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Microbiome studies generally focus on the gutmicrobiome,which is composed of a large proportion of commen-
sal bacteria. Herewepropose a first analysis of the livermicrobiomeusingnext generation sequencing as a tool to
detect potentially pathogenic strains.We used Peromyscus leucopus, the main reservoir host species of Lyme dis-
ease in eastern North America, as a model and sequenced V5-V6 regions of the 16S gene from 18 populations in
southernQuebec (Canada). The Lactobacillus genuswas found to dominate the livermicrobiome.We also detect-
ed a large proportion of individuals infected by Bartonella vinsonii arupensis, a humanpathogenic bacteria respon-
sible for endocarditis, aswell as Borrelia burgdorferi, the pathogen responsible for Lyme disease in North America.
We then compared the microbiomes among two P. leucopus genetic clusters occurring on either side of the St.
Lawrence River, and did not detect any effect of the host genotype on their liver microbiome assemblage. Finally,
we report, for thefirst time, thepresence of B. burgdorferi in a smallmammal host from the northern side of the St.
Lawrence River, in support of models that have predicted the northern spread of Lyme disease in Canada.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

As many as 6 out of 10 emerging infectious diseases worldwide are
zoonotic, which means they are spread by wildlife (Johnson et al.,
2015). Infectious diseases cause 9.6 million human deaths yearly
(Lozano et al., 2013), while zoonoses represent over 1 billion cases of
human illness (Karesh et al., 2012). Salmonellosis, avian flu, Lyme dis-
ease, West Nile virus, Dengue, malaria or chikungunya are among the
most common zoonotic diseases. The latter three are endemic to the
tropics, while the others can also be contracted in temperate regions.

With the recent development of next generation sequencing (NGS)
techniques, microbiome-based studies have become increasingly com-
mon, allowing direct detection of bacteria without the need to go
through any culture steps (Weinstock, 2012). An overwhelming major-
ity of microbiome studies have focused on the gut microbiome, while
other organs such as lung, liver or spleen are underrepresented (Can
et al., 2014; Yun et al., 2014; Dickson and Huffnagle, 2015). Further-
more, only a few studies have been conducted on wild species'
microbiomes (Phillips et al., 2012; Linnenbrink et al., 2013; Minard et
al., 2015; Sanders et al., 2015). Yet NGS techniques represent a very
promising tool for monitoring the emergence and spread of zoonotic
aboratory, University of Liège,
diseases through the direct detection of pathogens in vectors and
reservoirs.

Here we screened the microbiome of a common disease reservoir,
the white-footed mouse (Peromyscus leucopus), a key species in the ep-
idemiology of Lyme disease in eastern North America (Ostfeld et al.,
2014). The white-footed mouse is a rodent host for the black-legged
tick (Ixodes scapularis), the vector of Borrelia burgdorferi, the pathogen
causing Lyme disease in North America. The white-footed mouse is a
highly competent reservoir for B. burgdorferi, and can transmit B.
burgdorferi back to ticks feeding on it in N90% of cases (Mather et al.,
1989). Peromyscus leucopus is also a reservoir for other human patho-
gens such as Bartonella sp. and Babesia sp. (Hofmeister et al., 1998).
The Bartonella genus in particular was found to be highly prevalent in
P. leucopus individuals from Minnesota and Wisconsin (Hofmeister et
al., 1998).

Thewhite-footedmouse is awidespread rodent species that is found
throughoutmost of eastern North America (Lackey et al., 1985), and the
northern limit of its distribution range is shifting rapidly into southern
Quebec at an estimated rate of 10 km/yr in response to global warming
(Roy-Dufresne et al., 2013). This rapid range expansion is a public
health concern in southern Canada as it drives the emergence of new
pathogens into naïve regions, including thatwhich causes Lyme disease
(Simon et al., 2014). Human cases of Lyme disease have increased over
the last decade in Canada, i.e. up to 707 in 2015. In Quebec, the first en-
demic human case was detected in 2008 and the number of yearly
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reported cases rose to 160 in 2015 (Gaulin et al., 2016). Monitoring of
the bacterial pathogens via P. leucopus can thus provide public health
agencies in the region with critical information not only for known
emerging diseases such as Lyme disease, but also potentially for other
emerging pathogens that may not have been detected by disease sur-
veillance programs.

