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Abstract

Intertidal mudflats are unique, highly productive ecosystems. Boleophthalmus pectinirostris and Periophthalmus
magnuspinnatus are common fish species that are distributed in the intertidal mudflats of the Yangtze Estuary in China. They
perform important ecological functions and have different feeding strategies. Herein, we studied the intestinal microbial diversity
and structure of wild B. pectinirostris and P. magnuspinnatus with different sexes and feeding strategies during their breeding
season. Gut samples of B. pectinirostris and P. magnuspinnatus individuals (female:male ratio = 1:1) were collected and sub-
jected to high-throughput DNA sequencing. The results showed Proteobacteria was the most dominant phylum in all the four
sample groups: 73.5% in the males and 52.6% in the females of B. pectinirostris and 40.2% in the males and 40.9% in the females
of P magnuspinnatus. Aeromonas, Shewanella, Halomonas, and Acinetobacter of the phylum Proteobacteria were dominant
genera in all the sample groups and accounted for 62.13% of the ten dominant genera. The diversity of the intestinal microflora in
the omnivorous P. magnuspinnatus was significantly higher (P < 0.05) than that in the herbivorous B. pectinirostris. Beta
diversity, including PCoA and UPGMA of unweighted UniFrac distances, showed that B. pectinirostris samples were clustered
together, and P. magnuspinnatus samples were clustered together, implying the effect of the feeding habits on the microbial
community structure is more considerable than that of sex.
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Introduction

Intertidal mudflats are a common feature of most estuaries and
coastal plains all over the world. These coastal wetlands are
highly productive ecosystems and provide a wealth of food
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resources for many fish, bird, and invertebrate species.
However, as land-sea transitional zones, intertidal mudflats
impose severe environmental challenges on their occupants
by tidal oscillation and extreme shifts in habitat conditions.
Mudskippers (Order Perciformes; Family Gobiidae) are am-
phibious fish that reside in mudflats (Ishimatsu et al. 2007;
Ravi 2013). They are a highly specialized teleostean fish with
a capacity for aerial respiration, which facilitates their adapta-
tion to this harsh environment. During low tide, they actively
feed on the mud surface, whereas during high tide, they stay in
mudflat burrows and maintain their metabolism under severe-
ly hypoxic conditions (Lee et al. 2005). Mudskippers are com-
mon food resources for migratory waterfowl. As one of the
few vertebrates that reside in mudflats, mudskippers are an
important link between primary production or primary con-
sumers and higher-level trophic consumers, and are key inter-
mediates in the energy flow of estuarine systems. Therefore,
the ecological roles of mudskippers are important to estuarine
ecosystems.
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Boleophthalmus pectinirostris, belonging to the genus
Boleophthalmus, and Periophthalmus magnuspinnatus, be-
longing to the genus Periophthalmus, are mudskipper species
that are widely distributed in the estuary areas in China. They
have a close phylogenetic relationship and have a consider-
able overlap in their spatial and temporal distribution.
However, their diets are different, which contributes to their
distinct ecological roles. Boleophthalmus are herbivorous
and partially omnivorous fish (Yang et al. 2003), which
usually obtain food by scraping the surface of intertidal
mudflats using their teeth while wiggling their body. An
earlier study on the food consumption patterns of
Boleophthalmus found that more than a half of its diet con-
sists of benthic diatoms throughout the year (Zhu and
Zhang 1993; Yang et al. 2003; Ravi 2013). Gammaridae,
polychaetes, algae, and fish eggs, even detritus and mud/
sand particles, are also found to be consumed, but constitute
a low percentage in the gut content of this fish (Ravi 2013).
On the other hand, Periophthalmus are omnivorous and
partially carnivorous fish that access food mainly by
jumping in attack. They primarily consume gammaridae,
crabs, other crustaceans, and benthic animals commonly
distributed in mudflats and tidal channels (Baeck et al.
2008). B. pectinirostris and P. magnuspinnatus are dioe-
cious creatures with an exceedingly long breeding season
that can last from May to October in the estuary area of
China. The external differences between male and female
individuals are not obvious, but male individuals have a
strong territorial awareness and egg-protective behavior
(Brillet 1969). During the breeding season, female individ-
uals lay their eggs in mudflat burrows. Then, male individ-
uals reduce their food intake and protect the fertilized eggs
in mudflat burrows.

