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Abstract Gastrointestinal microbiota is increasingly recog-
nized as an important component of individual health, and
therefore, our ability to quantify its diversity accurately is
central for exploring different ways to improve health. Non-
invasive sampling methods, such as cloaca swabs, are often
used to measure gastrointestinal microbiota diversity within
an individual. However, few studies have addressed to what
degree differences exist in microbial community composition
along the gastrointestinal tract, and measures obtained from
the cloaca may not actually represent the diversity present
elsewhere in the gastrointestinal tract. In this study, we sys-
tematically characterized the gastrointestinal microbial com-
munity of the critically endangered Attwater’s Prairie chicken
(Tympanuchus cupido attwateri) by opportunistically sam-
pling four different locations (ileum, cecum, large intestine,
and cloaca) along the gastrointestinal tract of eight individ-
uals. Spatial variation of microbial community was observed

at different sampling locations within the gastrointestinal tract.
The cecum harbored the most diverse and significantly differ-
ent microbiota from the other locations, while themicrobialα-
andβ-diversities were similar in the ileum, large intestine, and
cloaca. The results of this study provide evidence that micro-
biota diversity can differ depending on sampling location and
metric used to quantify diversity. As shown here, non-invasive
cloacal sampling strategies may reflect microbiota diversity
elsewhere in the gastrointestinal tract, yet caution is warranted
when making generalizations in terms of the microbiota diver-
sity correlations when samples are obtained from a single
location within the gastrointestinal tract.
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Introduction

The gastrointestinal tract harbors a complex ecosystem of mi-
crobes that are essential to the health and wellness of the host
[1–3]. These normal resident microbes comprise the Bgut
microbiome^ and possess many vital metabolic capabilities
that the host cannot otherwise perform such as synthesis of
essential vitamins and short-chain fatty acids, as well as break-
down of host-indigestible material such as complex plant
polysaccharides and other products [4, 5]. The host gut
microbiome also affects a multitude of physiological proper-
ties, such as energy balance, pH, synthesis of vitamin K1 used
in anabolic pathways, immune function, degradation ofmucus
produced by host goblet cells, and protection against patho-
gens [6–8]. The microbiome of the gastrointestinal tract re-
flects a co-evolutionary relationship with the host, but it can
also be influenced by restricted migration of microorganisms,

Electronic supplementary material The online version of this article
(doi:10.1007/s00248-016-0870-1) contains supplementary material,
which is available to authorized users.

* Jeff A. Johnson
Jeff.Johnson@unt.edu

* Michael S. Allen
Michael.Allen@unthsc.edu

1 Department of Molecular and Medical Genetics, University of North
Texas Health Science Center, 3500 Camp Bowie Boulevard, Fort
Worth, TX 76107-2699, USA

2 Center for Biosafety and Biosecurity, University of North Texas
Health Science Center, 3500 Camp Bowie Boulevard, Fort
Worth, TX 76107-2699, USA

3 Department of Biological Sciences, Institute of Applied Sciences,
University of North Texas, 1155 Union Circle #310559,
Denton, TX 76203-5017, USA

Microb Ecol (2017) 73:966–977
DOI 10.1007/s00248-016-0870-1

http://dx.doi.org/10.1007/s00248-016-0870-1
http://crossmark.crossref.org/dialog/?doi=10.1007/s00248-016-0870-1&domain=pdf


host diet, genotype, age, gender, antibiotic administration, and
colonization history [3, 9].

Spatial variation in bacterial community structure has
been demonstrated along the length of the gastrointestinal
tract in humans [10], felines [5], chickens [8, 11, 12], quail
[13], and pigs [14]. This is not surprising since there are
distinctly different functions along the gastrointestinal tract
of vertebrates and the microenvironment changes with dif-
ferent functions. For instance, the cecum is a unique mor-
phological structure of the gastrointestinal tract, consisting
of two blind pouches located at the junction of the small
and large intestines [15] where fermentation of plant matter
occurs, especially in herbivores and birds such as many
galliformes that feed on plant material [16]. By contrast,
the ileum is the last section of the small intestine, which
typically maintains a more neutral pH and is responsible
for absorption of the remaining products of digestion.

