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Captive management of many wildlife species can be challenging, with individuals
displaying health disorders that are not generally described in the wild population.
Retrospective studies have identified gastrointestinal (GI) diseases, in particular
inflammatory bowel disease (IBD), as the second leading cause of captive adult red wolf
(Canis rufus) mortality. Recent molecular studies show that imbalanced gut microbial
composition is tightly linked to IBD in the domestic dog. The goal of the present study
was to address two main questions: (1) how do red wolf gut microbiomes differ between
animals with loose stool consistency, indicative of GI issues, and those with normal stool
consistency and (2) how does dietary type relate to stool consistency and red wolf gut
microbiomes? Fresh fecal samples were collected from 48 captive wolves housed in
eight facilities in the United States and from two wild wolves living in Alligator River
National Wildlife Refuge, NC, United States. For each individual, the stool consistency
was categorized as loose or normal using a standardized protocol and their diet was
categorized as either wild, whole meat, a mix of whole meat and kibble or kibble. We
characterized gut microbiome structure using 16S rRNA gene amplicon sequencing. We
found that red wolves with a loose stool consistency differed in composition than wolves
with normal stool consistency, suggesting a link between GI health and microbiome
composition. Diet was not related to stool consistency but did significantly impact gut
microbiome composition; gut microbiome composition of wolves fed a kibble diet were
significantly different than the gut microbiome composition of wolves fed a mixed, whole
meat and wild diet. Findings from this study increase the understanding of the interplay
between diet and GI health in the red wolf, a critical piece of information needed to
maintain a healthy red wolf population ex situ.
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INTRODUCTION

Extreme losses to animal populations globally prompted
the establishment of captive breeding programs that strive
to maintain genetic diversity and integrity of the species
(Association of Zoos and Aquariums Canid Taxonomic Advisory
Group, 2012). For example, the American red wolf (Canis rufus)
is a critically endangered canid that historically inhabited the
south eastern United States, specifically stretching from the
Atlantic coast to central Texas, with southern New York as the
northern barrier down to the Gulf of Mexico (Hinton et al.,
2013). The species was nearly exterminated by predator control
programs and continues to face threats of hybridization with
coyotes and human caused mortality (US Fish and Wildlife
Service, 2016). Today, red wolves exist in a captive population
and one small reintroduced population in Alligator River
National Wildlife Refuge (ARNWR) in North Carolina (US Fish
and Wildlife Service, 2016; Phillips, 2018). The ex situ population
serve to maintain the genetic diversity of the red wolf and is
critical for the continued existence of the species (Hedrick and
Fredrickson, 2008).

Unfortunately, the captive red wolf population is threatened
by health issues, especially gastrointestinal (GI) disease that
are not described in the wild population (Acton et al., 2000).
Gastrointestinal disease is the second most common cause of
mortality in the captive red wolf population (Acton et al., 2000;
Seeley et al., 2016). For instance, from 1992 through 2012, 21%
(32/151) of mortalities in adult red wolves were related to GI
disease, with 25% (8/32) of these individuals suffering from
inflammatory bowel disease (IBD) (Acton et al., 2000; Seeley
et al., 2016). An additional 25% (37/151) of wolves that died
from 1992 to 2012 had non-lethal GI lesions (Acton et al., 2000;
Seeley et al., 2016). While IBD did not kill these individuals,
68% (22/37) possessed lesions similar to IBD (Acton et al., 2000;
Seeley et al., 2016). Since 2018, there were four GI related deaths
within the captive population, one of which was caused by
gastric perforations that were potentially associated with IBD
(Wolf, 2019).

Currently, the causative agent of red wolf GI disease remains
unknown; however, it is probable that complex interactions
between GI microbiota, or the bacteria in the gut, environmental
factors and a genetic predisposition play a role (Suchodolski
et al., 2012a; Henson et al., 2017). A previous study suggests
that red wolves may have a genetic predisposition to IBD as the
species lacks the putatively protective thymine allele in two single
nucleotide polymorphisms (SNP) in the toll-like receptor-5 gene
that are associated with IBD in the domestic dog (Henson et al.,
2017). While we did not validate the missing putative protective
thymine allele in two SNP in the toll-like receptor-5 gene in
individuals sampled, we are making the assumption that this
missing allele is consistent across all captive red wolves based on
the small founder population.

An alteration in the structure of the gut microbiome, or the
community of bacteria in the gut, is a common pattern that has
been linked to GI diseases in humans and dogs (Suchodolski et al.,
2012b; Aziz et al., 2013; Yang et al., 2015; Marchesi et al., 2016; Xu
et al., 2016), and may relate to changes in the production of short

chain fatty acids (SCFA) by bacterial groups (Parada Venegas
et al., 2019). In the GI track of dogs with IBD, studies have shown
a relative increase in the phyla Proteobacteria (Minamoto et al.,
2015) and Actinobacteria (Xenoulis et al., 2008; Suchodolski,
2011; Gonçalves et al., 2018) and a relative decrease in the phyla
Bacteriodetes (Minamoto et al., 2015; Omori et al., 2017) and
Fusobacteria (Xenoulis et al., 2008; Suchodolski, 2011; Gonçalves
et al., 2018) compared with healthy individuals. Inconsistent
results have been found for the phylum Firmicutes, as some
studies show an increase (Xenoulis et al., 2008; Suchodolski,
2011; Gonçalves et al., 2018) while others demonstrate a decrease
in relative abundance in the gut of domestic dogs with IBD
(Suchodolski et al., 2012a; Minamoto et al., 2015). To date, there
is no information on the relationship between gut microbial
community and GI health in the red wolf.

