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Abstract

Microplastics threaten freshwater fish health, with probiotics potentially alleviating this
stress. This study subjected Opsariichthys bidens fry to 10 µg/L polystyrene microplas-
tics (diameter 100 µm) for seven days, then established control (CK, 0 CFU/g), low (LC,
1 × 107 CFU/g), medium (MC, 1 × 108 CFU/g), and high (HC, 1 × 109 CFU/g) Bacillus
coagulans supplementation groups for a 56−day rearing experiment. Results indicated that
microplastic stress significantly reduced intestinal digestive enzyme activity in O. bidens
and induced oxidative stress. Following stress removal, probiotic-treated groups exhibited
markedly superior growth performance compared to the control (CK). Notably, the high-
concentration probiotic group (HC) demonstrated intestinal trypsin levels approaching
pre-stress levels, with no significant differences in liver antioxidant capacity (T−AOC,
CAT, SOD) compared to pre-stress levels (p > 0.05). Furthermore, compared to the control
group (CK), probiotic-treated fish exhibited upregulated growth- and immune-related
genes (igf, ghr, tnf−α, il−1β), alongside optimized gut microbiota composition, charac-
terized by increased abundance of Bacillus and decreased abundance of Pseudomonas and
Aeromonas. This study demonstrates that B. coagulans alleviates microplastic-induced stress
in O. bidens, offering insights for aquatic ecosystem conservation and biological remediation
of microplastic pollution.

Keywords: Chinese hooksnout carp; microplastic pollution; Bacillus coagulans; intestinal
microbial community

Key Contribution: This study confirms that Bacillus coagulans alleviates microplastic
stress on juvenile Opsariichthys bidens via enhancing growth, antioxidant function, gene
regulation, and gut microbiota optimization. It offers a reference for using probiotics in
aquatic microplastic mitigation and ecological protection.

1. Introduction
Global annual plastic consumption exceeds 348 million tons. These non-degradable

materials decompose into microplastics (diameter < 5 mm) through physical, chemical,
and biological processes in the natural environment [1]. Microplastics can enter various
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aquatic environments through the water cycle. They not only cause physical abrasion to
aquatic organisms, impairing their feeding capacity, reducing their range of movement,
and diminishing their energy reserves, but also accumulate within their bodies. This leads
to a series of physiological damages, including endocrine disruption, decreased enzyme
activity, and gut microbiota imbalance [2–5].

Probiotics, as beneficial active microorganisms capable of colonizing the host and
improving its microbial community composition, demonstrate significant application po-
tential in aquaculture [6]. Research indicates that probiotics not only maintain host gut
microbiota balance, regulate mucosal vitality, and enhance systemic immune function [7],
but also improve aquaculture water quality and mitigate the negative effects of envi-
ronmental stress on aquatic organisms [8]. Among these, Bacillus coagulans, a common
probiotic strain, has been demonstrated in studies involving Oncorhynchus mykiss and
Cyprinus carpio to enhance growth performance, boost antioxidant capacity, and optimize
intestinal microecology [9,10]. However, its role and underlying mechanisms in alleviating
microplastic−induced functional damage in O. bidens remain unclear.

Chinese hooksnout carp (Opsariichthys bidens Günther, 1873), a typical stream fish
belonging to the order Cypriniformes, family Cyprinidae, and genus Opsariichthys, is
characterized by rapid growth, strong reproductive capacity, and high nutritional value.
Widely distributed throughout the main and tributary rivers of China, it constitutes a
vital component of freshwater ecosystems [11]. However, its small size renders it more
susceptible to the toxic effects of microplastics, making it a vulnerable victim of microplastic
pollution. Current research on the impact of microplastics on the physiological functions
and gut microbiota of O. bidens remains limited, necessitating targeted investigations.