The gastrointestinal tract of the domestic chicken (Gallus
gallus domesticus) has been extensively studied. Prior to
molecular-based sequencing approaches, the dominant
culturable bacteria in chicken ceca were found to contain pri-
marily obligate anaerobes [17, 18], while facultatively anaer-
obic bacteria were greater in the ileum [18]. Later examination
of partial 16S rRNA gene sequences determined a significant
difference between bacterial communities in the ileum and
cecum of broiler chickens consisting of primarily
Lactobacillus (70 %) and Clostridiaceae (65 %) species, re-
spectively [8].

Therefore, it is important to recognize that sampling
biases may exist among studies investigating a correlation
between microbiome diversity and fitness or behavior [1,
19–21]. For example, a study investigating the relationship
of microbial composition to host fitness based upon a clo-
aca sampling strategy may yield vastly different results
compared to a similar study derived from sampling of the
ileum or cecum where the microbial diversity and compo-
sition may be substantially different. An increasing number
of studies have reported microbial diversity levels for sam-
ples collected at the cloaca of birds [22], largely because
such sampling is non-invasive; however, to what degree
the cloaca diversity differs from other regions of the gas-
trointestinal tract deserves further investigation [23].

Here, we quantify and compare gastrointestinal tract
microbial diversity based upon sampling location within
the critically endangered Attwater’s Prairie chicken
(Tympanuchus cupido attwateri). The Attwater’s Prairie
chicken has experienced a significant decline in abun-
dance over the past 100 years from a population of over
one million individuals to fewer than 100 in the wild
today [24]. Significant efforts have been made to prevent
the extinction of the Attwater’s Prairie chicken, including
a captive breeding and release program initiated in 1992.
In an effort to identify factors limiting survivorship, we

were interested to determine if cloacal microbial diversity
correlated with survival among individuals. However, it
was not known to what degree microbial diversity differs
depending on gastrointestinal tract sampling location in
the Attwater’s Prairie chicken. In this study, we investi-
gate whether differences exist in the microbial community
composition based on sequenced bacterial 16S rRNA
gene libraries generated from samples obtained from the
ileum, cecum, large intestine, and cloaca of eight individ-
uals. Our findings provide valuable information about mi-
crobial diversity along the gastrointestinal tract of
Attwater’s Prairie chicken and further insight on addition-
al research required to investigate gut microbial diversity
and fitness.

Materials and Methods

Sample Collection

A total of 32 samples were obtained from four sampling loca-
tions within the gastrointestinal tract: ileum, cecum, large in-
testine, and cloaca among the eight individual captive-born
Attwater’s Prairie chickens at the Abilene Zoo. Five female
and three male birds were available for opportunistic sampling
because of required culling due to space limitations. Age var-
ied from 13 to 74 months of age (mean ± std dev = 27.3
± 22.8 months; Table S1), but all were fed the same diet and
maintained in similar environments. A cloaca sample from
each bird was obtained using a sterile polyester-tipped appli-
cator swab prior to euthanasia, and a staff veterinarian obtain-
ed the samples from the ileum, cecum, and large intestine at
approximately the same location at each region using a sterile
swab immediately post mortem. Each sample was immersed
in TE buffer and placed on ice before storage at −80 °C prior
to DNA extraction.

DNA Isolation

The FastDNA™ SPIN Kit for Soil (MP Biomedicals) was
used to extract DNA from each sample following the manu-
facturer’s protocol. Briefly, the samples were thawed on ice,
vortexed, and centrifuged at 6000×g for 3 min, and 300 μl of
the supernatant was then removed to allow for space in the
lysing matrix tube. Sodium phosphate buffer was added to
maximize recovery of DNA. Each sample was homogenized
using a FastPrep®-24 Instrument (MP Biomedicals). Two eth-
anol washes were used, and DNA was eluted in 100 μl of
nuclease-free molecular biology-grade water after a 5-min in-
cubation at 55 °C. DNA was quantified using a NanoDrop-
1000 spectrophotometer (ThermoFisher Scientific Inc.,
Waltham, MA, USA).
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16S rRNA Gene Amplicon Library Preparation

