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Abstract

Although increasing levels of attention have been targeted towards aquaculture-associated bacteria, the bacterial community of
animal intestines and its relationship with the aquaculture environment need to be further investigated. In this study, we used
high-throughput sequencing to analyze the bacterial community of pond water, sediment, and the intestines of diseased and
healthy animals. Our data showed that Proteobacteria, Firmicutes, Cyanobacteria, and Bacteroidetes were the dominant taxa of
bacteria across all samples and accounted for more than 90% of the total sequence. Difference analysis and Venn diagrams
showed that most of the intestinal bacterial OTUs (operational taxonomic units) of diseased and healthy animals were the same as
those of sediment and water, indicating that the aquaculture environment was the main source of intestinal bacteria. Compared
with healthy animals, a considerable reduction of OTUs was evident in diseased animals. Welch’s ¢ test showed that the dominant
bacterial taxa in sediment, water, and animal intestine were significantly different (p < 0.05) and each had its own unique
dominant microorganisms. In addition, differences between the intestinal bacteria of healthy and diseased animals were repre-
sented by potential probiotics and pathogens, such as Bacillus, Vibrio, Oceanobacillus, and Lactococcus. Principal component
analysis (PcoA) showed that a similar environment shaped a similar microbial structure. There was a large difference in the
spectrum of intestinal bacteria in diseased animals; furthermore, the spectrum of intestinal bacteria in diseased animals was very
different from the environment than in healthy animals. This study provides a theoretical basis for a relationship between the
intestinal bacteria of healthy and diseased animals and the environment and provides guidance for environmental regulation and
disease prevention in aquaculture areas.
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Microorganisms play an important role in the circulation of
materials and energy flow in aquaculture ecosystems
(Moriarty 1997). Microorganisms can produce many different
types of enzymes which can decompose residual bait, animal
feces, along with a variety of both organic and nitrogen pol-
lutants in the aquaculture environment (Chrost 1990; Moriarty
1997; Rurangwa and Verdegem 2015; Zhou et al. 2009). In
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addition, microorganisms can inhibit the growth of harmful
algae and aquatic pathogens (Balcazar et al. 2006; Zhou et al.
2009). However, the proliferation of opportunistic pathogenic
bacteria will inevitably lead to animal disease. Furthermore,
the proliferation of such microorganisms will consume a large
amount of oxygen in the water, thus resulting in a deterioration
in the water quality (De Schryver and Vadstein 2014; Moriarty
1997; Rurangwa and Verdegem 2015).
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Studies have shown that the microorganisms of animal in-
testines are mainly affected by environment in which the an-
imal resides (Chaiyapechara et al. 2012; Rungrassamee et al.
2014; Sun et al. 2019; Wang et al. 2014). For example, a
previous study demonstrated that water, sediment, and animal
intestines have their own unique microbial composition due to
the specificity of their habitat environment (Sun et al. 2019).
Recent studies have carried out surveys of the bacteria asso-
ciated with animal intestines (Chaiyapechara et al. 2012;
Rungrassamee et al. 2014; Sun et al. 2019) and revealed the
selective pressure of the intestinal environment on the bacte-
rial community. In animal hosts, intestinal bacteria are known
to play a key role in maintaining the balance and resistance of
animals to pathogens; due to mucosal protection, this may
lead to increased resistance to colonization (De Schryver and
Vadstein 2014). When normal intestinal microflora is
destroyed, the host may be sensitive to invading pathogens.
A change in the structure of the microbial community reflects
the overall health status of an aquaculture ecosystem
(LoGiudice et al. 2003; Xiong et al. 2015). The existence of
dominant taxa is very important for the stability of system
structure and function. For a biological system to be metabol-
ically efficient, it requires an appropriate biological structure
and function; if not, the system may influence or restrict its
own development. Therefore, studying microbial community
structure in the aquaculture ecosystem is a useful way with
which to monitor the operation and provide information to
facilitate the artificial regulation of microecological balance.

