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Abstract

The composition of the mammalian gut microbiota can be influenced by a multitude of envi-
ronmental variables such as diet and infections. Studies investigating the effect of these var-
iables on gut microbiota composition often sample across multiple separate populations and
habitat types. In this study we explore how variation in the gut microbiota of the house
mouse (Mus musculus domesticus) on the Isle of May, a small island off the east coast of
Scotland, is associated with environmental and biological factors. Our study focuses on the
effects of environmental variables, specifically trapping location and surrounding vegetation,
as well as the host variables sex, age, body weight and endoparasite infection, on the gut
microbiota composition across a fine spatial scale in a freely interbreeding population. We
found that differences in gut microbiota composition were significantly associated with the
trapping location of the host, even across this small spatial scale. Sex of the host showed a
weak association with microbiota composition. Whilst sex and location could be identified as
playing an important role in the compositional variation of the gut microbiota, 75% of the var-
iation remains unexplained. Whereas other rodent studies have found associations between
gut microbiota composition and age of the host or parasite infections, the present study
could not clearly establish these associations. We conclude that fine spatial scales are
important when considering gut microbiota composition and investigating differences
among individuals.

Introduction

The gut microbiota interacts with a variety of fundamental host functions in most animals. It
is involved in breaking down complex carbohydrates for energy [1], and immunological
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functions such as the activation and production of T-Regulatory cells or the induction of cyto-
kines such as FoxP3 or IL10 [2,3]. Changes in the composition and microbial abundance of
the gut microbiome occur throughout life due to factors such as changes in hormone levels

[4], age [5], infection with parasites [6], diet [7] and host genetics [8,9]. Additionally, vertical
transmission from mother to offspring and the transmission of bacteria from the environment,
such as the vegetation, can also affect microbial composition [10-12].

One of the most influential variables on gut microbiota composition in wild house mice is
their geographical provenance [13-15]. The geographical scale over which this has been stud-
ied varies markedly, having up to 100 kilometres between all of the sampling sites [13] or sam-
pling mouse populations from different countries [14]. The caecal microbiota of house mice
(Mus musculus domesticus) showed differences in alpha diversity across the UK using two
farmland sites (in Gloucestershire and Somerset), and the London underground [13]. Geo-
graphical distance has been identified to account for 16% of gut microbiota variation in wild
house mice across Western Europe [14]. It has also been suggested that microbiota variation
may be limited by the dispersal abilities of the microbes themselves and the level of interbreed-
ing and direct physical contact among the hosts [14]. Altitude has also been shown to impact
the composition of wild house mouse gut microbiota due to changes in available resources for
the bacteria [15]. As altitude increases, anaerobic bacteria (e.g. Prevotella species) increase in
the rodent’s environment compared to lower altitude habitats whilst other microbes decline
due to the limited oxygen available, and this influences the community which can be acquired
by the host [15].

Geographical location is intimately linked with differences in ecological factors such as
local vegetation, which in turn are likely to directly or indirectly affect the diet of an animal
[13-17]. Black howler monkeys (Alouatta pigra) exhibit changes in their gut microbiota com-
position depending on which forest habitat type they inhabit [18]. Fruit availability within the
habitat seems to be driving some of the most notable differences in gut compositional changes
[18]. Specifically, a reduction in the abundance of Ruminococcaceae could be detected during
periods of low fruit intake due to limited seasonal availability in primary and secondary forests
[18]. Diet driven changes in the gut microbiota occur in wild house mice after being trans-
ferred into a laboratory environment and fed a captive diet. The composition of the microbiota
changed from being rich in bacteria of the phylum Bacteroides to one dominated by phylum
Firmicutes [19]. The observed change in dominant phyla present and relative abundance of
specific bacterial groups is due to the increase of plant-derived nutrients found in the standard
laboratory food and the lower amount of carbohydrates typically consumed in the wild
[19,20].

Sex has been linked to differences in gut microbiota diversity in a few different mammalian
species [7,21-23]. In humans, for example, a lower relative abundance of Bacteroidetes was
found in women compared to men [7]. When looking at multiple strains of laboratory mice,
some sex driven differences in the gut microbiota composition were unique to an individual
strain suggesting that genetic variance also plays an important role in the variability of the
microbiota in male and female mice [21].

Age of the host has not been identified to significantly impact the species composition of
the microbiota once the individual has reached maturity [24]. Changes in the microbiota com-
position of young captive mice (9-15 weeks) occur through exposure to an increasing number
of microbes from the environment, especially changes in diet, which would suggest that the
surroundings play an important role in microbiota establishment and composition [25].

Nematode infections and other gut parasite burdens have all been shown to impact micro-
bial diversity [13,26]. Infection with the gastrointestinal nematode Heligmosomoides polygyrus
leads to an increase in the relative abundance of Lactobacillaceae [27]. Captive rats infected
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with rat tapeworm (Hymenolepis diminuta) had an increased relative abundance of Clostrid-
ium species, whilst Bacillus species had a reduced abundance compared to uninfected animals
[26]. The mouse whipworm (Trichuris muris), frequently found in the caecum, is associated
with a decrease in the phylum Bacteroidetes whilst increasing the abundance of Lactobacilla-
ceae [6,28]. Another parasite frequently found in the caecum is the mouse pinworm (Syphacia
oblevata) which has been associated with a decrease in Lactobacillus (phylum Firmicutes) [29].

Laboratory-based studies often consider the variables which may influence microbiota
composition independently from one another; however, using a wild rodent population allows
the exploration of how different effector variables combine to influence the composition of the
gut microbiota

The sampling site of the present study, the Isle of May, lies approximately 8km off the
south-east coast of Scotland in the Firth of Forth. The island is approximately 1.6km long and
0.5km wide [30,31]. The only terrestrial mammal species known to be living on the island are
rabbits (Oryctolagus cuniculus) and a population of house mice [30]. The mice live in a range
of different habitats throughout the island from shrubs and low grasses, to cracks in rocks and
stone walls, to the boulders at the shallow northern end of the island and can even be found
inside of puffin (Fratercula arctica) and rabbit burrows [30]. The home ranges of the mice
have been studied and found to be largely overlapping, forming an island-wide panmictic unit
with random mating occurring [31]. Mice have preferred, but not exclusive, ranges to one
another and those living in open or unprotected habitat exhibit a greater tendency to roam
compared to individuals living in more covered areas [31]. Males and females are not known
to differ in their home ranges and movement patterns [31].

Earliest records of mice populations on the Isle of May date back to the late 19 century
[30]. In the 1980s seventy-seven mice from the island of Eday (Orkneys) were introduced to
the existing population on the Isle of May [32]. Six months after the introduction, alleles from
the Eday mice had introgressed into the resident population and were found in individuals
from all trapping locations on the island, suggesting that successful hybridisation and free
gene flow had occurred across the entire island [32]. This is supported by observations from
re-trapping studies showing that mice move across wide ranging territories which overlap
across the island [31] and suggests that the mouse population on the Isle of May is able to freely
interbreed [32].

The mice on the Isle of May offer a unique opportunity to study factors influencing the
composition of the gut microbiota in the same host species as commonly studied in the labora-
tory. These mice live wild and not in association with humans in comparison to those on the
mainland which largely live a commensal existence [33].

We aimed to investigate the association of environmental and host variables with gut
microbiota composition at the operational taxonomic unit (OTU) level, and found only trap-
ping location and sex of the host to be significantly associated with the OTU composition of
the gut microbiota. The environmental variables dominant vegetation, geographical distances
among traps and trapping site locations, and the host variables age, sex, condition and infec-
tion status were tested and showed no significant associations with the microbiota
composition.

