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How multitrophic relationships between wildlife communiés and their ectoparasitic
vectors interact to shape the diversity of vector-borne mimorganisms is poorly

understood. Nested levels of dependence among microbes, vetors, and vertebrate

hosts may have complicated effects on both microbial commuity assembly and

evolution. We examined Bartonella sequences from European bats and their
ectoparasites with a combination of network analysis, Baysdan phylogenetics, tip-

association and cophylogeny tests, and linear regressiorotunderstand the ecological

and evolutionary processes that shape parasite communitie We detected seven bat—
ectoparasite-Bartonella communities that can be differentiated based on bat famile

and roosting patterns. Tips of theBartonellatree were signi cantly clustered by host

taxonomy and geography. We also found signi cant evidence bevolutionary congruence
between bat host and Bartonella phylogenies, indicating that bacterial species have
evolved to infect related bat species. Exploring these ecobical and evolutionary
associations further, we found that sharing ofBartonella species among bat hosts

was strongly associated with host phylogenetic distance ad roost sharing and less

strongly with geographic range overlap. Ectoparasite sharg between hosts was strongly
predicted by host phylogenetic distance, roost sharing, ad geographic overlap but had

no additive effect onBartonellasharing. Finally, historicaBartonellahost-switching was

more frequent for closely related bats after accounting fosampling bias among bat

species. This study helps to disentangle the complex ecologand evolution ofBartonella

bacteria in bat species and their arthropod vectors. Our wd¢ provides insight into the

important mechanisms that partition parasite communitieeamong hosts, particularly the
effect of host phylogeny and roost sharing, and could help teelucidate the evolutionary
patterns of other diverse vector-borne microorganisms.
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McKee et al. BartonellaSharing in European Bats

INTRODUCTION To understand how complex host—vector—microbe
communities are assembled and maintained in nature, we
The enormous complexity of natural communities resultsexamined the associations dartonella spp. bacteria and
from the large number of coexisting species and the diversgctoparasitic arthropods with their bat hosts using compiled
and unequal strengths of their interactions. Parasitesdata from nine European countries. We argue ti&grtonella
including macroparasites (e.g., worms and arthropods) anghfections in bats and their ectoparasites represent an ideal
microparasites (e.g., bacteria and viruses), are an irtegrsystem for understanding these complexities, rst because
component of natural communities. Parasitism is a widespreaBartonellainfections are prevalent and genetically diverse in
life history strategy used by approximately one-third to overmany bat species studied to datéqKee et al., 2016; Stuckey
one-half of all speciesPoulin, 2014; Morand, 20)5These et al., 2017) providing rich data with which to analyze complex
parasitic organisms are under selective pressure to optimizsatterns. Second, bats are present on all continents except
their life history traits to e ciently colonize and reprodecin  Antarctica and have traits that favor parasite transmission
or on their hosts. This process of developing host speci cityand geographic spread, including ight and long life spans.
can be complicated, however, when there are several layersMany bat species are highly social and may form large colonies
parasitism. Such is the case for vector-borne microorgasism(Kerth, 2008, frequently co-roosting with other species, which
For these organisms, selection can occur in both the host ancbuld facilitate cross-species parasite transmission. Third
the vector. When combined with host-associated selection obats are a phylogenetically ancient lineagi(and Rabosky,
vectors, vector-borne microbes may exhibit complicated paste 2015; Foley et al., 20),6llowing extended time for microbes
of host and vector associations and phylogenetic di ereidiat and ectoparasites to develop host specicity. Finally, bats
In light of this, classic models of parasite cospeciation antiave many ectoparasites that vary in host speci city, ranging
host-switching (e Vienne et al., 20)3nust give way to novel from highly speci ¢ wing mites Bruyndonckx et al., 200%o
approaches that examine the contributions of both hostsnore generalist vectors like ticksi¢rnok et al., 2016, 20}/
and vectors to the evolution and community assembly ofvhich could have opposing e ects on the evolution of host
vector-borne microorganisms. speci city in microorganisms they transmit. Such ectopatesi
Examining these processes is fundamental to understandinige history traits can interact with bat social systems liasing
microbial diversity and surveillance of vector-bornemicrobial transmission (an Schaik et al., 20L5All these
microorganisms [raks et al., 20)1 Vectors vary in their forces may combine to generate complex host—vector—microbe
host specicity, potentially leading to transmission of communities over evolutionary time but may be predictable
microorganisms to atypical hosts including humans. Vectorgiven sucient data and appropriate analytical methods.
borne microorganisms account for a substantial proportion ofMioreover, bats are a highly threatened group of wildlife sg&ci
emerging infectious diseases worldwiderfes et al., 20)8and  play central roles in ecosystems, and deliver valuable eeosyst
the zoonotic potential of mammalian viruses has been posjtive services such as pollination and pest contibyles et al., 2011;
linked with being vector-borne(lival et al., 201) Knowledge Kunz et al., 201)i thus, ecological and evolutionary information
of associations between microbes, hosts, and vectors Wil heon parasites could be informative for bat conservation and
to understand how humans become exposed to zoonotic agenégosystem sustainability\(hiteman and Parker, 2005; van
and mitigate these risks. Thus, disentangling the eco#bgicSchaik et al., 20)8In addition to these factors, there are
and evolutionary relationships between microorganisms andutstanding questions regarding the forces that dBagtonella
their hosts and vectors is important for managing the potentiaevolution in bats. Previous work has shown that the phylogeny
spillover of zoonotic agents to humans. of bat-associate@artonellalineages is congruent with the bat
Disentangling these complex ecological and evolutionaritost phylogeny l(ei and Olival, 201y} and Bartonellalineages
processes requires sampling and analytical methods thafristie  tend to cluster by bat suborders and familiddcoKee et al.,
across trophic levels. If sampling is done across multipl€016. This previous work indicates th&artonellaspecies have
ectoparasites and hosts, we can characterize the strength d#veloped some level of host speci city; however, the redativ
host—parasite associations and identify host—vector-ofier in uence of ectoparasites and the biogeography of bat hosts on
communities using network-based approaches. Knowledge ®ht-Bartonellaassociations remain unclear.
these communities would directly facilitate disease managnt Lastly, recent studies have highlighted the zoonotic po&tnti
and the prevention of spillover events. For instance, hosts asf bat-associateBartonellaspeciesBartonellaspp. infections in
vectors that have high infection prevalence or are conneetdd  humans and domestic animals can lead to symptoms ranging
a large number of other nodes in the tripartite host—vector-from mild fever to potentially life-threatening endocarditi
microbe network may be targeted for pathogen surveillance ofChomel and Kasten, 20).an one case of human endocarditis,
vector control. Looking at patterns of microbe sharing amonghe etiological agent was identi ed as a novel pathogenicispec
hosts, we can highlight factors that constrain microbialsho CandidatusBartonella mayotimonensis_in et al., 201 This
range using multiple regression, including host phylogenetispecies and related strains have been identied in European
distance, vector sharing, geographic range overlap, and roashd North American bat species/¢ikkolainen et al., 2014;
sharing as covariatesS{reicker et al., 2010; Willoughby et al., Lilley et al., 2017; Stuckey et al., 2017a; Urushadze e0Dal),. 2
2017. Finally, we can examine how biases in historical micrbbiaBartonellaspp. have been detected in numerous bat ectoparasites
host-switching result in the observed congruence betweest h (Stuckey et al., 2017b; Hornok et al., 2)18ome of which
and microbial phylogeniesiharleston and Robertson, 2002 are known to occasionally attack humansé¢nson et al., 1994;
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Estrada-Pefia and Jongejan, 1098 recent study also found Bat Species Tree, Geographic Range

serological evidence of Bartonellaspecies specic to fruit Overlap, and Roosting and Mating Data
bats in humans in Nigeria where members of the communityp phylogenetic tree of batsF{gure S) was obtained from
capture and sometimes eat batsa( et al., 2018 Given these the Open Tree of Life (http://www.opentreeo ife.org) from a
emerging patterns, knowledge of the host and vector assosat previous study of bat taxonomy using multiple mitochondrial
of bat-associateBartonellaspecies could have implications for gnd nuclear loci $hi and Rabosky, 20)L5The tree was pruned
managing spillover risk. to the 21 species iffiable 1 Myotis oxygnathusvas considered
Our strategy to investigate how bat—ectoparadd@tonella 5 synonym forMy. blythii (Agnarsson et al., 2011; Balvin and
communities are assembled and how they evolve involvesyrionicka, 2014: Wilson and Reeder, 215
a multifaceted analytical approaclirigure 1) that splits this The geographic ranges of each bat species were downloaded
problem into three fronts: (1) assessing the diversitBaftonella  from the International Union for Conservation of Nature
species in European bats and their ectoparasites and thewteuct (IUCN) Red List website (http://www.iucnredlist.org)UCN,
of bat-ectoparasitdartonella communities using network 2014. JUCN ranges are convenient data that are available for
analysis, (2) understanding the evolutionary implicatioos g|| the bat species in this study, and previous studies have
these ecological patterns using tip-association and copeppg syccessfully used these data for understanding the detentsn
tests and phylogenetic measures of historical host-switchi of viral diversity in bats l(uis et al., 2013, 2015; Maganga et al.,
rates, and (3) linking patterns ddartonellahost speci city to  2014: Webber et al., 2017; Willoughby et al., J08hape les
ecological and evolutionary covariates using linear rsgjm.  \vere imported into R using the “readShapeSpatial” function in
We hypothesized that associations between bats, ectosasithe “maptools” packagé(vand et al., 2017; R Core Team, 2018
and bacteria can be resolved into identi able communitibatt  |ndividual range mapsHigure SJ and a map of overlapping
separate by bat phylogeny, geographic overlap, and roostiRgnges Figure 3) were generated by drawing shape les over the
patterns. Second, we expected that the phylogerfjanfonella  «woridHires” map from the “maps” packag&écker et al., 20)6
species will exhibit signi cant clustering by bat taxonomyda \ye then calculated pairwise percent geographic range overlap
will_have signi cant congruence with the phylogeny of batpetween each bat species as described previouslyde et al.,
species. Linking these patterns together, we hypothesizeéd thay1g; see theSupplementary Materialfor more details. Data
host phylogenetic distance, ectoparasite sharing, geograpiyn roosting patterns and mating systems of batatles Sland

