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Abstract Gut microbiota is increasingly regarded as an inte-
gral component of the host, due to important roles in the
modulation of the immune system, the proliferation of the
intestinal epithelium and the regulation of the dietary energy
intake. Understanding the factors that influence the composi-
tion of these microbial communities is essential to health
management, and the application to aquatic animals still re-
quires basic investigation. In this study, we compared the
bacterial communities harboured in the intestines and in the
rearing water of grass carp (Ctenopharyngodon idellus),
crucian carp (Carassius cuvieri), and bighead carp
(Hypophthalmichthys nobilis), by using 454-pyrosequencing
with barcoded primers targeting the V4 to V5 regions of the
bacterial 16S rRNA gene. The specimens of the three species
were cohabiting in the same pond. Between 6,218 and 10,220
effective sequences were read from each sample, resulting in a
total of 110,398 sequences for 13 samples from gut microbiota
and pond water. In general, the microbial communities of the
three carps were dominated by Fusobacteria, Firmicutes,
Proteobacteria and Bacteroidetes, but the abundance of each
phylum was significantly different between species. At the
genus level, the overwhelming group was Cetobacterium
(97.29±0.46%) in crucian carp, while its abundance averaged

c. 40 and 60 % of the sequences read in the other two species.
There was higher microbial diversity in the gut of filter-
feeding bighead carp than the gut of the two other species,
with grazing feeding habits. The composition of intestine
microbiota of grass carp and crucian carp shared higher sim-
ilarity when compared with bighead carp. The principal coor-
dinates analysis (PCoA) with the weighted UniFrac distance
and the heatmap analysis suggested that gut microbiota was
not a simple reflection of the microbial community in the local
habitat but resulted from species-specific selective pressures,
possibly dependent on behavioural, immune and metabolic
characteristics.

Introduction

In vertebrates, the gastrointestinal tract harbours a complex
ecosystem that is colonised by a large, diverse and dynamic
collection of microorganisms [1]. After millions of years of
co-evolution with the host, the gut microbiota may be consid-
ered as an integral component of the host. This microbial
community plays a key role in the maintenance of normal
gut function, including the defence against pathogens, the
proliferation of enterocytes, the digestion of complex carbo-
hydrates and the production of secondary metabolites, such as
vitamins [2–4]. In addition, the gut microbiota may harbour
opportunistic pathogens, indicating that the gastrointestinal
tract is a potential pathway for pathogen invasion [5, 6].
Consequently, the intestinal microbiota should be further in-
vestigated in farmed fish, due to the importance of health
management in aquaculture.

The composition of gut microbial communities is affected
by exogenous and endogenous factors in fish, including de-
velopmental stage, gut structure, diet composition and trophic
level, habitat and surrounding environment (e.g. water
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temperature and salinity), rearing conditions and possibly,
phylogenetic position [7, 8].

The gut microbiota have been analysed intensely by using
both culture-dependent and culture-independent methods.
Many microbes found in the gastrointestinal tract were not
identified, due to the difficulty of culturing them routinely in
the laboratory [9–11]. Culture-independent molecular tech-
niques like denaturing gradient gel electrophoresis (DGGE),
terminal restriction fragment length polymorphism (T-RFLP)
and PCR cloning and sequencing have been currently applied,
and this revolutionised the perception of the microbial com-
munities [5, 6, 12–14]. However, only the predominant micro-
organisms were identified by using these methods, leaving in
the dark most of the microbial diversity [15]. High-throughput
sequencing has made accessible the in-depth analysis of mi-
crobial communities. Sequence tags can be used to enable the
simultaneous processing of large numbers of samples with
limited costs [16]. Several recent studies described the exploi-
tation of these technologies that mainly focused on gut micro-
biota in humans [17] and other terrestrial vertebrates [18]. The
method is increasingly applied to fish microbiota [5, 12, 19].

Grass carp (Ctenopharyngodon idellus), crucian carp
(Carassius cuvieri) and bighead carp (Hypophthalmichthys
nobilis) are the major carp species in Chinese aquaculture
and widely cultivated for food. The production of these spe-
cies of fish in China reached 9.41 million tons (bighead carp,
2.67 million tons; grass carp, 4.44 million tons; and crucian
carp, 2.30 million tons) in 2011, accounting for about 43.05 %
of the total freshwater-cultured fish annual output [20]. The
polyculture of carps with different feeding habits is a tradi-
tional method to optimise the use of trophic resources in ponds
[21]. In order to improve the health and productivity of these
important aquaculture species, it is essential to characterise
their gut bacterial communities and the factors that influence
the composition and stability of the microbiota.

Thus far, several studies have shown differences in gut
microbiota composition between fish species. These differ-
ences were mainly detected at the phylum level, relying on
molecular-based fingerprinting methods (e.g. DGGE and
TTGE) [13, 14]. The principal aim of this study was (1) to
investigate and to compare the gut microbiota composition in
the three species of fish that cohabitated in the same environ-
ment by utilising high-throughput sequencing technology and
(2) to try to relate the composition of the gut microbial com-
munities to the biological characteristics of the three species.

