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Abstract
The present study sampled the intestinal content of healthy and unhealthy Atlantic salmon
(Salmo salar L.), the ambient water of unhealthy ﬁsh, and the bioﬁlter material in the recirculating aquaculture
system (RAS) to understand diﬀerences in the intestinal microbiota. The V4–V5 regions of the prokaryotic
16S rRNA genes in the samples were analyzed by MiSeq high-throughput sequencing. The ﬁsh were adults
with no diﬀerences in body length or weight. Representative members of the intestinal microbiota were
identiﬁed. The intestinal microbiota of the healthy ﬁsh included Proteobacteria (44.33%), Actinobacteria
(17.89%), Bacteroidetes (15.25%), and Firmicutes (9.11%), among which the families Micrococcaceae and
Oxalobacteraceae and genera Sphingomonas, Streptomyces, Pedobacter, Janthinobacterium, Burkholderia,
and Balneimonas were most abundant. Proteobacteria (70.46%), Bacteroidetes (7.59%), and Firmicutes
(7.55%) dominated the microbiota of unhealthy ﬁsh, and Chloroﬂexi (2.71%), and Aliivibrio and Vibrio as
well as genera in the family Aeromonadaceae were most strongly represented. Overall, the intestinal hindgut
microbiota diﬀered between healthy and unhealthy ﬁsh. This study oﬀers a useful tool for monitoring the
health status of ﬁsh and for screening the utility of probiotics by studying the intestinal microbiota.
Keyword: intestinal microbiota; health status; Atlantic salmon (Salmo salar L.); recirculating aquaculture
system; high-throughput pyrosequencing

1 INTRODUCTION
The intestinal microbiota that colonize an animal’s
intestines function as a “forgotten” organ in the host
and perform critical functions for the host that the
host cannot perform itself (O’Hara and Shanahan,
2006; Nicholson et al., 2012). Many studies have
indicated that the intestinal microbiota represent an
important component of the metabolism, immunity,
energy utilization, and health maintenance of its host
(Backhed et al., 2004; Hooper et al., 2012). The
intestinal microbiota provide a physical barrier
against pathogen invasion through competitive
exclusion, by occupying attachment sites and
consuming nutrient resources (Round and Mazmanian,
2009; Gill et al., 2011).
Bacteria ingested during the yolk sac stage colonize
the ﬁsh intestine (Ringø and Birkbeck, 1999). The

primary intestinal microbiota are established in
several stages, producing the “adult” microbiota,
which acts for several weeks or even months after
ﬁrst feeding (Hansen and Olafsen, 1999). The
microorganisms that eventually inhabit the gut
originate from the water, soil/sediment, or live feed
(Romero and Navarrete, 2006; Wu et al., 2012).
However, the intestinal microbiota does not remain
constant, but varies in composition and can be aﬀected
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Table 1 Ingredients and chemical composition of the basal
diet for Atlantic salmon (% dry matter)
Ingredients

%

Proximate composition

% dry matter

Fish meal

41.6

Dry matter

94.8

Soybean meal

19.4

Crude protein

44.32

Feather meal

3

Crude fat

22.12

DL-methionine

2.75

Gross energy (MJ/kg)

22.66

Fish oil

16

Wheat ﬂour

10.5

Wheat starch

2.3

α-Cellulose

3.7

Vitamin and
mineral premixa

0.75

added to supply excess of the vitamin and mineral requirements for
salmonids (NRC, 1993).
a

by many exogenous and endogenous factors,
including the host’s genotype, feeding habits, and
lifestyle (Claesson et al., 2012; Li et al., 2012; Yan et
al., 2012). However, most available studies have been
performed on mammals, and little attention has been
paid to the intestinal microbiota of ﬁsh.
Atlantic salmon (Salmo salar L.) often suﬀer from
infectious diseases caused by Aeromonas salmonicida,
a non-motile Gram-negative bacterium and the
causative agent of furunculosis. This disease is
ubiquitous in salmonids (salmon, trout, etc.) with
high morbidity and mortality rates, and has become a
major constraint and threat to the salmon aquaculture
industry (Janda and Abbott, 2010; Du et al., 2015). It
is widely recognized that the health status of the host
depends strongly on the biological composition of the
intestinal microbiota (Wang et al., 2012; Zheng et al.,
2016). Some symbiotic bacteria with potential antiinﬂammatory properties disappear during disease in
their host, indicating that the health status of the host
also depends on the microbiota present (Round and
Mazmanian, 2009). The relationship between ﬁsh
health and the intestinal microbiota of the host has
been widely studied in humans and other mammals
(Round and Mazmanian, 2009; Manichanh et al.,
2012; Wang et al., 2012). However, few studies have
investigated the impact of the host’s health status on
the intestinal microbiota in ﬁsh, particularly in
Atlantic salmon. Understanding the intestinal
microbiota of Atlantic salmon in diﬀerent health
statuses is important for monitoring health of other
ﬁsh species. The health status of ﬁsh is also closely
related to the ambient water, which contains various
microorganisms at diﬀerent concentrations. Therefore,
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exploring the potential relationships between the
intestinal microbiota of unhealthy ﬁsh and ambient
water is also necessary.
In this study, we compared the intestinal bacterial
communities of A. salmonicida-infected Atlantic
salmon and healthy ﬁsh. We investigated the diversity
and composition of the intestinal bacterial biota in
healthy and unhealthy Atlantic salmon using highthroughput pyrosequencing of the 16S rRNA genes.

