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Multi-host Bartonella parasites display covert host-

specificity even when transmitted by generalist vectors.
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Summary

1. Many parasites infect multiple sympatric host spe@nd there is a general
assumption that parasite transmission between coroeg host species is
commonplace. Such between-species transmissionl dmilkey to parasite
persistence within a disease reservoir and is cuesgly an emerging focus
for disease control.

2. However, while a growing body of theory indicatég fpotential importance

of between-species transmission for parasite gerss, conclusive empirical
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evidence from natural communities is lacking, amh& tassumption that

between-species transmission is inevitable mayytoer be wrong.

. We investigated the occurrence of between-specasmission in a well-

studied multi-host parasite system. We identifid flea-borneBartonella
parasites infecting sympatric populationsAodemus sylvaticu@.inneaus,
1978) (wood mice) anilyodes glareolugSchreber, 1780) (bank voles) in the
UK and confirmed that severBlartonellaspecies infect both rodent species.
However, counter to previous knowledge, geneticrasttarisation of these
parasites revealed covert host-specificity, wheweche host species is
associated with a distinct assemblage of genetitava, indicating that

between-species transmission is rare.

. Limited between-species transmission could restwdinf rare encounters

between one host species and the parasites irjeatwother and/or host-
parasite incompatibility. We investigated the ocence of such encounter and
compatibility barriers by identifying the flea spex associated with each
rodent host, and thBartonellavariants carried by individual fleas. We found
that the majority of fleas were host-generalistd the assemblage of
Bartonella variants in fleas tended to reflect the assemblzfgBartonella
variants in the host species they were collecteohfrthus providing evidence
of encounter barriers mediated by limited betwegseeses flea transfer.
However, we also found several fleas that wereygagrvariants never found
in the host species from which they were collectedicating some degree of

host-pathogen incompatibility when barriers to emder are overcome.

. Overall, these findings challenge our default petioas of multi-host parasite

persistence, as they show that despite considemadaps in host species
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ecology, separate populations of the same parsgéeies may circulate and
persist independently in different sympatric hgs¢ses.This questions our
fundamental understanding of endemic transmissyoramiics and the control

of infection within natural reservoir communities.

K ey-wor ds Apodemus sylvaticugartonellg fleas, host-generalist, host-specialist,

Myodes glareoluspathogen genotypes, rodents, sequencing, veotoeldiseases.

I ntroduction

Most parasites are able to infect multiple hostcgse (Cleavelancet al. 2001,
Woolhouseet al. 2001); a realisation that has fundamentally chdngew we
approach issues of disease control. This is bectngsendemic persistence of such
“multi-host” parasites in wild host populations megly on transmission between
individuals of different host species (between-ggedransmission) as well as, or
even instead of, transmission between conspec(fathin-species transmission)
(Haydon et al. 2002; Holtet al. 2003; Dobson 2004; Fenton & Pedersen 2005;
Streicker et al. 2013; Fentonet al. 2015). Consequently, successful control of
infection in one host species may require inteneast (e.g. vaccination or cullings)
that target other species that dominate transnmssithe host community (Laurenson

et al 2003; Donnellyet al 2006; Serranet al 2011).

However, while a growing body of theory indicatd® tpotential importance of

between-species transmission for endemic multi-lpastsite persistence (Holt &
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Pickering 1985; Bowers & Begon 1991; Begetnal 1992; Bowers & Turner 1997;
Greenman & Hudson 1999; Greenman & Hudson 2000pétagt al 2002; Holtet

al. 2003; Dobson 2004; Fenton & Pedersen 2005; BE§O8), conclusive empirical
evidence from natural communities is often lackifitpe occurrence of between-
species transmission is often just assumed givah dhparasite infects multiple
sympatric host species (Dobson & Meagher 1996)s aoncluded on the basis of
indirect evidence such as correlations betweenspgarprevalence in one host species
and population densities of another (Tek¢ral 2007a). However, such correlations
may arise as a result of other processes not detatbetween-species transmission,
and therefore the general importance of betweeospdransmission in endemic

parasite persistence in nature remains largely awkn

The study of parasite genetics in wild communitiggresents an important means to
address this knowledge gap (Streickeal 2010; Forrester & Hall 2014). Fine-scale
genetic characterisation of multi-host parasitesy macover structure within a
parasite population that can provide direct evigeat the occurrence of between-
species transmission. Intriguingly, of the relayveew studies that have employed
such techniques, many have found that sympatri¢ bBpscies are infected with
different genetic variants of the same parasiteispgSehgatét al. 2006; Whiteman
et al. 2006; Martinez-Aquincet al. 2009). Such “covert host-specificity” indicates
that discrete subsets of the same parasite spearesirculate independently and
persist within populations of sympatric host speaigth little or no between-species
transmission. This fundamentally challenges ouradefperceptions of endemic
multi-host parasite persistence, and it is theeetwucial to determine whether covert

host-specificity is a widespread phenomenon.
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A lack of transmission between co-occurring hostcggs may result from limited
between-species contact opportunities and/or plogtal incompatibility between
variants and host species (“encounter” and “corbpdyi’ barriers respectively;
Combes 2001). Encounter barriers may easily brealndf contact rates increase but
between-species transmission will remain inhibitedhost-parasite incompatibility
persists. Identifying the primary drivers of cuirecovert host-specificity (i.e.,
whether it arises due to current limitations in temh or exposure, or due to current
incompatibility between parasite and host) couldreéfore indicate how stable the
host-specificity is, and enable predictions of h@pidly transmission dynamics are

likely to change given future alterations to int¢i@ns within the host community.

