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Abstract
Santa Cruz island foxes and island spotted skunks, two mammalian carnivores
cohabitating an island environment, exist in a unique relationship where niche overlap has driven
interspecific competition but not the displacement of either predator from the island. The factors
that allow the coexistence between these island-endemic predators to persist has not been fully
explained. This paper seeks to identify the main drivers of variation in the microbiomes of these
uniquely coexisting wild populations to understand how phylogenetic and ecological differences
between these skunks and foxes may be reflected in microbe presence and diversity in their
microbial communities. We characterize the microbial communities of the two species using 16S
rDNA sequencing to identify the presence and diversity of microbial taxa within different skunk
and fox body sites. We identify host species as the primary driver of variation in microbial
diversity and find that the most abundant microbe phyla within both host species are consistent
with the core set of mammalian microbes established in previous microbiome research. We
additionally find that certain microbiota are differentially abundant between the gut microbiomes
of host species. This initial microbiome study on Santa Cruz island foxes and island spotted
skunks contributes to a growing understanding of mammalian host microbes as shaped by
phylogenetic and ecological influences.
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Introduction
Significance of Microbiome Studies in Wild Populations
Microbiome work in recent decades has reshaped the ways in which we think about
mammalian host health and physiological function. Past research has found that microbial
communities living in or on humans and other mammalian hosts play a significant role in the
host’s immune function (Hooper et al., 2012), metabolism (Sanders et al., 2015; Burcelin, 2012),
and behavioral development (Heijtz et al., 2011). Humans are estimated to host ~100 trillion
microbes per individual (Costello et al., 2009), making up a collective microbial genome that has
100 times more genes than their human host’s genome (Foxman and Goldberg, 2010). As a
result of this coexistence of bacterial and host genomes, holistically evaluating an individual’s
physiological condition requires a consideration of the host-associated microbiome (Redford et
al., 2012). Not only does microbiome work provide insight into microbial contributions to host
physiological function, but past investigations have found that microbial communities play a role
in host ecology, driving disease transmission and the host’s ability to invade non-native habitats
(Bahrndorff et al., 2016). Building a greater understanding of the multitudes of microbes that live
within us and in wildlife will be necessary to understand how these microbes influence
mammalian host health and fitness.
Past work has established that the forces shaping microbial community compositions are
rooted in the ecology and evolutionary history of the host. Both phylogenetic (Brooks et al.,
2016) and environmental factors such as diet (Amato et al., 2013) influence the overall microbial
community composition of host organisms. Mammals in particular have been shown to have a
greater cophylogeny with their gut microbiomes than non-mammals (Youngblut et al., 2019),
giving greater support to the concept of phylosymbiosis, or the coevolution of host and microbial
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taxa. Sanders et al. (2015) found that baleen whale microbial communities were more related to
terrestrial mammalian microbiomes than to marine animal microbiomes (Sanders et al., 2015).
This suggests that the evolution of modern baleen whale microbial communities was driven more
by an earlier phylogenetic divergence from terrestrial mammals rather than exposure to marine
microbiota. Characterizing microbial communities using such comparative approaches allows us
to understand the relative contributions of phylogenetic and environmental forces in driving
species presence/abundance in host-associated microbial communities. Microbiome studies play
key roles in revealing these aspects of an organism’s evolutionary history and how this history
may be shaped by phylogenetic and environmental forces.
Much work has previously been done to study the microbial communities of a number of
mammalian host lineages in captivity, ranging from the large mammals of the families Felidae
(Ning et al., 2020) and Ursidae (Guo et al., 2018) to families of smaller individuals such as the
Atelidae (Clayton et al., 2016) and Muridae (Pellizzon et al., 2018). However, captivity has been
shown to reduce the diversity of microbial communities across a range of host taxa (Clayton et
al., 2016; Tang et al., 2020). In addition to alterations of community diversity, captivity has been
shown by comparative functional gene analyses to be associated with a reduction of bacterial
genes associated with core metabolic processes when compared to their wild counterparts (Tang
et al., 2020; Guo et al., 2019). Microbiome studies on captive populations thus are more limited
in elucidating the phylogenetic and environmental factors that drive variation in their microbial
communities. Conversely, wild microbiome studies are able to provide insights into the unique
characteristics of microbial communities in wild populations that would otherwise be masked, as
captive microbiota are exposed to humanizing forces.
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Characterizing diversity in wild microbial communities is one of the central aims of wild
microbiome research and this project. These studies allow researchers to identify core sets of
microbe taxa (Nishida and Ochman, 2018) and functions (Muegge et al., 2011) that are
conserved between related host taxa. Establishing baseline presence/absence and abundances of
core microbe taxa in a wild population allows ecologists and conservationists alike to be able to
identify states of dysbiosis in members of that population, allowing for an informed evaluation of
conservation risks in dysbiotic individuals/populations (DeCandia et al., 2020). In this way,
microbiome studies allow for human intervention to be informed by a greater understanding of
organism health and function. Characterizing the diversity of wild microbiomes additionally
allows researchers to identify and quantify the effects of phylogenetic (DeCandia et al., 2021)
and environmental variables (such as diet) (Youngblut et al., 2019) on driving variation in
microbial community composition. For example, dietary intake even within a single species may
influence the gut microbiome structure and function (Muegge et al., 2011), and comparative
microbiome work can reveal these drivers of variation in microbial communities within and
between host lineages. Identifying these drivers of variation will be useful in understanding the
relative contributions of phylogenetic and environmental influences on wild microbiomes.

