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Abstract

Gut microbiota are known to play an important role in health and nutrition of the
host and have been attracting an increasing attention. Farming of new lineages of
grass carp and crucian carp has been developed rapidly as these species were found
to outperform indigenous ones in terms of growth rate and susceptibility to diseases.
Despite this rapid development, no studies have addressed the characteristics of their
gut microbiota as a potential factor responsible for the improved characteristics. To
reveal whether microbiomes of the new lineages are different from indigenous ones,
and therefore could be responsible for improved growth features, intestinal micro-
biota from the new lineages were subjected to high-throughput sequencing. While
the phyla Firmicutes, Fusobacteria and Proteobacteria were representing the core
bacterial communities that comprised more than 75% in all fish intestinal samples,
significant differences were found in the microbial community composition of the
new linages versus indigenous fish populations, suggesting the possibility that results
in the advantages of enhanced disease resistance and rapid growth for the new fish
lineages. Bacterial composition was similar between herbivorous and omnivorous
fish. The relative abundance of Bacteroidetes and Actinobacteria was significantly
higher in omnivores compared to that of herbivores, whereas Cetobacterium_sp. was
abundant in herbivores. We also found that the gut microbiota of freshwater fish
in the Dongting lake area was distinct from those of other areas. Network graphs
showed the reduced overall connectivity of gut bacteria in indigenous fish, whereas
the bacteria of the new fish lineage groups showed hubs with more node degree. A
phylogenetic investigation of communities by reconstruction of unobserved states
inferred function profile showed several metabolic processes were more active in the

new lineages compared to indigenous fish. Our findings suggest that differences in
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1 | INTRODUCTION

Intestinal microbiotas, which provide several biological functions
in the host, including health maintenance, immune regulation, and
nutrition utilization, comprise all the microorganisms living in the
intestine of animals and their genetic material (Grond, Lanctot,
Jumpponen, & Sandercock, 2017; Liu et al., 2016; Ray, Ghosh, &
Ringo, 2012; Yang et al., 2017). Various culture-independent tech-
niques (e.g., temporal temperature gradient electrophoresis [TTGE],
denaturing gradient gel electrophoresis [DGGE], fluorescent in situ
hybridization [FISH], and OMIC approaches) are recently available to
analyze microbiota, determine the microbial assembly abundance of
a particular taxa, and assess bacterial-host interactions (Duefas et
al., 2015; Egerton, Culloty, Whooley, Stanton, & Ross, 2018). Next-
generation high-throughput sequencing is the latest method for
analyzing microbiota, improving our understanding of diverse eco-
system of host-associated microbes (Li, Liu, et al., 2018).

Fish originated over 600 million years ago (Egerton et al., 2018),
and over three billion people worldwide depend on fish for at least
20% of their protein intake and approximately 20 kg of fish is con-
sumed per capita per annum (Food & Agriculture Organisation of
the United Nations [FAO], 2016). Even though research on the fish
gut microbiota started in the early half of the 20th century, previous
studies have not documented the characteristics of the gut microbi-
ota of new lineages, such as Pure-line grass carp (Ctenopharynodon
idellus), Hefang crucian carp (Carassius auratus), and Xiangyun cru-
cian carp (C. auratus) from the Dongting lake area. The research work
related to the gut microbiota of fish is dwarfed by that on humans
and mammals. The colonization of fish intestinal microorganisms is
an extremely complex process because of the influence of fish spe-
cies, water environments, seasonal changes, and other factors (Ni,
Yu, Zhang, & Gao, 2012; Qin et al., 2016; Ye, Amberg, Chapman,
Gaikowski, & Liu, 2014). Previous studies focused mainly on pat-
tern of bacterial composition of wild-type fish species, for example,
zebrafish (Liu et al., 2016; Siriyappagouder et al., 2018), common
carp (Chang et al., 2019), bighead carp (Li, Zhu, et al., 2018), Atlantic
salmon (Klemetsen, Willassen, & Karlsen, 2019), Atlantic cod (Walter,
Bagi, & Pampanin, 2019), rainbow trout (Etyemez & Balcazar, 2015),
blunt snout bream, and topmouth culter (Li, Liu, et al., 2018).

