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Studies of Borrelia burgdorferi sensu lato in laboratory mice and humans have shown that spirochaetes dis-
seminate from the site of infection (skin) to internal tissues, and cause various pathological effects. However, less
is known about colonization and pathology of Lyme borreliosis spirochaetes in their natural hosts. In the present
study, we assessed the colonization and manifestations during B. afzelii infection in reservoir hosts (yellow-
necked mouse, Apodemus flavicollis; bank vole, Myodes glareolus; common shrew, Sorex araneus) infected in the
wild. The infection prevalence and bacterial load was measured in skin (ear), joints and heart by quantitative
PCR, and pathology in infected joints was evaluated by histology. The prevalence of B. afzelii was higher in skin
than in joints and heart, but most animals that were positive in skin were also positive in internal tissues, and
there was no difference between species in tissue-specific prevalence. Thus, spirochaetes disseminated from skin
to other tissues in a similar way in all species. The bacterial load varied among host species and among different
tissues within the same host species. In the case of skin and joints, bank voles and common shrews had higher
bacterial loads than yellow-necked mice. In hearts, voles had higher bacterial loads than shrews and mice.
Histological analyses showed no inflammation in joints of infected animals when compared to controls. We
conclude that B. afzelii disseminates to internal tissues in natural hosts, but that levels of colonization vary

between both species and tissues. There is as yet little evidence for pathological effects in natural hosts.

1. Introduction

Lyme borreliosis is a common human vector-borne disease in North
America and Eurasia. It is caused by spirochaete bacteria belonging to
the species complex Borrelia burgdorferi sensu lato (s.l.), of which B.
burgdorferi sensu stricto (s.s.), B. afzelii, and B. garinii are the major
causative species (Kurtenbach et al., 2006; Stanek and Reiter, 2011).
Lyme borreliosis spirochaetes are transmitted between a variety of
vertebrate hosts by hard ticks in the genus Ixodes. B. burgdorferi s.s.
occurs in North America and Europe and has a wide spectrum of re-
servoir hosts, including both rodents and birds. B. afzelii and B. garinii
occur in Eurasia and are more host-specific, with rodents and birds,
respectively, as principal reservoirs (Gern et al., 1998; Kurtenbach
et al., 1998, 2001, 2002; Humair and Gern, 2000; Hanincova et al.,
2003; Becker et al., 2016)

In humans, a typical early clinical symptom of Lyme borreliosis is a
characteristic skin lesion (erythema migrans) at the tick bite site. When
the infection is left untreated, spirochaetes can disseminate throughout
the blood to multiple organs, including the central nervous system,
joints and the heart, and cause diverse clinical manifestations including
neuroborreliosis, Lyme arthritis and carditis (Stanek et al., 2012).
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Interestingly, different Borrelia species are associated with different
symptoms in humans. B. burgdorferi s.s. infection is often associated
with Lyme arthritis, whereas B. garinii infection is mostly linked to
neuroborreliosis, and B. afzelii is primarily associated with chronic skin
condition called acrodermatitis (Balmelli and Piffaretti, 1995; Wang
et al., 1999; Coipan et al., 2016). Lyme carditis is one of the rarer organ
manifestations and was seen in only 4-10% of all untreated patients
with Lyme borreliosis, and the association with Borrelia species was not
very clear (Rudenko et al., 2011; Scheffold et al., 2015).

Some inbred strains of the laboratory mouse Mus musculus infected
with B. burgdorferi s.s. have been found to show similar symptoms to
those of human Lyme borreliosis. For example, when C3H and BALB/c
mice are infected with B. burgdorferi s.s, they develop both ankle joint
arthritis and carditis. In contrast, other mouse strains, such as C57BL/6
and DBA, display minimal inflammation in the heart and joints
(Barthold et al., 1990; Wooten and Weis, 2001; Brown et al., 2004;
Radolf et al., 2012; Lin et al., 2014). Unlike humans, mice do not de-
velop neuroborreliosis, unless the spirochaetes are injected in-
tracerebrally (Li et al., 2006; Pachner and Steiner, 2007). Infection
experiments with B. afzelii in laboratory animals (gerbil and laboratory
mice) showed that this Borrelia species also disseminates from skin to
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internal tissues, including heart, bladder and joints (Preac-Mursic et al.,
1992; Pechova et al., 2002; Belli et al., 2017; Bhatia et al., 2018).