Materials and Methods

Sample Collection

The adult grass carp, crucian carp and bighead carp were
sampled from the same earth pond with an approximate size

of 0.5 ha, which was located at Dongxihu Fish Farm, Wuhan
(mid-China).The fish were fed twice a day with a commercial
fish food (crude protein, ≥30.0 %; crude fibre, ≥12.0 %; crude
ash, ≤15.0 %; calcium, 0.4–2.5 %; phosphate, ≥0.7 %; salt,
0.3–1.2 %; moisture, ≤12.5 %; and lysine, ≥1.2 %; Wuhan
JiuZhou Shennong Pharmaceutical Co., Ltd, China).The fish
were sampled on 10th April, 2012, as the water temperature in
the pond was 18 °C. Three healthy individuals of each species
were randomly harvested with nets. The average bodyweights
were c. 1.2, 0.3 and 1.0 kg for grass carp, crucian carp and
bighead carp, respectively. The fish were carried to the labo-
ratory in ice within 2 h. The fish were then euthanized by a
high dose of MS 222 (Sigma, Germany).The surface of the
fish was rinsed with sterile distilled water, and then with 70 %
ethanol to reduce contamination, before dissection with
flamed sterile scissors. The intestines were removed aseptical-
ly from their abdominal cavity and the content of each fish
was squeezed out and separately harvested [12]. The intestinal
contents from the three individuals of each species were
labelled C1–C3 for grass carp, J1–J3 for crucian carp and
Y1–Y3 for bighead carp. Thereafter, the epithelial intestinal
mucosa of the three fish from each species was collected and
pooled per species to obtain a sufficient bacterial DNA con-
centration [12, 22]. The mucosal samples were labelled CB,
JB and YB for grass carp, crucian carp and bighead carp,
respectively. Meanwhile, the pond water was also sampled at
an approximate depth of 50 cm from three sites in the pond
and pooled together. One litre of water sample was centrifuged
at 12,800×g (Thermo) for 20 min at 4 °C, the pellet was
collected, labelled Wt and kept frozen at −80 °C until DNA
extraction.

DNA Extraction and Purification

The samples (either 250 mg of intestinal content, pooled
mucosa or centrifugal pellet from 1 L water) were thawed on
ice, and then total bacterial DNA was extracted with the
E.Z.N.A. Stool DNA kit (OMEGA, Bio-Tek, USA) according
to the manufacturer’s protocol. The integrity of the nucleic
acids was determined visually after electrophoresis on 1.2 %
agarose gel containing ethidium bromide. The DNA concen-
tration was measured by using a fluorescence spectrophotom-
eter (ES-2, Malcom, Japan). All samples were extracted in
duplicates, and the extracts from the same sample were pooled
together to avoid bias [6, 12]. The extracted DNAwas stored
at −80 °C until use.

PCR Amplification and Pyrosequencing

PCR was performed from each sample to produce a fragment
of the 16S rRNA gene (~420 bp, covering the V4/V5 hyper-
variable regions). The universal Bacterial primers 515 F (5′-
GTGCCAGCMGCCGCGGTAA-3′; [23]) and 926R (5′-
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CCGTCAATTYYTTTRAGTTT-3′; [24]) were modified by
adding ligation adaptors and/or MID barcodes (454 Life Sci-
ences) to the 5′-ends (Table S1). The PCR was run in tripli-
cates for each sample in a total reaction volume of 20 μL.
Each 20 μL reaction mixture contained 1.25 U Takara Ex Taq
DNA polymerase, 2 μL 10× Ex Taq buffer (Mg2+), 1.6 μL
dNTP mix (all TaKaRa Biotechnology Co., Ltd., Dalian,
China), forward and reverse primers (10 pmol each), 1 μL
BSA (10 mg mL−1), 1 μL DNA template (~5 ng) and sterile
water q.s. ad 20 μL. The PCR conditions were as follows:
initial denaturing, 95 °C for 5 min, followed by 30 cycles of
30 s at 94 °C (denaturing), 30 s at 56 °C (annealing) and 30 s at
72 °C (extension) and final extension of the unfinished prod-
ucts for 10 min at 72 °C. The PCR products were migrated on
agarose gel and purified by using the QIAEX II Gel Extraction
Kit (QIAGEN). Pyrosequencing was performed at the Chi-
nese National Human Genome Center in Shanghai with the
454 GS FLX Sequencing System (Roche).

