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Abstract

Vertebrates are metagenomic organisms in that they are composed not only of their own
genes but also those of their associated microbial cells. The majority of these associated mi-
croorganisms are found in the gastrointestinal tract (GIT) and presumably assist in process-
es such as energy and nutrient acquisition. Few studies have investigated the associated
gut bacterial communities of non-mammalian vertebrates, and most rely on captive animals
and/or fecal samples only. Here we investigate the gut bacterial community composition of
a squamate reptile, the cottonmouth snake, Agkistrodon piscivorus through pyrosequen-
cing of the bacterial 16S rRNA gene. We characterize the bacterial communities present in
the small intestine, large intestine and cloaca. Many bacterial lineages present have been
reported by other vertebrate gut community studies, but we also recovered unexpected bac-
teria that may be unique to squamate gut communities. Bacterial communities were not phy-
logenetically clustered according to GIT region, but there were statistically significant
differences in community composition between regions. Additionally we demonstrate the
utility of using cloacal swabs as a method for sampling snake gut bacterial communities.

Introduction

Vertebrates are metagenomic organisms; they are not only composed of their own genetic ma-
terial, but also that of their associated microbial communities [1]. The majority of these micro-
organisms are found in the host intestinal tract, and presumably assist in essential processes of
energy and nutrient acquisition[2]. The ecological and evolutionary forces that act on both the
host and it’s trillions of resident microorganisms sculpt the endogenic microbiome. With the
advent of next generation sequencing technologies we are now better able than ever to charac-
terize this observed microbial diversity. However, most studies investigating evolutionary pat-
terns in vertebrate gut microbiomes have focused on mammals [1,2] and even among these
studies, many have used captive animals from zoos or farms rather than wild populations.
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Very few studies have examined the gut microbiome of squamate reptiles (snakes, lizards), de-
spite this being one of the most diverse and successful vertebrate clades.

The cottonmouth (Agkistrodon piscivorus, Serpentes, Viperidae) is a semiaquatic snake
widespread throughout southeastern United States. The ecology and demographic history of
A. piscivorus has been well studied, and it is often used as a model system in studies of venom
evolution [3-6]. Though A. piscivorus is considered a generalist predator, preying upon rep-
tiles, birds and invertebrates, the diet is dominated by amphibians and fish [6,7]. The paucity
of information on the microbiome of wild vertebrate gastrointestinal tract (GIT) regions ren-
ders studies of any species meritorious, and exploration of the gut microbiome of A. piscivorus
is particularly interesting as almost all other aspects of its ecology and biology are well known.
Given the extent of knowledge on this organism’s natural history, inferences regarding factors
influencing the composition of its GIT microbial community should be possible once that
community has been well characterized. In this study we examine the bacterial communities of
the small and large intestines, and cloaca of eight individuals of adult A. piscivorus. Our results
reveal the presence of distinct bacterial community composition in each GIT region, provide
novel insights into the diversity of squamate reptile associated bacterial communities in the
wild, and demonstrate the utility of using non-lethal cloacal swabs to sample this diversity.

Materials and Methods
Ethics Statement

Adult snakes were collected and sacrificed in accordance with IACUC protocols approved by
the Committee for Animal Care and Use at the University of Mississippi (#13-02 & #13-04).
Euthanasia was performed using an overdose of the anesthetic lidocaine, injected into the brain
(UM IACUC SOP #13-02). Collecting permits were obtained from the Mississippi Department
of Wildlife, Fisheries, and Parks (permit #’s 0827101 & 1009112).

Microbial Sampling

Snakes were sampled from two sites in Winston County (one individual, N32.98463 X
W088.9980) and Lafayette County (seven individuals, N34.427238 X W089.38631), Missis-
sippi, in spring of 2011 and spring of 2012 (Table 1). All snakes sampled were encountered
during nighttime surveys along small streams leading to larger bodies of water. Snakes were
collected by hand and safely restrained with clear plastic tubing placed over the head during
sample collection. Once restrained, snakes were palpated to evaluate whether prey items were
present in the GIT then the exterior cloaca of the snake was cleaned using a sterile alcohol pad.
This sterilization step was to ensure that the cloacal sample primarily included cloaca

Table 1. Voucher numbers, locality information and region sampled for Agkistrodon piscivorus used in this study.