The increases and decreases in phylum and their association
with gut health likely relate to the SCFA being produced such
as butyrate by Firmicutes and Fusobacteria (Vital et al., 2014)
and acetate and proprionate by Bacteridoetes (Jandhyala et al.,
2015). Other bacteria may produce these SCFAs, however, it
has not been described. Butyrate can suppress inflammation
in immune and epithelial cells by improving pro-inflammatory
response of immune cells to antigens (Gonçalves et al., 2018).
Butyrate can encourage various properties that benefit intestinal
barrier function by coordinating tight junctions that inhibit
pro-inflammatory molecules from moving across the gut wall
(Chambers et al., 2018) and stoping the build-up of toxic
metabolic waste products (Jandhyala et al., 2015). Acetate is
the one of the main components that allows certain bacteria
to kill pathogens within the GI tract (Ríos-Covián et al., 2016).
Additionally, acetate is involved with lipogenesis in fat tissue or
oxidized by muscle and this can improve glucose homeostasis
and possibly inflammatory status (Chambers et al., 2018). Acetate
also can suppress low grade inflammation by reducing the
amount of TNF-α, a cytokine involved in inducing and/or
maintaining inflammation (van der Beek et al., 2016). The SCFA
propionate provides energy to colon epithelial cells (Poeker,
2019), maintains homeostasis in the GI tract (Marchesi et al.,
2016) and monitors immune function by triggering an increase
in Treg cell production and differentiation (Ríos-Covián et al.,
2016), which has anti-inflammatory and anti-metabolic effects.
Moreover, propionate is a precursor for glucogenesis in the liver
(den Besten et al., 2015) and can induce appetite regulation
and reduce food intake in humans (Chambers et al., 2018).
As a result of their influential mechanisms, any alteration in
presence or concentration of these SCFA can have negative
impacts on GI health.

Gut microbiota is linked to diet in humans (Jandhyala et al.,
2015), canids (Suchodolski et al., 2012b), and other wild animals
(Dhanasiri et al., 2011; Nelson et al., 2013; Amato et al., 2016). In
humans, those that eat a diet high in fruits, vegetables and fibers
have an increase in the relative abundance of Firmicutes in their
gut, while those on a diet high in animal meat have an increase
in relative abundance of Bacteroidetes (Jandhyala et al., 2015).
In the domestic dog, it has been noted that a high carbohydrate
diet can increase the relative abundance of Firmicutes while
a high protein diet can increase the relative abundance of
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Fusobacteria (Hang et al., 2012). Moreover, terrestrial carnivores
were documented to have an increase in the relative abundance
of Firmicutes and a decrease in the relative abundance of
Bacteroidetes (Nelson et al., 2013). Red wolves maintained in
human care are commonly fed a diet that includes dry dog kibble,
although some individuals are offered commercial meat mixed
with their kibble and a small number of wolves receive whole
meat or carcass with no kibble. As much as facilities try to mimic
the wild diet, these captive diets can be far from the nutritional
composition that a wild wolf would get in its natural environment
(Association of Zoos and Aquariums Canid Taxonomic Advisory
Group, 2012). It has been shown that captive diet can alter the
gut microbiome composition and functional diversity of many
species housed in zoos (McKenzie et al., 2017). These alterations
can cause a decrease in immune function, nutritional uptake, and
GI health (McKenzie et al., 2017).

Although histopathological findings of post-mortem tissue
have indicated a high prevalence of IBD in the ex situ population
of red wolves, it is challenging to diagnose IBD in living
individuals. The gold standard for IBD diagnosis is endoscopy
to assess mucosal surface of the duodenum and obtain full-
thickness biopsies for histopathologic evaluation (Seeley et al.,
2016; Wolf, 2019). Due to the need for specialized equipment and
expertise, which are not readily available in many facilities, stool
consistency has been used as a general proxy for GI health in the
red wolf (Jergens et al., 2003; Rist et al., 2013; Bermingham et al.,
2017; Karu et al., 2018; Falony et al., 2019).

The overall goal of this study was to characterize the gut
microbiome of adult captive red wolves and its relationship
to GI health. We wanted to answer two main questions with
our study (1) how red wolf gut microbiomes differ between
individuals with loose stool consistency, which is indicative
of GI issues, and normal stool consistency and (2) how
dietary type relates to stool consistency and red wolf gut
microbiomes. Gastrointestinal diseases, such as IBD are a serious
threat to the ex situ population of red wolves. There are
less than 300 red wolves left in the world, and it is critical
to better understand the origin of GI diseases within the
captive population.

MATERIALS AND METHODS

Fecal Sample Collection and Scoring
Fecal samples were opportunistically obtained from a total of 50
red wolves, 48 captive wolves housed in eight facilities and two
wild wolves (Supplementary Table 1). From captive wolves, a
total of 62 fecal samples were collected by keepers during routine
physical examinations or within one hour of visual observation
of defecation. Samples were kept at −20◦C until overnight
shipment to the Smithsonian Conservation Biology Institute.
Once samples arrived at SCBI, they were stored at −80◦C
until DNA extraction. Two fecal samples were opportunistically
collected from two wild wolves during 2018 trapping efforts of the
remaining wild population conducted by US Fish and Wildlife
Service in ARNWR in Manteo, North Carolina. The project
was exempt due to its opportunistic nature by the Smithsonian

National Zoological Park’s IACUC committee and George Mason
University’s IACUC committee.

