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• Exposure to glyphosate (GLY) caused
growth retardation in juvenile crucian
carp.

• GLY reduced lipase activity in intestine
and visceral fat deposition.

• Gutmicrobial dysbiosis andmetabolic dis-
order contributed to health hazard in host.

• Probiotics attenuated the health risks of
GLY by restoring gut health.

• Here provides new clue for eliminating
health risks of GLY in aquatic environ-
ment.
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Glyphosate (GLY) contamination widely occurred in aquatic environments including aquaculture systems and raised
hazard to aquatic organisms such as fish. Probiotics have been reported to alleviate contaminants-induced toxicity.
However, whether probiotics could reduce the health risk of GLY to fish remain unknown. Here we investigated the
impacts of GLY on crucian carp (Carassius auratus) by focusing on the protective roles of two commonly used aquacul-
ture probiotics, Bacillus coagulans (BC) and Clostridium butyricum (CB). Exposure to GLY significantly caused growth re-
tardation and reduced visceral fat and intestinal lipase activity in crucian carp. 16S rRNA sequencing indicated that
dysbiosis of Bacteroidetes at phylum level and Flavobacterium at genus level might be primarily responsible for GLY-
induced negative growth performance. High throughput targeted quantification for metabolites revealed that GLY
changed intestinal metabolites profiles, especially the reduced bile acids and short-chain fatty acids. However, the ad-
dition of BC or CB effectively attenuated the adverse effects above by remodeling the gut microbiota composition and
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improving microbial metabolism. The present study provides novel evidence for ameliorating the harmful effects of
GLY onfish species by adding probiotics,which highlights the potential application of probiotics in reducing the health
risks of GLY in aquatic environment.
1. Introduction

Glyphosate (GLY) is the most frequently used broad-spectrum organo-
phosphorus herbicide worldwide (Van Bruggen et al., 2018). Although
the GLY is most extensively used in agriculture, some is also used perva-
sively for controlling submerged aquatic weeds and algae in ponds
(Annett et al., 2014; Solomon and Thompson, 2011). Studies have shown
that GLY can contaminate aquatic environment through multiple routes in-
cluding spray drift, surface runoff and soil leaching, and even resulting in
potential threatens to non-target aquatic organisms like fish species
(Brovini et al., 2021; de Brito Rodrigues et al., 2019; Zhang et al., 2017).
GLY has been widely occurred in aquatic environment at concentrations
generally vary from 3 to 700 μg/L, and as high as 1.2 mg/L was found in
freshwater fish ponds (Ding et al., 2021). GLY can also be detected in fresh-
water aquaculture products (Yan et al., 2022). Mounting evidence has doc-
umented that GLY inhibited the growth of fish (Salbego et al., 2010;
Giaquinto et al., 2017) and crayfish (Cherax quadricarinatus) (Frontera
et al., 2011), induced lipid metabolism disorder and hepatotoxicity in juve-
nile common carp (Liu et al., 2021a), as well as altered gut microbiome and
intestinal histomorphology in zebrafish (Ding et al., 2021). The freshwater
aquaculture plays vital roles in fishery of China. It accounts for 54 % of the
total aquaculture production (Fisheries and Fisheries Administration
Bureau of theMinistry of Agriculture and Rural Areas et al., 2018). The haz-
ard of GLY to cultured fish has also aroused great concerns. Although the
GLY was commonly found in many aquatic ecosystems and detrimental to
fish species (Faria et al., 2021; Folmar et al., 1979), how to reduce or
even eliminate its negative effects has not been well studied.

In recent years, probiotics have been widely used in aquaculture due to
their effectiveness on production, safety and environmental friendliness
(Hai, 2015; López Nadal et al., 2020). For instance, Bacillus coagulans
(BC) and Clostridium butyricum (CB) are two commonly used probiotics in
aquaculture. The BC is a non-intestinal inherent facultative anaerobe with
the advantages of both bacillus and lactic acid bacteria (Kuebutornye
et al., 2019). The CB is an extensively studied non-inherent anaerobic
gram-positive bacillus (Chen et al., 2021). As effective feed additives and
an alternative to antibiotics for disease prevention, these probiotics have
been proven to act as growth promoters for the individual growth, survival
and health of farmed species (Hai, 2015; Wang et al., 2019). The gut
microbiome is beneficial for the detoxification of the environmental pollut-
ants by altering the physiological conditions, intestinal permeability and
enhancing enzymes activity, etc. (Arun et al., 2021; Qi et al., 2021).
Probiotics, however, also confer several benefits to modulate gut
microbiome and play important roles in attenuating the toxic effects of pol-
lutants in aquaculture (EI-Saadony et al., 2021; Feng et al., 2018). Recent
studies have shown that probiotic supplementation mitigated the gut mi-
crobial dysbiosis, lipid metabolism disorders, developmental toxicity and
growth retardation caused by perfluorobutane sulfonate (PFBS) in
zebrafish (Chen et al., 2020; Sun et al., 2021a; Sun et al., 2021b). In addi-
tion, probiotics could also modulate metabolism of gut (Islam et al., 2021;
Jahan et al., 2021). Metabolites derived from gut microbes are associated
with host health and disease. As a result of their biochemical actions,
probiotics are predicted to optimize the metabolite profiles of intestinal
microbiota (Kitada et al., 2018). For instance, dietary supplementation of
Bacillus cereus promoted the growth, elevated the immunity and antioxi-
dant status of Pengze crucian carp (Yang et al., 2019a). Moreover,
probiotics enhanced the growth performance of rohu (Labeo rohita) through
upgrading hematology, intestinal microbiota andmorphology (Jahan et al.,
2021). Thus, it is reasonable to hypothesize that the probiotics could
attenuate the GLY-induced adverse effects by restoring intestinal health.
2