This study investigated the restorative effects of probiotics on the physiological func-
tions of O. bidens subjected to microplastic stress by incorporating B. coagulans at varying
concentrations into their feed. The research aimed to elucidate the underlying mechanisms
of action. It provides scientific evidence and novel approaches for employing biological
methods, such as probiotics, to mitigate microplastic pollution, protect aquatic ecosystems,
and safeguard biological health.

2. Materials and Methods
2.1. Experimental Materials

A total of 120 juvenile O. bidens (body length: 42.08 ± 1.4 mm; body weight:
1.17 ± 0.19 g) were purchased from Zhejiang Yulaoda Agricultural Technology Co., Ltd.
(Quzhou, China) and temporarily housed in the recirculating aquaculture system of the
School of Life Sciences at Zhejiang Normal University (comprising multiple glass tanks;
dimensions: 40 cm × 45 cm × 50 cm; daily water change percentage: 500%) for seven
days to acclimatize to the environment. During the acclimation and experimental periods,
water quality parameters were measured using a water quality analyzer (Zhanjiang, China):
water temperature, 28 ± 1 ◦C; dissolved oxygen, 7.5 ± 0.06 mg/L; ammonia nitrogen,
0.37 ± 0.09 mg/L; and nitrite, 0.0064 ± 0.0004 mg/L. The photoperiod was controlled as
12 h light and 12 h dark throughout the experiment. The probiotic used in the experiment
was B. coagulans powder (Shandong Zhongke Jiayi Biotechnology Co., Ltd., Shandong,
China, 1 × 1010 CFU/g). Microplastics were polystyrene (PS) microspheres with a diameter
of 100 µm (Hangzhou Shengli Chemical Co., Ltd., Hangzhou, China) [12]. The basal feed
was a commercial diet specifically formulated for O. bidens (Zhejiang Yixiang Biotechnology
Co., Ltd., Huzhou, China) with a crude protein content of 42.40% (see Table 1 for detailed
formulation and proximate composition).
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2.2. Experimental Design and Feed Preparation

All experimental fish were first subjected to 10 µg/L PS microplastic stress for seven
days, then randomly assigned to four treatment groups (three replicates per group, totaling
12 rearing units, each containing 30 fish). They were fed diets containing different concentra-
tions of B. coagulans: control group (CK, diet without B. coagulans), low-concentration group
(LC, diet with 1×107 CFU/g B. coagulans), medium-concentration group (MC, diet with
1 × 108 CFU/g B. coagulans), and high-concentration group (HC, diet with 1 × 109 CFU/g
B. coagulans). The B. coagulans addition levels referenced the experimental results from
Wang et al. [13]. Feed preparation followed the method of Feng et al. [14]: B. coagulans
was sprayed onto the surface of the basal feed at corresponding concentrations (1 × 107,
1 × 108, 1 × 109 CFU/g). After air-drying at room temperature, the feed was portioned
into light-protected, sealed bags and stored at 4 ◦C (the base feed composition is detailed
in Table 1). Weekly monitoring confirmed that probiotic activity in the supplemented feed
remained stable (LC group: 0.97–0.99 × 107 CFU/g; MC group: 0.97–0.99 × 108 CFU/g;
HC group: 0.97–0.99 × 109 CFU/g). During the rearing period, feeding occurred twice
daily at 8:00 and 18:00, with a daily feed intake amounting to 5% of the total fish body
weight. Uneaten feed was removed after one hour. The experimental cycle lasted 56 days.

Table 1. Formulation and proximate composition of the experimental diets for O. bidens (unit: %).