2 MATERIAL AND METHOD
2.1 Sample collection
Healthy and unhealthy Atlantic salmon samples
with no diﬀerences in body length (BL; (70.67±5.69)
vs. (66.67±6.11) cm, t-test, P=0.921) or body weight
(BW; (5.06±0.24) vs. (4.83±0.51) kg, t-test, P=0.156)
were captured from a recirculating aquaculture
systems (RAS) at the Oriental Ocean Sci-Tech Co.
Ltd., Yantai, Shandong, China (37°42′N, 121°08′E).
Both healthy and unhealthy ﬁsh were fed the same
diet (Table 1) and reared in similar environments.
Each sample had three replications representing
the two health statuses. Healthy samples were taken
from a RAS containing adults feeding normally
behavior with no signs of disease as conﬁrmed by
both visual inspection and a dissection analysis.
Diseased samples were obtained from unhealthy
salmon with various syndromes, of which
A. salmonicida was conﬁrmed in the infection as
referenced by Gustafson et al. (1992), and by
dissection and polymerase chain reaction (PCR)
analyses (data not shown). An ambient water sample
was collected using a sterile 1-L beaker from four
diﬀerent locations in the tank (120-m3) with unhealthy
ﬁsh and mixed. Ten ball media that comprised the
aerated biological ﬁlter to treat the RAS water were
taken randomly as the bioﬁlter sample using a sterile
250-mL beaker, cleaned with a sterile soft bristle
brush, and rinsed with sterile water. All samples were
transported to the laboratory immediately. After body
BW and BL were measured, the ﬁsh were disinfected
with 70% alcohol and dissected under sterile
conditions. All procedures followed Ni et al. (2014).
A small portion of the intestinal contents
(approximately 1g wet weight) was excised from the
intestine and stored in a 2.0-mL sterile tube
(Eppendorf) individually. The 4-L mixed ambient
water and 100-mL bioﬁlm water samples were
sequentially ﬁltered through 1.2-μm (Whatman,
Florham Park, NJ, USA) and 0.22-μm ﬁlter paper
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(Millipore, Billerica, MA USA), respectively, to
collect as many bacterioplankton organisms as
possible. All eight samples were stored at -80°C for
later microbial DNA extraction.
This study was performed in accordance with the
protocols of China’s National Regulations for the
Administration of Aﬀairs Concerning Experimental
Animals (approved by the State Council on October
31, 1988 and promulgated by Decree No. 2 of the
State Science and Technology Commission on
November 14, 1988). All experiments and procedures
involving animals were performed strictly according
to international guidelines concerning the care and
treatment of experimental animals (Wolfensohn and
Lloyd, 2008).
2.2 Genomic DNA extraction and high-throughput
sequencing
Genomic DNA was extracted from the hindgut
contents of Atlantic salmon as described by Ni et al.
(2012) with some modiﬁcations. In brief, hindgut
content sample homogenates were heated in a water
bath with lysozyme at 37°C for 1 h, incubated
overnight, and added to 1 200-μL lysis buﬀer
(0.1 mg/mL proteinase K, 10 mmol/L Tris-HCL,
0.5% SDS, 100 mmol/L EDTA, and 0.005 mg/mL
RNase A) at 55°C for 14 h. Genomic DNA was
extracted using a standard phenol/chloroform method
(phenol: chloroform: isoamyl alcohol, 25:24:1, v:v:v),
precipitated with a double volume of ethanol and onetenth volume of 3 mol/L NaCl, and rinsed with 70%
ethanol. The crude extracted DNA product was
puriﬁed with the TIANgel Maxi Puriﬁcation Kit
(Tiangen Biotech, Co. Ltd., Beijing, China) and
stored at -20°C. The 1.2-μm and 0.22-μm ﬁlters
previously applied to collect microorganisms were
used to extract DNA with the E.Z.N.A.® Water DNA
Kit (Omega Bio-Tek, Norcross GA, USA) individually
according to the manufacturer’s instructions. The
DNA extracted from the two ﬁlters was pooled as a
single sample for analysis.
Deep sequencing of the 16S rRNA gene amplicons
was performed using the Illumina MiSeq paired-end
sequencing platform at Guangzhou Jingge
Biotechnology Co. Ltd. (Guangzhou, China). Brieﬂy,
the
universal
primers
515F
(5′-GTGCCAGCMGCCGCGGTAA-3′) and 909R
(5′-CCCCGYCAATTCMTTTRAGT-3′) with a
unique 12-nt barcode were used to amplify the V4–
V5 hypervariable region of 16S rRNA gene for highthroughput sequencing with the Miseq sequencer
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(Caporaso et al., 2010). The PCR mixture (25-L)
contained 1×PCR buﬀer, 1.5 mmol/L MgCl2,
0.4 mol/L of each deoxynucleoside triphosphate,
1.0 mol/L of each primer, 0.5 U of Ex Taq (TaKaRa,
Dalian, China), and 10-ng genomic DNA. The PCR
ampliﬁcation program included initial denaturation at
94°C for 3 min, followed by 30 cycles of 94°C for
40 s, 56°C for 60 s, 72°C for 60 s, and a ﬁnal extension
at 72°C for 10 min. Two PCR reactions for each
sample were conducted and combined after PCR
ampliﬁcation. The PCR products were subjected to
1.0% agarose gel electrophoresis. The target band
was excised and puriﬁed using the SanPrep DNA Gel
Extraction Kit (cat# SK8132; Sangon Biotech,
Shanghai, China) and quantiﬁed with a Nanodrop
spectrophotometer (Nanodrop Technologies Inc.,
Wilmington, DE, USA). All samples were pooled in
equimolar quantities. The sequencing samples were
prepared using the TruSeq DNA kit according to
manufacturer’s instructions. The puriﬁed library was
diluted, denatured, re-diluted, mixed with PhiX (equal
to 30% of ﬁnal DNA amount), as described in the
Illumina library preparation protocols, and applied to
an Illumina Miseq system for sequencing with the
Reagent Kit v2 (Illumina, San Diego, CA, USA) as
described in the manufacturer’s manual.
2.3 Statistical analysis
The sequence data were processed using QIIME
Pipeline 1.7.0 (Caporaso et al., 2010). All sequence
reads were trimmed and assigned to each sample
based on their barcodes. The high-quality sequences
(length>300 bp, without ambiguous base ‘N’, and
mean base quality score>30) were used for the
downstream analysis. The aligned 16S rRNA gene
sequences were used for the chimera check in the
Uchime algorithm (Edgar et al., 2011), and the
chimera sequences were removed without further
analysis. Sequences whose chimera sequences were
removed were clustered into operational taxonomic
units (OTUs) at a 97% identity threshold. Random
resampling was conducted with QIIME Pipeline
1.7.0. Representative sequences of each OTU were
used for taxonomic assignments by referencing the
Ribosomal Database Project (RDP) classiﬁer (Cole,
2003) and the Greengenes database (DeSantis et al.,
2006). The OTU composition data were further
analyzed statistically. Community alpha-diversity
indices were calculated to compare the bacterial
communities in each sample. A clustering analysis
was performed based on the community structure.
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Table 2 Sequencing depth and taxonomic distribution of
each sample
Sample name

