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Abstract: Current knowledge on the fish gut microbiota has largely been obtained from experiments
on laboratory-reared animals. Here, the crucian carp (Carassius auratus) with a mean weight of
159.9 + 11.4 g (mean + SD) were collected from their natural habitats (i.e., Wuhu lake and Poyang
lake, China), and the gut microbiota were analysed by using the next-generation sequencing of
16S rRNA gene. We obtained more than 430,000 high-quality reads, which constituted more than
1200 operational taxonomy units (OTUs), revealing extremely diverse microbes in the fish gut.
Proteobacteria, Fusobacteria, Bacteroidetes and Firmicutes were detected as the prominent phyla
(each > 1% of total abundance) within the gut microbiota, regardless of the host habitat or the gut
segment (i.e., foregut vs. hindgut). Although the microbes in the hindgut were more diverse (OTU
number, Shannon and Chaol; One-way Anova, p > 0.05) than in the foregut, the host habitat had
a significant role in shaping the community structures (MRPP, ANOSIM, PERMANOVA, p < 0.01).
Interestingly, we also detected a set of common OTUs, whereby genera Aeromonas and Cetobacterium
might comprise the core gut microbiota of crucian carp.

Keywords: gut microbiota; 16S rRNA; crucian carp; habitat effects
Key Contribution: The present study provided a comprehensive analysis of the gut microbiota of

crucian carp that hatched and developed in natural environments and, more importantly, highlights
a strong habitat effect on the gut microbial community composition.

1. Introduction

A majority of endogenous microbes occur in the digestive tract of the host and facilitate
their host survival in the microbial-rich environment [1,2]. In particular, the previous
studies have suggested that the gut microbiota of fish plays an important role in host
metabolism, immunity, and health maintenance [3-5].

As one of the oldest cultured fish species in China, the crucian carp (Carassius auratus)
constitutes one of the most cultured species in the world. Current knowledge on the gut
microbiota of crucian carp, therefore, has largely been obtained from the experiments on
laboratory-reared individuals [6]. The crucian carp is an omnivorous freshwater teleost fish
native to Europe and Siberia and indigenous to lakes, ponds, and slow-moving rivers [7].
It is still unclear whether the gut microbial community composition can vary with the host
natural habitats.

The constituency of gut microbiota includes members of all three domains of life (i.e.,
Bacteria, Archaea, and Eukarya) as well as viruses. The fish gut microbiota generally consist
of facultative and obligate anaerobes, which are dominated by four phyla of prokaryote
(i.e., Proteobacteria, Fusobacteria, Actinobacteria, and Cyanobacteria) [8]. Moreover, genera
Aeromonas, Bacillus, and Cetobacterium have been widely identified as the predominant
members in fish gut microbiota [9,10]. Conventional techniques, such as culture-dependent
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as well as culture-independent methods have been widely used to investigate the gut
microbial diversity [11]. These conventional techniques-based studies on the gut microbiota,
however, have been largely limited to the clone library analysis of at most a few hundred
sequences per sample, thereby only detecting the most abundant microbial taxa. [12,13].
Understanding the high microbial diversity in the gut is a prerequisite to further identifying
the features with potential benefits to host fish.

In this work, fish were collected from Wuhu lake and Poyang lake (China), which
have been previously identified as the natural habitats for crucian carp. Given the great
distance between these two lakes, we expected to observe significant habitat effects on the
gut microbial communities. Specific aims of this study were (i) to reveal the diversity of
microbes in the fish gut and (ii) to analyze whether the microbial community structures are
host habitats dependent.

2. Materials and Methods
2.1. Sample Collection

Crucian carps were collected from two lakes (Poyang Lake and Wuhu Lake) in the
Yangtze River basin (Figure 1) by using fishing nets. No specific permissions were required
for the sampling activity, and the present study did not involve any endangered or protected
species. All fish were captured in the lake area, where no artificial food was provided.
Three fish individuals were sampled in each lake (Table 1), and all fish individuals were
managed under the same protocol, which was performed with the approval of the Animal
Care and Use Committee of the Institute of Hydrobiology, Chinese Academy of Sciences
(IHB/ LL/2021006) [12,14]. Briefly, the fish were dissected under sterile conditions. The
harvested gut was aseptically divided into two segments (i.e., foregut and hindgut) as
previously described [15]. The gut contents were carefully collected into a sterile centrifuge
tube, flash frozen at —20 °C, and subsequently transported to the laboratory within 6 h.

Yangtze River

Poyang Lake, S=4125kn?

Sampling site 1, 30°48' N, 114°28" E.

Sampling site 2, 29°06' N, 116°17" E.