16S rRNA gene amplicon library for each sample was con-
structed by amplifying the V4 hypervariable region with uni-
versal bacterial primers as previously described [25]. The for-
ward primer was barcoded with a 10-base code unique to each
sample following the IonXpress barcode design (Life
Technologies, Carlsbad, CA, USA). Each sample was prepared
in triplicate, 25-μl reactions, using 20 ng of original DNA
template, 0.5 μM of each barcoded forward primers IonA-
515F and IonP1-806R reverse primer, 0.5U Phusion® High
Fidelity DNA Polymerase (New England BioLabs®), 5 μl of
5X Phusion® HF reaction buffer, 200 μM of dNTPs, and 3 %
(vol:vol) DMSO. The cycling conditions used were 98 °C for
3 min, followed by 30 cycles of 98 °C for 10 s, and 52 °C for
15 s, 72 °C for 15 s, with a final extension time of 5 min at
72 °C. PCR products were examined following electrophoresis
on a 1% agarose gel, and then, the remaining volumes for each
replicate were pooled into one tube for each sample. Each
pooled amplicon library was purified using Agencourt®
AMPure® XP (Beckman Coulter) magnetic beads. Purified
amplicon libraries were quantified using the Agilent DNA
7500 kit with a Bioanalyzer 2100 (Agilent Technologies,
Santa Clara, CA, USA). The libraries were then diluted to the
appropriate concentration according to the manufacturer’s rec-
ommendation for emulsion PCR using the Ion OneTouch™ 2
instrument (Life Technologies, Carlsbad, CA, USA).

Semiconductor Sequencing

Emulsion PCR was performed on the Ion OneTouch™ 2 in-
strument (Life Technologies, Carlsbad, CA, USA) using the
Ion OneTouch 200 Template Kit v2 DL following the manu-
facturer’s instructions. The template-positive Ion Sphere par-
ticles (ISPs) were enriched using the OneTouch ES instru-
ment. The quality of both unenriched and enriched ISPs was
determined on the Qubit 2.0 fluorometer using the Ion Sphere
quality control kit (Life Technologies). The enriched ISPs
were loaded onto a 316 chip and sequenced on the Ion
Torrent Personal Genome Machine (PGM) using the Ion
Sequencing 200 kit v2 (Life Technologies) as per the manu-
facturer’s instructions.

Sequence Analysis

Sequences generated from the Ion Torrent PGM were proc-
essed through the mothur v.1.32.1 pipeline as previously de-
scribed [26]. DNA sequences originating from the different
samples were identified based on the sample-specific
barcodes. Primers and barcodes were removed, and short se-
quences (<100 bp) and low quality sequences (average quality
score <20 and homopolymers >8) were excluded from the
dataset. Sequence alignments were performed using reference

sequences from the SILVA database. The sequences that could
not be aligned were removed, and the aligned sequences were
further filtered to remove gaps. Redundant sequences were
reduced using the unique.seqs command and a precluster
(diffs = 2) algorithm, and chimeras were removed after identi-
fication using UCHIME [27].

Operational taxonomic units (OTUs) were assigned with
the average neighbor clustering algorithm based on 97 % se-
quence similarity. Taxonomic classification was conducted
using the Ribosomal Database Project (RDP) classifier with
a minimum of 80 % confidence [28]. Sequences classified as
mitochondria, chloroplast, archaea, and eukaryote, as well as
unknown sequences, were removed from the data set.

To investigate differences in microbial community di-
versity among the sampling locations, both α-diversity
and β-diversity were calculated. α-Diversity, or the diver-
sity within communities, was compared between the gas-
trointestinal tract sampling locations. Diversity indices
(Shannon diversity and evenness) and richness (Chao1
and abundance coverage-based estimator (ACE)) estima-
tors were generated based on OTU grouped at 97 % se-
quences similarity for species-level classification [29–31].
β-Diversity, or the degree by which membership or struc-
ture is shared between microbial communities, in the dif-
ferent gastrointestinal tract locations was investigated
using UniFrac distances and principle coordinate analysis
(PCoA) [32]. Analysis of similarities (ANOSIM) was per-
formed to assess the overall similarity among the different
sampling locations. ANOSIM generates a value of R mea-
suring how separate groups are reviewed by Clark [33].
R = 1 means significantly different; R = 0 means no differ-
ence; R > 0.75 suggests good separation; R > 0.5 indicates
differences with some overlapping; and R < 0.25 means
almost no differences. Diversity estimators, UniFrac, prin-
cipal coordinate analysis (PCoA), analysis of molecular
variance (AMOVA) analyses, and ANOSIM were per-
formed using mothur.

