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Fish gut microbiota analysis differentiates
physiology and behavior of invasive Asian carp and
indigenous American fish
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Gut microbiota of invasive Asian silver carp (SVCP) and indigenous planktivorous gizzard shad
(GZSD) in Mississippi river basin were compared using 16S rRNA gene pyrosequencing. Analysis of
more than 440 000 quality-filtered sequences obtained from the foregut and hindgut of GZSD and
SVCP revealed high microbial diversity in these samples. GZSD hindgut (GZSD_H) samples (n¼ 23)
with 47000 operational taxonomy units (OTUs) exhibited the highest alpha-diversity indices
followed by SVCP foregut (n¼ 15), GZSD foregut (n¼ 9) and SVCP hindgut (SVCP_H) (n¼ 24).
UniFrac distance-based non-metric multidimensional scaling (NMDS) analysis showed that the
microbiota of GZSD_H and SVCP_H were clearly separated into two clusters: samples in the GZSD
cluster were observed to vary by sampling location and samples in the SVCP cluster by sampling
date. NMDS further revealed distinct microbial community between foregut to hindgut for individual
GZSD and SVCP. Cyanobacteria, Proteobacteria, Actinobacteria and Bacteroidetes were detected as
the predominant phyla regardless of fish or gut type. The high abundance of Cyanobacteria
observed was possibly supported by their role as the fish’s major food source. Furthermore, unique
and shared OTUs and OTUs in each gut type were identified, three OTUs from the order
Bacteroidales, the genus Bacillariophyta and the genus Clostridium were found significantly more
abundant in GZSD_H (14.9–22.8%) than in SVCP_H (0.13–4.1%) samples. These differences were
presumably caused by the differences in the type of food sources including bacteria ingested, the
gut morphology and digestion, and the physiological behavior between GZSD and SVCP.
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Introduction

The silver carp (SVCP; Hypophthalmichthys
molitrix) have been introduced as a food fish or a
way to control plankton populations in many
countries (Kolar, 2007; Sampson et al., 2009). In
the United States, SVCP have escaped captivity,
successfully invaded much of the Mississippi river
basin (Chick and Pegg, 2001), and dominated these
aquatic communities. It is reported that SVCP could
effectively compete with native fishes such as
the planktivorous gizzard shad (GZSD; Dorosoma
cepedianum) for food resources in the Illinois river
(Irons et al., 2007). Should SVCP populations
successfully establish, populations of native fishes
would decline and ultimately result in potentially

irreversible ecological changes in the United States
(Chen et al., 2007; Herborg et al., 2007).

Many efforts have been made to control SVCP
populations in the United States (Chick and Pegg,
2001). As a part of this process, it is essential to
obtain greater understanding of the indigenous and
invasive fish’s behavior (Chick and Pegg, 2001). One
approach for unveiling animal behavior is to
examine the gut microbial community (Hooper
et al., 2001; Ringų et al., 2003); many analogous
studies on human (Qin et al., 2010; Wang et al.,
2011), mice (Zhang et al., 2009), macaque (McKenna
et al., 2008), chicken (Lan et al., 2005; Torok et al.,
2008), earthworm (Drake et al., 2006) and termite
(Ohkuma and Brune, 2011) successfully correlated
gut microbial communities to the host’s physiology.
Therefore, understanding the gut flora of SVCP and
native fish would certainly provide insight into
behavioral differences and perhaps solutions for
controlling SVCP invasion in the United States.

So far, the microbial community in fish guts
has not been systematically characterized.
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Most previous studies used traditional culture-
dependent or microscopy methods to investigate
the fish gut microbial diversity (Xu et al., 1988;
Ringų et al., 2003). These conventional methods are
hampered by the inability to cultivate these micro-
organisms (Hugenholtz et al., 1998). With the
development of the next-generation sequencing
technologies, large number of DNA sequences can
be obtained for a targeted DNA biomarker (Metzker,
2009). Among all high-throughput sequencing plat-
forms available, 454 pyrosequencing technology
provides relatively long read length with a low error
rate, and has been widely used to investigate
microbial communities on the basis of the 16S
rRNA gene sequences (Roesch et al., 2007; Claesson
et al., 2009; Hong et al., 2010; Ye et al., 2011).

