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Abstract
Microorganisms in the gastrointestinal tract of animals play vital roles in food di-
gestion, homeostasis and immune response regulation. Globally, there are 33,700 
fish species, representing almost half of all vertebrate diversity and a wide range of 
physiologies, ecologies and life histories. To investigate gut microbiomes with high 
coverage, we performed 16S rRNA gene amplicon sequencing with 115 samples of 
20 common marine fish species. The fish gut microbiome is a remarkably simple com-
munity with low microbial diversity (a maximum of 300 amplicon sequence variants 
only) and has up to 70% of unknown species in some fish species. The gut microbial 
community structure was significantly shaped by the combined influence of host-
associated factors, including the fish taxon (p < .001, R2 = 0.16, ω2 = 0.04), feeding 
habit (p < .001, R2 = 0.06, ω2 = 0.02) and trophic level (p < .01, R2 = 0.04, ω2 = 0.01), 
although the influence was subtle with a small effect size. The core gut microbiomes 
of different feeding habits were also previously discovered in animal-associated and 
corresponding habitat samples. Certain energy metabolism pathways were enriched 
in herbivore/omnivore and zooplanktivore/zoobenthivore fishes, whereas lipid me-
tabolism and glycan metabolism were enriched in zoobenthivore/piscivore fishes. 
Moreover, substantial taxonomic variability was found between the gut microbiomes 
of fish and animals, indicated by their low degree of shared microbiota. The data 
and observations reported herein pave the way for further investigations on the co-
evolution of fish gut microbiomes and their hosts, the physiological functions of gut 
microorganisms and the development of probiotics for improving the nutrition and 
health of aquaculture fish species.
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1  | INTRODUC TION

Multicellular higher organisms have coexisted with microbial com-
munities on Earth for a long history of approximately 1.2 billion 
years (Butterfield et  al.,  1990). Interactions between multicellular 
organisms and microorganisms are expected to promote the gener-
ation of beneficial mutations. The external and internal body parts 
of multicellular organisms are large reservoirs of microbiota, espe-
cially the digestive tract, in which the microbial communities are 
more closely associated with the host than free-living microbiota 
(Ley et  al.,  2008). Fishes serve as a large group of organisms that 
are indispensable to the exploration of the co-evolution of hosts 
and their gut microbiomes in relation to the host's life history and 
feeding habits. According to FishBase (www.fishb​ase.org), there are 
approximately 33,700 fish species on Earth, accounting for over half 
of the total number of vertebrate species. The fish digestive tract 
houses many diverse microorganisms, including bacteria, archaea 
and fungi, which jointly create a complex microbial ecosystem (Wei 
et al., 2018). It has been reported that the population density of mi-
crobiomes in the marine fish gut is within the range of 107–108 cells 
per gram (Izvekova et al., 2007), suggesting that a vast hidden diver-
sity of microbiomes resides in this habitat.

Microbial communities in fish guts can enhance host meta-
bolic capacity through beneficial effects on nutrient digestion and 
assimilation, and can protect the host from invasive pathogens 
(Nayak, 2010). For instance, intestinal microbiomes can produce a 
variety of digestive enzymes that facilitate food digestion in fish, 
such as lipase, protease and cellulase (Ray et al., 2012). Germ-free 
zebrafish were found to be unable to absorb protein macromole-
cules; however, they could restore their protein uptake capacity 
through the establishment of microbes, suggesting that gut microbi-
omes also contribute to host nutrient uptake and assimilation (Bates 
et al., 2006). The gastrointestinal tract is one of the major routes for 
the entry of some pathogens that may cause serious diseases such as 
vibriosis, enteric septicaemia and aeromoniasis (Nayak, 2010). In this 
regard, the gut microbiome plays a crucial role in the development 
and maturation of the gut immune system (gut-associated lymphoid 
tissues), defending against pathogenic infection and inducing immu-
nity (Rhee et al., 2004). Bates et al. (2007) found that zebrafish gut 
microbiomes also enhanced intestinal alkaline phosphatase expres-
sion, resulting in the dephosphorylation of bacterial lipopolysaccha-
rides, thereby manipulating intestinal immune regulation to confront 
pathogenic infection. Cheesman et  al.  (2011) also noted that gut 
microbiomes facilitate epithelial cell proliferation by improving be-
ta-catenin stability.

The first report on fish gut microbiomes appeared in the 1920s 
and involved the study of the intestinal flora in haddock (Reed & 
Spence, 1929). During the 1950s–1990s, some studies focused on the 
determination of the composition of fish gut microbiomes and how they 
were influenced by diet, salinity and captive farming (Colwell, 1962; 
Margolis, 1953; Simidu & Hasuo, 1968). One of the pioneering stud-
ies in fish gut microbiota conducted by Yoshimizu and Kimura (1976) 
revealed that the intestinal microbiota in salmonids differentiated in 

different living environments and would undergo changes when their 
habitat changed in order to adapt fish themselves to the new hab-
itat. Recently, by adopting advanced culture-independent methods 
that have been recently developed, more detailed and comprehen-
sive patterns of gut microbiomes have been uncovered, improving our 
knowledge about the complex gut microbiomes in fishes. For example, 
Zhang et al. (2018) revealed that the diversity of gut microbiomes in 
Silurus meridionalis significantly increased with host age, while Michl 
et al. (2017) reported that the gut microbial diversity of Oncorhynchus 
mykiss decreased with a reduction in nutrients.

To date, most studies on fish gut microbiomes have been carried 
out with a few targeted species of salmonids, including Oncorhynchus 
mykiss (Lyons et al., 2017; Michl et al., 2017), Salvelinus alpinus (Nyman 
et al., 2017) and Salmo salar (Llewellyn et al., 2016); laboratory model 
species, including Gambusia affinis (Carlson et al., 2017) and Danio 
rerio (Roeselers et al., 2011; Stephens et al., 2016); and wild-caught 
species, including Dicentrarchus labrax (Gatesoupe et al., 2016) and 
Siganus fuscescens (Nielsen et al., 2017). Similar to the gut microbi-
omes of other types of animals (Sanders et  al.,  2015), the studied 
fish gut microbial communities were affected by a variety of fac-
tors, including the trophic level, feeding habit and taxon of the host 
fish (Dhanasiri et al., 2011; Egerton et al., 2018; Hovda et al., 2012; 
Schmidt et al., 2015; Sullam et al., 2012; Wong & Rawls, 2012; Yan 
et al., 2016). Given that fishes display very diverse taxonomic group-
ings with a wide range of feeding modes, a more comprehensive 
study of phylogenetically diversified marine fish species will enable 
us to reveal the robust correlation between the fish gut microbiome 
and host-associated factors. The resulting collection of big data on 
the gut microbiome community associated with well-defined sample 
metadata can help us to predict the feeding mode, taxon and even 
diet of a fish species based on its gut microbiome information.