Taking all above into consideration, our present study intends to inves-
tigate the potential roles of aquaculture probiotics (such as the BC and CB)
in eliminating the adverse effects of GLY on the widely cultivated commer-
cial freshwater species, crucian carp (Carassius auratus), which is also
commonly used as a model organism in aquatic toxicology (Pang et al.,
2018; Sula et al., 2020). In this study, we mainly focused on the alterations
in growth performance, visceral fat accumulation, activities of digestive
enzymes, gut microbiota composition and metabolism after exposure to
GLY with or without probiotics. Multiple experimental approaches, such
as micro computed tomography (Micro-CT), 16S rRNA sequencing and
targeted quantification metabolomics were applied. Our present study pro-
vided novel evidence for the potential application of probiotics in reducing
the health risks of GLY in freshwater environment.

2. Materials and methods

2.1. Chemicals and kits

GLY (purity 99.0 %, CAS: 1071-83-6) was purchased from Sigma-
Aldrich (St. Louis, MO, USA). Isotopically-labeled internal standard
of 13C, 15N-glyphosate (99.2 %, CAS: 1185107-63-4) was supplied
by Tortonto Research Chemicals Inc. (North York, Canada). 9-
fluorenymethylchloroformate (FMOC-Cl, 98 %, CAS: 28920-43-6) was ob-
tained from Aladdin (Shanghai, China). Individual stock solutions of GLY
were dissolved with double distilled water. Commercial kits for detecting
activities of α-amylase (AMS; cat#C016-1-1), lipase (LPS; cat#A054-2-1)
and trypsin (TRY; cat#A080-2) were purchased from Jiancheng Bio-
Engineering Institute (Nanjing, Jiangsu, China). Other reagents used in
the present study were of analytic grade.

2.2. Exposure and sampling

Twenty-day-old juvenile crucian carp (Carassius auratus) (0.654 ±
0.0376 g, mean body weight), were acclimatized under the laboratory con-
dition (24± 1 °C, with a photoperiod of 12 h light /12 h dark) for 2 weeks
in glass tanks each containing 350 L water with the provision of continuous
aeration (Wang et al., 2022). During this period the crucian carp were fed
commercial diets and thereafter randomly distributed in the experimental
tanks. In this study, crucian carp were exposed to 0, 1 μg/L (1 ppb) and
1 mg/L (1 ppm) GLY for 14 days, and were concomitantly fed commercial
diets twice daily, supplemented with or without CB (Firstv Technology Co.,
Ltd., China) and BC (Henan Jiushan Technology Co., Ltd., China) at the
same dose 1.0 × 106 cfu/g (Fan et al., 2021), respectively. Exposure
period was followed by a previous study (Ding et al., 2021), and similar
to its half-life (DT50) of about 10 days reported by Fogliatto et al.
(2020). Here, 1 μg/L of GLY was selected as environment relevant
concentration, and 1 mg/L of GLY was chosen according to the report
of Zhang et al. (2017) that GLY's toxic effects were well characterized
at the mg/L level.

The crucian carp were randomly allocated into 7 groups (n = 60 per
group) including Control, GLY 1 μg/L (GLY 1 ppb), GLY 1 mg/L
(GLY 1 ppm), GLY 1 μg/L + CB (GLY 1ppb_CB), GLY 1 mg/L + CB
(GLY 1ppm_CB), GLY 1 μg/L + BC (GLY 1ppb_BC), GLY 1 mg/L + BC
(GLY 1ppm_BC) (Fig. S1). Each group contained three independent repli-
cate tanks (n = 20 per replicate) in each with 20 L of exposure solution
(40 × 25× 30 cm). The water in all tanks was renewed daily to maintain
the appropriate exposure concentrations. After 14 days of exposure, crucian
carp were washed with ultrapure water and anesthetized (0.3 % MS-222,
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300 mg/L, Sigma-Aldrich) for growth measurement. Then, the individuals
or dissected tissues were set for subsequent analysis.

2.3. Measurement of GLY concentration

Analysis of GLY was performed on a Waters Acquity™ UPLC/ Xevo TQ
MS (Milford, MA, USA), coupled to a Waters Acquity C18 column
(2.1 mm× 50 mm× 1.7 μm, Milford, MA, USA), as previously published
protocols (Yan et al., 2022). Briefly, the intestine, brain and muscle tissue
samples (n = 3) were freeze-dried, weighed and then placed into 2.0 mL
Eppendorf centrifuge tubes with 1 mL acetonitrile, which followed by
90 s of homogenization and10 min of centrifuge at 10000 rpm. 0.5 mL su-
pernatant was treated with 0.5mL sodium borate buffer and 0.5mL FMOC-
Cl. The mixture was placed on a horizontal oscillator and derivatized at
40 °C for 1 h. Finally, the supernatant was filtered through a 0.45 μm filter
prior to UPLC-MS/MS detection. The GLY in procedural blanks was below
the detection limit (0.3 ng/g), and the concentrations of GLY in exposure
media at 0 h and 24 h are shown in Table S1.