In contrast to the abundance of investigations on food pref-
erence and sex difference, little is known about the intestinal
flora structure of mudskippers which is closely related to their
food consumption patterns and sexual characteristics.
Intestinal microbes are an important part of living organisms.
After a long period of co-evolution, intestinal microbes have
formed mutually beneficial relationships with their host and
thus exert exceedingly important functions in host physiolog-
ical metabolism (Flint et al. 2008; Ley et al. 2008). Various
factors influence the intestinal microbial composition (Sekirov
et al. 2010; Sullam et al. 2012), including the environment
(Jabari et al. 2016), physiological characteristics (Ley et al.
2008), diet (Brown et al. 2012), and host phylogeny
(Sanders et al. 2015). Among them, diet is widely believed
to be one of the most important factors that have an impact on
the structure and abundance of intestinal bacterial communi-
ties. In contrast, the impact of different sexes on intestinal flora
is not clear.

In this paper, we investigated the structural differences in the
intestinal flora of wild B. pectinirostris and P. magnuspinnatus
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with different food consumption patterns and sexes, and exam-
ine the degree to which sex and food affect the diversity and
abundance of intestinal microbial communities and also hope to
provide substantial microecological information for estuarine
ecosystems.

Materials and methods
Sample collection and ethical standards

The use of experimental animals in this study and the study
protocol were reviewed and approved by the Ethics
Committee of East China Sea Fisheries Research Institute,
Chinese Academy of Fishery Sciences.

In July 2016, B. pectinirostris and P. magnuspinnatus indi-
viduals were collected by entrapment using bamboo shoots
embedded in the intertidal mudflats of the Yangtze Estuary,
China. All studied fish individual samples were collected at
the same site to ensure consistent environmental condi-
tions. Six B. pectinirostris and six P. magnuspinnatus
(female:male ratio, 1:1) individuals were randomly select-
ed from the collected fish. The stomachs of the collected
mudskippers were filled with food, with contents similar to
those established in previously reported studies (Baeck
et al. 2008; Ravi 2013). The stomach content of
B. pectinirostris consisted mainly of benthic diatoms,
whereas the stomach content of P. magnuspinnatus was
predominantly constituted of little crabs and shrimps. The
intestinal tracts were collected and gently washed using
sterile saline solution (6.8 g NaCl dissolved in 1000 mL
of PBS buffer) after the intestinal content was removed.
Then, the intestinal tracts of each of the samples were
placed in sterile tubes and cryopreserved in liquid nitrogen
until DNA extraction.

lllumina library preparation and sequencing

DNA samples were extracted from the obtained intestinal tract
samples using the FastDNA™ Spin Kit for Soil (MP
Biomedicals, USA), according to the manufacturer’s instruc-
tions. The purity and quality of the extracted DNA were tested
by 1% agarose gel electrophoresis. Then, the extracted DNA
was diluted to a concentration of 1 ng/pL and used as a template
for the amplification of the V4 regions of the 16S rRNA gene
using the primer pair 515F (5-GTGCCAGCMGCCGCGGT
AA-3") and 806R (5'-GGACTACHVGGGTWTCTAAT-3’)
with a specific barcode. Three PCR replicates of each sample
were performed. The PCR products were mixed, and the qual-
ity of these mixed PCR products was examined via electropho-
resis on a 2% agarose gel. PCR products were purified using the
Qiaex II Gel Extraction Kit (Qiagen, Germany) and quantified
by Qubit® version 2.0 (Invitrogen, USA). Subsequently, a
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library was constructed using the TruSeq® DNA PCR-Free
Sample Preparation Kit (Illumina, USA). High-throughput
sequencing was carried out on an Illumina HiSeq PE 250
platform (Novogene Technology Co., Ltd., Beijing,
China).

