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The gut microbiota plays an important role in animal health and behavior.
In marine fish, the composition of the gut microbiota is affected by many
complex factors, such as diet, species, and regional factors. Since more than
one hundred fish species have been cultured in fish farms along with the
3,324 km coastline of Fujian Province in South China, we chose this region to
study the gut microbiota composition of marine commercial fishes because
sufficient different species, diets, and regional factors were observed. We
investigated the distribution characteristics of the gut microbiota of seven
cultured species (Epinephelus akaara, Epinephelus coioides, Epinephelus
lanceolatus & x Epinephelus fuscoguttatus @, Siganus fuscescens, Pagrus
major, Lateolabrax japonicus, and Acanthopagrus schlegelii) living in the same
aquatic region and one species (E. akaara) living separately in five regions
separated by latitude. The impacts of diet, region, and species factors on
fish gut microbiota were also evaluated. Diversity and multivariate analyses
showed that the patterns of the microbiota were significantly different in
different fish species within the same habitat and E. akaara with five latitude
regions. Mantel analysis showed that AN, SiOz2~, DO, and NO,~ were the
principal factors affecting the microbial community of E. akaara in the five
habitats. Additionally, similar distribution characteristics occurred in different
gut parts of different fishes, with an increasing trend of Proteobacteria and
Vibrionaceae abundance and a decreasing trend of Firmicutes and Bacillaceae
abundance from the foregut to the hindgut. Vibrionaceae was the most
abundant family in the content. This study highlights that a persistent core
microbiota was established in marine commercial fishes spanning multiple
scales. The factors with the greatest effect on fish gut microbiota may be (i)
host genetics and (ii) geographic factors rather than the microbiota in the diet
and water environment. These core microbes regularly colonized from the
foregut to the hindgut, which was driven by their underlying functions, and
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they were well adapted to the gut environment. Moreover, the microbiota in
the content may have contributed more to the gut microbial communities
than previously reported. This study could complement basic data on the
composition of marine commercial fishes and facilitate relatively complete
investigations, which would be beneficial for the healthy and sustainable
development of aquaculture.

marine fish, gut microbiota distribution, diversity, host genetics, geographic factors

Introduction

Gut microbiota have emerged as potent regulators of host
metabolism and immunity (McElhanon et al., 2014; Sonnenburg
and Bickhed, 20165 Schoeler and Caesar, 2019). Most of the core
microbial communities that colonize the gastrointestinal tract
of vertebrates have different habitat characteristics (Zoetendal
et al., 2012; Donaldson et al., 2016; Wen et al., 2019) and
are closely related to many of their host genetics (Shabat
et al., 2016; Kokou et al., 2019; Zeevi et al., 2019). However,
the role of these communities and the interactions between
important factors that constitute these communities, such as
pH, temperature, diet, or host genetics, are not well understood.
This process is also called environmental selection and genetic
selection (Schmidt et al, 2019; Wen et al,, 2019). In general,
spatial transfer and maternal inheritance may further affect
the composition of microbial communities and drive their
distribution patterns (Ghoul and Mitri, 2016; Schulfer et al,
2018). The distribution characteristics of microbes are not only
driven by the needs of microbiota but also inevitably affect the
host health (Rehman et al.,, 2016; Hu et al., 2018), which has
been observed for the microbiota in lower gastrointestinal tract
of human, and they reflect the trends of dominant bacteria with
differences in physiology and function (Donaldson et al,, 2016).

As a classic aquatic species, fish account for more
than half of all vertebrate species. They are not only an
important aspect of biodiversity but also an important source
of human-animal proteins (Lynch et al, 2016). Their gut
microbiota would also affect the overall health of the host
fish (Butt and Volkoff, 2019). However, compared with
terrestrial organisms, fish are continuously exposed to various
microorganisms in the environment. Thus, large variations
have been observed between different studies based on the
challenges of studying fish gut microbiota, which is mainly
associated with the following three points: (1) influence of
genetics and the environment, (2) sufficient availability of
species for examination, and (3) need for better sample
collecting methods and experimental methods (Baker et al,
2014; Gatesoupe et al.,, 2016; Yan et al., 2016; Egerton et al,,
2018; Gang et al., 2018; Butt and Volkoff, 2019). Reports
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have indicated that there are gender differences in the gut
microbiota of the Gasterosteus aculeatus and Perca fluviatilis
(Bolnick et al., 2014). In addition, intraspecies differences in
the composition of gut microbiota between individuals of the
same species may exist in different habitats. For example,
due to different habitats or diets, the bacterial groups in
Oncorhynchus mykiss present significant differences (Navarrete
et al, 2012). Moreover, despite being raised in the same
environment, different bacterial populations were found in
the tested freshwater larvae of Hypophthalmichthys molitrix,
Ctenopharyngodon idella, Aristichthys nobilis, and Megalobrama
amblycephala (Li et al, 2012). Compared with the stable
methods that have been used in terrestrial animals, feasible
methods of studying the fish gut microbiota are still being
developed (Butt and Volkoff, 2019). Although considerable
work has focused on understanding the roles of microbiome
members in different gut locations in the past few years (Egerton
et al,, 2018; Gang et al., 2018; Kokou et al., 2019; Wen et al,,
2019), their common distribution and habitat characteristics
have not yet been understood. All studies are affected by
different fish gut segmentation methods (McDonald et al., 2015;
Gatesoupe et al., 2016; Yan et al., 2016; Egerton et al., 2018;
Gang et al,, 2018; Kokou et al., 2019; Le Doujet et al., 2019),
which may affect the integrity of the fish microbiome. Choosing
complete and sufficient fish gut fragments can fully reveal
the distribution characteristics of gut microbes. Thus, correct
experimental methods and sufficient samples are important for
studying the gut microbiota in marine fish.