Wild rodent communities are commonly used as magstems in which to study
parasite infection and transmission dynamics with@tural settings (Begoat al
1999; Telferet al. 2007a,b; Knowlegt al 2013; Turnekt al. 2014), and they have
been the focus of much multi-host parasite rese@efgonet al. 1999; Carslaket al
2006; Streickeet al 2013; Fentort al 2015). In particular, several species of rodent
Bartonellaare considered model examples of endemic multi-pasasites, as these
bacterial flea-borne haemoparasites are commonigddo infect several sympatric
rodent species (Birtlegt al 2001; Telferet al. 2007a; Paziewskat al 2012).
However, previous inferences of between-spe®astonella transmission within
rodent populations have relied on observed diffegenn prevalence across different
host community compositions (Telfer 2007a) and, artgntly, the possibility of
covert host-specificity (discrete populations ofstaspecific variants) has not been

directly addressed. Where genetic variation in jpatpns of rodenBartonella has



124 been described (e.g. Birtlet al 2001; Inoueet al 2008; Berglundet al. 2010;
125 Paziewskeaet al 2011; Kosoyet al 2012), it has largely been compared across broad
126 geographic regions, or interpreted in relation tthin-individual and within-species
127 infection dynamics. In contrast, such variation basn rarely discussed in the context
128 of between-species transmission and multi-host Stargersistence (although see
129 Paziewskaet al 2012).

130

131 The vector-borne nature of rodddrtonellatransmission (Bowet al 2004; Morick
132 et al 2010; Gutiérrezt al 2015) allows an assessment of whether any cowomsitt
133 specificity arises through current encounter besrte between-species transmission
134 (i.e., limited exposure of one rodent speciesdadifrom another species), or through
135 hostBartonella incompatibility. Although some rodent fleas areokm to display
136 differential host preferences (Khokhloea al 2012), close overlap between the flea
137 communities of sympatric rodent species has alsm lieemonstrated (Harrit al
138 2009), and many flea species are documented ag ladbile to infest several host
139 species (Marshall 1981). Even so, host-generdéssfmay still present a barrier to
140 Dbetween-specieBartonellatransmission, as the rate of movement betweeerdiit
141 host species is likely to depend on the frequemzyraature of between-host contacts
142 (Krasnov & Khokhlova 2001) or rate of visitation émother host species’ burrow,
143 given that flea dispersal rates are generally IMarghall 1981; Krasnov 2008). As
144  such we do not currently know the extent to whilga fbiting behaviour acts as a
145 Dbarrier to between-species parasite transmission.

146

147 Through the genetic characterisation Bértonella infections in wild sympatric

148 populations of Apodemus sylvaticutinneaus, 1978 (wood mice) andlyodes
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glareolusSchreber, 1780 (bank voles) we provide conclusindence of covert host-
specificity in this well-studied parasite systendaherefore highlight that between-
species transmission of multi-host parasites iem@lly more rare than previously
expected. Additionally, through characterising tenmunities of fleas associated
with each host species, and identifying the genaitants ofBartonella carried by

individual fleas taken from the different host specwe show that while vectors of
multi-host parasites may be generalists, ecologipglortunities for vector transfer
between different host species may be rare andefthrer still represent a major

impediment to between-species parasite transmission

Materials and methods

Field sampling

Wood mice and bank voles were trapped using Shetwexitraps (Alana Ecology,
UK; dimensions 8.9cm x 7.6cm x 22.9cm) and monddongitudinally during 2011
and 2012 at three woodland sites in northwest Ewglddanor Wood (MW; N
53.3301°, E -3.0516°), Maresfield & Gordale woolH-G; N 53.2729°, E -3.0615°)
and Rode Hall (RH; N 53.1213°, E -2.2798°). Whestfcaptured, all rodents were
given a sub-cutaneous electronic PIT-tag (AVID Michips, UK) enabling
individual identification. A small blood sample (5j2L) was taken from the tail tip of
each individual at each monthly capture to asBastnellainfection. Blood samples
were centrifuged at 12000rpm for 10 minutes to spablood pellets (containing
cells) from sera. Pellets were then frozen at -2@%@il further processing (see

below). Further details of field methods are giveAppendix S1.
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Fleas were collected from rodents at MFG and RI20h2 and during further field
sampling at these sites in 2013 and 2014. Fleas aleo collected from rodents at a
fourth nearby site, Haddon Wood (HW; N 53.2709230268°; ~1.6 km from MFG
and ~52 km from RH) during 2012. Fleas were remdvaah individuals by brushing
the fur over a water bath, then stored individuailyo0% ethanol and identified to
species using a morphological key (Whitaker 20@0me rodents were exposed to
insecticide treatment as part of a concurrent exyt, but excluding these animals
did not qualitatively affect the results obtainedripare Tables S2 and S3) and so

data from all animals are presented throughouirthim text.