Numbers
of reads

Numbers
of OTUs

Numbers
of phyla

Numbers
of genera

H1

29 855

4 450

35

550

H2

47 344

6 293

30

504

H3

8 752

2 392

42

D1

32 115

1 939

D2

7 117

2 207
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Table 3 Analysis of intestinal microbial diversity and
Good’s coverage of unhealthy and healthy Atlantic
salmon (mean±SD)
Index

Unhealthy ﬁsh Healthy ﬁsh Student’s t-test P value

Chao1

10 715.18±
7 338.23

7 693.61±
2 977.04

0.065

498

Shannon-Wiener

5.37±2.95

7.25±0.20

0.020

27

294

Simpson

0.69±0.34

0.94±0.03

0.022

39

504

Good’s coverage

0.79±0.12

0.81±0.05

0.084

D3

13 859

4 000

44

672

D-F

8 166

3 719

43

586

D-W

10 118

4 594

49

626

H1–H3: three healthy Atlantic salmon; D1–D3: three unhealthy Atlantic
salmon; D–F: bioﬁlter in the tank of unhealthy ﬁsh; D–W: water in the tank
of unhealthy ﬁsh.

Principal coordinates analysis (PCoA) was conducted
based on community structural characteristics. All
statistical analyses were accomplished with R package
vegan (R Foundation for Statistical Computing,
Vienna, Austria), QIIME Pipeline 1.7.0, and SPSS
13.0 for Microsoft Windows (SPSS Inc., Chicago, IL,
USA). A P value<0.05 was considered signiﬁcant.