Little is known about the gut microbial commu-
nity differences between American indigenous fish
and invasive SVCP in the United States. So far, only
one study has applied the 16S pyrosequencing
approach to characterize the microbial community
in the gut of grass carp in China (Wu et al., 2012).
Thus, this study was set to investigate the intestinal
microbial flora from invasive SVCP and GZSD (an
important indigenous planktivore), obtained in the
middle region of the Mississippi river basin, to
better understand the microbial complexities and
diversities of their gut microbiota. It is hypothesized
that the fish gut flora and the fecal materials
discharged into the water can reflect their diet
preferences, physiological behaviors and presence
in the river. Furthermore, knowing the microbial
community in the fish guts of Asian carp and native
fishes can provide useful information on how to
monitor better and manage Asian carp populations.
For example, host-specific biomarkers can be dis-
covered and designed to determine the presence and
quantity of Asian carp and native fishes in the
freshwater. It is expected that the biomarker based
on the gut microbial species can increase the
detection sensitivity, as the amount of fecal matter
from Asian carp is abundant in the waters. This
method can further complement existing molecular
surveillance techniques, like environmental DNA
(Jerde et al., 2011).

Materials and methods

Any use of a trade, product or company name in this
study is for descriptive purposes only and does not
imply endorsement by the US Government.

Sample collection and DNA extraction
In this study, 24 GZSD and 28 SVCP were caught
from Illinois river (Havana, IL, USA), Ted Shanks
Conservation Area wetlands (Louisiana, MO, USA),
Wabash River (West Lafayette, IN, USA) and Perche
Creek (McBaine, MO, USA) in the United States in
August, September and October of 2010, and in May,

June, August, September and October of 2011
(Figure 1a and Supplementary Table S1). During
these sampling times, average water temperatures
varied from 14.0 1C in May to 17.9 1C in August. The
weight and length of GZSD were from 0.28 to 0.35 kg

Figure 1 Sampling location, gut diagrams and microbial diver-
sity. (a) Sampling locations. (b) Rarefaction curve sequences
showing the microbial community complexities in the guts of
GZSD at 3% distance cutoff. (c) Rarefaction curve sequences
showing the microbial community complexities in the guts of
SVCP at 3% distance cutoff. Fish illustrations were gifts from
Duane Raver.
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and from 291 to 312mm, respectively, and those of
SVCP were from 1.05 to 3.20 kg and 477–678mm,
respectively. The sex ratio of both fish species was
about half male and half female. Prior to dissection,
all fish were euthanized with an overdose of tricaine
methanesulfonate (Argent Chemical Laboratories,
Redmond, WA, USA) (Hansen et al., 2006) or by
cranial concussion (Amberg et al., 2012). All
procedures for handling and euthanasia of animals
were approved by the US Geological Survey Upper
Midwest Environmental Sciences Center Animal
Care and Use Committee. Foreguts (that is, portion
of intestinal tract posterior to bile duct to the first
distal loop) and hindguts (that is, intestinal tract
anterior from anus to last anterior loop) were
removed. The gut contents were carefully collected
into plastic cryo-tubes, flash frozen and stored at
� 80 1C before they were transported to the labora-
tory and stored at � 20 1C. The type of fish gut
samples included GZSD foregut (GZSD_F), GZSD
hindgut (GZSD_H), SVCP foregut (SVCP_F) and
SVCP hindgut (SVCP_H). Genomic DNA of each
sample was extracted using a FastDNA spin kit for
soil (Qbiogene, Carlsbad, CA, USA) based on the
manufacturer’s instruction. Extracted DNA was
further purified with the Promega Wizard DNA
clean-up system (Promega, Madison, WI, USA).

454 pyrosequencing and data analysis
In total, 104 genomic DNA samples were obtained
from the foregut and hindgut contents of 24 GZSD
and 28 SVCP. A primer set (515F/909R) targeting the
16S rRNA gene sequences was used for PCR
amplification as described previously (Tamaki
et al., 2011). On the basis of the quality check of
DNA extraction and PCR amplification, only 71
samples could be successfully amplified with
high-quality 16S rRNA gene PCR products
(Supplementary Table S1 and Table 1). The ampli-
fied PCR products were separated by 1.5% low-
melting gel electrophoresis and extracted with a
Wizard SV Gel and PCR clean-up system (Promega,

St Louis, MO, USA). A Qubit fluorometer (Invitrogen,
Carlsbad, CA, USA) was used to quantify PCR
products. Equal amounts of the PCR products were
pooled together and sequenced on a 454 GS FLX
Titanium platform (Roche Applied Science,
Indianapolis, IN, USA) at the Biotechnology Center
at the University of Illinois at Urbana-Champaign.

