daily for 95 d [21]. Similarly, there were no
significant differences in growth performance of gilthead seabream (Sparus aurata) with
an experimental diet containing 500 mg kg ! of PVC-MPs for 30 d [22]. In a related study,
exposure to six common types of virgin MPs in the diet of gilthead seabream caused no
observable pathology or change in growth rate [23]. Furthermore, virgin industrial MPs
extracts showed no toxic effect on early life stages of Japanese medaka (Oryziaz latipes) [24].
After 45 d exposure period, variations in body weight and survival rate of African catfish
(Clarias gariepinus) were not significantly different among the PVC-treated groups relative
to the control, although fish were fed PVC MPs spiked diets at maximum 3% [25]. However,
virgin MPs altered blood biochemical parameters and changed the transcription of the
reproductive-axis genes of African catfish [26]. Furthermore, researchers have also shown
that marine-derived fishmeal might be a source of MPs, which could be transmitted to
farmed fish, thus causing a concern in the aquaculture industry [27]. Still, the effect of
virgin MPs on aquaculture is not clear.

Recently, severe MPs pollution was found in the aquaculture water of fish ponds from
the Pearl River Estuary [14], which raised concerns about the safety of aquatic production.
To address these concerns, this study aimed to investigate the effect of two kinds of virgin
MPs on commercial fish health. We chose largemouth bass (Micropterus salmoides) as a
biological model, given its key role in the Chinese fishery market as well as other important
parameters, including physiological characteristics, high predation rate, and upper-middle
dwelling [28,29]. The amount of Chinese production of bass was 477,808 tons in 2019
(China fishery Statistical Yearbook, 2020). The shapes of MPs in this study were restricted
to fragments and fibers, since these are the most predominant shapes of MPs found in
aquatic environments and in fish [3,30]. The size of MPs was 3—4 mm, and material of
MPs used in this study was polypropylene, which were related to actual contamination.
It was also reported that the contamination of seafood-based feeds by MPs threaten the
fish health [31]. In reference to the sources of MPs that farmed fish may be exposed to, we
set up two exposure ways (water and feed). The exposure concentrations of virgin MPs in
water and feed were set according to previous field results [3] and study [23].

The objectives of this study were to expose largemouth bass to two shapes of virgin
MPs in water and feed, finally assess their growth, intestinal morphology and microbial
after four weeks. Four groups were divided according to whether the MPs were added
in water or in food. We also tried to elucidate the effects of shape and exposure ways of
virgin MPs on aquaculture. This research represents an innovative attempt to investigate
the impact of virgin MPs on largemouth bass using a manipulative feeding experiment.



Appl. Sci. 2021, 11, 11921

30f13

2. Materials and Methods
2.1. Experimental Fish and Culture Conditions

Largemouth bass juvenile (5.64 &£ 0.6 in length, 4.05 & 0.6 in weight) were purchased
from a local fishery in Shunde (Guangdong, China), and acclimatized in a circulating
breeding system in South China Agricultural University (Guangzhou, China). For the
acclimatization period, fish were kept in tanks (50 cm x 60 cm x 60 cm) with air-pumped
circulating diluted water at least two weeks prior to the experiment. Fish were fed twice
per day using commercial fish feeds (Fenghua Feed Industrial Co., Ltd., Dongguan, China)
with a ratio of 5% fish body weight. Formal experiment was carried out in the same tanks
with 90 L water and 40 largemouth bass per tank. Three experimental groups and one
control group were set up with three replicates in each group, giving a total of 12 tanks and
480 fish. Weight and length information of largemouth bass are shown in Supplementary
Table S1. The culture conditions during fish adaptation period were: 12 h light, 12 h
dark photoperiod, dissolved oxygen concentration from 5.5 to 6.5 mg/L, temperature
26 £1.5°C, pH 7.1 and ammonia and nitrite levels of 0.01-0.02 mg/L.

2.2. Experimental Design and Sampling

The materials of virgin MPs were fibers and disposable plastic cups, which were
purchased from a local store (Guangzhou, China). Materials were identified through a
Fourier transform infrared spectrometer (FTIR Spectrometer, Vertex 70, Bruker) and found
to be polypropylene (PP) (Supplementary Figure S1). Plastic cups were cut into pieces by
surgical scissors and then filtered by a 5 mm steel screen. These fragments made from
plastic cups were 3—4 mm. The virgin fibers themselves were also 3-4 mm in length. The
majority of microplastics (more than ninety percent) used in this study were 3—4 mm
through measured statistically.