A linear discriminant analysis (LDA) was performed to test
whether the microbial taxa among the four sampling locations
can be differentiated from each other by using the bacterial taxa
as biomarkers. Bacterial families with relative abundance larger
than 2 % in at least one sample were selected for this analysis.
Kruskal-Wallis test and post hoc Tukey’s test (P < 0.05 with
1000 Monte-Carlo permutations) were used to screen the sig-
nificantly different bacterial families among the four sampling
locations. False positive discovery rate (FDR) for multiple hy-
pothesis testing was controlled using the Benjamini-Hochberg
method [34]. Analysis of variance (ANOVA) with post-hoc
Tukey honestly significant difference (HSD) test, LDA,
Kruskal-Wallis test, and Tukey’s test were performed using
MASS and coin packages in the R program v3.1.3. The se-
quences were deposited in the NCBI Sequence Read Archive
(SRA) under Accession PRJNA311230.
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Results

Taxonomic Composition of Gastrointestinal Microbiome

After removing short low quality sequences as well as chimera
sequences, a total of 1,397,097 high quality sequences with an
average length of 239 bp were obtained (mean ± standard devi-
ation 43,659 ± 13,867 per individual sample; n = 32). At 80 %
confidence level for taxonomic classification, 98.4 % of those
sequences were assigned to a total of 17 bacterial phyla, includ-
ing Firmicutes (34.3 %), Actinobacteria (34.2%), Proteobacteria
(22.3 %), Bacteroidetes (7.5 %), and multiple rare phyla (0.1%).
A total of 92.0 % of the sequences were assigned to 113 known
bacterial families, and 47.1 % to 226 known bacterial genera.
The top five most abundant bacterial families were
Micrococcaceae (29.8 %), Planococcaceae (7.2 %),
Pseudomonadaceae (7.2 %), Enterobacteriaceae (5.4 %), and
Erysipelotrichaceae (4.2 %). Sequences of Micrococcaceae and
most of Enterobacteriaceae were unclassified at the genus level.
A few Enterobacteriaceae, however, were identified as
Escherichia/Shigella genera. Sequences of Planococcaceae,
Pseudomonadaceae, and Erysipelotrichaceae were further
assigned to the genera of Sporosarcina, Planococcaceae
Incertae Sedis, Pseudomonas, and Turicibacter.

Differences in microbial community composition among
the gastrointestinal sampling locations were observed at
phylum-level classification (Fig. 1, Table 1). The ileum, large
intestine, and cloaca were dominated by Firmicutes,
Actinobacteria, and Proteobacteria, while the cecum also pos-
sessed Bacteroidetes. Heterogeneity for each individual and
differences in community structure were observed at the fam-
ily and genus levels (Table 1). The ileum, large intestine, and
cloaca were predominated by one or two highly abundant
families that accounted for 39.4 to 98.8 % of each community.
Micrococcaceae was the most dominant bacterial family in
half of the ileum (4/8), large intestine (4/8), and cloaca (5/8)
samples. The microbial communities in the cecum were dom-
inated by five to seven relatively high abundant (5.5–37.8 %)
families including Enterobacteriaceae (13.9 % ± 13.4 %),
Ruminococcaceae (12.9 % ± 7.6 %), Lachnospiraceae
(10.6 % ± 4.5 %), Coriobacteriaceae (7.2 % ± 4.7 %), and
Erysipelotrichaceae (3.9 % ± 6.2 %). Sequences from
Ruminococcaceae were further assigned to the genus
Faecalibacterium. Most sequences from Lachnospiraceae
could not be classified to the genus level, whereas a few were
classi f ied to the genus Blautia . Sequences from
Coriobacteriaceae were mainly classified to the genus of
Collinsella and Olsenella.
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Burkholderiaceae Comamonadaceae Oxalobacteraceae
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Fig. 1 Attwater’s Prairie chicken
microbial community at phylum
level at the four sampling
locations in the gastrointestinal
tract (ileum, cecum, large
intestine, and cloaca). Only phyla
with >1 % relative abundance are
shown
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Core Microbiota Shared by Sampling Location
and Individual

A large number of microbial taxa were present in all the four
sampling locations, referred herein as the Bcore microbiota.^ A
total of 50 microbial families and 70 genera occurred in all the
four sampling locations (Fig. 2a, b). The core microbiota
accounted for 99.3, 80.2, 80.2, and 84.7 % of total sequences
in the ileum, cecum, large intestine, and cloaca samples, respec-
tively (Fig. 2c). There were six microbial families with an aver-
age relative abundance >1% in at least three locations including
Micrococcaceae, Burkholderiaceae, Halomonadaceae,

Planococcaceae, Streptococcaceae, and Erysipelotrichaceae.
Few Micrococcaceae could be classified at the genus level with
80 % or greater confidence. With a lower confidence level
(50 %), most unclassified sequences were assigned to the genus
of Sinomonas (90.5 %), Kocuria (5.9 %), and Arthrobacter
(3.5%). The other shared bacterial genera were further identified
as Ralstonia, Halomonas, Planococcaceae Incertae Sedis,
Streptococcus, and Turicibacter.