Studies of B. burgdorferi s.s infections in a natural host, the white-
footed mouse (Peromyscus leucopus), in the field and laboratory showed
that spirochaetes disseminate to joint and heart (like in laboratory mice
and humans), but there was no observable pathology in adults, while
juveniles developed carditis and multifocal arthritis, similar to what
was observed in laboratory mice (Moody et al., 1994; Barbour, 2017).
Less is known about tissue colonization and pathology of B. afzelii in its
natural hosts. Previous studies have found that B. afzelii infection in-
tensities (number of Borrelia spirochaetes/unit host tissue) as measured
in skin biopsies from ears differ considerably between natural host
species, with bank voles (Myodes glareoulus) and common shrews (Sorex
araneus) having ten-fold higher infection intensities than yellow-necked
mice (Apodemus flavicollis) (Raberg, 2012; Strandh and Réberg, 2015).
However, it is not known if there are also differences in tissue coloni-
zation and pathology between species.

In the current study, we investigated the tissue colonization and
pathology of B. afzelii in four natural host species (M. glareolus, A. fla-
vicollis, S. araneus and S. minutus). Specifically, we investigated: (i)
Whether the degree of dissemination differs between host species,
where dissemination is measured as the prevalence (proportion of in-
dividuals that are positive) of spirochaetes in different tissues. (ii) If the
bacterial load differs between species and tissues, where load is mea-
sured as abundance of spirochaetes in infected animals. (iii) Whether B.
afzelii infection in natural hosts causes pathology in the form of in-
flammation in the affected tissues.

2. Materials and methods
2.1. Field work

All samples used in this study were collected from bank voles (M.
glareolus; n = 69), yellow-necked mice (A. flavicollis; n = 32), common
shrews (S. araneus; n = 15), and pygmy shrews, (S. minutus; n = 11).
These animals had been trapped in the Revinge area in southern
Sweden during August - September in 2015 and 2016. These four
species are the most common hosts of B. afzelii in this area (Hellgren
et al., 2011). All animals were caught with live traps (Ugglan special,
Grahn AB, Sweden) that had been baited with grains and apple. Ani-
mals were weighed and sacrificed before collecting ear biopsies, the
heart and two rear ankles. In 2015, we collected the whole heart, left
and right joint, and ear biopsies (two from each ear) for DNA extrac-
tion; in 2016, collection of ear biopsies and heart was performed as in
2015, but only one joint was collected for DNA extraction; the other
joint was preserved for histological analysis. Tissue samples for DNA
extraction were stored in 70% ethanol, while tissues for histological
analysis were stored in formalin.