After, we ensured the materials, processed fragments and virgin fibers were added
into fish feed; Supplementary Figure S2 shows the process of making the feed contained
MPs. Specifically, the commercial feed was soaked in water to make a dough, then 0.3%
weight MPs were added into the dough according to a previous protocol [21]. The feed
pellets were 2-5 mm in size and 3.33 g/kg of MPs in concentration, which mean there were
3.33 g fibers and fragments in 1 kg feed. Therein, 3.33 g MPs contained 1.665 g fibers and
1.665 g fragments. After being dried in air for 48 h, the pellets were stored in airtight bags
until use. The control group of feed was treated in the same way above, but without the
addition of MPs.

The concentration of MPs set in the water was 1 mg/L at environmentally relevant
level [2,3]. Fibers and fragments represented 50%. Specifically, 90 L water contained 45 mg
fibers and 45 mg fragments. MPs were thoroughly mixed in the water before fish put in.
The water was refreshed every week, and MPs in water were supplemented at the same
time. Fifty percent of water was changed.

Four groups were divided according to whether the MPs were added in water or in
feed. In particular, MPs were found in both feed and water in Group A. MPs were found
only in water and not in feed in Group B, while in Group D, MPs were found only in feed
not in water. Group C is the control group, and there was no MPs in feed or water.

The fish were cultured for 28 d in such setting groups, starting from 28 June 2020. The
culture conditions were: 12 h light, 12 h dark photoperiod, dissolved oxygen concentration
from 5.3 to 6.8 mg/L, temperature 26.2 + 1.3 °C, pH 6.8-7.2, and ammonia and nitrite
levels of 0.01-0.02 mg/L. Fish were fed feed of 5% body mass twice per day in the regular
feeding time (9:00, 17:00). During cultivation, the health condition of fish in each group
was observed and recorded every day. Dead fish was removed from the tank as soon as
possible. At the end of the experiment, 10 fish were randomly selected from each tank for
euthanasia with 3-aminobenzoic acid ethyl ester methane sulfonate (MS-222) (50 mg/L)
(Adamas-beta, Shanghai, China). The middle part of intestinal specimens was dissected
from anaesthetized fish, placed in 1.5 mL sterile centrifuge tubes and stored in —80 °C for
the microbial assay. The process was repeated five times with fifteen samples in each group.
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The other five intestinal specimens were removed, and fixed in paraformaldehyde fixing
solution (Servicebio, Wuhan, China) for histopathology analyses. This study was carried
out in strict accordance with the recommendations in the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health. The protocol was according to the
National Institute of Health Guide for the Care and Use of Laboratory Animals of China.
All experiments were approved by the Animal Care and Use Committee of South China
Agricultural University (identification code: 20200127; date of approval: 20 May 2020).
All surgery was performed under anesthesia with MS-222, and all efforts were made to
minimize suffering.

2.3. Growth Performance

Body weight and length of five fish from the different groups were measured before
and after the trial. Growth was measured by obtaining the weight gain (WG%) and specific
growth rate (SGR) according to [22].

WG% = (final weight — initial weight) x 100/initial weight.
SGR = [(Ln (final weight) — Ln (initial weight)) x 100]/days.

2.4. Intestinal Histopathology

Fixed intestinal samples were processed by standard methods by placing into paraffin
blocks, cutting at 5 um, and staining with hematoxylin and eosin (H and E). Tissue sections
were examined with a microscope (Nikon, Tokyo, Japan) and photographed using the
Mshot Image Analysis System. The intestinal folds length was measured from basement to
top of the intestinal folds in each group.

2.5. Intestinal Microbial Assay

The five intestinal specimens in each group were mixed for the microbial assay. Each
group had three repeats. Microbial DNA was extracted from intestine samples using the
E.Z.N.A.® soil DNA Kit (Omega Bio-tek, Norcross, GA, USA) according to the manufac-
turer’s protocols. Specific steps of PCR reactions are presented in Supporting Text SI.
Purified amplicons were reacted on the Illumina MiSeq platform (Illumina, San Diego, CA,
USA) according to the standard protocols provided by Majorbio Bio-Pharm Technology Co.
Ltd. (Shanghai, China). Processing of raw fastq files is presented in Supporting Text S2.
The Kruskal-Wallis test was used to compare the difference among groups.