range overlap, and summer roost sharing are predictors of were collected from books byietz and Kiefer (2014and
bacterial species assemblages and host-switching rategdrad  Njethammer and Krapp (2001, 2004)

species. This multifaceted approach aims to bridge ecological
processes to observed evolutionary patterns to better utetets

the diversity and epizootiology of bartonellae in bats. Such
an approach could be generalized to study and manage other

microorganisms with complex, multihost dynamics. Ectoparasite DNA Extraction
and Barcoding
MATERIALS AND METHODS DNA from bat ies, mites, eas, and bat bugs was extracted
with ammonium hydroxide as described previoushyiélinga
Study Sites and Specimen Collection et al, 200F DNA from bat ticks was extracted using

Bat ectoparasites were collected in the Netherlands, Belgiutihe Qiagen DNeasy Blood & Tissue Kit according to the
Hungary, and Romania between 1993 and 2015. Samplinganufacturer's protocol for the purication of total DNA
sites included roosting, swarming, and foraging areas, ahd from ticks (Qiagen, Venlo, the Netherlands). Con rmation
sampling occurred during the summer maternity and autumnof ectoparasite identi cation was performed by sequencing a
mating phases when ectoparasites are more actige Gchaik 658-base-pair fragment of the cytochrome oxidase subunit |
and Kerth, 201Y. In the Netherlands and Belgium, ectoparasite(COI) using primers LCO1490 and HCO2198dmer et al.,
specimens were collected with forceps either directly fromi999; see theSupplementary Materialfor details. For species
bats during inspections of bat boxes and night mist nettingdenti cation, both strands of PCR products were Sanger
or from their roosts. In addition, ectoparasites were sampledequenced (BaseClear, Leiden, the Netherlands) using the
during inspection of dead bats collected in the Netherlandsame forward and reverse primers as in the conventional
between 1993 and 2011 and stored in the Naturalis BiodiyersiPCR. Trimming and manual cleaning of COIl sequences were
Center, Leiden, the Netherlands. Bat ies from Hungary andperformed in BioNumerics v7.1 (Applied Math, Belgium).
Romania derived from a study bysandor et al. (2018) A phylogeny was inferred using the GTR model with

All bats were morphologically identi ed to the species level25 distinct rate categories with 1,000 bootstrap replicates
Initial identi cation of bat ies was based on morphological using RAXML Stamatakis, 20)4 Based on this phylogeny,
characteristics heodor and Moscona, 1954; Theodor, 1p67 individual associations between Bartonella sequence and
Ectoparasites were stored in 70% ethanol in separate vials pria vector species were corrected if the phylogenetic position
to further analysis. The distribution of sampling sites is mappe of the COI sequence conicted with the morphological
in Figure 2, and the coordinates of sampling sites are listeddenti cation, replacing the morphological identi cation wh

in Table S13 the phylogenetic identi cation.

Frontiers in Ecology and Evolution | www.frontiersin.org 3 March 2019 | Volume 7 | Article 69


http://www.opentreeoflife.org
http://www.iucnredlist.org
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
https://www.frontiersin.org/journals/ecology-and-evolution#articles

McKee et al. BartonellaSharing in European Bats

Bat phylogenetic Bat geographlc
dlstance matrix ' overlap matrix

E G 1

E;toparas_ite Ectoparasite IDs Bartonella sequences
dISSImIIamy “ and s_equences (this study, previous data; Table S4)
matrix (Figure S3)
N gy gl — }
—_—— e ] - - — I Bartonella phylogenetic tree
: S ! = [ (Figure S4)
1
s 1 Iy v
Bartonella ‘J' I' | Bat-ectoparasite-Bartonella
dissimilarity ~<——————— — association matrix
matrix 1] I (Table S3; Table $10)
s r 4 K K ’ 11 | ‘ 1
w8 , \A c' . i
Linear ‘ Ancestral state h opssﬂ)ocgi’aetrilgn k==
regression reconstruction p-a 1 |
tests )
*., - - v \
", v [ 4 ~ Community
. “.. Host-switching rates H Degree  detection
Guide (Figure 6; Table $17) B ~ distribution .
: )
Rawdata v ¢ !
Derived data Test statistics,  |mportant nodes :
residuals, (weighted degree) :
* Analytical method supported links :
(Figure 5; Figure S5; =====
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communities

(Figure 4; Table S14)

FIGURE 1 | Analysis framework diagram. Boxes link raw data (dark blue¢p derived data (light blue), analytical methods (green)nd results (orange) to connect all of
the scienti ¢ analyses used in the study.

Review of Ectoparasite Host Range Bartonella Ampli cation and Sequencing

We recognize that the relationships between bat hosts anfctoparasites were tested individually for the presence of
ectoparasites in our dataset may not capture the full ectofiaras Bartonella spp. with a conventional PCR assay targeting
host range due to infrequent associations between ectdpesas the citrate synthase genali{®) using primers designed by
and some bat hosts. To capture some of this additionaNorman et al. (1995)the Supplementary Material contains
variation, we performed a literature reviewaple S3 of the additional details onBartonelladetection protocols. Previous
host range of the 17 ectoparasite species for which we hadudies have foundjltA sequences to be su ciently diverse
associatedBartonelladata. The search was implemented into distinguish amongBartonellaspecies and some subspecies
Google Scholar, Web of Science, and GenBank using tlfea Scola et al., 20P3 Additionally, gltA is the most
ectoparasite species epithet in the search terms. Additionabmmon marker for genotypingBartonella species Kosoy
publications were obtained based on citations therein aodhfr et al., 2018 hence, it is useful for comparing@artonella
previous reviews of bat y host associatiorizzéntivanyi et al., diversity across studies. F@artonellaspecies identi cation,
2016. This review gathered a total of 302 publications fromboth strands of PCR products were Sanger sequenced (BaseClea
1835 to 2018, 212 of which yielded information relevant ta_eiden, the Netherlands) using the same forward and reverse
the ectoparasite and bat species in the current study. Werimers as in the conventional PCR. To minimize cross-
counted the number of publications for which an ectoparasitecontamination and false-positive results, positive (pool of
species was noted as occurring on a bat species, adding tBartonellapositive ticks;Tijsse-Klasen et al., 20)land negative
current study toward each total only if an ectoparasite wagwater only) controls were included in each batch tested GRP
sampled from a bat species in our collection. Bat—ectoparasitaurthermore, DNA extraction, PCR mix preparation, sample
associations noted in the studies that did not record theaddition, and PCR-product analysis were performed in assigne
full species epithet for both ectoparasite or host specieseparate labs. Trimming and manual cleaning Bdirtonella
were excluded. sequences were performed in BioNumerics v7.1 (Applied Math,
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oe,
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FIGURE 2 | Map of ectoparasite sampling sites. Points summarize the tal number of ectoparasite samples from the Netherlands, Bgium, Hungary, and Romania
collected from each sampling site. Latitude, longitude, ad ectoparasite counts for each sampling site are listed ifable S13.

FIGURE 3 | Map of geographic ranges for the 21 European bat species stued. Transparent layers were mapped on top of one another toighlight regions with
dense range overlap, primarily in Europe and the Middle EasBome species have additional overlap in Central and East A& Individual maps are shown irFigure S2.

Belgium) together witiBartonellareference sequences availablg-or the purposes of ecological and evolutionary analysis ave h
in GenBank. assumed that 8artonellastrain ampli ed from an ectoparasite
Sequences were further con rmedBartonellahrough Basic species may also be carried by the bat species on which
Local Alignment Search Tool (BLAST) searches (https:fiblasthat ectoparasite was found. We argue that even incidental
nchi.nim.nih.gov/Blast.cgi). Based on this initial scrieg, some  ectoparasitism on an atypical bat host may lead to transmissio
sequences were identi ed as originating frdartonellaspecies of bacteria and is thus important for understanding avaiabl
not associated with bats or from bacteria of other genera angarasite host range. The host associations of ectoparasite-
were removed before further analysg&ipplementary Materia).  derived sequences were validated for the subsd@asfonella
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TABLE 1 | Summary of Bartonellaphylogenetic diversity for 21 European bat species includkin our study.