Background on Santa Cruz Island Foxes and Island Spotted Skunks
Two wild populations that are of particular conservation interest and on which the field of
wild microbiome research may benefit from studying are the Santa Cruz island fox (Urocyon
littoralis santacruzae) and island spotted skunk (Spilogale gracilis amphialus) populations. Their
unique coexistence drives the need for further investigative work into their relationship, and
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microbiome work may allow us to identify phylogenetic and environmental influences that allow
for their coexistence to persist.
Santa Cruz Island is located off of the coast of California and is the largest of the Channel
Islands, covering an area of approximately 97 square miles. The Santa Cruz island fox
subspecies and the island spotted skunk cohabitate the island and are Santa Cruz’s only native
mammalian carnivore species. Predators on islands are uncommon due to high extinction rates
on insulated island environments (Alcover et al., 1994), making the co-occurrence of these two
overlapping carnivores notably rare. Their habitat use and diets overlap with each other, with the
effects of interspecific competition appearing to asymmetrically affect skunks more than foxes
(Crooks and Van Vuren, 1995). This asymmetry appears to be reflected in their recent history.
The introduction of golden eagles in the mid to late 1990s reduced the Santa Cruz island fox
population dramatically (Roemer et al., 2002), which preceded a rapid expansion of the skunk
population in the early 2000s (Jones et al., 2008). With the eventual recovery of the fox
population, skunk capture rates experienced a sharp decline into rarity (Bolas et al., 2020). Taken
together with overlap in niche as a terrestrial carnivore, these fluctuations in skunk population
sizes following a change in the fox population suggests an asymmetric competitive dynamic
between Santa Cruz island foxes and skunks. Though recent research has suggested that
microhabitat partitioning may explain some niche differentiation (Bolas et al., 2022), it remains
unclear the stability of their coexistence in addition to the mechanisms through which these two
predator species are able to coexist on the island.
In characterizing the microbial communities of these skunks and foxes, microbiome
research can reveal the drivers of variation in their microbial community compositions, which
reflect phylogenetic and environmental influences. We expect to see trends in microbial
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community diversity that reflect these phylogenetic or environmental factors as we survey the
microbial taxa present in skunk and fox ear canal and gut microbiomes. Providing the initial
characterization of microbial taxa of these host species will allow for future research to elucidate
the main drivers of microbiome variation, which may aid in understanding the multifaceted
competitive relationship between these two island-endemic mammals. Microbiome work has
only recently characterized the microbial communities of island foxes (DeCandia et al., 2020),
with island spotted skunk microbiomes remaining yet unexplored. This project seeks to identify
baseline microbe taxa presence in island spotted skunk and island fox associated microbiomes on
which little research has previously been done, in addition to identifying the main drivers of
variation in their microbial community compositions. This project also seeks to contribute to the
existing knowledge base of wild mammalian microbiomes, a growing field that seeks to provide
a more holistic understanding of wild mammalian health.

