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Prevalence of zoonotic Bartonella among prairie rodents in Illinois
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Bartonella is a genus of gram-negative bacteria that includes a variety of human and veterinary pathogens. These
pathogens are transmitted from reservoirs to secondary hosts through the bite of arthropod vectors including
lice and fleas. Once in the secondary host, the bacteria cause a variety of pathologies including cat-scratch
disease, endocarditis, and myocarditis. Reservoirs of these bacteria are numerous and include several species of
large mammals, mesocarnivores, and small mammals. Research on reservoirs of these bacteria has focused on
western North America, Europe, and Asia, with little focus on the eastern and central United States. We assessed
the prevalence of zoonotic Bartonella species among prairie-dwelling rodent species in the midwestern United
States. Tissue samples (n = 700) were collected between 2015 and 2017 from five rodent species and screened
for the presence of Bartonella DNA via PCR and sequencing of two loci using Bartonella-specific primers.
Bartonella were prevalent among all five species, with 13-lined ground squirrels (Ictidomys tridecemlineatus)
serving as a likely reservoir of the pathogen B. washoensis, and other rodents serving as reservoirs of the pathogens
B. grahamii and B. vinsonii subsp. arupensis. These results demonstrate the value of studies of disease ecology in

grassland systems, particularly in the context of habitat restoration and human—vector interactions.
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Bartonella is a genus of bacteria of increasing research interest
due to the emergence of numerous zoonotic diseases associated
with several of its members (Karem et al. 2000; Breitschwerdt
et al. 2010; Angelakis and Raoult 2014). Bartonella species
are obligate intracellular parasites that infect the endothelial
lining of blood vessels and erythrocytes (Pulliainen and Dehio
2012). Recently, several new species of Bartonella have been
identified, (Sato et al. 2013; Li et al. 2015; McKee et al. 2017)
including pathogenic species (Eremeeva et al. 2007; Vayssier-
Taussat et al. 2016). Additionally, while infections have his-
torically been considered rare, diagnoses of both human and
non-human Bartonella infections have increased (Breitschwerdt
et al. 2010; Chomel and Kasten 2010). Concurrently, studies on
identification of potential reservoirs of Bartonella are lacking,
particularly in prairie ecosystems (Jardine et al. 2005; Buffet
et al. 2013).

Bartonella are transmitted both horizontally and vertic-
ally. Horizontal transmission occurs primarily through blood-
feeding arthropods (Billeter et al. 2008) including biting flies
(Dehio et al. 2004), sand flies (Ready 2013), fleas (Chomel et al.
1996; Stevenson et al. 2003), and lice (Alsmark et al. 2004,
Bonilla et al. 2009). The role of ticks as vectors of Bartonella

is poorly understood, with studies identifying the presence of
pathogenic Bartonella species in ticks (Adelson et al. 2004;
Kim et al. 2005; Nelder et al. 2016), but conflicting evidence
on the competency of ticks as vectors (Angelakis et al. 2010;
Reis et al. 2011; Miiller et al. 2016). Comparatively, vertical
transmission has been identified in both vectors (Halos et al.
2004; de Bruin et al. 2015; Leulmi et al. 2015) and reservoirs
(Kosoy et al. 1998; Cevidanes et al. 2017; Totkacz et al. 2018).
However, this transmission is not universal, with several spe-
cies showing no evidence of vertical transmission (Bown et al.
2004; Bouhsira et al. 2013; Morick et al. 2013).

Of the 35 currently recognized species of Bartonella, many
are known to be pathogenic to cattle, companion animals
(Breitschwerdt and Kordick 2000; Breitschwerdt et al. 2010),
and humans (Gutiérrez et al. 2015; Silaghi et al. 2016). In hu-
mans, these species include the causative agents of Carrion’s
disease, cat-scratch disease, and multiple agents of myocar-
ditis, endocarditis, and tumorigenesis in immunocompromised
individuals (Karem et al. 2000; Pulliainen and Dehio 2012).
Although it is not understood if Bartonella are pathogenic to
rodents (Lei and Olival 2014; Kim et al. 2016; Malania et al.
2016), at least five species isolated from rodents are known to
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be pathogenic to humans (Silaghi et al. 2016), and several ro-
dents have been implicated as reservoirs of Bartonella species
(Buffet et al. 2013). These rodent species cover a wide taxo-
nomic breadth, including members of Cricetidae (Kosoy et al.
2004; Bai et al. 2011), Muridae (Ellis et al. 1999; Mediannikov
et al. 2005; Kosoy et al. 2010), and Sciuridae (Kosoy et al.
2003; Stevenson et al. 2003; Bai et al. 2008a, 2008b).