We scored the consistency of each fecal sample once thawed,
prior to DNA extraction, based on previously described criteria:
0 = normal/slightly soft feces (n = 22), 1 = soft feces with or
without blood and/or mucus (n = 14), 2 = very soft feces (n = 12)
and 3 = watery diarrhea (n = 1) (Jergens et al., 2003). Samples
that were fecal consistency score (FCS) 0 were binned into a
“normal” category while FCS 1, 2, and 3 were binned into a “loose
stool” category. The loose stool category falls along a spectrum
from mild to severe, but we combined the three scores because
they each represent a deviation from normal stool consistency.
Preliminary statistical analyses indicated that FCS 1 and 2 did not
differ from one another in microbiome beta diversity structure
(data not shown), providing statistical justification for binning of
FCS 1, FCS 2, and FCS 3 together into the loose stool category to
increase sample size and include FCS 3 (with a sample size of 1).

Dietary Types
Individuals were categorized into one of four dietary types: (1)
kibble-based diet, (2) a whole meat, (3) mixture of kibble and
commercial meat, and (4) wild. Captive wolves were categorized
into a group if they were fed that dietary type for at least
5 of the 7 days per week. Kibble-based diets comprised of a
high energy, meat-based dry food approved for domestic dogs.
Typically, a whole meat diet consisted of donated or roadkill
white tail deer, elk, wild turkey, beaver, rats, guinea pig or chicken.
Generally, mixed diet consisted of Classic Carnivore Diets—
canine or feline meat log (Nebraska brand) comprised largely of
horse meat and kibble. Wild red wolves primarily consume white
tail deer, rabbit, raccoons, small mammals and various rodents
(McVey et al., 2013).

Molecular Genetics Methods
We extracted DNA from each sample using the QIAamp
PowerFecal DNA Kit (#12530-50, Qiagen, MD) following
manufacture’s protocol. A sterile 1.5 ml microcentrifuge tube was
included for each set of sample extractions as a negative control.
We determined DNA concentration and quality on a NanoDrop
One (Thermo Fisher Scientific, MA).

We used a two-step polymerase chain reaction (PCR) protocol
combined with dual-index paired-end Illumina sequencing to
sequence the gut microbiome of each individual. For the first
PCR step (amplicon PCR), we amplified a ∼380 base pair
region in the V3–V5 region of the 16S rRNA gene using the
universal primers 515F (GTGCCAGCMGCCGCGGTAA) and
939R (CTTGTGCGGGCCCCCGTCAATTC). Duplicate PCR
reactions were done for each sample and included the negative
extraction controls and negative PCR controls. The 20 µl
amplicon PCR consisted of 10 µl of 2x Phusion HotStart II
HF Master Mix, 1 µM of the forward primer, 1 µM of the
reverse primer and 2 µl of DNA template at 10–15 ng/µl
concentration. PCR conditions were: (a) activation at 98◦C for
30 s, (b) 25 cycles of denaturation at 98◦C for 10 s, (c) annealing
at 68◦C for 20 s, (d) extension at 72◦C for 30 s, and (e) a final
extension at 72◦C for 5 min. We pooled duplicate amplicon PCR
together then performed index PCR, attaching custom i5 and
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i7 adaptors during a second PCR step (index PCR) to provide
unique identities to each fecal sample. The 50 µl index PCR assay
consisted of 25 µl of 2x Phusion Hot Start II HF Master Mix,
5 µl of the i5 primer, 5µl of the i7 primer and 5 µl of cleaned
amplicon products. Index PCR conditions were: (a) activation at
98◦C for 2 min, (b) followed by 8 cycles of denaturation at 98◦C
for 20 s, (c) annealing at 63◦C for 30 s, (d) extension at 72◦C for
30 s, and (e) a final extension at 72◦C for 2 min. We used Speed-
beads (in a PEG/NaCl buffer) (Rohland and Reich, 2012) to
clean post-PCR products between each PCR reaction and verified
PCR products using gel electrophoresis. The concentration of
each cleaned index PCR product was measured using a Qubit4
(Invitrogen, MA) and samples were pooled together in equimolar
proportion. We ran the pooled library on an E-Gel Power Snap
Gel Electrophoresis System (Invitrogen, MA) using a 2% agarose
gel cassette and cut out the target band (∼380 basepair). The
library from the gel cut was extracted using a QIAquick Gel
Extraction Kit (#28704, Qiagen, MD) and diluted to 4 nM. We
used real time qPCR, following the KAPA Library Quantification
Kit Illumina Platforms protocol, to confirm the concentration of
the library (KK4824, Roche Sequencing and Life Sciences, MA)
post gel extraction. The pooled library was sequenced on two
Illumina MiSeq runs (v3 chemistry: 2 × 300 bp kit) at the Center
for Conservation Genomics, National Zoo.

Following sequence generation, we imported demultiplexed
reads from the Illumina MiSeq into R version 3.5.0 (R Core
Team, 2018). The package “dada2” version 1.12 (Callahan
et al., 2016) was used to check for chimeras and filter
low-quality sequences (maxEE > 2). We generated amplicon
sequence variants (ASVs) and assigned ASV taxonomy by
aligning the sequences against the Ribosomal Database Project
(RDP) 16S training set 16/release11.5 (Wang et al., 2007).
A phylogenetic tree was built in the program Quantitative
Insights Into Microbial Ecology 2 (vQIIME2-2018.4) (Bolyen
et al., 2018) using the fasttree algorithm (Price et al., 2009).
We removed likely contaminant ASVs using the package
“decontam” (Davis et al., 2017) and the Fisher method
with a threshold of 0.1, which removed three ASVs. We
then filtered out any negative control samples and singletons
ASVs (ASV that occurs as one sequence in one sample).
Some individuals (RW2079, RW2112, RW11559, and RW2247)
donated multiple samples and a random number generator
was used to choose one sample from each individual to be
included in the analyses. One individual (RW2079) donated
11 total samples over a span of 6 months and the overall
gut microbiome composition was similar among all samples
(Supplementary Figures 2,3), therefore providing justification
for including only one sample from each individual. The
variation in the sequencing depth was approximately 8x
(max = 35,296, min = 4,418) across individuals; therefore, we
did not employ normalization correction methods following
recommendations by Weiss et al. (2017).