Methods
Sample collection
Sample collection was performed on Santa Cruz Island by ecologists and wildlife
technicians at The Nature Conservancy between July and September 2020. Collection procedures
were pursuant to a California Department of Fish and Wildlife Memorandum of Understanding
and Collecting Permit (No. 008981), and were approved by Princeton University’s Institutional
Animal Care and Use Committee (Princeton IACUC #3073). Microbiome swabs were taken
from ear canal and perianal body sites from both SCR island spotted skunks and island foxes.
Perianal swabs were used as proxies for sampled individuals’ gut microbiomes (Bassis et al.,
2017). Swabs were taken from 38 foxes and 15 skunks, making up a total of 53 unique sampled
individuals. In total, after later steps of DNA extraction and quantification, we retained a total of
6

48 perianal and 37 ear canal swabs across sampled individuals resulting in a final dataset
consisting of 11 skunk ear canal samples, 26 fox ear canal samples, 14 skunk perianal samples,
and 34 fox perianal samples. Observational data of sampled individuals (i.e. species, sampled
body site, sex, etc.) were collected and compiled for each sample to create metadata categories
for our dataset.

Figure 1: Microbiome swabs were collected from ear canal and perianal body sites from skunks
and foxes. Figure created by BioRender.com.

DNA Extraction, Targeted PCR, and Sequencing
Microbiome samples were processed together at the Center for Conservation Genomics at
the Smithsonian Conservation Biology Institute in the summer of 2021. Funding to support this
work was provided by Friends of the Island Fox. Microbial DNA was extracted from swabs
using the altered DNeasy PowerSoil Kit protocol described in DeCandia et al. (2019). Samples
with low concentrations of DNA were excluded from the final dataset as described by the
standardization and exclusion steps in (DeCandia et al., 2020). A. DeCandia then used the
extracted DNA samples in PCRs that selectively amplified the hypervariable V4 region of the
16S rRNA gene with barcoded primers. Agencourt AMPure XP magnetic beads and E-Gel
7

Precast Agarose Electresis System (Invitrogen) were used to extract sequences of 300-400 bp.
PCR products subsequently were sequenced on an Illumina MiSeq at Princeton University’s
Genomics Core Facility. Paired-end amplicon sequence data (2 x 150 nt) was then used for data
analysis.

Sequence Data Processing and Analysis
Raw sequence data was demultiplexed (which assigns sequence data to their original
microbiome sample) and denoised (which filters for probable sequencing errors) using the
methods described in (DeCandia et al., 2020). These steps generated amplicon sequence variants
(ASVs) from raw sequence data that map onto the hypervariable V4 region of the 16S rRNA
gene. These ASVs were filtered based on the negative control samples: DeCandia determined the
frequency of the most commonly occurring ASV in the negative controls and removed ASVs
that occurred at lower frequencies in the denoised dataset (DeCandia et al., 2021). The resulting
dataset formed the basic units of observation (features) in this microbiome data analysis.