The evolutionary history of a host can be an important driver of their
pathogens' dynamics, and distinct host lineages may carry different
strains of pathogens that have co-evolved with their respective hosts.
A number of recent studies have highlighted the existence of two well
differentiated lineages of P. leucopus occurring on both sides of the St.
Lawrence River in Quebec. These two lineages are distinct in their ge-
netic background (Fiset et al., 2015; Leo et al. in revision; André et al.
submitted), but also in their skull morphology (Ledevin and Millien,
2013). Given the significant differentiation of P. leucopus from either
side of the St. Lawrence River, these populations likely represent two
distinct lineages that split several million years ago (Fiset et al., 2015).
Both lineages are currently increasing in abundance in southern Quebec
and their distribution is shifting along a north-east axis (Roy-Dufresne
et al., 2013).

Evidence of the differentiation of bacterial communities across dis-
tinct host lineages has been reported for the gut microbiome in humans
(Goodrich et al., 2014), apes (Ochman et al., 2010) and bats (Phillips et
al., 2012). The gut microbiome is, however, largely composed of com-
mensal bacteria (Goodrich et al., 2014), and consequently may not be
the best organ for studying pathogenic strains. Moreover, the gut
microbiome is influenced by its host's diet (Turnbaugh et al., 2009),
thus reducing the potential effects of the host genotype on the bacterial
assemblages. Here we therefore focused on the liver microbiome in P.
leucopus, an organ without any direct contact with the outer environ-
ment nor with allochthonous material. Finally, since the mechanism of
B. burgdorferi infection on its reservoir host is very complex (Ebady et
al., 2016; Gulia-Nuss et al., 2016), we also focused our analyses on
lung and spleen samples from P. leucopus individuals that had tested
positive in PCR screening of heart tissues (Leo et al. in revision), as
well as from P. leucopus individuals in which we had detected Borrelia
sp. in the liver using NGS.

This is the first study to characterize bacterial communities
inhabiting the liver ecosystem of P. leucopus using next generation se-
quencing. Besides the detection of a number of pathogens of public
health interest, we identified Bartonella samples to the species level
and tested the hypothesis that differentBartonella species are associated
with distinct Borrelia strains, as previously reported (Hofmeister et al.,
1998). Active pathogen surveillance studies in Canada are based on
PCR analysis of heart tissue samples from small mammal hosts (e.g.
Simon et al., 2014). Here we also screened other tissues that might be
equally or more susceptible to infection, such as lung and spleen tissues
from known infected P. leucopus individuals. Finally, we tested the hy-
pothesis that the two distinct host lineages of P. leucopus in our study
area carried different B. burgdorferi strains that could in turn have differ-
ent levels of pathogenicity. The findings of our study should thus help in
refining infectious disease surveillance and management programs by
better characterizing the current human pathogen landscape across
southern Quebec.

2. Material and methods

2.1. Field sampling

White-footed mice were trapped at 18 field sites across the
Monteregie and Estrie regions in southern Quebec (Fig. 1): N1–N3
(northern side of the St. Lawrence River, northern genetic cluster);
OR1–OR5 (western side of the Richelieu River) and ER (eastern side of
the Richelieu River), both of which characterized the southern genetic
cluster (Fiset et al., 2015; André et al. submitted). At each site, 160 Sher-
man traps were placed every 10 m in grids of 40 traps during the
summer of 2013 and 2014. The traps were baited with a mixture of
oats and peanut butter in the late afternoon and checked the following
morning for three consecutive nights. Captured animals were eutha-
nized with an overdose of isofluorane, followed by cervical dislocation.
Peromyscus individuals were identified to the species level using spe-
cies-specific primers, as described in Rogic et al. (2013), to distinguish
them from P. maniculatus individuals. All procedures were approved
by the Ministère des Ressources Naturelles et de la Faune du Québec
(SEG permits #2013-07-04-14-16-17-SF and #2014-05-02-1638-05-
16-SF), and theMcGill University Animal Care Committee (AUP#5420).

2.2. Genetic analysis

2.2.1. DNA extraction
Total DNA was extracted from liver (N = 203, Table 1), lung (N =

12) and spleen (N = 12) tissue samples using the DNeasy™ Tissue Kit
(Qiagen®, Hilden) according to a protocol designed for bacterial DNA
harvesting. The protocol is described in detail in the Supporting
Information.