Quality filtering, denoising and chimera checking
of the sequences obtained from pyrosequencing
were conducted using the Quantitative Insights Into
Microbial Ecology (QIIME) v 1.5.0 pipeline
(Caporaso et al., 2010). The rarefaction curves and
the alpha-diversity indices (that is, Chao 1 estimator,
abundance-based coverage estimator and Shannon
estimator) were calculated using Mothur (Schloss
et al., 2009). The taxonomic assignment of the
sequences were performed using RDP classifier
(Wang et al., 2007) with 80% confidence level.
Visualization of microbial communities in different
fish gut samples was conducted using Circos
(Krzywinski et al., 2009) and iTOL (Letunic and
Bork, 2007). The shared and unique operational
taxonomy unit (OTU) analysis was conducted on the
basis of the OTU table generated by QIIME. The
shared OTUs were defined as those that were
present in at least a certain percentage (30 or 40%)
of the samples of each kind of fish gut. For example,
if an OTU was present in more than 30% of those
GZSD_F and 30% of GZSD_H samples but not in
SVCP_F and SVCP_H samples, it was defined as an
OTU shared by GZSD_F and GZSD_H. The unique
OTUs were arbitrarily defined as those that were
only present in more than 30% (or 40%) of those
samples taken from one type of fish gut sample and
were not found in the other three type of fish gut
samples. It was observed that a cutoff higher than
40% greatly reduced the number of shared and
unique populations.

Unclassified 16S rRNA gene sequences at
the phylum level, and the Cyanobacteria- and
Bacteroidetes-related 16S rRNA gene sequences
were further extracted from the entire sequences
and clustered into OTUs at different homologies

Table 1 Summary of species richness estimators of difference fish gut samples

Fish Gut
type

Original
sample
number

Samples sub-
mitted for
sequencinga

Samples
with reads
X2000b

Total sequences
passed quality

check

ACE c Chao1c Shannonc

Full
datad

Subsampled
datad

Full
data

Subsampled
data

Full
data

Subsampled
data

GZSD F 24 14 9 28347 7711 7711 6172 6172 5.85 5.85
GZSD H 24 23 23 85070 15561 9254 12701 7478 6.94 6.80
SVCP F 28 17 15 60270 6743 4777 5464 3786 5.19 5.15
SVCP H 28 26 24 131490 5611 3329 4483 2266 3.61 3.46

Abbreviations: F, foregut; GZSD, gizzard shad; H, hindgut; SVCP, silver carp.
aThe DNA extraction and PCR amplification were not successful in some samples.
bSamples with less than 2000 reads were excluded from further analysis.
cThe species richness estimators (abundance-based coverage estimator (ACE), Chao1 and Shannon) were calculated with 3% distance cutoff.
d‘Full data’ means the original sequences. As the number of sequences from foregut of GZSD (28 347) is the smallest number of sequences in the
four kinds of fish gut samples, ‘Subsampled data’ means the 28 347 sequences randomly subsampled from each kind of fish gut sample.
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(97% for the unclassified sequences, and 100% for
Cyanobacteria and Bacteroidetes sequences) using
uclust (Edgar, 2010) method in QIIME. The repre-
sentative sequences for these three categories were
picked and aligned using Greengenes’s NAST server
(DeSantis et al., 2006). The aligned sequences were
imported into ARB and then added to the Green-
genes ARB database (Greengenes_16S_2011_1.arb)
using ARB parsimony method. Phylogenetic trees of
the sequences in this study and their neighbors in
the Greengenes ARB database were constructed
using neighbor-joining method with Jukes�Cantor
corrected DNA distances.

Statistical analysis
Distances between microbial communities in differ-
ent samples were calculated using the weighted
UniFrac beta-diversity metric via QIIME. Non-
metric multidimensional scaling (NMDS) was used
to visualize the pairwise UniFrac distances among
samples. To identify OTUs that exhibited significant
differences in abundance between different fish gut
samples, Welch’s t-test (confidence interval method:
Welch’s inverted, Po0.05) for two samples having
possibly unequal variances (Welch, 1947) was
performed within STAMP (Parks and Beiko, 2010).