Inspired by the challenges of studying fish gut microbiota
associated with the variety of biogeochemical processes in
coastal water (Liu et al,, 2017), we chose Fujian Province as
a special investigation model because it has China’s second
longest coastline and second largest fish mariculture. Many
fish farms are located along with the coastal regions, and they
raise more than one hundred commercial fish species. These
farms are mainly distributed in six nearby cities [Zhangzhou,
Xiamen, Quanzhou (QZ), Putian (PT), Fuzhou (FZ), and
Ningde (ND)] (Ministry of Agriculture and Rural Affairs,
2019). According to statistics, the main commercial fish species
farmed in Fujian Province are seabass, large yellow croaker,

frontiersin.org


https://doi.org/10.3389/fmicb.2022.918191
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/

Sun et al.

grouper, and sea bream, with an annual output of 4,788,249 tons
(Ministry of Agriculture and Rural Affairs, 2019). Moreover,
E. akaara is considered as one of the most popular and
economically valuable grouper species, and it can be cultured
in various locations in Fujian Province (Wang et al,, 2016a).
In this study, seven important fish species [E. akaara (SEa),
E. coioides (Ec), E. lanceolatus & x E. fuscoguttatus @ (EIf),
S. fuscescens (Sf), P. major (Pm), L. japonicus (Lj), and
A. schlegelii (As)] from the same area in Dongshan (DS) of
Zhangzhou, one species [Larimichthys crocea (Lc)] from the
ND coastal cultured areas, one species (E. akaara, Ea) from
five habitats (along the coastline, from DS to ND, include DS,
QZ, PT, FZ, and ND) and four gut fragments (foregut, midgut,
hindgut, and content) were used as a model. We aimed to
determine whether genetic or environmental factors play more
important roles in shaping fish gut microbiota, identifying the
distribution characteristics of the core microbial communities
under multiple habitats, and elucidating the interaction between
microbiota and gut fragments. These studies may complement
the basic information and characteristics of the composition of
gut microbiota in marine commercial fish and further help the
aquaculture industry to improve fish health.

Materials and methods

Experimental design, sample sites, and
sample collection

A total of 108 fishes (9 in each group) and 72 water samples
(0.5 m below the water surface and 9 parallel samples in each
group) were collected in spring (from April 2018 to May 2018)
from 6 sites along the coastline of Fujian Province in China.
The detailed information and location for each site are shown
in Figure 1A and Supplementary Table 2. Seven important
agricultural fish species were obtained from DS city. SEa and
Ec were collected from Tengsheng Breeding company that
cultured in ponds with the same diet, while Elf, As, Pm, Lj,
and Sf (Supplementary Table 1) were collected from a cage
aquaculture company and were cultured in net cages with the
same diet (some farmers would feed the same diet to reduce
costs, and all diets were in line with the reality of aquaculture).
Ea was collected from commercial hatcheries in four habitats
(QZ, PT, FZ, and ND), and Lc was collected from the ND
South China mariculture company and cultured in ponds. One
liter of water was filtered for 16S rRNA sequencing through
polycarbonate membranes with 0.2 mm pores (Millipore, MA,
USA). Another 1 L water was used for physicochemical analysis.
As the focus of our extensive analysis was the distribution of
different microbial species and their potential relationships with
physiological functions, we collected complete and sufficient
gut parts to represent the microbial communities. For this
purpose, we have redefined the gut segmentation methods to
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exclude the stomach and pyloric caeca (Figure 1B). The gut
of each fish was dissected using sterile instruments and evenly
divided into the foregut, midgut, and hindgut. The content of
each section was gently squeezed out and collected together in
a sterile cryotube. After dissection, each sample was ground,
frozen, and stored at —80°C for further analysis. Each gut part
of three parallel individual fish represented a research sample.
The age of the fish was approximately 1 year (about 200 g in
weight). At this stage, all fishes were sexually mature. During the
entire trial, all treatments were performed similarly by the same
trained research technician of the institute. After administering
anesthesia using ethyl 3-aminobenzoate methanesulfonate salt
analytical standard (0.1 g/L, 2 min immerse, MS-222, Sigma-
Aldrich, USA), the fish guts were dissected using sterile
instruments.

Physicochemical factors analyses

Environmental variables, including pH, salinity, WT (water
temperature), and DO (dissolved oxygen) were measured
on site using Combo Water Quality Meter (86031, AZ
Instrument Corp, China). Nutrient samples for NO3~, NO, ™,
AN (ammonia nitrogen) PO43~,and NPOC (particulate organic
carbon) detection after collection were immediately filtered
through 47 mm GF/F filters and then frozen at —20°C. The
samples for SiO32~ detection were filtered through acid-cleaned
0.45-wm pore size acetate cellulose filters and stored at 4°C.
Then, the samples for AN and SiO32~ detection were stored
in a 100-pL CCly solution. Nutrient samples were analyzed
using a four-channel continuous-flow Technicon AA3 Auto-
Analyzer (Bran-Lube GmbH, Germany) (Han et al, 2012).
The copper-cadmium column reduction method was used to
analyze NO3;~ and NO,~ (Dai et al, 2008), while PO4>~
and SiO32~
methods. AN was run with a 722-type spectrophotometer

were measured using typical spectrophotometric

(Xiamen Analytical Instrument Co., China) according to the
indophenol blue spectrophotometric method (Pai et al., 2001).
NPOC (via acid fuming) was determined using a PE-2400
SERIES IICHNS/O analyzer according to the JGOFS protocols
(JGOFS, 1994). For chlorophyll measurement, 0.2-0.5 L water
samples were filtered through 47-mm GF/F and extracted with
100% methanol at 4°C in darkness for 24 h. The extracts
were centrifuged (5,000 g, 10 min), and the supernatant was
scanned from 400 to 700 nm (DU800, Beckman, Fullerton, CA,
USA). The chlorophyll concentrations were calculated using the
previously described method (Porra, 2002).