Identification of Bartonella DNA in rodents and fleas

DNA was extracted from rodent blood pellets andiviimdial fleas using standard
protocols (Appendix S1)Bartonella DNA was detected by PCR targeting a partial
region of the 16S-23S internal transcribed spabere@fter referred to as the pITS
region) following standard methodology (Roux & RHALO95; Birtleset al 2000;
Houpikian & Raoult 2001; Telfeet al 2005; Telferet al 2007a,b). As a non-coding
region of DNA, the pITS region can withstand manginp mutations and
insertion/deletion events, and varies in lengtwieen different species &artonella
(Roux & Raoult 1995; Birtlegt al 2000; Houpikian & Raoult 2001). We therefore
assigned 8artonellaspecies identity to positive samples by first deiaing the size
of the pITS amplicon(s) present when run on anasgagel. This initial step also
allowed identification of‘coinfections” (where multiple species &artonella were
present in the same sample), which were visibleas$iple bands of different size on

the gel.
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Further to this species-level classification, wenitfied genetic variation within these
Bartonellaspecies groups by sequencing a random subseT 8fghplicons of each
size from each host species and site (see Appestliand Fig. S1 for methods and
assessment of sampling bias). We also sequenceticangpfrom all Bartonella
positive, non-coinfected fleas. Species classibcat of variants were confirmed by
identifying the validatedBartonella species in Genbank with which each shared
highest percentage similarity. This process alkanad differentiation between pITS
sequences that are similar in length but somewivargent, and therefore likely to

represent differerBartonellaspecies.

Investigating covert host-specificity of Bartonella infecting wood mice and bank

voles

We investigated whether wood mice and bank volegewassociated with
significantly different assemblages Bartonella parasites using linear discriminant
analyses (LDA) in théMASS” package of R (v2.14.2). This analysis tests whethe
individuals can be identified to host species basaliy on the identity of the
BartonellaDNA they were carrying (Venables & Ripley 2002ijrsE a random 75%
subset of the true hoBartonella associations were used to train a host assignment
model, which was then used to predict the hosttigeaf the remaining 25% of the
data. This was repeated 1000 times, each withdoraly selected set of training data,
and mean prediction success was calculated. Weditenmined the mean prediction
success of 1000 models trained using data thatlaiecu random distributions of
parasites across host species. The prediction ssesef these two sets of models
were compared using R’ test to determine if host-parasite associationseda

significantly from random expectations.
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This analysis was first conducted on assemblageBadbnella DNA identified to
species-level according to length of the pITS regib was then repeated using the
subset oBartonellaDNA that was sequenced and identified to pITSardrievel to
see if this afforded greater power to discrimirtzgéveen host species (thus indicating
covert host-specificity). The analyses used combidata from all woodland sites
(results were consistent when data from each saaeamalysed separately; Table S5).
Bartonellaspecies or variants observed on <5 occasions eveitted, as inclusion of
very rare species/variants introduced computatipr@blems when performing model
validation. Since host-specifiBartonella species comprising a single pITS variant
have no potential for covert specificity, but mayfluence the power of parasite
assemblages to discriminate between host speceeshecked whether LDA results
were affected by the inclusion of these speciesdsgunning all species-level and
variant-level LDAs using multi-hof®artonellainfections only (i.e. infections witB.
grahamii B. taylorii andB. birtlesii). We also confirmed that none of the results were
biased by any particulaBartonella species, or by repeat sampling of individual

rodents (Table S6).

Comparison of flea communities associated with wood mice and bank voles
Opportunities for between-speciBartonellatransmission may be limited by strong
host preferences of different flea species. Westigated this possibility by using an
LDA, as described above, to assess the similafifiea assemblages infecting wood
mice and bank voles. Host assignment models weieett on the associations
between host and flea species, and we verifiedstapling of multiple fleas from

individual rodents did not affect the results (T&aBI7).

10



248

249 Investigating potential flea transfer between wood mice and bank voles

250 In the absence of strong host preferences, fleag stith limit opportunities for
251 between-specieBartonella transmission if individual fleas rarely dispersetvieen
252 different host species. We therefore sought evieeoic structure within the flea
253 community that could indicate a general lack of sraent/transfer between host
254 species. We used an LDA, as described above, ®rndete whether the species
255 identity of the host from which a flea was takemildabe predicted based only on the
256 Bartonella variant carried by a flea (results were not biabgdany particular flea
257 species, or by sampling of multiple flea specim&os individual rodents; Table
258 S10). We also sought specific cases where fleasedaBartonella variants never
259 detected in the host species from which they welleated. Such occurrences would
260 be evidence of host exposureBartonellavariants from another host species but lack
261 of infection, so suggesting the presence of a pastsite compatibility barrier rather
262 than a lack of ecological opportunity for infectioBince the host-specificity of
263 Bartonellavariants were determined from data collected ih128nd 2012, whereas
264 fleas were collected from hosts during 2012-201d @nan additional site (HW), we
265 checked for the consistency of these results usinty data for which the
266 characterisation oBartonellaDNA in rodents and fleas at the same sites artien
267 same sampling year were available (i.e. MFG andriRE012).