2.4. Growth performance measurement

Before the start and the end of the test, initial average weight (g), final
average weight (g), initial average length (cm), final average length (cm),
weight gain rate (WGR, %), specific growth rate (SGR, %/d), muscle -
somatic index (MSI, %) and condition factor (CF, g/cm3) of crucian carp
in each group were detected (Lee et al., 2018). The above indicators were
calculated as follows: initial average weight (g) = initial total weight /
initial number;final averageweight (g)=final total weight /final number;
initial average length (cm) = initial total length / initial number; final
average length (cm) = final total length / final number; WGR (%) =
(final total weight − initial total weight) / initial total weight × 100;
SGR (%/d) = [ln(final average weight) − ln(initial average weight)] /
exposure days × 100; MSI (%) = final muscle weight / final weight ×
100; CF (g/cm3) = final weight × length−3 × 100.

2.5. Micro-CT analysis

Three crucian carp were randomly selected from each group. The
visceral fat from each anesthetized individual after fixation was scanned
by a Micro-CT Skyscan 1276 scanner (Bruker, Belgium) following parame-
ters: power 8W, source voltage 45 kV, current 200 μA, rotation 220°, scaled
image pixel size 13 μm, filter 0.54 mm Alpha (Zhou et al., 2021). The fat
substance in the whole fish was observed, photographed and reconstructed
3D volume - rendered images using SkyScan CT Vox software (Version
2.3.0) (Sakashita et al., 2019). Finally, total adipose tissue volume (TAT),
tissue volume (TV) and percent visceral fat (fat ratio, %) = TAT/TV ×
100 were calculated respectively.

2.6. Histological observation

According to the method described by Ding et al. (2021), three intes-
tines of crucian carp from each groupwerefixed overnight in 10% formalin
at room temperature. The fixed organs were transferred to 70 % ethanol
and dehydrated in graded ethanol. Then the dehydrated samples were
cleared in xylene, infiltrated, and embedded in paraffin. Serial section
of each sample was sliced at 5 μm thickness which followed by
hematoxylin-eosin (H&E) staining, and then sealed for pathological obser-
vation by using the Aperio ImageScope (Leica, version 12.4).

2.7. Digestive enzymes' activities

Six crucian carp were randomly selected from each group for the analy-
sis of digestive enzymes' activities. The blood was collected from the caudal
vein, and the supernatant serum obtained by centrifugation 10 min with
2500 rpm was detected. In addition, the intestine was homogenized at w/
v = 1:9 with 4 °C saline (pH = 7.4) to determine the enzyme activity by
3

a microplate reader (Infinite® F50, Tecan). The activity of AMS was deter-
mined by the iodine-starch colorimetric method, and calculated as 10 mg
starch hydrolyzed per 30 min, per 100 mL of serum or per mg of tissue pro-
tein. LPS activity was measured by the methyl resorcinol substrate method,
and calculated as the amount of red methyl resorufin produced per hour,
per mL of serum or per mg of tissue protein. TRY activity was calculated
as the absorbance changed 0.003 per 2 min, per mL of serum or per mg
of tissue protein (Zhang et al., 2022). The protein concentrations of all sam-
ples were measured by enhanced BCA protein assay kit (cat#P0009,
Beyotime, Shanghai, China).

2.8. Intestinal 16S rRNA sequencing and analysis

Microbial diversity in intestine of crucian carp was analyzed by
Illumina MiSeq-PE250 sequencing of 16S rRNA V3 - V4 region
(338F: 5′- ACTCCTACGGGAGGCAGCAG-3′ and 806R: 5′- GGAC
TACHVGGGTWTCTAAT-3′) (Zhou et al., 2018). Three intestines from
each tank were pooled as one replicate sample (n = 6). Data analysis
were provided by using the Tutools platform (https://www.cloudtutu.
com). Sequences were stepwise clustered into operational taxonomic
units (OTUs) at a similarity cut-off value of 97 % by using the QIIME2
feature-table rarefy function. The biochemical pathways predicted
based on the sequence abundance using Phylogenetic investigation of
communities by reconstruction of unobserved states (PICRUSt2).
STAMP 2.0 software was used to analyze the difference of Kyoto
Encyclopedia of Genes and Genomes (KEGG) function.

2.9. Intestinal metabolite extraction and analysis

High throughput targeted quantification for metabolites (HM350 me-
tabolome) could absolutely quantify 350+ metabolites such as bile acids,
fatty acids, indoles, etc. Metabolite extraction, separation, identification
and quantification were performed on intestines (three from each group
pooled as one replicate sample, n = 3) from Control, GLY 1 ppm, GLY
1ppm_CB and GLY 1ppm_BC, as described previously (Giommi et al.,
2022). Metabolites were analyzed by LC-MS QTRAP 6500+ (SCIEX),
with a chromatographic column BEH C18 (2.1 mm × 10 cm, 1.7 μm,
waters). Sample preprocess, LC-MS/MS detection and metabolomics data
analysis acquired by BGI (Shenzhen, China) were shown in Supplementary
Text S1.

2.10. Statistical analysis

Statistical graphs were generated using GraphPad Prism 8.02
(San Diego CA, USA). Values were presented as mean ± standard error
(Mean ± SEM). The normal distribution and homogeneity of variance
were determined by Shapiro-Wilks and Levene's tests, respectively.
Significant difference among GLY alone exposure groups was analyzed by
one-way ANOVA and post hoc pairwise comparisons. The statistical differ-
ences between the two treatments under same GLY exposure level (with or
without probiotics) were analyzed by unpaired two-tailed Student's t-test.
Gut microbiota sequencing data was performed using the two-tailed
Wilcoxon rank-sum test. A probability <0.05 was considered as significant.
Spearman analysis and Redundancy analysis (RDA) were employed to
detect the interactions among intestinal microbiota, growth variables and
differential metabolites among different treatment groups.