A recent review on freshwater fishes suggested that the diver-
sity of gut microbiomes is the highest in herbivorous fishes, followed 
by omnivorous and then carnivorous fishes (Wang et  al.,  2018). 
This is because herbivorous fishes require microorganisms such as 
Clostridium, Citrobacter and Leptotrichia to assist in the digestion 
of plant cellulose (Liu et  al.,  2016). In contrast, carnivorous fishes 
can easily digest and assimilate amino acids from a protein-domi-
nated diet without the need for these cellulose-degrading bacteria. 
Nonetheless, the gut microbiomes of marine benthivorous and detri-
tivorous fishes remain largely unknown. As benthivorous and detri-
tivorous fishes live on the seabed and feed on benthic invertebrates 
and organic matter in sediment, respectively, it is hypothesized that 
their gut microbiomes are closely linked to the microorganisms oc-
curring in the sediment and those associated with their diets, which 
consist of both animal and plant materials. Nonetheless, such a hy-
pothesis has yet to be tested.

Here, this study revealed and compared the diversity of the gut 
microbial communities of 20 wild-caught common marine fish spe-
cies with 115 specimens collected from the marine environment of 
Hong Kong. 16S rRNA gene amplicon sequencing was utilized to 
identify the taxonomy of the gut microorganisms. Their patterns 
were elucidated with reference to the taxon, feeding habit and 

http://www.fishbase.org
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trophic level of these marine fish species to formulate generaliza-
tions regarding the relationship between gut microbiomes and their 
host fishes. The comparison of the predicted digestion-related path-
ways among feeding habits and bacteria significantly associated with 
digestion-related pathways was conducted to yield further insights 
into the relationships among fish feeding habits, gut microbiomes 
and digestion metabolism. The core microbiomes associated with 
each feeding habit and their common habitats were examined to gain 
insight into the potential sources of the gut microbiota. The similar-
ities of the gut microbial communities in fish and other animals, es-
pecially their shared bacteria, were also addressed. The results allow 
us to comprehensively examine the robust correlations between gut 
microbiomes and the taxon/feeding habit/trophic level of the host. 
This study greatly expands the current database of fish gut micro-
biome information and sheds new light onto the hidden diversity of 
marine fish gut microbiomes, which can facilitate future studies on 
the manipulation of beneficial microorganisms with the aim of influ-
encing the precise use of probiotics in fish farming practices.

2  | MATERIAL S AND METHODS

2.1 | Fish sampling and gut content collection

In this study, a total of 115 individuals of fishes belonging to 20 wild-
caught marine fish species were sampled from the coastal waters of 
Hong Kong. The samples were either collected by a research trawler 
(Tao et al., 2018) or by local fishermen using gillnets, purse seine net-
ting or longlines. The research-related trawling work was permitted 
by the Agriculture, Fisheries and Conservation Department. Most of 
the fishes were dead on board and stored at −20°C in an ice box be-
fore being transported to the laboratory. The fishes were sorted and 
identified according to their morphological characteristics. These 115 
fish samples belonged to 5 fish orders (Aulopiformes, Clupeiformes, 
Scorpaeniformes, Perciformes and Pleuronectiformes) and exhibited 
varied feeding habits (herbivore/omnivore, zooplanktivore/zooben-
thivore, zoobenthivore, zoobenthivore/piscivore and piscivore) and 
different trophic levels (Table S1).

The fishes were processed in a timely manner in order to reduce 
the change in composition of gut microbial communities over time 
and with perturbation (Clements et  al.,  2014). Before dissection, 
70% ethanol was applied to the body surface of the fish samples. 
The fishes were then dissected with individual-use insect pins or 
individual-use scalpels and forceps depending on the fish size. The 
digestive tract from the stomach to the hindgut was removed intact. 
The attached organs, such as the liver, were carefully removed. The 
gastrointestinal contents were squeezed out from the digestive tract 
and then washed in 70% ethanol and sterile water to disinfect the 
samples from transient bacteria before being stored at −20°C or di-
rectly undergoing DNA extraction. Dorsal muscle tissues were also 
collected for stable isotope analysis (SIA). The average time from 
extracting the contents to freezing was about 15 min (ranging from 
10–20 min) per fish.

2.2 | Stable isotope analysis

The SIA was conducted using the stable isotope ratio mass spec-
trometry (SIRMS) facility at the School of Biological Sciences of the 
University of Hong Kong to determine the trophic level of the fish 
species. Dorsal muscle samples were taken from each fish specimen 
and dried using a freeze drier, and the dried tissues were then ground. 
Approximately 1.00 mg (±0.10 mg) of dried sample was weighed and 
subjected to SIA with SIRMS (EuroVector, model EA3028). δ15N is 
enriched in a stepwise manner from prey to consumers, allowing the 
determination of trophic levels, while δ13C may differ among food 
resources and show little enrichment during trophic transfer, allow-
ing the tracing of carbon and energy sources (Perkins et al., 2018). 
The methods for the determination of the δ13C and δ15N content in 
the samples followed those described by Perkins et al. (2018).

2.3 | DNA extraction and 16S rRNA gene 
amplicon sequencing

DNA from the gut content samples was extracted with the 
FastDNA® SPIN Kit for Soil (MP Biomedicals™, USA) following the 
protocol described by the manufacturer, as our previous study 
showed that the performance of this kit was better than that of 
other commercially available kits in terms of the recovery and pu-
rity of microbial DNA (Guo & Zhang, 2013). DNA concentration and 
quality were measured with a Qubit fluorometer and NanoDrop 
spectrophotometer, respectively. The V3-V4 hypervariable region 
of the 16S rRNA of the qualified DNA samples was amplified with 
the primers 341F (5’-CCTACGGGNGGCWGCAG-3’) and 805R 
(5’-GACTACHVGGGTATCTAATCC-3’) and then sequenced using the 
Illumina MiSeq PE 300 platform with 30,000 raw reads per sample. 
Furthermore, two negative control samples were included to check 
the background and processing contamination during DNA extrac-
tion and PCR amplification. Details about the negative controls and 
other quality control treatments are presented in Appendix S1.

2.4 | Bioinformatic and statistical analysis

The raw sequences were analysed with the QIIME 2 pipeline (https://
qiime2.org/) (Caporaso et al., 2010). As a quality control procedure, 
low-quality bases, chimeras and ambiguities were removed before 
the data were analysed. A feature table of amplicon sequence vari-
ants (ASVs) was constructed with the DADA2 pipeline (Callahan 
et  al.,  2016), the features were annotated with the Greengenes 
13_8 database (DeSantis et al., 2006) using the RDP classifier (Wang 
et  al.,  2007), and then, mitochondria and chloroplast sequences 
were removed.