268
269 Results

270 Bartondlain rodents: overall prevalence
271 Blood samples were taken from 743 wood mice (13f6pdes) and 751 bank voles

272 (1224 samplesBartonellaDNA was detected in 816 (59.3%) wood mouse and 599

11
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(48.9%) bank vole sample®artonella coinfections were detected in 23.2% of

positive samples from wood mice and 15.2% of pesisiamples from bank voles.

Bartonella in rodents: species-level data

Amplicons of five broad size categories were oladirfrom the genus-specific
Bartonella PCR. Sequencing analyses (see below) confirmet gbaen distinct
species groups were represented, according to asityilto validated species in
GenBank. Patterns of host associations were censisicross woodland sites (Fig.
S2, Table S2); we therefore describe the combiretd tiere. Three specieB. (
grahamii B. taylorii andB. birtlesii) were found in both wood mice and bank voles
(Fig. 1, Fig. S2). Two specieB.(rochalimaelike andB. doshiag were found only in
bank voles, and two species (BGA aBddoshiadike) were found only in wood

mice (Fig. 1, Table S2).

Bartonellain rodents: pI TS variant-level data

Sequences were obtained for £&tonellapITS amplicons from wood mice (43.5%
of pITS amplicons) and 391 amplicons from bank sd&6.6% of amplicons) (Table
S2). Twenty-six unique variants were identified {leaS2), including ten variants that
were new to GenBank (see Table S4 for accessiorberan All variants shared at
least 94% similarity (with the majority sharing 200% similarity) to their closest
species match within GenBank, with their next cébsspecies match sharing lower
similarity (Table S11). We found no associationwestn the proportion of pITS
amplicons sequenced and the number of variantBaeonellaspecies found within
each host species (Appendix S1.3; Figure S1). Veetbre assume that the host-

associations described below would not be affebiedncreased sequencing effort.

12
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Samples that were not sequenced were classifiegppe¢oies according to amplicon

size only, and denoted as “unknown” variant witthat species group.

Twenty-two of the variants identified constitutddde differentBartonella species
groups and displayed varying degrees of host-gpeygifFive variants, each ~315bp
in length, shared highest percentage similarityh\i&it grahamiiin GenBank (Table
S11); three were bank vole-specific (grahamii-Bhgmii-2 and grahamii-3), and two
were found in both host species (“host-shared”hagmaii-4 and grahamii-5), and
while none were wood mouse-specific, the majorifywaod mouse infections
comprised variants that were relatively rare inkbaoles (Fig. 2a, Table S2). Ten
variants, each ~350bp in length, shared highestasity with B. taylorii (Table S11);
five were wood mouse-specific (taylorii-6, taylerij taylorii-8, taylorii-9 and
taylorii-10), and two were bank vole-specific (tayi-1 and taylorii-2; Fig. 2b, Table
S2). The remaining three variants were host-shaidipugh one was more common
in bank voles (taylorii-3) and two more common iaagl mice (taylorii-4 and taylorii-
5; Fig. 2b, Table S2). Finally, seven variants sbdrighest similarity withB. birtlesii
(Table S11). Each was 370bp in length, except ha, dirtlesii-4, which was 351bp.
The majority were wood mouse-specific (birtlesiibtlesii-3, birtlesii-4, birtlesii-5,
birtlesii-6 and birtlesii-7), while one was hostasbd (birtlesii-1) but far more

common in bank voles (Fig. 2c, Table S2).

The four remaining variants each shared highestep¢sige similarity with a separate
Bartonella species in GenBank. There were two variants witplI'ES length of
approximately 290bp. One matched most closel taloshiae(doshiae-1, 292bp)

whereas the other (doshiae-like-1) was identicabitant ‘wbs011’ found in previous
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studies of rodenBartonellain the UK (Table S11). This latter variant wasssified
as aB. doshiadike species (Telfeet al, 2005), owing to its high similarity tB.
doshiaeat the citrate synthase marker but divergencketTS region, and we retain
that nomenclature here. Finally, there were twoiavas with a pITS length of
~460bp. One (BGA-1, 466bp) was identical to a vdrigreviously classified as a
species called BGA (Telfeet al, 2007b), whereas the other (rochalimae-like-1,
461bp) was identical to a sequence from a noniswtlaandidate species callgd
rudakovii (Table S11)As this species is unconfirmed, we classify trasiant asB.
rochalimaelike here, as candidatis rudakoviihas been found to group closely with
the speciesB. rochalimaeaccording to similarity at the ITS region and a&hev
markers (e.g. Diniet al, 2009). Each of these four species groups wasdpesgific:
all amplicons of ~290bp sequenced from bank voR2)(were identified af.
doshiae while all those sequenced from wood mice (58/1é&)e B. doshiadike,
and all amplicons of ~460bp sequenced from banksv(6/152) were identified as
B. rochalimaelike, while all of those sequenced from wood mi@5/55) were

identified as BGA (Table S2).