Although there have been many reports relating to the re-
lationship between the aquaculture environment and the intes-
tinal bacteria of cultured animals (Giatsis et al. 2015; Li et al.
2017; Martins et al. 2013; Rungrassamee et al. 2013;
Rungrassamee et al. 2014; Sun et al. 2019; Tang et al. 2014;
Wang et al. 2014; Wu et al. 2012; Xiong et al. 2015), such
articles mainly focused on individual animals or healthy cul-
tured animals. The characteristics of the intestinal bacteria of
diseased animals and their relationship with healthy animals
and the culture environment are still unclear. In this study,
high-throughput sequencing was used to explore the bacterial
community in the water, sediment, and intestines of healthy
animals and diseased animals. We also investigated the influ-
ence of microbes present in the environment and bacteria
present in the intestines of cultured animals. This study pro-
vides a theoretical scientific basis for the transmission of path-
ogenic bacteria and disease control in aquaculture.

Materials and methods
Sampling procedure

In August 2017, we collected samples from the Dengfeng
mariculture area in Putian, China. The mean water depth of
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the ponds in this area was 1 m. Water samples (1000 mL) were
collected, from the ponds, without disturbance, using a glass
water hydrophore. Each sample was then filtered using a poly-
carbonate membrane (EMD Millipore, USA) with a pore size
of 0.22 um; the membrane was placed in a 1.5-mL sterile
centrifuge tube. Sediment samples were collected using a core
sampler. Once collected, each sediment sample (0—4 cm) was
placed in a 1.5-mL sterile centrifuge tube. Shrimp (n = 16),
crab (n = 16), and clam (n = 16) were collected from different
ponds; further details are shown in Table S1. We then separated
and removed the intestines from each animal using a conven-
tional aseptic method. Following dissection, the contents of the
intestines were collected gently with sterile tweezers and then
placed in a sterilized 1.5-mL centrifuge tube. All samples were
then stored in liquid nitrogen to await DNA extraction.

DNA extraction and sequencing by Illumina MiSeq
platform

Total DNA was extracted from the water filter membranes, sed-
iment, and intestinal samples using a Soil DNA Extraction Kit in
accordance with the manufacturer’s instructions (OMEGA,
USA). The v3 and v4 regions of 16S rRNA were amplified by
polymerase chain reaction (PCR) using the following primers: '
CCTACGGRRBGCASCAGKVRVGAAT' (forward) and '
GGACTACNVGGGTWTCTAATCC' (reverse), which were
designed by GENEWIZ, Inc. (Suzhou, China). PCR was carried
out in a total of 25 uL, containing 4 pl of 5x FastPfu buffer, 2
pL of 2.5 mmol/L dNTPs, 0.5 uL of 5 U/uL FastPfu polymer-
ase, 1.0 uL of primer (5.0 umol/L), and 10 ng DNA templates.
The conditions for PCR were as follows: 30 cycles; 95 °C 3 min;
95°C 30 s, 55°C 30s, 72 °C 45 s; 72 °C 10 min. Different
Barcodes were used on both ends of the forward primer and
reverse primer to distinguish between different samples. The
amplified products were subsequently purified by beads.
Sequencing was performed using a 2 x 250 paired-end (PE)
configuration and image analysis. Base calling was carried out
using MiSeq Control Software on the MiSeq instrument. All of
the sequences generated can be downloaded from the NCBI
Sequence Read Archive Database using the accession number
PRINAS542997.

Data analysis

The 16S rRNA data analysis was carried out using the QIIME
data analysis package. The forward and reverse reads were
joined and assigned to samples based on barcode and then
truncated by removing the barcode and primer sequence.
Quality filtering was performed on joined sequences, and se-
quences which were < 200 bp in length, showed ambiguous
bases, or had a mean quality score > 20 were discarded. Then,
the sequences were compared with the reference database
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(RDP Gold database) using the UCHIME algorithm to detect
chimeric sequences, which were then removed.