Sequencing data preprocessing and assembly

Paired-end sequence data from the Illumina HiSeq PE 250
platform were assembled based on the overlap relationship
using Flash software, and the pairs of reads were merged
into one sequence (Mago¢ and Salzberg 2011). The reads
that could not be assembled were discarded. Then, the ob-
tained sequence was processed for quality control using
QIIME software (Caporaso et al. 2010). The process of
quality control included cutting off the sequence from the
first low-quality base site of the continuous low-quality
base sites (default quality value <19, default length of
the base > 3) and removing sequences containing less than
75% of the original sequence. Subsequently, chimeras
were removed (Edgar et al. 2011) to obtain effective data
for subsequent analysis.

Statistical and bioinformatics analyses

The effective data of the samples were clustered into opera-
tional taxonomic units (OTUs) at a 97% identity threshold
using Uparse software (Uparse v7.0.1001, http://drive5.com/
uparse/) (Edgar 2013), and representative sequences (the
highest-frequency sequence) of each OTU were picked.
Further, the effective sample data were normalized based on
the minimum effective data of each sample. These normalized
data were mapped to OTU representative sequences to obtain
the OTU cluster results of each sample. Meanwhile, rarefac-
tion curves were generated based on normalized OTU num-
bers using Mothur software (Schloss et al. 2009).
Subsequently, representative sequences were determined and
classified taxonomically by species annotation based on RDP
Native Bayesian Classifier using the Mothur software (Wang
et al. 2007) and the SSU rRNA database of SILVA (http://
www.arb-silva.de/; threshold: 0.8). The phylogenetic
relationships of the representative sequences were analyzed
using MUSCLE software (Version 3.8.31, http://www.
drive5.com/muscle/) (Edgar 2004) to obtain the taxonomic
information of intestinal bacteria at different classification
levels. Further, a species classification tree and heatmap were
produced using SVG and R software. In addition, diversity
indices, including alpha diversity (the number of OTUs and
Chao index), beta diversity (principal coordinate analysis
(PCoA), and the unweighted pair-group method with arith-
metic mean (UPGMA) based on unweighted UniFrac dis-
tances, were assessed using QIIME (Version 1.7.0) and R
software. Analysis of molecular variance (AMOVA) was

conducted to compare the differences in the microbial com-
munity structures of the experimental groups using Mothur
software (Excoffier et al. 1992). Wilcoxon test was utilized
to test the alpha diversity in the different sex groups using the
agricolae package of R software. One-way ANOVA was car-
ried out to test the alpha diversity of the different species using
SPSS 19.0 software. LEfSe (LDA score > default values 4;
removing non-bacterial sequences) was utilized to identify the
species with significant differences between different sex of
the same mudskipper species. Raw sequences were deposited
at the NCBI Sequence Read Archive (Accession No.
SRP122754).

Results
Sequencing depth and alpha diversity indices

After filtering out low-quality and short-length sequences
and removing chimeras, we obtained 61,270-91,748 effec-
tive sequences from each sample (Table 1). The high-
quality bases (quality value >20) accounted for more than
99% of the effective sequences of all the samples.
Meanwhile, the percentage ratio of the effective reads to
that of the raw reads was more than 90% in most samples,
except for samples BS1.1 and BS2.3. After normalization,
59,296 sequences remained for each sample and were clus-
tered into a total of 5855 OTUs at a similarity level of 97%,
showing the depth of sequencing was appropriate. In addi-
tion, the rarefaction curves (Fig. 1) tended to gradually
reach a plateau with increasing the sequencing depth, indi-
cating that the sequencing depth was sufficient for subse-
quent analysis.