Statistical and Bioinformatics Analysis

Sequence processing, operational taxonomical units (OTUs)-
based approaches, phylotype analysis and hypothesis testing
were mainly performed with the software Mothur [25].The
sequences were firstly processed using the ‘trim.seqs’ script to
minimise the effects of poor sequence quality and sequencing
errors. As a result, reads with length <200 bp, average Phred
quality score of <20 or mismatches in the tags, were
discarded. Sequences with homopolymers longer than 8 bp,
any ambiguous bases call and errors in the primer and barcode
sequences were removed from the dataset. The pyrosequenc-
ing sequences were simplified by using the ‘unique.seqs’
script to generate a unique set of sequences, and then they
were aligned by using the ‘align.seqs’ script with the Bacterial
SILVA database, which contains 50,000 columns long and
which aligned 14,956 bacterial sequences [26]. The aligned
sequences were further trimmed, and the redundant sequences
were eliminated with the scripts ‘screen.seqs’, ‘filter.seqs’ and
‘unique.seqs’, successively. The resulting sequences after
quality control were denoised by using the Mothur-based
reimplementation of the PyroNoise algorithm (shhh.flows)
with the default parameters [27]. The ‘chimera.slayer’ script
was used to identify and remove potentially chimeric se-
quences. Subsequently, all sequences classified as
cyanobacteria/chloroplast were removed to focus on the di-
versity of bacterial symbionts in guts, as they likely represent
contaminants from chloroplast/plant material. The datasets
were rarefied in order to equalise sampling effort across sam-
ples. In addition, the sampling effort was equalised to the size
of the smallest sample (6,218 reads) by random subsampling.
Distance matrices were constructed using the ‘dist.seqs’ script
and the OTUs were assigned by using the furthest neighbour
clustering algorithm (95 to 99 % sequence similarity). OTU

rarefaction curves, Good’s coverage and all community rich-
ness and diversity indices (ACE, Chao1, Shannon and
Simpson) were generated with Mothur [25]. The OTUs de-
fined by a 3 % distance level were phylogenetically classified
after the Ribosomal Database Project (RDP) Classifier pro-
gramme, with a confidence threshold of 50 % [28, 29].
Heatmap figures and Venn diagrams were generated The R
Project for Statistical Computing ( http://www.r-project.org/ ).
The p test significance analysis and principal coordinates
analysis (PCoA) of the Fast UniFrac metric matrix were used
to compare the bacterial communities, based on phylogenetic
information [30]. SChao1 and SACE were calculated for each
library according to Kemp and Aller ( http://www.aslo.org/
lomethods/free/2004/0114a.html ) [31]. Because of the non-
normal distribution of the samples, the statistical evaluation
was performed with nonparametric tests (SPSS, version 19.0).
Differences between two independent groups were evaluated
by the Mann–Whitney test, and differences between multiple
independent groups were evaluated by the Kruskal–Wallis
test. The sequences obtained in this study were uploaded
and available through the NCBI/EBI/DDBJ Sequence Read
Archive (accession number DRA001264).

Results

General Analyses of the Pyrosequencing-Derived Dataset

After filtering the low-quality reads, trimming the longer
homopolymer runs, adapters, barcodes and primers, removing
all cyanobacteria/chloroplast sequences and rarefying the
datasets, 6,218 to 10,220 effective sequences were collected
from each sample, resulting in a total of 110,398 sequences
from the 13 samples. All the sequences were delineated into
OTUs with different sequence similarity values ranging from
95 to 99 %. The number of OTUs from each sample at the
various similarity cut-off levels was 1,102±563 (99 % se-
quence similarity), 708±653 (98 % sequence similarity),
505±396 (97 % sequence similarity), 401±341 (96 % se-
quence similarity) and 341±299 (95 % sequence similarity).
A 97 % sequence identity of the 16S rRNA gene was com-
monly used to determine the phylotypes at the species level, in
accordance with most of the available studies [5, 12, 32].The
SChao1 and SACE were calculated for each library to assess
whether the libraries were large enough to yield a stable
estimate of the phylotype richness at the 97 % similarity
threshold. We found that the SChao1 and SACE richness estima-
tors did not reach an asymptote but tended to converge into a
narrow range that exceeded the unstable estimator-producing
stage when the subsample sizes approached the actual library
sizes (Fig. S1), indicating that these libraries were large
enough to yield stable and unbiased estimates of phylotype
richness [31, 33]. Therefore, in the rest of this report, a 97 %
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similarity threshold was used to define OTUs, consistently
with the other studies using deep sequencing methods.

A total of 3,897 OTUs were obtained at the 97% similarity
level. Each sample contained 125 to 1,260 OTUs (Table 1).
The average read length was 250 bp. The completeness of
sampling was estimated with Good's coverage, by calculating
the probability that a randomly selected amplicon sequence
was already detected in the same sample. The coverage ranged
from 89.82 to 99.26 % (96.11±3.37 %), indicating that be-
tween 9 and 100 (1/(1−‘Good’s coverage’)), additional reads
would need to be sequenced before detecting a new phylo-
type. This level of coverage suggested that the majority of
bacterial phylotypes present in the samples were identified in
this study. The number of OTUs covered 40–66 and 55–68 %
of the richness estimated by the ACE and Chao1 indices,
respectively (Table 1). The corresponding rarefaction curves
tended to reach the saturation plateau (Fig. S2). The diversity
of the microbial community in the intestinal content was
significantly different between the three species of fish, as
evaluated with the indices of Shannon and Simpson
(p<0.05; Kruskal–Wallis). This diversity was much higher
in the filter-feeding bighead carp, comparedwith the two other
grazing species (Table 1).

Composition of Bacterial Community

The phylogenetic classification of sequences from the samples
resulted in 17 different phyla or groups that were identified in

this study. The sequences that could not be classified into any
known group were assigned as ‘unclassified bacteria’. The 13
samples showed highly dissimilar 16S rRNA profiles of rela-
tive abundance, even at the phylum level (Fig. 1).