Farming of grass carp and crucian carp is an important economic
pillar in the Dongting Lake area of Hunan Province (China). The grass
carp, an herbivorous freshwater fish, made it be the largest fresh-
water aquaculture product in China, which the production reached

5.7 million tons in 2015 (Lin et al., 2018). The Pure-line grass carp is

gut bacterial community composition may be an important factor contributing to the

rapid growth and high disease resistance of the new fish lineages.

connectivity of bacteria, crucian carp, Dongting Lake area, grass carp, gut microbiota, high-

a new grass carp lineage that has the advantages of strong disease
resistance and rapid growth, which was developed through gyno-
genesis using ultraviolet-treated heterologous sperm to activate
the eggs of grass carp and subsequently cold shock or heat shock
treatment on eggs to double the chromosomes (Mao et al., 2019;
Zhang et al., 2011). The crucian carp as an omnivorous freshwater
fish is one of the most important and popular freshwater aquacul-
ture species in China, in which its total yield is over 3 million tons
per year (Wu et al., 2019). Crucian carp is rich in nutrients such as
the vitamin, protein, unsaturated fatty acids, and inorganic compo-
nents (Liu, Sha, Wang, Li, & Bureau, 2018). New species of crucian
carps, such as Hefang crucian carp and Xiangyun crucian carp, are
hybrids of other species of fish. Hefang crucian carp derived from
Japanese white crucian carp () x red crucian carp (3), which exists
the advantages of a high survival rate, strong resistance, and a fast
growth rate. Xiangyun crucian carp that is a kind of allotriploid cru-
cian carp derived from diploid Japanese white crucian carp (@) x al-
lotetraploid hybrids (3) (Wang et al., 2019). Previous reports validate
sterile hybrids, involved in Pure-line grass carp and Xiangyun crucian
carp, and have some advantages such as faster growth (~1.43 times)
and higher anti-disease ability (~1.5 times) (Chen et al., 2009; Liu et
al., 2001; Xiao et al., 2019). Japanese white crucian carp (Carassius
auratus curvier) are characterized by strong reproductive ability and
rapid growth rates (Liu et al., 2019). Both Hefang crucian carp and
Xiangyun crucian carp inherit superiority of white crucian carp. All
of these freshwater fish are economically very important because
of their high nutritional value and are widely distributed in the lakes
and reservoirs of China. The present study investigated the intes-
tinal microbial structures of the five groups of fish from Dongting
lake area to assess the relationship among genetic differentiation,

feeding habits differences, and gut microbiota structure.

2 | EXPERIMENTAL PROCEDURES
2.1 | Fish and sample collection

Five species of fish (five individuals each), nearly half year old and no
visible disease symptoms, were obtained from intensive cultivation fish
ponds of Anxiang county (N29°19'12", E111°25'12") in Dongting Lake
area(N27°39'-29°51', E111°19'12"-113°34'12") (Figure A1), which in-
clude Pure-line grass carp (PGC), Indigenous grass carp (IGC), Xiangyun
crucian carp (XYCC), Hefang crucian carp (HFCC), and Indigenous

crucian carp (ICC) (Table 1). Experimental fish were euthanized by
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Fish species Number of samples Collecting seasons Length (cm) Weight (g)

Pure-line grass carp DKC 1-5 Autumn 26.63 +5.33 333.01 +14.48
Indigenous grass carp DCC 1-5 Autumn 24.98 +4.19 305.90 + 22.53
Xiangyun crucian carp DXJ 1-5 Autumn 16.05 £ 8.25 433.02 £ 3791
Hefang crucian carp DHF 1-5 Autumn 15.61 +4.73 423.31 +40.06
Indigenous crucian carp DJY 1-5 Autumn 13.86 £ 6.72 372.45 £ 35.19

overdose of tricaine methane sulfonate (MS222; 50 mg/L) and were
aseptically dissected to obtain midgut samples and their contents
(Cordova & Braun, 2007; Li, Liu, et al., 2018; Song et al., 2016). Samples
were stored at —~80°C until further processing.