Alpha diversity analysis (Fig. 2) is usually used to evaluate
microbial community diversity. Here, we used the number of
OTUs and the Chao index to assess the bacterial diversity. We
found that the numbers of OTUs between male and female
B. pectinirostris groups had no statistical difference (P =
0.17>0.05), and the average numbers were 1272 and 818,
respectively. However, in P magnuspinnatus, the average
numbers of OTUs in male and female individuals were ap-
proximately 2397 and 1656, respectively, with a P value of
0.04 (<0.05), indicating the intestinal microbial diversity
of male individuals were higher than that of female individ-
uals of P. magnuspinnatus. After combining the data of the
same species including male and female samples, statistical
analysis showed that the intestinal microbial diversity of
B. pectinirostris was significantly lower than that of
P. magnuspinnatus (P < 0.05), suggesting the intestinal mi-
crobial diversity of the herbivorous mudskipper was lower
than that of the omnivorous mudskipper.

In addition, the Chao index was remarkably higher in
P. magnuspinnatus than in B. pectinirostris (P <0.05). It is
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Table 1 Statistical results of data
preprocessing

Sample name Raw PE Clean tags Effective tags Base (nt) QV20 (%) Effective (%)
BPI1.1 70,158 63,582 61,270 15,532,299 99.18 87.33
BP1.2 97,342 92,940 89,935 22,746,705 99.21 92.39
BP1.3 99,565 92,777 90,847 22,883,498 99.21 91.24
BP2.1 96,370 89,098 87,282 22,070,125 99.23 90.10
BP2.2 97,181 92,817 91,748 23,156,291 99.18 94.41
BP2.3 84,645 62,495 60,946 15,426,463 99.00 72.00
PM1.1 94,535 88,251 86,565 21,866,417 99.19 91.57
PM1.2 86,163 82,289 80,311 20,360,892 99.15 93.21
PM1.3 80,279 78,998 75,111 19,009,286 99.39 93.56
PM2.1 84,877 80,313 78,893 19,772,141 99.21 92.95
PM2.2 90,750 86,136 84,915 21,344,846 99.17 93.57
PM2.3 87,003 83,650 82,452 20,652,184 99.21 94.77

Sample names BP1.1, BP1.2, and BP1.3 represent three parallel male samples of B. pectinirostris, respectively;
BP2.1, BP2.2, and BP2.3 represent three parallel female samples of B. pectinirostris, respectively; PM1.1, PM1.2,
and PM1.3 represent three parallel male samples of P. magnuspinnatus, respectively; PM2.1, PM2.2, and PM2.3
represent three parallel female samples of P magnuspinnatus, respectively. Raw PE indicates the number of raw
reads; clean tags indicate the sequence number after filtering out low-quality and short-length sequences; effective
tags indicate the sequence number after filtering the chimera; effective tags were used for subsequent analysis.
Base represents the base number of effective tags; QV20 (%) indicates the percentage of bases with a base quality
> 20 in the effective tags; effective (%) indicates the percentage of the number of effective reads to the number of

raw reads

noteworthy that no statistical difference was detected be-
tween the male and female individuals of the same species,
implying that the between-species difference exerts a more
pronounced impact on the diversity of the microbial com-
munity structure than the different sex within the same

species.

Fig. 1 Rarefaction curves of the
different sample groups. Notes:
BP1 and BP2 represent the male
and female sample groups of

B. pectinirostris, respectively;
PM1 and PM2 represent the male
and female sample groups of

P. magnuspinnatus, respectively
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OTU Number

Taxonomic composition

The representative OTU sequences were classified and
analyzed at different taxonomic levels. The results re-
vealed some differences at the phylum level in the com-
munity composition between the different sample groups
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Fig. 2 Alpha diversity analysis of the different sample groups (n=3).
Note: BP1 and BP2 represent the male and female sample groups of
B. pectinirostris, respectively; PM1 and PM2 represent the male and
female sample groups of P magnuspinnatus, respectively; * represents
P <0.05 and denotes a statistically difference between the two groups.