2.2.2. 16s gene sequencing
We amplified a ~142 bp fragment of the 16S rRNA variable regions 5

and 6 (V5–V6) using the 784F-1061R primer pair originally designed by
Andersson et al. (2008), coupled with Illumina overhand adapters. One
negative extraction control was added to every batch of 24 samples, and
two additional negative controls were added for the PCR steps. A mock
community sample (HM-783D, BEI resources) containing genomic DNA
from 20 bacterial strains, at concentrations ranging from 0.6 to
1400 pg/μl, was also added in triplicate to confirm the reliability of our
method. PCR products were purified using Agencourt AMPure XP
beads (Beckman Coulter Life Sciences, IN, USA). Purified amplicons
were quantified using the Quant-iT™ PicoGreen® dsDNA Assay Kit
(Thermo Scientific, MA, USA) according to the manufacturer's protocol
on a fluorimeter (FilterMax F3, Molecular Devices). Quantified products
were then pooled at equimolarity and sent to the GIGA Genomics plat-
form (ULg) for sequencing on an ILLUMINA MiSeq V2 benchtop se-
quencer. The complete protocol is described in the Supporting
Information.

2.3. Bioinformatics

Raw sequences were processed using a script consisting of a mix of
FASTX Toolkit (http://hannonlab.cshl.edu/fastx_toolkit; 23-09-16) and
USEARCH (Edgar, 2010) functions. Briefly, the paired-end reads were
joined on their overlapping ends. The overlap had to be at least 10
bases long with an 8% maximum difference. Primers were removed
and sequences were filtered to keep only those with at least 90% of
the bases with a quality index greater than Q30. Chimeric sequences
were detected and discarded using the uchime_ref function (Edgar et
al., 2011) combined with the chimera.slayer reference database from
the Broad Microbiome Utilities (Haas et al., 2011). Operational taxo-
nomic unit (OUT) clusteringwas performedusing the cluster_otus func-
tion from usearch package (Edgar, 2010), with an OTU radius of 3%. As
pointed out by Salter et al. (2014), some sequences may be the result
of contaminants present in the extraction or PCR reagents. OTUs were
therefore not included in subsequent analyseswhen their relative abun-
dance was not at least 10-fold greater than in any of the negative con-
trols, according to Minard et al. (2015). This filter is quite restrictive
and might silence a few OTUs actually present in some samples, but it
has the advantage of silencing false-positive taxa. The remaining OTUs
were assigned to their corresponding genus using the RDP-classifier
tool (version 2.10.1) (Wang et al., 2007), with an assignment confi-
dence cutoff of 0.8.

As the number of resulting sequences per sample ranged from 12 to
111,572, we standardized the number of sequences per sample to ac-
count for the effects of uneven sampling on the community metrics.

http://hannonlab.cshl.edu/fastx_toolkit


Fig. 1. Distribution of the sampling sites. (N1, N3: northern genetic cluster; OR1, OR2, OR3, OR4, OR6, OR7, ER2, ER6, ER10: southern genetic cluster). The Saint-Lawrence and Richelieu
rivers are represented by the dashed and dotted lines respectively.
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Samples with a number of reads above a threshold value of 1000 were
subsampled to this threshold value using the rrarefy function from the
VEGAN (Oksanen et al., 2013) R package (R Core Team, 2016).

Samples from individuals that tested positive for B. burgdorferi in a
PCR analysis on heart tissues (Leo et al., in revision), or presenting
more than two sequences attributed to Borrelia sp. in our first analysis,
were selected for a second analysis. This time, liver, lung and spleen tis-
sues were processed for these individuals according to the protocol de-
tailed above.

2.4. Bartonella species identification

Twenty DNA extracts identified as carrying Bartonella strains were
used as starting material for species identification according to the pro-
tocol developed by Maggi and Breitschwerdt (2005). Briefly, a PCR was
performed using 321s (5′ AGA TGA TGA TCC CAA GCC TTC TGG 3′) and
Table 1
Sample size (N) and occurrence of Borrelia sp. and Bartonella sp.within each sampling site.