Figure 1. The large scale on the geographic distance (nearly 300 km) between the Wuhu lake (Wuhan,
China) and Poyang lake (Jiujiang, China) where the crucian carps were collected for microbial
sampling.
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Table 1. Biological information of the sampled fish individuals.
Fish ID Sampling Lake Weight/g Body Length/cm
P1 Poyang 167.6 14.2
P2 Poyang 150.2 13.3
P3 Poyang 161.5 13.8
W1 Wuhu Lake 142.0 12.2
W2 Wuhu Lake 168.2 14.4
W3 Wuhu Lake 170.3 14.8

2.2. DNA Isolation

DNA was isolated as described previously with certain modifications [16]. Briefly,
the samples were mixed with 1200 uL lysis buffer (0.50% Sodium Dodecyl Sulfate (SDS);
10.00 mmol/L Tris-HCI, pH 8.0; 10.00 mmol/L EDTA, pH 8.0; 100.00 mmol/L NaCl; and
50 npg/mL RNase A) and stored at 37 °C for 1 h, followed by incubation at 55 °C for 12 h
after the addition of 6 uL proteinase K (0.10 mg/mL). The lysates were extracted using an
equal volume of phenol/chloroform/isoamyl alcohol (25/24/1, v/v/v) and subsequently
precipitated with a double volume of pure ethanol and one-tenth volume of 3 mol/L NaCl.
After washing with 70% ethanol, the purified DNA was stored at —20 °C.

2.3. PCR and Sequencing Methods

The 16S rRNA gene primer set 515f (5'-GTGCCAGCMGCCGCGGTAA-3')/806r 5'-
GGACTACHVGGGTWTCTAAT-3') (without barcode) targeting the V4 region of 16S rDNA
was used for PCR amplification because this primer set was available for both bacteria and
archaea [17]. Briefly, the 25 uL PCR reactions were performed in triplicate for each sample
using the following conditions: 1 min at 94 °C, 25 cycles of 20 s at 94 °C, 25 s at 53 °C, and
45 s at 68 °C, with a post-amplification extension of 10 min at 68 °C. Subsequently, the PCR
products were purified using AGENCOURT® AMPURE® XP, and approximately 10 uL of
the purified DNA was applied as a template for a second PCR amplification. The primer
set 515f/806r (with different barcodes) was used again, and 25 cycles were performed.
The amplicons were visualized on 1% agarose gels stained with ethidium bromide and
followed by quantification using Molecular Probes PicoGreen® on a FLUO star OPTIMA
reader. Approximately 200 ng of amplified DNA from each sample was combined in a
sterile tube and visualized using agarose gel electrophoresis (90 V, 2 h). The purified DNA
was re-quantified using PicoGreen and sequenced on a MiSeq platform (Illumina, San
Diego, CA, USA) at Majorbio Bio-Pharm Technology Co. Ltd., (Shanghai, China) according
to the manufacturer’s protocol. The operational taxonomic units (OTUs) were identified
(97% cut-off) according the method of Zhou et al. [18]. All of the sequences were matched
through the Ribosomal Database Project (RDP) [19].

2.4. Statistical Analysis

The OTU table generated through 165 rRNA gene sequencing was further analysed by
the following statistical methods after all samples were rarefied to the same sequence depth
(n = 18,314 sequences) by random subsampling to correct for differences in sequencing
depths: (a) alpha diversity of gut microbial community was estimated by alpha-diversity
indices, they are Number of taxa (OTU number), Shannon indices and Chaol; (b) Un-
weighted pair-group average (UPGMA) clustering analysis based on the Simpson index; (c)
Bray—Curtis distance-based non-metric multidimensional scaling (NMDS) analysis [20];
(d) nonparametric tests including multiple-response permutation procedure (MRPP) [21],
analysis of similarity (ANOSIM) [21], and permutational multivariate analysis of variance
(PERMANOVA) [22] to compare community dissimilarity; (e) Welch’s t-test (confidence
interval method: Welch’s inverted, p < 0.05) for two samples having possibly unequal
variances was performed to identify whether the OTU exhibited significant difference
in abundance between samples [23]; (f) Venn diagram reveals the common OTUs of gut
microbiota. All the statistical analyses were performed in R 3.6.1 [24].
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3. Results
3.1. Characterization of the Gut Microbiota

A total of 436, 552 high-quality reads were obtained from the 12 gut content samples,
with the number of sequences ranging from 18,314 to 64,108 per sample (Table S1). A total
of 1261 OTUs were retrieved, which could be classified into 17 phyla (Table S2). More than
50% of the detected OTUs were assigned to phylum Proteobacteria, followed by Firmicutes
(9.75%), Actinobacteria (7.14%), and Bacteroidetes (6.74%). Only one OTU could not be
classified into any known group and was assigned as ‘Unclassified’.