Comparison of Bartonella parasitesfound in wood mice and bank voles

The assemblages &artonella detected in wood mice and bank voles were highly
distinguishable according to the LDAs. Models teminon true host-parasite
associations were consistently better at predidtiogf species than models trained on
random associations (comparisons a-f Fig. 3A, T&#¢. This was true whether
Bartonella were identified to species-level (Fig. 3A companisa’ [77.1% versus

21.5%, x°=61.8, p<0.001] and comparison ‘b’ [66.7% versus 19.8%6=44.8,

p<0.001]) or to variant-level (Fig. 3A comparison [87.8% versus 66.4%°=33.5,

14



348 p<0.001] and comparison ‘d’ [97.1% versus 66.9%530.9, p<0.001]), and when
349 considering associations of the variants withinvitiial Bartonellaspecies (Fig. 3A
350 comparison ‘e’ [85.0% versus 44.9%'=33.8,p<0.001] and comparison ‘' [95.5%
351 versus 33.6%yx°=83.7, p<0.001]). However, the success of models trainad o
352 species-level data was significantly reduced whenassociations of the four host-
353 specific, single-varianBartonella species B. doshiae B. doshiadike, B. rudakovii
354 and BGA) were omitted (Fig. 3A comparison ‘g’ [7%lversus 66.7%x°=26.8,
355 p<0.001]). In contrast, models trained on variantledata performed equally well
356 whether incorporating all or just host-shaiartonellaspecies (Fig. 3A comparison
357 ‘h’ [97.8% versus 97.1%x°=0.99, p=0.32]), and were always superior to models
358 trained on species-level data (Fig. 3A comparisof97.8% versus 77.1%°=19.5,
359 p<0.001] and comparison ‘' [97.1% versus 66.3¥531.2,p<0.001]).

360

361 Rodent flea assemblages

362 Fleas were collected from 224 wood mice (WM; 3Z&adl) and 357 bank voles (BV;
363 589 fleas). Seven species were identifidthalareus penicilliger mustelgérom 91
364 BV and 23 WM), Ctenophthalmus nobilis vulgarig231 BV, 188 WM),
365 Hystrichopsylla talpae talpa€él8 BV, 8 WM), Megabothris turbidug88 BV, 22
366 WM), Palaeopsylla sorcigl BV, 2 WM), Rhadinopsylla pentacanth@7 BV, 12
367 WM) and Typhlocerus poppei poppé BV, 4 WM). All species of flea except p.
368 poppeiwere found on both rodent species (Fig. 4). Tleerablages of flea species
369 collected from wood mice and bank voles were nstimfjuishable according to the
370 LDA. Models trained on true host-flea associatiarese no better at predicting host
371 species than models trained on random associgtons3B [30.4% mean prediction

372 success versus 30.746=0.212,p=0.88], Table S7).
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Bartonella in rodent fleas

DNA was extracted from 881 fleaBartonella DNA was detected in 460 (52%)
individual fleas, and in all flea species exc@ptp. poppei pITS sequences were
obtained for 38BartonellapITS amplicons, each from a separate flea. Theirenta
78 Bartonellapositive fleas were coinfected and pITS amplicaese not sequenced.
Thirty differentvariants were found (Table S8), representing eggirtonellaspecies
(Table S11). Twenty variants matched those idextiin rodent blood samples in this
study; nine of which were wood mouse-specific (dastike-1, BGA-1, taylorii-6,
taylorii-7, taylorii-8, taylorii-9, taylorii-10, btlesii-5 and birtlesii-7), five were bank
vole-specific (doshiae-1, rudakovii-1, grahamiigtahamii-2 and taylorii-2) and six
were host-shared (grahamii-4, grahamii-5, tayl8riitaylorii-4, taylorii-5 and
birtlesii-1) (Table S2). The remaining ten variamtere novel to this study and to
GenBank (they have now been added; Table S9). Tere threeB. grahamii
variants (grahamii-6, grahamii-7 and grahamii-8)o B. taylorii variants (taylorii-11
and taylorii-12), twdB. birtlesii variants (birtlesii-8 and birtlesii-9) and oBe doshiae
variant (doshiae-2) (Table S11). One variant (tdram-1) was most similar tB.
tribocorunt a species previously found to infect rats (Hedleral 1998), and never
recorded from wood mice or bank voles in this stu@ge further variant (unknown-

1) did not closely match any knovdartonellaspecies in GenBank (Table S11).