(Fig. 3). Proteobacteria were the dominant phylum in all the
four sample groups (73.5 and 52.6% in B. pectinirostris males
and females, respectively; 40.2 and 40.9% in
P. magnuspinnatus males and females, respectively).
However, Fusobacteria (18.2%) and Spirochaetes (10.5%) al-
so were dominant bacteria (>6.0%) in the B. pectinirostris
female group, and less than 2% of Fusobacteria were present
in the other groups. Besides, Firmicutes (20%), Actinobacteria
(7.5%), Bacteroidetes (7.4%), and Acidobacteria (7.2%) were
the dominant bacteria (>6.0%) in the male gut samples of
P. magnuspinnatus, whereas the proportion of Firmicutes
was lower than 5% in the other groups. Meanwhile,
Cyanobacteria (22.2%) followed by Spirochaetes (14.4%)
and Tenericutes (9.8%) were the dominant phyla in the female
P magnuspinnatus gut. In the other groups, the proportions of
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Fig. 3 Microbial community structure and relative abundance at the
phylum level (top 10). Note: BP1 and BP2 represent the male and
female sample groups of B. pectinirostris, respectively; PM1 and PM2
represent the male and female sample groups of P. magnuspinnatus,
respectively

Cyanobacteria and Tenericutes were less than 4.0 and 1.0%,
respectively.

The classification tree up to the genus level (Fig. 4) illus-
trates the category and distribution of the top ten bacterial
genera in each group. Soonwooa (1.35%), unidentified chlo-
roplast (11.11%), Candidatus Arthromitus (3.99%), Blautia
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the selected genus) indicate the average relative abundance of the
classification
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(1.30%), Cetobacterium (8.85%), Aeromonas (3.38%),
Shewanella (14.94), Halomonas (18.92%), Acinetobacter
(4.88%), and Brevinema (11.27%) were the dominant bac-
terial genera (top 10) in the gut samples analyzed in this
research. The relative abundance of Aeromonas,
Shewanella, Halomonas, and Acinetobacter, which be-
long to the phylum Proteobacteria, was high in all the
sample groups and accounted for 62.13% of the ten dom-
inant genera. However, the abundance of Soonwooa,
which belongs to the phylum Bacteroidetes, was higher
in the B. pectinirostris male gut samples than in those of
the other groups. Cetobacterium of the phylum
Fusobacteria was the most abundant genus in the gut of
female B. pectinirostris individuals. Candidatus
Arthromitus and Blautia of the phylum Firmicutes were
predominant in the gut of males of P magnuspinnatus,
whereas unidentified chloroplast of the phylum
Cyanobacteria was the most abundant in the gut of fe-
males of P. magnuspinnatus. These results suggest that
the most dominant phylum and genus were similar in
the different groups, but each species or gender group also
had their unique bacterial structure at the phylum and
genus levels. The heatmap of the abundance of top 35
species clustered also confirmed this conclusion (Fig. 5).
Further analysis of the microbial community structure
(Table 2) showed that statistically significant difference
(P<0.05) was present between the different species
(B. pectinirostris and P. magnuspinnatus), whereas the
samples of male and female individuals within the same
species (B. pectinirostris or P. magnuspinnatus) exhibited
no statistically significant difference (P> 0.05), implying
that the influence of the species on the flora composition
and relative abundance was more considerable than that of
the sex. Sex exerted no significant impact on the overall
bacterial community structure, but had a significant effect
in certain specific microorganisms. LEfSe analysis
(Fig. 6) showed that significant differences at different
levels (phylum, class, order, family, or genus) were avail-
able between the male and female samples of the same
species (B. pectinirostris or P. magnuspinnatus) in certain
bacteria, suggesting that sex did have a certain influence
on the bacterial community structure.

OTU-based beta diversity analysis

Smaller unweighted UniFrac distances (Fig. 7) were found in
the analysis of the female to male distances (0.499 for
B. pectinirostris and 0.504 for P. magnuspinnatus) compared
to those between the two species (0.678 for B. pectinirostris
and P. magnuspinnatus males, and 0.663 for B. pectinirostris
and P. magnuspinnatus females), indicating the differences in
the bacterial diversity are smaller within conspecific hosts
(male and female) than non-conspecific hosts (between
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B. pectinirostris and P. magnuspinnatus). Furthermore, the
PCoA plot and UPGMA phylogenic tree (Figs. 8 and 9) also
confirmed that the male and female samples of
B. pectinirostris cluster together, and the male and female
samples of P magnuspinnatus cluster together, suggesting
that gut microbial assemblages of the same species
(conspecific) hosts shared a greater similarity than those of
different host species.