The water sample included 13 phyla, where Bacteroidetes
(62.91%), Proteobacteria (26.54 %), Actinobacteria (3.18 %),
Fusobacteria (2.28 %) and Verrucomicrobia (0.98 %) were the
most abundant groups and accounted for 95.90 % of the reads.

The intestinal content samples were dominated by four
major phyla, representing approximately 93.81 % of the se-
quences, including Fusobacteria (grass carp, 64.58±12.84 %;
crucian carp, 97.50±0.40 %; and bighead carp, 41.75±
14.62 %), Firmicutes (grass carp, 9.72±6.26 %; crucian carp,
0.42 ± 0.36 %; and bighead carp, 18.93 ± 1.46 %),
Proteobacteria (grass carp, 5.95±3.96 %; crucian carp, 1.81
±0.39%; and bighead carp, 16.77±8.09 %) and Bacteroidetes
(grass carp, 19.03±6.42 %; crucian carp, 0.11±0.12 %; and
bighead carp, 4.85±2.98%). Actinobacteria were identified in
all fish samples (grass carp, 0.09±0.11 %; crucian carp, 0.09±
0.02 %; and bighead carp, 0.81±0.14 %). Planctomycetes
were only present in one intestinal content sample of crucian
carp at 0.10%, but theywere present in all of the samples from
grass carp (0.08±0.10 %) and bighead carp (6.88±1.23 %).
Similarly, Chloroflexi (3.12±1.74 %), Acidobacteria (3.14±
1.60 %) and Verrucomicrobia (1.09±0.34 %) were present in
all the intestinal content samples of bighead carp, but only
present in one or two samples of grass carp and crucian carp at
a very low level (average abundance, <0.02 %). Spirochaetes

Table 1 Number of sequences analysed, observed diversity richness (OTUs), estimated OTU richness (ACE and Chao1), diversity index (Shannon and
Simpson) and estimated sample coverage for 16S rRNA libraries of the different samples

Samples OTUsa ACEb Chao1 Shannon Simpson Coverage (%)

C1 307 758 549 3.26 0.09 97.54

C2 391 612 587 4.11 0.04 97.35

C3 281 642 500 3.46 0.08 97.97

CB 280 526 443 3.46 0.08 98.13

J1 214 480 392 2.83 0.12 98.36

J2 160 325 254 2.61 0.12 98.89

J3 125 209 183 2.42 0.14 99.26

JB 250 474 376 3.12 0.09 98.30

Y1 1,260 2,805 2,149 5.63 0.02 89.82

Y2 711 1,614 1,233 4.20 0.09 94.37

Y3 1,166 2,896 2,084 5.11 0.05 89.93

YB 410 624 627 3.74 0.07 97.25

Wt 1,014 2,188 1,696 5.45 0.02 92.20

C1–C3 intestinal content of the three individuals of grass carp, J1–J3 intestinal content of the three individuals of crucian carp, Y1–Y3 intestinal content
of the three individuals of bighead carp, CB samples collected from intestinal mucosa and pooled from the three individuals of grass carp, JB samples
collected from intestinal mucosa and pooled from the three individuals of crucian carp, YB samples collected from intestinal mucosa and pooled from the
three individuals of bighead carp, Wt water sample
a The operational taxonomic units (OTU) were defined at the 97 % similarity level
b The richness estimators (ACE and Chao1), diversity indices (Shannon and Simpson) and coverage percentage (coverage) were generated with Mothur
programme
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were absent from all crucian carp samples, but they were
present in two grass carp samples (0.39±0.60 %) and one
bighead carp sample at 0.10 %. Rare phyla, namely Chlamyd-
iae, TM7, Chlorobi and Deinococcus-Thermus occurred spo-
radically at low abundance (approximately 0.02 % of the
sequences) in some of the samples. The relative abundance
of major bacterial phyla in the intestinal content was signifi-
cantly different between the three species of fish (p<0.05;
Kruskal–Wallis, except for Proteobacteria), Bacteroidetes
and Firmicutes were the phyla that exhibited the most signif-
icant differences in abundance (p<0.01; Kruskal–Wallis); in
bighead carp, there were more Firmicutes and Proteobacteria
than in the two other species. Bacteroidetes were particularly
abundant in the gut microbiota of grass carp, and crucian carp
was richer in Fusobacteria than the two other carp species.

In the mucosal samples, similarly to what was observed in
the intestinal contents, the reads of Fusobacteria,
Proteobacteria, Bacteroidetes and Firmicutes were the most
abundant ones, accounting in total for 92.54, 99.77 and
98.25 % of the reads in the CB, JB and YB libraries, respec-
tively. Fusobacteria was also the most dominant phylum in the
mucosal community. A few other phyla were identified in all
mucosal samples, including Spirochaetes (CB, 7.11 %; JB,
0.02 %; and YB, 0.24 %) and Deinococcus-Thermus (CB,
0.14 %; JB, 0.14 %; and YB, 0.06 %).