Materials and methods

The following methods were approved by the University of Nottingham Animal Welfare and

Ethical Review Body and comply with the UK’s Animals (Scientific Procedures) Act of 1986.
Wild M. m. domesticus were caught on the Isle of May, Firth of Forth, Scotland, in October

2015. A total of 11 sampling sites were used as described by Taylor et al. 2019 [34]. At each site
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15 to 20 traps were laid using 10 separate transect points, each with one or two traps depending
on overall size of trapping site. Transect points were between 1 and 3 meters apart. We pre-
dominantly used Longworth (Longworth Scientific Instrument Co., Oxford, UK) or Ugglan
(Granhab, Gnosj6, Sweden) small animal traps and a small number of home-made “Jordan”
traps [35] constructed from drain pipes with a trapping mechanism inspired by Ugglan traps.
Traps were filled with hay and baited with a handful of birdseed and then checked twice a day,
morning and late afternoon, across a total of 4 days.

Each sampling site was categorised by plant species according to its dominant vegetation,
based on the most recent available survey of the island (van der Wal, unpublished). Dominant
plant species were Yorkshire fog Holcus lanatus and sea campion Silene maritima, or the cate-
gory “Both” was used for sites with equal abundance of these two plant species.

All captured mice were sexed and weighed; females displaying signs of pregnancy or lacta-
tion were released. A subset of animals per site were randomly selected to be culled to ensure
an even distribution of samples across the different sampling locations. Individuals selected for
culling were euthanized using rising levels of CO, and death confirmed by exsanguination, in
accordance with Schedule 1 of the Animals (Scientific Procedures) Act 1986. Immediately fol-
lowing euthanasia, mice were weighed and then dissected. The gastrointestinal tract was
removed and stored in 80% ethanol before detection of endoparasites under a dissection
microscope. Eyes were removed and stored in 80% formalin; lenses were later removed, dried
and weighed to estimate age in days as described in Rowe et al. 1985 [36]. Mass of the eye
lenses has been previously used to estimate age as the lenses grow throughout the animal’s life-
span [37]. Eye lens mass as predictor of age was compared to body mass, body length, tail
length, foot length and ear length in corn mice (Calomys musculinus) and was found to be the
most reliable measure of age compared to the other variables [38]. The use of eye lens weight
converted into age in days successfully allowed infants, juveniles and three age-classes of adults
to be distinguished in wild house mice (M. m. domesticus) [36,39].

A single sample of caecum tissue and content was collected from each individual, such that
variation among these caecum samples (hereafter, just “samples”) is representative of variation
among individuals. The sample was immediately snap frozen to preserve DNA yield and
stored at -80°C. DNA was extracted from samples using the PowerSoil DNA Isolation Kit
(MO BIO Laboratories, Inc.). This included a 20 minute bead beating step utilising the sup-
plied PowerBead tubes. Out of the 100 samples, 80 samples were selected after a two-step PCR
amplification was performed for quality control. The first round PCR utilised the bacterial 16S
rRNA primers 515F and 806R (16S region V4 primers [40]). Cycling conditions were 95°C for
3 minutes, followed by 25 cycles of 98°C (20 seconds), 60°C (15 seconds), 72°C (20 seconds),
and a final extension at 72°C for 5 minutes. The second stage PCR used Illumina Nextera PCR
library preparation kit containing Illumina adapters. The cycling conditions were 95°C (3
minutes), followed for 15 cycles at 95°C (30 seconds), 55°C (30 seconds), 72°C (30 seconds)
followed by extension at 72°C for 5 minutes. Following the two step PCR, MiSeq sequencing
was carried out using MiSeq V3 reagent kit and 500 sequencing cycles. Samples with less than
15,000 sequences were removed to minimise the loss of sequence information associated with
sub-sampling the dataset. Sequences were clustered at 97% identity threshold and chimera
removal was performed using USEARCH/UCHIME [41]. The resulting OTU sequences were
classified in Mothur [42] using the Silva reference files [43], with a confidence threshold of
80%, and eukaryotic, archaeal, mitochondrial and plastid sequences, along with those which
were unclassified at the domain level, were removed. Paired-end reads were quality checked
using FastQC [44], low-quality regions trimmed and only sequences with Q30 >90% were
kept, and finally, sequences were merged using BBmerge [45].
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All data analysis was carried out using R (R version 3.5.0; 2018-04-23) using the packages
Phyloseq [46] and Vegan [47]. Differences in number of reads among caecum samples was
accounted for by dividing each sequence count by the total number of reads in that sample,
yielding relative abundance measures [46], except in the case of differential expression analysis
for which raw sequence counts were used [48].

Body weight residuals were calculated from a linear model using the raw body weight as the
response variable and snout to vent length (including second and third order polynomial
terms) and sex as predictor variables. From this, negative or positive residual values identified
animals which were lower or higher than average weight (respectively) given their length and
sex. The residual values were used as a measure of condition as we made the assumption that
heavier than normal animals will have better nutritional reserves than abnormally light indi-
viduals. Weight residuals have previously been used by others as a method of assessing overall
condition of the animal [49].

Alpha diversity, the number and evenness of different OTUs within a sample, was calcu-
lated using both Shannon and Simpson indices. Results obtained from both the Shannon and
Simpson indices were qualitatively similar; we only present the Shannon index outputs here. A
linear model was used to investigate the associations between Shannon index and host vari-
ables: sex, age (based on eye lens weight and converted into age in days), body weight residuals
(as a proxy of condition), the trapping location of the host, T. muris intensity (log trans-
formed), S. obvelata intensity (log transformed) as well as vegetation at trapping site. Further-
more, the potential associations between S. obvelata intensity, on an individual level, and the
phylum Firmicutes was analysed using a linear model, which included the logged number of
OTUs belonging to the phylum Firmicutes as dependent variable and S. obvelata counts as the
independent variable, and similarly the potential relationship between the phylum Bacteroi-
detes and T. muris was investigated.

Beta diversity, the similarity of OTU composition among caecum samples, was measured
using UniFrac distance, a measure which takes phylogenetic distances into account [50], and
Bray-Curtis dissimilarity index. The Bray-Curtis index and UniFrac distance measures agreed
with each other with only one exception; in all other cases only the result from Bray-Curtis is
shown for simplicity. The one instance of difference in outcome between the two measures is
highlighted in the results section. Beta diversity was compared to host and environmental vari-
ables using permutational multivariate analysis of variance [51] based on the distance tables.
This was done using the Adonis function in R [47] with sex, age, T. muris and S. obvelata infec-
tion (log transformed), trapping location and health condition of the animals-measured using
weight residual as a representative of condition-as predictor variables and Bray-Curtis dissimi-
larity index or UniFrac distance index as the response. P values were estimated by comparing
pseudo-F values against 999 random permutations of the data [51]. We then followed up the
significant results from our analysis of beta diversity by testing for differential expression
among OTUs in the relevant variables (trapping location and sex) using the DESeq2 package
in R [52]. To identify OTUs driving the difference between males and females a Wald test was
performed on the log fold change data. To analyse the differences in OTUs among trapping
sites a likelihood ratio test was performed comparing a full model which included both sex and
location and a reduced model which only contained sex. An analysis of deviance captures the
difference in likelihood between the full and the reduced model.

To investigate the effect of physical distance between traps, a Mantel test was performed
comparing distance matrices from the GPS trap location data and the microbiota community
data from the caecum samples.

Principal Coordinates Analysis (PCoA) was used as a distance based ordination method to
produce PC1 and PC2 using the Bray-Curtis distance to use for plotting the variables.
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Fig 1. The relative abundance of bacterial phyla in the microbiota of wild mice. The different trapping sites are
along the x-axis and relative abundance of most common phyla along the y-axis. The figure is divided into two panels
containing females in the top panel and males in the bottom panel. The phylum Bacteroidetes is represented in red at
the top, Firmicutes are shown as green, Proteobacteria at the very bottom are shown in purple. Any other phyla were
grouped together and are represented in blue.

https://doi.org/10.1371/journal.pone.0222501.9001
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Results

Following removal of unusable samples, caecal microbiota data were obtained from a total of
79 mice.