Alpha and Beta Diversity
I characterized the microbial community compositions of collected fox and skunk
samples using open-source QIIME2 software, version 2021.8 (Bolyen et al., 2019). To calculate
phylogenetic diversity metrics for the full dataset, I used a rooted phylogenetic tree created by
using the “align-to-tree-mafft-fasttree” function in QIIME2. I then ran the “diversity coremetrics-phylogenetic” and “diversity alpha-rarefaction” plugins in QIIME2 to create
visualizations of feature diversity in the dataset.
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Through QIIME2, I measured the α- and β- diversities of microbiome samples to
characterize drivers of variation in microbial community compositions. Measures of α-diversity
(or single-sample diversity) describe either the species richness or species evenness of microbial
community compositions (Hagerty et al., 2020). Microbe species richness describes the number
of unique ASVs within a sample, whereas species evenness measures the extent to which
microbe species are equitably represented within the sample. With these metrics taken together,
measuring α-diversity allows us to quantify feature diversity within a sample and to compare this
diversity between samples. I additionally estimated β-diversity within these samples, which
involves making pairwise comparisons between microbiome samples to quantify diversity
differences based on two metrics: species presence/absence or abundance. β-Diversity tests in
QIIME2 capture differential microbe species presence or abundances between samples, and
allow for these dissimilarities to be quantified. I used PERMANOVA significance testing with
Bray-Curtis dissimilarity metric to make pairwise comparisons based on microbe abundance, and
the unweighted UniFrac dissimilarity metric for pairwise comparisons based on microbe
presence. Detecting large dissimilarities between samples in either microbe species
presence/absence or abundance results in greater distances between sample data points in
ordination analysis, which can then be visualized on principal coordinate analysis (PCoA) plots.
I quantified α-diversity using observed ASVs, and measured microbial species evenness
using Pielou’s evenness. I ran Kruskal-Wallis tests to identify significant drivers of variance for
α-diversity metrics. I additionally quantified β-diversity metrics of microbe presence/absence
using unweighted UniFrac distance and microbe abundance using Bray-Curtis dissimilarity. I
used the “diversity adonis” function in QIIME2, which allows for both univariate and
multivariate analyses of variance (PERMANOVA) (Anderson, 2001), to test for significant
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differences in β-diversity metrics. Metadata variables included: Species, SampleType (sampled
body site), Plate, Date, Sex, Age, Previously Tagged (previously captured), Reproductive Status,
Fleas, Ticks, Lice, and Body Condition (skinny to obese).

Relative Abundances and Taxonomic Analysis
I analyzed the taxonomic composition of microbes present in the collected microbiome
samples. To do this, I used a Naïve Bayes classifier trained on sequences trimmed to the 16S
rDNA V4 region from the Greengenes 13_8 99% OTUs database using the “q2-featureclassifier” plugin on QIIME2. I used the “classify-sklearn” function from the same plugin to
assign taxonomic classifications to the sequences found in each sample. In addition to visualizing
relative abundances on a taxonomic barplots, using the “taxa barplot” and “feature-table relative
frequency” commands in QIIME2 allowed me to obtain relative abundance data for microbe taxa
in skunk ear canals, fox ear canals, skunk anuses, and fox anuses.

Differential Abundance Testing
To identify ASVs that were differentially abundant between species, I ran the “ancom”
function implemented in the “q2-composition” QIIME2 plugin. Unlike standard t-tests, ANCOM
(analysis of composition of microbiomes) uses log-ratio analysis to account for potential positive
correlations between microbe taxa, resulting in greater statistical power relative to other methods
of means testing when working with microbiome datasets (Mandal et al., 2015; Gloor, et al.,
2017). ANCOM determines the significance of a result in the data point’s “W” value. The “W”
value is equal to how frequently ANCOM rejects the null hypothesis that an ASV is not
differentially abundant between test groups. Significant results will have high relative “W”
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values. ANCOM assumes that there less than 25% of ASVs are changing between the groups
being compared, and since I observed that microbes between body sites are greatly varied, I ran
differential abundance testing only between species. I filtered the feature tables to exclude ASVs
that appear in less than 10 samples to reduce the risk of low counts creating false positives before
running the plugin. I additionally requested taxonomic classification data of differentially
abundant ASVs from the NCBI BLASTn database.