Site N Occurrence

Borrelia Bartonella

N1 18 0 10
N3 21 1 7
ER1 20 1 9
ER2 10 1 2
ER6 8 0 2
ER10 20 4 6
OR1 23 5 10
OR2 35 1 23
OR3 19 0 7
OR4 24 5 6
OR6 2 1 0
OR7 3 1 1
Total 203 20 83
983as (5′ TGT TCT YAC AAC AAT GAT GAT G 3′) oligonucleotides as
sense and antisense primers. This primer pair was designed to distin-
guish the different species from the genus according to their amplicon
sizes. PCR products were visualized on a polyacrylamide gel and sent
to Eurofins Genomics (Ebensburg, Germany) for Sanger sequencing.

2.5. Statistical analysis

We assessed the dissimilarity between liver microbiomes across in-
dividuals using four distinct metrics. The Bray-Curtis dissimilarity index
is based on weighting taxon abundance, while the Jaccard distance re-
lies on presence/absence only. The weighted and unweighted UniFrac
indices are also based on weighting taxon abundance and presence/ab-
sence, respectively, but they incorporate the phylogenetic distances be-
tween bacterial communities by comparing the unique vs. shared
branch lengths underlying these communities (Lozupone and Knight,
2005). According to Linnenbrink et al. (2013), permutational multivar-
iate analysis of variance was then performed on these four dissimilarity
matrices using the Adonis function from the VEGAN R package
(Oksanen et al., 2013) to detect significant differences in the
microbiomes between the two P. leucopus genetic lineages (Fiset et al.,
2015; André et al., submitted).

A heatmap was drawn up to plot the rarefied abundances from the
60 most prevalent genera in each sample using the plot_heatmap func-
tion (RajaramandOono, 2010) in the phyloseq package (McMurdie and
Holmes, 2013) on R (R Core Team, 2016). We also produced a barplot
representing the abundances and prevalences of the most common
genera using the barplot function. We then further explored the P.
leucopus infection pattern with two specific emerging pathogens, i.e.
Borrelia sp. and Bartonella sp. The association between Borrelia sp. and
Bartonella sp. occurrences was tested using Kendall's correlation test.
To determine the most suitable organ for Borrelia sp. detection, a
Wilcoxon signed-rank test was performed to highlight any significant
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difference in the number of Borrelia sequences detected among the
lung, liver and spleen tissues sampled. We then assessed the effects of
the infection intensity (number of Bartonella sp. sequences per infected
mouse) on the infection prevalence (proportion of mice infected by
Bartonella sp.) at each sampling site with a linear model using the lm
function in R. Two sampling sites with less than eight individuals were
not included in this latter analysis. Due to small sample size, this last
analysis was not completed for Borrelia sp.

3. Results

Three replicates of mock community samples containing known
concentrations of genomic DNA from 20 bacterial strains were se-
quenced. All of them gave consistent results (Table S1): 17 of the 20 dif-
ferent strains originally included in the samplewere detected. The three
undetected strains were present at the lowest concentrations. There-
fore, our protocol allowed bacterial DNA detection and identification
to the genus level as long as its concentration in the DNA extract was
at least 3.2 pg/μl, and provided that the sequence was included in the
reference database.

3.1. Liver microbiome

Following the raw data processing, we obtained 5,003,515 se-
quences belonging to 22,854 distinct OTUs. Using our negative controls,
we discarded 3775 contaminant OTUs, thus leaving 1,665,384 uncon-
taminated sequences. The rate of discarded contaminant sequences
reached 66.7% of the processed sequences. Among the uncontaminated
sequences, 1,098,461 were successfully attributed to the genus level
and used for subsequent analyses. Table S2 (Supporting Information)
presents the number of sequences for each sample after eachmain pro-
cessing step. The number of sequences per sample ranged from 12 to
111,572. Although a correlationwas noted between the sequence initial
input and final output (cor = 0.6), the uneven sequence output was
mainly based on the contaminant read rate. A highly significant correla-
tion (0.83) was found between the sample total processing rate and the
contaminant sequence rate. Because all samples were carefully proc-
essed according to the same laboratory protocol in strictly similar condi-
tions, these disparities in the contaminant sequence rate were more
likely due to low bacterial DNA concentrations within the liver rather
than high contaminating bacterial DNA concentrations. This disparity
between liver bacterial DNA concentrations might therefore have been
the result of high bacterial infection in some liver samples and relatively
low rates in others. Further research would nevertheless be required to
confirm this hypothesis.