Bat species Species Median Faith's Number of Number of Number of Number of
abbreviation PD [95% CI] gltA Bartonella host— unique
sequences OTUs ectoparasite publications
linkages reviewed
Eptesicus Ept.nil 0.44[0.36, 0.65] 1 1 5 20
nilssonii
Eptesicus Ept.ser 1.06 [0.93, 1.29] 10 5 11 34
serotinus
Miniopterus Min.sch 4.05[3.7,4.57] 111 9 7 45
schreibersii
Myotis Myo.bec 1.34[1.2,1.61] 13 4 8 36
bechsteinii
Myotis blythii Myo.bly 2.68 [2.44, 3.08] 42 9 12 49
Myotis Myo.cap 0.44[0.36, 0.65] 1 1 6 29
capaccinii
Myotis Myo.das 2.76 [2.48, 3.12] 80 4 11 24
dasycneme
Myotis Myo.dau 3.03[2.79, 3.44] 57 8 15 81
daubentonii
Myotis Myo.ema 1.51 [1.36, 1.79] 18 5 8 17
emarginatus
Myotis myotis Myo.myo 2.05[1.87, 2.4] 26 5 14 85
Myotis Myo.mys 0.44 [0.36, 0.65] 1 1 12 23
mystacinus
Myotis Myo.nat 0.93[0.79, 1.14] 4 2 11 52
nattereri
Nyctalus Nyc.noc 0.76 [0.62, 0.96] 4 3 9 24
noctula
Pipistrellus Pip.nat 1.05[0.89, 1.28] 26 3 7 15
nathusii
Pipistrellus Pip.pip 0.77 [0.65, 0.97] 4 2 9 48
pipistrellus
Pipistrellus Pip.pyg 0.6 [0.5, 0.8] 2 2 3 13
pygmaeus
Plecotus Ple.aur 0.63[0.52, 0.83] 5 1 13 42
auritus
Rhinolophus Rhi.bla 0.76 [0.67, 0.99] 3 2 4 14
blasii
Rhinolophus Rhi.eur 1.29[1.14, 1.52] 30 4 6 23
euryale
Rhinolophus Rhi.fer 1.66 [1.54, 2.01] 18 6 10 38
ferrumequinum
Rhinolophus Rhi.meh 0.61[0.51, 0.83] 5 4 4 12
mehelyi

Median Faith's phylogenetic diversity (PD) and 95% con dence interéawere calculated from 100 posterior samples of the Bartonella gltA tree iRigure S4, pruned to the sequences
found in the 21 species of European bats. The number of host—ectoparasite kages observed is summarized from the literature review ifable S3, including new specimens collected
during this study. Species abbreviations are used ifrigures 5, 6 and Figure S5.

species that have been characterized from bats in previosgquences had close similarity Bartonellasequences found
studies Supplementary Materia). in humans Podsiadly et al., 2010; Lin et al., 2D&hd stray
To aid in phylogenetic inference and the delineation ofdogs Bai et al., 201)) thus, representative sequences from
novel Bartonellaspecies, additionaBartonella gltAsequences these studies were also included. Details on the origin of
amplied from bats and ectoparasites were compiled fromBartonella sequences are listed ifable S4 Sequences were
published articles and records in GenBank. This search wagmmed to a common length of 337 base pairs and aligned
implemented in Google Scholar, Web of Science, and GenBanksing the local and accurate L-INS-i method in MAFFT v7.187
Initial BLAST screening also indicated that sorBartonella (Katoh and Standley, 20).3The sequences were inspected for
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gaps and misalignments and were removed if they containesequences from insectivorous bats in China and westeriralen
obvious errors. and eastern Europe were performeda( et al., 2017; Stuckey
et al., 2017a; Corduneanu et al., 2D1Bhylogenetic diversity

. ) (PD) of Bartonellasequences from each bat species was assessed
Phylogenetic Analysis of by the number of OTUs found in the species arieaith, 199
Bartonella Sequences PD index based on branch lengths in 100 posterior samples of
Two datasets were created for phylogenetic analyses. Firig gltA tree. Faith's PD was calculated in R using the “picante”
we compiled the full set oBartonellasequences from bats packagei{embeletal., 2094
and their ectoparasites fromiable S4plus sequences from the
current study (full datasetn D 754), using three sequencesNetwork Analysis and Community
from Brucella spp. as the outgroup. Second, this full SetDetection
was restricted toBartonella sequences from bats and their
ectoparasites in Europe (European bat datas&,456). While
ectoparasites collected from roosts and bat boxes weredtes
for Bartonellaspp., the DNA sequences derived from thes
samples were only used in the phylogenetic analysis of the f
dataset. Since they did not contain information on the hos
species, they were excluded from the European dataset a
were thus not used to asseBartonelladiversity among bat o e .
species or in the other tests detailed below (network analysigumber of citations linking ectoparasiteto bata, na, by the

cophylogeny, and regression). This restricted set contgine ™ of the total unique publications surveyed for @tx,

. C. and the total unique publications surveyed for ectoparabjte
sequences from the .21 bat species rgpreseqte&gure Sl. Xp; thus,way D Ngy=.Xa C Xp/. Similarly, we adjusted weights
gr;d Jgﬁcg ?r%tr?ﬁarazl)t(es nraetﬂf;;g:gdcgnm%?r:;geﬁmr?hroegge\?lor edges linkingBartonellaOTUs to hosts (either bat species

q vly. 0xyg . . or ectoparasite species).q, by dividing the number ofgltA
from My. blythii. Due to the potential confounding factor of

recombination in phylogenetic inferenc@¢sada and Crandall, sequences linking OTUl .to host G neg, by the sum of the
T . total gltA sequences obtained from hasty., and the totalgltA
2002, we performed the pairwise homoplasy index te3tuen . : _
; . - sequences obtained for OTt] yg; thus,weg D neg= Ve C vy -
et al., 200pin SplitsTree v4.13.1Huson, 200} Tests using . .
- o Therefore, edge weights were constrained to be between 0 and
both the full and European bat datasets indicated no sigmitca

. . - 0.5, with an actual range of 0.00431 to 0.429.
evidence that recombination a ects our phylogenetic inferenc We performed community detection on the trinartite network
(PD 0.41 andP D 0.25, respectively). P y P

. using three algorithms available in the R “igraph” package:
r}%e information map method Rosvall and Bergstrom, 200)8
atshe Louvain method Blondel et al., 2008 and the spin glass
method Reichardt and Bornholdt, 2006The purpose of using

sequence evolution model and the birth—death speciationehod multlple a_llgonthms was _t_o account for some uncertainty |_|eth
S . . identi cation of communities (see th&upplementary Material
with incomplete sampling and rate partitions for each codon

position. See thSupplementary Materialfor additional details Losrm(;ettﬁgﬁH(i)\r;eg,],epiaggghm%eggg;n;tjg:“ezsm\)’\éere visualize
on model selection and phyloge_ny generation. . Toidentify bat, ectoparasite, afghrtonellaspecies that might

Branches of the phylogenetic tree were collapsed accordlrb% highly in uentialin the network, we examined nodes thaine
to probableBartonellaspecies. Classi cation of bacterial specie% ’

. . ; ighly connected in the tripartite network based on calcigat
is challenging and may not conform well to species conceptg,f their weiahted dearee. A node's weiahted dearee repre et
developed for eukaryoteK¢nstantinidis et al., 2006; Fraser 9 gree. 9 9 P

et al., 200). La Scola et al. (2003roposed thatBartonella sum of the edge V\{elghts.connectlnganpde to other node§.$\lode
: L . . were selected as in uential if they were in the top 25th petiten
species could be distinguished gftA sequences diered by

> 4% identity.Konstantinidis et al. (20063dvocated for a more of weighted degree. We then examined how the selected nodes

. - - . were connected to other nodes within the communities detect
stringent approach wherein bacterial species are demarcat%y the community detection algorithms

by >5% dierence in sequence identity, which corresponds
well with another standard of bacterial species, 70% DNA- . Lo
DNA hybridization. We chose to follow this more conservativ. COphylogeny and Tip-Association Tests for

approach and collapsed branches into operational taxonomiBats and Bartonella

units (OTUs) based on 5% identity among sequences. UsingClustering of traits among tips of thBartonellatree (European
these Bartonella OTUs, we can understand their ecology,bat dataset) was tested using the Bayesian Tip-association
speci cally their host and ectoparasite associations, facto Signi cance Testing (BaTS) progran?drker et al., 2008 We

that can aid in demarcatingBartonella species or species assessed the clustering of bat taxonomic traits (speciasrae
complexes osoy, 2010; Kosoy et al., 2012Additional post families, and suborders) and countries sampled. Signi eaoic

hoc comparisons of OTUs with recently publishéhrtonella clustering for each trait was assessed by comparing thelatddu