Results

Microbial complexity of fish gut flora
A total of 441 601 quality-filtered sequences were
obtained from 71 samples with the number of
sequences ranging from 2042 to 15 749 per sample
(Supplementary Table S1). After removing chimera
sequences (B10% of the total reads), the microbial
complexity in the hindgut and foregut of SVCP and
GZSD were estimated on the basis of alpha-diversity
indices (that is, abundance-based coverage estima-
tor, Chao1 and Shannon indices). GZSD_H samples
had the largest alpha-diversity indices (abundance-
based coverage estimator, 9254; Chao1, 7478; and
Shannon, 6.80 based on subsampled data), followed
by GZSD_F samples and then the SVCP_F samples
(Table 1). SVCP_H samples had the lowest values
(abundance-based coverage estimator, 3329; Chao1,
2266; and Shannon, 3.4 based on subsampled data).
Similar trends in microbial diversity were observed
among the four gut types based on the rarefaction
curves (Figures 1b and c) and the number of known
taxa assigned (Supplementary Figure S1). Greater
numbers of OTU and known taxa, at different

phylogenetic levels, were observed in GZSD_H,
followed by GZSD_F, SVCP_F and SVCP_H.

Microbial community compositions
Figure 2 illustrates the abundance of 12 major phyla
commonly observed in all four fish gut types in a
circular viewer. It shows that within each fish gut
type, 4.2–9.1% of total sequences could not be
assigned to known microbial phyla. The phylum
Cyanobacteria/Chloroplast was one of the promi-
nent phyla, representing 33.5, 12.8, 27.4 and 27.5%
of total sequences in GZSD_F, GZSD_H, SVCP_F and
SVCP_H, respectively. Actinobacteria accounted for
22.8, 17.1 and 5.3% of total sequences in GZSD_F,
GZSD_H and SVCP_F, respectively, but was only
0.9% in SVCP_H. The abundance of Proteobacteria
ranged from 15.0 to 21.1% in GZSD_F, GZSD_H and
SVCP_F, but decreased to 2.1% in SVCP_H. Other
prominent phyla included Firmicutes (5.7–25.7%),
Planctomycetes (0.1–2.4%), Chloroflexi (0.1–5.7%),
Crenarchaeota (0–2.2%), Bacteroidetes (1.4–25.3%)
and Fusobacteria (0.9–11.8%).

The phylogenetic affiliation of those OTUs with
abundance40.01% in Proteobacteria, Fusobacteria,
Firmicutes, Actinobacteria, Cyanobacteria,
Bacteroidetes and Crenarchaeota was further shown
with bubble plot in Figure 2. Nine OTUs had an
abundance 43% in at least one fish gut type.
Among them, OTU-3807 (Bacillariophyta genus)
was prominent in all fish gut types. In addition,
numerous OTUs were observed to be five times
more abundant in one fish gut type than the others.
Six OTUs (OTU-0080, 2358, 2378, 3189, 3368 and
7018) could not be assigned to known phyla by RDP
classifier. However, these six OTUs were success-
fully classified to Cyanobacteria, Firmicutes and
Chloriflexi using the phylogeny tool ARB
(Supplementary Figure S2).

Approximately 7.2% of total sequencing reads
could not be classified at phylum level using RDP
classifier. Using QIIME, these sequences were
reclassified into 2155 OTUs at a similarity of 97%.
Among them, 22 OTUs contained 4100 sequences
within each OTU, and the total number of sequences
in the 22 OTUs accounted for 56.1% of the total
unclassified sequences. Representative sequences
from those 22 OTUs were used to construct a
phylogeny tree (Supplementary Figure S3 and
Supplementary Table S2). Among them, five OTUs
were affiliated with Firmicutes (35.5% of total
unclassified sequences), two with Nitrospirae
(1.3%), six with Cyanobacteria (10.0%), three with
Proteobacteria (3.2%), three with Chloriflexi (3.1%)

Figure 2 Circular representation of microbial communities in fish gut samples at phylum level and OTU level. The inner circular
diagram shows the relative abundance of different phyla in fish gut samples. Phyla with abundance lower than 1% in all samples were
not shown. Sequences that could not be assigned at phylum level were marked as ‘Unknown’. The peripheral bubble plot shows the
dominant OTUs in each phylum. The bubble plot consists of four layers, which from inside to outside represent GZSD_F, GZSD_H,
SVCP_F and SVCP_H. Only OTUs with relative abundances over 0.5% in at least one sample were shown here. The percentages p3%
were shown in dots with different sizes and the percentages 43% were indicated by numbers.
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and two with Plactomycetacia (0.5%). These results
indicated that those fish gut samples did not contain
a large number of novel or candidate microbial
phyla.