Results
Data Processing and Final Dataset
After denoising and filtering for negative controls, I retained 85 samples for our final
dataset. Across these 85 samples spanned a total of 1,922 distinct ASVs at a total frequency of
1,843,072 sequence reads.

Alpha Diversity Significance Testing
Alpha rarefaction plots qualitatively revealed differences in microbe species richness and
species equitability between species and body sites. Fox ear canals have greater feature richness
than fox anus samples. The microbial communities found in skunk ear canal samples had greater
feature richness but less species equitability than skunk anus samples.
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Figure 2: Alpha rarefaction plot of observed ASVs in skunk samples between body sites. Skunk
ear canal samples have greater feature richness than skunk anus samples.

Figure 3: Alpha rarefaction plot of Pielou’s evenness in skunk samples between body sites.
Skunk anus samples have greater species equitability than skunk ear canal samples.

Figure 4: Alpha rarefaction plot of observed ASVs in fox samples between body sites. Fox ear
canals have greater feature richness than anus samples.

Figure 5: Alpha rarefaction plot of observed ASV’s in anus samples of foxes and skunks. Fox
anus samples have greater feature richness than skunks.
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Microbial community evenness and richness differed significantly between body sites for
skunks. I found significant differences in both observed ASVs (Kruskal-Wallis test; H = 5.42, df
= 1, p = 0.02) and Pielou’s evenness (Kruskal-Wallis test; H = 7.2, df = 1, p = 0.007) between
anus and ear canal samples. For foxes, microbe community species richness but not evenness,
differed significantly between body sites: there is a significant difference in observed ASVs
(Kruskal-Wallis test; H = 4.65, df = 1, p = 0.031) between anus and ear canal sites, while there
wasn’t a significant result for evenness (Kruskal-Wallis test; H = 0.80, df = 1, p = 0.371).
I additionally found that microbe species richness, but not evenness, differed significantly
between host species for anus samples. Observed ASVs differed significantly (Kruskal-Wallis
test; H = 11.90, df = 1, p < 0.001) while evenness did not differ significantly (Kruskal-Wallis
test; H = 0.40, df = 1, p = 0.525) between fox and skunk anus samples. However, this trend was
not observed in ear canal samples. There were no significant differences in microbial species
richness (Kruskal-Wallis test; H = 0.46, df = 1, p = 0.496) or evenness (Kruskal-Wallis test; H =
1.86, df = 1, p = 0.173) in ear canal samples between species.

Beta Diversity Significance Testing
Multivariate PERMANOVA analysis revealed significant differences between skunks
and foxes in pairwise comparisons of species abundance in anus samples (Bray-Curtis
dissimilarity index; F-value = 15.48, R2 = 0.252, p = 0.001) and ear canal samples (Bray-Curtis
dissimilarity index; F-value = 1.66, R2 = 0.039, p = 0.002) (Table 1). This trend is observed
again in pairwise comparisons of microbe species presence between skunks and foxes in anus
samples (unweighted UniFrac dissimilarity index; F-value = 21.57, R2 = 0.270, p = 0.001) and
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ear canal samples (unweighted UniFrac dissimilarity index; F-value = 3.65, R2 = 0.061, p =
0.001) (Table 1).
Table 1: Collected R2 values from multivariate PERMANOVA analysis between body sites.
Bray-Curtis (BC) and unweighted UniFrac (UU) distance matrices were created for Anus and
EarCanal datasets to identify drivers of variation in beta-diversity metrics.
Gut Microbiome