2.6. Statistical Analysis

All data were quantified as the mean =+ standard deviation (SD). One-way analysis of
variance (ANOVA) and Duncan’s multiple range test was performed via the R program
(V5.1.3) (Development Core Team, 2018), SPSS 17.0 statistical package (SPSS Inc., Chicago,
IL, USA). GraphPad Prism 7 (GraphPad Software, San Diego, CA, USA) were used to
assess the differences among different groups. Differences were considered significant
at p < 0.05 and highly significant at p < 0.01. Intestinal microbial analyses are shown in
Supporting Text S3.

3. Results
3.1. Growth Performance

During the manipulative feeding experiments, largemouth bass readily consumed the
different feed and showed the similar feeding behavior. The survival rate of each group
was above 90%, and there was no significant difference (Group A: 92.5%; Group B: 95%;
Group C: 90%; and Group D: 92.5%). At the end of the trial, no significant differences were
detected in WG% or SGR among the different groups of largemouth bass (Figure 1). Weight
and length information of largemouth bass is presented in Supplementary Table S1.
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Figure 1. SGR and WG% of largemouth bass among each group after the trial.

3.2. Intestinal Histopathology

The intestinal histomorphology of largemouth bass among each group was observed
by microscopy (Figure 2). Fish in the control group had normal intestinal wall morphology
and a smooth epithelial layer (Figure 2C). However, a variety of intestinal abnormalities
were found in the MPs treatment group. The folds of the intestine were irregularly ar-
ranged, and exfoliation of tissue to varying degrees were found in the intestinal folds
(Figure 2A,B,D). The degree of intestinal damage was similar in all MPs treatment groups.
However, there was no statistically significant difference in the intestinal folds length
among the groups (Supplementary Figure S3).

Figure 2. The intestine morphology of largemouth bass in Group A (A), Group B (B), Group C
(C) and Control group D (D). Scale bar = 50 um. White arrow indicates the location of the lesion.

3.3. Intestinal Microbiota Diversity

The intestinal microbial compositions in largemouth bass in four groups were in-
vestigated in this study. A total of 726,114 high quality sequences were retrieved from
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12 samples (three repetitions in each group) belonging to four study groups. The saturation
plateau of the rarefaction curves was well established (Supplementary Figure S4), indi-
cating that this study covered nearly all the microbial diversity. According to the results
of Good’s coverage estimator, the microorganisms obtained from the 12 samples reached
100%. All matching tags were divided into 1428 OTUs, with 97% tagging similarity values.
Venn of OTUs in each group showed Group A and B had independent 201 and 211 OTUs,
respectively, while Group C and D only had 64 and 72 OTUs (Figure 3). MPs in water may
be the major factor in restructuring the intestinal microbial composition.
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Figure 3. Venn of OTUs in each group.

The a-diversities of the intestinal microbiota sequencing completeness in each group
were determined by the community richness index (Chao, Ace) and community diversity
index (Simpson, Shannon), that are shown in Supplementary Table S2. There was no
significant difference between Group A, B, C or D analyzed with a t-test (Figure 4), which
demonstrated that the diversity of intestinal microbes in largemouth bass was not changed
when exposure to MPs occurred in different ways.
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Figure 4. Box plots of intestinal microbiota diversity and richness in largemouth bass among each

group after trial. (A) Shannon index of class level; (B) Simpson index of class level; (C) Ace index of
class level; (D) Chao index of class level.
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3.4. Intestinal Microbial Community Structures at Phylum and Genus Taxonomic Level

Bacterial compositions of the different communities and results of the Kruskal-Wallis
test for differences in these microbial taxa among each group at the phylum level are
shown in Figure 5. The dominant Phyla among the four groups were Firmicutes, Pro-
teobacteria and Fusobacteriota (Figure 5A). The relative abundance of Proteobacteria and
Actinobacteria gradually increased compared with the control group, but there was no
significant difference among each group based on the Kruskal-Wallis test (Figure 5B).
Intestinal microbial compositions at the genus level were also detected (Figure 6). The
dominant genera in the gut of largemouth bass were Mycoplasma, Cetobacterium and
Plesiomonas (Figure 6A). Therein, the percentage of Mycoplasma in intestinal microbial
composition was the highest in healthy largemouth bass (70%), while the proportion of
Mycoplasma in virgin MPs treatment groups was under 40%. The relative abundance of
Cetobacterium in Group A gradually decreased, while Blautia increased compared with
the control group. However, there was no significant effect on the microbial community
composition at the genus level among each group statistically (Figure 6B).