The Kruskal–Wallis test and Dunn's test were used to evaluate 
the differences in diversity among categories (fish taxon, feeding 
habit and trophic level) in IBM SPSS Statistics for Windows, ver-
sion 22 (IBM Corp, 2013). Canonical correspondence analysis (CCA) 

https://qiime2.org/
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were conducted by function “capscale.gen” in “vegan” package with 
squared-root transformed Bray–Curtis dissimilarity in R. Spearman's 
correlation analysis was conducted by “cor.test” function in R. The 
ASVs representing the different fish species/feeding habits/tro-
phic levels were identified with LEfSe (Segata et al., 2011) and the 
“labdsv” package in R.

Permutational multivariate analysis of variance (PERMANOVA) 
based on Bray–Curtis similarity matrix was conducted to test 
the importance of fish taxon, feeding habit and trophic level as 
factors to influence the fish gut microbiomes using PRIMER-E 
PERMANOVA + software (Anderson et al., 2008). As the sample size 
is unequal across species, type III sum of squares (SS) were adopted 
with 999 permutations. The significance was determined by a Monte 
Carlo test. To qualify the effect size for each factor, both coefficients 
of determination R2 and omega-squared ω2 were calculated (Kelly 
et al., 2015; Zhang & Alekseyenko, 2017). The homogeneity of mul-
tivariate dispersions for each factor was tested by the “PERMDISP” 
tool in PRIMER-E.

The functional profiles of the microbial communities based on 
16S rRNA gene sequences were predicted using the latest version 
of PICRUSt2 (v2.3.0-b) according to the KEGG Orthology (Caicedo 
et al., 2020). Heatmaps of KEGG level 1 and level 2 pathways and the 
digestion-related genes were plotted using the “pheatmap” package in 
R. The digestion-related genes were selected based on a study of the 
gut microbiomes of the blunt snout bream (Wei et al., 2018). Kruskal–
Wallis tests and Dunn's tests were also used to test the relative abun-
dance of digestion-related gene functions to identify differences 
among the various feeding habits. Further, the significantly higher 
digestion-related functional pathways determined by the Kruskal-
Wallis and Dunn's tests were considered as the enriched pathways. 
The statistically significant associations between relative abundance 
of digestion-related functions and the ASV were identified by HAIIA 
(Rahnavard et al.).

To compare the fish and other animals’ gut microbiomes, a total 
of 717 16S rRNA samples covering gut microbiome data for fish, 
bats, bears, birds, cattle, humans, lizards and monkeys were included 
in this study, which were downloaded as Earth Microbiome Project 
(EMP) Greengenes-closed-referenced biom files (ftp://ftp.micro​bio.
me/emp/relea​se1/otu_table​s/closed_ref_green​genes/) (Thompson 
et  al.,  2017). To combine the data from the 115 fish samples col-
lected in this study with the downloaded data sets, closed-reference 
clustering against Greengenes version 13.8 with 97% similarity was 
applied in QIIME 2 for both EMP data and fish gut microbiome data 
in this study. The “make_otu_network.py” script in QIIME 1 was 
used to generate the ASV network files, and then, the generated 
files were passed into Cytoscape (https://cytos​cape.org/) (Shannon 
et al., 2003) to analyse and display how the ASVs were partitioned 

among animals. The intersecting ASV distribution among fish and 
other animals was visualized in UpSetR (Conway et al., 2017).

The core microbiomes associated with each feeding habit were 
determined by both their highest abundance and highest prevalence 
within the corresponding feeding habits. To better understand the 
common lifestyles of these core gut bacteria, the habitats were de-
termined based on the three closest BLASTn hits against the NCBI 
NT database for each core microbiome ASV. Using this method, a 
total of 35 core ASVs and 87 closest BLASTn hits were characterized.

3  | RESULTS

3.1 | Taxonomic composition of fish gut 
microbiomes

The percentage of taxonomically unassigned ASV sequences gener-
ally increased with decreasing host taxonomic resolution from the 
phylum to species level (Figure S1). The ASVs were well annotated 
above the order level, at which fewer than 20% sequences were 
unidentified bacterial genomes. There was also a large percentage 
(over 70%) of unassigned ASVs at the genus level, especially for 
three fish species, that included Siganus canaliculatus, Solea ovata 
and Parachaeturichthys polynema.

The bacterial richness in the gut represented by the cumulative 
ASVs revealed moderately diverse gut communities among the 20 
sampled marine fish species (Figure S2). The maximum total num-
ber of ASVs in the fish gut samples was approximately 300, indi-
cating a community composition with low diversity when compared 
with that in other types of animals such as humans (1,000–2,000 
95% OTUs) (De Filippo et  al.,  2010), chickens (~900 97% OTUs) 
(Pan & Yu, 2014), turkeys (~500 97% OTUs) (Pan & Yu, 2014) and 
environments such as activated sludge (~1,000 97% OTUs) (Zhang 
et al., 2012). Eleven phyla were observed in the core gut microbiota 
of all 20 fish species, accounting for over 90% of the total number 
of annotated sequences (Figure 1a). Despite certain shared features, 
for example, Proteobacteria (average 52%) and Firmicutes (average 
16%) being the dominant (most abundant and prevalent) phyla across 
fish species, the gut microbial communities of the different fish spe-
cies showed a high degree of taxonomic variability. For instance, the 
filamentous shrimpgoby (Myersina filifer) harboured a considerable 
proportion of Tenericutes (average 35%), a phylum of gram-negative, 
obligate cell-associated bacteria that have lost their cell walls and 
many biochemical pathways, becoming highly dependent on their 
host cells, indicating a classical host–microbiome association.

Among the fraction of ASVs annotated at the genus level (aver-
age 56%) (Figure S2), six genera distinguished themselves from the 

F I G U R E  1   General profile of the gut microbial community of 20 fish species. (a) Relative abundance of gut microbiomes at the phylum 
level in 20 marine fish species. Proteobacteria and Firmicutes are the dominant phyla in the fish gut microbiomes. Numbers labelled at 
the x-axis indicate the trophic level from level 1 consumer to level 4 consumer. (b) Abundance against the prevalence of bacteria at the 
genus level in the fish guts among the 115 samples. Dominant genera: both high abundance and high prevalence; Low-abundance general 
genera: low abundance and high prevalence; Specialized genus: high abundance and low prevalence [Colour figure can be viewed at 
wileyonlinelibrary.com]

ftp://ftp.microbio.me/emp/release1/otu_tables/closed_ref_greengenes/
ftp://ftp.microbio.me/emp/release1/otu_tables/closed_ref_greengenes/
https://cytoscape.org/
www.wileyonlinelibrary.com


     |  5023HUANG et al.