Sequences obtained were clustered into a total of 3006 OTUs with 579 OTUs having 100 or
more reads across all samples, and the highest number of reads being 235268. The mean num-
ber of reads per caecum sample/mouse was 68839. Across all samples the phyla Firmicutes,
Bacteroidetes and Proteobacteria were the three most abundant at an average of 53%, 30.3%
and 9.9% respectively (Fig 1). Alpha diversity did not vary significantly with sex, age, trapping
location, weight residuals of the host, T. muris and S. obvelata presence or vegetation at trap-
ping site (Table 1). This suggests a stable alpha diversity across our population (Linear regres-
sion: residual standard error (SE) = 0.57, degrees of freedom (df) = 63, F = 0.53, p > 0.05).

Trapping location has a significant association with OTU composition

OTU composition showed a significant association with trapping location when using a per-
mutational multivariate analysis model based on Bray-Curtis dissimilarity index. The model
was used to test associations between the OTU composition of the host, representative of beta
diversity, and the predictor variables sex, age, trapping location, T. muris and S. obvelata infec-
tion (log transformed) and overall weight residuals (as a measure of condition) (Table 2).
Trapping location accounts for 15% of total microbiota OTU variation (R* = 0.15, p = 0.007,

Table 1. Variables of the individual host as well as its environment compared to microbiota alpha diversity using
alinear model. None of the variables tested showed a significant association with alpha diversity index (Shannon
index).

Variable Standard Error p-value Parameter estimates
Trapping Location 0.89 0.63 -0.41

Sex (Male) 0.061 0.93 -0.37

Age 0.046 0.91 -0.027

Weight Residuals 0.016 0.69 -0.41

Trichuris muris intensity (log) 0.12 0.21 -0.14

Syphacia obvelata intensity (log) 0.032 0.43 0.78

Dominant Vegetation (Silene maritima) 0.45 0.89 0.12

https://doi.org/10.1371/journal.pone.0222501.t001
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Table 2. Environmental and host variables were compared to OTU composition (Bray-Curtis index) using a per-
mutational multivariate analysis (Adonis).

Variable R® p-value Degrees of freedom
Trapping Location 0.15 0.009 * 10

Sex 0.018 0.034 * 1

Age (in days) 0.01 0.42 1

Weight Residuals 0.01 0.89 1

Trichuris muris infection (log) 0.013 0.51 1

Syphacia obvelata infection (log) 0.012 0.58 1

* significant at p < 0.05

https://doi.org/10.1371/journal.pone.0222501.t1002

df = 10; see Fig 2). Trapping location is the environmental variable that explains the most vari-
ance in OTU composition. A further 2% of overall variation can be explained by sex (Table 2).

We used differential expression analysis (DESeq2) to investigate which taxa were driving
the observed differences in microbiota among trapping locations. Trapping location was sig-
nificantly associated with relative abundance of 123 OTUs. A large proportion of these OTUs
(39%) belonged to the Lachnospiraceae, including the genera Roseburia, Dorea, Clostridium-
XIVa and Clostridium-XIVb. Overall, Lachnospiraceae comprised only 9.9% of the OTUs
recorded in this study, indicating that they were strongly over-represented in the associations
with trapping location (Table 3).

We did not find any significant association between GPS trap location data and the micro-
biota composition of the caecum (Mantel statistic r = 0.03, p = 0.27).

OTU composition of individuals shows potential differences between the
sexes but no differences driven by age

Using the Bray-Curtis dissimilarity index a significant difference in OTU composition was
found between male and female mice (Adonis, R* = 0.02, p = 0.04, df = 1; see Fig 2B). How-
ever, using weighted UniFrac distance instead of the Bray-Curtis index no significant associa-
tion was found in the model using the same variables (Adonis, R* = 0.014, p = 0.17, df = 1).
Age, parasite burden and weight residuals all showed no significant association with the beta
diversity (Table 2).

Differential expression analysis was utilised to establish which OTUs occurred at signifi-
cantly different proportions in females compared to males (Table 4). Out of 14 OTUs which
were found to be significantly more abundant in males compared to females, 7 belonged to the
family Lachnospiraceae, specifically belonging to the genera Robinsoniella, Blautia, Clostrid-
ium-XIVb and Clostridium-XIVa. Two of the OTUs belonged to the Ruminococcaceae family,
one of which was identified as part of the genus Pseudoflavonifractor.

Females had a total of 31 significantly more abundant OTUs compared to males, 5 of which
belonged to the family Lachnospiraceae. Four of the OTUs which were more abundant in
females belonged to the family Clostridiaceae and another 4 OTUs belonged to the
Porphyromonadaceae.

Infection with parasites does not significantly associate with microbiota
composition
The endoparasite species T. muris and S. obvelata occurred in a majority of mice (77.2%

infected with one or both parasites). The endoparasite Aspicularis tetrapetra and Hymenolepis
nana were each only detected in a single individual and were not included in any further
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Fig 2. A.Bray-Curtis dissimilarity index across trapping locations. Bray-Curtis dissimilarity index was used to
calculate the distance between individuals’ OTU composition and plotted using PC1 and PC2 from PCoA. PC1
represents 20.89% of the variance while PC2 represents 12.44% of the variance. Locations are shown as separate
colours and shapes to show differences within and between sites. Trapping sites were represented by their respective
abbreviations (BL = Burnet’s Leap, LL = Low Light, TTN = Three Tarns Nick, HR = Holyman’s Road, ML = Main
Light, HT = High Tarn, FS = Fluke Street, BY = Byres, K = Kettle, PR = Priory, SH = South Horn) and are the same as
used in Taylor et al. [34]. The OTU composition varies significantly among trapping locations across the island. B.
Bray-Curtis dissimilarity index between male and female mice. The same PCoA was used to display the difference
between male and female mice. Females are shown as black circles, males as grey triangles. A significant association
between sex and microbiota beta diversity was found (Adonis: R* = 0.02, p = 0.04.

https://doi.org/10.1371/journal.pone.0222501.9002

analyses. The only ectoparasites found were the fur mites Radfordia affinis, Myocoptes musculi-
nus and Myobia musculi and the northern rat flea (Nosopsyllus fasciatus) (Table 5).

Table 3. The bacterial families identified using a likelihood ratio test driving the difference between trapping

sites and the number of OTUs belonging to each family.

Family No. of OTUs Proportions in overall data (%)
Bacteroidaceae 3 0.6
Clostridiales 11 3
Firmicutes (unclassified) 6 1.3
Helicobacteraceae 2 0.7
Lachnospiraceae 48 9.9
Porphyromonadaceae 5 1.1
Ruminococcaceae 10 3.4
Rikenellaceae 3 0.4
Others 7 59
Unclassified 29 73.3

https://doi.org/10.1371/journal.pone.0222501.t1003

PLOS ONE | https://doi.org/10.1371/journal.pone.0222501

September 26, 2019

8/16


https://doi.org/10.1371/journal.pone.0222501.g002
https://doi.org/10.1371/journal.pone.0222501.t003
https://doi.org/10.1371/journal.pone.0222501

@ PLOS | O N E Impact of fine spatial scale on wild rodent gut microbiota

Table 4. DESeq2 analysis was performed to identify OTUs at Family level which had higher relative abundance in males compared to females and vice versa.