3 RESULT
3.1 Sequence data and microbial diversity analysis
In total, 157 326 high-quality 16S rRNA gene
sequence reads and 24 439 OTUs were obtained from
eight samples using the MiSeq Illumina sequencing
platform. These OTUs were assigned to 62 diﬀerent
taxa. Each of the eight samples contained 7 117–
47 344 reads and 1 939–6 293 OTUs (Table 2). The
mean numbers of OTUs were 2 715.33±1 120.56
(unhealthy ﬁsh), 4 378.33±1 951.49 (healthy ﬁsh),
4 594 (ambient water sample from the unhealthy ﬁsh),
and 3 719 (bioﬁlter sample). No diﬀerences were
found in the numbers of reads or OTUs between the
unhealthy and healthy ﬁsh (P>0.05).
The mean number of OTUs in the unhealthy ﬁsh
was well below that in the healthy ﬁsh. The OTU
rarefaction curves clustered at 97% identity among
the diﬀerent samples. The rarefaction curves tended
to approach the saturation plateau (Fig.S1).
Diversity indices have been used to describe
species composition in a speciﬁc habitat and to
diﬀerentiate among habitats (Peter et al., 2011). The
alpha-diversity index values are shown in Table 3.
The Chao1 estimators were 10 715.18±7 338.23 for
the unhealthy ﬁsh and 7 693.61±2 977.04 for the

P-values in bold are signiﬁcant.

healthy ﬁsh (P>0.05). The Shannon–Wiener index
reﬂects both species richness and evenness (Bik et al.,
2006). The Shannon-Wiener and Simpson indices for
the intestinal microbiota of the healthy ﬁsh were
signiﬁcant higher than that those of the unhealthy ﬁsh
(P<0.05) (Table 3). The Good’s coverage rarefaction
curves tended to approach the saturation plateau (Fig.
S2). These results indicate that the intestinal
microbiota of the healthy Atlantic salmon was much
more diverse than that of unhealthy ﬁsh.
3.2 Microbial composition
The phylogenetic diversity of the bacterial
communities was studied in all samples. The eﬀective
sequence reads were classiﬁed with the RDP classiﬁer
(ver.
2.2,
http://sourceforge.net/projects/rdpclassiﬁer/) and the Greengenes database (http://
greengenes.lbl.gov/cgi-bin/nph-index.cgi). In total,
62 phyla were identiﬁed in the ﬁsh intestines and
water samples, nine of which were dominant (>1% of
mean relative abundance). The 10 most abundant
phyla constituted 98.05% (healthy ﬁsh), 98.07%
(unhealthy ﬁsh), 97.28% (water), and 96.75%
(bioﬁlter) of the total reads. In general, the microbial
composition of the tank water and bioﬁlter samples
was similar, with the dominant phyla Bacteroidetes
(32.98% of total abundance), Proteobacteria
(30.42%), and Firmicutes (10.40%). However, the
dominant phyla in the healthy ﬁsh intestinal samples
were Proteobacteria (44.33%), Actinobacteria
(17.89%), Bacteroidetes (15.25%), and Firmicutes
(9.11%), whereas they were Proteobacteria (70.46%),
Bacteroidetes (7.59%), Firmicutes (7.55%), and
Chloroﬂexi (2.71%) in the unhealthy ﬁsh intestines.
Thus, Proteobacteria was clearly more abundant in
the unhealthy ﬁsh intestinal samples than in the other
samples (Fig.1).
We also investigated the most abundant genera of
bacteria (>1% of mean relative abundance) in the ﬁsh
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100
Synergistetes
Caldiserica

90

Spirochaetes
Nitrospirae

80

Chlamydiae
Armatimonadetes

Relative abundance (%)

70

Verrucomicrobia
Gemmatimonadetes

60

Euryarchaeota
Crenarchaeota

50

Fusobacteria
Acidobacteria

40

Chloroflexi
Planctomycetes

30

Cyanobacteria
Firmicutes

20

Bacteroidetes
Actinobacteria

10

Proteobacteria
Unclassified

0
H1

H2

H3

D1

D2

D3

D-W

D-F

Sample

Fig.1 Relative abundance in intestinal microbial composition
H1–H3: three healthy Atlantic salmon; D1–D3: three unhealthy Atlantic salmon; D–F: bioﬁlter in the tank of unhealthy ﬁsh; D–W: water in the tank of
unhealthy ﬁsh.