Discussion

The gut microbiota of fish, established during the initial feeding,
is derived from the surrounding aquatic environment, soil, and
food (Romero and Navarrete 2006; Ward et al. 2009; Li et al.
2014). During the growth and development of fish, intestinal
flora usually undergoes dynamic changes (Stephens et al.
2016).The reproductive period is a critical developmental stage,
during which fish of different sexes have significantly distinct
physiological characteristics and behaviors (Liao et al. 2014).
To the best of our knowledge, there are no published studies
examining whether or not differences are present between the
intestinal flora composition of male and female mudskipper
individuals. In the present investigation, we explored the intes-
tinal microbial characteristics of males and females of
B. pectinirostris and P. magnuspinnatus during the breeding
season. We found that in P. magnuspinnatus, the intestinal mi-
crobial diversity of male individuals was higher (P < 0.05) than
that of female individuals. This finding is consistent with the
findings of a previous report revealing that sex had a significant
correlation with the intestinal microflora diversity in
Gasterosteus aculeatus and Perca fluviatilis (Bolnick et al.
2014). However, in B. pectinirostris, the intestinal microbial
diversity of male and female individuals displayed no signifi-
cant differences, suggesting sex may exert different effects on
the intestinal microbial diversity in various species. The specific
reasons for this result are still unclear. The mechanisms of the
influence of sex on the gut microbiota have not yet been
completely elucidated (Freire et al. 2011), and apparently in-
clude hormone—microbe interactions and sex-specific immune
responses (Bolnick et al. 2014). These potential mechanisms
might be different in P magnuspinnatus and B. pectinirostris
and lead to the different effects of sex on microfloral structure.

Diet and phylogeny are other important factors that shape
the structure of the intestinal microbial community (Muegge
et al. 2011a; Yun et al. 2014). Some mammals with diets atyp-
ical of their clade, such as the herbivorous panda, possess tax-
onomically more similar microbial gut communities to those of
their close relatives than to other mammals with similar diets
(Ley et al. 2008). In our study, B. pectinirostris and
P. magnuspinnatus individuals were collected from their native
habitats, where both species shared the same aquatic environ-
ment. In addition, B. pectinirostris and P. magnuspinnatus both
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Fig. 5 Heatmap showing species
abundance clustering of each

group (top 35). Notes: BP1 and

BP2 represent the male and

female sample groups of

B. pectinirostris, respectively;

PM1 and PM2 represent the male
and female sample groups of

P. magnuspinnatus, respectively
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belong to the family Gobiidae and the order Perciformes with a
close host phylogenetic relationship (Murdy 1989; Zeehan
et al. 2016). These facts partially explain the similarity in
the microbial gut communities in B. pectinirostris and
P magnuspinnatus. Meanwhile, B. pectinirostris and
P. magnuspinnatus samples collected from their same nat-
ural habitat partly represent how different feeding habits
affect the microbial community structure of the intestine.
Feeding habits are an essential factor that has an impact on
the gut microflora (Filippo et al. 2010; Muegge et al.
2011b). Ley et al. (2008) reported that bacterial diversity
in terrestrial mammals increased from carnivory to
omnivory to herbivory. In insects, the bacterial diversity
of cockroaches was higher than that of wasps and honey-
bees, implying that the bacterial diversity increases from om-
nivorous to herbivorous species (Mrazek et al. 2008). In our
experiment, the number of OTUs and the Chao index of
B. pectinirostris samples were lower than those of
P magnuspinnatus samples, suggesting that the herbivorous
B. pectinirostris had a lower gut microbial diversity than the
omnivorous P. magnuspinnatus. These findings are consistent
with results obtained for insects but are inconsistent with those

ITINd
TINd

for terrestrial mammals (Ley et al. 2008; Mrazek et al. 2008).
One possible explanation is that the influence of the feeding
habits on the intestinal bacterial diversity is species-specific.
B. pectinirostris and P magnuspinnatus are aquatic creatures