Statistical Analysis
All statistical analyses were conducted in R version 3.5.0
(R Core Team, 2018) and significance was determined as
p < 0.05. We used analysis framework based on previous research

(Muletz-Wolz et al., 2019a,b) to examine microbiome structure
in red wolves. We addressed two main questions through
statistical analyses: (1) how do red wolf gut microbiomes differ
between loose stool consistency and normal stool consistency and
(2) how does dietary type relate to stool consistency and red wolf
gut microbiomes? As a general outline for microbiome analysis,
we examined variation in microbiome structure at three levels:
(1) alpha diversity—which is within-sample variation, (2) beta-
diversity—which is between-sample variation, and (3) changes
in relative abundance at the phylum and ASV level. For alpha
diversity, we examined ASV richness and Faith’s phylogenetic
diversity (PD). For beta diversity, we examined Jaccard’s, Bray-
Curtis and unweighted Unifrac distances. For relative abundance
analyses, we assessed how gut microbiome composition differed
between dietary types and stool consistency at the phylum
level. To determine if there was an association between stool
consistency and dietary type, we conducted a Fisher’s Exact Test
using the function fisher.test.

We examined if alpha diversity differed among stool
consistencies and diet categories using two measures, ASV
richness and Faith’s Phylogenetic Diversity (PD). ASV richness is
the number of unique bacterial taxa and Faith’s PD estimates how
phylogenetically diverse the bacterial community is. We used a
Shapiro-Wilk test and a Levene test to verify that our data met the
assumptions of normality and homoscedasticity. We conducted
an ANOVA with ASV richness or Faith’s PD as the response
variable, stool consistency and dietary type as the explanatory
variables and facility as the covariate using the “car” package
(Fox and Weisberg, 2011). We used the function TukeyHSD to
perform post hoc analyses.

To examine beta diversity, we used PERMANOVAs
(Anderson, 2017) with Jaccard, Bray Curtis or unweighted
Unifrac distance as the response variable, stool consistency
and dietary type as the explanatory variables and facility
as the covariate in the package “vegan” (Oksanen et al.,
2019). Facility accounted for 19–21% of the variation in
the data set (Supplementary Figure 1) so we wanted to
account for it, however, we wanted to focus on dietary
type and stool consistency. Jaccard distances are based on
presence-absence of bacterial taxa, Bray-Curtis is abundance-
weighted and Unifrac is presence-absence while accounting
for phylogenetic relationships. We examined the dispersion of
the microbial communities using PERMDISP to determine if
community variance differed among dietary types and stool
consistency, separately.

We used two methods to assess bacterial taxa that differed
between stool consistency and among dietary types. First, we
used the package “DAtest” to identify the best statistical tests
to highlight bacterial taxa that are common between stool
consistency categories and among dietary types in two separate
analyses (Russel et al., 2018). We used the function preDA to filter
out non-prevalent ASVs that were present in less than 12 samples
for dietary type and less than 10 samples for stool consistency.
We chose these parameters because it removed ASVs that did
not have enough shared information among samples but retained
the rare ASVs of potential interest (Russel et al., 2018). For both
stool consistency and dietary type, differential abundance testing
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was performed at the ASV level to examine if there were any
specific ASVs that were common among categories. Additionally,
differential abundance testing at the phylum level was assessed
because this taxonomic level has often been examined in canid
IBD literature (Kim et al., 2017; Pilla and Suchodolski, 2020).
We then input raw sequence counts of the filtered ASV table or
unfiltered phylum level table. The testDA function was used to
perform the various default transformations of the data based on
the statistical test. The three differential abundance tests used had
the lowest False Positive Rate for our data at the ASV level (Russel
et al., 2018). We only reported ASVs or phyla that were significant
in at least two out of the three of the top ranked differential
abundance tests. For dietary type, the statistical tests used were an
ANOVA—Multiplicative zero-correction and additive log-ration
normalization (function DA.aoa), Kruskal-Wallis test (function
DA.kru) and linear regression with multiplicative zero-correction
and center log-ration normalization (function DA.lmc). For
stool consistency, the statistical tests used were Quasi-Poisson
general linear model (function DA.qpo), Wilcox Rank Sum and
Signed Rank Test (function DA.wil) and Welch t-test (function
DA.ltt). Additionally, indicator species analysis using the package
“indicspecies” (De Caceres and Legendre, 2009) was performed
to uncover any patterns of relative abundance at the ASV level
associated with dietary types or stool consistency. The function
multipatt was used on a relative abundance matrix. An ASV
was considered a valid indicator species if the p-value was
less than 0.05 and the indicator value was 0.5 or greater (De
Cáceres et al., 2012). An indicator value of 1 means that the
ASV is found in all samples from one group and completely
absent from the other group (De Cáceres et al., 2012). On
the contrary, an indicator value of 0 means that the ASV was
commonly found in samples from both groups (De Cáceres
et al., 2012). The same species matrix was used for both
methods of differential abundance testing. Each method comes
with its own assumptions and limitations; using both gives
more insight into taxa associated with stool consistency and
diet categories, specifically the indicator values in the indicator
species analysis.