intestines. Eleven bacterial genera in Proteobacteria,
Actinobacteria, and Bacteroidetes found in the
intestines of the unhealthy ﬁsh were very diﬀerent
from those found in the healthy ﬁsh (Table 4).
Members of phylum Proteobacteria, genera of family
Oxalobacteraceae and the genera Sphingomonas
Janthinobacterium, Burkholderia, and Balneimonas
were clearly far more abundant in the healthy ﬁsh
intestines. Of these, genera in the family
Oxalobacteraceae and Micrococcaceae, as well as
Sphingomonas, Streptomyces, Lactococcus, and
Pedobacter were predominant in the healthy ﬁsh
intestines. Streptomyces, genera in the family
Micrococcaceae phylum Actinobacteria, and
Pedobacter in the phylum Bacteroidetes were also
signiﬁcantly strongly represented. In contrast,
Aliivibrio, Vibrio, and genera in the family
Aeromonadaceae of the Proteobacteria were far more
abundant in unhealthy ﬁsh intestines (Table 4).
Genera of the families Aeromonadaceae and
Saprospiraceae and the genera Aliivibrio, Vibrio,
Sporolactobacillus,
and
Clostridium
were
predominant in the unhealthy ﬁsh intestines. No

signiﬁcant diﬀerences were noted in the relative
abundance of Lactococcus, Sporolactobacillus,
Clostridium, Pseudomonas, or genera in the family
Saprospiraceae in the healthy and unhealthy ﬁsh
intestines. Genera of the families Saprospiraceae,
Flavobacteriaceae,
Rhodobacteraceae,
and
Flavobacteriaceae, as well as Sporolactobacillus, and
Clostridium were predominant in the bioﬁlter sample.
Genera
in
the
families
Saprospiraceae,
Flavobacteriaceae, and Rhodobacteraceae, as well as
Polaribacter, Sporolactobacillus, and Clostridium
were predominant in the water sample (data not
shown).
3.3 Main features of the microbial composition in
the ﬁsh intestines
The total number of observed OTUs in the intestinal
samples from healthy ﬁsh (H, see Fig.1 for sample
coding) was 4 514, of which only 78 (1.73%) were
also present in other samples. The predominant phyla
shared by all healthy ﬁsh samples were Planctomycetes,
Firmicutes, Bacteroidetes, and Actinobacteria,
accounting for 38.46%, 23.08%, 14.10%, and 10.26%
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Table 4 Mean relative abundances (in % of sequences per treatment) and standard deviation of the most abundant genera
of bacteria in the intestines of Atlantic salmon
Unhealthy ﬁsh (mean%±SD)

Healthy ﬁsh (mean%±SD)

Student’s t-test P value

Sphingomonas

0.03±0.03

10.42±16.21

0.016

Streptomyces

0.003±0.003

6.66±5.78

0.017

Lactococcus

0.14±0.12

4.68±2.74

0.052

Pedobacter

0.03±0.02

4.17±3.62

0.019

Aliivibrio

22.3±19.0

0.14±0.11

0.019

Vibrio

3.71±3.25

0.16±0.16

0.026

Sporolactobacillus

2.18±1.88

0.85±1.06

0.279

Genus

Clostridium

2.18±1.86

0.78±0.97

0.202

Genus of Aeromonadaceae

28.2±48.5

0.09±0.11

0.016

Genus of Oxalobacteraceae

0.03±0.02

1.37±1.17

0.026

Janthinobacterium

0.08±0.06

2.65±2.18

0.022

Burkholderia

0.04±0.05

1.81±1.58

0.022

Balneimonas

0

1.30±1.12

0.018

Pseudomonas

0.32±0.28

1.26±0.62

0.251

Genus of Micrococcaceae

0.006±0.006

5.41±4.33

0.020

Genus of Saprospiraceae

2.45±2.15

0.62±0.79

0.138

P-values in bold are signiﬁcant.

of total bacteria, respectively (Fig.2a). The H1 and H2
samples shared 420 (9.30%) of their total OTUs with
the H3 sample, which was consistent with the results
of hierarchical clustering and the PCoA. However,
1 065 (H1), 1 084 (H2), and 1 820 (H3) OTUs were
unique to a speciﬁc sample, and together constituted
87.93% of the total OTUs.
A total of 4 612 OTUs were observed in the
unhealthy ﬁsh samples (D, see Fig.1 for sample
coding), of which only 35 (0.76%) were shared with
other samples. The predominant phyla in the shared
OTUs were Proteobacteria (37.14%), Firmicutes
(17.14%), and Bacteroidetes (14.29%). The
predominant common OTUs in the D2 and D3
samples accounted for 402 (8.72%) of all OTUs
(Fig.2b).
3.4 Comparison in bacterial communities
The hierarchical clustering analysis revealed that
the bacterial communities in healthy ﬁsh samples
clustered together and then clustered secondarily with
those of the unhealthy ﬁsh (Fig.S3). As shown by the
weighted and unweighted Unifrac distances in the
PCoA and heat map, ﬁsh samples collected from the
diseased RAS clustered together and separately from
the healthy ﬁsh cluster (Fig.3).
A heat map analysis of the bacterial communities