More abundant in males More abundant in females

Family No. OTUs Family No. OTUs
Lachnospiraceae 7 Bacteroidaceae 4
Ruminococcaceae 2 Clostridiaceae 4
Erysipelotrichaceae 1 Lachnospiraceae 5
Clostridiales 1 Porphyromonadaceae 4
Peptostreptococcaceae 1 Proteobacteria 1
Rikenellaceae 1 Unclassified 7
Unclassified 1 Other 4

https://doi.org/10.1371/journal.pone.0222501.t004

Using a linear model we specifically tested for changes in the abundance of OTUs belonging
to Firmicutes against observed S. obvelata presence, sex and age of the host but found no sig-
nificant associations (residual SE = 0.124, df = 73, F = 1.38, p > 0.05). We similarly tested for
an association between Bacteroidetes abundance and T. muris presence but found no signifi-
cant associations among variables (residual SE = 0.13, df = 73, F = 1.38, p > 0.05).

Discussion

Here, we report a significant association between the beta diversity of the wild mouse gut
microbiota and the trapping location of the individuals. Dominant vegetation species at trap-
ping locations did not directly impact the composition of the gut microbiota; however, the
exact vegetation composition may differ among our trapping locations and could potentially
lead to differences in dietary profiles of individual mice.

Differences in the microbiota composition of the gut in wild mice have commonly been
shown to be associated with geographical location, however, sampling distances in wild studies
range from up to 100km between trapping sites [13] to different countries [14]. This means
results will be confounded by local differences, such as host genetics, local infections and vege-
tation, among mouse populations [13,14,53]. The furthest distance between our trapping sites
on the Isle of May was 1.5km, on average our sites were spaced 100m apart and the mouse pop-
ulation is believed to be able to roam freely across the whole island with male and female terri-
tories spanning between 100m” up to 400m? [32]. Despite the small spatial scale of the present
study, trapping location was significantly associated with gut microbiota composition in our
mouse population. There was, however, no significant association between the geographical
distance among the individual traps and the microbiota composition. Therefore, while we
observe geographical variation in gut microbiota, this variation is not directly related to
distance.

There are several potential explanations to account for the small scale locational differences
and the observed variation in caecal microbiota composition. Animals living in close proxim-
ity are likely to be both genetically related and exposed to similar bacteria in the environment.

Table 5. The percentage of infected mice (prevalence) for the different, commonly found parasites.

Parasite species Prevalence
Trichuris muris 40.5
Syphacia obvelata 57
Radfordia affinis/ Myocoptes musculinus/ Myobia musculi 97.5
Nosopsyllus fasciatus 22.8

https://doi.org/10.1371/journal.pone.0222501.t1005
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Both male and female mice tend to remain within their home ranges with close overlap in
ranges between small groups or pairs of mice [31].

Vertical transmission can occur from mothers and close litter mates [8]. Similarly, individ-
uals which are directly related to one another may share a greater proportion of gut microbiota
composition than unrelated animals [54].

If we had detected a significant association between inter-trap distances and microbiota
composition, this would have provided support for the hypothesis that genetic diversity and
familial relationships explain the differences in microbiota among sites. On the other hand, we
still cannot rule out a possible role for genetic diversity here, as local patterns of genetic diver-
sity do not necessarily correlate perfectly with distance. For example, Suzuki et al. found that
variation in microbiota composition across several wild mouse populations was more strongly
associated with genetic variation than with geographic distance [55]. Alternatively, there could
be environmental differences among sites that are independent of our measure of dominant
vegetation type, such as availability of other food sources, which might explain the inter-site
differences. More detailed genetic and environmental data is required to distinguish between
these two hypotheses.

OTUs belonging to the families Lachnospiraceae and Ruminococcaceae were identified as
significantly shaping differences in microbiome composition among trapping sites. Both
Ruminococcaceae and Lachnospiraceae are involved in the breakdown of complex plant mate-
rials [56], such as cellulose, and are able to process plant polysaccharides [57] and have been
associated with changes in diet in response to high plant and fibre content [18,52,53]. The spe-
cialised role of these bacterial families could suggest a significant difference in available fibre
and vegetation among the trapping sites of the present study which drives the difference in
microbiota communities observed. Another study on wild house mice identified Bacteroides
(Bacteroidaceae), Robinsoniella (Lachnospiraceae) and Helicobacter (Helicobacteraceae) as
being significantly impacted by geographical variation of trapping site [14], all of which belong
to families also related to trapping location in this study.

The composition of the gut microbiota in wild mice captured on the Isle of May is made up
of the same common phyla as other rodent studies: Bacteroidetes, Firmicutes and Proteobac-
teria predominated and are the most common bacterial phyla across most mammalian species
[13,14,19]. Firmicutes have been found to be the most common phylum within wild rodent
microbiota compared to laboratory-reared individuals which often display higher levels of
Bacteroidetes [13,58]. This difference in dominant phylum has been shown to be associated
with differences in available diet or even access to food or periods of fasting which have been
shown to potentially increase the relative abundance of Bacteroidetes [59]. The diet of many
wild rodents changes with season, from plant and seed based to insect based depending on
food availability [53]. In particular Lactobacillus was found to be significantly increased in a
population of wild wood mice during spring compared to autumn and winter, which corre-
sponds to an increase in available insects, whilst Alistipes and Helicobacter were shown to be
more abundant in autumn than in spring, which coincides with an increase in available seeds
and a possible shift in the mouse diet [53]. It was found that the amount of food consumed dif-
fered between spring and autumn which may also impact on the composition of the gut micro-
biota [53]. Our mice were all trapped in October of 2015 so the differences we observed cannot
be due to seasonal variation.

The age of the host did not show any significant association with microbiota composition,
which is unsurprising as both human and murine studies have suggested stability of the micro-
bial composition over time within these host species [54,60]. Significant differences in micro-
biota compositions are only noted during infancy in the first few weeks and months of life
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[61], however, as we only sampled individuals post-weaning it is unlikely that we would have
sampled individuals young enough to note a difference with age.

We hypothesised that sex would show associations with differences in microbiota composi-
tion but found that it had no significant impact on the alpha diversity of the gut microbiota. In
the present study sex of the host had a possible association with the gut microbiota when using
the Bray-Curtis index, but this association was not significant when using UniFrac distance.
Sex driven differences in the composition of the gut microbiota have been found in mice but
are often reported as weak [53] to non-existent or negligible [13,29]. The difference in OTU
composition between male and female mice might be explained by differences in their diet.
Wild pikas (Ochotona curzoniae) were found to show distinctly individualised foraging prefer-
ences even within the same sampling location and had their own individual dietary profile
which in turn impacted their gut microbiota composition [62]. Though foraging differences
between the sexes were not specifically investigated it is possible that food profiles between
male and female wild rodents do differ and cause a change in gut microbiota composition
[22,62]. On the other hand, there is no specific evidence that male and female mice exhibit dif-
ferent foraging behaviour.

There are differences in the effect diet has on the microbiota between sexes in both fish and
mice [22]. Males showed an overall greater change in OTU abundance after a change in their
diet than females [22]. A weak relationship between diet driven changes of the microbiota and
host sex can also be detected in mammals such as mice [22]. These findings are based on the
assumption that males and females consume the same diet.

Another possible explanation for compositional differences between the sexes would be
hormone driven changes leading to differences in the microbiota [21,63]. Hormonal effects
are difficult to establish as they were shown to be obscured by variation in host genetics and
could only clearly be established in individuals belonging to the same genetic strain [21]. The
present study cannot conclusively establish a significant association between beta diversity and
sex as this association was not observed when utilising weighted UniFrac distance. Whilst
Bray-Curtis dissimilarity compares the differences in relative abundance between two sites, or
two individuals, weighted UniFrac also considers phylogenetic distances. The lack of signifi-
cant association with UniFrac distances may indicate that while OTU counts differ between
males and females, the taxa present are similar and therefore phylogenetic distances are not
large.