Ingredient (%) Composition

Peruvian fish meal 25.00
Antarctic krill meal 5.00
Soybean 28.00
Enzymatic hydrolysis of soybeans 5.00
American chicken powder 5.00
High-gluten flour 21.00
Fish oil 2.00
Soybean oil 2.00
Yeast powder 2.00
1 vitamin and mineral premixes 2.00
Calcium dihydrogen phosphate 2.00
Total 100.00

Proximate composition (%)
Crude protein 42.40
Crude fat 8.28
Crude ash 16.00
Moisture 10.00

1 vitamin and mineral premixes provide the following ingredients (g/kg diet): vitamin A 2.4 g; vitamin D 0.45 g;
vitamin E 30 g; vitamin K3 1.56 g; vitamin B1 1.03 g; vitamin B2 1.88 g; vitamin B6 2.35 g; vitamin B12 203 g;
vitamin C 42.86 g; niacin 10 g; pantothenic acid 6.06 g; folic acid 0.51 g; biotin 3.75 g; inositol 20.71 g; antioxidant
1 g; rice husk 300 g; Cu 4 g; Fe 36.67 g; Mn 3.14 g; Zn 14.49 g; Mg 61.54 g; I 9.71 g; Se 2.73 g; Co 25 g; zeolite powder
600 g; choline chloride 100 g; triglyceride butyrate 50 g; high-efficiency palatogen 50 g; and bentonite 416 g.

2.3. Sample Collection

Samples were collected at the following three time points: before microplastic stress
(NP, non−stressed control group), after microplastic stress (HP, end of the stress period),
and after the 56−day feeding experiment. At each sampling time, six fish were randomly
selected from each group, anesthetized with MS−222 (100 mg/L), measured for body
length with a vernier caliper (accuracy 0.01 mm), and measured for body weight with an
electronic balance (accuracy 0.01 g), with basic growth data recorded. After being placed on
an ice tray, the liver and intestines were quickly dissected and separated (removing surface
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fat from the intestines and rinsing the contents). The tissue samples were frozen in liquid
nitrogen and stored at −80 ◦C for later use.

2.4. Determination of Physiological and Biochemical Parameters

Liver tissues were used to determine total antioxidant capacity (T−AOC), superoxide
dismutase (SOD) activity, catalase (CAT) activity, and malondialdehyde (MDA) content.
Intestinal tissues (with contents removed) were used to determine the content of α−amylase
(AMY), trypsin (TPS), and lipase (LPS). All assays were performed using commercial kits
(Nanjing Jiancheng Bioengineering Research Institute, Nanjing, China) in accordance with
the manufacturer’s instructions.

2.5. Gut Microbiota Composition and Diversity Analysis

After the 56-day feeding experiment, an additional six fish were randomly selected
from each of the four groups. After starvation for 24 h, the fish were dissected under sterile
conditions, and the middle and posterior intestines (excluding the contents) were taken.
The intestinal samples were stored at −80 ◦C and sent to Guangzhou Jidiao Biotechnology
Co., Ltd. for high-throughput sequencing of the 16S rRNA gene amplicon. The analysis
included operational taxonomic unit (OTU) composition, alpha diversity (Chao1 index,
ACE index), and species relative abundance (at the phylum and genus levels).

2.6. Determination of Expression Levels of Growth- and Immunity-Related Genes

Total RNA was extracted from liver samples using the RNAiso Plus kit (TaKaRa,
Kusatsu, Japan). The quality and concentration of total RNA were analyzed by agarose
gel electrophoresis and spectrophotometry, respectively. Qualified RNA was reverse-
transcribed into cDNA using the PrimeScript™ RT Reagent Kit (TaKaRa, Kusatsu, Japan).
Primers were designed with Primer Premier 6 software according to the transcriptome
data from laboratory. O. bidens; the specific primers for growth- and immunity-related
genes are listed in Table 2, and primer synthesis was performed by Tsingke Biotechnology
Co., Ltd. (Beijing, China). Quantitative real-time polymerase chain reaction (qRT−PCR)
was conducted using TB Green® Premix Ex Taq™ II (Tli RNaseH Plus) (TaKaRa, Kusatsu,
Japan). The reaction system (total volume) consisted of 10 µL of TB Green Premix Ex Taq™
II (Tli RNaseH Plus) (2×), 0.8 µL of forward primer, 0.8 µL of reverse primer, 2 µL of
cDNA template, and 6.4 µL of sterile water. The reaction conditions were set as follows:
denaturation at 95 ◦C for 15 s, annealing at 60 ◦C for 30 s, with 40 cycles in total. The relative
expression levels of target genes were quantified on a real-time fluorescence quantitative
PCR instrument using the 2−∆∆Ct method.