At the genus level, the sequences from the 13 samples
represented 328 genera, with 168 genera found in the water
sample, 196 genera in the intestinal content samples (66
genera in grass carp, 54 genera in crucian carp and 152 genera
in bighead carp) and 106 different genera in the mucosal
samples (37genera in grass carp, 42 genera in crucian carp
and 75 genera in bighead carp). The proportion of sequences
that could not be assigned to any known genera varied be-
tween 0.50 and 32.74 % among the different samples. These
sequences, representing 12.63 % of the full dataset, were
placed into a total of 114 taxa above the genus level. The
representation of unclassified bacterial phylotypes (designated
as novel) varied significantly among the subjects (Fig. S3).

The top 10 genera in the water sample were
Flavobacterium (46.91 %), Fluviicola (4.37 %), unclassified
Comamonadaceae (3.86 %), Albidiferax (3.22 %), unclassi-
fied Sphingobacteriales (2.59 %), Arenimonas (2.28 %),
Cetobacterium (2.19 %), unclassified Bacteroidetes
(1.70 %), unclassified Bacteria (1.56 %) and Undibacterium
(1.46 %) by descending order of read abundance.

A total of 28 genera and 22 other taxa (average abundance,
>0.1 %; Fig. 2) constituted more than 96 % of the total
sequences present in the intestinal content samples. The most
abundant genera in grass carp belonged to Cetobacterium
(64.51±12.90 %), Bacteroides (14.52±4.85 %), followed by

Fig. 1 Bacterial composition of the different communities (% of relative
read abundance of bacterial phyla within each community). Lanes C1–
C3, intestinal content of the three individuals of grass carp; lanes J1–J3,
crucian carp; and lanes Y1–Y3, bighead carp; CB samples collected from

intestinal mucosa and pooled from the three individuals of grass carp, JB
samples collected from intestinal mucosa and pooled from the three
individuals of crucian carp, YB samples collected from intestinal mucosa
and pooled from the three individuals of bighead carp, Wt water sample
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Aeromonas (4.94±3.69 %) and Clostridium XlVa and XlVb
(2.06±1.95 and 0.79±0.63 %, respectively). For crucian carp,
the community was overwhelmed by Cetobacterium (97.29±
0.46 %), while Aeromonas (1.16±0.81 %), Clostridium sensu
stricto (0.06±0.11 %), Bacteroides (0.04±0.06 %) and
Desulfocapsa (0.01±0.02 %), accounted for low proportions.
For bighead carp, the most abundant genera were
Cetobacterium (41.16±14.21 %), Clostridium XI (4.56±
1.76 %), Clostridium sensu stricto (3.83±2.46 %),
Proteocatella (2.81 %±0.90 %) and Holdemania (2.39±
0.86 %). Our study showed that the genus Cetobacterium
constituted the major proportion of microbiota in the
intestinal content. In addition, the abundance of the genera
mentioned in Fig. 2 was significantly different among the
three species (p<0.05; Kruskal–Wallis, except for
Aeromonas, Brevinema, Clostridium sensu stricto, unclassi-
fied Betaproteobacteria, unclassified Clostridiales and unclas-
sified Firmicutes). These results indicated that the composi-
tion of the bacterial community and the relative abundance of
most of the genera might be associated with different physio-
chemical characteristics in the intestine of the three carp
species.

The ten most abundant genera in the mucosal samples were
Cetobacterium, Aeromonas, Paludibacter, Brevinema, un-
classified Firmicutes, unclassified Bacteroidales, unclassified
Vibrionaceae, Clostridium sensu stricto, Grimontia and

unclassified Gammaproteobacteria (Table S2), which
accounted together for an average of 90.55 %. The members
of the genus Cetobacterium were the most numerous in the
mucosal communities (CB, 65.81 %; JB, 89.98 %; and YB,
52.46 %).The abundance of Aeromonas, which may include
potential pathogens, was significantly different between intes-
tinal content and mucosa (2.13 vs. 6.77 %, respectively; p=
0.05 by a one-tailed Mann–Whitney test).

Core Intestinal Microbiota for Each Species

A major research interest about fish gut communities is to
determine whether core microbiota could be delineated for
each species, as previously found in other studies [5, 34]. To
identify core microbial candidates present in carp intestines,
Venn diagramswere constructed. The number of OTUs shared
among the intestinal content of the three different individuals
was 73, 43 and 239 in grass carp, crucian carp and bighead
carp, respectively (Fig. 3a–c). This specific core microbiota
represented 10.83, 12.29 and 11.02% of total OTUs in each of
the three species, respectively. Statistical analysis revealed
that the OTUs common to the three individuals of each species
corresponded to 84.91, 67.06 and 72.53% of the reads in three
grass carp libraries C1, C2 and C3; 86.56, 85.45 and 94.74 %
of the reads in three crucian carp libraries J1, J2 and J3; and

Fig. 2 Relative abundance of the predominant genera in the intestinal contents of bighead carp, grass carp and crucian carp
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58.97, 67.00 and 67.32 % of the reads in three bighead carp
libraries Y1, Y2 and Y3, respectively.