Microbial community similarity between fish gut types
NMDS plot was used to compare the similarity in
the microbial community compositions of hindgut
samples taken from SVCP and GZSD. Among all
hindgut samples, GZSD_H formed a distinct cluster
and was separated from all SVCP_H samples
(Figure 3). The clustering pattern among GZSD_H
samples was primarily influenced by sampling
location with samples from three locations forming
three distinct clusters. The sampling time did not
affect the clustering pattern. Although the SVCP_H
samples were also collected from different locations,
the clustering pattern was mostly affected by
sampling time, with distinct clusters observed for
samples taken from June and October. Samples
taken from August and September were closer to
the June samples than to the October samples.

The differences in microbial community between
foregut and hindgut taken from each single fish were
examined (Supplementary Figure S4). Results
showed no distinct pattern or clustering between
GZSD_F and SVCP_F (Supplementary Figure S4),
but exhibited clear microbial community shifts from
foregut to hindgut (Supplementary Figure S5). The
normalized weighted UniFrac distances between
foregut and hindgut of a fish ranged from 0.30 to
0.80 (average: 0.55) for SVCP and from 0.28 to 0.90
(average: 0.60) for GZSD, suggesting a significant
change in the microbial community compo-
sition between the foregut and the hindgut
(Supplementary Table S3). The relatedness between
the foregut and hindgut microflora taken from
individual fish was determined by calculating the
correlation of abundances of the top 20 OTUs in the

foregut and hindgut of each individual fish. The
correlations between the foregut and hindgut of
GZSD and SVCP were very low for most fishes
(R2

o0.8), suggesting that the microbial community
structures in the foregut and hindgut were different
(Supplementary Table S3).

Shared and unique microbial populations
To investigate the microbial community in different
fish gut samples, the shared and unique OTUs were
analyzed through a Venn diagram. Pairwise compar-
ison was first performed among all gut types by
considering the shared OTUs, as those present in at
least 30% of the samples of each gut type, and the
unique OTUs as those only present in more than
30% of the samples within a gut type. The number
of shared OTUs varied from 34 to 187 and unique
OTUs varied from 3 to 258 (Figure 4a). By increasing
the cutoff for shared and unique OTUs to 40%, the
number of shared and unique OTUs decreased
noticeably with the shared OTUs ranging from 20
to 114 and the unique OTUs from 0 to 125. Figure 4b
shows the shared and unique OTUs of the four kind
of fish gut samples at a cutoff of 30%. Only a few
OTUs (ranging from 1 to 26) were uniquely present
in one type of fish gut sample. All these unique
OTUs had very low abundance, accounting for only
0.02–0.27% of the total sequences. In contrast, the
sequences in the OTUs shared by the four kind of
fish gut samples represented 47.8% of the total
sequences.

Welch’s t-test was further used to identify 18
OTUs that were significantly different in abun-
dances in the foreguts and hindguts of GZSD and
SVCP (Figure 5). Among them, seven OTUs were
abundantly present in SVCP_H, and the remaining
had higher abundances in GZSD_H. In particular,
OTU-9252 (Bacteroidales order), OTU-3807
(Bacillariophyta genus), OTU-9374 (Clostridium
genus) had significantly higher abundance
in GZSD_H (14.9–22.8%) than in SVCP_H
(0.13–4.1%). Supplementary Table S4 indicates that
between GZSD_F and SVCP_F, 12 OTUs exhibited
significant differences in abundances, but the
differences (0.5–1.7%) were relatively low. Five
OTUs had significant difference in abundances
between GZSD_F and GZSD_H, and the largest
difference was observed with OTU-0450 from the
phylum Firmicutes (7.5%). Seven OTUs had sig-
nificantly different abundances between SVCP_F
and SVCP_H. OTU-9252 (Bacteroidales order) had
significantly higher abundance in SVCP_H than in
SVCP_F (16.5%).