RESULTS

We characterized the gut microbiome of 50 wolves from 8
facilities (Supplementary Table 1). Samples from 22 wolves
had normal stool consistency and 28 wolves had loose stool
consistency (Table 1). Thirty-four wolves were categorized as
kibble diet, three wolves under whole meat diet, 10 wolves under
the mixed diet and two wolves under the wild dietary type
(Table 1). There was no association between stool consistency
and dietary type (Fisher’s Exact Test, p = 0.2198).

We obtained 729,356 high quality sequences from 50 red
wolf fecal samples (mean = 14,693 sequences, min = 4,418,
max = 35,296). A total of 436 ASVs, belonging to five bacteria
phyla, Bacteroidetes, Firmicutes, Proteobacteria, Actinobacteria,
and Fusobacteria, were identified. We examined relative
abundance of each phylum among the four dietary types and stool
consistency, respectively (Figure 1).

TABLE 1 | Number of wolves in each stool consistency category and
dietary type category.

Kibble Mixed Meat Wild Stool consistency total

Normal stool consistency 16 4 0 2 22

Loose stool consistency 19 5 3 0 28

Diet total 35 10 3 2

Stool consistency was used as a proxy to estimate GI health. The dietary type
categories were composed of kibble, mixed kibble and meat, whole meat and wild
dietary type.

Gut Microbiota Relative to Stool
Consistency
Gut microbiome structure of both stool consistency categories
were similar in the number of taxa present and phylogenetic
diversity (ASV richness ANOVA: Fstat = 0.946, p = 0.337,
df = 1; Faith’s PD ANOVA: Fstat = 1.498, p = 0.229, df = 1),
but differed in composition (Figure 2, PERMANOVA: Jaccard
Pseudo-F = 1.7644, df = 1, R2 = 3%, p = 0.01; Bray Pseudo-
F = 1.7373, df = 1, R2 = 2.9%, p = 0.055; unweighted Unifrac
Pseudo-F = 1.8595, df = 1, R2 = 2.97%, p = 0.017). There
was similar dispersion in the gut bacterial community between
stool consistency categories (PERMDISP: Jaccard p = 0.2889,
Bray-Curtis p = 0.3628, unweighted Unifrac p = 0.2008).

There were no ASVs or bacterial phyla that were identified
by differential abundance analysis between stool consistency
categories. Indicator species analysis identified three ASVs
associated with loose stool consistency: Blautia sp. (p = 0.022,
indicator value = 0.5), Romboutsia sp. (p = 0.01, indicator
value = 0.623), and Fusobacterium sp. (p = 0.019, indicator
value = 0.569) (Figure 3). Three ASVs were found to be associated
with normal stool consistency: Bacteroides caprocola (p = 0.001,
indicator value = 0.863), Bacteroides sp. (p = 0.001, indicator
value = 0.859), and Ruminococcacae spp. (p = 0.002, indicator
value = 0.693) (Figure 3).

Gut Microbiota Relative to Dietary Type
Dietary type influenced the number of bacteria present and
the phylogenetic diversity of the gut microbiota. Gut bacterial
ASV richness was significantly different among the four dietary
types (ANOVA: Fstat = 3.142, p = 0.04, df = 3) (Figure 4),
with individuals consuming a wild diet having a lower number
of bacterial taxa than those consuming a kibble and mixed
diet (TukeyHSD: wild—kibble p = 0.02, wild—mixed p = 0.03).
Phylogenetic diversity (Faith’s PD) also differed among dietary
types (ANOVA: Fstat = 5.053, p = 0.005, df = 3), with the
wild individuals having lower Faith’s PD compared to the kibble
diet, mixed diet and whole meat diets (TukeyHSD: wild—kibble
p = 0.02, wild—mixed p = 0.004, wild—whole meat p = 0.01).

We found that dietary type influenced bacterial community
composition in the red wolf GI tract (Figure 5, PERMANOVA:
Jaccard Psuedo-F = 2.518, df = 3, R2 = 12.9%, p = 0.001;
Bray Psuedo-F = 2.1454, df = 3, R2 = 10.9%, p value = 0.001;
unweighted Unifrac Psuedo-F = 3.3257, df = 3, R2 = 15.9%,
p = 0.001). Gut bacterial community of wolves that were offered
a kibble diet differed from that of individuals who consumed
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FIGURE 1 | Relative abundance of top bacterial phyla found in the gut microbiome of captive and wild red wolves as it related to stool consistency categories (A),
used as a proxy for GI health and four dietary types (B); kibble, mixed, whole meat or wild dietary type. No phyla differed significantly in relative abundance between
stool consistency or dietary types.

a whole meat diet (pairwise p < 0.05 for Bray-Curtis, Jaccard,
Unifrac distance), mixed diet (pairwise p < 0.05 for Jaccard
and Unifrac distance) and wild diet (pairwise p < 0.05 for
Jaccard and Unifrac distance). Wolves that consumed a mixed
diet also differed from whole meat diet (pairwise p < 0.05 for

FIGURE 2 | 3D Non-metric multidimensional scaling (NMDS) of fecal bacterial
community structure from 50 red wolves (unweighted Unifrac distance matrix)
between stool consistency categories. 95% confidence ellipses shown for
stool consistency categories, loose and normal.