Weights for edges linking bat, ectoparasite, aBertonella
nodes were initially assigned based on the number of citatio
II‘|3nking ectoparasite species to bat species in the literagview
I‘l’able S3 or the number ofBartonella gltAsequences for a
given BartonellaOTU linked to a host bat or host ectoparasite
m']able S10. To account for sampling intensity on edge weights,
we adjusted bat—ectoparasite edge weighig, by dividing the

the best sequence evolution, speciation, and codon pariitgpn
models. Following this procedure, a phylogenetic tree w.
generated for the full dataset in BEAST using the GDRCI
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association index (Al) and parsimony score (PS) for 100 paster correlation, which was subtracted from one to transformrmiio a
samples of th8artonellaree against null distributions generated dissimilarity measure. These same indices were used to meeasu
from 1,000 randomizations of traits to tips along each sampleéctoparasite dissimilarity. Other indices, speci cally Rea
Bartonellaree. correlation and Bray—Curtis dissimilarity, were explored tvere
Phylogenetic trees of bat species @attonellaOTUs were not chosen because they violated assumptions of normality in
assessed for evidence of evolutionary codivergence ugiag tresiduals. Only those host-switching rates with>BB were kept
algorithms: the Procrustean Approach to Cophylogeny (PACdfor this analysis to be con dent in the estimated rate values.
Balbuena et al., 20).and the ParaFit methodLggendre et al., Additional details on data selection for regression candasél
2002. Trees were imported into R using the “ape’ packagen the Supplementary Material
(Paradis et al., 2004, 20%dhd then rescaled to have a maximum  There were ve primary predictors considered in the
branch length of one by dividing all branch lengths by thedest  regression analyses: dissimilarity in ectoparasite shaehgden
branch in each tree. A binary association matrix linking batbat species, phylogenetic distance between bat species, bat
species t@BartonellaOTUs was assembled based Table S10  geographic range overlap, summer roost sharing of bats, and
We tested the pattern of codivergence using ParaFit using thee vector of the least sampled species from the Battonella
“ParaFit” function in the “ape” package with 999 permutationsassociation matrixKigure 1). The phylogenetic distance matrix
and stored theP-values for the contributions of individual from Shi and Rabosky (2015)as initially scaled in terms
linkages (known as ParaFitLink1 or F1 statistics). Codjeace of branch ages (in millions of years); hence, we rescaled the
was tested in PACo using the “paco” package inERllfuena branch lengths to be between zero and one by dividing all
et al., 201pwith 1,000 permutations. PACo residuals and mearbranch lengths by the maximum length. The summer roosting
jackknife contributions for individual linkages were stok to  patterns of bats are a binary variable indicating whether or
compare with results from ParaFit. We performed the tests omot bats share roosts during the summer months. The vector
the maximum clade credibilitBartonellatree and 100 sampled of least sampled species was selected from theBaatonella
posterior trees to assess the e ect of phylogenetic uncegt@éint association matrix as the minimum row sum for each species

the global ttests. pair; this was then log-transformed. We only used the vector

. L of least sampled species in the regressiorBaftonellahost-
Bayesian Prediction of Bartonella switching rates because there appeared to be a sampling bias in
Host-Switching Rates the predicted rates such that better sampled species tended to

Historical rates of host-switching bBartonellalineages among have higher median rates (PearsdR® 0.62,t D 4.15, dfD 28,

bat host species were predicted using Bayesian ancestral stgtD 0.00028). Our dissimilarity measures did not appear to have
reconstruction in BEAST. The host-switching rates disedss such abias.

here represent a latent biological process (movement of Before performing regressions, we rescaled all the data and
agents between species) that was not observed but can predictors to standard normal distributions with the exceptio
estimated based on observed host-switching events in thf roost sharing, which was retained as a binary predictor.
phylogenetic tree. Since we are interested primarily in thdVe performed separate model selection procedures on three
process, we chose to look at estimated host-switching rat@obal candidate model sets including a global model with all
rather than observed events. With the European Battonella predictors and all subsets of the global model. The rst global
sequence dataset, we used the GOR| sequence evolution model set used ectoparasite dissimilarity, host phylogeneti
model and the birth—death speciation model with incompletedistance, geographic range overlap, and roost sharing to gredic
sampling and rate partitions for each codon position (see th@artonelladissimilarity. The second set used host phylogenetic
Supplementary Material for more details). Rates with Bayes distance, geographic range overlap, and roost sharing to gredic
factors (BF)> 3 after the stochastic search variable selectiogctoparasite dissimilarity. The third set used the samples fro
were considered well-supportediemey et al., 2009A graph the least sampled host species, ectoparasite dissimilarigf, ho
representingdartonellatransitions among bat species was drawnphylogenetic distance, geographic range overlap, and roost
based on well-supported rates using the “arcdiagram” package $haring to predicBartonellahost-switching rates. For all models

R (Sanchez, 20)3 containing Bartonellaor ectoparasite dissimilarity as data or
_ predictors, we performed model selection based on regression
Regression Analyses using all three dissimilarity indices (Spearman correlatio

Regression analyses centered around two primary responbaomial, and Cao indices). For the host-switching models, we
datasets: a dissimilarity matrix calculated from the caunf performed model selection on both median and mean host-
Bartonella OTUs found in each of the 21 bat species orswitching rates.

their associated ectoparasites and the predicted hostfsngc Models were t using linear regression with normally
rates from the ancestral state reconstruction analySigufe 1).  distributed errors. We selected models based on iteraéstrtg
Bartonellaand ectoparasite dissimilarity were calculated usingf predictors in the full model and ranked them according
the binomial and Cao indicesCao et al., 1997; Anderson to the Akaike information criterion with a correction for
and Millar, 2003, which can handle variable sample sizesnite sample sizes (AlCc) using the “dredge” function in the
and can calculate dissimilarity between species that have rfibMuMIn” package in R Barton, 201% We chose the model
shared parasitesOksanen et al., 20),5and the Spearman rank with the smallest AICc unless another model was less than
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two AlCc away from the top modelBurnham and Anderson, Phylogenetic Relationships Between
2009, in which case we chose the simplest model based oBgrtonella Sequences

the principle of parsimony. For both the global and the top|n total, 412 gltA sequences were obtained from the 1,073
models, we recorded adjustéd, inspected residual plots and ectoparasites (38%) collected from European bats in Belgium,
quantile-quantile plots, and performed a Shapiro-Wilk tesiyyngary, the Netherlands, and Romanidaple S13. After

(Shapiro and Wilk, 1965to conrm normality of residuals. |tering out sequences that were noBartonella these
We recorded standardized main e ect coe cients,statistics, 31 sequences were combined with the 438 reference

F statistics, and associatétvalues for regression parameters.sequences listed irfable S4 resulting in the full dataset

To assess model t, we performedfold cross-validation with  of 754 Bartonella gltA sequences used for phylogenetic
10-folds using the “cv.Im” function in the “DAAG" package gpalysis and delineation oBartonellaOTUs. The subset of
in R (Maindonald and Braun, 20)5To assess the relative 456 gltA sequences comprising the European bat dataset
importance of parameters in models, we recorded adjustedalartirepresents data from nine countries: Belgium, Finland, @ior
R and relative importance values. Relative importance Waqungary, the Netherlands, Poland, Romania, Slovenia, and
calculated with the “calc.relimp” function using theifdeman  the United Kingdom. The sequences from Finland, Georgia,
et al, 198Jmethod in the R package “relimpo"Gfoemping  poland, Slovenia, and the United Kingdom derive from past
and Matthias, 201)3 Bootstrap con dence intervals for relative gpservational studies oBartonella infections in bats and
importance values were estimated from 1,000 replicates. Dygeir ectoparasitesqoncannon et al., 2005; Morse et al., 2012;
to potential nonindependence of comparisons between pairs ofeikkolainen etal., 2014; Lilley et al., 2015; Urushadze, &G17;
species, we also used Mantel testkiftel, 196) to examine Szubert-Kruszynska et al., 2018
correlations between responses and predictors. We caldulate Based on our demarcation of 5% sequence divergence for
the Pearson correlation and compared it to a null distribatio separatingBartonella species, we observed 49 monophyletic
generated from 999 random combinations of cells from theyjysters ofgltA sequences identi ed as OTUs and 39 individual
two matrices. gltA sequences that are distinct from these OTUs out of the 754
gltA sequences analyzed, resulting in an estimate of at least 88
distinct Bartonellaspecies found in bats worldwide, 20 of which

RESULTS are found in European bats and ectoparasitegre S4. All
. OTUs had strong posterior support (posterior node probability
Bat Ectoparasﬂes > 0.9); however, support for nodes connecting OTUs into larger

Ectoparasitesn(D 903) were collected in the Netherlands andc|ades decreased signi cantly for deeper nodes. A generairpatt
Belgium from 268 individual bats belonging to 11 speciés ( of separation betweeBartonellaOTUs and sequences found in
serotinusNy. noctula Pi. nathusij Pi. pipistrellusPi. pygmaeus  New World bats (colored green ifigure S4 and Old World or
Pl. auritus My. bechsteiniiMy. dasycnemeMy. daubentonii  Eyropean bats (colored blue and redFigure S4 respectively)
My. mystacinusandMy. natterer). In addition, 170 nycteribiid \yas observed, as in a previous analysis by McKee et al. (2016).
ies from 169 individual bats ¥In. schreibersiiMy. bechsteinii Bartonelladiversity varied across European bat species, with a
My. blythii, My. capaccinii My. daubentonii My. myotis My.  range of one to nine OTUs and a range of 0.44—4.05 for Faifh's P
nattereri R. blasijR. euryaleR. ferrumequinumandR. mehelyi  for E. nilssoniandMn. schreibersirespectivelyTable 1). Faith's
derived from a study bysandor et al. (2018h Hungary and  pp per species was signi cantly positively correlated with tige lo
Romania were included. number ofgltA sequences obtained for that species (Pearon's
A total of 1,073 ectoparasites were collected across the fogy 9.88t D 8.04, dfD 19,P < 0.0001) and with the number of
countries Figure 2). Morphological and molecular identi cation BartonellaOTUs observed per species (Pears&3 0.88,t D
revealed 15 ectoparasite species from 7 families: two Atlsis 796, dfD 19,P < 0.0001). After accounting for this signi cant
vespertilionisindixodes ariadna@xodida: Argasidae, Ixodidae); sampling e ect onBartonelladiversity, there was no signi cant
one bat bugCimex pipistrell(Hemiptera: Cimicidae); one bat correlation between Faith's PD and the number of ectopagasit
ea, Ischnopsyllus variabiligSiphonaptera: Ischnopsyllidae); associated with each bat specie 0.6, dfD 18,P D 0.56) or the

seven bat iesBasilia nanaB. nattereriNycteribia kolenatjiNb.  nymper of OTUs and ectoparasitetsif 0.17, dfD 18,P D 0.87).
schmidlij Penicillidia conspicyaPn. dufourij and Phthiridium

biarticulatum (Diptera: Hippoboscoidea: Nycteribiidae); .