2.2 | DNA extraction and high-throughput 16S
rRNA amplicon sequencing

Microbial DNA was isolated from the fish gut contents samples using
PowerFecal™ DNA Isolation Kit (Mobio), following the manufactur-
er's instructions. The V4 hypervariable region of the 16S rRNA gene
was amplified, sequenced, and analyzed to define composition of the
bacterial community. Amplification primers were generated with the
following PCR primers of 515F (5'-GTGCCAGCMGCCGCGGTAA-3')
and 806R (5'-GGACTACHVGGGTWTCTAAT-3') (Caporaso et al.,
2011), Polymerase chain reaction (PCR) experiments (30 pl) of each
sample in triplicate were also prepared, each containing approxi-
mately 15 pl Phusion Master Mix (2x), 3 pl Primer (2 puM), 10 ul DNA
(1 ng/pl), and 2 pl H,O (Gao et al,, 2019). PCR amplification was
conducted using the following thermocycles: initial denaturation at
98°C for 1 min; 30 cycles at 98°C for 10 s, 50°C for 30 s, and 72°C
for 30 s; and a final extension at 72°C for 5 min. Equal amounts of
each sample were combined and gel-purified using a QlAquick Gel
Extraction Kit (QIAGEN) before being quantified using PicoGreen
(Mardis & McCombie, 2017). All PCR products were then sequenced
using on an lllumina HiSeq 2500 platform, and 250 bp paired-end
reads were generated (Caporaso et al., 2012) at Novogene Bio-
informatic Biotechnology Co., Ltd.

2.3 | Quality control and processing

The sequence length of the V4 hypervariable region of 16S rRNA
gene was approximately 250 base pairs for most microbial spe-
cies. All paired-end reads from the original DNA fragment were as-
signed to each sample according to the unique barcodes and then
merged using FLASH (V1.2.7, http://ccb.jhu.edu/software/FLASH/
) to obtain raw sequences (Magoc & Salzberg, 2011). Prior to get-
ting the quality-filtered reads, removed chimeric sequences in clean
sequences using UCHIME algorithm software (http://www.drive5.
com/usearch/manual/uchime_algo.html) (Edgar, Haas, Clemente,
Quince, & Knight, 2011) and Gold database (http://drive5.com/
uchime/uchime_download.html),

low-quality raw sequences

were strictly filtered to generate clean sequences by QIIME soft-
ware (Quantitative Insights into Microbial Ecology, version 1.7.0,
http://qiime.org/scripts/split_libraries_fastq.html) (Bokulich et al.,
2013). Sequence data were deposited in the NCBI Sequence Read
Archive (SRA) (Accession number: SRR9645031, SRR9645032,
SRR9645033, SRR9645034, SRR9645035). The data were analyzed
on the free online platform of Majorbio I-Sanger Cloud Platform

(www.i-sanger.com).

2.4 | Sequencing data analysis

The effective sequences were clustered to operational taxonomic
units (OTUs) at 97% sequence similarity by Usearch (version 7.0,
http://drive5.com/uparse/) (Edgar, 2010), after which taxonomic
annotation was conducted using the RDP classifier (Ribosomal
Database Project, version 2.2, http://sourceforge.net/projects/
rdp-classifier/) at a 70% confidence level. Alpha-diversity indices
(bacterial community richness: Chao; bacterial community diver-
sity: Shannon) based on the OTU level abundance profile were de-
termined using the Mothur software (version 1.30.1, http://www.
mothur.org/wiki/Schloss_SOP#Alpha_diversity) at 97% sequence
similarity (Quast et al., 2013; Wang, Garrity, Tiedje, & Cole, 2007). As
beta-diversity analysis, principal coordinates analysis (PCoA) based
on unweighted-uniFrac distances was performed using the Vegan
package in R software (Chi et al., 2019). Linear discriminant analysis
effect size (LEfSe) was used to examine the differentially abundant
bacterial communities of the groups by LefSe software (http://hutte
nhower.sph.harvard.edu/galaxy/root?tool_xml:id=lefse_upload).
Analysis of similarity statistics (ANOSIM) was estimated using the
Bray-Curtis distance matrix to test the significance of differences
between the five groups of fish (Douterelo, Sharpe, & Boxall, 2013).
One-way ANOVA and a two-tailed Student's t test were applied to
determine differences in intestinal bacterial communities between
the five fish groups (Li, Liu, et al., 2018); p-value <.05 and p-value
<.01 were considered statistically significant and highly significant,

respectively.
2.5 | Microbial network construction and prediction
for the potential function of the OUTs sequences