Cyanobacteria and Bacteroidetes
Cyanobacteria and Bacteroidetes were two impor-
tant phyla mainly responsible to the differences
among all fish gut samples. Sequences affiliated
with Cyanobacteria and Bacteroidetes were further

Figure 3 NMDS plot showing the microbial community differ-
ences between GZSD_H and SVCP_H samples. Pairwise community
distances were determined using the weighted UniFrac algorithm.
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retrieved from the denoised sequence data and used
to identify unique OTUs related to SVCP and GZSD.
Using a sequence similarity cutoff of 100%, 1860
and 1084 OTUs were affiliated with Cyanobacteria
and Bacteroidetes, respectively. Among them, 28

Cyanobacteria OTUs and 27 Bacteroidetes OTUs
were present only in GZSD_H samples, and 18
Cyanobacteria OTUs and 26 Bacteroidetes OTUs
were present only in SVCP_H samples (OTUs with
less than 10 sequences were not considered).
Phylogeny trees using representative sequences of
these OTUs (Supplementary Figures S6 and S7)
indicate that most Bacteroidetes OTUs from GZSD
and SVCP were grouped into different clusters
unique to SVCP or GZSD. In contrast, GZSD and
SVCP shared almost all common Cyanobacteria
OTUs, except one distinct cluster formed by 11
OTUs in SVCP samples.

Discussion

Although studies on fish gut microbiota have been
reported (Roeselers et al., 2011; Sullam et al., 2012;
Wu et al., 2012), little is known about the gut
microbial community difference between invasive
Asian carp and indigenous fish. The number of
OTUs observed within the foregut and hindgut of
SVCP and GZSD in this study are equal or higher
than those reported in macaque gut samples
(McKenna et al., 2008), grass carp hindgut (Wu
et al., 2012) and zebrafish (Roeselers et al., 2011)
(Figure 6a). The microbial diversity observed with
GZSD gut flora is also higher than those in Asian
carp and human gut flora, and comparable with a
soil sample collected from Illinois, USA (Roesch
et al., 2007). An NMDS plot (Figure 6b) suggests that
the microbial community of GZSD_H is closer to
grass carp (Wu et al., 2012) and zebrafish (Roeselers
et al., 2011) than to GZSD_F, and SVCP_H flora is
not closely related to other gut flora. The microbial
composition found in the foregut and hindgut of
SVCP and GZSD was further compared with other
gut flora studied so far at the phylum level.
Cyanobacteria were the most dominant phylum
found only in the gut of GZSD, SVCP and grass
carp (Wu et al., 2012), and are mostly absent or very
low in guts of terrestrial vertebrates (Supplementary
Figure S8). All fish gut samples in this study and
most fish gut samples in previous studies (Roeselers
et al., 2011; Sullam et al., 2012; Wu et al., 2012)
shared Proteobacteria and Firmicutes as the most
dominant phyla. Actinobacteria were mainly found
in GZSD, grass carp (Wu et al., 2012) and rainbow
trout (Huber et al., 2004; Kim et al., 2007; Sullam
et al., 2012). Euryarchaeota are unique to only
GZSD. Bacteroidetes were abundant in SVCP, mar-
ine herbivorous fish (Sullam et al., 2012) and other
non-fish gut flora (Supplementary Figure S8).

The high abundance of Cyanobacteria observed in
SVCP and GZSD_F likely support their importance
as food sources. Cyanobacteria are known to be
important food sources for SVCP (Beveridge et al.,
1993) and GZSD (De Brabandere et al., 2009). Within
this phylum, Bacillariophyta was the most domi-
nant genus observed in all foregut samples (Figure 2)

Figure 4 Unique and shared OTUs in GZSD and SVCP gut
samples. (a) The amount of shared and unique OTUs between
pairwise GZSD and SVCP gut samples at 30% and 40% cutoff
level. For each bar plot, the bar in the center represents the
number of shared OTUs in the pairwise samples and the bar on
the side represents the number of unique OTUs in the
corresponding sample. (b) Venn diagram showing the number of
shared and unique OTUs among all the four types of GZSD and
SVCP gut samples at 30% cutoff level. The percentages in the
Venn diagram indicate the ratios of the sequences that are
associated to the OTUs in total sequences. The definitions of
the shared and unique OTUs were present in the Materials and
Methods section.
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and has been reported at a high abundance in zebra
mussels gut samples (Winters et al., 2011) but not in
grass carp (Wu et al., 2012). These observations
suggest that Bacillariophyta may be an important
diet source for SVCP and GZSD. High abundance of
Bacillariophyta genus was also observed in the