(a)

(b)



5024  |     HUANG et al.

others based on the relationship between the relative abundance 
and prevalence percentage (Figure  1b). Four genera, Clostridium, 
Photobacterium, Ralstonia and Acinetobacter, were the dominant 
genera, as they had both a high abundance (average >2.5% of se-
quences) and high prevalence percentage (existing in >50% of sam-
ples), while Propionibacterium was a representative low-abundance 
general genus. An interesting finding was that the genus Thermus 
comprised approximately 13.4% of the total gut bacteria in the ma-
rine fish Thryssa chefuensis, which is distinguishingly higher than that 
in other fishes.

When considering the ASVs, the four most abundant ASVs 
were classified as members of the genus Ralstonia and the cya-
nobacterial lineage ML635J-21, being commonly found in over 
47% of all specimens (Figure S3). According to the BLASTn results 
against the NCBI NT database, the seven best hits with 99.776% 
identity and 100% (446 bp) alignment length suggested that the 
ML635J-21-clade ASV came from common bacteria that are also 
found on the surface of corals, deep-sea polymetallic nodules, and 
volcanic rock and in deep-well radioactive waste disposal sites 
without detailed taxonomic annotation, indicating the widespread 

distribution and novelty of this bacterial genome. Future studies 
to identify its complete genome and characterize its functions 
in the fish gut and the environment would be worthwhile and 
intriguing.

3.2 | The effect of fish taxon on gut microbial 
communities

According to the PERMANOVA results, fish species identity signifi-
cantly explained the differences in the overall bacterial community 
composition in the fish gut based on Bray–Curtis distance matrixes 
(p  <  .001, R2  =  0.16, ω2  =  0.04) (Table  S2). When the ASVs were 
compared at the species level, high levels of both interspecific and 
intraspecific variability in the microbial composition were observed 
(Figure S4). At the fish order level, Scorpaeniformes hosted the least 
diverse communities, while no significant difference in diversity was 
found among the four other fish orders (Figure 2a, Kruskal–Wallis 
test and Dunn's test, p < .05). Since Scorpaeniformes mainly includes 
piscivorous fish at a relatively high trophic level, the main metabolic 

F I G U R E  2   The pattern of fish gut microbiomes shaped by host taxon. (a) Box plots of the Shannon index of the gut microbiomes in 
the tested fishes among five orders. Kruskal–Wallis test and Dunn's test (p < .05). The letters “a” and “b” represent Dunn's test grouping 
results. (b) Clustering pattern among all fish gut microbiome samples categorized by five fish orders. Canonical correlation analysis was used, 
and distance was based on Bray–Curtis distance. (c) Bacterial clades most likely to explain the differences among fish orders. LDA (linear 
discriminant analysis) was used using LefSe (linear discriminant analysis effect size), and ASV with LDA score (log 10) larger than 3.4 was 
identified as the discriminative ASV [Colour figure can be viewed at wileyonlinelibrary.com]

(a) (b)

(c)
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differences related to the lack of consumption of vegetation might 
explain this trend.

Given the homogeneity of multivariate dispersion of fish order 
was rejected (p  <  .05), canonical correlation analysis (CCA) was 
used to help evaluate whether the gut microbial communities were 
influenced by the difference in composition between orders or 
within orders. The three orders Aulopiformes, Clupeiformes and 
Scorpaeniformes were well separated, indicating that their gut mi-
crobiomes had distinguishing composition and structure patterns re-
lated to the taxonomic lineage of their hosts (Figure 2b, Bray–Curtis 
distance; PERMANOVA, p <  .001; PERMDISP, p <  .05). To further 
identify the critical bacteria differentiating the fish orders, discrimi-
native bacterial clades among the fish orders (Figure S5) were identi-
fied using a nonparametric test of significance and linear discriminant 
analysis implemented in LEfSe with a stricter cut-off than the default 
(LDA score (log 10)> 3.4) (Figure 2c). The analyses identified 108 dis-
criminatory bacterial clades, of which 14 (13%), 52 (48%) and 7 (6%) 
distinguished Aulopiformes, Clupeiformes and Scorpaeniformes, re-
spectively, from all other fish orders. The discriminative clades for 
Clupeiformes largely belonged to Proteobacteria, Actinobacteria 
and Bacteroidetes despite the highest abundance of Proteobacteria 
in the entire data set. Aulopiformes was distinguished by 
Lactococcus, Siphonobacter, Fusobacteriales and Methylacidiphilales, 

while Scorpaeniformes contained more Clostridium, Photobacterium, 
Francisellaceae and Vibrio.

3.3 | Feeding habit drives microbial 
taxonomic clustering

Zoobenthivores/piscivores hosted a wide range of bacterial diver-
sity (Figure  3a), and zooplanktivores/zoobenthivores showed the 
highest bacterial diversity on average. Zoobenthivores/piscivores 
and piscivores shared comparable diversity, which was slightly lower 
than that of zooplanktivores/zoobenthivores (p < .05). This observa-
tion again conforms to the pattern that carnivore gut microbiomes 
are less diverse than herbivore gut microbiomes (Ley et al., 2008).

The gut microbial communities associated with the different 
feeding habits, especially the herbivore/omnivore, zooplanktivore/
zoobenthivore and piscivore feeding habits, were significantly 
separated at the ASV level (Figure  3b, Bray–Curtis distance; 
PERMANOVA, p <  .001; PERMDISP, p >  .05), suggesting that they 
have dissimilar microbiome composition and structure and the oc-
currence of a strong nutritional–environmental effect. Along CCA 
axis 1, a dietary gradient was observed: distance typically increased 
from herbivores/omnivores, zooplanktivores/zoobenthivores, 

F I G U R E  3   The pattern of fish gut microbiomes shaped by feeding habit. (a) Box plots of Shannon index of the gut microbiomes in fishes 
among five different feeding habits. Kruskal-Wallis test and Dunn's test (p < .05). The letters “a” and “b” represent Dunn's test grouping 
results. (b) Clustering pattern among all fish gut microbiome samples categorized according to the five feeding habits. Canonical correlation 
analysis was used, and distance was based on Bray-Curtis distance. (c) Abundance heatmap of discriminative gut microbiomes detected 
among the three distinguishing fish feeding habits (p-value < 0.01) [Colour figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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zoobenthivores and piscivores to zoobenthivores/piscivores. This 
trend alone explained most of the taxonomic diversity among the 
gut microbial communities (37.89% of the total variance along CCA 
axis 1) and significantly discriminated the herbivores/omnivores 
from the other feeding habit groups.