2.2. Detection and quantification of B. afzelii

Total DNA was extracted from the ear biopsies and hearts following
the protocol of Laird et al. (1991). The method applied for DNA ex-
traction from joints was similar, but samples were homogenized with
the TissueLyser II (Qiagen). Two samples of each tissue from in-
dividuals were prepared for DNA extraction. The quantity and quality
of DNA for each tissue sample was assessed by measuring the DNA
concentration and the ratio of the UV absorption at 260 to 280 nm by
Nanodrop (Thermo Fisher Scientific, Wilmington, DE, USA). For the
PCR, the DNA was diluted to a concentration of 25ng/ul. Reactions
were performed with SYBR Green-based detection (Platinum SYBR
Green qPCR SuperMIX-UDG; Invitrogen, Carlsbad, CA) in an Mx3000
thermocycler (Stratagene), using primers targeting the flaB gene of B.
afzelii (Fla5F 5-CACCAGCATCACTTTCAGGA-3’ and Fla6R 5-CTCC
CTCACCAGCAAAAAGA-3’), as described in Raberg (2012). Each PCR
reaction contained a total volume of 25 pl with 4 pl of DNA template. A
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2-minute initial incubation at 50 °C and a 2-minute denaturation at
95 °C was followed by 42 cycles of 95°C for 15s, 59 °C for 30s, and
72°C for 30s. At least eight negative controls were included on each
plate to check for contamination. To quantify the number of B. afzelii
spirochaetes in a sample, a standard was prepared by amplifying a
longer part of flaB (Bunikis et al., 2004). The obtained product was
purified, diluted and run as a serially diluted standard (in steps of 1: 5)
on each plate. The number of flaB copies in the most concentrated
standard well was estimated to be 16,600. Each sample was run in
duplicates on separate plates. Samples with a melting temperature be-
tween 78.15°C and 78.85°C and a Ct value corresponding to greater
than or equal to 1 gene copy were considered positive. Bacterial loads
were expressed as number of spirochaetes (as measured by qPCR tar-
geting to the flaB gene) per nanogram of host DNA (as measured by
Nanodrop). Bacterial loads were log-transformed (log;o(bacterial load
+ 1)) to meet the requirements of parametric tests.

The repeatability (intra-class correlation coefficient, calculated as
the variance between samples divided by the total variance; Sokal and
Rohlf, 1995) of the quantification of bacterial load (of positive in-
dividuals) between different analyses of the same sample was 0.94,
while the repeatability between different samples of the same tissue
from an individual was 0.90.

2.3. Evaluation of inflammation in joints

For histological evaluations of joints, one rear ankle from each an-
imal was collected from bank voles and yellow-necked mice. Joints
were fixed in 4% phosphate-buffered formaldehyde, demineralized and
processed for hematoxylin and eosin staining by routine histologic
techniques. Joint tissue sections were blindly examined without
knowledge of infection. Overall signs of arthritis were based on a
combined assessment of histological parameters of B. burgdorfer-
i~induced inflammation, such as immune cell infiltration into the joint
cavity, alteration in the thickness of tendons or ligament sheaths, and
hypertrophy of the synovium (Lin et al., 2014).

2.4. Statistical analyses

The concordance of infection status in different tissues was calcu-
lated as (no. of individual positive in both tissues + no. of individuals
negative in both tissues)/all individuals, where 100% means perfect
agreement in infection status between two tissues.

To test for differences in prevalence of B. afzelii among host species
and tissues, we performed generalized linear mixed models with bino-
mial error distribution, using proc glimmix in SAS 9.3 (SAS Inc, NC,
USA) (dependent variable: presence/absence of B. afzelii; fixed factors:
host species, tissue, year and their interactions; random effect: host
individual). Parameters were estimated by Laplace approximation and
statistical significance of the random effect was determined by a like-
lihood ratio test, as recommended by Bolker (Bolker et al., 2009).

To test for differences in bacterial loads of B. afzelii among host
species and tissues, we performed general linear mixed models, using
proc mixed in SAS 9.3 (dependent variable: bacterial load; fixed factors:
host species, tissue, year and their interactions; random effect: host
individual). Denominator degrees of freedom were determined by
Satterthwaite approximation.

To test if bacterial load in skin (ear) predicted bacterial load in other
tissues, we performed ANCOVAs with bacterial load in joint or heart
against bacterial load in ear, species, and their interaction, using proc
glm in SAS 9.3.

In all analyses, non-significant terms (p > 0.1) were deleted in a
stepwise manner (interactions first). P values for fixed effects were
determined by F tests (type 3).



X. Zhong, et al.

Table 1
Numbers and body mass of trapped animals of the different species, and number
of B. afzelii-positive animals per species and tissue. (No. = number).