TJC Field ID #

103
110
111
122
123
124
125
130

OMNH Catalog # County Small Intestine Large Intestine Cloaca

44090
44088
44089

doi:10.1371/journal.pone.0128793.1001

Winston X X
Lafayette X X
Lafayette X X
Lafayette = =
Lafayette - -
Lafayette - -
Lafayette - -
Lafayette - -

X X X X X X X X
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associated microbes rather than environmental or transient microbes. Following cleaning, cloa-
cal swabs were collected by inserting a sterile polyester-tipped applicator (Fisher Cat# 23-400-
122) into the cloaca, taking care not to insert beyond the coprodeum and into the large intes-
tine, then turning the swab several times before withdrawing. Once withdrawn the applicator
was immediately placed into a sterile 2 ml tube and placed on ice before being transferred to a
-20°C freezer prior to DNA extraction.

Three individuals (samples 103, 110, and 111) were sampled in more detail to determine the
bacterial communities of their small and large intestines. These snakes were transported to the
Department of Biology at the University of Mississippi where they were humanely euthanized.
Immediately following death, a mid-ventral incision was made to expose the GIT, which was
then removed. None of the individuals had identifiable prey items present in the GIT. Incisions
were made in proximal and distal ends of both the small and large intestines, which were then
swabbed with sterile polyester-tipped applicators that were immediately placed in sterile 2 ml
collection tubes and frozen (-20°C) until DNA extraction. The remainder of the snake was pre-
served in 10% buffered formalin and whole specimens were deposited at the Sam Noble Okla-
homa Museum of Natural History (Table 1).

DNA Extraction

Microbial DNA was extracted by a bead beating procedure using MoBio Power Soil Extraction
kits (MoBio Laboratories, Carlsbad, CA, USA). We followed the manufacturer’s standard DNA
extraction protocol with minor adjustments. Thawed applicator tips were placed into bead
tubes containing lysis buffer, and 50-100 pl of the lysis buffer was used to rinse any remaining
particles that may have become dislodged from tips out of the 2ml collection tube and into the
bead tube. Additional adjustments included incubating samples at 65°C for 15 min after the ad-
dition of Solution C1, and vortexing bead tubes horizontally for 25 min.

PCR Amplification and Analysis

We used a nested PCR approach and bacterial specific primers to amplify a variable region of
the 16S rRNA gene for initial analysis of the gut bacterial community by denaturing gradient gel
electrophoresis (DGGE). This nested approach was necessary as DGGE can only be performed
on fragments <500bp, and our template DNA was of low quantity rendering direct amplifica-
tion of small fragments difficult. We first amplified near full-length fragments of the bacterial
16S rRNA gene using primer sets Bac8f and Univ1492r, and used this as our template for ampli-
tying a shorter region for use in DGGE with the primer sets Bac1070f and Univ 1392GCr. Prim-
ers, PCR protocols, and cycle conditions have been previously described [8]. Amplification
products from the second round of amplifications (bases 1070-1392) were analyzed in DGGE
gels using a 40% to 70% denaturant gradient, and electrophoresis for 20 h at 80 V. Following
electrophoresis, gels were stained with SYBR Green I and visualized by UV transillumination
using a Kodak Gel Logic 200 system running Molecular Imaging Software 4.0 (Eastman Kodak,
Rochester, NY, USA). Banding patterns were converted to binary data based on presence or ab-
sence of specific bands in each sample. Binary data was then used to create a distance matrix,
showing similarity between samples (Yue & Clayton theta index [9]), and these relationships
were visualized by ordination of samples through non-metric multidimensional scaling
(NMDS). All analyses were performed using the bioinformatics software Mothur [10].