DNA extraction

The gut and content samples were separately thawed on
ice and homogenized in liquid nitrogen, and ~200 mg of each
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FIGURE 1
Host genetics play more important roles in the evaluation of core microbes of different commercial fish in the same area. (A) Study area and
sampling sites in Fujian Province (from south to north: DS, QZ, PT, FZ, and ND). (B) Spatial structure of the digestive tract of the marine
commercial fish (E. akaara) and our four sampling sites (foregut, midgut, hindgut, and content). (C) Bacterial loads (n = 68) were quantified by
Q-PCR of the 16S ribosomal RNA gene. Differences were assessed by a two-tailed Student's t-test. **p < 0.05; ***p < 0.005; ****p < 0.0005;
and ™p > 0.05. AE, AE-buffer used in DNA extraction; SW, sterile water used in tissue homogenization; DE, DNA extraction controls (empty
bead tubes); F, foregut; M, midgut; H, hindgut; and C, content. (D) UpSet and venn diagrams showing shared or unique OTUs among different
fish species, both in DS and ND. (E) Balloon plot showing the abundance of the core specificity communities across different fish species both
in DS and ND at the genus level. (F) a-Diversity comparison based on the Shannon diversity index, with ANOVA used to determine significant
differences (**p < 0.05; ***p < 0.005; ****p < 0.0005; and "™p > 0.05). The plots are a combination of violin plots, dot plots, and box plots, with
the box plots showing the median and the 25 and 75% quantiles. (G) Cladogram generated from linear discriminant analysis (LDA) effect size
(LEfSe) showing the relationship between taxon (the levels represent, from the inner to outer rings, phylum, class, order, family, and genus).

sample was used to extract the microbial genome. All DNA spectrophotometer (Thermo Scientific, USA) was used to
samples were extracted using QIAamp DNA Stool Mini Kit measure the concentration of DNA in the solution, and then
(Qiagen, Hilden, Germany) according to the manufacturer’s the integrity of the DNA sample was evaluated by 1% agarose
protocol (Eichmiller et al, 2016). In order to ensure the gel electrophoresis, and then the DNA was stored at —20°C for

successful isolation of DNA, a Nanodrop 2000 UV-Vis further analysis.
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16S rRNA real-time Q-PCR

The content and gut parts DNAs were extracted
as described. Q-PCR performed using
SYBR Green master USA) and
primers specific for the 16S rRNA sequence (forward,
5-ACTCCTACGGGAGGCAGCAGT-3/, and reverse, 5'-
ATTACCGCGGCTGCTGGC-3') (Propheter et al., 2017). PCRs
were quantified using standard curves generated from template

analysis was

mix (Thermo Fisher,

controls of the specific primers. The statistical analysis was
performed using a two-tailed Student’s t-test.

16S rRNA sequencing of the gut
microbiome

Sequencing of the PCR-amplified V4 region (Kokou
2019; Wen et 2019) of 16S rRNA was
performed using a MiSeq 2000 Next Generation system
(Illumina) at BGI Genomics Co., Ltd. (Shenzhen, China).
Amplification of the V4 region using the primers 515F
(5'-GTGCCAGCMGCCGCGGTAA-3') 806R  (5'-
GGACTACHVGGGTWTCTAAT-3, reverse primer
contained a different 12 bp index) and the enzyme HotStar

et al, al,,

and
each

Taq (5 U uL™1; Qiagen), was performed under the following
conditions: 94°C for 15 min, followed by 35 cycles of 94°C
for 45 s, 50°C for 60 s, and 72°C for 90 s, as well as a final
elongation step at 72°C for 10 min. The PCR products of each
sample were detected by electrophoresis on 2% agarose gel and
the 380 bp bright main strip was purified by using QIAquick Gel
Extraction Kit (QIAGEN, Germany). Then, the concentrations
of purified PCR products were measured by NanoPhotometer”
Classic Launched (IMPLEN, Germany). After purification and
quantification, the amplicons from each reaction mixture were
mixed in equal amounts based on the concentration, and then
the amplicon libraries were generated.

Sequences data processing

The Quantitative Insights Into Microbial Ecology (v1.8.0)
pipeline (Caporaso et al, 2010) was used for data quality
control (QC) and analysis. In brief, low-quality reads that met
the following criteria were discarded: reads with an average
PHRED score of less than 20, read lengths shorter than 150 bp,
sequence containing unknown bases or primer mismatches, and
mononucleotide repeats exceeding 8 bp. High-quality data were
obtained and overlapped with tags using FLASH software. The
USEARCH (v9.0) (Edgar et al,, 2011) software was used to
cluster the tags into operable taxonomic units (OTUs) using
a 97% identity threshold. Representative sequences of OTUs
were obtained and compared using the Greengene database
(v.13.8) (McDonald et al, 2012) and RDP Classifier (v2.2)
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software for taxonomic annotations. The confidence threshold
was set to 0.5. Due to the variation in sequence depths among
samples, all samples were normalized to the lowest depth by
subsampling (6,000 reads per sample). The OTU abundance
of each sample and the six-level taxonomic classification from
phylum to species were then obtained.

Comparison of gut communities and
bioinformatics analysis

The qualified OTU data were used to calculate a-diversity
metrics of the Shannon index, Chaol, and Observed species
(richness) by using QIIME software package (Caporaso et al,
2010), which were determined by ANOVA with Bonferroni’s
post hoc test using SPSS software (SPSS, Chicago, IL,
USA). Bray-Curtis dissimilarities were produced as p-diversity
measures and then subjected to principal coordinate analysis
(PCoA) with the vegan package and QIIME software package
(Caporaso et al., 2010). The different gut parts were statistically
compared through the similarity analysis (ANOSIM). The
overlap of the microbial communities was determined by
the R values from the ANOSIM, according to the method
from Buttigieg and Ramette (2014), with R > 0.75 indicating
well separated, 0.50 < R < 0.75 indicating separated but
overlapped, 0.25 < R < 0.50 indicating separated but strongly
overlapped, and 0.25 = R indicating barely separated. Principal
components analysis (PCA) was employed to evaluate the
differences in microbial community composition between
herbivorous and carnivorous fish using Bray-Curtis distances
with the vegan packages (Dixon, 2003). The similarity analysis
(PERMANOVA) was performed to examine the differences
among the microbial community composition (Clarke and
Warwick, 1994). The divergence of microbial communities
between carnivorous and herbivorous fishes was determined
by linear discriminant analysis (LDA) effect size (LEfSe),
which is a biomarker discovery and explanation tool for
high-dimensional data (Segata et al., 2011). Microbiota-based
biomarker discoveries were done with LEfSe using the online
galaxy server.! The LDA scores derived from LEfSe analysis
(Segata et al, 2011) were used to show the relationship
between taxon using a cladogram (circular hierarchical tree)
of significantly increased or decreased bacterial taxa in the gut
microbiota between carnivorous and herbivorous fishes. Levels
of the cladogram represent phylum, class, order, family, and
genus from the inner to outer rings. The color codes indicate
the groups, and the letters indicate the taxa that contribute to
the uniqueness of the corresponding groups at an LDA of >2.0.