A network consisting of non-random co-occurrences was con-

structed according to a Spearman correlation coefficient >0.5 in the
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R platform without considering the compositional variation (Chen et
al., 2018). Phylogenetic investigation of communities by reconstruc-
tion of unobserved states (PICRUSt, version 1.0) was used to pre-
dict the functional content based on the 16S rRNA sequencing data
(Wong et al., 2016).

3 | RESULTS
3.1 | Sequencing quality

We obtained the 16S rRNA V4 amplicon sequences of the bacterial
communities of 25 intestine samples from five fish species. After
the adapter and quality trimming of 1,915,354 raw sequences, a
total of 1,789,385 effective sequences were clustered into 4,896
OTUs (Table S1 at https://doi.org/10.6084/m9.figshare.11389638.
v2). These OTUs were assigned to 48 phyla, 122 classes, 255 orders,
480 families, 1,123 genera, and 2,130 species (Table S2 at https://
doi.org/10.6084/m9.figshare.11389638.v2). The rarefaction curves
based on Sobs index at 97% identity threshold reached a saturation
phase at approximately 750 OUTs, indicating that the sequencing
data were reasonable and could reliably describe the full microbial
diversity (Figure A2a). The core species curves were horizontal when
the number of samples was greater or equal to 4, thereby allowing
us to capture most of the bacterial communities (Figure A2b). Hence,
all sequences may contribute to a complete and even representation
of commensal microbiome and are considered to be appropriate for

further analysis.

3.2 | Alpha- and beta-diversity analysis

The alpha diversity of the microbial community of the five fish groups
was expressed using the Shannon and Chao indexes (Figure 1a,b).
The microbial diversity of XYCC group was highest according to
Shannon index and differed significantly between XYCC and IGC
groups (p < .05). Bacterial community richness of HFCC group was
highest according to Chao index, in which it was significantly higher
than that of the IGC and XYCC groups (p < .05). Additionally, mi-
crobial communities from IGC group displayed lower diversity and
richness compared with the other four groups, namely PGC, ICC,
HFCC, and XYCC. PCoA based on Bray-Curtis dissimilarity, which
revealed a clear clustering pattern, was used to examine the rela-
tionship between the microbial communities across different fish
species (Figure 1c). The resulting bacterial compositions of each fish
lineages were clearly separated by PC1 and PC2, such as no cross-
link among three crucian carp (HFCC, XYCC, and ICC) as well among
two grass carp (PGC and IGC), respectively. ANOSIM showed signifi-
cant differences in microbial community structure among the five
fish species (OTU level: R = .44 and p < .001) (Figure 1d), in which sig-
nificant differences between new lineages and indigenous fish (IGC
vs. PGC—p < .05, ICC vs. HFCC—p < .01, ICC vs. XYCC—p < .01) were

revealed during pairwise comparisons. The bacterial community

composition between herbivorous grass carp and omnivorous cru-
cian carp was also evidently distinct (OTU level: R =0.22 and p < .05)
(Figure A3).