The three samples from grass carpshared 73 OTUs, out of
which 55 belonged to Bacteroides, Clostridium XlVa and
XlVb, Cetobacterium, and Aeromonas and accounted togeth-
er for an average of 70.99 % of total reads (Fig. 3d). For
crucian carp, Cetobacterium and Aeromonas included
11.43 % OTUs (40) and 88.65 % reads (16,536) common to
the three samples (Fig. 3e). For bighead carp, Acidobacteria
Gp17 and Gp6, Paludibacter (Bacteroidetes), Caldilinea
(Chloroflexi), Clostridium sensu stricto, Clostridium XI,
Holdemania and Proteocatella (Firmicutes), Cetobacterium
(Fusobacteria), Blastopirellula, Rhodopirellula and
Singulisphaera (Planctomycetes), Dechloromonas
( B e t a p r o t e o b a c t e r i a ) a n d S t e r o i d o b a c t e r
(Gammaproteobacteria) corresponded to 5.03 % of the OTUs
and 50.40 % of total reads that were shared by the three
individual samples (Fig. 3f).

Relationships Between Fish Gut Communities
and Fish-Associated Environmental Bacterial Communities

The PCoA with the weighted UniFrac distance and the
heatmap analysis were performed to compare the overall
composition of the microbial communities associated with
the intestinal contents of the three carps and the environment.
The PCoA score plot showed that the water community was
remote from the other ones with PC1, which accounted for
49.47 % of the total variation (Fig. 4a). The bacterial commu-
nities associated with mucus differed also between species
with PC1 and PC3 (Fig. 4a, b). The intestinal mucosal profile
was closely related to the highly convergent community from
the intestinal contents in crucian carp. The two intestinal
content communities of bighead and grass carps were distant
from each other along PC2 and PC3, and they were distinct
from the respective intestinal mucosal communities (Fig. 4b).
Overall, the PCoA plots visualisation explained over 91 % of

Fig. 3 Distribution of bacterial
genera among the intestinal
contents of the individuals of the
three fish species. The Venn
diagrams (a–c) show the numbers
of OTUs (97% sequence identity)
that were shared or unshared by
the individuals of grass carp (C1–
C3), crucian carp (J1–J3) and
bighead carp (Y1–Y3),
respectively, depending of
overlaps. The pie diagrams (d–f)
show the bacterial composition of
the intestinal contents of grass
carp, crucian carp and bighead
carp, respectively. The relative
abundances of the bacterial
genera present are shown in the
chart legend; the figures in
parentheses after the legend
labels denote the number of
OTUs corresponding to the
category. The reads that were not
identified at the genus level are
referred as ‘unclassified’, and the
genera that occurred at low
abundance were included as
‘others’. The percentages below
the pie charts show the
contribution of sequences in
shared OTUs to all sequences in
each species
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the variation of microbiotas. In addition, the UniFrac p test
showed the highly significant difference between the micro-
bial profiles in the intestinal contents of the three species
(Table S3).

The hierarchically clustered heatmap analysis based on the
bacterial community profiles at the family level disclosed that
the bacterial communities in the intestinal content of each
species clustered firstly together, and then they clustered with
the respective mucosal communities. The composition of
intestine microbiota of grass carp and crucian carp shared
higher similarity when compared with bighead carp. The
water bacterial profile was distant from every intestinal profile
(Fig. 5).

The bacterial species that were shared by the different
communities were determined with a Venn diagram. The
number of OTUs shared between the intestinal contents and
the mucosal communities were 160, 132, and 238 in the grass
carp, crucian carp and bighead carp, respectively (Fig. S4). In
other words, 57.14, 52.80 and 58.05 % of the OTUs in the
intestinal mucosa library were present in the intestinal content
libraries of grass carp, crucian carp and bighead carp, respec-
tively. The most abundant OTUs shared by the two niches in
grass carp were Cetobacterium, Aeromonas, Bacteroides and
Brevinema (Table S4). Similarly, the most abundant OTUs
shared by the two compartments in crucian carp were

Cetobacterium, Aeromonas and Clostridium sensu stricto
(Table S5). For the bighead carp, the most abundant OTUs
shared by the two compartments were Cetobacterium, Clos-
tridium sensu stricto, Paludibactera, Clostridium XI,
Dechloromonas and Steroidobacter (Table S6).

Minorities of 48, 41 and 123 OTUs that were present in the
water were retrieved in the intestinal contents of grass carp,
crucian carp and bighead carp, respectively (Fig. S4). The
main genera that were represented both in grass carp and water
were Cetobacterium, Aeromonas, Bacteroides and
Flavobacterium (Table S7). The most abundant OTUs shared
by crucian carp and water communities corresponded to
Cetobacterium, Aeromonas and Dechloromonas (Table S8).
Concerning bighead carp, the most abundant OTUs also pres-
ent in water corresponded to Cetobacterium, Dechloromonas,
Arenimonas, Gp6 and Steroidobacter (Table S9).