The rarefied dataset returned 469 bacterial genera, 13 of which pre-
sented a read number N1% of the total rarefied abundance. Overall, no
clear distinction between the two P. leucopus lineages was apparent
based on their microbiome (Fig. 2). The most abundant genus in our
samples was Lactobacillus (accounting for 22.3% of the total number of
reads), followed by Bartonella (19%), Staphylococcus (7%) and Gemella
(6.2%) (Fig. 2). All other genera accounted for b2% of the total number
of reads (Fig. 3). The most prevalent genera were Staphylococcus and
Lactobacillus, both present in 66% of the samples. 60 other genera
were present in N10% of the samples (Fig. 3).

We further explored the Bartonella sp. and Borrelia sp. infection pat-
terns in our liver samples (Table 1). The proportion of Bartonella-posi-
tive mice within each sampling site increased with the number of
Bartonella reads per positive mouse, regardless of whether we consid-
ered the mean (F = 22.1 p = 0.0015, r2 = 0.73, Fig. 4) or median
(F = 11.06, p = 0.01044, r2 = 0.58, Fig. 4) intensities. No association
was found between Bartonella and Borrelia occurrences (Kendall's
tau = −0.049, p = 0.49). We then used a specific primer pair for
Bartonella on 20 randomly selected Bartonella-positive samples. Each
of the tested samples showed the same amplicon size on polyacryl-
amide gel (data not shown), revealing the presence of a single species
(Maggi and Breitschwerdt, 2005). Sanger sequencing was performed
in duplicate and the 381 bp sequences obtained matched the deposited
Bartonella vinsonii arupensis subspecies by 98%.

3.2. Effect of host phylogeny on the liver microbiome

Three of the four computed distances (Table 2) (Jaccard, Bray-Curtis
andweighted UniFrac) did not show any significant difference between
the two distinct genetic clusters among the bacterial communities. The
unweighted UniFrac index did return a significant difference, but with a
very small r2 value (Table 2).

3.3. Borrelia burgdorferi prevalence across different organs

Analyses performed at the Public Health Agency of Canada on heart
tissue samples from our specimens and using a nested PCR protocol
targeting two Borrelia-specific markers (e.g. Ogden et al., 2011) led to
the detection of six mice infected by B. burgdorferi (Table 3). Our analy-
sis of liver tissues confirmed the detection of Borrelia sp. in four out of
these six individuals and enabled detection of an additional 14 infected
mice, including two mice that returned positive results only before the
rarefaction step. A complementary analysis was then conducted on
mice previously detected as Borrelia-positive by PCR and on those pre-
senting more than two sequences attributed to Borrelia sp. in the pres-
ent study, but here DNA extracted from lung and spleen tissues was
used. Out of the three tested organs, the lungs appeared to be the best
choice for detecting Borrelia sp. Their sequencing led to the detection
of 11 of the 12 positive samples tested with, the highest number of
Borrelia sp. sequences detected, as compared to the liver (Wilcoxon
signed-rank test, p b 0.042) and spleen (Wilcoxon signed-rank test,
p b 0.007) finding. The liver and spleen sequencing led to the detection
of only 10 and 5 infectedmice, respectively, out of the 12 analysed, with
no significant difference in the number of Borrelia sp. sequences detect-
ed between the two organs (Wilcoxon signed-rank test, p = 0.056).

4. Discussion

Ourmain objectivewas to characterize the livermicrobial communi-
ty in P. leucopus individuals. We further explored infection patterns in
Bartonella and Borrelia genera and examined the effect of the host phy-
logeny on the liver microbiome.

Our study highlighted the importance of including negative controls
in NGS protocols, as 66.7% of the total number of processed reads were
diagnosed as contaminant and were therefore discarded. The domi-
nance of contaminant reads in our study confirmed the relatively low
microbial biomass present in liver tissues (Salter et al., 2014). To avoid
drawing erroneous conclusions, we therefore recommend systematic
inclusion of several negative control samples in study designs involving
low microbial biomass samples. The mock community sample process-
ing results confirmed the reliability of our protocol, andwewere able to
detect DNA of all bacterial strains originally present in our samples at
above 3.2 pg/μl concentration. Furthermore, once the contaminants
were discarded, no additional DNA was detected in our samples, there-
by validating our protocol.