Comparing Bartonella in fleas collected from wood mice and bank voles
A range ofBartonella pITS variants, including wood mouse-specific, barte-
specific and host-shared, were found in all fleacggs in whiclBartonellaDNA was

detected (excep®. sorcis for which only a singleéBartonella pITS amplicon was
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characterised; Table S8). However, the LDA shovied the species of rodent from
which aBartonellapositive flea was collected was highly predictabised on the
variant of Bartonellait was carrying (Fig. 3C [85.3% mean predictiorcess for
models trained on true associations between Bedonella variants and rodent
species versus 49.8% for models trained on randssmciationsy’=28.7,p<0.001],
Table S10). In other words, the assemblagBastonellavariants found within fleas
tended to reflect the assemblageBaftonellavariants found within the host species
they were collected from. This pattern is unlikedysimply reflect recent acquisition
of infections by fleas feeding on their current th@s the variants carried by fleas
often did not match the variants carried by theerddhost from which they were

collected (Table S13).

Host-specific pITS variants were occasionally foundfleas collected from the
alternative rodent species (Fig. 5). Wood mouseipevariants were found iC. n.
vulgaris (doshiae-like-1, taylorii-6, taylorii-7, taylor8; BGA-1; Fig. 5a and Table
S8) collected from bank voles, and bank vole-speei@riants were found €. n.
vulgaris (doshiae-1, grahamii-1, taylorii-2; Fig. 5a andblea S8), M. turbidus
(grahamii-1, grahamii-2, rudakovii-1; Fig. 5b andble S8)A. p. mustelag¢grahamii-
1, grahamii-2, rudakovii-1; Fig. 5¢ and Table SB8)l Hl. t. talpae(grahamii-2; Fig. 5d
and Table S8) collected from wood mice. No suchtepat was found inR.
pentacanthgFig. 5e and Table S8) even though a similar nurob@ITS amplicons
were sequenced for this flea species (n=6) akifar talpae(n=7) for which evidence
of between-host species flea transfer was pre3éete was also no evidence of flea
transfer forP. sorcis but only a single specimen of this flea species wositive for

Bartonella DNA. Examples of host-specific variants in fleagllected from the
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alternative rodent species were also evident wioasidering only data from 2012 at
MFG and RH, the site-year combinations for whigdrtonellasequences from both

hosts and fleas were available (Fig. S3).

Discussion

An ever-expanding body of evidence clearly demass that most parasite species
infect multiple host species (Cleavelagtchl 2001; Tayloret al 2001; Pedersest al
2005; Streickeet al. 2013). Where the same parasite endemically isfegipatric
host species, between-species transmission is aslstanibe commonplace (i.e. a “true
multi-host parasite”; Fenton & Pedersen 2005), nmgpna parasite reservoir
potentially comprises an entire multi-host commyr(iHaydon et al 2002) with
transmission occurring somewhat freely between isped¢-or medically important
parasites, such a scenario would require potepnt@implex disease management
across all host species (Fenwnal 2015). In contrast to this conventional wisdom,
however, we have shown that even with considerabferlaps in host species
ecology, and despite the presence of host-gentevalitors, the transmission of multi-
host parasites between endemically infected symsphtist species in the wild is

surprisingly infrequent.

Overall we found seveBartonella species circulating within a host community of
two sympatric rodent species, and three of th&egahamij B. taylorii and B.
birtlesii) infected both wood mice and bank voles. Thisogststent with a previous
study that used one of the same field sites (MaNood) (Telferet al 2007a).
However, our genetic characterisation of these gi@s revealed considerable

diversity within a partial ITS region of these tbfgartonellaspecies. Crucially, we
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found that each host species was associated wgtiiyhdistinguishable assemblages
of variants, and many of these variants were hpstic. Furthermore, while some
variants were shared across host species, thessdshariants were always far more
common in one host species than the other. Togethese results provide strong
evidence for 'covert host-specificity’' among theagants, implying a general lack of
parasite transmission between these two common ayimpodent species, despite
such transmission having previously been suggebted observed relationships

between parasite prevalence and host densitieke(Eelal 2007a).

We found clear evidence that most flea specieshast-generalists; in fact, all flea
species except. p. poppeiwere found on both wood mice and bank voles, and
overall the assemblages of fleas associated withh ehost species were
indistinguishable according to our linear discriamh analyses. However, the
dispersal of these generalist vectors between $psties appeared to be limited,
which may restrict opportunities for between-sped@artonella transmission. We
identified the genetic variants &artonella being carried by fleas and found that
overall, the identity of the host species from vmhia flea was taken could be
determined by looking only at thBartonella variant carried by that flea. The
assemblage oBartonella variants found within the flea community therefdras
clear structure, which is strongly correlated wille rodent host species that fleas
were collected from. This suggests that separateramities of the same flea species
may circulate largely independently within each thggecies population, and that
transfer of individual fleas between these discrptls is rare. This seems
reasonable, as the flea species found at our siely are mostly nest-dwellers that

feed opportunistically on hosts entering their sg8farshall 1981; Krasnov 2008).
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Flea movement between species is therefore likelyrequire close mouse-vole
contact, or use of the same habitat space by diftérost individuals for a sufficient
period of time (Krasnov & Khokhlova 2001), which ynd&e infrequent due to
differences in activity patterns and microhabitsage by wood mice and bank voles
(Watts 1968; Crawley 1969; Greenwood 1978; Can®@38)L. Indeed, wood mice and
bank voles were only occasionally captured at #raestrap location during a given
monthly session across our study sites (medianoptiop of multi-species trap
locations per session was 0.2 across all sessiodssampling sites; Table S12),
indicating some differentiation in microhabitat usghin the same broad woodland

area.