Ear Canal Microbiome

Variable

df

BC

UU

df

BC

UU

Species

1

0.252*

0.270*

1

0.039*

0.061*

Plate

6

0.112

0.141

6

0.191*

0.233*

“Previously Tagged” Status

1

0.013

0.011

1

0.027

0.018

Sex

1

0.013

0.017

1

0.027

0.023

Reproductive Status

1

0.014

0.012

1

0.027

0.023

Age Class

1

0.023

0.012

1

0.027

0.026

Fleas

3

0.040

0.047

3

0.079

0.069

Ticks

2

0.026

0.024

2

0.054

0.060*

Lice

1

0.019

0.018

1

0.028

0.026*

Body Condition

1

0.018

0.014

1

0.029

0.028

Residuals

1

0.016

0.013

2

0.047

0.033

*p<0.05

Principal coordinate analysis (PCoA) plots of both Bray-Curtis and unweighted UniFrac
distance matrices reveal data point clustering by host species for both body sites, though ear
canal samples display less tight clustering by species.
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Figure 6: Principal Coordinate Analysis (PCoA) Plot using Bray-Curtis distances for Anus
dataset. Skunk samples were colored blue, and fox samples were colored red. Clustering of data
points suggests that the variation shown by Axis 1 is due to the difference in host species.

Figure 7: PCoA Plot using unweighted UniFrac distances for Anus dataset. Skunk samples were
colored blue, and fox samples were colored red.
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Figure 8: PCoA Plot using Bray-Curtis distances for EarCanal dataset. Skunk samples were
colored blue, and fox samples were colored red.

Figure 9: PCoA Plot using unweighted UniFrac distances for EarCanal dataset. Skunk samples
were colored blue, and fox samples were colored red.

Taxonomic Analysis of the Gut Microbiome
At the phylum level, foxes and skunks differed in which microbe taxa was most
abundant in gut samples (Figure). Fox anus samples had high relative abundances of
Bacteroidetes (29.70%), Fusobacteria (22.39%), Proteobacteria (21.93%), Firmicutes (21.83%),
and Actinobacteria (3.21%). Skunk anus samples were found to have high proportions of the
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same phyla, but at different relative abundances: Firmicutes (36.14%), Actinobacteria (29.73%),
Bacteroidetes (26.91%), Fusobacteria (3.44%), and Proteobacteria (2.44%).
Figure 10: Stacked bar plots show relative abundances of taxa between species and body site at
the phylum level.

At a finer scale analysis, the most abundant families present in the fox gut microbiome are
Fusobacteriaceae, Bacteroidaceae, Enterobacteriaceae, and Pasteurellaceae. For skunk gut
microbiomes, the most abundant families are Tissierellaceae, Coriobacteriaceae, and
Porphyromonadaceae.

Differential Abundance Testing
Running ANCOM on anus samples reveals 15 ASVs that are more abundant in skunks
and 2 that are more abundant in foxes (Table 2, Supplementary Figures). 9 of the 15
differentially abundant ASVs in skunk anus samples returned by the NCBI BLASTn database
belong to the Firmicutes phylum, and 1 of the differentially abundant ASVs in fox anus samples
17

(feature ID: af28c1befd9b52e4259d40635489dc8b) was previously classified as part of the
Fusobacteria phylum. Differential abundance testing on ear canal samples did not return
significant results.
Figure 11: Volcano Plot from ANCOM Analysis of Anus Samples. ANCOM tests whether the
differences in relative abundances of ASVs are significant. Data points represent ASVs, and
significant data points are highlighted in red.