In terms of relative abundance, only 6 phyla were identified as predominant (each
> 1% of the total abundance): Proteobacteria (43.68%), Firmicutes (34.13%), Fusobacteria
(15.82%), Actinobacteria (2.65%), Bacteroidetes (1.11%), and Acidobacteria (1.08%).

At the genus level (Table S3), Aeromonas occupied 16.99% of the total abundance and
was the most abundant genus in the gut bacterial community, followed by Cetobacterium
(9.76%), Chitinibacter (8.15%), Fusobacterium (6.06%), and Catellibacterium (4.61%). In addi-
tion, Pseudomonas (1.65%), Clostridium XI (1.39%), Clostridium sensu stricto (1.30%), Vibrio
(1.23%), and Serratia (1.09%) were also above the 1% threshold of total abundance.

3.2. Microbial Diversity Varied with Host Habitats

In terms of OTU number, Shannon and Chao 1, the microbiota in the gut samples
collected from Poyang Lake were generally more diverse (One-way ANOVA, p >> 0.05)
than those from Wuhu Lake (Table 2). This habitat effect on microbial diversity, however,
was also influenced by the gut segment, where the microbiota were more diverse (One-way
ANOVA, p >> 0.05) in foregut of the fish from Wuhu Lake (except for Shannon; Table 2).
Moreover, the gut microbiota were more diverse in the hindgut regardless of the host’s
habitat (OTU number, Shannon and Chaol; One-way ANOVA, p > 0.05). Similar trends in
microbial diversity were also observed among the rarefaction curves and the number of
taxa assigned (Figure S1A,B).

In total, we detected 19 dominant OTUs (each > 0.5% of total abundance) (Figure 2),
most of which were abundantly present in the gut of the crucian carp collected from
Poyang Lake. Only two OTUs (OTU_518, Aeromonas and OTU_1491, Cetobacterium) were
significantly different in terms of the relative abundance (Figure 2; p < 0.05) and were more
abundant in the gut of the crucian carp collected in Wuhu Lake.

== WH — PY 95% confidence intervals

Firmicutes; Firmicutes[Phylum] OTU_118 J—m 0.127

Proteobacteria; Catellibacterium|[Genus] OTU_62 — —t 0.311

Fusobacteria; Cetobacterium[Genus] OTU_2354 B H—o— 0.178

Proteobacteria; Aeromonas|Genus] OTU_28 m ——— 0.435

Firmicutes; Clostridiales[Order] OTU_2175 J}— —o— 0.364
Proteobacteria; Enterobacteriaceae[Family] OTU_88 —] —to— 0.360 =~
Fusobacteria; Cetobacterium[Genus] OTU_740 J— Ho— 0.282 &
Proteobacteria; Rhodobacteraceae[Family] OTU_1218 15 o 0.284 =
Proteobacteria; Alkanindiges|Genus] OTU_144 |4 o~ 0.319 'ﬁ
Firmicutes; Clostridium X1[Genus] OTU_2276 |4 o 0.226 ©
Proteobacteria; Enterobacteriaceae[Family] OTU_71 f— —o— 0.826 £
Proteobacteria; Pseudomonas[Genus] OTU_741 | o N/A E
Proteobacteria; Vibrio[Genus] OTU_202 0.815 ¢
Proteobacteria; Serratia|Genus] OTU_47 ) e 0.709 &

Firmicutes; Clostridium sensu stricto[Genus] OTU_77 - o 0.056

Fusobacteria; Cetobacterium[Genus] OTU_149] —e—i 0.020%
Fusobacteria; Fusobacterium[Genus] OTU 2329 |e— ———— 0.108
Proteobacteria; Chitinibacter[Genus] OTU_21 0.055
Proteobacteria; Aeromonas[Genus] OTU_518 0.011=*
0.0 312 =5} 0 5 10
Relative abundance (%) Difference in Relative abundance (%)

Figure 2. Extended error bar plot showing the difference in relative abundance of OTUs between the
gut microbial communities from the fish in different habitats. OTUs overrepresented in the gut of
the crucian carp from Wuhu Lake have a negative difference between relative abundances. OTUs
overrepresented in the gut of the crucian carp from Poyang Lake have a positive difference between
relative abundances. Only OTUs occupied more than 0.5% of total abundance are shown. Stars
indicate statistically significant (*—p < 0.05) community structuring. Samples collected from Wuhu
Lake and Poyang Lake are indicated by WH and PY.
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Table 2. Summary of species richness estimators of different fish gut samples.