Among these potential reservoirs, only the black-tailed prairie
dog (Cynomys ludovicianus) is primarily associated with prairie
habitat. Prairie habitats are of increasing interest with regard to
disease reservoirs and transmission. With as much as 99% of
historical tallgrass prairies in the United States converted for
human use (Samson and Knopf 1994), a great effort has focused
on prairie restoration (Ruiz Jaen and Aide 2005; Wortley et al.
2013). In many cases, these restorations lie within close prox-
imity to urban and suburban areas (Fischer et al. 2013; Klaus
2013). While there are numerous benefits to such restoration, one
downside is increased contact between humans and both vectors
and reservoirs of disease due to incidental and recreational con-
tact (Miller 2006; Téth et al. 2009). This contact creates an in-
creased potential for zoonotic transmission. As such, studies of
rodent communities in restored prairie ecosystems are of high
consequence for the identification of potential disease reservoirs.

In this study, we determined if zoonotic Bartonella were
present among prairie-dwelling rodents in a restored tallgrass
ecosystem in a suburban area of the Midwest region of the
United States. We also assessed the temporal dynamics of prev-
alence of those Bartonella among rodents.

MATERIALS AND METHODS

Study site and sample collection.—We collected samples
at the Distillery Road Conservation Area in Boone County,
Illinois (42.2589°N, 88.9095°W). This site is a ~30-ha tallgrass
prairie restoration in a suburban area managed by the Boone
County Conservation District (BCCD) that was previously
used for crop agriculture. Prairie restoration efforts began in
2003, with various patches undergoing restoration through
2010. Management efforts include seeding with native grasses
and forbs, invasive species removal, and whole site controlled
burns on a 3-year cycle (BCCD 2018).

Two 0.6-ha trapping grids were established in 2015 (40 m
x 150 m) in separate patches of the restoration. The first was
placed in a patch restored in 2003, and the second in a patch
restored in 2008. The grids were separated by ~250 m of con-
tiguous prairie habitat. On each grid, we established 60 trap
stations (four rows of 15 traps) separated by 10 m. We placed
either a Sherman live trap (H. B. Sherman Co., Tallahassee,
Florida) or modified Fitch trap (Rose 1973) at each station in
an alternating manner. We conducted trapping on 2 consecutive
days each week from mid-May to mid-September from 2015
to 2017. Traps were baited with commercial squirrel and critter
blend (Kaytee Products, Chilton, Wisconsin) between 1,600
and 1,800 h and checked the next morning between 0600 and
0800 h. This maximized the likelihood of catching both diurnal
and nocturnal species.

For each captured individual, we recorded species, age, sex,
reproductive condition, and mass. Animals were examined for
ticks, and collected ticks were placed in 70% ethanol solution
for later DNA extraction. The distal phalanx of the second lat-
eral digit of the hind foot was removed using sterile scissors and
was also stored in 70% ethanol for later DNA extraction. Toe
clips were chosen over ear punches or tail clips due to the small
size of the pinna of Ictidomys and Microtus species, and the
tendency of the skin of Ictidomys tails to detach when handled.
Retroorbital bleeding was not considered due to the need to
anesthetize animals and the inclusion of inexperienced under-
graduate students in sampling. In addition, toe clips provided
an opportunity to differentiate between recaptured and new an-
imals. Toe clipping was superior to the use of ear tags due to the
incidence of ear tag loss in burrowing species and the lack of
a need for individual identification. After we completed tissue
sampling, animals were retained in hand to ensure bleeding had
ceased and were released at the site of capture within 5 min
of initial handling. Protocols for animal handling and tissue
sampling were approved by the Illinois Department of Natural
Resources and the BCCD. No animal care and use committee
existed at the institution where this research was initiated, but
all methods complied with guidelines of the American Society
of Mammalogists (Sikes et al. 2016).

DNA extraction.—Prior to extraction, tissue samples were
removed from ethanol, dried, and diced using a sterile scalpel
blade to maximize surface area. Tissue samples were then ex-
tracted using a standard ammonium acetate procedure with
ethanol precipitation (Supplementary Data SD1). Following
extraction, DNA was reconstituted and stored in 50 pl of Tris-
EDTA buffer.

Genotyping of Microtus species.—To verify the identity of
Microtus species, we genotyped individuals at a microsatellite
locus of the avprla gene using established methods (Fink et al.
2006; Henterly et al. 2011). This method distinguishes species
on the basis of the number of repeats with M. pennsylvanicus
producing a 200-300 bp product and M. ochrogaster producing
a 600-800 bp product.