The co-occurrence network of microbial communities in Ea
with different habitats was constructed. In order to visualize

1 https://huttenhower.sph.harvard.edu/galaxy/
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the associations in the network, we constructed a correlation
matrix by calculating the possible pairwise Spearman’s rank
correlations. A valid co-occurrence was considered to have a
statistically robust correlation between species with Spearman’s
correlation coefficient (r) > 0.6 and the p-value < 0.01
(Jiang et al., 2017a). The nodes in the reconstructed network
represented bacterial taxa (OTUs), and the edges represented the
high and significant correlations between the nodes. To describe
the complex pattern of interrelationships of bacterial OTUs,
the topological characteristics of the networks were calculated
as follows: average path length (APL), graph density, network
diameter, average clustering coeflicient (avgCC), average degree
(avgK), and modularity (M). Network analyses were performed
using the dplyr, vegan, and psych packages in R software (Jiang
et al., 2017a). The correlation networks were visualized using
Gephi software.

Mantel test was performed to detect the correlation between
environmental variables and microbial communities in different
regions using the ggcor R package. Canonical correspondence
analysis (CCA) was also conducted to determine the impact
of environmental factors on the microbial composition of fish
gut in the same region through vegan and ggplot2 packages.
The microbial source tracking (FEAST) (Shenhav et al., 2019)
was applied to predict the sources of the microbial communities
detected in each of the five locations (foregut, midgut, hindgut,
content, and water), based on the code and version at https:
//github.com/cozygene/FEAST/tree/FEAST _beta. Prediction of
the kyoto encyclopedia of genes and genomes (KEGG) pathways
in samples was performed with PICRUSt software (McDonald
et al, 2015). Statistical analysis of metagenomic profiles
(STAMP) were used to recognize the abundance differences of
KEGG pathways among different gut parts (Parks et al., 2014).
Other bioinformatics analyses based on the predicted functions
of the KEGG pathways were consistent with the methods for
OTUs.

All analyses were conducted in R (version 3.5.1, R
Development Core Team) unless otherwise stated.

Results

Host genetics play more important
roles in the evaluation of core
microbes of different commercial fish
in the same area

To identify the distribution characteristics and influence
of genetic and environmental factors on fish gut microbiota,
we first defined four gut parts (foregut, midgut, hindgut, and
content) that can fully reflect the gut microbiome of 108
fish individuals (Figures 1A,B, Supplementary Figure 1, and
Supplementary Table 2, the research design is described in
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section “Material and methods”). To confirm the applicability
of intestinal sampling methods in this study, we measured the
total 16S rRNA gene copy numbers by absolute quantitative
PCR to compare the bacterial loads in the gut segments of
all fishes. The bacterial load trends of the foregut, midgut,
and hindgut were the same (p > 0.05), while the number
of bacteria in the content increased significantly (Figure 1C).
We also compared the bacterial DNA composition of the
gut tissues with negative control specimens, which showed
that the extraction method did not have an effect (Dickson
et al,, 2018). These findings further strengthen the view that
the microbial communities colonized equally along with the
different gut parts, which suggested that one or two gut parts
might not be complete and fully represent the characteristics
and community composition of the fish gut microbiome.
Here, we obtained a total of 12,761,035 quality-filtered
sequences from 108 fishes, with an average of 78,182 reads
(Supplementary Tables 3, 4), and 5,691 OTUs (operational
taxonomic units) were then clustered based on 97% sequence
identity.

Then, we conducted a comparative experiment in which
four gut parts (both foregut, midgut, hindgut, and content) were
sampled together to analyze their core microbes and regarded
them as representative of the entire fish gut microbiome. To
avoid the influence of environmental factors, we defined the
influence of genetic factors on gut microbiome with similar
ecological niches of different fish species, such as SEa, Ec, Elf,
Sf, Pm, Lj, and As in DS, Ea, and Lc in ND. An OTU set
analysis of the gut microbial communities of each fish showed
differences (shared/total: 147/1,741, Figure 1D), and Sf had
the highest specificity. Interestingly, the fishes in the same
genus did not show the same features beyond the abundance
analysis, which may indicate the complex composition of gut
microbes in individual fish species at the species level. Then,
we implemented a previously described method for detecting
stable residents of the microbiome (Schoeler and Caesar, 2019)
to examine these core microbes (relative abundance above 5%)
of farmed fishes, and both family and genus level annotations
could be specifically found in different fish species (Figure 1E,
Supplementary Figures 2, 3). We also found that certain
specific genera of microbes only occurred in one fish species
(Supplementary Figure 4), although presented a relatively
low relative abundance (approximately 0.3%). The divergence
of these fish species in the same habitats suggests that the
microbiota is closely related to host genetics, making them
ideal candidates for studying differences in the core microbiome
between different species. In addition, when we examined
the divergence between different fish families (Figure 1E), we
found that the diversity of Lateolabracidae and Sparidae was
significantly higher than that of Epinephelinae and Sciaenidae
(Figure 1F). The divergence of these fish species in the
same habitats suggest that they are closely related to host
genetics.

frontiersin.org


https://doi.org/10.3389/fmicb.2022.918191
https://github.com/cozygene/FEAST/tree/FEAST_beta
https://github.com/cozygene/FEAST/tree/FEAST_beta
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/

Sun et al.