Fish Gut Total Sequen.ces Number of
Habitats Segment Passed Quality Taxa (OTU Shannon Chaol
Check Number)
Wuhu lake Foregut 88,401 2143 £43.0 21+£02 2858=+33.0
Wuhu lake Hindgut 91,029 216.0 +=58.3 26+05 306.1 +83.2
Poyang lake Foregut 110,828 1973+778 29+10 2671+77.1
Poyang lake Hindgut 146,294 2803 +£1883 3.0+08 3185+1933

3.3. Microbial Community Dissimilarity between Gut Content Samples

The UPGMA clustering showed that the gut microbial communities clustered into two
groups according to the host habitats (Figure 3A). This trend in community dissimilarity
was also observed by the NMDS (Figure 3C) and was estimated by the significance test
based on the Jaccard distance (Table 3; MRPP, ANOSIM and PERMANOVA, p < 0.01).
Furthermore, the microbial community dissimilarity between the foregut and the hindgut
of crucian carp was not significant (Table 3). Similar trends were also observed when the
dissimilarity analysis and correlation were performed between the foregut and hindgut of
each fish individual (Table 54).

We also detected substantial variation on community composition (Figure 3B). As one
of the most abundant phyla, Proteobacteria, respectively, represent 67.00% and 45.80% of
total abundance of gut microbiota in terms of host habitats. Fusobacteria accounted for
25.90% of the total abundance in samples from Wuhu Lake, while they only occupied 9.20%
of the total abundance for Poyang Lake. Interestingly, Firmicutes was more abundant in
the gut of the crucian carp in Poyang Lake than (i.e., 27.50% vs. 3.00%). Similar trends
between host habitats (Poyang Lake vs. Wuhu Lake) were also observed for Bacteroidetes
(2.40% vs. 1.60%), Actinobacteria (5.00% vs. 0.40%), Cyanobacteria/Chloroplast (2.40% vs.
0.03%), and Acidobacteria (2.40% vs. 0.03%).
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Figure 3. The community composition and dissimilarity analysis. (A) UPGMA clustering of 165 rRNA
gene based on Simpson similarity index reveals that the gut content samples cluster by sampling
location. WH_F and WH_H, respectively, indicate the microbial community in the foregut and
hindgut of crucian carps from Wuhu Lake. PY_F and PY_H, respectively, indicate the microbial
community in the foregut and hindgut of crucian carps from Poyang Lake. (B) Histogram on the
end of each branch shows the gut microbial community structure on phylum level, and the relative
abundance of each phylum is shown. (C) NMDS plot showing the gut microbial communities
clustered according to the host habitats. Pairwise community distances were determined using the
Bray—Curtis method.
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Table 3. Dissimilarity test showing the differences in gut microbiota between host’s habitat and
between gut segments.

Jaccard Distance-Based Test Bray—Curtis Distance-Based Test

WH vs. PY Foregut vs. WH vs. PY Foregut vs.
(Host Hindgut (Host Hindgut
Habitat) (Gut Segment) Habitat) (Gut Segment)

Delta 0.840 0.895 0.745 0.825
MRPP P 0.005 0.246 0.008 0252
R 0.585 0.113 0.585 0.113
ANOSIM P 0.007 0.152 0.002 0.151
2.507 1.123 3.481 1.231
PERMANOVA 0.008 0272 0.004 0218

Abbreviations: WH, Wuhu Lake; PY, Poyang Lake.

3.4. Identification of a Common Gut Microbiota

The Venn diagram showed that a total of 73 OTUs were shared by different host
habitats, as well as the different gut segments (Figure 4A). By plotting the ranked abun-
dance of OTUs according to the occurrence, we found that the 73 common OTUs was
extremely abundant (Figure 4B) and represented 59.40% of the total abundance. The
RDP classifier analysis revealed that the 73 common OTUs comprised the 33 genera from
phyla Proteobacteria, Firmicutes, Fusobacteria, Cyanobacteria/Chloroplast, Bacterioidetes,
and Actinobacteria (Table S5). Aeromonas was the most abundant in the shared microbial
community, followed by Fusobacterium and Cetobacterium (Table S5).

A B

— All OTUs (97%)
— Common OTUs

WH_H __PYF 100, 000

10, 000
1000

100

OTU abundance (log)

| 1261
1 10 100 1000 10, 000
OTU abundance rank (log)

Figure 4. Deep sequencing of 16S rRNA genes reveals the common OTUs in the gut microbiotas of
the crucian carps. (A) Venn diagram showing the distribution of all microbial OTUs (97%) detected
in the gut of crucian carp. WH_F and WH_H, respectively, indicate the microbial community in
the foregut and hindgut of crucian carps from Wuhu Lake. PY_F and PY_H, respectively, indicate
the microbial community in the foregut and hindgut of crucian carps from Poyang Lake. (B) Rank
abundance plot showing all OTUs (blue line) and 73 common OTUs (red line) ranked according to
their abundance in the combined data set.