Table 2. Information of qPCR primers for growth- and immunity-related genes in O. bidens.

Target Gene Primer Sequence (5′−3′)
1 β−actin F: TCCGTGACATCAAGGAGAAG R: GGCAACGGAAACGCTCATT

2 igf F: AGACAGGGGCTTTTATTTC R: TCGTTGTGCTCGTAGGGAT
3 ghr F: GCAAAATGATGGGCGGGA R: GCGACTAAACACAAGGCG

4 tnf−α F: AAAGTCGGGTGTATGGAGG R: CTGGGTCTTATGGAGCGTG
5 il−1β F: TTGTGGGAGACAGACGGTG R: TGTGGATTGGGGTTTGATG

Note: Primer efficiency was verified by qRT-PCR melting curve analysis and standard curve (R2 > 0.98 for all);
gene functions were referenced from the relevant literature and database annotations. (1 β−actin: βeta−actin,
reference gene. 2 igf : insulin-like growth factor, regulates growth, development, and protein synthesis. 3 ghr:
growth hormone receptor, mediates growth hormone signaling pathway to promote growth. 4 tnf−α: tumor
necrosis factor α, regulates immune response and inflammatory reaction. 5 il−1β: interleukin1β, participates in
immune regulation and defense against pathogenic microorganisms.)
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2.7. Calculation of Growth Performance Indicators

The formulas for calculating relevant indicators are as follows:

Weight growth rate (WGR) = [(W2 − W1)/W1] × 100%;

Condition factor (CF) = (W2/L3) × 100%;

Hepatosomatic index (HSI) = W3/W1 × 100%;

Viscerosomatic index (VSI) = W4/W1 × 100%;

where W1 = initial body weight of each fish before the experiment (g); W2 = final body
weight of each fish at the end of the experiment (g); L = final body length of each fish at the
end of the experiment (cm); W3 = liver weight of each fish at the end of the experiment (g);
and W4 = visceral weight of each fish at the end of the experiment (g).

2.8. Data Analysis

Data are expressed as mean ± standard deviation (S.D.). The Shapiro–Wilk test
and Levene’s test were employed to assess normality of distribution and homogeneity of
variance, respectively. Differences between multiple groups were evaluated using one-way
analysis of variance (ANOVA), followed by Tukey’s post hoc test. Statistical significance
was set at p < 0.05, with significant differences defined as p < 0.01. All statistical analyses
were performed using IBM SPSS Statistics 26 software (Chicago, IL, USA).

3. Results
3.1. Growth Performance

Experimental results indicated that at the initial stage of the feeding trial, there were
no significant differences in the initial body length and weight among the various groups
of O. bidens (p > 0.05). Upon conclusion of the feeding trial, the body length, body weight,
and weight growth rate of the LC, MC, and HC groups were significantly higher than those
of the CK group (p < 0.05). Among these, the HC group exhibited the highest body length
(58.80 ± 6.60 mm), body weight (2.36 ± 0.73 g), and weight gain rate (99.92 ± 4.42%). The LC
and MC groups ranked second, with no significant difference between them (p > 0.05). No
significant differences were observed among groups in CF, HIS, or VSI (p > 0.05) (Table 3).

Table 3. Effects of dietary B. coagulans supplementation on growth performance indicators of O. bidens
after microplastic stress.