Variation in microbial composition existed among individ-
ual birds depending on taxonomic level and sampling loca-
tion. However, 94.6 % of the sequences from the cecum sam-
ples were assigned to 50 microbial families and 92 genera

Table 1 Mean relative abundance of bacteria taxa at the different gastrointestinal locations (ileum, cecum, large intestine, and cloaca) among the eight
Attwater’s Prairie chicken individuals

Phylum Class Family Genus Percent mean relative abundance (std. dev.)

Ileum Cecum Large
intestine

Cloaca

Actinobacteria Actinobacteria Micrococcaceae Unclassified 43.39 (35.39) 22.45 (24.81) 61.71 (43.33)

Bifidobacteriaceae Bifidobacterium 2.18 (1.60)

Coriobacteriaceae Olsenella 3.89 (3.27)

Unclassified 2.69 (2.46)

Bacteroidetes Bacteroidia Prevotellaceae Unclassified 3.17 (4.12)

Bacteroidaceae Bacteroides 2.19 (1.23)

unc_Bacteroidales Unclassified 5.02 (3.66)

Sphingobacteria Sphingobacteriaceae Pedobacter 6.78 (19.17)

unc_Bacteroidetes Unclassified 2.98 (1.25)

Proteobacteria Alphaproteobacteria Sphingomonadaceae Sphingomonas 14.49 (28.61)

Betaproteobacteria Burkholderiaceae Ralstonia 3.40 (9.38) 5.24 (9.76) 5.82 (11.68)

Comamonadaceae Unclassified 2.68 (5.29)

Oxalobacteraceae Massilia 3.81 (10.77)

Gammaproteobacteria Enterobacteriaceae Escherichia/Shigella 2.08 (1.86)

Unclassified 11.81 (11.53) 2.55 (5.18)

Halomonadaceae Halomonas 2.22 (3.30)

Pseudomonadaceae Pseudomonas 20.76 (38.48) 2.59 (7.31)

Firmicutes Bacilli Planococcaceae Planococcaceae
incertae sedis

6.33 (16.64) 3.70 (4.20) 5.96 (16.85)

Sporosarcina 5.45 (15.41)

Unclassified 2.20 (2.61)

unc_Bacillales Unclassified 2.48 (7.02)

Leuconostocaceae Leuconostoc 2.21 (6.10) 4.27 (11.33)

Weissella 4.36 (11.56)

Streptococcaceae Streptococcus 2.36 (6.58) 3.98 (11.02) 8.04 (21.42)

Clostridia Lachnospiraceae Unclassified 8.32 (4.03)

Peptococcaceae_1 Peptococcus 2.75 (2.31)

Peptostreptococcaceae Clostridium XI 5.47 (11.82) 6.17 (13.18)

Ruminococcaceae Faecalibacterium 8.89 (7.79)

Unclassified 2.89 (1.59)

unc_Clostridiales Unclassified 3.00 (2.29)

Erysipelotrichia Erysipelotrichaceae Turicibacter 4.99 (5.94) 2.42 (5.86) 7.01 (11.70)

Only taxa with relative abundance >2 % are shown. Numbers in parentheses are standard deviations
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shared among the eight sampled birds. In contrast, the eight
birds shared nine genera from nine families for the cloaca
samples, representing 80.1 % of the total cloaca sequences.

The ileum and large intestine showed more variation among
the sampled birds. Only seven genera in the ileum samples
from six families were observed in common among the
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Prevotellaceae Bacteroidaceae
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(c)

Fig. 2 Sharing of core
microbiota families (a) and
genera (b) at the four sampling
locations. The number in each
field depicts the number of shared
taxa present in the corresponding
sampling location. c Relative
abundance of core microbiota at
each sampling location. Bacterial
families with relative abundance
>1 % in at least one location are
shown

Fig. 3 Microbial community
diversity (a Shannon diversity; b
Shannon evenness) and richness
(c ACE; d Chao1) indices for the
four gastrointestinal tract
sampling locations (ileum,
cecum, large intestine, and
cloaca). *Tukey HSD P < 0.05,
**P < 0.01
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sampled birds, representing 9.5 % of the total ileum se-
quences. Similarly, the eight sampled birds shared only five
genera from six families representing 17.0 % of the total large
intestine sequences. Sample sizes were insufficient to deter-
mine if the patterns observed were correlated with age or sex.