3. Results

3.1. Concentrations of GLY in main tissues

The measured concentrations/contents of GLY in exposure solution and
fish were shown in the Table S1 and S2, respectively. The GLY of control
group, either in exposure media or fish organs, were all under the LOD.
The determined concentrations of GLY in both 1 ppb and 1 ppm groups
were close to the nominal levels. GLY was not detected in the three organs

https://www.cloudtutu.com
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from control group. For the 1 ppb of GLY groups (with or without
probiotics), it was determined with similar levels between the intestine
(5.41–6.92 ng/g dry weight) and the muscle (4.69–5.68 ng/g dry weight),
but under the LOQ in the brain. In 1 ppmGLY group, intestine accumulated
the highest levels of GLY (303 ng/g dry weight) than the brain (52.6 ng/g
dry weight) or muscle (54.1 ng/g dry weight). However, the addition of
CB or BC decreased the contents of GLY in the intestine (60.6–63.3 ng/g
dry weight), brain (43.4–44.8 ng/g dry weight) and muscle
(44.6–46.2 ng/g dry weight).

3.2. Growth performance

Table 1 presented the growth performance of crucian carp in different
treatments. The survival rate of crucian carp from each group was >92.1 %
during the exposure period, and there were no obvious deformities. There
was no difference in initial length and initial weight of crucian carp. At the
end of the exposure, the final weights were all increased among all groups.
However, when compared with the final weight of the control, there were
16.0 %, 41.0 %, 5.97 %, 22.1 %, 13.0 % and 29.5 % decreases in 1 ppb,
1 ppm, 1 ppb_CB, 1 ppm_CB, 1 ppb_BC and 1 ppm_BC groups, respectively.
Comparedwith the Control, thefinal averageweight, SGR andMSI of crucian
carp significantly decreased in GLY 1 ppm group (p < 0.05), while increased
to some extent after adding probiotics. CF in GLY 1ppb_CB group was
significantly higher than that in GLY 1 ppb group (p < 0.05), SGR and MSI
in GLY 1ppm_CB group were significantly higher than those in GLY_1ppm
group (p < 0.05), MSI and CF in GLY 1ppm_BC group were markedly higher
than those in GLY 1 ppm group (p < 0.05).

3.3. Visceral fat deposition

Fig. 1A presented the visceral fat microstructure of crucian carp in
different treatments, showing that exposure to GLY reduced the deposition
of visceral fat in a dose-dependent manner, while the addition of BC or CB
partially rescued this situation. As shown in Fig. 1B, the two GLY groups
displayed lower visceral fat ratios than that of the Control (p < 0.01). How-
ever, the visceral fat ratios in CB-treated groups were significantly higher
than those of corresponding GLY groups (p < 0.01 and p < 0.05 for 1 ppb
and 1 ppm groups, respectively).

3.4. Activities of digestive enzymes

Fig. 2A showed that AMS, LPS and TRY activities in serum of GLY 1 ppm
group were significantly higher than those in the Control (p < 0.01). Com-
pared with the GLY 1 ppm group, AMS, LPS and TRY activities in serum of
GLY 1 ppm+ CB group significantly reduced (p < 0.05), LPS and TRY ac-
tivities in serum of GLY 1ppm_CB group significantly reduced (p < 0.01). In
intestine, compared with the Control, the three indexes in GLY exposure
groups showed decreasing trends, and the activity of LPS decreased signif-
icantly in the 1 ppm group (p < 0.05). The addition of BC or CB reduced
these decreases but not significantly. (Fig. 2B). Moreover, histological
Table 1
Growth performance of crucian carp in different treatments (Mean ± SEM).

Parameters Control GLY_1ppb GLY_1ppm

Survival rate (SR, %) 100 ± 0 97.8 ± 2.23 94.8 ± 2.68
Initial average weight (g) 1.36 ± 0.217 1.36 ± 0.043 1.35 ± 0.078
Final average weight (g) 2.40 ± 0.446 2.02 ± 0.228 1.417 ± 0.099
Initial average length (cm) 4.08 ± 0.0930 4.10 ± 0.0770 4.12 ± 0.194
Final average length (cm) 5.23 ± 0.315 4.86 ± 0.162 4.62 ± 0.135
Weight gain rate (WGR, %) 23.5 ± 1.66 3.49 ± 0.183 −14.9 ± 0.56
Specific growth rate (SGR, %/d) 3.94 ± 0.274 3.23 ± 0.815 1.22 ± 0.442⁎
Muscle -somatic index (MSI, %) 0.887 ± 0.148 0.840 ± 0.165 0.415 ± 0.067
Condition factor (CF, g/cm3) 1.77 ± 0.0670 1.71 ± 0.0800 1.59 ± 0.0450

⁎ Compare with Control, p < 0.05.
a Compare with GLY_1ppb, p < 0.05.
b Compare with GLY_1ppm, p < 0.05.
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results showed minor damage in intestinal tissue, such as basement mem-
brane damage (Fig. S2).