We found that Lactobacillus sp. dominated the livermicrobiome of P.
leucopus. These bacteria were themost abundant genus among all sam-
ples (22.3% of the total number of reads), followed by Bartonella (19%),
Staphylococcus (7%) and Gemella (6.2%). All other genera were repre-
sented by b2% of the total number of reads. In addition to being the
most abundant genus detected within the samples, Lactobacillus was
also the most prevalent genus between samples, with 60% of all
mouse liver tissues found to be Lactobacillus-positive.

Lactobacillus is a genus of gram-positive facultative anaerobic bacte-
ria belonging to the Firmicutes phylum. It was reported to be the third
most abundant genus in both P. leucopus and P. maniculatus gracilis
gutmicrobiota (Baxter et al., 2015), while also being themost abundant



Fig. 2.Heatmap representing the rarefied abundances from themost abundant genera in each sample. Genera are arranged in order of increasing prevalence from the top to the bottom.
Samples on the x axis are ordered according to the genetic cluster they belong to.

14 A. André et al. / Infection, Genetics and Evolution 52 (2017) 10–18
bacterium genus in human vaginal microbiota (Nardis et al., 2013). Lit-
tle is known about its role in the gut microbiota. Walter (2008) sug-
gested that only a small number of Lactobacillus species are true
inhabitants of the mammalian intestinal tract and argued that these
bacteria are mostly allochthonous members derived from fermented
food. Lactobacillus species have a clearer role in human vaginal microbi-
ota, i.e. protecting the vaginal ecosystem by competing with other mi-
croorganisms for nutrients and adherence to the vaginal epithelium,
lowering the vaginal PH, producing lactic acid and other organic acids,
producing antimicrobial substances, and modulating the local immune
system (Aroutcheva et al., 2001). Since the liver has no direct contact
with the outside environment, its Lactobacillus community is less likely
to be allochthonous and may play a similar protection role.

Bartonella was the second most abundant genus found among all of
our liver samples. This genus contains N23 different species (Edouard et
al., 2015), at least 11 of which are known to be pathogenic for humans,
with infections producing a wide range of symptoms, especially endo-
carditis and high fever (Breitschwerdt and Kordick, 2000). It is transmit-
ted by blood-sucking arthropods, such as ticks or fleas, and the reservoir
hosts are generally mammal species. Here, Sanger sequencing revealed
98% identity with the deposited B. vinsonii arupensis subspecies, which
is known to be pathogenic for humans, with a few cases of infection



Fig. 3. Prevalence (dark grey bars; left axis) and abundance (light grey bars; right axis), of the genera with a total abundance N2% of the total number of rarefied reads.
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reported inWyoming (Welch et al., 1999), Europe (Fenollar et al., 2005;
Melzi et al., 2015) and Thailand (Bai et al., 2012). Reported clinical
symptoms include fever, chill, fatigue, myalgia, icterus, headache and
hepatic pain. This Bartonella subspecies has also been observed in
84.2% of 737 captured deer mice (Peromyscus maniculatus) in a study
performed in Colorado (Bai et al., 2011). This high prevalence was ex-
plained by the high persistency of the bacteria, with infection lasting
more than a year in some individuals. In our study, the overall preva-
lence was 40.9%, but varied across sampling sites, with values ranging
from 0 to 65.7%. Interestingly, the infection intensity among infected in-
dividuals (measured by the rarefied number of Bartonella reads) was
positively correlated to the proportion of infected mice at the sampling
site. Hence, sites with the highest number of infected mice also
contained the most infected mice. This was not surprising given that
Fig. 4. Relation between the prevalence of Bartonellawithin each population and the mean (cir
14.698x− 333.46; r2 = 0.58) Bartonella infection intensities within infected mice.
Bartonellosis is a disease mostly transmitted by blood-sucking arthro-
pod vectors (Bai et al., 2011). The latter are more likely to acquire bac-
teria from highly infected mice during the feeding process, and thus
more susceptible to infect other mice, which in turn could also transmit
the disease, leading to exponential spreading of the contagious bacteria.