Microbial Diversity Comparisons

Significant differences in microbialα-diversity were observed
among the sampling locations depending on the metric used to
quantify diversity within each location. Differences in
Shannon diversity (ANONA, P = 0.001), evenness
(P = 0.023), and ACE (P < 0.001) estimates were observed
among the sampling locations, while the Chao1 richness esti-
mator was not significant (P = 0.051). Pairwise tests (Tukey’s
HSD) showed that Shannon diversity and evenness estimates

for the cecum samples were significantly higher than those
observed in the ileum (P < 0.001), large intestine (P < 0.006),
and cloaca (P < 0.003) (Fig. 3). ACE and Chao1 richness esti-
mates in the cecum were also significantly higher than those
observed in the large intestine (P = 0.019 and 0.047, respective-
ly). However, differences in cecummicrobial richness were not
significant (ACE, P > 0.083; Chao1, P > 0.131) from the ileum
and cloaca sampling locations. None of the diversity and rich-
ness measures were significantly different (P > 0. 415) among
the pairwise comparisons between the ileum, large intestine,
and cloaca sampling locations.

Microbial community β-diversity of the cecum samples
clustered separately from the other sample locations based
on the unweighted UniFrac distances (Fig. 4a). When the
relative abundance of each microbial population was con-
sidered (i.e., weighted PCoA), the cecum microbial com-
munities still clustered separately from the other sampling
locations along PCo1 and PCo3 axis (Fig. 4b). However,
considerable overlap in distribution was observed among
microbial communities in the ileum, large intestine, and
cloaca. AMOVA tests based on both unweighted and
weighted UniFrac analyses showed that microbial commu-
nity variances within the same location were greater than
the variances among the different locations (P < 0.001).
Further, pairwise comparisons based on both unweighted
and weighted UniFrac analyses also showed that bacterial
communities in the cecum were significantly different
from the other three locations (P < 0.001). No significant
differences were observed for microbial communities
among the ileum, large intestine, and cloaca. ANOSIM
tests based on both weighted and unweighted UniFrac

Fig. 4 Principal coordinate analysis (PCoA) based on unweighted (a)
and weighted (b) UniFrac distances showed that gut microbial
community changed at the different gastrointestinal tract sampling
locations

Fig. 5 Linear discriminant analysis (LDA) based on abundant bacterial
families. Only bacterial families with relative abundant larger than 2 % in
at least one sample were used
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distances also revealed clear separation between cecum
microbial community and the other locations (P < 0.001),
but no significant differences between the ileum, large in-
testine, and cloaca sampling locations (Table S2).

Since 92.0 % of the total sequences were classified at the
family level, abundant bacterial families were selected for
LDA analysis. In the LDA chart, the cecum and cloaca micro-
biota clearly separated from that of the ileum and large intes-
tine through the first and second discriminant functions, which
explained 99.67 and 0.2917 % of total variances (Fig. 5). The
third discriminant function only represented 0.0383 % of total
variances separated the ileum and large intestine microbiota.
The results indicate that the cecum microbiota can be easily
differentiated from the other sampling locations. The microbi-
ota in the other three locations can be differentiated according
to the best linear combinations of the abundant bacterial fam-
ilies; however, the variances between each other were com-
paratively small.

Results of the Kruskal-Wallis test showed that twenty-three
out of thirty-eight tested families had significantly different rel-
ative abundance in at least one sampling location (P < 0.05)
(Fig. 6). Relative abundances of ten out of twenty-three bacte-
rial families were significantly different in the cecum compared
to those in the other three locations (Fig. 6a). There were eight
bacterial families that showed significantly different relative
abundances between the cecum and both ileum and cloaca
(Fig. 6b). Four bacterial families had significantly different rel-
ative abundance between the cecum and cloaca, and one bac-
terial family, Burkholderiaceae, showed significantly difference
between the cecum and the other two sample sites: large intes-
tine and cloaca (Fig. 6c). Only two taxonomic families
(Bifidobacteriaceae and Erysipelotrichaceae) had significant
differences between the large intestine (P = 0.031) and cloaca
(P = 0.027) (Fig. 6b, c). None of the tested bacterial families
had significantly different relative abundances between the
ileum and large intestine or between the ileum and cloaca.