Discussion
This project characterized the microbe taxa diversity in the microbial communities of
Santa Cruz island foxes and island spotted skunks. “Species” and “SampleType” (sampled body
site) variables were found to drive variation in microbial community composition between Santa
Cruz island foxes and island spotted skunks. My findings are consistent with trends observed in
phylosymbiotic relationships discussed in previous work: intraspecific variation will typically be
less than interspecific variation (Brooks et al., 2016). However, it remains unclear the relative
contributions of phylogenetic and environmental influences on diversity in the microbial
communities of these sampled populations. This project identified abundant microbe taxa as well
as microbe lineages that are differentially abundant in the gut microbe communities of these
18

skunks and foxes. Taken together, these initial assessments of Santa Cruz island fox and island
spotted skunk microbial communities contribute to the existing knowledge base of wild
mammalian microbiomes.
PERMANOVA analysis and diversity significance testing revealed that body site and
host species are drivers of microbial community composition. α-Diversity significance testing
revealed that ear canal samples had significantly greater microbe richness than gut samples. This
may be explained by an increased exposure of skin and haired sites to the open environment
relative to the gut microbiome’s environmental exposure (Grice and Segre, 2011). Host species
significantly explained differences in microbe richness: through α-diversity significance testing,
fox gut samples were found to have greater ASV richness, and thus microbe richness, than skunk
gut samples. In addition, host species significantly explained the variation in gut microbial
community compositions. β-Diversity significance testing revealed a clustering of points in the
Anus dataset by host species, suggesting that species explains the primary axes of variability in
both the Bray-Curtis and unweighted UniFrac PCoA plots (Figures 6 and 7), accounting for
26.13% and 28.11% of total variance, respectively. These plots also show from how closely
clustered skunk samples are relative to foxes that skunks have much higher intraspecific
similarity than foxes do, which may be due to greater relatedness between sampled skunks
(DeCandia et al., 2021), though further work must be done to confirm this trend. The observation
that host species is a significant predictor of microbial community diversity may reflect
phylogenetic and environmental influences on the island fox and island spotted skunk
microbiomes. Phylogenetic distance from each other may explain this variation in that
interspecific variation is typically greater than intraspecific variation (Brooks et al., 2016).
However, this variation may also be simultaneously explained by differences in resource
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utilization between these two species, as community diversity and functionality can be varied
even between members of the same species depending on environmental factors such as captivity
status and dietary intake (Muegge et al., 2011; Tang et al., 2020). Differential diet and habitat
use may drive greater interspecific variation in microbial community composition. Further work
should be done to elucidate the relative contributions of these phylogenetic and environmental
factors that drive the variation explained by host species in this system. In doing so, we may be
able to understand the ultimate drivers of microbiome composition in these skunks and foxes.
Taxonomic analysis revealed that island foxes and island spotted skunks share core
microbe phyla within their gut microbiomes. The most abundant phyla for both hosts included
Firmicutes, Actinobacteria, Bacteroidetes, Fusobacteria, and Proteobacteria, though at differing
relative abundances. Four bacterial phyla (Firmicutes, Actinobacteria, Bacteroidetes, and
Proteobacteria) are consistently represented in the host-associated gut microbiome across the
mammalian clade (Nishida and Ochman, 2018). Our findings are consistent with the concept of a
core mammalian microbiome (DeCandia et al., 2021) that is shared across host diet types
(Nishida and Ochman, 2018). These results demonstrate the influence of shared phylogenetic
lineages driving microbe presence within these two mammalian carnivores.
Taxonomic analysis may further provide insights into microbial contributions to host
health. By identifying the presence and relative abundances of higher level microbe taxa, this
project establishes a baseline of microbial community composition for these two populations,
allowing for potential states of dysbiosis to be recognized in the future. Additionally, identifying
microbe presence at the phylum level is useful in revealing that both host species retain a core set
of mammalian microbes, but finer scale analysis is needed to make further inferences about the
host’s relationship with their microbiomes, such as possible microbial contributions to host
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physiological processes. Identifying the presence of abundant gut microbe lineages at a family
level resolution may provide insights into host health and physiology. For example, the bacterial
family Pasteurellaceae identified as abundant in our fox perianal samples has been associated
with the onset of fading puppy syndrome, a condition that arises in development and may be a
result of dysbiosis in infancy (Tal et al., 2021). Fusobacteriaceae is the most abundant family in
fox gut samples and has been associated with the production of intestinal bile acids (Zhang et al.,
2017). Coriobacteriaceae, abundant in skunk gut samples, has been implicated as particularly
relevant to mammalian host metabolic processes especially as this family of bacteria has only
been found in mammalian and insect host body sites, suggesting a close coevolution with
mammal hosts (Clavel et al., 2014).
ANCOM testing revealed the presence of microbes that are differentially abundant
between host species in gut samples which may suggest drivers of differentiation in skunk and
fox gut microbiomes. Significant results in ANCOM were not returned for ear canal samples,
which may also be the result of differential environmental exposure between body sites (Grice
and Segre, 2011). Of the differentially abundant microbes identified, most are obligate anaerobes
and 2 (Campylobacter and E. coli) are microaerophilic. Mobiluncus, one lineage that is more
abundant in the skunks, is an anaerobic bacteria genus commonly found in vaginal microbial
communities of human bacterial vaginosis (BV) patients. Mobiluncus species were isolated from
rectum samples of women with Mobiluncus-associated BV, suggesting that rectal-vaginal
contamination drives human BV (Hallen et al., 1987). Mobiluncus is additionally found in pig
intestinal microbial communities and Mobiluncus porci cells were demonstrated to have the
functional capacity to degrade starch (Wylensek et al., 2020). Future research can be done to
investigate the functional capacities of microbes that were found in this survey to be
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differentially abundant across these host species. These functional analyses may lead to the
identification of convergences of microbial contributions to skunk and fox metabolism, despite
differential microbial taxa presence and abundance.
These assessments of Santa Cruz island fox and island spotted skunk microbiomes
characterize the abundant microbe taxa residing in these host species and report body site and
host species as distinct drivers of variation in their microbial community compositions.
Identifying host species as a predictor of microbial diversity is the initial step needed for further
work in elucidating the phylogenetic and environmental factors that drive microbial community
variation to be considered. This project additionally allows for a greater understanding of the
microbes and therefore the inclusive health of these wild mammalian carnivores through this
initial characterization of Santa Cruz island foxes and island spotted skunk microbiomes.