Finally, the compiled sequences were analyzed in detail.
Sequences were first grouped into operational taxonomic units
(OTUs) using the clustering program VSEARCH (1.9.6)
against the Silva 119 database pre-clustered at 97% sequence
identity. The Ribosomal Database Program (RDP) classifier
was used to assign a taxonomic category to all OTUs at a
confidence threshold of 0.8. The RDP classifier uses the
Silva 119 database which has taxonomic categories predicted
to the genus level. Alpha diversity indices were then calculat-
ed in QIIME from rarefied samples; these were subsequently
used to determine the Shannon index and the Chaol index.
Beta diversity was calculated using weighted and unweighted
UniFrac and principal coordinate analysis (PCoA) performed.
A two-sided Welch’s ¢ test (p < 0.05) was used to determine if
there were statistically significant differences in the bacterial
communities present in water, sediment, and intestinal
samples.
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Fig. 1 Analysis of the significance of difference in OTUs from intestinal,
water, and sediment samples (¢ test, p < 0.05). a Diseased animals vs
healthy animals; b diseased animals vs sediment; ¢ diseased animals vs
water; d healthy animals vs sediment; e healthy animals vs water; f water
vs sediment. Water samples (SHH00, SHHO08, SHH33, SHH34, STF106,
STF308, STHO000, and SYM26), Sediment samples (NHHO08, NHH33,

Results
High-throughput sequencing analysis

[lumina MiSeq sequencing determined a total of 1,868,084
sequences in 23 samples (sediment, water, healthy, and dis-
eased animals); 756 OTUs were observed at the 97% similar-
ity level. Bacterial diversity index was highest in sediments
(4.197 £ 0.354); this was followed by the water body (4.0775
+ (0.253). The intestinal bacterial diversity index of diseased
animals (1.426 + 0.448) was higher than that in healthy ani-
mals (1.136 + 0.280).

Figure 1 shows significant differences between OTUs in
different samples (z test, p < 0.05). Compared with diseased
animals, the relative abundance of OTUs in the intestines of
healthy animals (18 OTUs), water (232 OTUs), and sedi-
ment (270 OTUs) was significantly higher. In addition, only
one OTU in the intestines of healthy animals, water, and
sediment showed a significant reduction compared with
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NHH34, NTF106, and NTF308), Mercenaria mercenaria Linnaeus
(GTF308), Portunus trituberculatus (CHH33, CTF308, CYM10, and
CYM20), Scylla serrata (CYM19), Penaeus vannamei (XTF308,
XHH33, XHH34, and XTF106); diseased animals (XHH33, XTF106,
CH33, and CYM20) and healthy animals (XTF308, GTF308, XHH34,
CTF308, CYM10, and CYM19)
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diseased animals. Compared with the intestine of healthy
animals, the abundance of 225 OTUs in water increased
significantly while 20 OTUs decreased; the abundance of
262 OTUs increased in sediment while 17 OTUs decreased
significantly.

Bacterial community in sediment, water, and animal
intestine

Figure 2 a and b show the OTU distribution of 23 samples,
including 621 sediment OTUs, 637 water OTUs, 209 intesti-
nal OTUs from healthy animal, and 79 intestinal OTUs from
the diseased animals. A Venn diagram showed that there were
57 OTUs that were common to all sediment samples, water
samples, and animal intestines. Only five unique OTUs for
intestinal bacteria were found in healthy and diseased animals;
110 unique OTUs were found in water samples, and 101
unique OTUs were found in sediment samples.