Siganus fuscescens is one of the most important components
of marine commercial herbivorous fishes (Michael et al,
2013; Nielsen et al.,, 2017) in Fujian Province. The differences
in the microbial composition between carnivorous and
herbivorous fishes with the same diet are an interesting topic
because the diet is one of the strongest influencing factors on
gut microbiota (Shaani et al, 2018). The diversity between
carnivorous and herbivorous fishes was significantly different
(Supplementary Figure 5). The results of the LEfSe analysis
support these results and indicated that the relative abundance
of Rikenellaceae, Desulfovibrionaceae, Campylobacteraceae,
and Spirochaetaceae was higher in herbivorous fishes while the
abundance of Bacillaceae, Streptococcaceae, Enterobacteriaceae,
Mpycoplasmataceae, and Thermaceae was higher in carnivorous
fishes (Figure 1G). We next examined the core microbes
in each fish species at the genus level (relative abundance
above 5%) to identify the preference for host genetics between
carnivorous and herbivorous fishes (Supplementary Figure 6).
Desulfovibrio, Arcobacter, and other were significantly more
abundant in herbivorous fishes, while Vibrio, Photobacterium,
Enterovibrio, Acinetobacter, Klebsiella, Lactococcus, Bacillus,
Clostridium, Geobacillus,

Oceanobacillus, Anoxybacillus,

Pseudomonas, Plesiomonas, Cetobacterium, Fusobacterium,
and Shewanella were relatively more abundant in carnivorous
fishes. Notably, unclassified bacteria (other in Figure 1E)
of Sf at the genus level reflected the complex features and
technical limitations of identifying the microbial communities
in herbivorous fishes. These findings further strengthen the idea
that host selection may play more important roles in enabling
the establishment of microbiota colonization in the guts of fish

with similar cultured environments and the same diet.

Gut microbial communities of the
same marine commercial fish
(Epinephelus akaara) will also be
affected by different habitat factors

Different habitats of the marine environment for wild
fishes may contribute to the establishment of unique microbial
community characteristics, such as distinct life cycles, migration
patterns, and feeding resources (Xia et al., 2014; Jones et al,
2018). These characteristics are especially true for the diversity
of the same fish in different ecotypes. Inspired by this, we
examined whether Ea farmed in five habitats (cultured in
ponds from south to north in Fujian Province) have the same
patterns as wild fish without genetic factors. We found that the
core microbial communities are distinct in Ea from different
habitats at the family level; furthermore, the species richness
and diversity also supported this difference (Figure 2A).
Then, based on the strong and significant correlations, we
explored the bacterial co-occurrence patterns among Ea from
the five habitats using network analysis (Jiang et al., 2017a,b).
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Overall, the ecological networks were markedly different among
the different habitats. In these five networks, the number
of positive correlations was much higher than that of the
negative correlations (number of positive correlations >65%,
Figure 2B and Supplementary Table 5). Significant differences
were observed among the graph density, avgCC, avgK, average
weighted degree, and modularity in these empirical networks.
These results suggested that the composition of the bacterial
communities was obviously different among each habitat,
and the empirical networks had prominent “small-world”
modularity and hierarchy of their topological properties.
Further structural analysis showed that a deterministic pattern
of intrafamily co-occurrence was prevalent in the bacterial
networks. The bacterial OTUs in the dominant families, such
as Gammaproteobacteria, Alphaproteobacteria, Actinobacteria,
Bacilli, and Bacteroidia, tended to co-occur more frequency than
that of other families.

Notably, we found some interesting patterns both at the
family and genus levels along with the coastline (Figures 2C,D).
Weeksellaceae and Carnobacteriaceae were detected in almost all
fish samples, and they showed a downward trend and upward
trend from south to north of Fujian Province along with the
coastline, respectively. At the genus level, both Aliivibrio and
Streptococcus showed an upward trend from south to north.
Although these fishes belong to the same species and were
farmed, these findings further suggested that the core microbes
of cultured Ea are distributed in niches, thereby adapting to the
regional influences.

Habitat filtering by genetic selection
and water environmental factors may
be the major driver shaping the gut
core microbial communities of marine
commercial fish with similar diets

According to the significant differences in the microbial
composition of the same fish in Fujian Province, we expected to
find important factors affecting the gut microbial communities.
Due to the associated well-defined physiological thresholds,
environmental factors and dietary composition limit the range
of activities of most animals (Bates et al, 2013). Inspired
by this, we examined the core microbial communities of the
water environment and forage and the interaction between
environmental factors and gut microbial communities. All the
a-diversity indices of the microbial communities in water were
significantly higher than that of the diversity in the fish gut
(Shannon index, p < 0.05; Figure 3A). However, the core
microbiota of the fish gut, forage, and water environment could
not simply reflect the interaction with high divergence in the
abundance of core microbiota (Supplementary Figures 7, 8).

We next examined whether different environmental factors
of aquaculture water affect the microbial communities, which
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FIGURE 2

Gut microbial communities of the same marine commercial fish (E. akaara) will also be affected by the factors of different habitats.

(A) Divergence of microbial communities among the five habitat groups (DS, QZ, PT, FZ, and ND) of Ea, with the relative abundance, richness,
and Shannon index analysis. Only the dominant microbial family with top 28 of each group are plotted. (B) Networks of co-occurring bacterial
OTUs in Ea from the five habitat groups based on the correlation analysis. The co-occurring networks are colored by class. A red edge indicates
a positive interaction between two individual nodes, while a blue edge indicates a negative interaction. (C) Relative abundance of the specificity
patterns from south to north at the family level. (D) Relative abundance of the specificity patterns from south to north at the genus level.