Discussion

Grass carp (C. idellus), crucian carp (C. cuvieri) and bighead
carp (H. nobilis) belong to the family of Cyprinidae, and they
are currently the three most important species for aquaculture
in China. Recent studies have revealed important
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Fig. 4 Principal coordinates analysis (PCoA) of the dissimilarity be-
tween the microbial samples: Weighted UniFrac PCoA plotted against
the PC1 vs. PC2 axes (a) and the PC2 vs. PC3 axes (b). The percentages

indicate the relative contribution of the three principal components (PC1–
PC3)



contributions of gut microbiota to health and disease in verte-
brates [35]. The study of the relationships between the com-
position and diversity of intestinal microbiota and environ-
mental bacterial communities is essential for understanding
how gut microbial communities are assembled and how they
impact host fitness. Thus far, studies regarding fish intestinal
bacterial communities have been relatively limited. To our
knowledge, the present study was the first one that addressed
the relationships between fish gut bacterial communities of
three economically significant species in Chinese aquaculture
in the same environment with deep sequencing methodology.
Li et al. [14] used DGGE to demonstrate the specificity of
bacterial colonisation in several species of Cyprinidae reared
in the same hatchery. However, high variability was detected
in bacterial profiles associated with individuals from the same
species sampled in several rearing laboratory tanks at different
times [36]. In the present study, 13 samples from the intestine
contents and mucosa of three carps and pond water were

analysed by using pyrosequencing of the V4/V5 regions of
the 16S rRNA gene.

The PCoA score plot and heatmap analysis revealed clearly
that the intestinal bacterial communities of the three species of
fish harboured specific features when they are cohabiting in
the same environment. The bacterial communities associated
with the intestinal mucosa were different from those of the
intestinal contents, and the water samples were further dissim-
ilar. These results suggested the presence of specific bacterial
populations in the different species. Given that these fish were
reared under the same environmental conditions, these results
suggest that the gut microbiota composition of fishes is not a
simple reflection of the microorganisms in their local habitat,
but result from selective pressures within the gut, depending
on species-specific behaviour, immunity and metabolism, as
recently shown in other species [37, 38].

The gut microbial analysis demonstrated that the dominant
bacteria of the three species of fish belonged to four phyla,

Fig. 5 Bacterial distribution
among the 13 samples. Heatmap
based on the hierarchical
clustering solution (Bray–Curtis
distance metric and complete
clustering method) of the 13
samples. Rows represents the 107
predominant bacterial family
(average abundance >0.01 %),
columns represent the 13
samples, and the values in the
heatmap represent the square-
root-transformed relative percent-
age of each bacterial family. The
square-root-transformed values
for bacterial family are depicted
by colour intensity with the leg-
end indicated at the upper right
corner of the figure
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Fusobacteria, Proteobacteria, Bacteroidetes and Firmicutes,
which are commonly encountered in the vertebrate gastroin-
testinal tract [17]. These results are consistent with earlier
study on freshwater Teleosts [5, 12, 14, 39], including grass
carp and common carp (Cyprinus carpio). Almost all
Fusobacteria detected in the present fish intestinal samples
belonged to the genus Cetobacterium (47,728 out of 50,809
reads, i.e. 93.94 %). It has been shown that Cetobacterium can
produce vitamin B12 at high efficiency and ferment peptides and
carbohydrates [40]. This may give Cetobacterium a particular
relevance to fish nutrition. Only a limited number of studies have
reported Cetobacterium as the dominant microbiota in fish in-
testine [39, 41]. PCR biases might be suspected to cause this
discrepancy, but the comparisonwith the RDP databases showed
that the primers used here weremore sensitive to Firmicutes than
to Fusobacteria (Table S10). These results confirmed thus that
Cetobacterium are naturally abundant in the gut of carps.
Crucian carp had much higher abundance of Cetobacterium
(>90 %), compared with the other two species in the present
study. Another species of the genus Carassius, gibel carp
(Carassius auratus gibelio), had the relative abundance of
Cetobacterium increased 7–11-fold in gut microbiota, when the
carp was cultivated at high stocking density, a common practice
in China to fully utilise the ponds, and to maximise yield [42]. A
possible explanation for the overwhelming abundance of
Cetobacterium in crucian carp may come from its high stocking
density of this fish in the present study (10 to 15 kg/m−3).

Besides Fusobacteria, Bacteroidetes and Firmicutes were
the phyla that exhibited the most significant differences in
abundance among the three species of fish (p<0.01; Kruskal–
Wallis). The proportion of Bacteroidetes was higher in grass
carp than in the two other species, while Firmicutes were
particularly abundant in bighead carp. Among Bacteroidetes,
members of the genera Bacteroides and Paludibacterwere the
most abundant in the gut microbiota of grass carp and bighead
carp, respectively (including intestinal content and mucosa).
Both Bacteroides and Paludibacter may play an important
role in fish intestine, due to the fermentation of plant-derived
substrates in the gut of carps, allowing them to maximise the
energy intake from indigestible components by producing
high levels of short-chain fatty acids (SCFA) that supply the
host with an additional amount of energy [3, 7, 39, 43, 44].
Among Firmicutes, Clostridium XlVa and XlVb were domi-
nant in the intestinal microbiota of grass carp. In bighead carp,
Clostridium sensu stricto (cluster I), Clostridium XI and
Proteocatella were the most abundant Firmicutes. Both
Clostridium XlVa and XlVb are versatile in their ability to
utilise various polysaccharides, such as cellulose, xylan and
hemicelluloses, which constitute the major part of
vegetalfibres [45, 46]. By contrast, members of the genera
Clostridium sensu stricto (cluster I) and Clostridium XI in-
clude not only species with saccharolytic and fibre-fermenting
activities but also proteolytic species [47, 48]. Proteocatella