hindgut of GZSD and SVCP. This suggested that
the digestion process occurring in the foreguts of
SVCP and GZSD might be incomplete, even though
shifts in the microbial community from foregut to
hindgut were observed. Kolar et al. (2007) also
reported that some Microcystis cells are not killed by
the digestive processes of SVCP. Lewin et al. (2003)
suspected that Microcystis may pick up nutrients in
the gut for growth. Similar incomplete digestion was
also observed in young SVCP gut (Henebry et al.,
1988). The incomplete digestion in SVCP gut could
also be related to a short-residence time, which
varied from 4h at 28.5 1C (Henebry et al., 1988) to
10h at 20–22 1C (Bialokoz and Krzywosz, 1981).
Sharing common Cyanobacteria members further
suggest that GZSD and SVCP could compete for the
same type of food sources.

No clear patterns based on the NMDS analysis
were observed among the microbial communities in
foreguts samples. This was not unexpected, as the
majority of the foregut content was made up of
the food ingested, which included zooplankton,
phytoplankton and microbial cells present in the
ingested water and zooplankton gut. Also, with a
short-residence time in the foregut (Henebry et al.,
1988), the development of foregut microbial com-
munities, including those microorganisms involved
in cellulose degradation, could be incomplete to
effectively degrade the ingested food sources. This
possibility was further supported by the observation
that microbial populations (for example, Vibrio,
Aeromonas, Bacillus, Enterobacter, Anoxybacillus,
Leuconostoc, Clostridium, Actinomyces and Citro-
bacter) previously reported to degrade cellulose
(Li et al., 2003; Saha et al., 2006; Wu et al., 2012)
were only present at a low abundance in GZSD and
SVCP (Table 2). The highest abundance (1.72% of
the total sequences) was observed with Clostridium
XlVa. The possibility that other novel cellulose-
degrading bacteria were present needs to be further
confirmed.

Figure 6 Microbial community complexity and similarity in
different fish gut systems. (a) Comparison of OTU number in
different gut and environmental samples on the basis of 3000
sequences at 3% distance cutoff. (1) SVCP_H, (2) SVCP_F,
(3) GZSD_F, (4) GZSD_H, (a) zebrafish (Roeselers et al., 2011),
(b) grass carp intestinal mucosa (Wu et al., 2012), (c) macaque
lower gastrointestinal mucosal surface (McKenna et al., 2008), (d)
grass carp intestinal content (Wu et al., 2012), (e) human distal
intestine (Claesson et al., 2009), (f) soil samples collected from
Illinois, USA (Roesch et al., 2007). (b) NMDS plot showing the
microbial community differences from different gut flora (grass
carp (Wu et al., 2012), beef cattle (Shanks et al., 2011), broiler
chicken (Danzeisen et al., 2011), human (Claesson et al., 2009),
dog (Middelbos et al., 2010), swine (Looft et al., 2012) and
zebrafish (Roeselers et al., 2011)). The distances were determined
using Bray�Curtis method with relative abundance data at
phylum level.

Figure 5 Extended error bar plot showing the OTUs that have significantly different abundances in the hindguts of GZSD and SVCP.
OTUs overrepresented in the SVCP samples have a negative difference between relative abundances and OTUs overrepresented in the
GZSD samples have a positive difference between relative abundances. Only OTUs with mean proportions larger than 0.5% in the two
groups of samples were shown.
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The NMDS analysis clearly separated the micro-
flora of GZSD_H and SVCP_H into two different
groups, and revealed that the clustering within
GZSD_H and SVCP_H samples was strongly affected
by sampling locations and sampling time, respec-
tively (Figure 3). A possible explanation could be
related to the differences in the swimming behaviors
between GZSD and SVCP. GZSD tend to stay at a
same location (Miller, 1960), and SVCP usually
travel around different locations (Williamson and
Garvey, 2005). Using a combination of mobile
tracking and stationary receivers, SCVP were
recorded to have a daily movement rate of
3.4–64 kmd� 1 and a maximum travel range of
112–411 km in Illinois river and Swan Lake during
Spring�Summer between 2004 and 2005
(DeGrandchamp et al., 2008). Similarly, with the
differences in the type of food sources at different
locations, GZSD populations in different locations
could develop different hindgut microbial commu-
nities. This is supported by the observation of
Michaletz (1998) that the population characteristics
of GZSD were quite variable across different reser-
voirs. Similar results were also observed among the
gut bacterial communities of domesticated zebrafish
obtained from aquaculture facilities at different
geographical locations (Roeselers et al., 2011). In
contrast, SVCP tends to travel a long distance, and
this could minimize the variation in the type of food
sources ingested at one time point. The effect of
sampling time on the SVCP_H composition could
suggest that the type of food ingested by SVCP at
different seasons is different. However, besides
temperature, the seasonal effects attributed to dis-
solved oxygen and minerals should not be ruled out.