By annotating information related to the bacterial taxa of
samples, we were able to compare the abundance of bacterial
taxa between different samples. Proteobacteria, Firmicutes,
Cyanobacteria, and Bacteroidetes accounted for the majority

Atinobacteria

Bacteroidetes 0.00

104
Cyanobacteria

Firmicutes

Alphaproteobacteria

SRNRERaacieateass

Deltaproteobacteria

| Epsilonproteobacteria
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Fig. 2 Analysis of the bacterial community structure in intestinal, water,
and sediment samples. a Bacterial OTU distribution characteristics and
the classification of intestinal, sediment, and water samples. b Venn
diagram analysis of OTU numbers in intestinal, sediment, and water
samples. ¢, d Distribution characteristics of dominant microbial taxa in
intestinal, water, and sediment samples at the phylum and genus level.
Water samples (SHH00, SHHOS, SHH33, SHH34, STF106, STF308,

@ Springer

of OTUs and accounted for more than 90% of the total se-
quence. Figure 2 ¢ and d show the dominant bacterial compo-
sition of each sample in terms of phylum and genus classifi-
cation. The dominant taxa of diseased animals included
Proteobacteria (0.676 + 0.250), Firmicutes (0.207 + 0.187),
and Fusobacteria (0.098 + 0.081). Firmicutes (0.884 +
0.101), Proteobacteria (0.086 + 0.105), and Bacteroidetes
(0.035 £ 0.010) were the dominant taxa of the intestinal bac-
teria in healthy animals. The dominant taxa of water samples
were Proteobacteria (0.379 + 0.075), Bacteroidetes (0.198 +
0.043), Cyanobacteria (0.276 £ 0.111), Firmicutes (0.046 +
0.040), and Actinobacteria (0.080 + 0.026).

Different types of samples showed specific bacterial genera
and taxa. The dominant genera (> 2%) in diseased animal
samples (shrimp and crab) were Vibrio (0.383 £ 0.193),
Photobacterium (0.264 + 0.325), Bacillus (0.172 + 0.174),
Fusibacter (0.010 £ 0.020), Desulfovibrio (0.060 + 0.012),
and Oceanobacillus (0.016 = 0.016). The dominant genera
(> 2%) in healthy animal samples were Bacillus (0.774 +
0.091), Oceanobacillus (0.071 + 0.008), and Lactococcus
(0.029 + 0.004); Photobacterium and Vibrio were mainly de-
tected in XHH34 and XTF308. The dominant genera of water

STHO000, and SYM26), sediment samples (NHHOS, NHH33, NHH34,
NTF106, and NTF308), Mercenaria mercenaria Linnaeus (GTF308),
Portunus trituberculatus (CHH33, CTF308, CYMI10, and CYM20),
Scylla serrata (CYM19), Penaeus vannamei (XTF308, XHH33,
XHH34, and XTF106); diseased animals (XHH33, XTF106, CH33,
and CYM20) and healthy animals (XTF308, GTF308, XHH34,
CTF308, CYM10, and CYM19)
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samples (> 2%) were Bacillus (0.040 +0.035), Synechococcus
(0.056 + 0.042), Candidatus Pelagibacter (0.063 + 0.028),
Prochlorococcus (0.093 + 0.058), Owenweeksia (0.039 +
0.030), NS5 marine group (0.038 £+ 0.021), and Candidatus
Actinomarina (0.024 +0.012). The dominant genera (>2%) in
sediment samples were Bacillus (0.302 + 0.088), Sva0081
(0.032 + 0.008), Oceanobacillus (0.029 + 0.008),
Desulfobulbus (0.047 £ 0.060), and Marinicella (0.029 +
0.004).

STAMP software was used to further identify orthologs
showing significant differences (Welch’s ¢ test, p < 0.05) in
relative abundance samples using analysis of variance
(ANOVA) and Tukey-Kramer post hoc tests. As shown in
Fig. 3, sediment, water, and animal intestine showed enrich-
ment of their respective dominant microbial taxa, particularly
the intestines of healthy and diseased animals. Most of the
dominant bacterial taxa showed high abundance in one type
of sample but low abundance in the other two types of sample.