In addition to the ordination of fish gut microbiomes by dif-
ferent feeding habits, ASVs that can discriminate individual feed-
ing habits were identified with a more robust statistical method 
(Figure  3c). Thirty-five ASVs were selected as discriminative in-
dicators of three feeding habits, which was consistent with the 
dissimilarity in the gut microbiomes of herbivores/omnivores, 
zooplanktivores/zoobenthivores and piscivores identified in the 
CCA. These 35 ASV indicators included 15 indicators for herbi-
vores/omnivores (IV ≥ 0.28, p ≤  .01), 12 indicators for zooplank-
tivores/zoobenthivores (IV  ≥  0.4, p  ≤  .01), and 8 indicators for 
piscivores (IV  ≥  0.2, p  ≤  .01) (Table  S3). The three feeding hab-
its featured different bacteria; for example, (1) herbivore/omni-
vore indicators mainly included Erysipelotrichaceae, Mollicutes, 
Arcobacter and PW3; (2) zooplanktivore/zoobenthivore indicators 
were mainly composed of Hyphomicrobiaceae, Desulfobulbaceae, 
Microthrixaceae and Ellin6529; and (3) the indicators for pisciv-
ores primarily consisted of Acinetobacter johnsonii, Photobacterium 
damselae and Shewanella. The gut microbiomes of fish with these 
three feeding habits had characteristic fractions of the corre-
sponding indicator bacteria that were significantly higher than 
those associated with the other feeding habit groups (Figure 3c). It 
was also noted that some of the most abundant indicators, such as 
Erysipelotrichaceae in herbivores/omnivores and Photobacterium 
in piscivores, were also the dominant groups associated with the 
corresponding feeding habit, indicating their key roles in shaping 
the gut microbial communities.

3.4 | Bacterial diversity couples with 
trophic adaptation

Although the evaluation of fish feeding habits based on a litera-
ture review of feeding ecology can provide a rough classification 
scheme, the identification of trophic level according to the stable 
isotope of nitrogen in the fish tissues may more precisely reflect 
the trophic position and feeding habit of each fish species. In gen-
eral, δ15δ15N is transferred from prey to predator, resulting in step-
wise enrichment with an increase in trophic position. In practice, 
the measured trophic levels of individual fish species in this study 
were not entirely consistent with their feeding habit patterns as 
suggested by the literature. For example, the average trophic level 
of the herbivore Siganus canaliculatus was higher than that of the 
zoobenthivore/piscivore Inegocia japonica (Figure  S6), rationaliz-
ing the analysis of the gut microbiota from the point of view of 
the actual trophic position. According to their calculated trophic 
levels, the 20 fish species in this study were classified into four 
groups (<3, 3–3.3, 3.3–3.4 and >3.4, corresponding to Levels 1, 2, 
3 and 4 consumers, respectively) (Table S4). Permutation analysis 
indicated that the contribution of the trophic level group to gut 
microbiome variation was significant, although trophic level did 
not appear to be a strong determinant (Table S5, p < .01, R2 = 0.04, 
ω2 = 0.01). The diversity of the fish gut microbiomes was found to 
slightly decrease as the trophic level increased (Figure S7a). This 
variation trend is in accordance with previous studies on mam-
mals showing that herbivores host more diverse gut bacteria than 
omnivores and carnivores because of the need to digest cellulose 
(Ley et al., 2008). The bacterial communities were generally clus-
tered among fish species according to their trophic level, while the 
bacterial communities hosted by several fishes at trophic level 2 

F I G U R E  4   The core gut microbiomes in the fish gut and common habitats of these core microbiomes. (a) Relative abundances of twenty-
nine core ASVs corresponding to the five feeding habits. Core ASVs were separately identified for each feeding habit based on abundance 
and prevalence. Detailed information about the core microbiome ASVs is provided in Table S7. (b) Closest relatives of core bacterial ASVs. 
Each core ASV was compared by BLASTn against the NCBI nonredundant nucleotide database, and its closest hit was categorized according 
to the isolation origins. The proportions of these categories are shown [Colour figure can be viewed at wileyonlinelibrary.com]

(a) (b)
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were distributed near those hosted by fishes at trophic level 3. 
The CCA ordination results based on gut ASVs also displayed an 
obvious clustering pattern associated with trophic level groups, 
with variability explanation percentages of 41%, 33% and 25% 
by CCA axis 1, 2 and 3, respectively (Figure S7b, Bray–Curtis dis-
tance; PERMANOVA, p <  .001; PERMDISP, p >  .05). Twenty dis-
criminative ASVs were selected as indicators, primarily comprising 
Erysipelotrichaceae for Level 1 consumers, Clostridium perfringens 
and Sva0725 (in phylum Acidobacteria) for Level 2 consumers, 
Desulfovibrionaceae for Level 3 consumers and Enterobacteriaceae 
for Level 4 consumers (Figure S7c and Table S6).

3.5 | The core gut microbiomes in the fish gut and 
common habitats of these core microbiomes

Zooplanktivores/zoobenthivores, zoobenthivores and zoobenthi-
vores/piscivores, respectively, contained two, two and five core 
ASVs (most abundant and prevalent), whereas herbivore/omnivore 
and piscivore fish did not show a clear core set of ASVs because of 
the high level of divergence between the most abundant and the 
most prevalent ASVs (Figure S8). Most of these core gut microbes 
were particular to the corresponding feeding habits, in which such 
microbes were much more abundant than in those in fishes with 
other feeding habits (Figure  4a). Twenty-five out of twenty-nine 
of these abundant or prevalent microbiota were not shared by 
fishes with different feeding habits, indicating that the gut micro-
biomes had a high dependency on the host's feeding habit. Among 
the four shared ASVs, two are classified as members of the genus 
Photobacterium and are shared by zoobenthivore/piscivore and pis-
civore fish, another two are classified as members of Ralstonia and 
are shared by zoobenthivore and zoobenthivore/piscivore fish, and 
one belongs to the ML635J-21 clade and is shared by zooplankti-
vore/zoobenthivore, zoobenthivore and zoobenthivore/piscivore 
fish. Among the 25 ASVs, certain populations were enriched in dif-
ferent feeding habit categories, including (1) Erysipelotrichaceae and 
Desulfovibrionaceae in the herbivore/omnivore fish, (2) Ralstonia and 
Gaiellales in the zooplanktivore/zoobenthivore fish, (3) Ralstonia 
and ML635J-21 in the zoobenthivore fish, (4) Photobacterium in the 
zoobenthivore/piscivore fish and (5) Clostridium and Cetobacterium 
in the piscivore fish.