Both GZSD and SVCP are stomachless fish, but
can be distinguished by the morphologies of their
gastrointestinial tracts. GZSD use gills with fila-
ment-like structures to capture food, and have a
gizzard to grind ingested food and pyloric caeca to
help increase surface area for absorption of nutri-
ents. In contrast, SVCP use gills with a net-like

structure and lack a gizzard and phyloric caeca.
They mainly use pharyngeal teeth to grind particles
before ingestion. These differences could preferen-
tially select food types on the basis of physical size
(Sampson et al., 2009) and further shape the
microbial communities developed in the hindguts.
For this, it was observed that shared OTUs (Figure 4)
in different fish gut samples differed significantly in
abundances, and unique OTUs in the foreguts and
hindguts of SVCP and GZSD could be identified
(Figure 4b). Most of the unique OTUs present in
GZSD and SVCP gut samples are associated with the
phylum Bacteroidetes, one of the most dominant
phyla found in the fish gut samples.

Furthermore, a shift in microbial diversity from
foregut to hindgut was clearly observed in SVCP and
GZSD (Supplementary Figure S5). The shift is likely
due to the outcome of the digestion process taking
place between the foregut and the hindgut, which is
collectively influenced by season, location, dietary
input and gut morphology of GZSD and SVCP as
discussed above and elsewhere (Sullam et al., 2012).
As measurements on key variables such as pH,
oxygen concentration, nutritional conditions and
digestive enzymes in the foregut and hindgut of
individual fish were lacking in this study, it is rather
difficult to understand how the digestion process is
influenced and regulated, and future study under
well-controlled conditions is needed.

In conclusion, GZSD and SVCP were observed to
harbor distinct microbial flora in the foregut and
hindgut. More than 7000 OTUs were observed in
GZSD_H samples, which were higher than other
fish gut samples obtained from SVCP (this study),
grass carp (Wu et al., 2012) and zebrafish (Roeselers
et al., 2011). A change in the microbial diversity
between the foregut and hindgut in GZSD and
SVCP suggested the influence of food source types
and gut morphology on the development of gut
microbiota. Hindgut microflora differed between
GZSD and SVCP, and microflora of GZSD were
affected by location, whereas SVCP_H microflora
were affected by sampling time. A few OTUs were
observed to be unique or had different abundances
in GZSD or SVCP gut flora. Further studies to
investigate the microbial composition of gut flora
and fecal materials discharged from dominant fish
in aquatic environments can provide comprehen-
sive understanding of the differences in diet and
physiological behavior among fishes. Moreover,
host-specific microbial species for example from
the phylum Bacteroidetes can be used to develop
potential host-specific molecular monitoring assays
for the control of Asian carp and complement
existing molecular surveillance techniques for
Asian carp.
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Table 2 Relative abundance of potential cellulose-degrading
bacteria in different fish gut samples

Relative abundance (%)

GZSD_F GZSD_H SVCP_F SVCP_H

Vibrio 0.01 0.01 0.00 0.00
Aeromonas 0.02 0.24 0.01 0.01
Bacillus 1.01 1.30 0.61 0.13
Enterobacter 0.00 0.00 0.02 0.00
Anoxybacillus 0.00 0.00 0.00 0.00
Leuconostoc 0.01 0.00 0.00 0.00
Clostridium XlVa 0.01 0.01 1.72 0.00
Clostridium III 0.26 0.64 0.19 0.04
Actinomyces 0.00 0.00 0.00 0.00
Citrobacter 0.00 0.00 0.00 0.00

Abbreviations: GZSD_F, gizzard shad foregut; GZSD_H, gizzard shad
hindgut; SVCP_F, silver carp foregut; SVCP_H, silver carp hindgut.
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