3.3 | Microbiota composition analysis

Given that the microbiota community structure of the five fish groups
exhibited significant differences, we further explored the bacterial
community composition of each fish group. The results of Venn dia-
gram showed that the unique OTUs of each fish group were within the
range from 262 to 608 and represented the differentiations in the in-
testinal microbial composition. The Venn diagram identified 524 OTUs
shared among all five groups and represented the core microbiota of
grass carp and crucian carp (Figure 2a). The predominant bacterial com-
ponents from all of the gut samples were similar at the phylum level,
but their differences were due to the different proportions of these
core bacteria (Figure 2b). Firmicutes, Fusobacteria, Proteobacteria,
Cyanobacteria,  Bacteroidetes, Spirochaetae,  Actinobacteria,
Planctomycetes, Chloroflexi, and Verrucomicrobia were the top-10
dominant phyla at the >1% abundance and occurred in all the fish
groups. Notable differences were found in these fish groups' micro-
bial communities, including Firmicutes, Proteobacteria, Bacteroidetes,
Actinobacteria, Planctomycetes, and Chloroflexi (p < .05, one-
way ANOVA) (Figure 2e). Among these communities, the relative
abundance of Firmicutes was higher in the ICC group than in rest
groups (ICC_59.97% vs. HFCC_44.71%, 1GC_26.31%, PGC_38.63%,
XYCC_24.70%), and the ratios of these bacterial taxa in ICC (59.97%)
differed significantly from those in XYCC (24.70%, p < .01, one-way
ANOVA) and IGC (26.31%) (p < .05, one-way ANOVA) (Figure Ada). At
the genus level, norank_f_Erysipelotrichaceae was the most abundant
in all fish groups, followed by Cetobacterium, Aeromonas, Brevinema,
Dechioromonas, Bacteroides, Dielma, and the unidentified genera of the
family Hados.Sed.Eubac.3 and Propionibacteriaceae (Figure 2c). Intotal,
the differences of relative abundances were more evident for these
genera of norank_f_Erysipelotrichaceae, Aeromonas, norank_f_Hados.
Sed.Eubac.3, Dechioromonas, Bacteroides, and Dielma at different fish
groups (p < .05, one-way ANOVA) (Figure 2f). Interestingly, norank_f_
Erysipelotrichaceae genus, classified into Firmicutes, was significantly
higher in ICC group (51.30%) as compared to the XYCC group (9.23%,
p < .001, one-way ANOVA) and IGC group (16.82%, p < .01, one-way
ANOVA), which indicated that norank_f_Erysipelotrichaceae genus
played a critical role in Firmicutes due to the higher relative abundance
of Firmicutes in the ICC group than that in XYCC and IGC (Figure A4b).
To explore the variation of the microbial community composition in dif-
ferent fish groups, we performed LEfSe analysis to detect differences
in the relative abundance of bacterial taxa (Figure 2d). It was notewor-
thy that the number of taxa identified in XYCC group (16 taxa) was
higher than that in other four groups (12, 8, 2, and 7 taxa in HFCC,
ICC, IGC, and PGC, respectively), and Firmicutes, Proteobacteria (main
ly class Gammaproteobacteria), Bacteroidetes, and Spirochaetae were
the most abundant taxa in XYCC group. In addition, some taxa belong-

ing to Actinobacteria and Planctomycetes were the overrepresented
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taxon in HFCC group, whereas Erysipelotrichaceae (Firmicutes) and
Rhodocycclaceae (Proteobacteria, Betaproteobacteria) were observed
as the significantly abundant type in the ICC group. Although bacteria
belonging to the phylum Proteobacteria in grass carp were dominant
taxa, the class Betaproteobacteria (with Neisseriaceae as the repre-
sentative) was largely abundant in the IGC group. By contrast, the pre-
dominant taxon was Gammaproteobacteria in the PGC group.

To further validate the relationship between genetic differentia-
tion and gut microbiota structure, the data analysis revealed the gut
microbiota of fish had significant difference after genetic differenti-
ation, albeit their kinship. The bacterial composition between PGC
and IGC exhibited significant difference. The class Betaproteobacteria
(with Neisseriaceae as the representative) was largely abundant in the
IGC group, but the predominant taxon was Gammaproteobacteria in
the PGC group. Additionally, both Hefang crucian carp and Xiangyun
crucian carp have a common parent of white crucian carp, and the bac-
terial composition between HFCC and XYCC has notable difference.
Bacterial community richness of HFCC group was significantly higher
than that of the XYCC groups. The phylum Actinobacteria in the HFCC
group was predominant taxon, whereas the phylum Bacteroidetes in

the XYCC group was superior taxon.