Jaccard and Unifrac distance). The bacterial communities had
dissimilar dispersion (PERMDISP: Jaccard p = 0.01, Bray-Curtis
p = 0.01), which may be driving the significant difference in
bacterial community among the dietary types.

We found three bacterial ASVs that differed in relative
abundance among dietary types, particularly between kibble diet
and other dietary types, but no variation in relative abundances
was detected at the phylum level. The relative abundance of
ASV Catenibacterium mitsuokai (DA.aoa p = 0.003; DA.lmc
p = 0.01), Holdemanella sp. (DA.aoa p = 0.003; DA.lmc p = 0.001;
DA.kru p = 0.04), and Prevotella sp. (DA.aoa p = 0.004; DA.lma
p = 0.004) were significantly higher in wolves fed a kibble diet
compared to all other dietary types (Figure 6). Indicator species
analysis identified one ASV associated with kibble dietary type:
Holdemanella sp. (p = 0.029, indicator value = 0.901) (Figure 6).
Two ASVs identified with the wild dietary type: Clostridium XI
sp. (p = 0.002, indicator value = 1) and Lactococcus sp. (p = 0.002,
indicator value = 1).

DISCUSSION

The gut is filled with a large population of bacteria that protect
against pathogens, ferment non-digestible dietary carbohydrates
and aid in the development of the immune system (Omori
et al., 2017). Diet can impact the presence and/or abundance
of bacterial taxa, which can negatively impact canid GI health
(Suchodolski et al., 2012b; McKenzie et al., 2017). This study
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FIGURE 3 | Heatmap of relative abundance differences in bacterial taxa between the gut microbiome of red wolves with loose (left group) and normal stool
consistency (right group). All taxa identified by indicator species analysis.

FIGURE 4 | Gut bacterial taxa richness in the four different dietary types of the captive and wild red wolf. Wild red wolf gut microbiome had lower bacterial taxa
richness than the gut microbiome of captive red wolves fed kibble and mixed diets (superscripts: Tukey’s HSD: wild—kibble p = 0.02, wild—mixed p = 0.03).

was the first to characterize the gut microbiome composition of
the red wolf, a critically endangered canid, and its relationship
with diet and stool consistency. Bacterial phyla, and their relative
abundances, in red wolf gut microbiomes were similar to those
observed in other mammals (Nishida and Ochman, 2018),
including canids (Zhang and Chen, 2010; Deng and Swanson,
2015; Suchodolski, 2016; US Fish and Wildlife Service, 2016;
Alessandri et al., 2019a). Specifically, bacterial phyla Firmicutes,
Bacteroidetes and Fusobacteria are the most abundant in the
canid gut, including the red wolf.

We found that stool consistency is associated with gut
microbial composition as also detected in other studies
(Vandeputte et al., 2016; Müller et al., 2020). In the present
study, gut microbiome composition differed between captive red
wolves with normal versus loose stool consistency, suggesting
that GI health is likely tied to microbiome composition. We
detected a significant increase in the relative abundance Blautia
sp., Fusobacterium sp., and Romboutsia sp. in the gut microbiome
of red wolves with loose stool in comparison to red wolves
with normal stool consistency. Blautia sp. (phylum Firmicutes)
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FIGURE 5 | Non-metric multidimensional scaling (NMDS) of gut microbiome composition of 50 red wolves sorted by dietary types (unweighted Unifrac distance
matrix). Specific differences in overall gut microbiome composition were seen between kibble and mixed diet, mixed and whole meat diet, kibble and whole meat
diet and wild and kibble diets. 95% confidence ellipses shown for dietary types that had greater than 3 samples.

FIGURE 6 | Relative abundance of bacterial taxa that differed in the gut microbiome of red wolves fed the four dietary types; kibble, mixed, whole meat and wild diet.
Taxa identified by indicator species analysis and/or DA.test.

is associated with Crohn’s disease (Tedjo et al., 2016), irritable
bowel syndrome with diarrhea (Craven et al., 2017) and softer
stool (Müller et al., 2020) in human. Additionally, a relative
increase in Blautia sp. is associated with an increase in the
number of lymphocytes and white blood cells in weaned piglets
(Zhu et al., 2018b). Bacteria in the phylum Firmicutes produce
the SCFA butyrate which can impact immune response to
inflammation (Corthay, 2009; Gonçalves et al., 2018). A relative
increase in this phylum could lead to an excess in butyrate

production which could induce inflammation, leading improper
immune response (Ratajczak et al., 2019). A relative increase of
bacterial taxa in the Fusobacterium genus (phylum Fusobacteria)
is associated with periodontal disease and Crohn’s disease in
humans (Allen-Vercoe et al., 2011). Although periodontal disease
and Crohn’s disease are in different locations of the body
these diseases share a common characteristic; oversensitivity
to mutualistic bacteria (Allen-Vercoe et al., 2011). Bacteria
in the phylum Firmicutes produce the SCFA butyrate which
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also can influence the ability of the host’s immune system to
recognize commensal bacteria (Gonçalves et al., 2018). A relative
increase in abundance of this genus could alter the ability
to properly recognize commensal bacteria in the gut. The
genus Romboutsia (phylum Firmicutes) is a taxa commonly
seen in the mammalian gut, including the dog. Although these
bacteria produce SCFAs, like acetate and lactate (Gerritsen, 2015),
their roles in maintaining GI health are relatively unknown
(Gerritsen et al., 2019).