By analysing the best BLASTn hit of each of the 29 core ASVs 
(Figure 4b) to explore the common lifestyles of these core gut bac-
teria, approximately 40% of the hits of the herbivores/omnivores, 
zoobenthivores/piscivores and piscivores were found to match 
with the bacteria derived from the fish gut samples. The other hits 
of the herbivores/omnivores matched other animal gut (40%) and 
nonsaline water samples (20%). In the zooplanktivores/zoobenthi-
vores, 66% of the total hits were bacteria from plant-associated 
samples and saline water, and approximately 10% of the hits were 
related to the animal gut. Some core microbiota in the zoobenthi-
vores and zoobenthivores/piscivores were found to be similar to 
those present in sediment, while other animal-associated bacteria 

existed in zoobenthivores/piscivores and piscivores. Across all fish 
specimens, approximately 60% of the core ASVs were most similar 
to bacteria from animal-related samples, including those of the fish 
gut, fish tissues and other animal tissues, such as the gut and skin 
surface. A small percentage (10%) of the most closely related bac-
teria existed in plant-associated samples, and the other 10% were 
from natural environments, including fresh water, saline water and 
sediments. These results are partially in accordance with the obser-
vation for the Trinidadian guppies(Poecilia reticulata) gut microbiome 
that approximately 60% of the core gut ASVs were also found in 
animal-associated samples and that the percentage was 30–40% for 
environmental samples (Sullam et al., 2015). In terms of the different 
feeding habits, the core gut microbiomes of fish tend to be enriched 
in taxa concurrently inhabiting the same environment in addition to 
the fish gut and associated tissues. For instance, the zoobenthivores 
and zoobenthivores/piscivores harboured gut microbiota similar to 
those from sediment, while piscivorous fishes hosted bacteria ob-
served in other animal-associated tissues and water. These findings 
generally support the view that the ambient environment is a source 
from which fishes acquire their gut microbiota.

3.6 | Predicted fish gut microbiota function and 
digestion-related bacteria analysis

Here, whether an increased ASV diversity confers the host with 
a higher functional diversity was addressed. From the predicted 
metagenomes, we identified a total of 7,642 KEGG orthologs (KOs), 
corresponding to 294 KEGG L3 pathways, 40 KEGG L2 pathways 
and 6 KEGG L1 pathways (Figure S9). In general, the KEGG pathways 
showed a similar distribution within the different fish species in both 
pathway level 1 and level 2, and clustering patterns of the fish spe-
cies based on pathway levels 1 and 2 were observed as well.

Forty pathways related to digestion were identified, includ-
ing those associated with carbohydrate, glycan, protein and amino 
acid, energy and lipid metabolism, of which 31 pathways exhibited 
significant differences in abundance among the five feeding habits 
(Figure 5). Some pathways related to energy metabolism (i.e. carbon 
fixation in photosynthetic organisms, photosynthesis, photosyn-
thesis-antenna proteins, oxidative phosphorylation, carbon fixation 
pathways in prokaryotes) were enriched in herbivores/omnivores 
and zooplanktivores/zoobenthivores, whereas pathways related 
to lipid metabolism (sulphur metabolism and glycerophospholipid 
metabolism) were enriched in zoobenthivores/piscivores. Glycan 
metabolism was enriched in both zoobenthivores/piscivores and 
piscivores. Some of the protein and amino acid metabolism path-
ways (i.e. phosphonate, phosphinate, glutathione, cysteine, me-
thionine, clycine, serine, threonine and tyrosine pathways) were 
highly abundant in zoobenthivores, zoobenthivores/piscivores and 
piscivores. For some pathways related to carbohydrate metabolism, 
glyoxylate and dicarboxylate metabolism was more enriched in zoo-
planktivores/zoobenthivores than in herbivores/omnivores, while 
fructose, mannose, galactose, glycolysis/gluconeogenesis, pentose, 
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glucuronate interconversions and pentose phosphate were more en-
riched in herbivores/omnivores.

To better understand the relationship between digestion-related 
genes and the fish gut microbiota, ASVs significantly correlated 
with digestion genes in particular were identified by hierarchical all-
against-all association (HAIIA) (Rahnavard et al.) (Figure S10). This 
analysis showed that the associated ASVs belong to several specific 
bacterial taxa, including Photobacterium, ML635J-21 class, Ralstonia 
and Acinetobacter guillouiae. Photobacterium exhibits a distinct pos-
itive correlation with glycosaminoglycan degradation and other 
glycan degradation, while and Acinetobacter guillouiae was found to 
be negatively correlated with photosynthesis and photosynthesis 
proteins pathway. Ralstonia and ML635J-21 class were strongly and 
positively correlated with 12 pathways (e.g. protein digestion and 
absorption, phenylalanine metabolism, synthesis and degradation 

of ketone bodies and lysine degradation). Photobacterium, Ralstonia 
and ML635J-21 were three of the most dominant bacterial taxa 
across the surveyed fish gut communities in this study. In a study 
of Atlantic cod gut microbiomes, Photobacterium iliopiscarium 
and Photobacterium kishitanii were found to be particularly abun-
dant (Riiser et al., 2019). Photobacterium iliopiscarium is a biolumi-
nescent bacterium known for containing the lux-rib operon, and 
Photobacterium kishitanii is nonluminous, but its functional role 
in the intestine is still unclear (Riiser et  al.,  2019). Ralstonia is a 
gram-negative bacterial genus including nonfermentative Bacilli 
ubiquitously found in the environment (Ryan et  al.,  2011) and in 
sea bass (Carda-Dieguez et al., 2014), yellow catfish (Shangong Wu 
et al., 2010) and rainbow trout (Kim et al., 2007). The most common 
bacterium species of Ralstonia, Ralstonia pickettii, is an important 
human pathogen that causes infections such as osteomyelitis and 

F I G U R E  5   Heatmap presenting the abundance of digestion-related bacterial gene functions among the five feeding habits. 
Samples marked by an asterisk (*) indicate significant differences (p < .05) among the feeding habits [Colour figure can be viewed at 
wileyonlinelibrary.com]
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meningitis and may become a threat to seafood safety (Ryan & 
Adley, 2014).