Contrary to thefindings of a study focused on P. leucopuspopulations
from upper midwestern USA (Hofmeister et al., 1998), we found no as-
sociations between Bartonella and Borrelia infection prevalences. The
strict association between a Bartonella species closely related to B.
vinsonii, and B. burgdorferi reported by Hofmeister et al. (1998) may
therefore have been dependent on the Bartonella species involved, and
the findings would thus not be applicable to the entire genus.

Active Lyme disease surveillance in Canada involves the analysis of
heart tissue samples from small mammal hosts (e.g. Simon et al.,
cles, dashed line; y = 12,205x− 190.25; r2 = 0.73) and median (triangles, solid line; y =



Table 2
Summary of PERMANOVAs performed on the four dissimilarity matrices between the two
genetic clades.

Dissimilarity index p-Value r2

Bray-Curtis 0.236 0.006
Jaccard 0.275 0.006
Weighted Unifrac 0.550 0.004
Unweighted Unifrac 0.044 0.007
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2014), and six of our P. leucopus individuals tested positive for B.
burgdorferi via this analysis. Here, based on liver DNA extracts and
using NGS methods, we detected Borrelia sp. in only four out of these
six individuals. However, we detected 14 additional infected mice
(Table 3). The number of Borrelia sequences obtained for these latter
samples were sometimes very low, which may explain why a PCR-
basedmethodwould not detect them. The Borrelia concentrationwithin
a given infected individual could therefore vary across organs, depend-
ing on the infection stage or on the differential dissemination pattern, as
suggested by Dykhuizen et al. (2008). We thus performed a second
analysis on the six individuals that tested positive for B. burgdorferi by
PCR, as well as six individuals that presentedmore than two Borrelia se-
quences in our sequencing. We performed this second analysis using
DNA extracted from two additional organs, i.e. lung and spleen, which
are often used in epidemiology studies (Casswall et al., 2010; Galan et
al., 2016). The spleen analysis only confirmed the presence of Borrelia
in 5 out of the 12 samples. By contrast, our lung analysis confirmed
the presence of Borrelia in 11 out of the 12 samples. Moreover, for a
given individual, there were significantly more Borrelia sequences in
the lung than in the spleen or the liver, indicating the higher sensitivity
of lung tissues.

These results—although based on a small number of samples, some-
timeswith only a few Borrelia sequences per sample—should be consid-
eredwith caution. However, they do suggest that out of the three tested
organs, the lung would be the best candidate for Borrelia detection and
should therefore be used in future studies until another organ generates
better results. We also hypothesize that additional infected samples
would have been detected if lung tissues had been used as starting ma-
terial for the entire sample set.

The high Borrelia concentration found in lung tissue may have been
due to the migration of bacteria from other neighboring tissues rather
than to contamination from the respiratory tract, as such an infection
Table 3
Borrelia sp. detection using PCR targeting twomarkers for B. burgdorferi, and rarefiednum-
ber of Borrelia reads within livers (up to 3 replicates), spleens and lungs using NGS.
(*) = number of reads before the rarefaction step but silenced after it. (/) = not tested.

Sample Classic PCR Liver1 Liver2 Liver3 Spleen Lung

1630 Positive 12 0 0 0 952
1667 44 10 0 0 971
1710 0 1 0 0 98
1793 227 49 / 0 403
1954 0 / / 0 581
1970 165 186 / 25 45
1555 Negative 3 0 / 0 19
1595 37 0 / 72 8
1717 21 0 / 11 80
1719 5 0 / 0 2
1783 28 4 / 1 0
1792 22 19 / 6 477
1615 1 / / / /
1835 1 / / / /
1951 1 / / / /
1957 2 / / / /
1971 1 / / / /
2009 2 / / / /
1455 6* / / / /
1631 2* / / / /
process has yet to be documented (Ostfeld, 2011). However, is not
clear why Borrelia strains appear to have a physiological affinity for
lung tissue.

Moreover, out of the 20 Borrelia-infected mice, one had been cap-
tured on the northern side of the St. Lawrence River, which represents
the first detection of Borrelia in a small mammal host in this area.
Borrelia burgdorferi was detected in this area in questing ticks (Simon
et al., 2014), but these pestswere likely from an adventitious population
brought into southern Quebec bymigratory birds and that it did not ac-
quire the pathogen locally (Leo et al., 2016). By contrast, because of its
more limited dispersal ability, the detection of one infected P. leucopus
individual on the northern side of the St. Lawrence River supports
model predictions of the potential northern spread of Lyme disease in
Canada, while also indicating that B. burgdorferi transmission cycles
are becoming endemic in areas previously free of the pathogen
(Simon et al., 2014).