No association was found between parasite infections and the gut microbiota composition
in the present study. Based on the results from other studies [29,53,64] we expected to see that
individuals infected with parasites—in particular S. obvelata and T. muris—would show differ-
ences in their microbiota composition compared to non-infected individuals. A study on wild
mice (Apodemus flavicollis) showed an alteration in the gut microbiota composition to be asso-
ciated with Heligmosomoides polygyrus, Syphacia spp. and Hymenolepis spp. infections [29].
The presence of T. muris infection in mice has also been associated with a relative increase in
the abundance of the Lactobacillus genus in the gut [6]. Increased abundance of bacteria in the
large intestine has been positively associated with the hatching of T. muris eggs suggesting that
this gastrointestinal parasite requires the physical structure provided by a number of different
bacteria [64].

We did not find an association between T. muris and S. obvelata infection and the alpha or
beta composition of the microbiota in Isle of May mice. This may be due to sampling only one
site of the gastro-intestinal tract. The presence of nematodes in the gut has been shown to
influence the gut microbiota in a very gut site specific manner [29]. One of the most notable
interactions between parasite and microbiota composition occurred in the small intestine of
individuals infected with the tapeworm Hymenolepis nana where there was an increase of the
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Bacteroidetes species S24-7 [29]. Similarly, laboratory reared C57BL/6 mice showed significant
shifts in their microbiota composition when artificially infected by Heligmosomoides polygyrus
bakeri [27]. The changes in the microbiota composition could, however, only be identified in
the ileum which is the helminth’s typical niche in its host [27]. Microbiota samples from the
caecum of the infected host did not show any compositional changes suggesting that helminth
infection affects the immediate surrounding gut microbiota but not necessarily throughout the
gastrointestinal tract [27,29]. By sampling multiple sites within the mouse gut we may in the
future be able to establish associations between different gut endoparasite infections and the
gut microbiota composition.

Collecting detailed vegetation data at our sites as well as analysing gut contents to identify
the diet of mice would help in establishing causality between dietary differences and micro-
biota compositional changes. Additionally, collecting longitudinal data would give a greater
insight into variation over time allowing observation of changes occurring in host’s biology
such as in parasite infections or body condition and comparing them to differences in micro-
biota composition. As well as determining causality for geographical differences in the micro-
biota, longitudinal monitoring could offer an insight into fitness benefits of microbiota
composition when considering reproductive success and longevity of the host.

In the present study the relative abundance of bacterial OTUs was utilised to investigate
associations with environmental and biological variables. In some contexts, analysing the abso-
lute abundance of bacterial taxa can give greater ability to distinguish among individuals. For
example, differences between patients suffering from Crohn’s disease and healthy individuals
were associated with absolute changes in bacterial numbers [65]. However it was not possible
to examine differences in absolute abundance of bacteria with the data gathered in this study
as cell counts and qPCR assessment of bacterial loads would have been needed for this type of
analysis. Furthermore, by focusing on relative abundance we have been able to compare our
results more directly to similar studies as it is currently a more common approach.

In summary, we found that there is significant variation in gut microbiota diversity even
over very small distances which highlights geographical location and relative distance between
sampling sites as an important consideration for future microbiota studies.

Supporting information

S1 Data. Dissection data Isle of May mice. A spreadsheet containing data associated with the
dissection of the mice captured on the Isle of May.
(CSV)

$2 Data. OTU counts table. A spreadsheet containing count data for each OTU across all
individual samples.
(CSV)

$3 Data. OTU taxonomy table. A spreadsheet listing taxonomic classification for each identi-
fied OTU.
(CSV)

Acknowledgments

The authors would like to thank Scottish National Heritage for permission to carry out work
on the Isle of May, and David Steel (Scottish National Heritage); René van der Wal for provid-
ing data on vegetation distributions on the island; Andrew Wolfenden for comments on the
manuscript. In addition we would like to acknowledge the helpful comments made by two
anonymous referees which has significantly improved the manuscript.

PLOS ONE | https://doi.org/10.1371/journal.pone.0222501 September 26, 2019 12/16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0222501.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0222501.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0222501.s003
https://doi.org/10.1371/journal.pone.0222501

@ PLOS|ONE

Impact of fine spatial scale on wild rodent gut microbiota

This work was supported by The Natural Environment Research Council (NERC) [grant
number NE/L002604/1] as part of the Envision Doctoral Training Programme studentship
which was awarded to SG. This work was also supported by the Biotechnology and Biological
Sciences Research Council [grant number BB/J014508/1], a Doctoral Training Programme
studentship awarded to SY and JF.

Author Contributions
Conceptualization: Andrew D. C. MacColl, Janette E. Bradley.

Data curation: Sarah Goertz, Alexandre B. de Menezes, Richard J. Birtles, Jonathan Fenn,
Ann E. Lowe, Benoit Poulin, Stuart Young, Christopher H. Taylor.

Formal analysis: Sarah Goertz, Alexandre B. de Menezes, Christopher H. Taylor.
Investigation: Sarah Goertz, Janette E. Bradley, Christopher H. Taylor.
Methodology: Sarah Goertz, Richard J. Birtles, Benoit Poulin, Christopher H. Taylor.
Software: Alexandre B. de Menezes.

Supervision: Andrew D. C. MacColl, Janette E. Bradley, Christopher H. Taylor.
Validation: Janette E. Bradley.

Writing - original draft: Sarah Goertz.

Writing - review & editing: Alexandre B. de Menezes, Richard J. Birtles, Jonathan Fenn, Ann
E. Lowe, Andrew D. C. MacColl, Benoit Poulin, Stuart Young, Janette E. Bradley, Christo-
pher H. Taylor.

References

1. Thomas F, Hehemann JH, Rebuffet E, Czjzek M, Michel G. Environmental and gut Bacteroidetes: The
food connection. Front Microbiol. 2011; https://doi.org/10.3389/fmicb.2011.00093 PMID: 21747801

2. Round JL, Mazmanian SK. The gut microbiota shapes intestinal immune responses during health and
disease. Nat Rev Immunol. 2009; https://doi.org/10.1038/nri2515 PMID: 19343057

3. AtarashiK, Tanoue T, Oshima K, Suda W, Nagano Y, Nishikawa H, et al. Treg induction by a rationally
selected mixture of Clostridia strains from the human microbiota. Nature. 2013; https://doi.org/10.1038/
nature12331 PMID: 23842501

4. Clarke G, Grenham S, Scully P, Fitzgerald P, Moloney RD, Shanahan F, et al. The microbiome-gut-
brain axis during early life regulates the hippocampal serotonergic system in a sex-dependent manner.
Mol Psychiatry.; 2013; https://doi.org/10.1038/mp.2012.77 PMID: 22688187

5. Langille MGI, Meehan CJ, Koenig JE, Dhanani AS, Rose RA, Howlett SE, et al. Microbial shifts in the
aging mouse gut. Microbiome. 2014; https://doi.org/10.1186/s40168-014-0050-9 PMID: 25520805

6. Holm JB, Sorobetea D, Kiilerich P, Ramayo-Caldas Y, Estellé J, Ma T, et al. Chronic Trichuris muris
infection decreases diversity of the intestinal microbiota and concomitantly increases the abundance of
Lactobacilli. PLoS One. 2015; https://doi.org/10.1371/journal.pone.0125495 PMID: 25942314

7. Dominianni C, Sinha R, Goedert JJ, Pei Z, Yang L, Hayes RB, et al. Sex, body mass index, and dietary
fiber intake influence the human gut microbiome. PLoS One. 2015; https://doi.org/10.1371/journal.
pone.0124599 PMID: 25874569

8. Benson AK, Kelly SA, Legge R, Ma F, Low SJ, Kim J, et al. Individuality in gut microbiota composition is
a complex polygenic trait shaped by multiple environmental and host genetic factors. Proc Natl Acad
Sci. 2010; https://doi.org/10.1073/pnas.1007028107 PMID: 20937875