We detected a significant increase in the relative abundance
of the family Ruminococcacae, Bacteroides coprocola, and
Bacteroides sp. in the gut of wolves with normal stool consistency.
The family Ruminococcacae (phylum Firmicutes) is associated
with the production of butyrate via carbohydrate fermentation in
the human gut (Bamberger et al., 2018). The genus Bacteroides
(phylum Bacteroidetes) is commonly found in the human gut;
those with a healthy gut have a higher relative abundance in their
gut than individuals suffering from IBD (Miyake et al., 2015). It is
possible that bacterial taxa associated with loose stool consistency
could be triggering an immune response or that the bacterial taxa
associated with normal stool consistency could be maintaining
healthy gut function in the captive red wolf, or both.

Studies in domestic cat and dog demonstrate a link between
dietary type and stool quality (Suchodolski et al., 2012b). In
the present study, we did not detect a similar relationship
between diet and stool consistency in captive red wolves.
Other factors, including ingestion of inappropriate food items
(Gómez-Gallego et al., 2016), appearance of a specific pathogens
(Suchodolski et al., 2012b), intestinal parasites disease and tumors
or mechanical obstruction (Dandrieux, 2016) also could impact
stool quality. The presence of diarrhea can be sporadic in canids
(Gómez-Gallego et al., 2016), and establishing the link between
stool quality and diet may require longitudinal samples collected
over time. Furthermore, stool consistency is only one proxy
for GI health. Future studies should combine other metrics,
like body condition score, serum cobalamin and serum folate
concentration, to identify wolves with poor GI health. Low serum
cobalamin and folate concentrations are documented in canids
with GI issues (Songsasen and Rodden, 2010). Having an altered
gut microbiome and loose stool consistency could indicate an
alteration in nutrient and water intake due to increased transit
time in the GI tract (Vandeputte et al., 2016).

We demonstrated that changes in the gut microbiome
structure was linked to diet in the red wolf. The gut microbiome
of captive wolves that ate the kibble diet was generally different
than all other dietary types, and particularly different from of
captive individuals offered a whole meat diet. We expected
the gut microbiome of wolves eating a whole meat diet to
have similar composition to the gut microbiome of wild
wolves, however, analysis revealed that composition was not
analogous. While the wolves in both diet categories eat similar
species, it is possible that the difference in gut microbiome
composition is driven by variations in the proportion of
the primary food sources (white tail deer), secondary food
sources (small mammals), and tertiary food sources (rodents)
consumed. Fluctuations in the ratio of prey eaten is evident
across the various wild wolf packs, with differences driven by

location of the pack territory (Phillips et al., 2003; Dellinger et al.,
2011). Additionally, Dellinger et al. (2011) reported wild red
wolves consuming anthropogenic waste from a garbage dump
and carcass pit, another possibility for the variation in gut
microbiome composition seen. Wolves that were offered the
kibble diet had an increase in the relative abundance of the
phylum Firmicutes while individuals that were fed the whole
meat diet had an increase in the relative abundance of the phylum
Fusobacteria. The phylum Firmicutes is associated with a high
carbohydrate diet whereas the phylum Fusobacteria is associated
with a high protein diet in domestic dogs (Hang et al., 2012).
The kibble-based diet contains a large amount of starch (30–
60% of dry matter) (Fortes et al., 2010), which likely increases
the relative abundance of Firmicutes in the gut microbiome of
red wolves in the present study. Similarly, the whole meat dietary
type is rich in protein, and this likely explained the increases in
the abundance of Fusobacteria in the gut microbiome of wolves
eating this diet. Variation in relative abundance of these phyla
in the gut could impact the concentration of SCFA produced
(den Besten et al., 2013).

Diet can reinforce intestinal barrier function and structure
via SCFA production (Parada Venegas et al., 2019). However, if
gut microbiome structure is altered by diet then it can impact
the amount of SCFA by products produced (Ratajczak et al.,
2019). This shift in SCFA production could be because of a
change in presence or relative abundance of SCFA producing
bacteria or the down regulation of G protein coupled receptors
(GPCR) (Parada Venegas et al., 2019). These SCFAs and GPCRs
work together to maintain intestinal barrier integrity by inducing
mucosal healing and suppressing inflammation (Parada Venegas
et al., 2019). Furthermore, there is evidence of diet impacting
GPCR activity, specifically the expression of GPR43 is reduced in
the intestinal mucosa of mice eating a high fat/sugar diet (Parada
Venegas et al., 2019). It is possible that diet is shifting the gut
microbiome composition of captive red wolves, thus changing
the concentrations of these SCFAs. While butyrate, acetate and
propionate have beneficial impacts on immune function and
intestinal barrier integrity, there also could be negative impacts,
like inflammation, from having sustained elevated levels of these
SCFAs (Ohira et al., 2017; Ratajczak et al., 2019). Additionally,
too much or too little of SCFAs can lead to obesity or other
metabolic syndromes in humans and mice (Ohira et al., 2017;
Ratajczak et al., 2019). It is possible that there needs to be an
optimal level of each SCFA for beneficial impacts to occur in the
gut of the red wolf.