Future Work
Future work should focus on disentangling the phylogenetic and environmental factors
that drive microbial community variation. One avenue of research that addresses one aspect of
environmental influences on host microbiomes would be longitudinal surveys that study the
microbiome of one individual over the course of many seasons. This project was limited to skunk
and fox microbiomes surveyed in the summer, and temporal variation affects microbial
community compositions in wild mammals (Bobbie et al., 2017). Future microbiome studies
may find that seasonality impacts microbial community composition and diversity of these
animals, which may provide novel insights into what the true core set of microbes is for the
skunks and foxes. Another avenue of research may include comparative work that integrates
mainland or other Channel island counterparts into the pool of samples. Studying the
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microbiomes of Santa Rosa island foxes and island spotted skunks (lab work for this project
already is in progress) could allow researchers to evaluate the relationship between phylogenetic
distance and microbiome relatedness. The focus of these studies would be to investigate
phylogenetic distance as a driver of variance in microbial community composition, and to find
the extent to which the variation observed between skunk and fox microbiomes in this project
was due to phylogenetic distance.
Future research should also be done to elucidate the potential functional contributions of
differentially abundant microbes to host metabolism. Functionality may be more conserved than
microbe taxa presence and abundance, so studies that profile microbial gene function will allow
us to better quantify the degree to which Santa Cruz island fox and skunk microbiomes converge
or diverge. Their overlapping ecologies may lead to this convergence despite differences in
microbe taxa presence. Functional analyses will allow us to evaluate whether overlapping
ecological niches are reflected in similarities between microbiome functionality profiles.
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Supplemental Figures
Table 2: List of significant results from differential abundance testing (ANCOM) of gut
microbiome samples between foxes and skunks. Feature IDs, W values, NCBI BLASTn results,
and the host that the feature is more abundant in are listed.
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