As a consequence of limited between-species vetigpersal, opportunities for
between-species parasite transmission may be irareafi encounter barrier), even
when host species are infected by the same vepemies. This potentially counters
the complex view of parasite persistence and cbmtithin multi-species reservoirs
(Haydonet al 2002). However, if host-specific variants are giblpogically capable
of infecting a wider range of host species givea tpportunity, between-species
transmission may occur if barriers to encounterabrdown, for example due to
anthropogenic shifts in community structure (i.epatential multi-host parasite’
becoming a 'true multi-host parasite'; Fenton &d?sein 2005). Here, however, we
found evidence that at least some host-spe8fidonella variants were unable to
infect the other species, possibly due to physickigncompatibility, as some fleas
were found carrying these host-specific variantshenother, uninfected host species.
In fact, as we did not sequen8artonella DNA from any coinfected fleas, it is

possible that we underestimate the occurrence twidam-species flea transfer here,
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as coinfected fleas may arise as a result of fgedeguentially on multiple host
individuals, and possibly different host speciedected with different pathogens.
Such compatibility barriers have been found inhlitiedent communities, where wood
mice were endemically infected witartonellabut sympatric bank voles were not,
despite harbouringBartonellapositive fleas (Telferet al 2005). Laboratory
inoculation experiments have also shown tBartonella infections often only
establish in species of wild rodents when challengeh a variant originally obtained
from that same species (Kosey al 2000). It therefore seems likely that should
ecological barriers to between-host vector trangfeak down in the future (e.g. due
to environmentally-driven changes to host or vectorovement), initial
incompatibility barriers may prevent or slow the exgence of regular between-
specieBartonellatransmission, until new variants able to infecttiple host species

evolve and increase in frequency (Argizal 2003; Lloyd-Smitret al 2009).

Interestingly, we found six shared variantsBairtonella all of which were far more
common in one host species than the other. Giveroticasional occurrence of fleas
carrying variants never found in the host speaiemfwhich they were collected, it
seems that between-species flea transfer does,aicarrate which is sufficient for
those few shared variants to maintain a relativelgstant, but low, degree of host-
generalism (indicative of spillover dynamics; Fenf Pedersen 2005). Alternatively,
it may be that host generalism is a more dynamenpmenon, and that our data
represent a snapshot in evolutionary time suchwieatre witnessing the evolution of
these variants from host-specialists to host-gdisesa(or vice versa). It would

therefore be fascinating to conduct a longer-texrdysof this system to see the extent
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to which variants change in frequency in the twetlgpecies over time, and therefore

whether between-species transmission is becomimg nrdess common.

Our findings provide compelling evidence that tleelegy of host-generalist vectors
could inhibit between-species parasite transmissidfe acknowledge that our
conclusions about between-species vector movenmerdrawn from proxy evidence
of associations between individual fleas and hpstiges, and an investigation of the
genetic structure of the flea populations may helpssess the frequency with which
individual fleas transfer between sympatric spe@es promote between-species
transmission. The generality of our findings wiB@depend on parasite transmission
mode and the off-host dispersal capabilities oeptrector types (Randolph 1998).
For example, vectors that engage in frequent mmEpendent dispersal (e.qg.
dipterans such as mosquitoes) have the opporttmitged sequentially on different
host species more often and thus are less liketgpgoesent a barrier to the between-
species transmission of multi-host parasites. Euantlore, parasites transmitted by
direct contact may have fewer opportunities to €rbgtween host species. For
example, it was previously shown that risk of ini@e with the directly transmitted
cowpox virus is not influenced by between-speciemdamission for sympatric
populations of wood mice and bank voles (Begoml 1999; Carslaket al 2006),
presumably due to infrequent appropriate interigseencounters. In contrast,
opportunities for between-species exposure for git@s with environmental
transmission stages (e.g. intestinal helminths) @ymore frequent, with different
vector-borne parasites lying at different pointsngl a continuum between these two

extremes. Identifying general trends in the occwee of between-species
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transmission based on broad host and parasite ggcoleould improve our

understanding of disease transmission within cormet®logical communities.