Table2  Statistical analysis of the microbial community structure of the
different groups

Groups P value Significance
BP1-BP2 0.515 -
PM1-PM2 0.101 -
BP-PM <0.001 *

BP1 and BP2 represent the male and female sample groups of
B. pectinirostris, respectively; PM1 and PM2 represent the male and
female sample groups of P magnuspinnatus, respectively; BP represents
all the samples (male and female) of B. pectinirostris samples; PM rep-
resents all the samples (male and female) of P. magnuspinnatus; BP1-BP2
denotes the male and female sample of the groups of B. pectinirostris;
PMI1-PM2 indicates the male and female sample groups of
P. magnuspinnatus; BP-PM indicates B. pectinirostris and
P. magnuspinnatus groups; P value represent the value of P; “-” indicates
the lack of statistical difference between the two groups; “*” indicates the
presence of a statistical difference between the two groups
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Fig. 6 LEfSe identified the species with statistical difference between the
male and female sample groups in the same mudskipper species. Notes:
the histogram shows the linear discriminant analysis (LDA) scores
computed for the most discriminating species, based on their relative
abundance in the gut microbiota of different male and female
mudskippers. The cladogram shows the species phylogenic relationship
of the most discriminating species. BP1 and BP2 represent the male and
female sample groups of B. pectinirostris, respectively. PM1 and PM2

residing in tidal beach wetlands, in which, the aquatic ecosys-
tem is more complex and changeable than terrestrial habitats.
The microbial community structure of aquatic creatures is
highly dependent on the aquatic environment.
B. pectinirostris and P magnuspinnatus have specific mecha-
nisms to adapt to the conditions of this particular environment.
Although these mechanisms are not yet clear, they may affect
the influence of food on the intestinal flora diversity. On the
other hand, mammalian fecal samples were collected from the
posterior intestine contents (feces), whereas the samples of
B. pectinirostris and P. magnuspinnatus in our investigation
were collected from the intestinal wall after removal of the
entire intestinal contents. The microbial communities present
in the intestinal contents could reflect the structure of the in-
testinal microbial community. However, the microbial flora of
the intestinal content varies due to occasional feeding. Our
intestinal samples were collected after the intestinal contents
were cleared, and were thus more likely to reflect the structure
of the intestinal microbiota. In addition, herbivorous mam-
mals have powerful stomachs enabling food digestion and
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represent the male and female sample groups of P. magnuspinnatus,
respectively. “A” denotes LEfSe analysis of the male and female
sample groups of B. pectinirostris. “B” denotes the LEfSe analysis of
the male and female sample groups of P. magnuspinnatus. “p”
represents the analysis at the phylum level; “c” represents the analysis
at the class level; “o” represents the analysis at the order level; “f”
represents the analysis at the family level; “g” represents the analysis at
the genus level

are classified into two major groups: foregut fermenters (such

E—

0 0.4 0.8

Fig. 7 Heatmap of unweighted UniFrac distances. Note: BP1 and BP2
represent the male and female sample groups of B. pectinirostris,
respectively; PM1 and PM2 represent the male and female sample
groups of P. magnuspinnatus, respectively
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Fig. 8 Principal coordinate
analysis (PCoA) based on
unweighted UniFrac distances.
Note: BP1 and BP2 represent the
male and female sample groups of

B. pectinirostris, respectively; _
PM1 and PM2 represent the male °
and female sample groups of

P. magnuspinnatus, respectively
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as sheep) and hindgut fermenters (such as horses) (Ley et al.
2008). Due to host digestive physiology, a part of the micro-
biota is digested by foregut fermenters, whereas fermentative
microbes are more likely to be excreted in the feces by hindgut
fermenters. The digestion of the food in the herbivorous
B. pectinirostris is facilitated by increasing the retention time
of the stomach contents in their long intestine. In mudskip-
pers, the intestinal length of B. pectinirostris is two to three
times the length of its body length. However, in
P magnuspinnatus, the length of the intestinal tract is only
0.5-0.9 times the length of its body length. We speculate that
the stomachs and intestines of B. pectinirostris probably
digested a portion of microbiota during their long digestion
passage, which resulted in a low bacterial diversity in the
samples. Moreover, the difference in the bacterial diversity
might have been caused by the more likely exposure of the
omnivorous P. magnuspinnatus to bacteria from other organ-
isms than that of the herbivorous B. pectinirostris.