at the genus level also demonstrated diﬀerent
compositions of the microbial community structures,
and the unhealthy ﬁsh samples clustered together and
separately from the healthy ﬁsh cluster (Fig.4).
The PCoA scores plot revealed that samples from
healthy Atlantic salmon intestines (H1 and H2)
showed unique bacterial communities, except for H3,
which may be attributable to individual diﬀerences.
All healthy ﬁsh intestinal samples grouped on the left
side of the graph along PC1 and accounted for 45.28%
of the total variation (Fig.3a), whereas the unhealthy
ﬁsh samples were clustered together on the right side.
The D1 sample remained separate from the other
samples along PC2, representing 30.24% of the total
variation. Overall, the two PCoA axes explained
75.52% of the total variation among the diﬀerent
communities (Fig.3).

4 DISCUSSION
The intestinal microbiota of ﬁsh plays important
roles regulating the immune response, combating
disease, and suppressing potential pathogens
(Verschuere et al., 2000; Rawls et al., 2004; Ray et al.,
2012). Changes in microbial diversity and abundance
of intestinal bacteria constitute a microbial imbalance,
which has positive and negative eﬀects on the host
ﬁsh (Gómez and Balcázar, 2008; Willing et al., 2011).
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a

Verrucomicrobia 1.28%

Others 1.28%
Crenarchaeota 2.56%
Acidobacteria 1.28%
Actinobacteria 10.26%

Planctomycetes 38.46%
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93
H3

Bacteroidetes 14.10%

342

1820

78
Chloroflexi 1.28%

32
1084

Cyanobacteria 5.13%
Fusobacteria 1.28%
Firmicutes 23.08%

H2

b
D3
Others 14.29%

Actinobacteria 5.71%

1878

Bacteroidetes 14.29%

10
367

521

35

Cyanobacteria 11.43%

19
D1
1782
Proteobacteria 37.14%

D2

Firmicutes 17.14%

Fig.2 Overlap of Venn diagrams showing diﬀerent bacterial communities in the operational taxonomic unit (OTU) samples
(97% similarity) and the taxonomic identities of the OTUs in common at the phylum level
a. healthy ﬁsh samples; b. unhealthy ﬁsh samples.

0.3

0.6
a

b
H3

0.2

D1
0.4

0.1
D2
D3
0

PC2 (22.56%)

PC2 (30.24%)
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-0.1

0.2

0

-0.2
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-0.3
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-0.1
0
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-0.4

-0.3

-0.2

-0.1
0
0.1
PC1 (29.61%)