Fig. 6 Statistically significant
changes in bacterial family
abundance at the different
sampling locations (P < 0.05 with
1000 Monte-Carlo permutation).
Bacterial families that showed
significant difference between the
cecum and all the other three
locations (a), ileum and cloaca
(b), and cloaca or large intestine
(c). Error bars indicate standard
error of the mean (n = 8)
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Discussion

The aim of this study was to investigate if differences in mi-
crobiota exist among the sampling locations within the gas-
trointestinal tract in order to ascertain whether non-invasive
sampling strategies, specifically at the cloaca, are sufficient to
represent microbial diversity elsewhere in the intestine (e.g.,
ileum, large intestine, and cecum). The cloaca is located at the
end of the gastrointestinal tract after the large intestine and
easily accessible for non-invasive sampling methods, making
it a convenient and preferred approach when working with
endangered species or when more invasive sampling strate-
gies are undesirable. Concern exists, however, that sampling
at the cloaca may not be the best approach for quantifying
microbial diversity and abundance within an individual be-
cause spatial heterogeneity in microbiota among gastrointes-
tinal regions has been observed among bird species [12, 13,
35], particularly when compared with the cecum ([36]. Our
study showed that spatial variation within the microbial com-
munity does exist along the gastrointestinal tract of captive
Attwater’s Prairie chickens. These results therefore suggest
that employing a sampling strategy from a single location
within the gastrointestinal tract may not fully represent micro-
bial diversity or abundance in other locations. The extent of
the difference is dependent upon the taxonomic level used for
characterization (e.g., phylum or family) and the metric used
for comparison, especially when comparing between the ce-
cum and the other sample locations (ileum, large intestine, and
cloaca). These results have important practical implications
for studies interested in identifying correlations between mi-
crobiota diversity and fitness [37, 38], particularly those work-
ing to identify better management strategies to increase sur-
vival among endangered species, such as the Attwater’s
Prairie chicken.

The microbial community composition is influenced by the
local physiological conditions and function of the particular
sampled location within the gastrointestinal tract. In this study,
microbial community diversity and abundance had fewer dif-
ferences among three of the four sampling locations (cloaca,
ileum, and large intestine) than observed with the cecum. The
ANOSIM analysis results showed that R values between the
ileum, large intestine, and cloaca were all less than 0.25, indi-
cating that microbial communities in the cloaca strongly over-
lapped and barely separated from the ileum and large intestine
(Table S2). Further, after excluding the microbial taxa shared
by all the four sampling locations, the cloaca shared more
microbiota at the family and genus taxonomic levels with
the large intestine (31 and 47 taxa, respectively) and ileum
(27 and 37 taxa, respectively), than it did with the cecum (8
and 9 taxa, respectively; Fig. 2). The cloaca samples also
possessed the majority of highly abundant bacterial families
(those comprising >2 % of the total population in at least one
sample) identified within the ileum and large intestine.

Although the cloaca microbial communities overlap exten-
sively with those of the ileum and large intestine, it is impor-
tant to recognize that sampling of the cloaca did not fully
represent all of the taxa observed in the other two locations.
Because our results were largely based on 38 highly abundant
families (>2 %) that represented 94.4–99.7 % of the popula-
tions in the samples, rare taxa were found to comprise only a
small proportion of the observed microbiota. Among abun-
dant taxa, two bacterial families showed significant differ-
ences between the cloaca and the large intestine. Therefore,
when quantifying rare taxa (defined here as those comprising
<2% of the total population in at least one sample by sequence
count), cloaca sampling may not represent the gastrointestinal
tract overall. The resident microflora may also be affected by
secretions of other digestive organs located in the proximal
end of the gut. In contrast to our results, Choi et al. [35] found
that broiler chicken microbiota of the large intestine were
clustered together with the cecum, but separate from the ile-
um. Interestingly, broiler chickens empty their cecal contents
into the large intestine several times per day, which may result
in the higher similarity between the microbial communities of
the large intestine and cecum in those birds [39].