3.5. Intestinal microbiota diversity and function

OTU results of Alpha diversity analysis showed that the order of OTU
value was GLY_1ppm (2779) > GLY_1ppb (814) > control (695). However,
with the addition of probiotics BC and CB, the OTU value of GLY 1ppm_BC
and GLY 1ppm_CB decreased to 1907 and 1796, respectively (Fig. S3).
These indicators, the Chao1, Shannon and Simpson index, provide a gen-
eral representation of the changes in intestinal microbial species richness
and community diversity. The Chao1, Shannon and Simpson index were
higher in GLY groups than in control. The addition of BC or CB increased
the Chao 1, but decreased the Shannon and Simpson index in the 1 ppb
GLY group. When comparedwith the 1 ppmGLY group, these three indices
were decreased by the BC. However, the CB reduced the Chao 1, but
increased the Shannon and Simpson index (Fig. S4A(a, b and c)). PCoA
showed that only GLY 1 ppb group was concentrated in the second quad-
rant, and GLY 1 ppm group was mainly concentrated in the first quadrant.
GLY 1ppm_BC group and GLY 1ppm_CB groupweremainly concentrated in
the fourth quadrant, indicating that their intestinal microbial community
composition is relatively similar (Fig. S4B(a)). PLS-DA showed that the
microbiota samples from different treatment groups were well sepa-
rated, also indicating that the microbiota of GLY 1ppb_BC group and
GLY 1ppb_CB group was similar, and GLY 1 ppm group was obviously
different from other groups (Fig. S4B(b)). The results suggested that
the community composition of GLY 1 ppm group changed after the
addition of probiotics.

At phylum level, Proteobacteria was the dominant flora in different
treatment groups (Fig. S5A). At genus level, Aeromonas and Dechloromonas
were the dominant flora in different treatment groups (Fig. S5B). The
dominant flora of GLY 1 ppm group at phylum level were Proteobacteria,
Actinobacteriota, Bacteroidetes, and at genus level were Dechloromonas,
Aeromonas, Flavobacterium. Aeromonas relative abundance increased in
GLY 1 ppm group, whereas the relative abundance of Aeromonas and
Rhodobacter decreased in GLY 1ppm_CB group. Proteobacteria relative
abundance decreased and Bacteroidetes relative abundance increased in
GLY 1 ppm group at phylum level, whereas the relative abundance
of Bacteroidetes decreased in GLY 1ppm_BC / GLY 1ppm_CB group
(Fig. S5). Fig. 3A showed the differences of the dominant flora in each
group at phylum level. There was significant increase in Bacteroidetes,
Spirochaetota and Aenigmarchaeota between GLY 1 ppm group and other
groups. Compared with GLY 1 ppm group, the increase flora of GLY
1ppm_CB group was Actinobacteriota, Acidobacteriota, Desulfobacterota,
Gemmatimonadota, Cyanobacteria and Dadabacteria. Fig. 3B showed the
differences of the dominant flora in each group at genus level. There was
little difference in genera between GLY 1 ppb, GLY 1ppb_BC, GLY
1ppb_CB and the Control. Notably, Clostridium_sensu_stricto_1 genera and
Bacillus genera were abundant in Gly_1ppb_CB, Gly_1ppb_BC and
Gly_1ppm_BC group. There was significant increase in Pseudomonas,
GLY 1ppb_CB GLY 1ppm_CB GLY 1ppb_BC GLY 1ppm_BC

100 ± 0 97.8 ± 2.23 100 ± 0 98.5 ± 1.50
1.37 ± 0.108 1.31 ± 0.158 1.36 ± 0.117 1.34 ± 0.0780

0⁎ 2.26 ± 0.257 1.87 ± 0.157 2.09 ± 0.221 1.69 ± 0.129
4.15 ± 0.0980 3.98 ± 0.103 4.09 ± 0.125 4.13 ± 0.0650
4.87 ± 0.260 4.65 ± 0.163 4.84 ± 0.175 4.70 ± 0.114

0 14.8 ± 2.25 −3.46 ± 0.450 9.35 ± 0.135 −9.59 ± 0.199
⁎ 4.29 ± 1.250 3.48 ± 1.380b 4.35 ± 0.884 2.64 ± 0.537
1⁎ 1.09 ± 0.147 0.680 ± 0.0944b 0.888 ± 0.116 0.759 ± 0.113b

1.84 ± 0.283a 1.78 ± 0.0830 1.73 ± 0.0520 1.76 ± 0.210b



Fig. 1.Micro-CT analyses of crucian carp in different treatments. A. Representative 3D reconstructed images from each treatment group; red for fish bone skeleton and yellow
for fat. B. Fat ratio (%), n = 3, ⁎⁎p < 0.01, compare with Control; #p < 0.05, ##p < 0.01, compare with GLY_1ppb; &p < 0.05, compare with GLY_1ppm.
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Flavobacterium, Brevinema and Stenotrophomonas betweenGLY 1 ppm group
and other groups. Compared with the GLY 1 ppm group, the increased
genera of GLY 1ppm_BC group was Chitinibacter, Rubellimicrobium,
Fimbriiglobus, and the increased genera of GLY 1ppm_CB group was
Mycobacterium, Microbacterium, Nocardia, Gemmata and Blastopirellula.