4. Discussion

The gut is a major organ for fish interacting with the external environment [25].
The dense bacterial community in the fish gut has been confirmed as helpful for the
host in maintaining gut integrity, in strengthening immunity system, and in contributing
to digestive processes [26,27]. The gut microbiota of fish contains a diverse and vast
population of microorganisms [28]. To develop an effective strategy for promoting and
sustaining the health of cultured species, we should first understand the gut microbiota of
fish in natural environments [10].

The present study provided an appropriate opportunity to estimate the high microbial
diversity in the gut of crucian carp and, more importantly, defined the common OTUs
that are shared by the crucian carps [29-32]. The gut microbiota of the crucian carp is
numerically dominated by phyla Proteobacteria, Firmicutes, Bacteroidetes and Fusobacteria
regardless of differences in host habitats and differences in dietary conditions [29,32]. The
relative abundances of these dominant phyla, however, can vary with the changes in
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dietary condition, probiotics, and environmental chemical compoment [2,10,32]. Moreover,
these bacterial phyla have also been detected within other teleost fish gut as the dominant
groups [3,15,33], suggesting that these specific bacterial phyla are especially well adapted
for the environment within the gut. In particular, Proteobacteria were the most dominant
phyla in the gut microbiota of the crucian carp [29], and were also abundantly present
in the gut of the crucian carps that living in the Dongting Lake [30]. Nevertheless, the
Proteobacteria seems likely to be absent or occupy very low abundance in the gut of
cultured fish individuals or mammals [34-38].

By using the high-throughput sequencing technologies, we detected that the gut
microbiota significantly varied with the host’s habitat. Indeed, the host habitat effects
on gut microbiota were not unique to crucian carp and have also been observed in grass
carp and zebrafish [30,36]. Furthermore, a study on the freshwater fishes in the Dongting
Lake also revealed important effects of host habitats on the fish gut microbiota [30]. More
importantly, the host habitat effect on gut microbiota has also been observed between
the different artificial aquaculture systems [31]. The causes of these observed variations
on gut microbiota remain unknown as they could include the different characteristics
in the respective local environment such as water chemistry, diet composition, and the
spectra of infectious microorganisms/viruses [9,32]. Further studies on these possible
factors (including water microbiome, gut content analysis, etc.) would contribute to a better
understanding of gut microbiome modulation.

Collaborating with the results in the present study, this was likely to constitute an
important inference that the host habitats may play a more significant role in governing
gut microbiota than fish species under the specific context. Moreover, the variations in gut
microbial communities were more significant among the foregut samples than between the
hindgut samples, suggesting that the reaction of gut microbiota in response to the changes
in host habitat varies throughout the gut.

5. Conclusions

Given the potentially high biodiversity, it is important to apply next-generation se-
quencing technology to assess the gut microbial community composition in the fish that
inhabit natural environments. The results are helpful for researchers investigating aspects
of nutrition metabolism that could be influenced by the gut microbiota of crucian carp. In
addition, our findings underscore the need to identify the selective pressures governing
microbial community assembly within the gut of fish. Further study on the gut microbiota
of crucian carp should be focused on the assembling process that governs the gut microbial
community composition.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/fishes8070369/s1, Figure S1: Microbial complexity based on
rarefaction curves and taxonomic assignment results of the pooled sequences; Table S1: Bacterial
diversity indices in each intestinal sample; Table S2: Microbial community composition at phylum
level; Table S3: The microbial community composition on genus level.; Table S4: The Bray—Curtis dis-
tance and correlation (R?) between the foregut and hindgut microbial community in each individual
fish; Table S5: Classification of the common OTUs.

Author Contributions: Conceptualization, J.Z.; methodology, X.L.; data curation, X.H. and X.L.;
writing—original draft preparation, X.L. and W.C.; writing—review and editing, L.Z. and Y.Y. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (No.
31801984), and the Foundation of State Key Laboratory of Water Resources and Hydropower En-
gineering Science, Wuhan University (No. 2020NSG02), Key Projects of Science and Technology
Research from the Education Department of Hubei Province (D20221002) and Key R&D project of
Hubei Province (No. 2021BCA129).


https://www.mdpi.com/article/10.3390/fishes8070369/s1
https://www.mdpi.com/article/10.3390/fishes8070369/s1

Fishes 2023, 8, 369 80f9

Institutional Review Board Statement: All the protocols and procedures involving crucian carp
were approved by the Animal Care and Use Committee of the Institute of Hydrobiology, Chinese
Academy of Sciences (IHB/ LL/2021006).

Informed Consent Statement: Not applicable.