would indicate the preference of microbes for specific habitats.
The DS microbial community exhibited a significant correlation
with pH, salinity, Si042~, and AN (p < 0.01) (Figure 3B).
The QZ group exhibited a significant correlation with WT,
chlorophyll, and DO (p < 0.01), while PT group exhibited
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a significant correlation with NO3~, DO, Si042~, and TN
(p < 0.01). FZ group showed a significant correlation with
WT, TN, and AN (p < 0.01). It is worth noting that all the
correlations between Ea and different habitats were positive,
which indicated the characteristics of the water environment
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FIGURE 3
Habitat filtering by genetic selection and water environmental factors may be the major driver shaping the gut core microbial communities of
marine commercial fish with similar diets. (A) a-Diversity comparison based on the Shannon diversity index with dot plots and box plots. Each
fish group represents 9 fish individuals mixed by 12 sample individuals, each water group represents 3—-6 samples depending on their
aquaculture environment, **p < 0.05. (B) Environmental drivers of the microbial communities from south to north (Bray—Curtis distance) and
environmental factors were analyzed with Mantel tests. The edge width corresponds to the R-value, and the edge color denotes the statistical
significance. The color gradient indicates Pearson correlation coefficients among the environmental factors indicate no significant correlation
at 0.05 level.

for aquaculture. While the CCA ordination showed that
PO43~, NO3~, and NO,~ were the main interaction factors
of different fish species in similar ecotypes (Supplementary
Figure 9), PO~
in Epinephelinae. These finding further indicated that water

and NO3;~ showed a stronger correlation

environmental factors might be important driving forces in
shaping the microbial communities of marine commercial fish
guts when the fish are fed similar diets.

Common distribution characteristics of
microbial communities in different gut
fragments

After the multidimensional investigation, we sought to

identify the distribution characteristics of gut microbiota in
fish individual. If each part provides different functional
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requirements and conditions and diet, environment, and habitat
filtering functions are established, then the distribution patterns
and characteristics of each part should be revealed. We
compared these four selective forces and their relative effects on
the microbiome composition of different gut parts (Turnbaugh
et al., 2009; Baker et al., 2014; Fetissov, 2017; Egerton et al.,
2018; Gang et al., 2018). Amplicon sequencing showed that the
distribution patterns in different gut parts were significantly
different, as indicated by the increasing and decreasing trends of
Proteobacteria and Firmicutes from the foregut to the hindgut,
respectively, and similar increasing and decreasing trends of
Vibrionaceae and Bacillaceae, which have been confirmed in
most fish species (Figure 4A and Supplementary Figure 10).
Moreover, we found that Proteobacteria (59.2-92.28%) and
Vibrionaceae (37.99-90.7%) were the most abundant strains in
terms of content (Figure 4C and Supplementary Figure 11).
Among the four gut parts, the content showed significantly
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lower diversity and the foregut showed the highest richness
(Figure 4B). A PCoA was then conducted to visualize the
differences in taxon composition among different sites, and
the difference between the midgut and hindgut group was
also greater than that of the foregut group (Figure 4D).
These findings further confirm that the microbial communities
presented characteristic colonization features along the different
gut parts of marine commercial fish.

Microbiome of the content may
originate in the midgut and hindgut

Interestingly, the results in Figure 4 indicated that the
distribution characteristics of bacterial taxa in different gut
parts might highlight the role of gut microbiota. Reports have
indicated that the diazotrophic population colonized in the
hindgut of Amazonian catfish may play important roles in
nitrogen fixation (McDonald et al., 2015), thus indicating the
value of studying whether microbes colonize different gut parts
to perform their specific functions. To track the potential origin
of the microbiome in the gut parts, we examined the possible
sources, including the four gut parts and water environment
(Figure 5). We found that the microbes of the content mainly
originated in the midgut and hindgut, while the microbes in the
foregut mainly originated in the midgut. However, the potential
source of the water environment only fluctuated slightly in the
content and foregut and the proportion was low.

Then, bacterial KEGG pathways were used to preliminarily
predict whether the potential functions of the microbes in
the four gut parts were different (Langille et al, 2013).
Cellular processes and environmental information processing-
related functions, such as cell motility, the abundance was
significantly higher in the content, indicating the higher motility
of microbes in the content (Supplementary Figures 12a,b).
The functional genes related to diseases increased significantly
in the foregut, while the proportion of functional genes
related to metabolism in the midgut and hindgut was higher
(Supplementary Figures 12c-f). These findings suggested that
the normal colonization of the microbial communities might be
driven by the potential functions of different gut parts.

Discussion

In many vertebrates, changes in the gut microbiota have
important impacts on host health (Bickhed et al.,, 2005; Mayer
et al,, 2015; Sharon et al, 2016). Thus, it is meaningful to
compare the gut microbiota compositions of diseased and
healthy groups or beneficial additive groups and then correlate
the findings with clinical markers (Turnbaugh et al., 2009).
However, even in humans, diet, genetic, and environmental
factors have always been important determinants in driving
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intestinal community composition (Fallani et al., 2011; David
et al.,, 2014; McFlhanon et al., 2014; Gomez et al., 2016;
Rinninella et al., 2019). In fish, due to the complexity of marine
habitats, more issues need to be considered to illustrate the
factors that shape the gut microbiota (Egerton et al, 2018).
Because of the rich biological resources in Fujian Province,
which has a coastline of 3,324 km, different survival rates and
meat yields will occur among different fish species cultured in
the same region and the same fish cultured in different regions
(Fujian Provincial Department of Ocean and Fisheries, 2013).
Inspired by the studies on the different genetics of different
fish species, different nutritional and metabolic characteristics,
and different environmental factors of different culture regions,
experimental methods and locations were designed to further
understand the composition of fish gut microbiota and provide
basic information on marine aquaculture in China.