In conclusion, our results show that the transmrssif multi-host parasites between
sympatric host species is not inevitable, and canaocessarily be predicted based on
shared host ecologies alone, nor on the presendeostfgeneralist vectors. We
emphasise that, in fact, between-species transimissay be a lot more rare than
previously assumed. Thus, separate populationhe@fsame parasite species may
often circulate and persist independently in dédfér sympatric host species
populations. This challenges conventional wisdomasunding the control of multi-
host parasites and, if a general phenomenon, sisgiipas control interventions would
likely need to be multi-pronged, aiming to reductection independently in multiple

host species.
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Figure S3. Number ofBartonellapositive fleas of each species taken from wood
mice and bank voles at MFG and RH during 2012.

Table S1. Number of individual wood mice and bank voles cagd and number of
blood samples collected from each rodent specieaddt field site.

Table S2. The twenty-sixBartonellapartial 16S-23S ITS sequence variants detected
in this study and where they were found.

Table S3. As Table S2 but only samples from animals not sgddo treatment are
presented.

Table $4. GenBank accession numbers of the ten novel Bdldopartial 16S-23S
ITS sequence variants detected in rodent blood Esmpthis study.

Table S5. Results of linear discriminant analyses that mleddhost species identity
based on either the species-level (S) or variargt@/) identification ofBartonella
parasites with which they were infected.

Table S6. As Table S5, but using a reduced data set thhtdas only a single record
of a particulaBartonellaspecies or pITS variant for each individual.

Table S7. Results of linear discriminant analyses that mledahost species identity
based on the morphological identification of theafspecies collected from them.
Table S8. The species identity arRartonellainfection status of fleas collected from
rodents.

Table S9. GenBank accession numbers of the Bartonella partial 16S-23S ITS
sequence variants detected in fleas only.

Table S10. Results of linear discriminant analyses that meddhost species identity
based on the variant Blartonellacarried by fleas collected from them.

Table S11. Bartonellaspecies submissions in GenBank with which eacls pidriant

in this study shares highest and second highedasity
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816 Table S12. Proportions of trap locations at which both woadarand bank voles
817 were captured during each trapping session ats@teh
818 Table 13. Comparison of th&artonellapITS variants found in individual fleas and

819 the variants found in the rodent hosts from whiabheflea was collected.
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Figure 1 The proportion of blood samples that tested pasitor infection with each
Bartonella species in bank voles and wood mice across ask.sinhfections were
identified to species according to sequencing ef @IS region where possible, and

according to the length of the pITS region in alley cases.

Figure 2 The number of each (8) grahamii(b) B. taylorii and (c)B. birtlesii variant
detected within wood mice and bank voles acrossits. Colour-coding represents
different variants within eaclBartonella species group. Infections that were not
sequenced are classed as “unknown” variants (whkgssification of “unknown”

variants into their respectigartonellaspecies groups is based on pITS length.

Figure 3 Mean percentage of individuals correctly identifte host species according
to linear discriminant analyses where models weenéd on (A) Bartonella
infections of the hostgB) flea infestations of the hostxZ@O.OZ, p=0.88) and(C)
Bartonella infections of the fleas infesting the hosgé=28.7, p<0.001), using data
from all three woodland sites combined. In eacle casdels were trained on random
selections of 75% of host-parasite associationsused to predict the host identity of
the remaining 25% of the data. This was done 1@@@st in each case. Grey bars
represent models trained on true host-parasitecasgms while white bars represent
models trained on random host-parasite associati@ierences between the
predictive capabilities of each model were assetasiaft!;)(2 analyses. IfA), models
were trained on hostBartonella infections identified either to species-level
(“Bartonella species”) or to pITS variant-level Rartonella variants”), and ten

comparisons were made, represented by the lettprs:ax?=61.8, p<0.001, b:

X’=44.8, p<0.001,c: x°=33.5,p<0.001,d: x°=30.9,p<0.001,&: X°= 33.8,p<0.001,f:
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X’=83.7,p<0.001,g: X*=26.8,p<0.001,h: ¥x*=0.99,p=0.32,i: x*=19.5,p<0.001,j:
Xx’=31.2,p<0.001. LDA models could not be computed Borbirtlesii variants alone

as the distribution of the one variant shared betwsost species was highly skewed

(birtlesii-1, found only twice in wood mice but &ithes in bank voles; Table S2).

Figure 4 The proportion of flea-infested wood mice and baales that were infested

with at least one specimen of each species oftii¢acted in this study.

Figure 5 The number of (al. n. vulgaris(b) M. turbidus(c) A. p. mustelaéd) H. t.
talpae and (e)R. pentacanthaaken from wood mice and bank voles that tested
positive for Bartonella infection. Colour-coding represents the host assioos
(according to this study) of tigartonellaplTS variants found within the fleas: purple
= found in wood mice and bank voles, green = foanty in bank voles, yellow =
found only in wood mice, grey = found only in fleA§hite represents infections in
fleas that were not sequenced. Horizontal divisiaitin colour blocks represent
multiple pITS variants within a host-associatiortegary. The specific identities of
variants identified in each flea species colledtedh each host species are shown in

Table S8.
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