PICRUSt2 results showed functional composition of KEGG at Class 2
level in different treatment groups was metabolism (Fig. S6A). Metabolic
pathways with a significant difference inmean proportions were identified,
including primary bile acid biosynthesis, butanoate metabolism, bile secre-
tion, etc. (Fig. S6B).
Fig. 2. Activities of digestive enzymes in crucian carp in different treatments. A. a: AM
intestine. n = 6, ⁎p < 0.05, ⁎⁎p < 0.01, compare with Control; #p < 0.05, ##p < 0.01, c
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3.6. Intestinal metabolic signatures

The contents (10−3 μmol/g) of identified metabolites in the gut of
crucian carp can be found in Table S3. Given that gutmicrobiota oftenmod-
ulates host metabolic pathways, targeted metabolomics was employed to
compare the metabolic profiles of gut among different treatment groups.
221 metabolites and 18 classes of compounds were identified in this
study. Among them, 30 metabolites mainly related to bile acid and
butanoate metabolism including 20 bile acids, 4 short-chain fatty acids
(SCFAs), 4 indoles and 2 organic acids (Table S2). Fig. 4 showed that
S (α-amylase), b: (lipase), c: TRY (trypsin) in serum. B. a: AMS, b: LPS, c: TRY in
ompare with GLY_1ppb; &p < 0.05, &&p < 0.01, compare with GLY_1ppm.



Fig. 3. Intestinal microbial community composition of crucian carp in different treatments. A. Clustering heatmap of species abundance at phylum level. B. Clustering
heatmap of species abundance at genus level. Colour represents the degree of species abundance, horizontal clustering is sample information, vertical clustering is
microbial species information, leftmost is microbial species clustering tree, and top is sample clustering tree. The gradual change from blue to red reflects the change of
abundance from low to high.
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total bile acids, TCA, cholic acid and L. lactic acid were lower in GLY 1 ppm
group than those in the Control (p < 0.01). Other significant decreases
observed in GLY 1 ppm group include acetic acid, propanoic acid, and
indoleacetic acid (p< 0.05). In contrast, after adding probiotics, TCA, cholic
acid, TCDCA, butyric acid, L. lactic acid and indoleacetic acid in GLY
1ppm_BC group and GLY 1ppm_CB group increased significantly compared
with the GLY 1 ppm group (p < 0.05).

3.7. Correlations among intestinal microbiota, growth variables and differential
metabolites

The correlations between gut microbiota and growth variables or differ-
ential metabolites were determined by RDA (Fig. 5). Proteobacteria at phy-
lum level and Rhodobacter, Gemmobacter at genus level in the Control, were
positively correlated with length, weight, and fat ratio. Comparatively,
Bacteroidetes at phylum level and Flavobacterium at genus level in GLY
1 ppm group, was negatively correlated with CF, fat ratio and SGR. In con-
trast, Actinobacteriotes at phylum level and leifsonia at genus level in GLY
1ppm_BC group and GLY 1ppm_CB group were positively correlated with
SGR (Fig. 5A). Similarly, Bacteroidetes at phylum level and Aeromonas,
Flavobacterium at genus level in GLY 1 ppm group, was negatively corre-
lated with these eight identified metabolites (Fig. 5B).

Correlation network analysis was performed to filter the most signifi-
cant association of high confidence (r > 0.5 or <−0.5, p < 0.05). Fig. 6A
showed a simple network thatfive phylum-level intestinalmicrobiota inter-
act with these growth variables, and Roseomonas at genus level positively
correlated with fat ratio and SGR. Fig. 6B demonstrated a complex interac-
tive network among gut metabolites, that metabolites can be both
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positively and negatively affected by gut microbiota. Among them, TCA,
cholic acid, TCDCA, L.lactic acid, and propanoic acid were significantly
negatively correlated with Bacteroidetes. In addition, Actinobacteriotes at
phylum level and leifsonia at genus level in GLY 1ppm_BC group and GLY
1ppm_CB group were significantly positively correlated with acetic acid
and indoleacetic acid.

4. Discussion

The present study investigated the impacts of GLY on growth perfor-
mance and the potential protective effects of BC and CB in crucian carp.
Exposure to GLY caused evident bioconcentration of GLY in the intestine,
gut microbiota dysbiosis, and growth retardation in crucian carp. However,
the addition of BC or CB weakened these deficits by modulating intestinal
composition and contributing to increase GLY-reduced gut LPS activity,
bile acids and fatty acids. To our knowledge, this is thefirst study to provide
evidence for the positive roles of probiotics in alleviating GLY-induced
impairments in fish.

Increasing evidence revealed that GLY and its preparations have ad-
verse impacts on the growth performance of aquatic organisms (Frontera
et al., 2011; Annett et al., 2014; Yang et al., 2019b). For instance, GLY
exposure could lead to lower weight gain of fish species by affecting food
intake or conversion efficiency (Salbego et al., 2010; Giaquinto et al.,
2017). In addition, negative correlation between the GLY exposure concen-
tration and SGR was observed in crossbred red tilapia (Muhammad et al.,
2021). Moderate visceral fat is beneficial for the growth and development
of fish. Our present results showed that 1 mg/L GLY exposure significantly
reduced final weight, MSI, SGR and visceral fat deposition, which suggest



Fig. 4. Intestinal quantitative metabolites in crucian carp in different treatments. a-d: Total bile acids (The sum of all identified 20 bile acid metabolites), TCA (Taurocholic
acide), Cholic_acid, TCDCA (Taurochenodeoxycholic acid). e-g: Acetic_acid, Propanoic acid, Butyric acid. h: L. lactic acid. i: Indoleacetic acid. n= 3, ⁎p < 0.05, ⁎⁎p < 0.01,
compare with Control; a p < 0.05, compare with GLY_1ppm; b p < 0.05, GLY 1ppm_CB compare with GLY 1ppm_BC. Quality Control (QC).
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that GLY exposure indeed affects the growth of the juvenile crucian carp.
More importantly, in contrast, probiotics (BC and CB) attenuated the detri-
mental effects of GLY, which was supported by related research that the
routine feed supplemented with appropriate levels of BC could promote
the WGR and SGR of juvenile gibel carp (Carassius auratus gibelio)
(Yu et al., 2018). Another study also showed that CB could improve the
growth performance (WG and SGR) of shrimp (Litopenaeus vannamei)
(Duan et al., 2017). These results suggest that BC and CB could reduce
the GLY-caused growth retardation.