includes fermentative proteolytic bacteria that are able to use
various products of proteolysis as substrates but not sugars
[49]. The three carp species differ by their natural feeding
habits, and their feed intake was likely different, even though
commercial food was supplied in the pond. Grass carp are
herbivorous, and crucian carp are omnivorous with a tendency
to herbivory. Therefore, plant polysaccharide-degrading bac-
teria are particularly important for food degradation in the
intestine of these carps [12]. Contrastingly, bighead carp are
filter-feeders, preferentially consuming zooplankton, but also
phytoplankton and detritus. This filter-feeding activity result-
ed in a much higher bacterial diversity in the intestinal content
of bighead carp, compared with those of the two grazing
species [50, 51]. The composition of intestinal microbiota of
the two grazing species, grass carp and crucian carp, shared
higher similarity between them, compared with bighead carp.

Proteobacteria are knownmembers of the gut microbiota of
many organisms including fish [6, 14, 39]. Most
Proteobacteria found in carps belonged to Aeromonas, which
include potential pathogens to fishes [6, 7]. Members of the
genus Aeromonas were found mainly in grass carp and
crucian carp in this study. This finding is in accordance with
a former study that suggested that fish gut may be a reservoir
for many opportunistic pathogens [52]. The genus Aeromonas
was significantly more abundant in the intestinal mucosa than
in the intestinal content. These observations are consistent
with previous studies reporting that Aeromonaswith adhesive
capability can colonise the surface of intestinal mucosa and
that the intestine might be a primary location for stress-
induced infections by Aeromonas [53]. However, bacteria
associated with the mucosa may be regarded as indigenous
species, and they are involved in host nutrition, mucosal
defence and host immunity [54]. Although several Aeromonas
strains are potential pathogens,Aeromonas have been detected
in the normal intestinal mucosa frommany fishes [5–7, 12]. A
high concentration of Aeromonas in the gut of healthy fish
may significantly contribute to the digestive function [7].

Interestingly, the RDP Classifier was unable to classify an
average of 12 % of sequences to the genus level. The phylo-
types in this category are not in the preexisting taxonomic
framework of RDP database, suggesting that most of them
likely represent novel bacteria. Although a limited number of
unclassified sequences can result from PCR errors or sequenc-
ing artefacts, such an abundance of unclassified reads argues for
a significant presence of novel species. Our discovery of nu-
merous novel bacteria in the intestine is consistent with massive
identification of novel species in the intestinal flora of fish [6,
10]. These results suggest that fish gut harbours a larger bacte-
rial diversity than previously recognised. A detailed phyloge-
netic characterization of unclassified sequences and their phy-
logeny is an interesting direction of future research.

The concept ‘core microbiota’ referred to a set of abundant
microbial lineages that are shared by all individuals from the
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same species [19]. The concept of core gut microbiota has first
been explored in the context of mammalian hosts [17, 34], and
then in freshwater fish [5, 12, 19]. The bacterial profiles
observed in the three species of carps may thus reflect specific
core microbiotas, beyond the differences attributable to feed-
ing behaviour, which was especially visible in the intestinal
contents of filter-feeding bighead carp in the present analyses.
These data and previous studies indicate that Fusobacteria,
Firmicutes, Proteobacteria and Bacteroidetes were the main
phyla represented in the specific bacterial cores associated
with the intestinal contents of grass carp and bighead carp,
while the intestinal core microbiota of crucian carp appeared
less diversified, with Fusobacteria and Proteobacteria as the
main phyla. We found that the three individuals of each
species analysed in this study harboured very similar intestinal
bacterial communities dominated by specific core microbiota,
which appeared larger shared core OTUs than those described
in previous studies (Fig. 3a–c) [5, 17]. All the carps analysed
here were obtained from a single commercial supplier and
raised under identical husbandry conditions, thereby limiting
the environmental variation and increasing the likelihood of
similar microbial profiles. Further comparisons of gut micro-
biota from carps obtained from different aquaculture facilities
or caught in the wild will be necessary to delineate the ‘true’
core microbiota shared by carps of the same species.

It may be hypothesised that the ancestral members of
intestinal microbiota settled in the gastrointestinal tract and
co-evolved with their hosts, notably in response to feeding
habits, and to immune tolerance. This interdependence shapes
likely the gut bacterial communities in fish. The diet and the
environment affect the intestinal microbiota of fish and mam-
mals [2, 8, 13, 47], but the same environment in the present
study did not result in similar intestinal bacteria, suggesting that
the specific endogenous factors outweighed by far the environ-
mental factors to mould the composition of microbiota. The
species-specific selective pressures in fish gut may be related
to the genetic features of the host that govern behaviour and
metabolism. Such genetic influence has been mainly studied for
the impact on Firmicutes and Bacteroidetes, which can ferment
carbohydrates and/or proteins fermentation in the intestine,
helping thus the host to acquire nutrients from the diet [55–57].
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