Species No. Body mass Tissue-specific Overall
mean * SD(g) prevalence prevalence
ear heart  joint

bank vole 69 20.25 * 4.58 22/69 13/69 15/69 23/69
(M. glareolus) (32%) (19%) (22%) (33%)

yellow-necked 32 3244 = 6.52 18/32 11/31 15/32 19/32
mouse (56%) (36%) (47%) (59%)
(A. flavicollis)

common shrew 15 7 =08 7/15  4/15  7/15  8/15 (53%)
(S. araneus) 47%) (27%) (47%)

pygmy shrew 11 3=x0 0/11 0/11 0/11 0/11
(S. minutus) 0%)  (0%)  (0%)  (0%)

3. Results

3.1. Overall infection prevalence in different species

In total, we obtained samples from 127 animals from four species
(Table 1). The concordance of infection prevalence in different tissues
was high: ear vs joint: 93.0%; ear vs heart: 81.9%; heart vs joint: 82.7%
(Fig. S1). The prevalence of infection (where an individual animal was
scored as infected if it was positive in = 1 tissue) varied between
species (Fisher’s exact test: p < 0.001). The prevalence was highest in
the yellow-necked mice (59% = 19/32) and common shrews
(53% = 8/15), lower in the bank voles (33% = 23/69) and zero in the
pygmy shrews (0% = 0/11). Since the infection prevalence was zero in
this sample of pygmy shrews, the analyses below focus exclusively on
the other three species, that is, yellow-necked mouse, bank vole, and
common shrew.

3.2. Dissemination

There was no significant difference in prevalence of B. afzelii be-
tween yellow-necked mice, bank voles and common shrews (Fy,
220 = 0.36, p = 0.7), and no tissue-by-species interaction (Fs 225 =
1.62, p = 0.17). The prevalence of B. afzelii in these three species was
40.5% in skin, 31.9% in joints, and 24.4% in heart. The difference in
prevalence between tissues was statistically significant (Fz, 229 = 7.79,
p = 0.0005; Tukey post hoc tests: ear vs heart: p = 0.0003; ear vs joint:
p = 0.043; heart vs joint: p = 0.076). The random effect of individual
was highly significant (p < 0.0001).

3.3. Bacterial load

For the subsample of infected individuals, the bacterial load differed
between host species (Fz, 93 = 18.32, p < 0.0001; Fig. 1). The bacterial
load also differed between tissues (F;, 93 = 40.52, p < 0.0001), with
ear and joint having more spirochaetes than heart (Tukey: ear vs heart:
p < 0.0001; joint vs heart: p < 0.0001). The random effect of in-
dividual was significant (variance estimates: individual = 0.062 =+
0.037, p = 0.047, residual = 0.31 * 0.045), showing that there were
consistent differences in bacterial load between individual hosts (after
controlling for the effect of host species). The species X tissue interac-
tion was also significant (F4 o5 = 6.29, p = 0.0002). Separate analyses
for each tissue showed that this was a result of bank voles and common
shrews having higher bacterial load than yellow-necked mice in ear and
joint (ear: F; 4; = 8.54, p < 0.0007; joint: Fy 47 14.83,
p < 0.0001), whereas bank voles have higher bacterial load than
shrews and mice in heart (F3 46 = 3.79, p = 0.03).

To test if bacterial load in ear predicted bacterial load in heart and
joint, we performed ANCOVAs with bacterial load in heart or joint
against bacterial load in ear, species, and their interaction. There was a
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positive but not significant relationship between bacterial load in ear
and heart (ear: F; 45 = 2.70, p = 0.11; species: F5 45 = 2.66, p = 0.08;
the ear X species interaction was not significant and therefore excluded
from the model: F, 45 = 0.78, p = 0.46)) (Fig. 2a). There was a sig-
nificant positive relationship between bacterial load in ear and joint
(ear: Fq, 49 = 4.26, p = 0.044; species: F5 49 = 7.08, p = 0.002; the
ear X species interaction was not significant and therefore excluded
from the model: ear X species: Fo 49 = 1.79, p = 0.18) (Fig. 2b).