and two bat mites Spinturnix andegavinusind S. plecotina Network Analysis and

(Mesostigmata: Spinturnicidae). Additional mite specimenscommunity Assignment

(Mesostigmata: Macronyssidae, Spinturnicidae) that cowdd n The three community detection algorithms consistently
be identi ed to the species level by morphology were delineateiienti ed seven communities: Min/Myo, VespA-VespE, and Rhi
as two distinct taxa by COI sequenc&sipplementary Materia] ~ (Figure 4andTable S14. There were only minor inconsistencies
Figure S3. Ectoparasite specimen counts collected in then the community assignment of a few species. Two algorithms
Netherlands, Belgium, Hungary, and Romania from eacH{information map and spin glass) lumpe#l. auritusand S.
bat species are summarized irable S11 Table S12records plecotinainto a distinct community, but the Louvain algorithm
individual ectoparasite species identi catiofBartonellatesting placed them with community VespC. The Louvain and spin
results, and sampling sites. glass algorithms grouped ariadnaewith community VespB,
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whereas the information map algorithm grouped this specieCophylogeny and Tip-Association Tests for

with community VespD. Bats and Bartonella

The seven communities are broadly organized based on ho$y-association tests showed signicant clustering for all
phylogeny, geographic overlap, and roost sharffigifres S1, S2  taxonomic levels (species, genera, families, and subdrders
and Tables S1S2. Min/Myo contains species from two related and sampled countries with none of the observed Al or PS
families of bats (Vespertilionidae and Miniopteridae) thabsd  gistributions overlapping with the null distributionsTable S15.
together in caves or other cave-like structures predomilyant pmean Al and PS values were smaller for genus, family, and
in southern Europe (with the exception ®fy. myotis which  syporder compared to the Al and PS values for sampled
is more widespread in Europd&igure SJ. Rhi contains only countries, indicating that the clustering of tips of the tredgtter
Rhinolophusspecies that roost together in caves mostly ifbxplained by host phylogeny than geography. The cophylogeny
southern Europe, North Africa, and the Middle EaSiqure S2  giohal tanalyses both found signi cant evidence of evotutary
and Table S3. VespA contains three closely relatédyotis  congruence between the bat aBartonellaphylogenies (PACo
species that roost in tree cavities during the summer andsvedr  gym of squared residuaB 21.69,P < 0.0001; ParaFit sum of
underground sites during autumn and hibernate there in eint  squared residual® 21.97,P D 0.001). All PACo and ParaFit
VespB contains vespertilionid bats that roost in tree casjtie tests using sampled posteriBartonellatrees showed signi cant
buildings, and caves during the summer and winter, althougltongruence, demonstrating that the results are robust with
with little overlap in roosting patterns among species. Ho&/ev respect to phylogenetic uncertainty in tBartonellaree.
these species do share some other traits in common, including Many of the supported links from the PACo and ParaFit
long-distance migration Nly. dasycnemeNy. noctula and Pi.  tests are between bat species &mitonellaOTUs in the same
nathusi) and a relatively northern distribution within Europe. community (indicated by line colors iffigure 5) and had high
VespC contains twdEptesicusspecies that roost in buildings network edge weights (indicated by line width Figure 5).
during the summer and winter. Communities VespD and VespErhjrty-one out of the 81 (38%) baBartonellainks were highly
contained single bat species that had highly speci ¢ ectofiaras sypported by either PACo or ParaFEigure S5and Table S16.
or Bartonellaspecies and were thus segregated from othefhese links were considered highly supported if the upper limit
communities despite having phylogenetic similarity or samil of the PACo jackknife 95% con dence interval was below the
roosting habits to other species in these communities. mean of all the squared residuals or if the ParaFit F1 statigiis

For 11 of theBartonellaOTUs in this study, community 5ssigned ®-value< 0.01. Of these 31 highly supported links, 22
assignments corresponded well with other sequence dafg19s) were between bat species &aitonellaOTUs identi ed
collected from related bats in Africa, Asia, and Europ@{oy a5 being in the same communitygble S1§. This proportion
et al., 2010a; Lin et al., 2012; Morse et al., 2012; Anh et & highly supported links in the same community was higher
2015; Wilkinson et al., 2016; Han et al., 2017; Lilley eP8IL7;  than the proportion of less supported or unsupported links in
Stuckey etal., 2017a; Corduneanu et al., p(Rurther details on  the same community (2D 3.23, dfD 1,P D 0.036). Additional

comparisons between OTUs and other sequences from previoggtails on individual host—parasite links can be found in the
studies can be found in thBupplementary Material Supplementary Material

Fifteen nodes were identied as being in uential based
on their weighted degree in the bat—ectoparaddartonella . .
association network. Five batdlf. schreibersiMy. biythii, Bayesian Prediction of Bartonella Host
My. daubentonii My. myotis and R. ferrumequinuy nine  Transition Rates
ectoparasites A. vespertilionis B. nang C. pipistrelli Nb.  Using the symmetrical rate partition model, only 30 (14%) out
kolenatii Nb. schmidlii Pn. conspicua Pn. dufourii Ph. of the possible 210 bat host species combinations had sigrti can
biarticulatum andS. myotj, and oneBartonellaOTU (OTU19) Bayes factors (BB 3) from the stochastic search variable
were identi ed as in uential because they fell in the top B5t selection procedurd~gure 6and Table S17. The median host-
percentile for weighted degree. The ecology of these speaigs nswitching rates varied from 0.37 f&. nilssoniand E. serotinus
explain their in uence in the networkMy. daubentonimales are to 1.83 for My. blythii and My. myotis Large host-switching
known to form social colonies and therefore high ectopagasitrates tended to have higher BF support (PearsBB 0.52,t
densities have been observed on both sexesc{rnacdo D 3.23, dfD 28, P D 0.0032), and rates tended to be biased
et al., 201p Mn. schreibersiiMy. blythii, My. myotis and toward bat species in the same family and subfanttigyre 6).
R. ferrumequinunform mixed roosts in cavesTéble S2. All  Of the 30 rates, 25 (83%) were between bat species in the
nine ectoparasite species are very promiscuous in their hosame family. This is signicantly higher than the expected
associations Table S3. We note thatC. pipistrelliand A.  proportion (126/210, 60%) based on the number of possible
vespertilionisare known to bite humansJaenson et al., 1994; species combinations that are in the same family D 5.17, df
Estrada-Pefia and Jongejan, 1999; Whyte et al.,)Zitdlwere D 1, P D 0.012). The majority of host-switching rates (25/30,
grouped in the same community as OTU19 and OTU26, whict90%) have species pairs in the same identied community
have both been found to infect human¥dikkolainen et al., (11/30, 37%) or in a community containing bats from the
2014; Urushadze et al., 201For additional details on the same family (16/30, 53%). Fourteen of the 30 host-switching
identi cation of highly in uential nodes and their communy rates (47%) had species pairs that co-roost during summer
assignments, see tiseipplementary Material months (Table S2.
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Communities
bartonella Min/Myo

Rhi
VespA
VespB
VespC

VespE

FIGURE 4 | Communities of Bartonellaoperational taxonomic units (OTUs), ectoparasite speciegnd bat species. Tripartite networks were drawn using sepaate
axes for Bartonellg bats, and ectoparasite nodes. Edges connecting nodes werarawn based on Tables S3 and S10, with edge weights adjusted for sampling
intensity. Communities were identi ed by three detection gorithms (information map, Louvain, and spin glass). Spees membership in each community is recorded
in Table S14.