We found that there was an increase in the relative abundance
of the bacterial taxa Holdemanella sp., Cantenibacterium
mitsuokai, and Prevotella sp. in kibble diets compared to all other
dietary types. Holdemanella sp. (phylum Firmicutes) produce
butyrate, acetic and propionic acid (De Maesschalck et al., 2014)
and are associated with gut microbiome variations triggered by
a diet high in fat and sugars in humans (Dubé et al., 2018).
Cantenibacterium mitsuokai (phylum Firmicutes) is linked to gut
microbiome alterations triggered by a high fat and sugar diets in
humans (Dubé et al., 2018) and with carbohydrates fermentation
and propionate production in felids (Butowski et al., 2019).
Similarly, Prevotella sp. (phylum Bacteroidetes) are correlated
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with kibble diets, carbohydrate fermentation and propionate
production in felids (Butowski et al., 2019) and domestic dogs
(Bermingham et al., 2017). Humans and mice with irritable bowel
syndrome suffering from recurrent diarrhea show an increase in
bacteria from this genus (Su et al., 2018). We documented two
bacteria taxa only in the gut microbiome of the wild wolves that
were not found in captive wolves; Clostridium XI sp., Lactococcus
sp., and Clostridium XI sp. (phylum Firmicutes) are found in the
gut microbiome of healthy domestic cats and dogs (Handl et al.,
2011; Pilla and Suchodolski, 2020) and involved in breakdown
of bile acid, digestion of dietary fats and fat-soluble vitamins
(Deng and Swanson, 2015). Additionally, this taxa prompts anti-
inflammatory reactions in the gut of the domestic dogs (Pilla and
Suchodolski, 2020). Lactococcus sp. (phylum Firmicutes) has been
identified in the gut of other canids, including the Artic wolf and
coyote (Finlayson-Trick et al., 2017), and certain strains of this
taxa are used to cultivate probiotic dairy products for humans
(Cook et al., 2018). It is possible that bacterial taxa associated
with kibble diets are present to aid in the digestion of the dietary
material but could also be triggering GI inflammation due to their
foreign nature and/or production of SCFAs at chronic elevated
levels in the captive red wolf.

For reintroductions of red wolves to be successful, it is
imperative that the captive red wolves are kept as “wild” as
possible, including their gut microbiome. The gut microbiome
needs time to acclimate to the wild environment during
reintroductions (Yao et al., 2019). If animals are not given
proper time to fully acclimate their gut microbiome to the wild
environment, it could increase their susceptibility to pathogens,
decrease survival rates, impact proper nutrient transformation,
vitamin production and communication between the microbiota
and the immune system (Weiss and Hennet, 2017; Yao et al.,
2019). We found that bacterial richness in the wild wolves’ gut
microbiome was significantly lower compared to the captive
wolves’ gut microbiome. Contact between humans and wolves in
a captive setting could account for the higher bacterial richness
in the gut of the captive wolves; it is possible for microbes to
transfer from humans to animals and vice versa while living in
close proximity to each other (Trinh et al., 2018). We also found
higher abundances of Bacteroidetes and lower abundances of
Fusobacteria in captive animals compared to wild wolves, which
is seen in other mammals globally (McKenzie et al., 2017) and in
semi-wild wolves in China (Wu et al., 2017). These alterations
caused by captivity and diet difference can change the overall
functional diversity of the gut microbiota, in turn impacting GI
function. A non-natural diet can attract non-natural bacteria or
alter the relative abundance of natural gut flora (Henson et al.,
2017; Alessandri et al., 2019b).

Our strongest finding with implications to management was
that kibble-based diets was linked to the most distinct gut
microbiome, suggesting that the approach to diet may need to
be reconsidered. While the kibble diet is nutritionally complete
for the domestic dog, it does contain a high amount of starch
(Fortes et al., 2010). Although the domestic dog and the wolf
are closely related, there are still evolutionary differences that
separate the two species. There is evidence that the domestication
of the dog from the wolf was marked by an increase in the

ability to digest a starch rich diet (Axelsson et al., 2013). Wolves
possess significantly lower number of diploid copy numbers
and expression of the AMY2B gene, which encodes for amylase
expression in the pancreas, allowing the breakdown of starch,
than the domestic dog (Axelsson et al., 2013). Furthermore, Zhu
et al. (2018) reported that wolves are adapted to a meat-based
diet implying that meat should be incorporated into their daily
diet. Based off this evidence, it is clear that the wolf may not be
as adapted to this starch rich diet as the domestic dog. Therefore,
the approach to diet may need to be reconsidered so that the daily
diet of the captive red wolf does include whole meat.

Future studies that would help address the link between diet,
GI health and the microbiome could monitor the gut microbiome
alongside incorporating dietary changes. For example, whole
meat could be added into the daily diet of a wolf eating purely
kibble while simultaneously assessing the gut microbiome to
monitor composition shifts toward the wild wolf gut microbiome
structure. Additional wild red wolf samples would increase the
understanding of the wild gut microbiome structure. If captive
red wolves were to be released into the wild, it may be necessary
to closely mimic the gut microbiome composition of the wild red
wolf prior to release.

In conclusion, we characterized the gut microbiome of the
red wolf, a critically endangered canid, that is suffering greatly
from GI health issues. We found that gut microbiome structure
was influenced by stool consistency and dietary type. Wolves
consuming a wild dietary type had lower bacterial richness and
phylogenetic diversity than their captive counterparts, suggesting
that captivity may be introducing novel bacteria into the captive
red wolf gut microbiome—altering it from its wild state. It
is possible that captive red wolves are acquiring bacteria taxa
because of their functional role in digesting captive diets,
however, these bacteria may not be beneficial for the red wolf.
There are approximately 280 red wolves left in the world,
with 95% of individuals living in captivity. While the captive
population is necessary for the continued existence of the species,
the captive environment brings manipulated diets and man-made
structures to live in (Williams et al., 2019). These factors, along
with others, can cause shifts in the gut microbiome (Williams
et al., 2019), negatively impacting GI health of the red wolf. It
is essential for the captive population to be healthy to facilitate
successful reintroductions of these animals into their native
landscape in the future.
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