3.4. Disease manifestations

To determine whether the observed B. afzelii infection in joints of
wild rodents resulted in inflammation, bank voles and yellow-necked
mice were subjected to histological analysis. We evaluated 24 tibio-
tarsal joints from bank voles (8 infected and 16 uninfected) and 19
tibiotarsal joints from yellow-necked mice (5 infected and 14 unin-
fected). No inflammatory cells and pathological signs were observed in
surrounding tendons and in the synovium when comparing the infected
and uninfected groups (Fig. 3).

4. Discussion

The prevalence of B. afzelii spirochaetes was higher in skin (ear)
than in joints and heart, but most animals that were positive in skin also
had spirochaetes in internal tissues. Moreover, the prevalence in dif-
ferent tissues was similar across species. Thus, B. afzelii readily dis-
seminates from the skin to joint and heart tissue in its main natural
hosts, and there are no differences between host species in dissemina-
tion patterns.

In all three host species, bacterial loads in joints were as high as in
the skin, whereas bacterial loads were lower in heart. The bacterial
loads also differed between host species. As in previous studies (Raberg,
2012; Réberg et al., 2017), yellow-necked mice had > 10-fold lower
spirochaetes load than voles and shrews in skin. The present study
showed a similar difference between species in joint bacterial loads.
This contrasts with the pattern in heart, where both shrews and mice
had significantly lower bacterial loads than voles. One explanation for
the species-specific difference in bacterial loads between tissues is that
the ability of B. afzelii to replicate in and attach to different tissues
depends on which host species it infects. An alternative explanation is
that the immune response (and thereby the clearance rate of B. afzelii)
varies between species in a tissue-specific way.

The patterns of dissemination and tissue-specific bacterial loads of
B. afzelii in its natural hosts are similar to patterns observed from B.
burgdorferi s.s. in the white-footed mouse (Baum et al., 2012); in both
cases high spirochaetal loads in skin and joints, but much lower in
heart. The pattern for B. afzelii and B. burgdorferi s.s. in natural host
species differ somewhat from those observed in laboratory mice in-
fected with B. burgdorferi s.s., where several studies have found that
there is not much difference (less than 10-fold) in spirochaetal loads
between skin, heart and joints (Wang et al., 2001; Hodzic et al., 2013;
Imai et al., 2013; Lin et al., 2014).

The variation in bacterial loads among host species could be a result
of host species differing in resistance to B. afzelii, and/or that different
host species are infected by different B. afzelii genotypes. In the case of
B. burgdorferi s.s., at least 25 different ospC (outer surface protein C)
genotypes have been recognized in ticks, and they vary in dissemina-
tion ability and bacterial load in both humans and laboratory mice
(Jones et al., 2006; Dykhuizen et al., 2008; Chan et al., 2012). Like B.
burgdorferi s.s., B. afzelii has several ospC genotypes (Lagal et al., 2003;
Bunikis et al., 2004; Hellgren et al., 2011; Durand et al., 2015). In la-
boratory mice, B. afzelii strains differed in bacterial loads in ear tissues
(Jacquet et al., 2015). However, a recent field study of the same rodent
populations as in the present study found no difference in prevalence of
different ospC strains (in skin biopsies) among host species (Raberg
et al., 2017). Hence, there is no indication that the difference in
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Fig. 1. Box plot of bacterial load in different tissues in three small mammal species. The box plots indicate the median, first and third quartiles, and range of the data.