The intestine of crucian carp was determined with higher bioaccumula-
tion of GLY than the other tested organs in our present study. This is consis-
tent with the results of grass carp (Ctenopharyngodon idella) from freshwater
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aquaculture ponds (Yan et al., 2022). This indicates that the intestine
should be treated as the primary organ for GLY-induced toxicity assess-
ment. Intestinal health is vital for normal growth of the organisms (Qi
et al., 2021). Thus, in the present study, histopathological observation was
firstly conducted and revealed that 1 mg/L GLY exposure caused basement
membrane damage of intestinal tissues in crucian carp, and this is similar to
that observed in zebrafish after exposure to GLY (Ding et al., 2021). Further-
more, the activities of digestive enzymes reflect the ability to digest, absorb
and utilize nutrients, which is directly related to the growth and health status
of organisms (Yang et al., 2019b). Previous study also showed that the
activities of AMS and LPS in intestine of the Chinese mitten crab (Eriocheir
sinensis) were markedly decreased after exposure to 48.945 mg/L GLY for



Fig. 5. Correlation among intestinal microbiota, growth variables and differential metabolites in different treatments. Growth variables include length, weight, specific
growth rate (SGR), visceral fat ratio and condition factor (CF). A. Correlation between intestinal microbiota and growth variables. B. Correlation between intestinal
microbiota and differential metabolites. a: RDA on phylum level, Actinobacteriota, Bacteroidetes, Planctomycetota, Proteobacteria. b: RDA on genus level, Aeromonas,
Flavobacterium, Gemmobacter, Leifsonia, Rhodobacter.
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7 days (Yang et al., 2019b). Subsequently, we herein determined the activity
of digestive enzymes including AMS, LPS and TRY in both serum and intes-
tine of crucian carp. Our results also showed that GLY decreased AMS, LPS
and TRY activities in intestine, generating adverse impacts on the intestinal
digestive function. In comparison, the presence of probiotics CB or BC almost
eliminated the histopathological damage of intestine and increased the activ-
ities of AMS, LPS and TRY in gut. Considering that the probiotics like BC was
applied to improve the digestive ability and increase the activities of AMS,
LPS and TRY in aquaculture species (Amoah et al., 2019), our present results
provided hard evidence to supporting that the addition of probiotics (CB or
BC) could diminish the GLY-induced gut injury and bioaccumulation,
which might contribute to the attenuated growth retardation.

Probiotics, prebiotics and synbiotics could improve the functionality of
aqua feed by upgrading growth, reproduction, immunity and disease resis-
tance infish (Rohani et al., 2022).Microbiome analysis of our present study
indicated that 1 mg/L GLY significantly increased the diversity of gut mi-
crobiota in crucian carp. Meanwhile, Proteobacteria abundance decreased
at phylum level and Flavobacterium (harmful bacteria) abundance increased
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at genus level. This is bearing a resemblance to a recent report which re-
vealed that 3.5 mg/L GLY increased Fusobacteria but decreased
Proteobacteria in zebrafish gut (Ding et al., 2021). Proteobacteriawas preva-
lent in the gut of zebrafish at phylum level, which is primarily responsible
for the utilization of amino acids in the intestine and also used as a micro-
bial signature of dysbiosis in gut microbiota (Davis et al., 2016; Shin
et al., 2015). The alteration of Bacteroidetes and Proteobacteria composition
in the gut of crucian carp (Carassius auratus gibelio) indicated a disequilib-
rium of the microbial community after exposure to diazinon (another com-
monly used organophosphate pesticide) and resulted in further negative
impacts on the host health status (Tang et al., 2021). Given the association
between gut microbiota and growth performance (Jahan et al., 2021), the
alterations of Bacteroidetes at phylum level and Flavobacterium at genus
level might be primarily responsible for the negative growth performance
caused by GLY. These results clearly suggest that the GLY-induced growth
retardation of crucian carpmight be related to the dysbiosis of intestinalmi-
crobiota. Probiotics were shown to provide increased resistance against du-
rable dysbiosis of gut microbiota in fish (Rohani et al., 2022; Simón et al.,