Index
Groups

CK Group LC Group MC Group HC Group

Initial body length (mm) 42.92 ± 0.94 a 42.97 ± 0.56 a 43.18 ± 0.62 a 43.08 ± 0.81 a

Initial body weight (g) 1.21 ± 0.10 a 1.19 ± 0.08 a 1.20 ± 0.10 a 1.21 ± 0.13 a

Final body length (mm) 47.12 ± 3.92 a 52.63 ± 3.03 b 54.82 ± 4.38 b 58.80 ± 6.60 c

Final body weight (g) 1.67 ± 0.59 a 1.93 ± 0.27 ab 1.90 ± 0.43 ab 2.36 ± 0.73 c

WGR (%) 44.59 ± 2.51 a 67.09 ± 3.31 ab 62.66 ± 2.98 ab 99.92 ± 4.42 c

CF (g/cm3) 1.21 ± 0.13 a 1.22 ± 0.05 a 1.03 ± 0.05 a 1.24 ± 0.04 a

HIS (%) 2.30 ± 0.23 a 2.12 ± 0.14 a 2.63 ± 0.13 a 2.53 ± 0.10 a

VSI (%) 13.64 ± 3.28 a 14.56 ± 3.75 a 14.84 ± 5.08 a 15.66 ± 3.97 a

Note: Different letters indicate statistically significant differences between the two groups (p < 0.05).

3.2. Digestive Enzyme Activity

Microplastic stress significantly reduced the contents of digestive enzymes such as
lipase, trypsin, and α−amylase in the intestines of O. bidens (p < 0.05). After the microplastic



Fishes 2025, 10, 598 6 of 13

stress was alleviated, the activities of digestive enzymes such as lipase, trypsin, and
α−amylase in the intestines of O. bidens in the probiotic-supplemented groups increased,
but there was no significant difference compared with the NP group and the CK group
(p > 0.05), except for the α−amylase content in the CK, LC, and HC groups and the trypsin
content in the HC group, which were significantly higher than those in the HP group
(p < 0.05). There was no significant difference in the contents of digestive enzymes between
the other groups and the HP group (p > 0.05) (Figure 1).

Figure 1. Effects of dietary B. coagulans supplementation on intestinal digestive enzyme contents
of O. bidens after microplastic stress. (A) Lipase; (B) trypsin; (C) α−amylase. NP: non-microplastic
stress control; HP: end of the microplastic stress period; CK: control group (without B. coagulans); LC:
low−concentration group (1 × 107 CFU/g B. coagulans); MC: medium−concentration group (1 × 108

CFU/g B. coagulans); and HC: high−concentration group (1 × 109 CFU/g B. coagulans). Different
letters indicate statistically significant differences between the two groups (p < 0.05).

3.3. Antioxidant Capacity

Microplastic stress significantly increased the activities of T−AOC, CAT, and SOD in
the liver of O. bidens (p < 0.05), and the content of MDA also significantly increased (p < 0.05),
indicating that the organism was in an oxidative stress state and the antioxidant defense
mechanism was activated. After the microplastic stress was relieved, the antioxidant
indicators such as T−AOC, SOD, and MDA in the liver of O. bidens in the probiotic-
supplemented groups were significantly lower than those in the HP group (p < 0.05), while
there was no significant difference in the oxidative indicators between the CK group and
the HP group. Moreover, the contents of T−AOC, CAT, and MDA in the MC group and
the HC group were not significantly different from those in the NP group (Figure 2).

 

Figure 2. Effects of dietary B. coagulans supplementation on liver antioxidant indicators of O. bidens
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after microplastic stress. (A) T−AOC; (B) CAT; (C) SOD; (D) MDA. NP: non-microplastic stress
control; HP: end of the microplastic stress period; CK: control group (without B. coagulans); LC:
low−concentration group (1 × 107 CFU/g B. coagulans); MC: medium−concentration group (1 × 108

CFU/g B. coagulans); and HC: high−concentration group (1 × 109 CFU/g B. coagulans). Different
letters indicate statistically significant differences between the two groups (p < 0.05).

3.4. Expression of Growth- and Immunity-Related Genes

Except for the ghr gene in the LC and MC groups, which showed no significant
difference from that in the control group, the expression levels of growth- and immunity-
related genes (igf, ghr, tnf−α, il−1β) in the probiotic-treated groups of O. bidens were
significantly higher than those in the CK group (p < 0.05) (Figure 3).