B). -
02181 m—c
=0

0.05467

Fusobacteriota 0.3745
Actinobacteriota 06793

Bacteroidota 04593

06217
Deinococcota

06811

Patescibacteria

anjead

Planctomycetota

I —
—

=

b

|

|

|

|

|

ssified_k__norank_d__Bacteria

Desulfobacterota

®

0816

Myxococcota

0.999%

RN
x\"ek\o
o
o

H
a

Acidobacteriota 0.2036

eoploseeg
\()\m\m’,qom\cv\j

S
@

Figure 5. Bacterial compositions of the different communities (A) and results of the Kruskal-Wallis test for differences in
these microbial taxa (B) among each group at the phylum level.

Principal coordinate analysis (PCA) based on the unweighted UniFrac scores of the
microbial communities was performed to reflect the differences and distances between mi-
crobes among each group. The results showed that the largemouth bass in three MPs treat-
ment groups (A, B and D) possessed similar compositions of microbes, while the fish in the
control group was different from the experimental groups (Figure 7). Virgin MPs exposure
could partly influence the recombination process of the intestinal microbial community.



Appl. Sci. 2021,11, 11921 8of 13

@A). a ®).

§

uuuuuu

§

Figure 6. Bacterial compositions of the different communities (A) and results of the Kruskal-Wallis test for differences in
these microbial taxa (B) among each group at the genus level.
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Figure 7. Principal coordinate analysis (PCA) on OTU level among each group.

4. Discussion
4.1. The Exposure Condition of MPs

Taking the shape and size of MPs into consideration, there are several problems in the
existing literature that report the effects of MPs on aquatic organisms. For example, there is
a wide range of polymer sizes reported in the literature, but more of a homogeneous shape
used (i.e., microbeads) [32]. It is possible that the millimeter-sized MPs might be excreted
more quickly by the organism [20]. The middle part of the gut of largemouth bass was
examined after the feeding experiment. Nearly no MPs residue was found in any group.
Our results were similar with Jabeen et al., (2018), which they found little MPs residue in
goldfish intestine since the fish chewed fragments and pellets and then expelled them [33].
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Exposure to MPs has been proven as having negative effects on various aspects
of aquatic organisms, such as growth, behavior, development, reproduction and even
death [13-15]. However, the experimental setup in which organisms were exposed to
excessive concentration of MPs, far exceeds the native concentration in aquatic environ-
ments. However, in the present study, 1 mg/L was set as the water MPs concentration,
and 0.3% of the total daily feed as the feed MPs concentration [2,3,21]. The ingested MPs
content by fish per day could not exceed this setting, even in aquatic environments with a
high MPs concentration. In addition, juvenile fish are more susceptible to environmental
disturbances than adult fish [34]; therefore, juvenile fish may be more vulnerable to MPs
treatment [21]. However, virgin MPs were not causing imminent harm to largemouth bass
juveniles after dietary or water exposure.

4.2. Effect of MPs on Fish Growth

It is generally accepted that MPs would decrease fish body length or weight, since
the ingestion of MPs might increase the energy burden on organisms and decrease energy
reserves through the catalysis of lipids [35]. Specifically, the MPs-treated fish possibly have
to redirect energy used for growth toward other important functions, such as systemic
removal and detoxification of the MPs in the body [21]. Energy is also required to cope
with other stresses, such as inflammation and a compromised endocrine system, burdened
liver detox function and aberrant food absorption.

The hypothesis stating that exposure to virgin MPs adversely effects fish growth was
not supported by the data in our study. After four weeks, the treatment fish did not show
lower growth in length or body weight compared to controls. Growth index is one of the
most important parameters that is measured in aquaculture. While the results presented
here may provide an optimistic outlook for the aquaculture industry, laboratory results
may not reflect the true situation in aquaculture where there are many other environmental
factors (i.e., antibiotics, heavy metals and hormones). Although there are papers where
microplastics did not show any effect on fish growth [36,37], and there are also a lot of
studies showing retarded growth of fish [21,38]. This topic very much depends on fish
species, microplastic shape and size, behavior and feeding habits of fish, etc. Further
research is needed on the combined toxicity of MPs and other environmental contaminants.