The different gastrointestinal sections have different phys-
iological functions, which may also affect their microflora
composition. The ileum is part of the lower small intestine
where food nutrients are mainly absorbed, while the primary
function of the avian large intestine is absorption of water and
electrolytes. The avian cloaca is both an excretory and a cop-
ulatory organ; therefore, its microbial community can be af-
fected by both the digestive system and mating behavior [40,
41]. Micrococcaceae were the most dominant and prevalent
family in the ileum, cloaca, and large intestine of the sampled
individual Attwater’s Prairie chicken. Micrococcaceae were
similarly observed in broiler chicken ileum, but present in
lower levels and suppressed by a medium chain fatty acid diet
[42]. Micrococcaceae were also observed in other avian cloa-
ca as well as eggshells [22, 43, 44]. Members of the
Micrococcaceae family are capable of producing acid and
spermidine, which might inhibit the growth of other bacteria
including pathogens. The function of Micrococcaceae in
Attwater’s Prairie chicken is not clear, and further research is
needed to determine whether Micrococcaceae are commensal
and beneficial bacteria.

In contrast to the digestive functions of the ileum, large
intestine, and cloaca, the cecum is unique in that it is the
location of carbohydrate fermentation and recycling uric acid
for amino acid synthesis [45–47], which has likely influenced
the dominant bacterial families observed in the cecum. Taxa
within the Enterobacteriaceae are associated with hemicellu-
l o s e d eg r ada t i o n [ 48 ] , a nd Ruminococ c a c e a e
(Faecalibacterium) and Lachnospiraceae are butyrate pro-
ducers in the gut [49, 50]. Coriobacteriaceae have been asso-
ciated with steroid and bile salt metabolism in the mammalian
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gut [2], and Collinsella are prevalent in the human gut and
contribute to bile salt biotransformation [51, 52].Olsenella are
observed in the broiler chicken cecum and human subgingival
plaque [53, 54].

Large variations in microbial diversity and composition
among each individual was also observed in this study, espe-
cially within the ileum, large intestine, and cloaca (Fig. 3).
Micrococcaceae dominated a total of four out of eight ileum
and five out of eight cloaca samples; however, the other four
ileum and three cloaca samples, respectively, were each dom-
inated by different bacterial families (Table 1).Microbial com-
position variations were also observed in the large intestine
samples, where different bacterial families dominated six of
the eight individuals. Intestinal microbiota among individuals
are affected by many factors including diet, age, gender, mat-
ing activities, and health conditions [13, 22, 41, 55]. In this
study, the Attwater’s Prairie chickens were held in the same
captive facility and fed similar diets, which likely minimized
differences among individuals with respect to environment.
However, it should be noted that the ages of the birds ranged
from 13 to 74 months at time of sampling and both male and
female birds were sampled, which may result in increased
microbial variation among individuals. Inter-individual varia-
tion may also have limited our ability to identify differences
between the samples obtained at the ileum, large intestine, and
cloaca. Increased sampling effort would likely help control for
differences due to age and sex and possibly reveal other pat-
terns, but our ability to obtain a larger sample size was limited
due to the species’ classification as an endangered species.
Additional research is warranted to investigate how the gas-
trointestinal diversity and composition differ based on age and
sex using a larger sample size than used in this study.

Several studies have suggested that the fitness of the host is
linked to the microbiome in the gastrointestinal tract [1, 46, 56].
Understanding microbial community composition variation
and diversity will provide valuable background knowledge
for captive breeding of Attwater’s Prairie chicken and other
endangered species to improve management strategies and in-
crease survival. In this study, we defined the coremicrobiome at
the family level among captive Attwater’s Prairie chickens, and
both α- and β-diversity estimates were similar between the
cloaca and other regions of the gastrointestinal tract such as in
the ileum and large intestine. However, significant differences
were observed with the cecum. α-Diversity measures the diver-
sity within a sample, whileβ-diversity measures the distance or
dissimilarity between the samples. The results from this study,
therefore, suggest that non-invasive sampling techniques, such
as at the cloaca, can be used to also assess family-level diversity
levels elsewhere within the gastrointestinal tract, but not with
the cecum. To what degree similar results exist with other spe-
cies, particular in wild populations that possess a more varied
diet, deserves further study. Likewise, our ability to resolve
microbial taxonomic affinities depends on the length of the

generated diagnostic DNA sequence, e.g., 16S rRNA, and a
trade-off exists between coverage and the length of sequence
produced using current short-read sequencing technologies
[57]. As next-generation sequencing technologies continue to
improve producing longer read lengths, more work is needed to
compare microbial diversity measures at multiple locations
within the gastrointestinal tract using both genus- and species-
level analyses.
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