0.2

HA2
0.3

0.4

Fig.3 Principal coordinates analysis (PCoA) on weighted (a) and unweighted (b) Unifrac distances of the 16S rRNA genes
Sample codes are the same as in Fig.1.
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Fig.4 Heat map of bacterial genera in the ﬁsh intestinal and environmental samples
Sample codes are the same as in Fig.1.
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To understand the relationships between ﬁsh health
status of Atlantic salmon and intestinal microbiota
composition, we studied the community structure of
its intestinal microbiota, which provides a good
window to monitor ﬁsh health. In this study, the
intestinal microbiota of healthy ﬁsh included
Proteobacteria (44.33%), Actinobacteria (17.89%),
Bacteroidetes (15.25%), and Firmicutes (9.11%),
whereas that of unhealthy ﬁsh included Proteobacteria
(70.46%), Bacteroidetes (7.59%), Firmicutes (7.55%),
and Chloroﬂexi (2.71%). Consistent with these
ﬁndings, Proteobacteria is a common dominant
phylum in the intestine of rainbow trout (Kim et al.,
2007), coho salmon (Romero and Navarrete, 2006),
paddleﬁsh, bighead carp (Li et al., 2014), and grass
carp (Ni et al., 2014); therefore, this phylum has been
found in both marine and freshwater ﬁsh species.
Proteobacteria is the dominant phylum in the intestinal
microbiome of Atlantic salmon during the freshwater
and marine phases and is thought to be the bacterial
core set of the intestinal microbiota (Llewellyn et al.,
2015). A relatively stable but varied abundance of
Proteobacteria was found in farmed Atlantic salmon
with diﬀerent health statuses in the present study.
Proteobacteria is also closely related to inﬂammation
(Shin et al., 2015). Approximately one in ﬁve human
patients have a signiﬁcantly altered microbiota during
a Norovirus infection, with loss of diversity and an
increased proportion of Proteobacteria (Nelson et al.,
2012), which is consistent with our results. An
increase in the number of Proteobacteria is a common
feature in infected individuals with an altered
microbiota and can be considered a potential
diagnostic signature of dysbiosis and increased risk
for disease (Nelson et al., 2012; Shin et al., 2015).
The present study is the ﬁrst to examine the diversity
and pathogenic potential of elevated Proteobacteria in
Atlantic salmon infected with A. salmonicida.
Actinobacteria was a common bacterial phylum in
the intestines of healthy Atlantic salmon, occurring in
much greater abundance (17.89%) in healthy than in
unhealthy ﬁsh samples (1.22%). Generally, members
of Actinobacteria are widely distributed in terrestrial
and aquatic ecosystems and are critical for recycling
refractory biomaterials via biodegradation or
decomposition and in the formation of humus
(Goodfellow and Williams, 1983). Actinobacteria is
also a predominant allochthonous microbial taxon in
the intestinal contents of grass carp and rainbow trout
(Han et al., 2010; Navarrete et al., 2010).
Actinobacteria has a well-known capacity to
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biosynthesize secondary metabolites that act as potent
antibiotics against invasive pathogens (Penn et al.,
2009), such as A. hydrophila (Dharmaraj, 2011) and
Vibrio (Velmurugan et al., 2015). Nevertheless, the
relative abundance of Actinobacteria was much lower
in unhealthy Atlantic salmon than that in healthy ﬁsh,
which was probably attributable to the serious
microecological imbalance in intestinal microbiota
caused by the A. salmonicida infection. The
mechanisms and dynamic changes in the
Actinobacteria and intestinal microbiota during
infection require further rigorous research.
Interestingly, several studies have shown that patients
with inﬂammatory bowel diseases show reduced
microbial diversity and abundance of speciﬁc phyla,
such as Bacteroidetes and Firmicutes, together with
increased Proteobacteria, including the family
Enterobacteriaceae (Blumberg and Powrie, 2012;
Reveco et al., 2014). This is consistent with our
ﬁndings, and calls for more investigation on the
causal relationship between inﬂammatory bowel
diseases and changes in the intestinal microbiota in
aquaculture species, particularly ﬁsh.
The dominant phyla in the tank water included
Bacteroidetes (34.53%), Proteobacteria (28.55%),
Firmicutes (9.01%), and Chloroﬂexi (4.83%),
whereas Proteobacteria (32.29%), Bacteroidetes
(31.44%), Firmicutes (11.79%), and Cyanobacteria
(4.41%) were present in the bioﬁlter sample. The
bacterial community structures of the tank water and
bioﬁlter were similar to those in the unhealthy ﬁsh
intestine, which is consistent with the ﬁnding that a
relatively balanced microﬂora was established when
ﬁsh were grown in response to the external
environment (Hansen and Olafsen, 1999; Sullam et
al., 2012). More attention should be paid to the genus
level for an in-depth analysis of speciﬁc groups of
bacteria. Genera in the families Oxalobacteraceae and
Micrococcaceae, as well as Sphingomonas,
Streptomyces, Lactococcus, and Pedobacter were
dominant in the healthy Atlantic salmon, whereas
genera in the families Aeromonadaceae and
Saprospiraceae, as well as Aliivibrio, Vibrio,
Sporolactobacillus, and Clostridium were dominant
in unhealthy ﬁsh, and in much higher abundances
than those in the healthy ﬁsh. Similar to the tank water
sample, the bioﬁlter sample predominantly contained
genera
in
the
families
Saprospiraceae,
Flavobacteriaceae,
Rhodobacteraceae,
and
Flavobacteriaceae, as well as Polaribacter,
Sporolactobacillus, and Clostridium. Llewellyn et al.
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(2015) reported that Mycoplasmataceae phylotypes
were abundant in the intestine of Atlantic salmon in