4.3. Effect of MPs on Fish Intestinal Morphology

In this study, virgin MPs caused structural damage to intestines of largemouth bass,
although we didn’t find residual MPs in the microphotographs or statistically significance
in the intestinal folds length among the groups. It was reported that morphological
measurements of the intestinal folds length could help predict the absorption and digestion
mechanisms of the fish intestinal tract [39]. The shortening of intestinal folds may be
related to the toxin stress [40]. Fish intestinal abnormalities were found in many MPs
toxic studies; however, statistically significant differences were rarely found in the data.
For example, tissue morphology of rainbow trout (Oncorhynchus mykiss) did not change
after dietary exposure to MPs for 4 weeks through qualitative histological examination
of different intestinal segments [41]. The histopathology scores for leukocyte infiltration
in the intestine of gilthead seabream with six virgin MPs for 45 d were not significantly
different [23]. No tissue damage was found in silver barb (Barbodes gonionotus) fry internal
organs or gills when exposed to polyvinyl chloride (PVC) fragments because of their
relatively smooth surface [42]. Differences in pathological statistics might require longer
experimental period and observation of specific tissue parts. Peda et al., (2016) found the
distal part of intestine had mostly been affected by pathological alterations after 90 d of
exposure [43]. Pathological changes are generally descriptive, reflecting characteristics
through comparison with the control group, but there are individual differences that require
more research.
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4.4. Effect of MPs on Fish Intestinal Microbiota

In this study, diversity or composition of intestinal microbiota was not significantly
changed by virgin MPs exposure. However, PCA analysis revealed that MPs in water
shaped the bacterial community composition by separating Group A and B from the control
group. The relative abundance of Proteobacteria and Actinobacteria gradually increased
compared with the control group at the phylum level. The dominant genera in the gut of
largemouth bass were Mycoplasma in healthy largemouth bass, while they were decreased
after MPs treatment. Huang et al., (2020) also found the gut microbiota in juvenile guppy
(Poecilia reticulata) were dominated by Proteobacteria and Actinobacteria, and exposure
to MPs resulted in an increase of Proteobacteria at phylum level [44]. Similar results were
found in zebrafish gut, Proteobacteria significantly decreased (p < 0.05) after exposure
to 5 um microbeads for 21 d [45]. Proteobacteria were more prevalent in contaminated
environments with higher MPs concentrations [46]. The growth of Proteobacteria and
other bacteria were encouraged by the inflammation induced oxidation that connected
with microbiota dysbiosis [47]. Collectively, Proteobacteria could potentially be pathogenic
bacteria phylum in fish gut when affected by MPs.

Moreover, the general resilience of fish intestinal microbiota was found in a study of
common carp (Cyprinus carpio) exposed to environmentally relevant concentrations of MPs
for 30 d and followed by MPs excretion for another 30 d [48]. We tried to use experiments
to simulate real aquacultural situations and found that the fish themselves can cope with
the pressure of MPs more than our expectation. Nevertheless, we should also acknowledge
that the absence of biofilm can be advantageous in reducing the variables that can affect
the gut microbiological diversity, thus simplifying the interpretation of the results.

5. Conclusions

There are growing concerns about the potential toxic effects of MPs on aquatic or-
ganisms. These toxic pollutants may have far-reaching disadvantages on the aquaculture
industry and on human health. This study offered new insight about the effect of virgin
polypropylene MPs (3—4 mm) on commercial fish health. Firstly, the results presented here
do not support the hypothesis that the addition of MPs has an adverse effect on fish growth.
After a four-week trial, the body length and weight of the treatment largemouth bass were
indistinguishable from the control group. Secondly, MPs exposure had no significant effect
on the community composition or diversity of intestinal microbial, although it could partly
influence intestinal morphology, and the recombination process of the intestinal microbial
community. Virgin MPs did not cause imminent harm to largemouth bass. However,
the results only offer temporary relief, since pollutants in the natural environment are
more complex. We used MPs that were brand new. There were no weathering effects or
biofilm on their smooth surface. This is unrealistic for natural pond MPs pollution. Fur-
thermore, the choice of size and polymer of MPs affects the results. More attention should
be addressed on combined toxicity of MPs and other contaminants in further research.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/app112411921/s1, Table S1: Weight and length information of largemouth bass before and
after the experiment; Table S2: Alpha diversity of intestinal microbiota; Figure S1: Identification
of materials; Figure S2: The process of making fodder contained MPs; Figure S3: Villi length of
largemouth bass among each group after the trial; Figure S4: Rarefaction curves; Supporting Text S1:
Specific steps of PCR reactions; Supporting Text S2: Processing of raw fastq files; Supporting Text S3:
Intestinal microbial analyses.
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