Pyrosequencing

DGGE analyses revealed that the proximal and distal ends of the large and small intestines pos-
sessed near identical banding patterns, therefore we combined the DNA extraction from these
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regions such that each dissected individual had a single small and single large intestinal sample
analyzed by pyrosequencing, along with the cloacal samples from both dissected and released
individuals. The initial (bp 8-1492) 16S rRNA amplicons from each sample were sequenced
using bacterial tag-encoded FLX amplicon 454 pyrosequencing (0 TEFAP) [11] at the Research
and Testing Laboratory sequencing facility (Lubbock, TX). Library amplification was per-
formed with the bacterial primers 939f and 1392r [8,12] under the following conditions: 95°C
for 5 minutes, followed by 35 cycles at 95°C for 30s, 54°C for 40s, an extension at 72°C for 1
minute, followed by a final elongation of 10 minutes at 72°C. Sequencing was performed on a
Roche 454 FLX titanium instrument using standard reagents and following manufacturer’s
guidelines. Sequences were deposited in the NTH NCBI Sequence Reads Archive (SRA Acces-
sion numbers SAMNO03287547-SAMNO03287560).

Sequence Analysis

Pyrosequence data was accessed and processed in the program Mothur [10] following general
procedures recommended by Schloss et al. [13]. Following denoising and barcode removal, se-
quences were aligned using the greengenes reference database (http://greengenes.
secondgenome.com/, May 2013 version) and sequences differing by only a single nucleotide
were grouped together. Sequences were checked for chimeras using the chimera.slayer com-
mand in Mothur and potential chimeras were removed. The resulting sequences were classified
according to the greengenes database and any non-bacterial 16S sequences were removed. The
remaining sequences were clustered into operational taxonomic units (OTUs) based on

97% similarity.

The distribution of OTUs in each sample was used for analyses of diversity and comparisons
of community structure. Because samples varied in the number of final valid sequences ob-
tained, all analyses were performed on a randomly sampled subset of the total dataset for each
sample, which corresponded to the number of sequences in the smallest sample (i.e. all samples
were standardized to be equivalent to the sample with the lowest number of valid reads). This
random subsampling was performed 1,000 times for each analysis, with the composite out-
come reported. Alpha diversity within each sample was determined by Schao and inverse
Simpsons indices, and rarefaction and collection curves were used to visualize whether our pro-
cedures included enough sampling (enough reads) to assess this diversity. Beta diversity (com-
parisons of bacterial community structure between samples) was examined using the Yue &
Clayton theta similarity index [9] which accounts for proportional abundance of OTUs in a
sample. Similarity between samples was visualized by NMDS, Venn diagrams, as well as den-
drogram construction. We tested the spatial separation of samples observed in NMDS through
analysis of molecular variance (AMOVA) and analysis of similarities (ANOSIM). Dendro-
grams were constructed based on Yue & Clayton theta (thetayc) distances and a 95% majority
rule consensus tree was generated from the distribution of 1000 trees without burn in using the
program TreeAnnotator [14].

Results
DGGE Analyses

While based on a limited number of samples from just two locations, NMDS of community
similarity based on DGGE binary data showed a clear pattern of distinct small intestine, large
intestine, and cloacal communities, with only slight overlapping of multidimensional space be-
tween the large and small intestine samples (Fig 1A). There was no apparent association in
GIT bacterial community structure among individuals or localities, although our ability to test
this was limited by the number of individuals sampled. All regions of the GIT show similar
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Fig 1. Nonmetric multidimensional plots of bacterial communities. Nonmetric multidimensional plots (three dimensions, stress <0.2; the first two
dimensions are shown) based on Yue & Clayton theta (thetayc) similarities of bacterial communities from the small intestine (triangles), large intestine (plus
signs), and cloaca (circles) of Agkistrodon piscivorus. Plots are determined from: A) DDGE profiles, B) all OTUs recovered from 454 sequencing, C)
dominant OTUs recovered from 454 sequencing (rarest 1% of sequences removed), D) very dominant OTUs recovered from 454 sequencing (rarest 10% of
sequences removed). Dashed ellipses indicate groupings based on region of the GIT.

doi:10.1371/journal.pone.0128793.g001

levels of diversity and richness as inferred from DGGE banding patterns. Band number, used

as a proxy for ric

hness [15], ranged from 8-29, with a mean of 17.