We further compared the characteristics of intestinal microbiota
between herbivorous fish (IGC and PGC) and omnivorous fish (ICC,
HFCC, and XYCC). The shared microbiome between the two feeding
types comprised of 2,304 OTUs, while there were 745 and 1,847
unique OTUs in herbivore and omnivore, respectively (Figure 3a).
Bacterial composition at phylum and species level in the two types of
feeding habits of fish was similar (Figure 3b,c). However, the relative
abundance of Bacteroidetes and Actinobacteria was significantly
higher in omnivores compared with herbivores (p < .05, Student's
t test) (Figure 3d). Furthermore, Cetobacterium_sp._ZOR0034 was
more abundant in herbivores (p < .01, Student's t test) (Figure 3e).

3.4 | Association network between
bacterial community

The co-occurrence network analyses of top-50 abundant intestinal
bacteria in each fish group revealed that their interactive patterns
exhibited remarkable distinctions, such as established positive and
negative correlations based on the network plots were different

(Figure 4). In addition, several nodes were negatively correlated with
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Proteobacteria—purple, Bacteroidetes—red, Actinobacteria—blue, Fusobacteria—green, Planctomycetes—pink, Spirochaetes—coral, and
Chloroflexi—cyan. (e) Statistical comparison of the relative abundance the five fish groups by one-way ANOVA at phylum level. (f) Statistical
comparison of the relative abundance the five fish groups by one-way ANOVA at genus level. *p < .05, **p < .01, ***p < .001

other nodes on the network, such as Aeromonas, Cetobacterium,
norank_f_Erysipelotrichaceae, Shewanella, Bacillus, and Bacteroides,
in which the patterns were caused by favorable genera for fish's
survival outcompeting with less favorable ones. Similarly, the co-oc-
currence network also showed that the bacterial interaction patters
were different between herbivores and omnivores. The number of
negatively correlated nodes were lower in herbivorous than in om-
nivorous fish (Figure 5). The majority of bacteria showed synergy to

a large extent in herbivorous fish.

3.5 | Functional prediction

Phylogenetic investigation of communities by reconstruction of un-

observed states-predicted COG functional classification showed

similar microbial functional features in every fish group, including
amino acid transport and metabolism, energy production and con-
version, carbohydrate transport and metabolism, nucleotide trans-
port and metabolism, coenzyme transport and metabolism, lipid
transport and metabolism, and signal transduction mechanisms
(Figure 6). Interestingly, these bacterial functions in PGC (new lineage
grass carp) were lower than that in IGC Indigenous grass carp). The
aforementioned metabolic processes were more active in HFCC and
XYCC (new lineage crucian carp) compared to ICC (indigenous cru-
cian carp) (Table S3 at https://doi.org/10.6084/m9.figshare.11389
638.v2). Predicted COG profiles also suggested great differences be-
tween the microbial processes potentially ongoing in herbivore and
omnivore intestinal communities (Figure A5). The pathways involved
in the transport and metabolism of carbohydrates, amino acids, nu-

cleotides, lipids/ fatty acids, secondary metabolites, inorganic ion,
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FIGURE 3 Comparative analysis of gut microbiota between herbivore (grass carp) and omnivore (crucian carp). (a) Venn diagram showed
shared and unique OTUs between herbivore and omnivore. (b) Distribution of microbial community was visualized by Circos for herbivore
and omnivore at phylum level. (c) Relative abundance of top-15 gut microbial was visualized at species level. (d) Student's t test bar plot was
employed to reveal statistical differences on phylum level of bacterial communities between herbivore and omnivore. (e) Student's t test
bar plot was employed to reveal statistical differences on species level of bacterial communities between herbivore and omnivore. *p < .05,

**p <.01
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and energy production and conversion were more prominent in the
omnivorous fish gut microbiome compared with herbivorous fish.
However, this microbial metabolism, such as coenzyme transport,
cell wall/membrane/envelope biogenesis, and signal transduction
mechanisms, tended to be more active in herbivorous fish. The re-
sults indicated gut microbial community not only played important
roles in host metabolism, but also differentiated on the basis of diet

and species.