Data Availability Statement: The raw read sequences obtained from sequencing were deposited in
the Sequence Read Archive (SRA) under BioProject accession number PRJNA988942 (SUB13582038)
and will be released after 1 September 2024. The datasets generated and analyzed during the current
study are available from the corresponding author upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Ding, S.L.; Chi, M.M,; Scull, B.P; Rigby, R.; Schwerbrock, N.M.].; Magness, S.; Jobin, C.; Lund, PK. High-Fat Diet: Bacteria
Interactions Promote Intestinal Inflammation Which Precedes and Correlates with Obesity and Insulin Resistance in Mouse. PLoS
ONE 2010, 5, €12191. [CrossRef] [PubMed]

Chang, X.L.; Shen, YH.; Yun, L.L.; Wang, X.F,; Feng, ].C.; Yang, G.K.; Meng, X.L.; Zhang, ].X.; Su, X. The antipsychotic drug
olanzapine altered lipid metabolism in the common carp (Cyprinus carpio L.): Insight from the gut microbiota-SCFAs-liver axis.
Sci. Total Environ. 2023, 856, 159054. [CrossRef] [PubMed]

Xia, J.H,; Lin, G.; Fu, G.H.; Wan, Z.Y.; Lee, M.; Wang, L.; Liu, X.J.; Yue, G.H. The intestinal microbiome of fish under starvation.
BMC Genom. 2014, 15, 266. [CrossRef] [PubMed]

Zhou, D.; Zhang, T.; Ren, L.; Fang, D.A.; Xu, D.P. Differential Study of Microbiota in the Gill and Intestine of Silver Carp
(Hypophthalmichthys molitrix) from the Algae-Dominated and Hydrophyte-Dominated Areas of Taihu Lake, China. Fishes 2022, 7,
304. [CrossRef]

Xu, Q.; Yang, Z.; Chen, S.Y.; Zhu, W.J.; Xiao, S.Y.; Liu, ].; Wang, H.Q.; Lan, S.L. Effects of Replacing Dietary Fish Meal by Soybean
Meal Co-Fermented Using Bacillus subtilis and Enterococcus faecium on Serum Antioxidant Indices and Gut Microbiota of
Crucian Carp Carassius auratus. Fishes 2022, 7, 54. [CrossRef]

Romero, J.; Catalan, N.; Ramirez, C.; Miranda, C.D.; Oliva, M.; Flores, H.; Romero, M.S.; Rojas, R. High Abundance of Candidatus
Arthromitus in Intestinal Microbiota of Seriolella violacea (Palm Ruff) under Reared Conditions. Fishes 2023, 8, 109. [CrossRef]
Raicu, P; Taisescu, E.; Banarescu, P. Carassius carassius and C. auratus, a pair of diploid and tetraploid representative species
(Pisces, Cyprinidae). Cytologia 1981, 46, 233-240. [CrossRef]

Clements, K.D.; Angert, E.R.; Montgomery, W.L.; Choat, ].H. Intestinal microbiota in fishes: What’s known and what’s not. Mol.
Ecol. 2014, 23, 8. [CrossRef]

Li, T.T; Li, H.; Gatesoupe, EJ.; She, R.; Lin, Q.; Yan, X.F; Li, ].B.; Li, X.Z. Bacterial Signatures of “Red-Operculum” Disease in the
Gut of Crucian Carp (Carassius auratus). Microb. Ecol. 2017, 74, 510-521. [CrossRef]

Yan, B.; Han, J.; Sun, YM,; Lei, L.; Yuan, J.; Qiao, Z.X.; Men, J.; Wang, X.; Guo, Y.Y.; Wang, Q.D.; et al. Probiotics ameliorate growth
retardation of glyphosate by regulating intestinal microbiota and metabolites in crucian carp (Carassius auratus). Sci. Total Environ.
2022, 851, 158260. [CrossRef]

Liu, H.D.; Liu, M.; Wang, B.J.; Jiang, K.Y,; Jiang, S.; Sun, S.J.; Wang, L. PCR-DGGE analysis of intestinal bacteria and effect of
Bacillus spp. on intestinal microbial diversity in kuruma shrimp (Marsupenaeus japonicus). Chin. J. Oceanol. Limn. 2010, 28,
808-814. [CrossRef]

Ni, J.J.; Yu, YH.; Zhang, T.L.; Gao, L. Comparison of intestinal bacterial communities in grass carp, Ctenopharyngodon idellus,
from two different habitats. Chin. J. Oceanol. Limn. 2012, 30, 757-765. [CrossRef]

Wu, S.G,; Tian, ].Y.; Gatesoupe, FJ.; Li, WX,; Zou, H.; Yang, B.J.; Wang, G.T. Intestinal microbiota of gibel carp (Carassius auratus
gibelio) and its origin as revealed by 454 pyrosequencing. World |. Microbiol. Biotechnol. 2013, 29, 1585-1595. [CrossRef]

Faro, A.; Boj, S.E,; Clevers, H. Fishing for Intestinal Cancer Models: Unraveling Gastrointestinal Homeostasis and Tumorigenesis
in Zebrafish. Zebrafish 2009, 6, 361-376. [CrossRef] [PubMed]

Yan, Q.Y.; Van der Gast, C.J.; Yu, Y.H. Bacterial Community Assembly and Turnover within the Intestines of Developing Zebrafish.
PLoS ONE 2012, 7, €30603. [CrossRef] [PubMed]

Bencina, M.; Jakopic, M.; Friedrich, J. High-molecular-weight genomic DNA isolation from Doratomyces microsporus and
synthesis of a genomic DNA library. Acta Chim. Slov. 2007, 54, 893-899.