Regression Analysis RZ D 0.26) than geographic range overlap (adjusted partial
The top regression model according to AlICEable S1§ for R2 D 0.023) or roost sharing (adjusted partig? D 0.061).
SpearmanBartonella dissimilarity was the model with host This dierence in explanatory power is signi cant because the
phylogenetic distance, geographic range overlap, and roo86% bootstrap con dence intervals for their relative impante
sharing covariates (AICD 496). The top model for the binomial do not overlap Table S19. Individual Mantel tests con rmed
Bartonelladissimilarity was the model containing only the hostthat phylogenetic distance had the strongest correlatiorh wit
phylogenetic distance covariate (AIOc562). The top model for  Bartonelladissimilarity (Table S20.
the Cao dissimilarity contained the host phylogenetic disean ~ The second candidate model set used host phylogenetic
and roost sharing covariates (AITc565). distance, geographic range overlap, and roost sharing to
All top models were statistically signi cantTéble S1§ predict ectoparasite dissimilarity. The top model chosendibr
and estimated a statistically signi cant positive e ect ofsho dissimilarity indices (Spearman, binomial, and Cao) inédd
phylogenetic distance omBartonelladissimilarity among bat all covariates. All three models were statistically sigant
speciesTable S19. Since the three candidate models (Spearmar(Table S1§and estimated the e ect of host phylogenetic distance
binomial, and Cao) all use di erent data for regression, werzet  to be positive and the e ects of geographic range overlap and
compare thenvia AlCc. Instead, we compared them accordingroost sharing to be negativeTdble S19. According to the
to the proportion of variance iBartonelladissimilarity explained Spearman model, bats are more likely to have more dissimilar
(adjustedR?), the regression mean squared error, and the crossctoparasite assemblages if they are more distantly related t
validation mean squared error. The model using the Spearmaone another { D 3.85, dfD 206,P D 0.00016), they have less
correlation explained more variation iBartonelladissimilarity — geographic range overlap D 3.04, dfD 206,P D 0.0026), and
and had lower mean squared error than the binomial andhey do not roost together in the summet D 3.98, dfD
Cao indices Table S18. From this model, we can infer that 206,P < 0.0001). All three covariates explain similar amounts of
bats are more likely to have dissimilBartonellaassemblages variation, and they do not signi cantly di er in their explanary
if they are more distantly related to each other D 8.6, power since their relative importance con dence intervals
df D 206, P < 0.0001), bats have little overlap in their overlap (able S19. Mantel tests conrmed these ndings
geographic rangest (D 2.43, dfD 206, P D 0.016), and with correlations of similar magnitude across all the three
bats do not roost together during the summer D 3.81, predictors [able S20. Therefore, since ectoparasite dissimilarity
df D 206,P D 0.00019). Between these three covariates, host explained by host phylogenetic distance, geographic range
phylogenetic distance explains more variation (adjustediglart overlap, and roost sharing, we observe no additional e ect
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FIGURE 5 | Comparisons of bat species and Bartonella OTU phylogeniegA) Procrustes superimposition plot withBartonellaOTUs (open circles) and bat species
(open triangles). In this plot, the axes represent the prindie components of the bat species phylogeny. Bat species argrojected onto the two main axes explaining
the most variation. Names of bat families and subfamilies arindicated for clusters of species. TheBartonellaOTUs are then projected and rotated to t the bat
phylogeny by minimizing the residual distances for each baBartonella association (connected by lines)B) Cophylogeny plot with the bat species phylogeny on the
left side and theBartonellaOTU phylogeny on the right side. Lines in the middle connectdt species to BartonellaOTUs based on sequence data collected from bats
or associated ectoparasites. Species abbreviations for biespecies are listed inTable 1. In both (A) and (B), bat-Bartonellalinks colored by the community if both the
bat species and Bartonellawere placed in the same community (as iffable S14). Line widths in both(A) and (B) are proportional to network edge weight and the line
transparency depend on the link support from PACo and ParaFanalyses.

of ectoparasite dissimilarity orBartonelladissimilarity after four other covariates. The rst covariate was used to account

accounting for these e ects. for the observed sampling bias in host-switching rates disedis
Finally, the third set of candidate models used the numbeabove. We evaluated models using both mean and median

of gltA sequences from the least sampled bat species plus hiist-switching rates taken from the posterior distributions o
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FIGURE 6 | Graph of Bartonellatransition rates among European bat species(A) Transition rates (median of the posterior distribution) thi signi cant Bayes factors
(BF> 3) are drawn as edges connecting nodes representing bat spedes. (B) Bayes factors are plotted as 2 InK, where K is the Bayes factor support. Nodes were
colored according to bat families/subfamilies. Edge colorsvere scaled according to median transition rates irfA) or Bayes factor support in(B). Details of transition
rates and Bayes factor calculations can be found ifTable S17. Species abbreviations for bat species are listed iffable 1.

rates from the Bayesian ancestral state reconstructiotysisa ectoparasites in nine European countries. Our rst objectiaes
Following model selection by AICc, both the mean and mediario measure the diversity dBartonellainfections in European
host-switching models contained covariates for the leastded  bats and their ectoparasites and to analyze the structure of
bat species and host phylogenetic distance. Therefore, @ll that—ectoparasit3artonella communities. We observed high
top Spearman, binomial, and Cao models were identical. BotRD among Bartonella infections in our samples Table 1),
the mean and median models were signi caffeble S1§ and  identifying 20 BartonellaOTUs that likely represent distinct
estimated a positive e ect for sampling and a negative e ecspeciesKigure S9. Network analysis provided support for our
for host phylogenetic distanceTdble S19. The median host- hypothesis that associations between bats, ectoparasitds, an
switching model explained more variation and had lower mearbacteria could be resolved into identi able communities.eW
squared error than the mean modeTable S19. This model detected seven distinct bat—ectoparaddartonellacommunities
indicates that after accounting for a positive sampling btal® ( (Figure 4) that separate by bat phylogeny, geographic ranges, and
4.59,dD 27,P< 0.0001)Bartonellanfections are more likely to roosting patterns.
switch between bat species that are more phylogeneticaltgdela  However, the separation of parasites amdgptis spp. bats
(tD 2.32,dD 27,PD 0.028). in our study illustrates the complexity of ecological factors
For all top model sets (Spearmdartonelladissimilarity, that shape host—parasite associatidBartonellaspecies found
Spearman ectoparasite dissimilarity, and median host-bwigc  in Myotis spp. bats and their ectoparasites were partitioned
rates), we conrmed the t of regression models visually byinto four distinct communities: Min/Myo, VespA, VespB, and
plotting the standardized data against the standardizediglart VespE Figure 4and Table S14. All of these communities were
regression coe cients. The plots for Spearman dissimilarityseparate from th&hinolophusassociated Rhi community. This
(Figure S§ conrm the positive e ect of host phylogenetic is notable especially for the Min/Myo community because there
distance and the negative e ects of geographic range overldp ais overlap in the geographic range and habitat usage (caves)
roost sharing on bottBartonelladissimilarity and ectoparasite among the bat species in the Rhi and Min/Myo communities.
dissimilarity. We also conrm the negative e ect of host This suggests that distinct host—parasite associationsfaram
phylogenetic distance and positive sampling e ectRartonella despite hosts living in sympatry. Community VespA separates

host-switching ratesHigure S§. from Min/Myo because the hosts roost mainly in trees during
the summer and only use caves during the winter. Species

DISCUSSION in community VespB use a variety of roosts with little
overlap; some are long-distance migrants, and others have

Diversity and Structure of relatively northern distribution within Europe. The parasit

Bat—Ectoparasite— Bartonella Communities communities ofMyotis spp. bats have thus been shaped by a
Using a multifaceted analytical approad¥idure 1), we explored mixture of di erent factors that reduce exchange of parasites
the complex nature oBartonellaassociations with bats and their among hosts, providing motivation for analyzing patterns of
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Bartonellasharing using a linear regression approach as weost of the variation in viral replication among host species.

have done. Primates have more similar parasite communities if they are
phylogenetically closely related and inhabit the same region
Evolutionary Patterns of (Davies and Pedersen, 2008treicker et al. (201(pund that

the frequency of cross-species transmission (CST) of rabies

Bat-Bartonella Associations virus between bat species (similar to our measur8aiftonella
The second objective of our study was to understand the P

phylogenetic patterns generated from host—parasite asiansat Sharing) increases with decreasing phylogenetic distance an

We expected that the phylogeny 8fartonellaspecies would increasing geographic overlap. A later stgdy_analyzmg these
A . same data con rmed that host phylogenetic distance is a key
exhibit signi cant clustering by bat taxonomy and would

L . ._determinant of rabies CST while other ecological covariates
have signi cant congruence with the phylogeny of bat species. . . . . .

. . S including roost structures, wing aspect ratio, wing loading
As predicted, our tip-association and cophylogeny tests

demonstrated thaBartonellalineages strongly cluster by host 2?2“ b&%yls}zinvéetrﬁaf gg,: pk:eﬁl)'cfr:gag;% it r?rl-’atzrm)e3xl_relisne d
taxonomy, and the structure of th8artonellaphylogeny is ’ phylogeny ympatry exp

congruent with the host phylogeny. However, these pattern\:élr‘rle sharing in bats, with sympatry being the more important

. . d . - predictor. In addition, viral sharing communities of bats
are not entirely consistent with a pattern of strict cospdoiat seareqated by geoaraphic regions. A recent alobal analvsis of
with bats. RatherBartonella lineages infecting bats appear greg y geograp 9 ) 9 Y

to be polvohvletic. suagesting a more complex histor c)t;irussharing in bats showed that after accounting for puadlizn
polyphyletic, sugg ganm np y ias, bat species are more likely to share viruses if they have
host-switching and possibly multiple introductions from @th ; . .
. . . more geographic overlap and they roost in cavéslipughby
mammals deeper in the evolutionary tregldee et al, 2017; et al., 201)Y. Among cave-roosting bats, species shared viruses
Urushadze et al., 2017; Frank et al., 201@ospeciation of ’ ) 9 9 » SP

N ; more frequently if they overlapped geographically and were
hosts and parasites is a rare phenomenon in genekalenne d[ocumented as sharing roosts. These patterns indicate that

et al., 2013 and several studies of bat viruses have shown th . .
oL . . ost phylogeny and geographic overlap are general predictors
host-switching is the more dominant macroevolutionary der . ST . .
. . . . L . of parasite communities in bats. These apparent biases in the
shaping microbial evolution than cospeciatio@u( et al., 2007; . .
arrangement oBartonellaand ectoparasite species among bat

Mélade et al., 2016; Anthony et al., 201Previous research ST . " . . .

on Bartonellaassociations in bats and rodents showed that-co > likely contributed to our ability to identify commitias
host-switching is more common than cospeciatiobe{ and of highly interacting bat, ectoparasite, aBdrtonellaspecies that
Olival, 2013. As we will discuss more below, it is more Iikelytend to cluster by batfamily and roosting patterns.