4 | DISCUSSION

Gut microbiota, which continues to be an intrinsic component of the
host, can help host acquire the calories and nutrients present in vari-
ous complex dietary and has attracted great attention from the sci-
entific community in recent year (Costello, Gordon, Secor, & Knight,
2010; Li, Liu, et al., 2018). The establishment of the gut microbiota in
fish is a complex process and a specific reflection of microorganisms
in rearing water, diet, and the environment. The sort and number
of microorganisms presented in fish are lower than that in warm-
blooded animals and fluctuate greatly with host age, nutrition, and
environment (Riiser et al., 2019). In this study, the gut microbiota
profiles in the two types of grass carps and three types of crucian
carps were characterized and compared, subsequently describing
the relationship among genetic differentiation, feeding habits differ-

ences, and gut microbiota structure.

According to previous reports, Firmicutes and Proteobacteria are
dominant phyla in most of fish at the phylum level (Gong et al., 2019;
Jiang et al., 2019; Li et al., 2013). Similar results were presented in
our study, where Firmicutes, Fusobacteria and Proteobacteria were
dominant, and they accounted for 75.75%, 78.85%, 85.61%, 78.89%,
and 74.66% of the tags at the phylum level in the microbial commu-
nities found in the guts of IGC, PGC, ICC, HFCC, and XYCC, respec-
tively (Figure 2b). However, the predominant phylum of Firmicutes
was found among the core microbiota of fish from Dongting lake
area in our study, which are consistent with Li's results (Li, Liu, et
al., 2018). Interestingly, Proteobacteria was the most abundant phy-
lum in many freshwater fish elsewhere (Wu et al., 2012; Yan et al.,
2016). This finding might be due to different feeding habits and con-
ditions. The genus Aeromonas, Pseudomonas, and Bacteroides were
found to be dominant in majority freshwater fish intestine, followed
by Enterobacteriaceae, Micrococcus, Acinetobacter, Clostridium, and
others (Nayak, 2010). The rationality of gut microbiota was aided
to enhancement of host's growth (Gong et al., 2019; Xie et al,,
2019). It has been suggested that Proteobacteria, Firmicutes, and
Bacteroidetes can play important roles in the growth of fishes. To
be specific, Proteobacteria was shown to participate in the metab-
olism and cycling of carbon, nitrogen, and sulfur in fish (Fjellheim,
Klinkenberg, Skjermo, Aasen, & Vadstein, 2010; Han et al., 2010);
Bacteroidetes was found to be involved in the fermentative process
and degradation of oligosaccharides (Li et al., 2015); and Firmicutes

was shown to contribute to carbon metabolism (Corrigan, Leeuw,
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Penaud-Frezet, Dimova, & Murphy, 2015). It was reported that the
higher proportion of Firmicutes over Bacteroidetes could be asso-
ciated with enhanced growth rate of fish (Li et al., 2013). Relative
abundance ratios of Firmicutes over Bacteroidetes suggested that
new lineage grass carp (ratio of 47.11) might have a growth advantage
over Indigenous grass carp (ratio of 7.81) and that the Hefang crucian
carp (ratio of 18.79) might grow faster compared with Indigenous
crucian carp (ratio of 15.50) (Table S4 at https://doi.org/10.6084/
m9.figshare.11389638.v2). However, the proportion in Xiangyun
crucian carp (2.13) was lower than that in Indigenous crucian carp,
in which the incongruence for the above conclusion might be due to
the differences in fish species and the fish living conditions.

At the

Erysipelotrichaceae were the most abundant in all fish groups,

genus level, reads belonging to norank_f_
followed by Cetobacterium, Aeromonas, etc. Several studies have
identified that norank_f_Erysipelotrichaceae was responsible
for digestion of a high-fat and polysaccharides diet (Conterno,
Fava, Viola, & Tuohy, 2011; Harris et al., 2014). Fish gut micro-
biota could promote the development of the immune system or
directly activate the innate immune pathway to improve their an-
ti-disease ability. Meanwhile, it is important to note the norank_f_
Erysipelotrichaceae, a Gram-positive organism, may contribute
to mechanisms like TLR4 pathways or enhance intestinal absorp-
tion of microbial products from other lineages, which stimulated
TLR4 through expected interactions (El Kasmi et al., 2013). TLR4
was involved in innate immune defense in teleost fish, in which it