3.7 | Comparison of fish and other animal gut 
microbiomes

A total of 3,540 OTUs (97% similarity) were picked from the pub-
licly available data sets of animal gut microbiomes and the fish gut 
microbiome in this study by closed-reference clustering against the 
Greengenes 13.8 database, among which 999 OTUs were observed 
in fish gut microbiomes (Figure 6a). The gut microbiomes of fish were 
quite distinct from those of other animals since only approximately 
10% (369) of OTUs were shared by fish and other animals (Figure 6b). 
Among these 10% shared OTUs, the fish shared 173 (4.9%) OTUs with 
monkeys and 138 (4.0%) with lizards, accounting for 12% and 11% of 
the total OTU abundance in fish, respectively. Bears, doves, humans 
and birds shared 100 (2.8%), 89 (2.5%), 66 (1.9%) and 61 (1.7%) OTUs 
with fish, respectively, and the corresponding OTU abundances were 
4.9%, 4.5%, 1.9% and 4.3%. Furthermore, the 153 (4.3%) OTUs shared 
with cattle only accounted for 1% of the total OTU abundance in fish. 
Notably, only 5 OTUs were detected in all of the studied animals, 
which belong to three families: Microbacteriaceae, Enterobacteriaceae 
and Peptostreptococcaceae. Microbacteriaceae was not commonly re-
ported in the fish gut samples but was found in the intestine of xylo-
phagous beetle larvae (Mohammed et al., 2018). Enterobacteriaceae is 
a taxonomically diverse bacterial family associated with pathogenesis 
and virulence (Martinson et al., 2019). Peptostreptococcaceae is also 
a common commensal bacterial taxon and may play a role in main-
taining gut homeostasis because of its higher abundance in healthy 
animals than in ill animals (Fan et al., 2017).

In addition, over half of the OTUs (595/999) in the fish samples 
were uniquely to the fish samples without being detected in other 
animal samples (Figure 6a). The number of unique intersecting OTUs 
between fish and one kind of other animal (only existing in these two 
sets but not in all other animals) decreased from the fish-cattle (73 
OTUs), fish-lizard (36 OTUs), fish-monkey (34 OTUs), fish-dove (17 
OTUs), fish-human (12 OTUs) to fish-bear (10 OTUs) associations. 
These results demonstrate the distinction among the gut microbial 
communities of animals. Similar findings have been reported show-
ing that human gut microbiomes share overlapping gene catalogues 
with animals at low rates, that is 3.2% with dogs, 8.2% with pigs and 
1.2% with mice (Coelho et al., 2018).

4  | DISCUSSION

Uncovering the patterns of gut microbial communities adjusted by 
different factors is fundamental for improving host physiological per-
formance, and identifying the dominant fish gut microbiome is one 
of the basic foci. In many fish species, Proteobacteria, Bacteroidetes 
and Firmicutes comprise a large proportion of the gut microbiota 
(Ghanbari et al., 2015). Nielsen et al. (2017) found that the dominant 
gut microbiome phyla of Siganus fuscescens include Proteobacteria, 
Cyanobacteria and Firmicutes. Dehler et al.  (2017) discovered that 
Proteobacteria and Firmicutes are the most abundant phyla in Salmo 
salar gut microbiomes. Proteobacteria and Planctomycetaceae are 
dominant among Gambusia affinis gut microbiomes according to 
Carlson et  al.  (2017). Danio rerio (zebrafish), a model organism for 
the study of genes and pathways related to development, metab-
olism and disease (Sprague et  al.,  2006), harbours Proteobacteria, 
Firmicutes, Fusobacteria, Actinobacteria and Bacteroidetes as the 

F I G U R E  6   Comparison of fish and other animal gut microbiomes. (a) Intersecting gut microbiomes of fish and other animals (bars in pink 
represent OTUs uniquely shared by fish and one another animal; the green bar represents OTUs shared by all the animals). (b) Network 
analysis of gut microbiomes derived from fish and other animals. Dark and light green nodes correspond to shared OTUs and nonshared 
OTUs, respectively, between fish and other animals (97% similarity) [Colour figure can be viewed at wileyonlinelibrary.com]

(a) (b)
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dominant phyla in its intestine (Stephens et al., 2016). In Salvelinus 
alpinus (Arctic char), Proteobacteria, Firmicutes, Actinobacteria and 
Bacteroidetes are the most abundant phyla (Nyman et  al.,  2017), 
while Proteobacteria, Firmicutes and Bacteroidetes are dominant in 
Oncorhynchus mykiss (rainbow trout) (Michl et al., 2017). In our study, 
Proteobacteria and Firmicutes were observed to be the dominant 
phyla among the 20 marine fish species, which is consistent with 
these previous studies, suggesting the commonality of the fish gut 
community.

Further exploration is essential to determine on the significance 
of the dominant gut bacteria as the major symbionts in the fish phys-
iology. At the genus level, Clostridium, Photobacterium, Ralstonia and 
Acinetobacter were dominant. Previous studies have revealed that gut 
bacteria may confer benefits on host digestion, nutrition and immu-
nity. Clostridium is a very common group in the animal gut community 
(Lopetuso et al., 2013). Some species of Clostridium could play a role 
as mutualistic symbionts with hosts, especially with herbivorous fish 
(Clements et  al.,  2006). Clostridium symbionts in the digestive tract 
have been shown to contribute to host nutrition, such as supplying 
fatty acids and vitamins and producing digestive enzymes to degrade 
cellulose (Liu et al., 2016). Photobacterium have been primarily found in 
the marine environment (Gomez-Gil et al., 2016); some species of this 
genus act as mutualistic bacteria in the host gut, aiding with chitin di-
gestion by secreting chitinase (Ray et al., 2012), while others produce 
harmful excretions and are common pathogens of aquatic animals 
(Abdel-Aziz et al., 2019). Regarding Acinetobacter, studies have reported 
that some Acinetobacter bacteria carry antibiotic resistance genes (Lee 
et  al.,  2017), and some could generate chitinase or lipase to benefit 
host digestion (Johnson et al., 2015; Kim et al., 2017). Bacteria from the 
low-abundance general genera Propionibacterium, which are primarily 
facultative parasites and commensals of humans and other animals and 
producers of vitamin B12, tetrapyrrole compounds and propionic acid 
(Piwowarek et al., 2018), were universally found in over 80% of samples 
in this study with an average abundance of 1.29% of sequences, indi-
cating their important roles in synthesizing useful materials for host fish.

As previously stated, Siganus canaliculatus, Solea ovata and 
Parachaeturichthys polynema harboured over 70% of unidentified 
microbes at the genus level. Siganus canaliculatus is mainly herbiv-
orous, feeding on benthic algae, and is commonly consumed by 
humans (Woodland et  al.,  1990). Solea ovata is a flatfish species 
that mainly feeds on benthic invertebrates, especially crustaceans 
(Carpenter & Niem,  2001). Parachaeturichthys polynema is a zoo-
benthivore that mainly feeds on benthic crustaceans (Carpenter & 
Niem, 2001). These three fish species all live near the seabed and 
feed on benthic organisms, suggesting the uniqueness of their gut 
microbiomes, which might be associated with the sediment habitat. 
These unknown microbes suggest the presence of a large knowledge 
gap and uncertainties in the sequencing analysis of fish gut micro-
biomes. Therefore, further studies involving the performance of a 
series of cultivation experiments to uncover the unknown bacteria 
in these fish species are needed.