Sequence Analyses

After alignment,

gap removal, and potential chimera removal we recovered 40,317 valid se-

quence reads, representing 7,137 unique sequences with a median length of 267 bp from our
pooled dataset. The classified sequences were binned into OTUs and rarefaction suggested that

we recovered >9
vidual 1031) we r

8% of the diversity in all but one of our samples, and with that sample (indi-
ecovered 95% of the diversity (Table 2).

Table 2. Statistical analyses of bacterial 16S rRNA gene pyrosequence data obtained from the gastrointestinal tract (GIT) of individual (ID) Agkis-

trodon piscivorus (numbered 103—130).

ID 103(c) 103() 103(s) 110(c) 110(l) 110(s) 111(c) 111 () 111(s) 122(c) 123(c) 124(c) 125(c) 130(c)
Coverage 99.22% 95.45% 99.03% 98.91% 99.49% 99.64% 99.14% 99.26% 99.70% 98.31% 99.02% 98.92% 99.26% 99.17%
Sobs 40 143 52 28 31 15 68 51 110 64 63 55 54 29
Schaot 63.8 208 80.9 58.3 109 29 105.5 59.23 161.7 88.4 84.4 76.9 67.2 32.5
Inverse 4.575 11.559 4.471 2.497 3.069 1.085 10.489 7.231 13.940 8.599 8.983 7.918 5.961 4.448
Simpsons

index

Different regions of the GIT are designated as (c) cloaca (|) large i
assess alpha diversity and compare species diversity between sa

doi:10.1371/journal.pone.0128793.1002

ntestine (s) small intestine. Inverse Simpson’s diversity index and Schao were used to
mples. Sops = Observed number of species.
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Bacterial diversity recovered in our 7,137 unique sequences was binned into 503 distinct
OTUs spanning 14 bacterial phyla, with <0.002% (just 92 sequences) of the 40,317 sequence
dataset designated as “unclassified Bacteria”. Among individuals for which all three regions
were sampled the large intestine harbored the most diverse bacterial communities in two of the
three individuals (Table 2). In terms of community composition, the large intestine samples
were dominated by sequences affiliated with the Bacteroidetes, followed by Firmicutes, Proteo-
bacteria, and Lentisphaerae, while members of the Proteobacteria were the dominant group in
both the small intestine and cloaca samples, followed by sequences classified as Firmicutes and
Bacteroidetes (Fig 2). Gammaproteobacteria were the dominant subphylum of Proteobacteria
in all but two samples; one small intestine (110) sample and one cloacal sample (111) had Del-
taproteobacteria and Betaproteobacteria, respectively, as their dominant Proteobacteria. Im-
portantly, the dominant bacterial phyla found in both the small and large intestines were also
found in cloacal samples (Fig 2).

NMDS plots based on pyrosequence data did not show as tight of a grouping of samples by
GIT region as was produced by DGGE analyses (Fig 1A and 1B). ANOSIM and AMOVA tests
of spatial separation did suggest a significant difference in community composition among all
three regions as a group (AMOVA: df = 2 F, = 1.902 p = 0.005, ANOSIM: R* = 0.606
p =0.001), but none of the individual pairwise comparisons between different GIT regions
were significant. Next generation sequencing is likely to detect ultra-rare species that are typi-
cally not detected by DGGE [16], and these may not have an important role in the GIT com-
munity, or could represent transitory cells that are not permanent members of the gut
community. Therefore we also analyzed the pyrosequence data after sequentially removing the
rarest 1%, 5% and 10% of sequences. NMDS of communities with the rarest 1% and 5% of se-
quences removed resembled the structuring seen in our DGGE data, although that signal was
lost once the rarest 10% of sequences are removed (Fig 1C (1%), D (10%), 5% removed not
shown in figure for clarity). AMOV A following the removal of the rarest 5% of sequences still
suggested overall community differences among GIT regions (p = 0.007), without any individ-
ual pairwise comparisons between GIT regions being significant. However, ANOSIM did de-
tect significant differences for all pairwise comparisons of GIT regions once any level (1%, 5%,
or 10%) of the rarest sequences was removed (Table 3).