9. Bonder MJ, Kurilshikov A, Tigchelaar EF, Mujagic Z, Imhann F, Vila AV, et al. The effect of host genetics
on the gut microbiome. Nat Genet. 2016; https://doi.org/10.1038/ng.3663 PMID: 27694959

10. Vaishampayan PA, Kuehl J V., Froula JL, Morgan JL, Ochman H, Francino MP. Comparative metage-
nomics and population dynamics of the gut microbiota in mother and infant. Genome Biol Evol. 2010;
https://doi.org/10.1093/gbe/evp057 PMID: 20333224

PLOS ONE | https://doi.org/10.1371/journal.pone.0222501 September 26, 2019 13/16


https://doi.org/10.3389/fmicb.2011.00093
http://www.ncbi.nlm.nih.gov/pubmed/21747801
https://doi.org/10.1038/nri2515
http://www.ncbi.nlm.nih.gov/pubmed/19343057
https://doi.org/10.1038/nature12331
https://doi.org/10.1038/nature12331
http://www.ncbi.nlm.nih.gov/pubmed/23842501
https://doi.org/10.1038/mp.2012.77
http://www.ncbi.nlm.nih.gov/pubmed/22688187
https://doi.org/10.1186/s40168-014-0050-9
http://www.ncbi.nlm.nih.gov/pubmed/25520805
https://doi.org/10.1371/journal.pone.0125495
http://www.ncbi.nlm.nih.gov/pubmed/25942314
https://doi.org/10.1371/journal.pone.0124599
https://doi.org/10.1371/journal.pone.0124599
http://www.ncbi.nlm.nih.gov/pubmed/25874569
https://doi.org/10.1073/pnas.1007028107
http://www.ncbi.nlm.nih.gov/pubmed/20937875
https://doi.org/10.1038/ng.3663
http://www.ncbi.nlm.nih.gov/pubmed/27694959
https://doi.org/10.1093/gbe/evp057
http://www.ncbi.nlm.nih.gov/pubmed/20333224
https://doi.org/10.1371/journal.pone.0222501

@ PLOS|ONE

Impact of fine spatial scale on wild rodent gut microbiota

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

Tannock GW, Fuller R, Smith SL, Hall MA. Plasmid profiling of members of the family Enterobacteria-
ceae, Lactobacilli, and Bifidobacteria to study the transmission of bacteria from mother to infant. J Clin
Microbiol. 1990; 28,6:1225-8. PMID: 2380352

Thompson CL, Wang B, Holmes AJ. The immediate environment during postnatal development has
long-term impact on gut community structure in pigs. ISME J. 2008; https://doi.org/10.1038/ismej.2008.
29 PMID: 18356821

Weldon L, Abolins S, Lenzi L, Bourne C, Riley EM, Viney M. The gut microbiota of wild mice. PLoS One.
2015; https://doi.org/10.1371/journal.pone.0134643 PMID: 26258484

Linnenbrink M, Wang J, Hardouin EA, Kiinzel S, Metzler D, Baines JF. The role of biogeography in
shaping diversity of the intestinal microbiota in house mice. Mol Ecol. 2013; https://doi.org/10.1111/
mec.12206 PMID: 23398547

Suzuki TA, Martins FM, Nachman MW. Altitudinal variation of the gut microbiota in wild house mice. Mol
Ecol. 2018; https://doi.org/10.1111/mec.14905 PMID: 30346069

Yatsunenko T, Rey FE, Manary MJ, Trehan |, Dominguez-Bello MG, Contreras M, et al. Human gut
microbiome viewed across age and geography. Nature. 2012; https://doi.org/10.1038/nature11053
PMID: 22699611

Kreisinger J, Cizkova D, Vohanka J, Pidlek J. Gastrointestinal microbiota of wild and inbred individuals
of two house mouse subspecies assessed using high-throughput parallel pyrosequencing. Mol Ecol.
2014; https://doi.org/10.1111/mec.12909 PMID: 25204516

Amato KR, Martinez-Mota R, Righini N, Raguet-Schofield M, Corcione FP, Marini E, et al. Phylogenetic
and ecological factors impact the gut microbiota of two Neotropical primate species. Oecologia.; 2016;
https://doi.org/10.1007/s00442-015-3507-z PMID: 26597549

Wang J, Linnenbrink M, Kiinzel S, Fernandes R, Nadeau M-J, Rosenstiel P, et al. Dietary history con-
tributes to enterotype-like clustering and functional metagenomic content in the intestinal microbiome of
wild mice. Proc Natl Acad Sci. 2014; https://doi.org/10.1073/pnas.1402342111 PMID: 24912178

Hildebrand F, Nguyen TLA, Brinkman B, Yunta RG, Cauwe B, Vandenabeele P, et al. Inflammation-
associated enterotypes, host genotype, cage and inter-individual effects drive gut microbiota variation
in common laboratory mice. Genome Biol. 2013; hitps://doi.org/10.1186/gb-2013-14-1-r4 PMID:
23347395

Org E, Mehrabian M, Parks BW, Shipkova P, Liu X, Drake TA, et al. Sex differences and hormonal
effects on gut microbiota composition in mice. Gut Microbes; 2016; https://doi.org/10.1080/19490976.
2016.1203502 PMID: 27355107

Bolnick DI, Snowberg LK, Hirsch PE, Lauber CL, Org E, Parks B, et al. Individual diet has sex-depen-
dent effects on vertebrate gut microbiota. Nat Commun. 2014; https://doi.org/10.1038/ncomms5500
PMID: 25072318

Yurkovetskiy L, Burrows M, Khan AA, Graham L, Volchkov P, Becker L, et al. Gender bias in autoimmu-
nity is influenced by microbiota. Immunity.; 2013; https://doi.org/10.1016/j.immuni.2013.08.013 PMID:
23973225

Arumugam M, Raes J, Pelletier E, Le Paslier D, Yamada T, Mende DR, et al. Enterotypes of the human
gut microbiome. Nature. 2011; https://doi.org/10.1038/nature09944 PMID: 21508958

Snijders AM, Langley SA, Kim Y-M, Brislawn CJ, Noecker C, Zink EM, et al. Influence of early life expo-
sure, host genetics and diet on the mouse gut microbiome and metabolome. Nat Microbiol. 2016;
https://doi.org/10.1038/nmicrobiol.2016.221 PMID: 27892936

McKenney EA, Williamson L, Yoder AD, Rawls JF, Bilbo SD, Parker W. Alteration of the rat cecal micro-
biome during colonization with the helminth Hymenolepis diminuta. Gut Microbes. 2015; https://doi.org/
10.1080/19490976.2015.1047128 PMID: 25942385

Walk ST, Blum AM, Ewing SA-S, Weinstock J V., Young VB. Alteration of The Murine Gut Microbiota
During Infection with the parasitic helminth, Heligmosomoides polygyrus. Inflamm Bowel Dis. 2010;
https://doi.org/10.1002/ibd.21299 PMID: 20848461

Reynolds LA, Finlay BB, Maizels RM. Cohabitation in the Intestine: Interactions among Helminth Para-
sites, Bacterial Microbiota, and Host Immunity. J Immunol. 2015; https://doi.org/10.4049/jimmunol.
1501432 PMID: 26477048

Kreisinger J, Bastien G, Hauffe HC, Marchesi J, Perkins SE. Interactions between multiple helminths
and the gut microbiota in wild rodents. Philos Trans R Soc B Biol Sci. 2015; https://doi.org/10.1098/rstb.
2014.0295 PMID: 26150661

Berry RJ. The Evolution of an Island Population of the House Mouse. Source Evol. 1964; https://doi.org/
10.1111/j.1558-5646.1964.tb01623.x