Significant differences were detected in relative abundance
of Bacillus, Vibrio, Oceanobacillus, and Lactococcus when
compared between the intestinal bacteria of healthy and dis-
eased animals. Significant differences were also detected in
relative abundance of Bacillus, Sva0081, Oceanobacillus,
Vibrio, and Marinicella when compared between the intestinal
bacteria of diseased animals and sediment. We also observed
significant differences in bacterial genera when compared be-
tween the intestinal bacteria of diseased animals and water,
including Synechococcus, Candidatus Pelagibacter,
Prochlorococcus, Owenweeksia, NS5 marine group,
Candidatus Actinomarina, and Vibrio. Our analysis also de-
tected significant differences in Bacillus, Sva0081, and
Oceanobacillus when compared between the intestinal bacte-
ria of healthy animals and sediment. Significant differences
were detected in Synechococcus, Candidatus Pelagibacter,
Prochlorococcus, Bacillus, and Oceanobacillus between the
intestinal bacteria of healthy animals and water. Finally, sig-
nificant differences were detected in bacterial when compared
between water and sediment, including Marinicella,
Candidatus Pelagibacter, Owenweeksia, NS5 marine group,
Synechococcus, Prochlorococcus, and Bacillus.

PCoA analysis of the bacterial communities
in different types of samples

PCoA was used to examine differences in the bacterial com-
munities of the 23 samples. Outputs from the PCoA analysis
are shown in Fig. 4. Sediment, water, and intestine samples
clustered separately with large distances between each cluster.
Sediment samples showed the highest similarity and the
shortest distance. We also observed high similarity between
water samples. However, we observed large differences for
the intestine of diseased animals. Generally, samples of the
same type were clustered together, thus reflecting the fact that

bacterial characteristics changed with sample type. However,
we also observed that the intestinal bacteria of healthy animals
were similar to the bacteria found in sediment samples; in
contrast, the intestinal bacteria of diseased animals were very
different than sediment and water samples.

Discussion

Investigating and comparing the bacterial community be-
tween animal intestine and the environment is essential in
understanding how the intestinal microflora is formed and
how they can affect the host. This study analyzed the compo-
sition of intestinal bacteria in aquaculture areas and cultured
animals. We then determined and compared the characteristics
of the bacterial community in different samples.

Specific bacterial communities in animal intestine,
water, and sediment

This study showed that different habitats shaped specific mi-
crobial community structures, especially in the intestines of
healthy and diseased animals; this was the case at both the
OTU and taxonomic levels. Previous studies showed that the
dominant microbial taxa differed significantly when com-
pared between sediment, water, and intestine samples and that
each of these environments has unique dominant microbial
taxa that are closely related to their habitats (Sun et al. 2019;
Wang et al. 2014). Most of the intestinal bacterial OTUs are
the same as their habitat (water and sediment), which indicates
that the environment is the most important source of intestinal
bacteria; this was the case irrespective of whether the tissue
was acquired from healthy or diseased animals. This indicated
that microorganisms had successfully been transferred from
the culture environment to the animal intestine, thus indicating
the niche and ecological adaptability of aquatic microorgan-
isms in the intestine. However, we observed significant differ-
ences in OTU types and abundance when compared between
healthy and diseased animals. Compared with healthy ani-
mals, the number of bacterial OTUs in the intestine of dis-
eased animals was significantly decreased; however, the abun-
dance of some individual OTUs increased significantly, thus
indicating that the intestinal bacteria of diseased animals were
imbalanced.

PCoA analysis further showed that the intestinal microbial
structure of healthy animals was similar to that of sediment,
while the intestinal bacterial community of diseased animals
was very different from that of the culture environment, thus
indicating that the intestinal microbial community of diseased
animals was affected less by the environment. Previous stud-
ies have shown that the specificity of microbial populations in
the host intestine is regulated by selective pressures on the
host’s intestinal habitat and genotype (Leser and Mgelbak
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Fig. 3 STAMP analysis (Welch’s ¢ test, p < 0.05) of significant differences of the dominant taxa in different types of samples
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Fig. 4 PCoA analysis of bacterial
community structure in

different environments. Water
samples (SHH00, SHHOS,
SHH33, SHH34, STF106,
STF308, STH000, and SYM26),
sediment samples (NHHOS,
NHH33, NHH34, NTF106, and
NTF308), Mercenaria
mercenaria Linnaeus (GTF308),
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2009; Rungrassamee et al. 2014). With regards to diseased
animals, the invasion and proliferation of pathogenic bacteria
are most likely to be responsible for the imbalance in intestinal
microorganisms. When pathogens invade an animal’s body
and multiply in large numbers, it is likely that these pathogens
will play a leading role in shaping the intestinal microorgan-
isms which become less affected by the external environment;
consequently, it is difficult to restore the health of animals
from changes in the external environment.