Fig. 6.Two-factor correlation network. A. Correlation network between intestinalmicrobiota and growth variables. B. Correlation network between intestinalmicrobiota and
differential metabolites. Top 30 of total abundance of classification level. The thickness of the lines reflects the strength of the correlations, green lines indicate negative
correlations, and red lines indicate positive correlations. r > 0.5 or < −0.5, p<0.05.
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2021). BC has been one of the most commonly used probiotics in feed addi-
tives for decades (Kuebutornye et al., 2019), and CB is increasingly being
used to promote the gut health of aquaculture animals (Chen et al., 2021;
Duan et al., 2017). Another study showed that dietary CB increased the
diversity of intestinal microbiota and altered the microbiota composition
with reduced relative abundances of Firmicutes and Bacteroidetes (Liu
et al., 2021b). Moreover, the CB could reduce the abundance of pathogenic
bacteria Aeromonas in the gut microbiota of Mandarin fish (Chen et al.,
2021). This is consistent with our present results which indicated by
lower relative abundances of Bacteroidetes and Aeromonas in GLY_1ppm
+ BC/CB groups than those in GLY 1 ppm group. These results indicate
that the probiotics BC or CB could improve the impeded growth perfor-
mance by remodeling the GLY-induced gut microbial dysbiosis.
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In gut, microbial products and metabolites also fundamentally contrib-
ute to the intestinal health, including bile acids, SCFAs, indoleacetic acid,
etc. (Gao et al., 2021). Bile acids, produced from cholesterol in the liver
and metabolized in the intestine for lipid metabolism, can also affect host
metabolism by modulating gut microbial composition (Wahlström et al.,
2016). Dietary bile acids distinctly remodeled intestinal microbiota by
reducing the abundance of some potential pathogenic bacteria (Li et al.,
2021). Previous study reported that GLY could disrupt the bile acid synthe-
sis by raising endogenous retinoic acid in chick and frog embryos (Paganelli
et al., 2010; Fathi et al., 2020). In our present study, themost abundant bile
acid metabolites were identified as TCA, which followed by cholic acid,
TCDCA and chenodeoxycholic acid. Our results demonstrate that most of
the bile acids decreased with varying degrees in gut of exposed fish to
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GLY. However, supplement with BC or CB relieved the GLY-induced bile
acids reduction. Intestinal microbiota can also degrade carbohydrates and
other nutrients to produce SCFAs with a carbon chain number of 1 to 6,
which mainly include acetic acid, propionic acid, butyric acid and
isobutyric acid, and account above 90 % of the total content of SCFAs
(González-Bosch et al., 2021). The SCFAswere produced by gut microbiota
during the fermentation of partial and nondigestible polysaccharides to pre-
vent the translocation of bacteria and microbial toxins (Gao et al., 2021). A
recent study showed that GLY had no discernable effects on bile acids and
SCFAs from the colon simulating bioreactor model, which also determined
with targeted metabolite analysis (Krause et al., 2020). While our present
results revealed that exposure to GLY altered the profiles of bile acids and
SCFAs in the gut towards unhealthy condition. More importantly, our pres-
ent results also suggested that BC or CB weakened the GLY-induced disor-
der of SCFAs production in gut. This might be attributed to that the
added probiotics could promote microbial metabolism by optimizing the
microbiota structure and production of SCFAs like butyrate (Zhang et al.,
2018; Stoeva et al., 2021). Furthermore, indoleacetic acid plays a protective
role in guarding the inner mucus layer of gut from bacteria translocation
(Gao et al., 2021). L. lactic acid is abundant in the intestine and has obvious
effects on eliminating pathogenic bacteria and maintaining gut barrier
function (Ren et al., 2018). However, the intestinal levels of these two
metabolites were all significantly reduced by GLY but increased in BC and
CB treatments. These findings above suggested that exposure to GLY
could induce intestinal damage by decreasing the beneficial gut microbiota
metabolites (bile acids, SCFAs, indoleacetic acid and L. lactic acid), while
the addition of BC and CB could increase these metabolites, which suggests
the potential protective or ameliorative effects of the added probiotics. No-
tably, this study confirmed that the efficacy of BC and CB in GLY-exposed
crucian carp were slightly different. In terms of growth performance,
visceral fat and SCFAs metabolic profiles, CB might be better to restore
these GLY-induced impairments than BC, which may mainly attributed to
that CB can benefit the gut health by increasing the population of lactic
acid bacteria and the production of acetic acid, n-butyric acid, n-valeric
acid, and SCFAs in the gut (Fan et al., 2021).

Recent researcheswere focused on themodulation of intestinalmicrobi-
ota composition and their metabolites for maintaining or promoting host
health (Chen et al., 2021; Rohani et al., 2022; Sun et al., 2021b). The
ingested nutrients were converted by gut microbiota into metabolites that
target either the microbiota population or host cells. Metabolites perform
critical functions as transmitters between gut microbiota and host cells.
Naturally, gutmicrobiota composition and resultingmetabolites thus deter-
mine host development and health, as well as the status of certain diseases
(Sittipo et al., 2019). Although Li et al. (2021) identified the disturbed me-
tabolisms in brains, kidneys and livers of goldfish (Carassius auratus) follow-
ing chronic exposure to GLY-based herbicide, our present study suggested
that GLY-perturbed gut microbiota composition andGLY-attenuatedmicro-
bial metabolites were responsible for negative growth performance in ex-
posed crucian carp. The present data also showed that BC and CB interact
positively with other commensal beneficial bacteria to regulate gut meta-
bolic profiles. Modulation of gut microbiota by BC and CB supplementation
was shown to an improved growth performance via increasing GLY-
reduced gut metabolisms.

5. Conclusion

This study revealed the impacts of GLY on the growth performance of
crucian carp and especially the beneficial roles of aquaculture probiotics
(BC and CB) in reducing the health risk of GLY. It further indicated that
GLY-induced microbiota dysbiosis, reduction of LPS activity, decreases of
bile acids and fatty acids in gut contributed to the growth retardation of
crucian carp. More importantly, it also verified that the probiotics (BC
and CB) played positive roles in improving the intestine health which ben-
efit to the recovery of growth retardation. Even the internal mechanisms
need further investigations, this study highlights the addition of probiotics
might be a noteworthy strategy for GLY pollution control in freshwater fish
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aquaculture, and also suggests the potential application of probiotics in re-
ducing the health risks of GLY in aquatic environment.
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