Bacterial load was estimated with qPCR of B. afzelii flaB.
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Fig. 2. Correlation between tissue-specific bacterial loads measured from bank vole, yellow-necked mouse and common shrew. (a) Correlation of bacterial load

between ear and heart; (b) correlation of bacterial load between ear and joint.

bacterial loads between host species is caused by that host species are
infected by different B. afzelii strains, although we cannot rule out such
an effect without data on the composition of ospC strains in different
tissues. Still, we favor the interpretation that differences in bacterial
loads are a result of variation in resistance among host species. This
interpretation is consistent with the previous finding that Apodemus
mice have stronger antibody responses to experimental B. burgdorferi
s.s. infection than bank voles (Kurtenbach et al., 1994).

One potential problem with the present study is that it is based on
naturally infected wild animals, and that the time of infection therefore
is not known. Previous infection experiments with laboratory mice have
shown that the bacterial loads varies during the course of an infection,
and that this variation is not well synchronized across tissues (Hodzic
et al., 2003). Hence, one explanation for the difference in bacterial
loads between tissues in our study, in particular the lower spirochaetes
load in heart, is that B. afzelii has not yet had time to establish infection
in this tissue. Another potential problem is that the majority of

naturally infected animals have “mixed infections”, that is infections
that consist of more than one OspC strain (Strandh and Raberg, 2015).
Thus, the difference in bacterial loads between tissues could be a result
of that different ospC strains preferentially colonize different tissues, as
has been observed in infection experiments with B. burgdorferi in la-
boratory mice (Wang et al., 2001, 2002). Ultimately, controlled infec-
tion experiments are therefore required to confirm the pattern we found
here.

Lyme borreliosis spirochaetes transmit to ticks directly from skin,
and the spirochaetes load in the skin is positively related with host-to-
tick transmission (Raberg, 2012; Jacquet et al., 2015). Thus, it is critical
for the fitness of B. burgdorferi s.1. to colonize and persist in the skin of
the vertebrate host, so why do spirochaetes disseminate from the skin to
internal tissues like joint and heart in the natural hosts? To disseminate
from the site of tick bite, B. burgdorferi expresses a variety of proteins
that mediate attachment to host cells and tissues. Some of these pro-
teins, for example BBK32 and DbpA, have been shown to preferentially
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yellow-necked mouse

Fig. 3. Representative demonstration of joint histology in bank voles and yellow-necked mice infected by B. afzelii.

bind to host proteins expressed in joint tissue (Lin et al., 2014, 2015).
Thus, it seems dissemination to internal tissues is not just a side effect of
dissemination through the skin, but that Borrelia has adaptations that
specifically enhance this kind of dissemination. One possible explana-
tion is that joint tissue, specifically the synovial fluid, represents an
immune privileged site (Embers et al., 2003). Thus, spirochaetes in
joints and perhaps other tissues might represent a reservoir population
from which spirochaetes can migrate back to skin and be transmitted to
ticks. Support for this scenario comes from a study of B. burgdorferi s.s.
in antibiotic-treated mice, which found that even though spirochaetes
were only detectable in internal tissues such as heart and joint, xeno-
diagnosis showed transmission to ticks (Hodzic et al., 2008). Further
studies on these persisting spirochaetes in internal tissues are required
to explore the roles they play in the life cycle of B. burgdorferi s.l. in
nature.

Our finding that B. afzelii infections did not cause any measurable
inflammation in the joints of wild rodents is consistent with previous
studies of B. burgdorferi s.s. in Apodemus mice and bank voles
(Kurtenbach et al., 1994) and white-footed mice (Schwanz et al., 2011;
Barbour, 2017). The apparently minimal pathology, at least in adult
hosts, also fits with the finding that B. burgdorferi s.s. infections had no
effect on the survival of its reservoir host (Hofmeister et al., 1999;
Voordouw et al., 2015). Nevertheless, a recent field experiment found
that B. afzelii infection impairs reproduction of bank voles (Cayol et al.,
2018), but the mechanisms behind this effect were not investigated.
Clearly, the nature and extent of Borrelia pathology in natural hosts
requires further investigation.
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