Triggs GS. The population ecology of house mice (Mus domesticus) on the Isle of May, Scotland. J
Zool. 1991; https://doi.org/10.1111/j.1469-7998.1991.tb03828.x

PLOS ONE | https://doi.org/10.1371/journal.pone.0222501 September 26, 2019 14/16


http://www.ncbi.nlm.nih.gov/pubmed/2380352
https://doi.org/10.1038/ismej.2008.29
https://doi.org/10.1038/ismej.2008.29
http://www.ncbi.nlm.nih.gov/pubmed/18356821
https://doi.org/10.1371/journal.pone.0134643
http://www.ncbi.nlm.nih.gov/pubmed/26258484
https://doi.org/10.1111/mec.12206
https://doi.org/10.1111/mec.12206
http://www.ncbi.nlm.nih.gov/pubmed/23398547
https://doi.org/10.1111/mec.14905
http://www.ncbi.nlm.nih.gov/pubmed/30346069
https://doi.org/10.1038/nature11053
http://www.ncbi.nlm.nih.gov/pubmed/22699611
https://doi.org/10.1111/mec.12909
http://www.ncbi.nlm.nih.gov/pubmed/25204516
https://doi.org/10.1007/s00442-015-3507-z
http://www.ncbi.nlm.nih.gov/pubmed/26597549
https://doi.org/10.1073/pnas.1402342111
http://www.ncbi.nlm.nih.gov/pubmed/24912178
https://doi.org/10.1186/gb-2013-14-1-r4
http://www.ncbi.nlm.nih.gov/pubmed/23347395
https://doi.org/10.1080/19490976.2016.1203502
https://doi.org/10.1080/19490976.2016.1203502
http://www.ncbi.nlm.nih.gov/pubmed/27355107
https://doi.org/10.1038/ncomms5500
http://www.ncbi.nlm.nih.gov/pubmed/25072318
https://doi.org/10.1016/j.immuni.2013.08.013
http://www.ncbi.nlm.nih.gov/pubmed/23973225
https://doi.org/10.1038/nature09944
http://www.ncbi.nlm.nih.gov/pubmed/21508958
https://doi.org/10.1038/nmicrobiol.2016.221
http://www.ncbi.nlm.nih.gov/pubmed/27892936
https://doi.org/10.1080/19490976.2015.1047128
https://doi.org/10.1080/19490976.2015.1047128
http://www.ncbi.nlm.nih.gov/pubmed/25942385
https://doi.org/10.1002/ibd.21299
http://www.ncbi.nlm.nih.gov/pubmed/20848461
https://doi.org/10.4049/jimmunol.1501432
https://doi.org/10.4049/jimmunol.1501432
http://www.ncbi.nlm.nih.gov/pubmed/26477048
https://doi.org/10.1098/rstb.2014.0295
https://doi.org/10.1098/rstb.2014.0295
http://www.ncbi.nlm.nih.gov/pubmed/26150661
https://doi.org/10.1111/j.1558-5646.1964.tb01623.x
https://doi.org/10.1111/j.1558-5646.1964.tb01623.x
https://doi.org/10.1111/j.1469-7998.1991.tb03828.x
https://doi.org/10.1371/journal.pone.0222501

@ PLOS|ONE

Impact of fine spatial scale on wild rodent gut microbiota

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Berry RJ, Triggs GS, King P, Nash HR, Noble LR. Hybridization and gene flow in house mice introduced
into an existing population on an island. J Zool. 1991; https://doi.org/10.1111/j.1469-7998.1991.
tb04329.x

Berry RJ. House Mouse Mus domesticus. Handbook of British Mammals. Corbet GB, Harris S, editors.
Handbook of British Mammals. 1991. 239-247.

Taylor CH, Young S, Fenn J, Lamb AL, Lowe AE, Poulin B, et al. Inmune state is associated with natu-
ral dietary variation in wild mice Mus musculus domesticus. Funct Ecol. 2019; https://doi.org/10.1111/
1365-2435.13354

Kettel EF, Perrow MR, Reader T. Live-trapping in the stalk zone of tall grasses as an effective way of
monitoring harvest mice (Micromys minutus). Eur J Wildl Res. 2016; https://doi.org/10.1007/s10344-
016-0985-1

Rowe F, Bradfield A, Quy R, Swinney T. Relationship Between Eye Lens Weight and Age in the Wild
House Mouse (Mus musculus). J Appl Ecol. 1985; https://doi.org/22.55.10.2307/2403326

Augusteyn RC. Growth of the eye lens: |. Weight accumulation in multiple species. Mol Vis. 2014;
20:410-26. PMID: 24715758

Carreno NB, Brigada AM, Rosi MI, Castro-Vazquez A. Estimating Ages of Corn Mice (Calomys musculi-
nus). J Mammal. 1990; https://doi.org/10.2307/1381964

Abolins S, King EC, Lazarou L, Weldon L, Hughes L, Drescher P, et al. The comparative immunology of
wild and laboratory mice, Mus musculus domesticus. Nat Commun. 2017; https://doi.org/10.1038/
ncomms14811 PMID: 28466840

Caporaso JG, Lauber CL, Walters WA, Berg-Lyons D, Lozupone CA, Turnbaugh PJ, et al. Global pat-
terns of 16S rRNA diversity at a depth of millions of sequences per sample. PNAS. 2011; https://doi.org/
10.1073/pnas.1000080107 PMID: 20534432

Edgar RC, Haas BJ, Clemente JC, Quince C, Knight R. UCHIME improves sensitivity and speed of chi-
mera detection. Bioinformatics. 2011; https://doi.org/10.1093/bioinformatics/btr381 PMID: 21700674

Schloss PD, Westcott SL, Ryabin T, Hall JR, Hartmann M, Hollister EB, et al. Introducing mothur:
Open-source, platform-independent, community-supported software for describing and comparing
microbial communities. Appl Environ Microbiol. 2009; https://doi.org/10.1128/AEM.01541-09 PMID:
19801464

Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, et al. The SILVA ribosomal RNA gene
database project: Improved data processing and web-based tools. Nucleic Acids Res. 2013; https://doi.
org/10.1093/nar/gks1219 PMID: 23193283

Andrews S. FastQC: a quality control tool for high throughput sequence data. 2010. Available online at:
http://www.bioinformatics.babraham.ac.uk/projects/fastqc.

Bushnell B, Rood J, Singer E. BBMerge—Accurate paired shotgun read merging via overlap. PLoS One.
2017; https://doi.org/10.1371/journal.pone.0185056 PMID: 29073143

McMurdie PJ, Holmes S. Phyloseq: An R Package for Reproducible Interactive Analysis and Graphics
of Microbiome Census Data. PLoS One. 2013; https://doi.org/10.1371/journal.pone.0061217 PMID:
23630581

Oksanen J, Blanchet FG, Kindt R, Legendre P, Minchin PR, Hara RBO, et al. Package ‘vegan’ version
2.3—1.2015. Available online at: https://www.cran.r-project.org/web/packages/vegan/vegan.pdf.

McMurdie PJ, Holmes S. Waste Not, Want Not: Why Rarefying Microbiome Data Is Inadmissible. PLoS
Comput Biol. 2014; https://doi.org/10.1371/journal.pcbi. 1003531 PMID: 24699258

Schulte-Hostedde Al, Millar JS, Hickling GJ. Evaluating body condition in small mammals. Can J Zool.
2011; https://doi.org/10.1139/z01-073

Lozupone C, Knight R, Lozupone C, Knight R. UniFrac: a New Phylogenetic Method for Comparing
Microbial Communities. Appl Environ Microbiol. 2005; https://doi.org/10.1128/AEM.71.12.8228-8235.
2005

Anderson MJ. A new method for non-parametric multivariate analysis of variance. Austral Ecol. 2001;
https://doi.org/10.1111/j.1442-9993.2001.01070.pp.x

Love AM, Anders S, Huber W, Love MM. Moderated estimation of fold change and dispersion for RNA-
seq data with DESeq2. Available online at: https://www.github.com/mikelove/DESeq?2.