the freshwater and marine phases. However, negligible
Mycoplasma was detected in the intestine of healthy
farmed Atlantic salmon in this study and none in the
unhealthy ﬁsh. Sporolactobacillus was pervasive in
the unhealthy Atlantic salmon intestine, and is
believed to be capable of producing d-lactate
eﬃciently and stimulating intestinal development and
digestion (Wang et al., 2011). Members of the Archaea
have been reported in the intestines of animals. At
present, the only archaeal phylotype detected in the
human intestinal microbiota is the methanogenic
archaeon Methanobrevibacter smithii (Gill et al.,
2006). In this study, 22 archaeal phylotypes were
identiﬁed in the healthy ﬁsh intestine, and 15 in
unhealthy ﬁsh. We found Nitrosopumilus,
Methanosarcina, Halococcus, Methanosaetam, and
Methanobrevibacter in both the healthy and unhealthy
ﬁsh intestines, which have been reported in the grass
carp intestine (Ni et al., 2014). These results indicate
greater archaeal diversity in the intestines of farmed
Atlantic salmon than that in the human intestine.
Many studies have focused on the genomes and
community structures of Archaea, but the role played
by Archaea remains poorly understood, and the causes
of variation in archaeal diversity in diﬀerent host
species remain unknown, although the contents of
Archaea may be very small.
Some serious potential pathogens were also
identiﬁed in unhealthy and healthy ﬁsh intestines.
Aliivibrio, Vibrio, and genera in the family
Aeromonadaceae were signiﬁcantly more abundant in
the unhealthy ﬁsh intestine than that in the healthy
ﬁsh (P<0.05) (Table 4). Earlier studies showed that
A. salmonicida and V. salmonicida are the most
serious pathogens in Atlantic salmon aquaculture
(Ewart et al., 2005; Janda and Abbott, 2010). As
opportunistic pathogens, genera in the family
Aeromonadaceae, such as Pseudomonas, Tolumonas,
Flavobacterium, Vibrio, Photobacterium, Aliivibrio,
and Desulfovibrio were detected in the healthy ﬁsh
intestine in this study but in relatively low numbers
(Table 4). Donskey (2004) published some identical
data and proposed that the intestinal tract is a niche
for many opportunistic pathogens. Sphingomonas,
Streptomyces, and Lactococcus were detected in high
abundance in the healthy ﬁsh intestines and have been
described as probiotic bacteria in other animals
(Koskinen et al., 2000; Balcázar et al., 2008; Das et
al., 2010). However, whether they are helpful or
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harmful to Atlantic salmon requires further study.
Understanding the dynamic variations in the relative
abundance of opportunistic pathogens and probiotic
bacteria is important when monitoring ﬁsh health in
aquaculture (Verschuere et al., 2000). Novel
technologies, such as metagenomics, are useful to
describe functional and complex microbial
communities (Round and Mazmanian, 2009). In many
cases, pathogens, such as Vibrio, are opportunistic and
only cause disease when the host is under immune or
physiological stress (Sommer and Bäckhed, 2013).
Frequent infections occur in intensive culture when
adverse environmental conditions are present
(Defoirdt et al., 2007). The relationship between the
health status of ﬁsh and the opportunistic pathogens
in the ﬁsh intestine must be clariﬁed.
Microbial communities are highly diverse in
diﬀerent species and are often refractory to the
techniques used to measure their diversity (Hughes et
al., 2001). Several indices, including the Shannon,
Chao1, and Simpson indices have been used to assess
diﬀerent aspects of community assemblages,
including species richness, evenness, and abundance.
Our results show that the Shannon-Wiener diversity
and Simpson indices of the intestinal microbiota were
signiﬁcantly lower in unhealthy Atlantic salmon
(P<0.05) than those in healthy ﬁsh. Several studies
have reported that the intestinal bacterial population
can be aﬀected in ﬁsh suﬀering diet-induced enteritis,
regardless of bacterial diversity (Bakke-McKellep et
al., 2007; Desai et al., 2012; Reveco et al., 2014).
Severe enteritis was detected in the unhealthy Atlantic
salmon in the present study, and bacterial diversity
was signiﬁcantly reduced in the intestinal samples
from these ﬁsh, which is consistent with a previous
study (Reveco et al., 2014). The maintenance of a
healthy state in ﬁsh is complex and requires a delicate
balance between the host and the indigenous
microbiota. A reduction in microbial diversity will
reduce the set of ecosystem processes available, such
as a reduced capacity to digest a diverse diet, causing
lower energy levels and reduced resistance to
pathogens by the host (Giongo et al., 2011). Ecological
theory predicts that diverse communities are better
able to resist invasion by exotic species than simple
communities (Levine and D’Antonio, 1999). A highly
diverse intestinal microbiota contributes to the
maintenance of healthy Atlantic salmon. The
relationship between ﬁsh health and intestinal
bacterial diversity indices has been demonstrated in
the present study but requires further research.
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5 CONCLUSION
In this study, we found that the intestinal microbiota
of healthy and unhealthy farmed Atlantic salmon
diﬀered. Signiﬁcantly higher bacterial diversity was
observed in the healthy ﬁsh intestine than that in the
unhealthy ﬁsh intestine. Some opportunistic
pathogens were signiﬁcantly more abundant in the
unhealthy ﬁsh intestine, whereas the healthy ﬁsh
intestine hosted signiﬁcantly more probiotic bacteria.
These results provide information for the early
detection of infectious diseases in cultured ﬁsh
species.
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