 

Figure 3. Effects of dietary B. coagulans supplementation on relative expression levels of growth-
and immunity-related genes (igf, ghr, tnf−α, il−1β) in O. bidens after microplastic stress. (A) igf :
insulin-like growth factor, (B) ghr: growth hormone receptor, (C) tnf−α: tumor necrosis factor α, and
(D) il−1β: interleukin1β. CK: control group (without B. coagulans); LC: low-concentration group
(1 × 107 CFU/g B. coagulans); MC: medium-concentration group (1 × 108 CFU/g B. coagulans); and
HC: high-concentration group (1 × 109 CFU/g B. coagulans). Different letters indicate statistically
significant differences between the two groups (p < 0.05).

3.5. Gut Microbiota Composition and Diversity

OTU Venn analysis of gut microbiota showed that the CK group had 116 unique
OTUs, the LC group had 26, the MC group had 28, and the HC group had 15 (Figure 4A).
The number of shared OTUs between the LC and CK groups was eleven, between the
MC and CK groups was six, and between the HC and CK groups was three. The Chao1
and ACE indices (indicators of microbial abundance) in the probiotic-treated groups were
significantly lower than those in the CK group (p < 0.05), with the lowest abundance
observed in the HC group (Figure 4B,C).

At the phylum level, the relative abundance of Proteobacteria decreased, the relative
abundance of Firmicutes increased, and Fusobacteria almost disappeared with increasing
probiotic concentration (Figure 4D). At the genus level, the relative abundance of Bacillus in
the probiotic-treated groups was significantly higher than that in the CK group (p < 0.05),
with the highest abundance in the HC group (Figure 4E). Additionally, the LC and MC
groups had a higher relative abundance of Lactococcus, while the relative abundance of
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Pseudomonas and Aeromonas in all probiotic-treated groups was significantly lower than
that in the CK group (p < 0.05).

Figure 4. Effects of dietary B. coagulans supplementation on intestinal microbiota composition and
diversity of O. bidens after microplastic stress. (A) VENN diagram of horizontal species; (B) Chao1
index analysis chart; (C) ACE index analysis chart; (D) Horizontal composition analysis of microbiota
phylum; (E) Analysis of horizontal composition of microbial communities. CK: control group (without
B. coagulans); LC: low-concentration group (1 × 107 CFU/g B. coagulans); MC: medium-concentration
group (1 × 108 CFU/g B. coagulans); and HC: high-concentration group (1 × 109 CFU/g B. coagulans).

4. Discussion
4.1. Effects of Probiotics on Growth and Digestive Enzymes of O. bidens

Under microplastic stress, supplementing probiotics in the feed exerted a restorative
effect on the growth of O. bidens. Specifically, the body length and weight of O. bidens in
all probiotic-supplemented groups (at different concentrations) were significantly higher
than those in the control group (p < 0.05), which is consistent with the findings of Fan
Ying et al. [9] in their research on O. mykiss. Microplastic stress significantly reduced the
digestive enzyme content in the intestinal tract of O. bidens (p < 0.05). After the alleviation
of microplastic stress, the contents of intestinal digestive enzymes (including lipase, trypsin,
and α−amylase) in the probiotic-supplemented groups increased; however, no significant
differences were observed when compared with the NP group and CK group (p > 0.05). This
result indicates that probiotic supplementation has a limited effect on restoring the intestinal
digestive enzyme content of O. bidens following microplastic stress. A potential explanation
for this phenomenon is that microplastics can cause intestinal obstruction and induce a
sense of satiety, thereby interfering with the secretion of digestive enzymes [15]. In contrast,
probiotics primarily function by indirectly regulating the intestinal microenvironment [16]
and the expression of growth- and immunity-related genes [17,18]. While probiotics cannot
fully counteract the direct damage caused by microplastics, they can mitigate its effects to
some extent.