Because we had cloacal samples from both dissected and released specimens, we focused on
the cloaca as our primary GIT region of interest, as this would allow future sampling to avoid
sacrificing individuals. Furthermore, of the 22 OTUs representing greater than 1% of the se-
quence reads, all but four were found in the cloaca as well as other regions (Table 4). Based on
proportions of sequence reads obtained, the most abundant bacterial lineage in the cloaca var-
ied among individuals: Members of the Bacteroidetes were dominant in two samples, Proteo-
bacteria (primarily subphyla Gamma and Beta) were dominant in two, similar levels of
abundance of Bacteroidetes and Firmicutes were found in three, while one sample had similar
proportions of Bacteroidetes, Proteobacteria and Firmicutes (Fig 3). At a finer taxonomic scale,
the most abundant sequences affiliated with Bacteroidetes were classified as members of the
genus Bacteroides, with two different species dominating in the large intestine and cloaca
(Table 4). While the most abundant Proteobacteria (specifically Gammaproteobacteria) se-
quences obtained from the cloaca were classified as either Salmonella enterica, or as unclassi-
fied Enterobacteriaceae, those of the small intestine were identified as Pseudomonas veronii
and Aeromanadaceae (Table 4). Both Enterobacter and Acinetobacter were found in all regions
of the GIT. The most numerous Firmicutes sequences were in the family Clostridiaceae and
those we were able to classify to genus were Clostridium (Table 4).

Venn diagrams revealed that some OTUs in each region of the GIT were shared by all three
individuals sampled, but the majority of OTUs in each region were unique to a given individual
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Fig 2. Agkistrodon piscivorus GIT bacterial abundance. Relative abundance of major bacterial lineages found in various regions of the gastrointestinal
tract of all Agkistrodon piscivorus as identified 16S rRNA gene pyrosequencing. Proportions represent the proportion of 454 sequence reads classified as
being in that taxon (number of reads ranges from 5,620—14,905).

doi:10.1371/journal.pone.0128793.9002
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Table 3. Results of ANOSIM analyses comparing the bacterial communities in different regions of the GIT of individuals of Agkistrodon piscivorus.
GIT regions are the large intestine (L), small intestine (S), cloaca (C).

Region

C-L-S
C-L
C-S

R2
0.614
0.683
0.718

1% Removed

p
0.001
0.006
0.006

R2
0.469
0.524
0.551

5% Removed

p
0.002
0.012
0.011

Analyses were performed with different levels of the rare sequences removed (<1%, <5%, or <10% of total reads).

doi:10.1371/journal.pone.0128793.t003

R2

0.441
0.511
0.546

10% Removed

0.005
0.012
0.011

Table 4. Distribution and classification of 16S rRNA-defined bacterial OTUs representing >1% of the total proportion of reads obtained from the

GIT of individuals of Agkistrodon piscivorus.

Phylum/Subphylum

Bacteroidetes
Gammaproteobacteria
Deltaproteobacteria
Gammaproteobacteria
Bacteroidetes
Gammaproteobacteria
Gammaproteobacteria
Gammaproteobacteria
Fusobacteria
Firmicutes

Firmicutes
Gammaproteobacteria
Gammaproteobacteria
Firmicutes

Firmicutes
Betaproteobacteria
Gammaproteobacteria
Bacteroidetes
Bacteroidetes
Epsilonproteobacteria
Gammaproteobacteria
Betaproteobacteria

Region designates the region of the GIT where that OTU was detected: large intestine (L), small intestine (S), cloaca (C).

doi:10.1371/journal.pone.0128793.t004

Finest Taxonomic Classification

Bacteroides sp.
Enterobacteriaceae
Desulfovibrionaceae
Enterobacteriaceae
Porphyromonadaceae
Salmonella enterica
Pseudomonas veronii
Aeromonadaceae
Cetobacterium somerae
Clostridiaceae
Peptostreptococcaceae
Enterobacter sp.
Acinetobacter sp.
Clostridium sp.
Clostridia
Janthinobacterium lividum
Edwardsiella sp.
Weeksellaceae
Bacteroides sp.
Campylobacter fetus
Enterobacteriaceae
Achromobacter sp.