Identification of Bartonella presence.—We screened rodent
DNA samples for the presence of Bartonella species via PCR
of the 16-23S intergenic spacer (IGS) region using the methods
of Jensen et al. (2000). Primers in our study were designed to
specifically target and amplify a portion of the 16S-23S IGS
region of medically relevant Bartonella species. The forward
and reverse primers were 5-CTCTTTCTTCAGATGATGA
TCC-3"and 5'-AACCAACTGAGCTACAAGCCCT-3, respec-
tively. Targets were amplified in a 50 pl reaction and each PCR
contained a sample run with sterile water rather than sample
DNA to act as a negative control. Each DNA sample was run
two to three times to verify amplification. Products were then
loaded onto a 2% agarose gel as described above and electro-
phoresed for 60 min at 100 V in 1x TBE buffer before visu-
alization on a UV light box. PCR products between 150 and
250 bp were identified as positive.

Any specimens that successfully amplified for the IGS region
were further screened via nested PCR of a portion of the citrate
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synthase gene (gltA) using the methods of Bai et al. (2016).
Targets were amplified in a 50 pl reaction and each PCR con-
tained a sample run with sterile water rather than sample DNA
to act as a negative control. Products were loaded onto a 2%
agarose gel and electrophoresed for 90 min at 100V in 1x TBE
buffer. A specimen was considered positive for Bartonella if an
~350 bp product was identified.

Bartonella species identification.—Due to the lack of relia-
bility of PCR-only methods in identifying Bartonella, and the
desire to identify isolates to species, a multilocus sequencing
approach was performed as recommended by Kosoy et al.
(2018). To do this, amplicons were gel-extracted using the
method of Sun et al. (2012) and sequenced in both directions
(Eurofins MWG). Resulting sequences were aligned using
BioEdit version 7.0.5 and sequence identity was determined
using BLAST (Altschul et al. 1990). A minimum sequence
similarity of 96% was required to identify gltA sequences to
species (La Scola et al. 2003). The gltA sequence identity was
also used for species identification if an IGS sequence was most
similar to an unidentified Bartonella, or IGS sequences simi-
larity was below 96%. Upon successful species identification,
unique sequences were deposited in GenBank (accession num-
bers: MK984778-MK984795).

Statistical analyses.—We used chi-square tests to determine
if abundance of rodent species were consistent among years
during the study. For each species, we calculated the average
infection rate within and across years and used the Clopper—
Pearson method to determine the 95% confidence interval of
those rates. A logistic regression model was fit to the data (JMP
version 10; SAS Institute Inc. 2012) to determine which vari-
ables (species, year, species x year) explained the prevalence
of Bartonella.

RESULTS

Over the 3 years, we captured and sampled 700 individuals
representing five species: 13-lined ground squirrel, Ictidomys
tridecemlineatus; meadow jumping mouse, Zapus hudsonius;
deer mouse, Peromyscus maniculatus; meadow vole,
M. pennsylvanicus; and prairie vole, M. ochrogaster. Following
microsatellite genotyping, it was confirmed that the majority
of animals trapped were M. pennsylvanicus (n = 275) followed
by L tridecemlineatus (n = 193) and Z. hudsonius (n = 176).
Two other species were much less abundant: M. ochrogaster
(n = 34) and P. maniculatus (n = 22). Three of the species
had consistent abundances across years: 1. tridecemlineatus
(x*,=0.69, P =0.707), M. ochrogaster (y*,=2.17, P = 0.337),
and M. pennsylvanicus (y >, = 5.29, P = 0.071). Both
P. maniculatus (y, 22 = 19.73, P < 0.001) and Z. hudsonius (y,
*, = 14.33, P < 0.001) exhibited temporal fluctuations during
the study.

Bartonella was identified in all five captured species. After
fitting a logistic regression model (y %, =43.54, P <0.0001), log
ratio tests indicated there was no effect of sampling year on the
prevalence of Bartonella (y, 21 =2.481, P =0.1152). However,
there was an effect of species (y 2, = 29.709, P = 0.0001) on
prevalence, and an interaction effect between species and year

(?, = 12.538, P = 0.0138). Infection rates were similar among
most species, with the exception of I. tridecemlineatus, which ex-
hibited arate that was 1.8-2.3 times that of other species (Table 1).
There was no consistent pattern across species with regard to in-
fection rates over time (Fig. 1). Zapus hudsonius exhibited little
variation during the study. By comparison, I. tridecemlineatus
and M. ochrogaster exhibited modest interannual variation and
M. pennsylvanicus experienced a sharp decline in infection rate
during the study. While P. maniculatus exhibited a high infec-
tion rate in 2015 (n = 17); small sample sizes in 2016 (n = 4)
and 2017 (n = 1) resulted in no observed infections.