Gene expression analysis further supported this conclusion: the expression levels of
igf and ghr (key regulators of growth) in the HC group were significantly upregulated
(p < 0.05), indicating that B. coagulans may promote growth by activating the growth
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regulatory pathway. It is hypothesized that metabolites of B. coagulans (e.g., short-chain fatty
acids, SCFAs) can stimulate the activity of growth hormone receptors through endocrine
signaling, thereby enhancing protein synthesis and cell proliferation [19]. Additionally,
the high relative abundance of B. coagulans and Lactococcus in the gut of probiotic-treated
O. bidens may further contribute to growth: these bacteria secrete digestive enzymes
and metabolites that regulate intestinal pH, improve nutrient absorption efficiency, and
ultimately synergistically promote growth recovery [20].

4.2. Effects of Probiotics on the Antioxidant Capacity of O. bidens

Microplastic stress induced a significant increase in T−AOC, CAT, and SOD activities,
as well as MDA content in O. bidens (p < 0.05), indicating that microplastics trigger oxidative
stress in the fish. This finding aligns with the study by Duan et al. [21], who demonstrated
that microplastics disrupt the homeostasis of the antioxidant system by promoting free
radical accumulation, leading to abnormal elevation in antioxidant enzyme activity and
potential impairment of immune function [22].After supplementation with B. coagulans, the
HC group showed the most significant recovery in antioxidant capacity: T−AOC, CAT, and
SOD showed no significant difference compared to pre-stress levels (p < 0.05), confirming
that B. coagulans can mitigate oxidative damage under microplastic stress.

The underlying mechanism may involve two aspects: first, food-borne B. coagulans
produces organic acids during fermentation, which exhibit antioxidant activity by scaveng-
ing excess free radicals and inhibiting lipid peroxidation chain reactions [23,24]; second,
probiotics may enhance the endogenous antioxidant defense system by regulating the
expression of antioxidant enzyme genes. Liu et al. [25] reported that Bacillus subtilis upreg-
ulates the mRNA expression of tight junction proteins (Zo−1, claudin, and occludin) in
the jejunal mucosa to improve intestinal barrier function, which may indirectly reduce the
entry of oxidative stress-inducing substances into the bloodstream. Notably, SOD activity
in the HC group was slightly higher than that in the MC group (p < 0.05). This may be
due to the colonization of B. coagulans in the gut: its secreted metabolites (e.g., butyric acid
and antioxidant peptides) can bind to Keap1 protein, activate the Nrf2−Keap1 signaling
pathway, and further enhance antioxidant capacity [26].

4.3. Effects of Probiotics on Gut Microbiota of O. bidens

The gut is a critical organ for nutrient absorption, and the composition and balance
of gut microbiota are essential for host health and growth [27]. After microplastic stress,
the gut microbiota of O. bidens was dominated by Proteobacteria, Firmicutes, and Fusobac-
teria. Among these, Proteobacteria contained a high abundance of pathogenic genera
(e.g., Aeromonas, which causes bacterial septicemia in fish, and Pseudomonas, which induces
visceral white spot disease [28–30]), while Firmicutes (which includes beneficial genera
such as Lactococcus and Bacillus that enhance growth and inhibit pathogens [31]) had a
low relative abundance. This suggests that microplastics disrupt the stability of the gut
microbiota in O. bidens. Venn analysis and alpha diversity indices (Chao1 and ACE) showed
that high-concentration probiotics significantly reduced gut microbiota diversity (p < 0.05)
Specifically, the LC and MC groups had a higher relative abundance of Lactococcus, while
the MC and HC groups had significantly lower relative abundances of Aeromonas and Pseu-
domonas compared with the CK and LC groups (p < 0.05). The relative abundance of Bacillus
in the LC, MC, and HC groups was 15.37%, 30.51%, and 57.7%, respectively—far higher
than the 3.05% in the CK group—confirming the successful colonization of B. coagulans in
the gut of O. bidens and significantly increased the relative abundance of beneficial bacteria.
This result is consistent with the study by Sharifuzzaman et al. [32]
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The antibacterial mechanism of B. coagulans may involve two pathways: (1) secretion of
bacteriocins, which disrupt the integrity of pathogenic bacterial cell membranes and inhibit
their proliferation; and (2) production of SCFAs (e.g., butyric acid), which lower intestinal
pH, inhibit the growth of acid-sensitive pathogens (e.g., Pseudomonas), and enhance the
intestinal epithelial barrier to reduce pathogen translocation [33,34]. Although probiotic
intervention reduced microbial diversity (decreased Chao1 index, p < 0.05), the colonization
of Bacillus may compensate for this loss through metabolic complementarity (e.g., vitamin
synthesis) [35]. Chandrasekaran et al. [36] also reported that high-concentration probiotics
maintain gut homeostasis through a “core functional microbiota” even when diversity
is reduced.