. These results demonstrate how key ecological factors
that the observed congruence Bartonellaand bat phylogenies . Sl
S S : Do constrain the host range ®&artonellaspecies in bats. Yet how do
is driven by phylogenetic bias in microbial host-switchisgch

o . : we explain the observed congruence between baBartbnella
that historical host shifts are more likely to happen between 057 A ted above. we believe that this patternis bes
closely related species. phylogenles. s no L : . patternts
explained by a phylogenetic bias in microbial host-switching,
. . where host shifts occur more frequently between closelyegla
Predictors of Bartonella Sharing and species. This bias, if persistent over the evolutioBaftonella
Host-Switching Among Bat Species lineages, could produceBartonellaree that is largely congruent
Our last objective was to identify the ecological and evohdary  with the host tree without the need for strict cospeciation
constraints that lead toBartonella host specicity. We (Charleston and Robertson, 2002; de Vienne et al., RTHis is
hypothesized that host phylogenetic distance, ectoparasiite line with ecological tting, which allows host colonizah for
sharing, geographic range overlap, and roost sharing would Erological specialists prior to the evolution of novel cajitds|
predictors of Bartonella sharing and host-switching rates for host exploitation fAraujo et al., 2016 We observed a negative
among bat species. Our regression analysisgure S6 relationship between historic8artonellahost-switching rates
Table S18 Table S19 demonstrated that bats that are more and host phylogenetic distance, but no signi cant relatioipsh
phylogenetically related, overlap more in their geographiavith ectoparasite sharing, geographic overlap, or roost sgarin
ranges, and share roosts are more likely to shBaetonella These ndings are similar to previous research on bat rabies
species, with phylogenetic distance being the most importarghowing that the host phylogeny is the strongest predictor of
predictor. Ectoparasite sharing between bats had neabies host shifts Streicker et al., 2010; Faria et al., 2013
signi cant e ect on Bartonellasharing after accounting for Thus, biological constraints on parasite shifts among hosts a
its own correlation with phylogenetic distance, geographiexpected to be the dominant force that shapes host speci city
range overlap, and roost sharing. Finally, our analysisver evolutionary time.
of historical host-switching rates showed thd&artonella
lineages are biased to switching between phylogenetically .
related hosts. In uence of Ectoparasites on  Bartonella
Our regression results explaining variation Bartonella HOSt Speci City
sharing among bats are in agreement with previous work on batve noted above that ectoparasite sharing failed to explain
viruses and other systemisongdon et al. (2011demonstrated additional variation inBartonellasharing between bat species
using Drosophilasigma viruses that the host phylogeny explainsafter accounting for the e ects of host phylogenetic distance,
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geographic overlap, and roost sharing. In addition, ectopgas genus Bartonella appears to have evolved from insect gut
sharing, geographic overlap, and roost sharing were natymbionts that transitioned to a parasitic lifestyle aftdapting
included as signicant predictors of historicaBartonella to blood-feeding arthropodsJegers et al., 20l Toevolutionary
host-switching rates. This suggests that the forces of hogrocesses in earlBartonellalineages associated with blood-
phylogenetic distance, geographic overlap, and ecologicteding arthropods may have inuenced later patterns in
interactions may act on the assembly of ectoparasite anBartonellaassociations with mammalian groups. Gene exchange
Bartonellacommunities independently and that host-associatedbetweenBartonellaand other arthropod symbionts could also
vector-borne microorganisms come to be vectored by thén uence the formation of distinct phylogenetic lineages pee
available ectoparasite communities associated with eash hoin the evolutionary tree £hu et al., 201}t The phylogeny of
This is supported by the fact th8artonelldineages in European ectoparasite groups may help to understand these processes
bats appear to be associated with a polyphyletic assemblagere fully, but considering the polyphyly of arthropod groups
of arthropods, including ticks, mites, hemipteran bugs, gascarrying Bartonellaobserved in our study, it may be more
and ies. Since ectoparasites exhibit di erences in life dngt practical to study the in uence of ectoparasite host specycit
traits and among-host dispersal mechanisnisiofgi et al., within particular arthropod groups (e.g., bat ies) ddartonella
2004; Dick and Patterson, 2006; Reckardt and Kerth, 200%ost speci city and macroevolution. Future studies could use
generalist ectoparasites may be more in uential in spreadingequences from multiple genetic loci in hosts, vectors, and
microorganisms among species inhabiting the same envirotime Bartonellato generate time-calibrated phylogenies and compare
while specialist ectoparasites are important for the mainteea the inuence of evolutionary processes on structural and
of microorganisms in separate host species. This broad vecttemporal patterns within trees across trophic scales.
usage could explain whgartonellainfections are so prevalent It is also possible that host and ectoparasite phylogenetic
in bats. structure in geographically separate populations may in uence
The variation in ectoparasite life history traits and hostmicroevolutionary patterns in associated microbes. Histr
speci city would also be expected to in uence microbial hostprocesses, such as the postglacial recolonization of regions o
speci city, though in contrasting ways. While ectoparasite€Europe by bats Hlanders et al., 2009; Dool et al., 2)J16r
may develop their own speci city for particular host speciespatterns of host and ectoparasite dispersal across distanidasat
as observed in bat wing mites and bat ie8r(yndonckx (Bruyndonckx et al., 2009; Witsenburg et al., 2015; van Schaik
et al., 2009; Sandor et al., 2)1these associations betweenet al., 2018 may lead to the formation of distinct microbial
hosts and vectors will predominantly either compound orlineages. These types of analyses demand additional geaédic
counteract the isolation already occurring as microbesettgy  to detect ne distinctions between related lineages andthos
associations with host species. In the rst case, the e ects dfeyond the scope of this current work but would be fruitful
ectoparasite host speci city on microbial evolution may n& b avenues for future research on vector-borne microorgasism
statistically separable from the overriding e ect of micraldiost  like Bartonella
speci city, as we noted above. On the other hand, generalist Based on our results and previous work, we suggest that while
vectors could be seen as simply adding noise to the assowatiogeographic overlap, ecological interactions (e.g., roostrghar
of specialist microorganisms through accidental assamiati and ectoparasite sharing provide the necessary conditions
with atypical hosts. As long as noise does not totally obscurr Bartonella transmission between hosts, the success of
the predominant host—microbe associations, then it will beransmission and perhaps an eventual host shift will ultirhate
possible to measure the host-speci c signal, either stailyi depend on biological compatibility between the host and the
or through genetic data. For exampl&jthenshaw et al. (2016) microbe, which can be predicted by the phylogenetic distance
were able to show that distinct genetic variantsB#rtonella between hostsRedersen and Davies, 200Strong patterns of
species separately infect two sympatric rodent species ddspite host speci city in microbial communities can still be obsedve
presence of generalist ea vectors. Since the two host speciegen when generalist ectoparasites are present, and while
have dierences in microhabitat usage and activity patternsspecialist vectors may be present in the community, their esect
they would rarely have opportunity to exchange eas. Thison microbial host speci city would be expected to be more
can lead to covert microbial host speci city even when vestor pronounced for a generalist microorganism and not a specialist,
are host generalists. These patterns suggest that what teparavherein host speci city of vector and microorganism would not
vector-borne microorganisms from directly or environmeaily  be statistically independent.
transmitted microorganisms in terms of their host speciyit
is the added layer of vector host speci city, which will either . .
in ate host speci city already present in the microbe or ditut Bat-Associated Bartonella Species
host-speci ¢ patterns through noisy associations. In theecasaS Z00N0Ses
of Bartonellacommunities in bats, host specicity is clear Beyond the scienti c insights produced by this study, theraym
despite the presence of generalist or polyxenous vectorsAe.g. be additional practical value in our results. SeveBattonella
vespertilionisC. pipistrelljandS. myof). species are known to be human pathogens, and new cases of
Despite the patterns noted above, we should not rulgoonotic bartonellosis are consistently being describedug
out the possibility that ectoparasites may contribute to thest al., 2000; Kosoy et al., 2003, 2010b; Iralu et al., 20G6n&h
evolution of vector-borne microorganisms likgartonella The and Kasten, 2010; Bai et al., 2012; Kandelaki et al., 2016;

Frontiers in Ecology and Evolution | www.frontiersin.org 15 March 2019 | Volume 7 | Article 69



McKee et al. BartonellaSharing in European Bats

Vayssier-Taussat et al., 201®%/hile we recognize that not all of evolutionary history of théartonellalineages being studied. As
the 20 putativeBartonellaspecies described in this study maydetailed in theSupplementary Materia) we are satis ed that the
have the potential to infect humans, OTU19 and OTU26 havdineages identi ed in thegltA tree have a similar topology to a
been previously found to infect human&/dikkolainen et al., tree that uses additional markers, that recombination withnd
2014; Urushadze et al., 201These particular OTUs are also among loci has not signi cantly distorted evolutionary patts,
strongly linked with two ectoparasite speci€s, pipistrelliand and that the topology of our tree is similar to trees assembled
A. vespertilioniswhich are known to sporadically bite humans using another approach, neighbor-joining. Furthermore, by
(Estrada-Pefia and Jongejan, 1999; Whyte et al. 2001 using 100 posterior sampledartonella trees in our tip-

A recent report also detected antibodies toBartonella association and global t tests, we demonstrated that ouultes
strain specic to Egyptian fruit batsRousettus aegyptiagus are robust with respect to phylogenetic uncertainty in the
in eight people from a community in NigeriaB@i et al., parasite tree.