Since the environment and diet composition are considered
the main factors affecting the gut microbial communities
(Donaldson et al., 2016; Egerton et al., 2018; Shaani et al,,
2018), we first established a comparative model with similar
habitat and diet characteristics to evaluate the diversity of the
core microbes of eight marine commercial fish. Although these
fish have different genetic factors, life habits, and metabolic
characteristics, we analyzed the impact of genetic factors on gut
microbiota based on fish that lived in the same cultured region
and were fed the same diet. At the genus and family levels,
the abundance of core microbes in different fish species was
significantly different. These differences could also be found in
different fish families. Moreover, fish living in net cages showed
more unique gut microbial genera (Supplementary Figure 4)
compared with fish living in cement pools, which may indicate
that the complexity of gut microbiota diversity may be achieved
through adapting and buffering the environment to help the
host survive (Butt and Volkoff, 2019). Interestingly, despite
receiving the same diet, a highly complex and variable gut
microbial community was observed in herbivores (Figure 1G).
The proportion of unclassified results at the genus level was
70.87%, which also indicated that the composition was more
complex (Pitt, 1997; Nielsen et al., 2017; Jones et al., 2018).
These findings further demonstrated that the core microbes
may be widely affected by the host genetics of different
fish species with similar diets in the same region, such as
Atlantic salmon (Salmo salar Linnaeus), European seabass
(Dicentrarchus labrax), tilapia (Oreochromis mossambicus), and
perch (Perca fluviatilis Linnaeus) (Giinther et al,, 2016; Kokou
etal., 2019).

After investigating different fish species in the same niche,
we sought to determine whether the divergence occurred in
different habitats of the same species. However, compared
to wild populations, little is known about the microbiota
composition of the same fish living in different farmed habitats
(Jones et al, 2018; Le Doujet et al, 2019). Although these
fish (Ea) were cultured in different regions with different
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FIGURE 4

Common distribution characteristics by gut parts are visible shaping marine commercial fish microbial communities. (A) Relative abundance of
the microbial communities at the phylum level found in different gut compartments (foregut, midgut, and hindgut). Each group represents nine
fish individuals with a parallel sample mixed by three individuals. Only Proteobacteria and Firmicutes of different gut parts are plotted.

(B) Relative abundance of the microbial communities at the family level found in the content. Only the dominant microbial family with top 20 of
the content are plotted. (C) a-Diversity comparison based on the Shannon diversity index in each of the parts using ANOVA to determine
significant differences (**p < 0.05; ***p < 0.005; ****p < 0.0005; and ™p > 0.05). In data shown as a combination of dot plots and box plots

(n = 108 fish individuals), with the center red point indicates the mean value in the corresponding group, and the data are expressed as the
means =+ SD. (D) Principal coordinate analysis plot generated using OTU metrics based on the Bray—Curtis dissimilarities. Each point represents
a sample. Differences were assessed by ANOSIM and significance was established at p < 0.05. An R-value close to “1" suggests dissimilarity
between groups, whereas an R-value close to "0” suggests an even distribution of high and low ranks within and between groups.

environmental factors, they have the same genetic factors
and similar dietary structure and metabolic characteristics.
We then investigated the microbial communities of Ea living
along the coastline of five cities (DS, QZ, PT, FZ, and ND)
with similar aquaculture environments. The core microbes
of the cultured Ea showed great differences and were also
distributed based on their ecological niches to adapt to
the regional influences, which are similar to the geographic
factors that affect the species-specific microbial communities
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of wild fish (Kellogg et al., 2017; Jones et al., 2018; Shaani
2018; Le Doujet et al,
was performed to provide a comprehensive understanding

et al., 2019). A network analysis
of the interactions, compositions, and assembly roles in the
fish microbial community that reflect the ecological processes
2017).
The networks of Ea from different habitats were significantly

in the fish microbial community (Layeghifard et al.,

different and strengthened the divergence of Ea cultured in
different habitats. We found that the proportion of positive
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interactions in the fish gut of all habitats was high and thus
beneficial to improving the stability of the interaction networks
and helping the microbial community adapt to environmental
changes (Krause et al,, 2003; Le Doujet et al,, 2019). These
strong interactions between intra- and interphylum taxa were
5), thus
providing new evidence for the influence of geographic and
taxonomic factors on the assembly of microbial community
in cultured fish. It is worth noting that we also found some

found in all habitats of Ea (Supplementary Table

microbes with regional correlation patterns from south to north
(Figures 2C,D), because they were affected by environmental
factors, such as the pattern of distance-decay (Tuomisto et al,,
2003; Martiny et al.,
explain the different microbiota composition and interspecies

2011). Therefore, regional factors may

interaction models in the same fish farmed along with the
coastline. It is worth noting that when we analyzed the core
microbes by gathering the four gut parts as representative of
the fish gut microbiota, the results were obviously different from
the composition of fish gut microbes in other studies (Li et al.,
2012; Navarrete et al., 2012; Baker et al., 2014; Gatesoupe et al.,
2016; Egerton et al., 2018; Gang et al., 2018; Le Doujet et al,,
2019). The divergence of these core microbes complemented
the information and characteristics of the composition of gut
microbiota in marine commercial fish.

Due to various regional factors (such as geography, culture,
microbial diversity, and physicochemical factors), it is important
to evaluate the microbial diversity and physicochemical factors
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in water when studying the microbial composition of marine
commercial fish (Jeraldo et al., 2012; Lek et al.,, 2012; Bates
et al,, 2013; Egerton et al,, 2018). Here, we aimed to reveal
the factors that influence and shape the microbial communities
in marine commercial fish. Although the diversity of water
microbiota was significantly higher than that of fish, there was
always a clear difference between the microbial composition
of the fish gut and water environment (Figure 3A). These
findings indicated that the interaction of microbiota between
the fish gut and water environment may be greatly limited.
Therefore, the microbiota of the fish gut could not simply
reflect the environmental microbiota, and the abundance of the
shared OTUs was very low (Bakke et al,, 2013; Baker et al,
2014). Simultaneously, the interaction of microbiota between
the fish gut and diet may also be limited (Supplementary
Figure 7), although the microbial communities can be changed
based on the diet composition (Chen et al., 2014; Lopez Nadal
et al,, 2020). Source tracker data showed that only part of the
microbiota from the contents, and foregut was derived from the
water environment, although the proportion was low (4.97% of
content and 2.97% of foregut on average) (Figure 5). In addition,
we found that these 12 environmental factors were significantly
correlated with the microbial communities of Ea from south
to north, such as NPOC, PO43~, and NO3~
These changes in microbial communities could be explained as
follows. First, NO3~, PO4>~, NO,~, and SiO32~ are important
factors in primary production and also effective nutrients for

in the ND group.

frontiersin.org


https://doi.org/10.3389/fmicb.2022.918191
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/

Sun et al.

stimulating bacterial growth (Jiao et al., 2017). Suspended solids
(NPOC) and chlorophyll could act as a source of nutrients
for aquatic microorganisms and provide more habitats for the
growth of bacteria (Na et al., 2014; Zhou et al, 2020). WT,
DO, AN, and pH have always been considered to be the key
environmental variables that shape the microbial community
structure in the aquaculture environment (Zhao et al., 2018).
These findings further indicated that physicochemical factors
may play more important roles in shaping fish microbial
communities compared with the microbial diversity of water
environment.