% of total

10.07
7.50
6.40
5.34
5.28
4.61
4.23
3.25
3.18
2.99
2.98
2.37
2.00
1.87
1.79
1.63
1.56
1.54
1.21
1.14
1.07
1.06

Region
LS
LSC
LS
LSC
LSC
LSC
LSC
LSC
LSC
LSC
LSC
LSC
LSC
LSC

OO0 w”wwmwOo

LSC

(@)

(Fig 4). Dendrogram analysis did not reveal a definitive pattern of clustering by GIT region
sampled or individual, although cloacal samples tended to group together (Fig 4).

Discussion

The aim of this study was to characterize the gut microbiome of a non-captive squamate reptile
species. Only one other study has examined bacterial community structure in the GIT of wild
snakes [17]. That study included two individuals of A. piscivorus, the species studied here, but
the authors focused on the most abundant bacterial populations in the gut community as deter-
mined from DGGE followed by traditional Sanger sequencing [17], rather than incorporating

PLOS ONE | DOI:10.1371/journal.pone.0128793 June 3,2015
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. Acidobacteria
. Actinobacteria
Cytophagia

Flavobacteriia

Saprospirae
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Sphingobacteriia

Cyanobacteria

Firmicutes

Fusobacteria

. Lentisphaerae
Alphaproteobacteria
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Betaproteobacteria I

% of Sample

Deltaproteobacteria
Epsilonproteobacteria

Gammaproteobacteria I

25 Spirochaetes

. Synergistetes
B e

|

. Tenericutes

.Thermi

103 110 111 122 123 124 125 130 B unciassiied

Sample #

Fig 3. Bacterial abundance present in the cloaca of Agkistrodon piscivorus. Relative abundance of bacterial lineages found in cloacal samples of
Agkistrodon piscivorus individuals (numbered) as identified 16S rRNA gene pyrosequencing. Abundances are based on proportional number of 454 reads
(from 839-2919) total reads per sample). Major bacterial groups are outlined by black boxes.

doi:10.1371/journal.pone.0128793.9003

the high throughput sequencing approach that we used. Despite the difference in methodology,
that study also found the Firmicutes and Bacteroidetes to be the most dominant phyla in the
GIT of A. piscivorus, although no samples of the cloaca were taken and, presumably because of
methodological constraints, the study did not attempt to assess diversity or abundance.[17].
Our study demonstrates the utility of both standardized sampling via cloacal swabs and the
greater information in community composition that can be obtained by using next generation
sequencing rather than traditional methods of bacterial community analyses.

Both DGGE and next generation sequencing recovered distinct bacterial communities cor-
responding to discrete regions of the GIT (small intestine, large intestine, cloaca), although this
was only apparent when the more common sequence types were considered. As might be ex-
pected given the cloaca’s terminal location, cloacal samples captured the bacterial diversity
found in earlier regions of the GIT, but not necessarily the proportional abundance of specific
taxa. While the dominance of members of the Bacteroidetes in the large intestine is consistent
with other findings in snakes [17,18], the dominance of members of the Proteobacteria in the
small intestine and cloaca was unexpected. Previous work has suggested that the small intestine
of captive snakes is dominated by members of the Firmicutes and Bacteroidetes, regardless of
physiological processes (e.g. active digestion) [18]. Our findings suggest this may not be the
case in wild snakes. It is well known that the mammalian gut is dominated by members of the
Bacteroidetes and Firmicutes [19] and the limited amount of previous work on wild reptiles

PLOS ONE | DOI:10.1371/journal.pone.0128793 June 3,2015 9/13
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small intestine

large intestine

cloaca

’

v
1l

1m0 @ =103 @ =1 L 10

Fig 4. Bacterial community similarity by region and phylogenetic reconstruction of bacterial communities found in Agkistrodon piscivorus.
Graphical representation of bacterial community similarity in Gl regions sampled from Agkistrodon piscivorus individuals: A- C) Venn diagrams of small
intestine (A), large intestine (B) and cloacal (C) samples from the three individuals sampled destructively (103, 110, 111). Circles are drawn such that the
area of the circle is proportional to the number of OTUs found in each region. Numbers represent the number of OTUs either shared or specific to that
individual. D) 95% maijority rule consensus tree based on Yue & Clayton theta distances for bacterial communities in all individuals sampled (numbered) with
branches colored by sample region (blue = small intestine, black = large intestine, red = cloacal).