Distinct bacterial taxa in the intestines of healthy
and diseased animals

This study showed that the dominant bacterial taxa in the in-
testine of diseased animals were completely different from
those of healthy animals. Vibrio and Photobacterium were
the most obvious potential pathogens in diseased animals,
while probiotics such as Bacillus, Oceanobacillus, and
Lactococcus were dominant in healthy animals. Compared
with water and sediment samples, Vibrio was not the dominant
microbial species in the environment, but was clearly enriched
in the intestine of diseased animals. This study showed that
Vibrio and Photobacterium were the main pathogens of shrimp
and crab. A NCBI blast search showed that these sequences
were 100% similarity to the pathogens Vibrio harveyi and
Photobacterium damselae (Fig. S1). This study suggested that
Vibrio can cause changes in the intestinal bacterial community
of diseased animals. The intestinal mucus of animals is an
excellent medium for the recovery from starvation and the

-C‘ 2 0.0 072 0?4
PCO1(46.57%)

proliferation of Vibrio (Garcia et al. 1997; Millet et al. 2014).
The invasion of this pathogen could subsequently change the
composition of the intestinal microbiota and induce innate im-
mune responses in the intestine (Yang et al. 2017). Vibrio
causes significant changes in the functional genes involved in
various physical, chemical, and immunological intestinal bar-
rier functions (Qi et al. 2017); furthermore, Vibrio can also
exert effect on the morphology of intestinal epithelial cells
(Qi et al. 2017). However, the mechanisms by which Vibrio
can exert pathogenicity are complex, may include the ability to
attach and form biofilm, quorum sensing, various extracellular
products including protease and hemolysins, lipopolysaccha-
ride, and interaction with bacteriophages and bacteriocin-like
substances (Austin and Zhang 2006). In addition, the presence
of Vibrio can alter patterns of intestinal bacteria; these bacteria
subsequently lose the ability to restore their balance during the
period of exposure to the pathogen (Rungrassamee et al. 2016).
Pathogenic Vibrio can cause significant mortality in the aqua-
culture sector, thus causing significant loss of stock and
revenue.

Our data led us to the conclusion that Bacillus can be used
as a potential probiotic to prevent infection by Vibrio. NCBI
blast searches showed that Bacillus sequences exhibit 100%
similarity with Bacillus cereus and Bacillus pumilus (Fig. S1).
This is consistent with a previous study which showed that
probiotic Bacillus has the potential to inhibit the adherence of
enteropathogens (Mack et al. 1999) and protect animals against
Vibrio infection by stimulating growth, immune, and antioxi-
dant responses (Gobi et al. 2016; Nerstedt et al. 2007). Indeed,
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members of the Bacillus genus have been widely applied in the
control of animal disease (Akhter et al. 2015; Balcazar et al.
2006). Accordingly, a substantial reduction in these species
could lead to pathogen-induced infection. This study provides
significant evidence to support the application of appropriate
probiotics to prevent the imbalance of intestinal microflora and
inhibit potential pathogens in aquaculture ponds.

In conclusion, we demonstrated that the aquaculture envi-
ronment was the main source of bacteria in the intestine of
both healthy and diseased animals. In spite of this, differences
in the intestinal bacterial community between diseased ani-
mals and the culture environment were more obvious than
with healthy animals. We identified dominant bacteria and
potential indicator groups in different habitats (water, sedi-
ment, healthy, and diseased animals) and found that their dis-
tribution characteristics reflected the corresponding habitat.
This study provides a scientific basis from which to formulate
intestinal microbial therapies for health management in
aquaculture.
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