The microbiome in internal organs is usually linked with the
specific roles of the organs (Donaldson et al.,, 2016; Marchesi
et al,, 2016; Kokou et al,, 2019; Wen et al., 2019). For example,
Bacteroides spp. in the human colon can be used to absorb
and consume fatty acids and simple carbohydrates in food
(Koropatkin et al., 2012; Donaldson et al., 2016). However, the
studies of the fish gut microbiome have adopted a variety of gut
segmentation methods and experimental methods, which may
provide a limited understanding of fish microbial communities
and their potential functions (Baker et al, 2014; Gatesoupe
et al., 2016; Yan et al., 2016; Egerton et al., 2018; Gang et al,,
2018; Kokou et al, 2019). In the present study, the four gut
parts could be regarded as representative of the fish gut, and
almost all segmentation methods were covered. We evaluated
the differences in the microbiota of the foregut, midgut, hindgut,
and contents of eight fish species. Here, significant distribution
patterns of core microbes were found from the foregut to the
hindgut, which was ignored in earlier studies. These findings
further suggested that the distribution of the fish gut microbiota
has a certain trend, just like the distribution in other terrestrial
vertebrates (Wen et al.,, 2019). In addition, we observed that the
microbiota in content was very different from that of the other
segments, among which Proteobacteria and Vibrionaceae were
the main microbiota in all fishes investigated in this study. This
finding is consistent with other studies on the microbiota of fish,
such as Gadus morhua, Poecilia reticulata, and Scophthalmus
maximus (Sullam et al, 2012; Xing et al,, 2013; Le Doujet
et al., 2019), but is different from other vertebrate species, such
as the high abundance of Firmicutes and Bacteroidetes in the
fecal community of humans and chickens (Donaldson et al.,
2016; Wen et al, 2019). Most of the microbiome present in
the contents are considered to be transient, allochthonous, and
free-living bacteria, which usually do not come into contact
with the mucosal surface of the gut (Egerton et al.,, 2018; Le
Doujet et al., 2019). However, we found that the abundance
of most microbes in the hindgut affected the bacteria in the
contents (Figure 4). The results of source tracking (Shenhav
et al, 2019) also showed that the microbes of the contents
mainly originated in the midgut and hindgut (Figure 5). These
findings further suggested that the microbiota of the contents
came from the gut of fish and were not just allochthonous
bacteria. Furthermore, the bacterial loads in the foregut, midgut,
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and hindgut did not show a different pattern (Figure 1C). These
results further confirmed the idea that these four gut parts
are not only necessary for studying the spatial distribution of
microbes but also essential for analyzing the diversity of the
gut microbiota of the entire fish species. From the perspective
of digestion, host nutrition, and immunity, both the contents
and gut mucosa-associated bacteria have become important
members of the microbial community (Smith et al., 2015).

As mentioned above, the microbial community is regularly
distributed and highly adapted to the environment of a specific
gut location. However, these distribution characteristics and
selectivities have not been fully understood in previous studies
focused on host genetics, functions, or environmental factors
in the gut (McDonald et al.,, 2015; Wang et al., 2016b; Egerton
et al,, 2018; Le Roy et al, 2018). The intestinal microbiome
plays an important role in facilitating digestion and metabolism,
intestinal development, and resistance to pathogens (Pérez
et al., 2010; Flint et al., 2012; Egerton et al., 2018). Therefore,
we predicted the functions of the core microbiota in the
four different gut parts. It should be noted that the potential
functions of microorganisms predicted here may represent
an auxiliary tool for understanding the role of the fish gut
microbiota (Zhao et al.,, 2018). Our results showed that due
to the relatively high abundance of potential pathogens, such
as Vibrionaceae (15.1-87.9%), the metabolism-related functions
of the microbiota in these fishes were significantly increased
in the hindgut. In the foregut, there were significantly more
disease-related functional microbiota, which may be due to
the relatively higher abundance of potential probiotics, such
as Bacillaceae (3.35-69.6%). Numerous studies have confirmed
that when pathogens cause inflammation by altering the
intestinal environment, the colonization of probiotics has a
positive effect on immune regulation (Pérez et al, 2010;
Tlaskalova-Hogenova et al., 2011; Otles, 2014; Bdumler and
Sperandio, 2016; Egerton et al, 2018). Potential functions
associated with cell motility were higher abundance in the
contents, which might be due to the high motility of free-
living bacteria and their important roles in metabolism and
digestion (Supplementary Figures 12a-f). It is worth noting
that the midgut microbiota is an important link between other
gut parts. The results highlighted that the selective function was
an important determinant of core-microbe colonization, which
would potentially contribute to their survival and functions.

Conclusion

In summary, our results systematically complement
previous insights into the composition of core microbes in
marine commercial fish gut based on a multidimensional
investigation. The great impact of host genetics and
environmental factors on the specificity of core microbes

in fish gut has been proven by restricting conditions, and
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they have a more important impact than the microorganisms
in the culture environment and diet. Moreover, these core
microbes regularly colonized from the foregut to the hindgut
driven by their underlying functions. The content is also
an important part in the study of the fish gut microbiota.
Due to the complexity of the aquaculture environment, diet
composition, and fish species, it is necessary to study the fish gut
microbiota by multidimensional investigations, and the findings
will be beneficial for the healthy and sustainable development
of aquaculture. In addition, an investigation of the time scales
(different seasons) and the dynamic variability of nutritional
factors will be reported in our future studies.
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