could enhance resistance to diseases (Qi, Xia, Chao, Zhao, & Wu,

2017). The abundance of norank_f_Erysipelotrichaceae in PGC
(36.38%, new lineage grass carp) was markedly higher than that
in IGC (16.82%, Indigenous grass carp), revealing the reason why
the Pure-line grass carp has potential to hold additional disease
resistance. Cetobacterium as a potential probiotic remained to be
further studied on the intestine of fish. Among the Cetobacterium
species, the C. somerae could promote the synthesis of vitamin
B12 (Zhai et al., 2017). In addition, Aeromonas, even though some-
times pathogenic, have been detected as a necessary community
member in the normal intestinal mucosa of several fishes, which
could produce hydrolytic enzymes. Thus, they could act as sym-
bionts assisting in the breakdown of dietary components (Wu et
al., 2012).

As is well known, the habitat is a key factor for the survival of
fish, so fish habitat differences are presumably caused by the dif-
ferences in the type of food sources, including ingested bacteria,
intestinal morphology and digestion, or life habits (Ni et al., 2012;
Ye et al., 2014). The dietary habits considerably affect fish intes-
tinal bacterial structure. Remarkable differences between herbiv-
orous fish and omnivorous fish were revealed when the groups
were considered separately in pairwise comparisons. Although
the strains of Firmicutes dominated the gastrointestinal microbial
communities in marine and freshwater fish (Jiang et al., 2019; Li,
Liu, et al., 2018; Riiser et al., 2019; Wu et al., 2012), their abun-
dance exhibited differences between herbivores and omnivore.
Among marine fish, strains of Firmicutes dominated the gastroin-

testinal microbial communities of herbivorous fish (Egerton et al.,
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2018). By contrast, these bacteria were more abundant in omnivo-
rous freshwater fish through our study. Additionally, the intestinal
microbiota of grass carp harbored more cellulose-decomposing
bacteria, including Leuconostoc, Clostridium, Ruminococcus, and
(Table S2 at https://doi.org/10.6084/m9.figsh
are.11389638.v2), in accordance with the cellulose-rich plant-

Actinomyces

based diet of herbivorous fish.

We analyzed the interaction between bacteria by construc-
tion of network graphs and highlighted the significantly abundant
and relevant genera in the intestinal microbiota. The network of
indigenous fish (IGC and ICC) showed lower overall connectivity,
whereas the bacteria of new lineage fish groups (PGC, HFCC, and
XYCC) had hubs with more node degree (Figure 4). Previous stud-
ies have shown that the microbiota structure stability declines
with an increase in microbial diversity and proportion of coop-
erative interactions (Coyte, Schluter, & Foster, 2015). We spec-
ulated that the intestinal bacterial community was more likely to
change in new lineage fish and might be regulated by changing
the feeding conditions, thereby promoting the growth of new lin-
eage fish. Further, the metabolic functional features were high-
lighted in the gut samples from 5 fish groups, including amino acid
transport and metabolism, energy production and conversion,
carbohydrate transport and metabolism, nucleotide transport and
metabolism, coenzyme transport and metabolism, lipid transport
and metabolism, and signal transduction mechanisms. Zhang et al.
(2016) investigated a generally positive correlation between met-
abolic functional features and core microbiota during analysis of
the Yucha samples microbial diversity by metagenomic approach.
As an inherent lack of power of 16S rRNA amplicon sequencing
method to resolve fine-scaled biological complexity, we did not
obtain the correlation between the predominant microbes and
metabolic functional features. Hence, it would be further deter-
mined by metagenomic analysis.

Our results are the first to reveal the gut microbial composition
of new lineages—grass carp and crucian carp from Dongting lake
area. The observed differences of gut microbiota between new lin-
eages and indigenous may be an important influencing factor for dif-
ferent growth and disease resistance.
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FIGURE A1 Areas (red ellipse) from
which fish gut samples were collected:
Hunan province, China (Left), and

the new fish lineages: grass carp and
crucian carp, with their indigenous
species
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