The results of our work indicate that the host taxon, feeding 
habit and trophic level of fish exert significant but partial effects on 

the host gut microbial communities to varying degrees, that is 16% 
for host taxon, 6% for feeding habit and 4% for trophic level. The 
complicated factors (host-related and environmental factors) influ-
ence which bacterium to grow or decline. Thus, developing rankings 
or quantifying the relative contributions of affecting factors instead 
of limiting studies to qualification also benefits the exploration about 
the mechanisms of gut bacteria assembly. Surrounding environ-
ments such as water and sediment are considered to be major routes 
of gut microbiota acquisition and enrichment, as demonstrated in 
grass carp (Wu et al., 2012) and turbot (Xing et al., 2013). In a previ-
ous study on the faecal microbiomes of carp, the environment (wild 
vs laboratory) was suggested to be a dominant factor shaping the mi-
crobial community in their faeces, while diet did not strongly affect 
the structure in lab-housed fishes compared with that in wild fishes 
(Eichmiller et al., 2016). However, some studies suggest that fish gut 
microbiota are not mainly regulated by the host's ambient environ-
ment and that host-related factors play a dominant role. In a study 
on African cichlids, diet was demonstrated to drive gut microbiota 
composition clustering, while the effect of host taxon was significant 
though relatively small (Baldo et al., 2017). The mechanism of the 
change occurring in the gut microbial community under the influ-
ence of different factors is still unclear and complicated, as distinct 
variation patterns were observed in all these studies. These findings 
imply that environmental factors and host-related factors interact 
with one another, resulting in complicated outcomes. For example, 
fish taxonomic identity determines the host's diet habit; therefore, 
hosts may select the microbiota that are beneficial for digesting the 
corresponding food sources (e.g. plant vs animal) and assimilating nu-
trients (e.g. amino acids vs saccharides). Additionally, environmental 
conditions, especially nutrient status and aquatic community struc-
ture, strongly affect the food source diversity and trophic level of 
the host and subsequently affect the gut microbiome. Host genetic 
factors are the basis by which the genotype of the gut microbiome 
is innately encoded, while environmental factors, especially diet, are 
capable of shifting the gut microbiome postnatally.

Although studies investigating fish gut microbiome composition 
and diversity have been rapidly increasing in recent years, some re-
search questions require further exploration in the future. Future 
work should move from describing the gut microbiota taxonomic 
profile to addressing the functional characterization of the host 
and manipulation of gut microecology to improve host growth and 
immune response. Approaches to unravelling the functions of gut 
microbiota include culture-dependent methods (i.e. using selective 
media to isolate pure colonies of bacteria) or culture-independent 
methods (e.g. metagenomics, transcriptomics, proteomics, and 
metabolomics). In our study, the bacteria associated with different 
feeding habits might serve as potential producers of corresponding 
enzymes in hosts. More specifically, the herbivore/omnivore-dis-
criminative ASV Group I bacteria (e.g. Erysipelotrichaceae) may 
contribute to cellulase and amylase production. Likewise, zooplank-
tivore/zoobenthivore-discriminative bacteria (e.g. Microthrixaceae) 
may be associated with chitinase, while piscivore-discriminative bac-
teria (e.g. Shewanella) might be digestive enzyme secretors of lipase, 
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protease and peptidase. In addition, enzyme-producing bacteria iso-
lated from fish intestines have previously been reported, including 
Bacillus, Acinetobacter, Aeromonas, Flavobacterium, Photobacterium, 
Pseudomonas, Vibrio, Microbacterium, Micrococcus, Staphylococcus 
and some unidentified anaerobic bacteria, as potential contributors 
to amylase, cellulase, protease, lipase, phytase, tannase, xylanase 
and chitinase production (Ray et  al.,  2012). The regulation of gut 
microecology to favour beneficial microbiota by administrating pro-
biotics could increase the generation of metabolites conductive to 
host physiological activities, and several attempts have been made 
to investigate the effects of probiotics on fish performance. For 
example, feeding two lactic acid probiotics, Lactococcus curvatus 
and Leuconostoc mesenteroides, to Persian sturgeons can promote 
their growth rate, viability and digestive enzyme activity (Askarian 
et al., 2011). In our study, the discriminative bacteria associated with 
the different feeding habits are postulated to be possible digestion 
enzyme producers. Additional efforts, such as isolating and cultivat-
ing fish gut bacteria, conducting in vitro and in vivo digestion trials 
with the bacteria, and carrying out omics surveys, could be made to 
validate the physiological functions of these bacteria. Future stud-
ies are recommended to elucidate the functions of the gut microbial 
community, which will facilitate the identification of suitable pro-
biotics and pave the way to optimizing fish farming practices and 
enhancing aquaculture yield.

In summary, we conducted a study on the gut microbiome di-
versity among 20 marine fish species to explore their general re-
latedness with host taxon, feeding habit and trophic level, trace 
the common habitats of core gut microbiomes, compare them with 
other animal gut microbiomes and link gut microbiomes with diges-
tion-related functions. Proteobacteria and Firmicutes accounted for 
approximately 70% of the gut microorganisms in these fishes, and 
Clostridium, Photobacterium, Ralstonia and Acinetobacter were dom-
inant genera. The fish gut microbial community is a microorganism 
reservoir that is worthy of study like other microbial communities, 
as a large proportion of ASV reads remain unidentified at the spe-
cies level. Fish taxon, feeding habit and trophic level are significant 
factors shaping gut microbiomes, although their contributions to 
the variation in community composition and structure are relatively 
small. The gut microbial community may not be a direct reflection of 
host-related factors and environmental factors but a comprehensive 
result of the interaction of these factors. An inverse relationship be-
tween the diversity of gut microbiomes and trophic level of fishes was 
shown. The predicted functional pathways of the gut microbiomes 
revealed that some energy metabolism pathways were enriched in 
herbivores/omnivores and zooplanktivores/zoobenthivores, lipid 
metabolism and glycan metabolism pathways tended to be enriched 
in zoobenthivores/piscivores, and protein and amino acid metabo-
lism pathways were primarily abundant in zoobenthivores, zooben-
thivores/piscivores and piscivores. The low proportion of shared 
OTUs between fish and other animals suggests a large distinction 
existing in the different animal gut microbiomes. The characterized 
indicator microbiota of different fish species could be further applied 

as host-tracking markers in biodiversity surveys using environmental 
DNA methods in future studies. The identified discriminative micro-
biota of the different feeding habits are potential digestive enzyme 
producers, and future studies are required to unravel and validate 
the functions of the microbiota for the development of probiotics for 
the fish farming industry. Our work contributes a unique set of data 
for further understanding the role of gut microbiota in host metabo-
lism and paves the way for manipulative studies on the application of 
gut microbiota as probiotics in maricultural practices.
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