Fig. 9 UPGMA phylogenic tree )
based on unweighted UniFrac PM2
distances. Note: BP1 and BP2

represent the male and female

sample groups of

B. pectinirostris, respectively;

PM1 and PM2 represent the male

and female sample groups of

P. magnuspinnatus, respectively
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In the taxonomic classification, Proteobacteria was found to
be the dominant phylum in all the sample groups (73.5 and
52.6% in B. pectinirostris male and female samples, respec-
tively; 40.2 and 40.9% in P. magnuspinnatus male and female
samples, respectively) in the present study. This finding is sim-
ilar to the reports on Aristichthys nobilis (Li et al. 2014) and
Coreius guichenoti (Li et al. 2016) and may be related to the
widespread presence of Proteobacteria in the surrounding en-
vironment (Gonzalez and Moran 1997; Cottrell et al. 2000).
Apart from Proteobacteria, Fusobacteria (18.2%) was domi-
nant in the males and Bacteroidetes (5.7%) in the females of
B. pectinirostris. In P. magnuspinnatus, Proteobacteria was
followed by Cyanobacteria (22.2%) in females and
Firmicutes (20.4%) in males, indicating that distinct bacterial
phyla are present in different hosts. Further, the statistical anal-
ysis (AMOVA) showed that there were statistically significant
differences (P < 0.05) between the microbial community struc-
tures of B. pectinirostris and P. magnuspinnatus, but no
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significant difference was observed between the male and fe-
male individuals of B. pectinirostris or P. magnuspinnatus, im-
plying that the feeding habits significantly influence the micro-
biota composition and are a stronger determinant than sex.
Beta diversity (PCoA and UPGMA of unweighted UniFrac
distances) showed that the gut microbial assemblages of the
same species (conspecific) hosts were more similar to each
other than to those of different host species, which also sup-
ports the conclusion that the influence of feeding habits is more
pronounced than that of sex. LEfSe analysis revealed the pres-
ence of considerable differences at the phylum level between
the data obtained from male and female sample of
B. pectinirostris or P. magnuspinnatus, suggesting that sex
does influence fish gut microbiota composition and supports
the view that diet has sex-dependent effects on vertebrate gut
microbiota (Bolnick et al. 2014). At the genus level, the abun-
dances of Soonwooa in B. pectinirostris males, Cetobacterium
in B. pectinirostris females, Candidatus Arthromitus and
Blautia in P magnuspinnatus males, and unidentified chloro-
plast in P magnuspinnatus females were higher than those in
the other samples. LEfSe analysis results showed considerable
differences in the abundances of Acinetobacter between the
samples obtained from males and females of
B. pectinirostris. The functions of these unique bacteria are
currently unknown and worthy of further study. Meanwhile,
Aeromonas, which not only harbors cellulase genes (Jiang
et al. 2011), but is also a well-known fish pathogen (Beaz-
Hidalgo and Figueras 2013), was detected at high levels in
B. pectinirostris and P. magnuspinnatus gut samples. Both
fish species have been considered to possess strong disease
resistance. Whether Aeromonas is pathogenic to mudskip-
pers or affects positively the digestion of food similarly to
the favorable effect of Aeromonas in the processes of food
digestion in the herbivorous Ctenopharyngodon idella
(Jiang et al. 2011) is still unclear, and further investigation
is warranted.

In summary, our findings indicate that sex-dependent dif-
ferences are present in the gut microbial diversity of
P. magnuspinnatus, whereas no sex-related differences were
detected in B. pectinirostris. Meanwhile, the diversity of the
intestinal microflora in the omnivorous P. magnuspinnatus
was higher than that in the herbivorous B. pectinirostris. The
effect of food on the microbial community structure is more
considerable than that of sex.
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