Walters, W.A.; Caporaso, J.G.; Lauber, C.L.; Berg-Lyons, D.; Fierer, N.; Knight, R. PrimerProspector: De novo design and
taxonomic analysis of barcoded polymerase chain reaction primers. Bioinformatics 2011, 27, 1159-1161. [CrossRef]

Zhou, ].Z.; Wu, LY;; Deng, Y.; Zhi, X.Y; Jiang, Y.H.; Tu, Q.C,; Xie, ].P; Van Nostrand, ].D.; He, Z.L.; Yang, Y.F. Reproducibility and
quantitation of amplicon sequencing-based detection. ISME J. 2011, 5, 1303-1313. [CrossRef]

Wang, Q.; Garrity, G.M.; Tiedje, ].M.; Cole, J.R. Naive Bayesian classifier for rapid assignment of rRNA sequences into the new
bacterial taxonomy. Appl. Environ. Microb. 2007, 73, 5261-5267. [CrossRef]

Faith, D.P,; Minchin, PR.; Belbin, L. Compositional Dissimilarity as a Robust Measure of Ecological Distance. Vegetatio 1987, 69,
57-68. [CrossRef]


https://doi.org/10.1371/journal.pone.0012191
https://www.ncbi.nlm.nih.gov/pubmed/20808947
https://doi.org/10.1016/j.scitotenv.2022.159054
https://www.ncbi.nlm.nih.gov/pubmed/36170916
https://doi.org/10.1186/1471-2164-15-266
https://www.ncbi.nlm.nih.gov/pubmed/24708260
https://doi.org/10.3390/fishes7060304
https://doi.org/10.3390/fishes7020054
https://doi.org/10.3390/fishes8020109
https://doi.org/10.1508/cytologia.46.233
https://doi.org/10.1111/mec.12699
https://doi.org/10.1007/s00248-017-0967-1
https://doi.org/10.1016/j.scitotenv.2022.158260
https://doi.org/10.1007/s00343-010-9101-7
https://doi.org/10.1007/s00343-012-1287-4
https://doi.org/10.1007/s11274-013-1322-4
https://doi.org/10.1089/zeb.2009.0617
https://www.ncbi.nlm.nih.gov/pubmed/19929219
https://doi.org/10.1371/journal.pone.0030603
https://www.ncbi.nlm.nih.gov/pubmed/22276219
https://doi.org/10.1093/bioinformatics/btr087
https://doi.org/10.1038/ismej.2011.11
https://doi.org/10.1128/AEM.00062-07
https://doi.org/10.1007/BF00038687

Fishes 2023, 8, 369 90f9

21.

22.
23.

24.
25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Warton, D.I; Wright, S.T.; Wang, Y. Distance-based multivariate analyses confound location and dispersion effects. Methods Ecol.
Evol. 2012, 3, 89-101. [CrossRef]

Anderson, M.]. A new method for non-parametric multivariate analysis of variance. Austral Ecol. 2001, 26, 32-46. [CrossRef]
Welch, B.L. The Generalization of ‘Student’s” Problem when Several Different Population Variances are Involved. Biometrika 1947,
34, 28-35. [CrossRef]

R Core Team. R: A Language and Environment for Statistical Computing; R Core Team: Vienna, Austria, 2019.

Bjork, S.J.; Bartholomew, J.L. Invasion of Ceratomyxa shasta (Myxozoa) and comparison of migration to the intestine between
susceptible and resistant fish hosts. Int. J. Parasitol. 2010, 40, 1087-1095. [CrossRef] [PubMed]

Gomez, G.D.; Balcazar, J.L. A review on the interactions between gut microbiota and innate immunity of fish. FEMS Immunol.
Med. Microbiol. 2008, 52, 145-154. [CrossRef] [PubMed]

Hill, M.]. Diet and the Human Intestinal Bacterial-Flora. Cancer Res. 1981, 41, 3778-3780.