Microbiome composition is determined by three factors: microbial
immigration, microbial elimination, and the relative reproduction
rates of itsmembers (Dickson andHuffnagle, 2015).Microbial immigra-
tion may be the result of the direct input of bacteria from the outer en-
vironment, through feeding (Lynch et al., 2009), breathing (Gibson et
al., 2003), or from insect vector bites (Radolf et al., 2012). It also may
be the result of internal migration by active or passive processes be-
tween organs (Balzan et al., 2007). Lastly, some bacteria are known to
be vertically transmitted (Ley et al., 2005).

In the gut and lungs, i.e. the twomost studied organs with regard to
their microbiomes in mammals, a large proportion of microbial immi-
gration occurs during the feeding and breathing processes. In compari-
son, the liver has no direct opening or contact with the outer
environment. Its microbiome is thus probably less influenced by the
outer environment and would instead be the result of internal bacterial
translocation and vertical transmission. Hence, and due to the fact that
microbial elimination is a task managed by the host immune system,
which is highly dependent on the host genetic makeup, we expected
to find a greater effect of the host phylogeny on the liver than on the
gut microbiome composition. Two previous studies (Fiset et al., 2015;
Andre et al. submitted) based on several mitochondrial DNA markers
as well as on the major histocompatibility complex DRB marker,
highlighted the presence of two genetically distinct clusters of
P. leucopus in southern Quebec, separated by the St. Lawrence River.
These two genetic clusters have evolved separately for at least 2 Ma
(Fiset et al., 2015) and populations from the two clusters are located
only few kilometers apart under similar environmental conditions. Con-
trary to our expectations, we did not detect anymajor differences in the
liver microbiome composition between these populations. Out of the
four differentiation measures we used, only one revealed a significant,
yet rather low, difference. This apparent lack of an effect of the host ge-
netic structure and evolutionary history on the livermicrobiome is con-
sistent with the findings of a study of wild European M. musculus
populations, in which genetic differentiation explained only 6% of the
total variation with regard to the caecal mucosa-associated bacterial
community, while no significant influence was observed on the caecal
content community (Linnenbrink et al., 2013). Similar results were ob-
tained at a slightly larger scale by Baxter et al. (2015)who reported that
intra- and inter-individual variations masked interspecific variation in
the gut microbiota of sympatric Peromyscus populations. Studies that
have detected a marked effect of the host phylogeny were conducted
on a much broader scale, comparing gut microbiota across orders
(Phillips et al., 2012) and families (hominids) (Ochman et al., 2010).
Yet, even at these broad scales, different species sharing a common en-
vironment have been found to have convergent gutmicrobiota (Moeller
et al., 2013). Among our P. leucopus populations, the lack of effect of ge-
netic structure on their livermicrobiome composition is in linewith this
conclusion, and may be the result of indirect environmental immigra-
tion into the liver. The two P. leucopus clusters in our study were geo-
graphically very close and inhabited a similar environment. Bacterial
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strains from the environment might have entered the body of these
mice via the digestive or respiratory tract to then migrate to the liver
by active or passive translocation pathways. In summary, differentiation
between the two P. leucopus genetic clusters did not have any significant
effect on the livermicrobiome and horizontal transmission from the en-
vironment may therefore be a stronger factor in shaping liver bacteria
communities.

5. Conclusion

In this study, we characterized the liver microbiome from
Peromyscus leucopus individuals, dominated by the Lactobacillus genus.
Our NGS method combined with the use of multiple organs appeared
to be more effective for the detection of B. burgdorferi. We highlighted,
for the first time, the presence of the bacteria in a small mammal host
from thenorthern side of the St. Lawrence River, confirmingmodelfind-
ings predicting the northern spread of Lyme disease in Canada. We also
detected Bartonella strains at a high prevalence and identified them as
being members of the B. vinsonii arupensis subspecies. Finally, we
found almost no effect of the host genotype on the livermicrobiome be-
tween the two genetic clusters of mice separated by at least 2 Ma.
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