doi:10.1371/journal.pone.0128793.g004

(e.g. marine iguanas) and captive snakes suggests that this is the same for reptiles [18,20]. How-
ever, a recent meta-analysis compared the GIT bacteria of insects, birds and mammals and
found that the bacterial community in insects and birds is more likely to be dominated by Pro-
teobacteria and Firmicutes rather than Bacteroidetes [21]. The dominance of Proteobacteria in
the GIT of snakes in this study suggests that predatory snakes may show more similarities to
birds in terms of their GIT bacterial communities than to other vertebrate organisms.

In one of the few previous studies to investigate bacterial community structure in wild squa-
mates, Hong et al. found that sequences affiliated with the Firmicutes dominated fecal samples
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from both marine and land iguanas in the Galapagos, with the classes Bacteroidia and Clostrid-
ia being dominant in both host species [20]. They suggested that the similarity between these
herbivorous reptiles to mammals in the general composition of their GIT bacterial assemblages
is because of the prevalence of herbivory in mammals, and that abundance of members of the
Bacteroidetes and Firmicutes in the gut aids in the breakdown and nutrient acquisition of com-
plex polysaccharides [2,20]. Wood eating fish species have also been shown to contain similar
GIT diversity to herbivorous mammals [22] and these similarities (at the level of phylum) have
led some authors to suggest that fish served as the original vertebrate hosts to these bacterial
communities [23,24]. Although A. piscivorus is a predatory species (no snakes are herbivorous),
Clostridia were the dominant Firmicutes recovered in our analysis, possibly reflecting a
broader function of this subset of Firmicutes in the GIT that is not restricted to herbivory. It
may be that this class of obligate fermentative bacteria is so well adapted to the anoxic condi-
tions of the intestines that they are likely to be dominant in the GIT of any larger organism.
Cottonmouth snakes are generalist predators and are known to feed on carrion; and some au-
thors suggest that certain populations of A. piscivorous my acquire food primarily by scaveng-
ing [25]. Many Clostridia are associated with the fermentation of animal material and this may
convey benefits to host species that prey on or scavenge other vertebrates.

All of the individuals sampled in our study were adults, and no detectable prey items were
found in dissected individuals or through palpitation of non-dissected individuals. That said,
the broad variation in dominant bacterial OTUs we recovered from cloacal samples leads us to
suspect that abundance may be influenced by active digestion of prey items that were undetect-
ed. Although the bacterial species present in the GIT has been shown to remain constant
throughout digestion and subsistence in captive snakes, the relative abundance of these species
can be correlated with active physiological processes such as digestion [18]. An additional fac-
tor relating to diet variation in the gut bacterial community that has yet to be explored is onto-
genetic change. Diet has been shown to change through ontogeny in A. piscivorus [26], and it’s
not unreasonable to suspect that this could lead to changes in bacterial community structure.
Acquisition of a new diet has been hypothesized to be a fundamental driver for species’ diversi-
fication and concomitant gut microbiota evolution [19] and dietary changes during ontogeny
should also drive changes in gut microbiota. Lastly, it has been shown that in mammalian
hosts which undergo torpor during hibernation both bacterial community composition and
richness vary dramatically during hibernation [27]. It would be interesting to explore whether
this holds true for ectothermic species that undergo hibernation, which A. piscivorus does in
certain areas of its range.

Our study lays the groundwork for further investigation of gut bacterial community struc-
ture in squamate reptiles. We identified discrete bacterial communities that correspond to re-
gions along the GIT and show that cloacal samples encompass the breadth of bacterial
diversity found in the snake gut. Additionally we show the utility of our standardized sampling
method using cloacal swabs. Interestingly, and in contrast to previous investigations of snakes,
we find that at the phylum level the snake gut microbiome shows more similarities to that of
birds than to other vertebrates. Future studies should include broader sampling of host species
for more detailed comparative analyses, and test whether gut bacterial communities function
as either evolutionary or ecological traits.
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