Ni, J.J.; Yan, Q.Y,; Yu, Y.H.; Zhang, T.L. Fish gut microecosystem: A model for detecting spatial pattern of microorganisms. Chin. J.
Oceanol. Limn. 2014, 32, 54-57. [CrossRef]

Li, T.T,; Qi, M.T.; Gatesoupe, FJ.; Tian, D.C.; Jin, W.H,; Li, J.; Lin, Q.; Wu, S.J.; Li, H. Adaptation to Fasting in Crucian Carp
(Carassius auratus): Gut Microbiota and Its Correlative Relationship with Immune Function. Microb. Ecol. 2019, 78, 6-19. [CrossRef]
Zou, S.; Gong, L.; Khan, T.A; Pan, L.; Yan, L.; Li, D.; Cao, L,; Li, Y.; Ding, X.; Yi, G.; et al. Comparative analysis and gut bacterial
community assemblages of grass carp and crucian carp in new lineages from the Dongting Lake area. Microbiologyopen 2020, 9,
€996. [CrossRef]

Wang, S.-X.; Zhang, ].-Y.; Du, X.-K,; Liu, D.-]; Liu, L.-X,; Shen, X.-H. Comparative analysis of the intestinal microbiota in goldfish
and crucian carps between different aquaponics and traditional farming. Aquac. Rep. 2022, 25, 101240. [CrossRef]

Fu, Y; Liang, X.; Li, D.; Gao, H.; Wang, Y.; Li, W,; Xu, K,; Hu, F. Effect of Dietary Tryptophan on Growth, Intestinal Microbiota,
and Intestinal Gene Expression in an Improved Triploid Crucian Carp. Front. Nutr. 2021, 8, 676035. [CrossRef] [PubMed]

Song, HK.Y;; Lee, S.; Han, D.W.; Kim, ].H. Characterization of the Gut Microbiota of Mackerel Icefish, Champsocephalus gunnari.
Fishes 2023, 8, 13. [CrossRef]

Wu, S.; Gao, T.; Zheng, Y.; Wang, W.; Cheng, Y.; Wang, G. Microbial diversity of intestinal contents and mucus in yellow catfish
(Pelteobagrus fulvidraco). Aquaculture 2010, 303, 1-7. [CrossRef]

Li, T; Long, M.; Gatesoupe, E]J.; Zhang, Q.; Li, A.; Gong, X. Comparative analysis of the intestinal bacterial communities in
different species of carp by pyrosequencing. Microb. Ecol. 2015, 69, 25-36. [CrossRef]

Roeselers, G.; Mittge, E.K.; Stephens, W.Z.; Parichy, D.M.; Cavanaugh, C.M.; Guillemin, K.; Rawls, ].E. Evidence for a core gut
microbiota in the zebrafish. ISME J. 2011, 5, 1595-1608. [CrossRef]

Shanks, O.C.; Kelty, C.A.; Archibeque, S.; Jenkins, M.; Newton, R.J.; McLellan, S.L.; Huse, S.M.; Sogin, M.L. Community structures
of fecal bacteria in cattle from different animal feeding operations. Appl. Environ. Microb. 2011, 77, 2992-3001. [CrossRef]
Claesson, M J.; O’Sullivan, O.; Wang, Q.; Nikkila, J.; Marchesi, ].R.; Smidt, H.; de Vos, WM.; Ross, R.P.; O'Toole, PW. Comparative
analysis of pyrosequencing and a phylogenetic microarray for exploring microbial community structures in the human distal
intestine. PLoS ONE 2009, 4, e6669. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1111/j.2041-210X.2011.00127.x
https://doi.org/10.1111/j.1442-9993.2001.01070.pp.x
https://doi.org/10.2307/2332510
https://doi.org/10.1016/j.ijpara.2010.03.005
https://www.ncbi.nlm.nih.gov/pubmed/20385137
https://doi.org/10.1111/j.1574-695X.2007.00343.x
https://www.ncbi.nlm.nih.gov/pubmed/18081845
https://doi.org/10.1007/s00343-014-3072-z
https://doi.org/10.1007/s00248-018-1275-0
https://doi.org/10.1002/mbo3.996
https://doi.org/10.1016/j.aqrep.2022.101240
https://doi.org/10.3389/fnut.2021.676035
https://www.ncbi.nlm.nih.gov/pubmed/34222302
https://doi.org/10.3390/fishes8010013
https://doi.org/10.1016/j.aquaculture.2009.12.025
https://doi.org/10.1007/s00248-014-0480-8
https://doi.org/10.1038/ismej.2011.38
https://doi.org/10.1128/AEM.02988-10
https://doi.org/10.1371/journal.pone.0006669

	Introduction 
	Materials and Methods 
	Sample Collection 
	DNA Isolation 
	PCR and Sequencing Methods 
	Statistical Analysis 

	Results 
	Characterization of the Gut Microbiota 
	Microbial Diversity Varied with Host Habitats 
	Microbial Community Dissimilarity between Gut Content Samples 
	Identification of a Common Gut Microbiota 

	Discussion 
	Conclusions 
	References