2019. Members of the community enter caves and capture We recognize that our estimates dartonella diversity
bats for consumption or sale as part of an annual festivalnumber of OTUs and Faith's index) in European bats are
Thus, in addition to exposure to bat ectoparasites that majimited by the extent of current sampling, with a signi cant
bite humans, these practices may provide alternative routgsositive correlation between these measures and the nuntfber o
for human exposure to bat-associatBdrtonellaspecies. These gItA sequences obtained per species. Thus, we probably do not
include direct exposure through handling of bats (includingyet have an accurate survey Bértonelladiversity in some of
possible bites or scratches), contamination of open wounds wi our bat species with fegltA sequences. Additional sequencing
blood or bat excreta during the capture process, or contanonat of Bartonellastrains from some poorly sampled host species
of wounds from the excreta of bat ectoparasisrtonellaDNA  (e.g.,E. nilssoniiMy. capaccinjiMy. mystacinus, Pi. pygmagus
has been previously detected in bat guano, urine, and saliauld clarify their membership within communities. Addital
(Veikkolainen et al., 2014; Banskar et al., 2016; Dietrichl.et sampling of these species would also allow researchers to perform
2017; Becker et al., 20i&owever, more studies are needed torarefaction analyses to determine if bat species actuallyrdi e
con rm that viable bacteria are present in the excreta of lmats in the number of Bartonellaspecies that infect them. After
their ectoparasites. Nonetheless, there is accumulatiitgeeere  accounting for this sampling e ect, correlational analysesldo

that bat-associateBartonellaspecies may present an infection attempt to explain this variation iBartonelladiversity using bat

risk to human populations. traits, as has been done successfully for viral diversitys(et al.,

While assessing the zoonotic risks from the environmen2013; Gay et al., 2014; Maganga et al., 2014; Webber etlal;, 20
aids the prevention and control of human diseases, losg/illoughby etal., 201)7
and disturbance of roost sites, among other reasons out of Moreover, theBartonellasequence data we compiled for
sensationalized fear of zoonotic diseases, is one of teathfor this study were derived from numerous studies that relied on
endangered bat speciesipez-Baucells et al., 2Q1Bisturbance convenience sampling from numerous sources (mist netting, ba
of bat roosts in such sites could even be counterproductive lfoxes, roosts, and dead bats) over varying time periods. No
bat ectoparasites seek alternative food sources, potgngatling information on host species richness, host density, or comityun
to infections of atypical host species such as humans or peidynamics of host species within roosts was collected. Better
Therefore, humans should avoid unnecessary contact with bastructured and controlled sampling strategies could captuchs
or their ectoparasites. Bat colonies in attics or walls of bugd  data and would broaden our understanding of parasite divgrsi
do not pose a health risk as long as they are excluded from parénd persistence within bat populations.
of the house occupied by humanBi(tle, 2009. For individuals We also acknowledge that phylogenetic distance only
who may encounter bats within caves or other habitats, idiclg  approximates the process of microbial host adaptation.
tourists, scientists, and bat or guano harvesters, it issafile  Bartonellatraits like the presence of particular secretion system
to minimize their disturbance of the animals and to limit genes and e ector proteinsHarms et al., 201)7or bat traits
contact with bats, bat ectoparasites, and their excretautfno linked to immune function, such as major histocompatibility

protective equipment. complex or toll-like receptor allele®éker et al., 20)3may be
o better at predicting whether bats will shaBartonellaspecies.
Study Limitations Some bat species may also be more tolerant or resistant to

The analyses we have performed greatly expand ouwertain Bartonellaspecies, as has been shown for the fungus

understanding of the complex ecology and evolution ofthat causes white nose syndrontednk et al., 2014 This could

Bartonellain bats. Our approach, which integrates across levelselp explain additional variation irBartonellacommunities

of parasitism and explores ecological and evolutionary paster among phylogenetically related and sympatric bat species. Such

could be applied t@artonellain bats outside of Europe, to other traits have not been explored in thgartonellaor bat species

Bartonellaspecies associated with di erent mammalian ordersfrom our study, but would be useful for understanding

and possibly to other complex vector-borne diseases. Howevérow bat species dier in their Bartonella prevalence

we recognize that this study is observational and cornedadind  and diversity.

has limitations to the data that must be acknowledged. Finally, we used geographic range overlap as a proxy
Regarding our phylogenetic analysis, we needed to con rnfior spatiotemporal proximity in our regression analysis. This

that thegltA gene serves as an accurate marker for assessing tsumes that if species share a roosting preference, the
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species will interact in a way that could lead to parasitgermits FF75a/2008/033, FF75a2012/37a, and FF75a/2816/04
exchange. Some species may interact more frequently withassigned to the Dutch Mammal Society) with permissions of all
roosts than others, such as by using the same microhabitaite owners; the National Inspectorate for Environment, Natu

or by overlapping within roosts during the same seasonand Water (Hungary); the Underground Heritage Commission
thus, there would be a greater potential for ectoparasite an(Romania); the Flemish Forest and Nature Agency (ANB/BL-
microbial transmission. Fluctuations in colony size andt baFF/V15-00095); and the Wallonian Department of Nature
community composition between summer maternity coloniesand Forests (SPW-DNF-DGo3 permit réf déro 2013/R$h

and winter roosts would also be expected to in uence parasitand dero 2014/RS/i2). Bat banding license numbers are
exchangelietrich et al., 2018 Our sampling approach did not 59/2003, 305/2015, 46/2016, and TMF-493/3/2005. Bats were
capture these important variables and should be considered imandled according to the current laws of animal welfare

future studies. regulation (L206/2004), and the Research Bioethics Conniss
of USAMV CN approved all working protocols for data
CONCLUSION collection in Romania.

Our analysis ofBartonellainfections in European bats and AUTHOR CONTRIBUTIONS
their ectoparasites has increased our understanding of how

Bartonellaspecies are segregated among sympatric hosts ahts and AK conceived the study. AK, AS, and TG performed
how these ecological associations in uence the evolutibn dhe sample collection in the eld. AS and GF organized parts
Bartonellalineages. We nd that while the host phylogeny of the sample collection and contributed to the study design.
primarily explains how bats shaRartonellaand howBartonella DD, A-JH, MF, GF, and TG contributed important samples to
lineages evolve, the complete evolutionary historaftonella the study. MF identied bat ies. AK performed laboratory
in bats may involve additional processes, including multipleand molecular analyses. CM performed the phylogenetic and
introductions from other mammalian orders and biogeographi statistical analyses. CM and AK wrote the rst draft of the
separation of hosts. Additional sampling and phylogenetienanuscript. All authors read and approved the nal version of
analysis oBartonellafrom bats and other mammals and their the manuscript.

ectoparasites could help to shed more light on these processes

As we have demonstrate@artonellais a productive system FUNDING

for studying complex host—parasite associations. The method

that we have used in this study and our ndings regardingPartof this study was nancially supported by the Dutch Ministry
the important processes that constrain parasite evolution ma9f Health, Welfare and Sport. This research was supported
be applicable to other vector-borne microorganisms, suclpy grant PN-1I-RU-TE-2014-4-1389, the grant In the light of
as those carried by ticks. For example, studyigaplasma evolution: theories and solutions (GINOP-2.3.2-15-2QD857),
spp. infections in dierent carnivore or ungulate speciesand the Janos Bolyai Research Scholarship of the Hungarian
taking into account their phylogeny, geographic overlap, and\cademy of Science (AS and GF). No speci c funds, beyond the
tick associations could provide information about spilloverannual budget, were acquired from the US Centers for Disease
potential to humans and domestic animalSu(gat et al., 2015; Control and Prevention Division of Vector-Borne Diseases to
André, 201%. Investigating multitrophic interactions would supportthis study. The ndings and conclusions in this repaa
also help to understand the processes behind the segregatititose of the authors and do not necessarily represent theal ci
of Borreliagenospecies among vertebrate hosistfada-Pefia position of CDC.

et al., 2015 Comparison among these various systems may

reveal general patterns in the ecology and evolution oACKNOWLEDGMENTS
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