4.4. Potential Role of Probiotics in Alleviating Microplastic-Induced Digestive Impairment

Microplastic stress significantly suppressed the digestive capacity of O. bidens, with
markedly reduced intestinal digestive enzyme activity—especially trypsin (p < 0.05). This
suggests that microplastics may disrupt intestinal epithelial cells through physical damage
or chemical toxicity, thereby inhibiting enzyme secretion. Concurrently, the activities of
antioxidant indicators T−AOC, SOD, and CAT increased significantly (p < 0.05), whilst
MDA content rose extremely significantly (p < 0.01). This indicates that microplastics
induce free radical accumulation, triggering oxidative stress that leads to lipid peroxidation
and cell membrane damage.

Following exposure to microplastics, the gut microbiota exhibited an increased propor-
tion of the Proteobacteria phylum, alongside elevated abundances of pathogenic bacteria
such as Pseudomonas and Aeromonas, thereby heightening disease susceptibility. Following
B. coagulans intervention, both the MC and HC groups demonstrated significant effects in
increasing body length and weight while alleviating oxidative stress. Furthermore, gut
microbiota composition was optimized, suggesting that intestinal probiotics contribute
to a degree of microplastic degradation within O. bidens. This hypothesis is supported
by previous studies: Park et al. [37] cultured Bacillus subtilis in a medium with polyethy-
lene (PE) as the sole carbon source for 60 days and observed a 14.7% reduction in PE
dry weight; Bozkurt et al. [38] confirmed that Bifidobacterium can use polypropylene (PP)
as an energy and carbon source. Additionally, certain bacterial strains secrete degrad-
ing enzymes (e.g., laccase and lipase) that induce surface modification and degradation
of microplastics [39]. Furthermore, Teng et al. [40] found that probiotics upregulate the
expression of tight junction proteins, which prevent microplastics from penetrating the
intestinal barrier, reduce the level of pro-inflammatory factors, and inhibit inflammatory
responses. This indicates that B. coagulans alleviates microplastic-induced intestinal damage
through two complementary mechanisms: enhancing the intestinal barrier and potentially
promoting microplastic degradation.

5. Conclusions
Microplastic stress significantly inhibits the growth of O. bidens, reduces its digestive

enzyme activity, and triggers inflammation. After alleviating microplastic stress, supple-
menting B. coagulans in feed can significantly increase the fish’s body length and weight,
alleviate oxidative stress, enhance immunity, and optimize intestinal microbiota composi-
tion. Though it has little effect on reversing changes in the fish’s intestinal digestive enzyme
activity, it still mitigates the negative impacts of microplastics to some extent. Additionally,
while the B. coagulans-supplemented group showed significantly improved physiological
indicators, this was accompanied by reduced intestinal microbiota diversity. Long-term
application may pose ecological safety risks, thus necessitating further optimization of B.
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coagulans dosage and in-depth analysis of its mechanisms in restoring the physiological
functions of O. bidens.
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