Maurice CF, Cl Knowles S, Ladau J, Pollard KS, Fenton A, Pedersen AB, et al. Marked seasonal varia-
tion in the wild mouse gut microbiota. ISME J. 2015; https://doi.org/10.1038/ismej.2015.53 PMID:
26023870

Biddle A, Stewart L, Blanchard J, Leschine S. Untangling the genetic basis of fibrolytic specialization by
lachnospiraceae and ruminococcaceae in diverse gut communities. Diversity. 2013; https://doi.org/10.
3390/d5020374

PLOS ONE | https://doi.org/10.1371/journal.pone.0222501 September 26, 2019 15/16


https://doi.org/10.1111/j.1469-7998.1991.tb04329.x
https://doi.org/10.1111/j.1469-7998.1991.tb04329.x
https://doi.org/10.1111/1365-2435.13354
https://doi.org/10.1111/1365-2435.13354
https://doi.org/10.1007/s10344-016-0985-1
https://doi.org/10.1007/s10344-016-0985-1
https://doi.org/22.55.10.2307/2403326
http://www.ncbi.nlm.nih.gov/pubmed/24715758
https://doi.org/10.2307/1381964
https://doi.org/10.1038/ncomms14811
https://doi.org/10.1038/ncomms14811
http://www.ncbi.nlm.nih.gov/pubmed/28466840
https://doi.org/10.1073/pnas.1000080107
https://doi.org/10.1073/pnas.1000080107
http://www.ncbi.nlm.nih.gov/pubmed/20534432
https://doi.org/10.1093/bioinformatics/btr381
http://www.ncbi.nlm.nih.gov/pubmed/21700674
https://doi.org/10.1128/AEM.01541-09
http://www.ncbi.nlm.nih.gov/pubmed/19801464
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1093/nar/gks1219
http://www.ncbi.nlm.nih.gov/pubmed/23193283
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
https://doi.org/10.1371/journal.pone.0185056
http://www.ncbi.nlm.nih.gov/pubmed/29073143
https://doi.org/10.1371/journal.pone.0061217
http://www.ncbi.nlm.nih.gov/pubmed/23630581
https://www.cran.r-project.org/web/packages/vegan/vegan.pdf
https://doi.org/10.1371/journal.pcbi.1003531
http://www.ncbi.nlm.nih.gov/pubmed/24699258
https://doi.org/10.1139/z01-073
https://doi.org/10.1128/AEM.71.12.82288235.2005
https://doi.org/10.1128/AEM.71.12.82288235.2005
https://doi.org/10.1111/j.1442-9993.2001.01070.pp.x
https://www.github.com/mikelove/DESeq2
https://doi.org/10.1038/ismej.2015.53
http://www.ncbi.nlm.nih.gov/pubmed/26023870
https://doi.org/10.3390/d5020374
https://doi.org/10.3390/d5020374
https://doi.org/10.1371/journal.pone.0222501

@ PLOS|ONE

Impact of fine spatial scale on wild rodent gut microbiota

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Suzuki TA, Phifer-Rixey M, Mack KL, Sheehan MJ, Lin D, Bi K, et al. Host genetic determinants of the
gut microbiota of wild mice. Mol Ecol. 2019; https://doi.org/10.1111/mec.15139 PMID: 31141224

Flint HJ, Bayer EA, Rincon MT, Lamed R, White BA. Polysaccharide utilization by gut bacteria: Potential
for new insights from genomic analysis. Nat Rev Microbiol. 2008; https://doi.org/10.1038/nrmicro1817
PMID: 18180751

Rogers GB, Kozlowska J, Keeble J, Metcalfe K, Fao M, Dowd SE, et al. Functional divergence in gastro-
intestinal microbiota in physically-separated genetically identical mice. Sci Rep. 2014; https://doi.org/
10.1038/srep05437 PMID: 24961643

Kotzampassi K, Giamarellos-bourboulis EJ, Stavrou G. Bacteria and Obesity: The Proportion Makes
the Difference. Surg Curr Res. 2013; https://doi.org/10.4172/2161-1076.1000152

Eckburg PB, Bik EM, Bernstein CN, Purdom E, Dethlefsen L, Sargent M, et al. Diversity of the Human
Intestinal Microbial Flora. Science. 2005; https://doi.org/10.1126/science.1110591 PMID: 15831718

Benson AK, Kelly SA, Legge R, Ma F, Low SJ, Kim J, et al. Individuality in gut microbiota composition is
a complex polygenic trait shaped by multiple environmental and host genetic factors. Proc Natl Acad
Sci. 2010; https://doi.org/10.1073/pnas.1007028107 PMID: 20937875

Palmer C, Bik EM, DiGiulio DB, Relman DA, Brown PO. Development of the human infant intestinal
microbiota. PLoS Biol. 2007; https://doi.org/10.1371/journal.pbio.0050177 PMID: 17594176

LiH, Li T, Beasley DAE, Hedénec P, Xiao Z, Zhang S, et al. Diet diversity is associated with beta but not
alpha diversity of pika gut microbiota. Front Microbiol. 2016; https://doi.org/10.3389/fmicb.2016.01169
PMID: 27512391

Markle JGM, Frank DN, Mortin-Toth S, Robertson CE, Feazel LM, Rolle-Kampczyk U, et al. Sex Differ-
ences in the Gut. Science. 2013; https://doi.org/10.5534/wjmh.190009 PMID: 30929328

Hayes KS, Bancroft AJ, Goldrick M, Portsmouth C, Roberts IS, Grencis RK. Exploitation of the Intestinal
Microflora by the Parasitic Nematode Trichuris muris. Science. 2010; https://doi.org/10.1126/science.
1187703 PMID: 20538949

Vandeputte D, Kathagen G, D’hoe K, Vieira-Silva S, Valles-Colomer M, Sabino J, et al. Quantitative
Microbiome profiling links gut community variation to microbial load. Nature. 2017; https://doi.org/10.
1038/nature24460 PMID: 29143816

PLOS ONE | https://doi.org/10.1371/journal.pone.0222501 September 26, 2019 16/16


https://doi.org/10.1111/mec.15139
http://www.ncbi.nlm.nih.gov/pubmed/31141224
https://doi.org/10.1038/nrmicro1817
http://www.ncbi.nlm.nih.gov/pubmed/18180751
https://doi.org/10.1038/srep05437
https://doi.org/10.1038/srep05437
http://www.ncbi.nlm.nih.gov/pubmed/24961643
https://doi.org/10.4172/2161-1076.1000152
https://doi.org/10.1126/science.1110591
http://www.ncbi.nlm.nih.gov/pubmed/15831718
https://doi.org/10.1073/pnas.1007028107
http://www.ncbi.nlm.nih.gov/pubmed/20937875
https://doi.org/10.1371/journal.pbio.0050177
http://www.ncbi.nlm.nih.gov/pubmed/17594176
https://doi.org/10.3389/fmicb.2016.01169
http://www.ncbi.nlm.nih.gov/pubmed/27512391
https://doi.org/10.5534/wjmh.190009
http://www.ncbi.nlm.nih.gov/pubmed/30929328
https://doi.org/10.1126/science.1187703
https://doi.org/10.1126/science.1187703
http://www.ncbi.nlm.nih.gov/pubmed/20538949
https://doi.org/10.1038/nature24460
https://doi.org/10.1038/nature24460
http://www.ncbi.nlm.nih.gov/pubmed/29143816
https://doi.org/10.1371/journal.pone.0222501