Eight Bartonella genotypes were identified from IGS
amplicons. Three genotypes were most similar to a B. grahamii
reference genome (accession: CP001621; 95.06-96.89% sim-
ilarity; Fig. 2). All specimens with these genotypes shared
a common gItA genotype that was most similar to the same
B. grahamii reference genome (accession: CP001621; 99.21%
similarity). A fourth IGS genotype was most similar to a ref-
erence sequence for an uncultured Bartonella species (acces-
sion: KX267694; 97.33% similarity). This genotype was found
in M. pennsylvanicus and P. maniculatus harboring one of two
gltA genotypes. Each of those gltA genotypes was most similar
to a reference sequence from B. vinsonii subsp. arupensis (ac-
cession: FJ946836; 96.99-97.27% similarity; Fig. 2). The re-
maining four IGS genotypes were found in I. tridecemlineatus
and were highly similar to a reference sequence for B.
washoensis (accession: AB674251; 98.24-99.41% similarity).
Ground squirrels with those four IGS genotypes contained one
of four gltA genotypes, all of which were most similar to a ref-
erence sequence from B. washoensis (accession: DQ834440;
97.87-99.73% similarity; Fig. 2).

Di1SCUSSION

Numerous studies have identified the role of rodent species as
reservoirs of pathogenic Bartonella strains (Kosoy et al. 2012;
Buffet et al. 2013; Gutiérrez et al. 2015). However, these studies
were mainly focused in western North America, Europe, and
Asia. As a result, several widespread North American species
have not been assessed as potential reservoirs of Bartonella,
including prairie-dwelling rodents in the midwestern United
States. This study identified at least one likely reservoir of
these bacteria, I. tridecemlineatus, while also identifying sev-
eral other candidates, and adds to an expanding understanding
of the prevalence of pathogenic Bartonella species among
small mammals (Buffet et al. 2013). Our results also suggest

Table 1.—Overall Bartonella infection rates and confidence inter-
vals (CI) for the five rodent species tested during 2015-2017 in Illi-
nois.

Species No. individuals Infection rate (%) 95% CI (%)
Ictidomys tridecemlineatus 193 39.38 32.44-46.65
Microtus ochrogaster 275 17.65 6.76-34.53
Microtus pennsylvanicus 34 18.91 14.46-24.0

Peromyscus maniculatus 22 18.18 5.19-40.28
Zapus hudsonius 176 21.59 15.76-28.41
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Fig. 1.—Percentage (+95% CI) of captured individuals (n = 700) that
tested positive for Bartonella between 2015 and 2017. Five species of
rodents were tested for Bartonella via PCR of the intergenic spacer
region using Bartonella-specific primers: 13-lined ground squirrels
(Ictidomys tridecemlineatus; n = 193), meadow jumping mice (Zapus
hudsonius; n = 176), prairie voles (Microtus ochrogaster; n = 34), deer
mice (Peromyscus maniculatus; n = 22), and meadow voles (Microtus
pennsylvanicus; n = 275).
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Fig. 2.—Distribution of Bartonella species identified among DNA
collected from rodent tissues. Bartonella species were identified
by sequencing of two loci using species-specific primers. Most ro-
dent species harbored only a single species of Bartonella. Microtus
pennsylvanicus harbored two species with 79% of specimens con-
taining B. grahamii and 21% containing B. vinsonii subsp. arupensis.

that habitat restoration efforts in human-dominated landscapes
may have the unintended consequence of increasing the like-
lihood of zoonotic disease transmission to humans and com-
panion animals.

Infection rates exhibited substantial variation among spe-
cies and were highest among 1. tridecemlineatus. Of the spe-
cies of ground squirrels sampled elsewhere, albeit mostly
with small sample sizes, all show evidence of Bartonella in-
fection (Stevenson et al. 2003; Inoue et al. 2011; Kosoy et al.
2012; Ziedins et al. 2016). Most of this research has focused

on Richardson's ground squirrel (Urocitellus richardsonii) in
Nevada and Saskatchewan (Jardine et al. 2005; Kosoy et al.
2003) with the latter study demonstrating a nearly 50% infection
rate. While our estimated infection rate in 1. tridecemlineatus
(39.38%) is lower than that identified by Kosoy et al. (2003) for
U. richardsonii, it is similar to the 37% Jardine et al. (2006) es-
timated for adult U. richardsonii (*=0.636, P =0.425). These
data suggest that I. tridecemlineatus may represent a reservoir
of a known human pathogen in the midwestern United States.

Due to small sample sizes and inconsistent capture frequency
across years, it is not possible to make similar assertions about
the reservoir status of P. maniculatus in the midwestern United
States. However, the small number of P. maniculatus that tested
positive in our study (four out of 22) all harbored B. vinsonii
arupensis. This supports the findings of other studies that have
identified P. maniculatus as a likely reservoir of B. vinsonii
arupensis (Bai et al. 2011; Buffet et al. 2013; Rubio et al. 2014).

Our data represent the first large-scale assessment of
Bartonella in any Microtus populations in North America.
Baker (1946) previously identified the presence of B. vinsonii
vinsonii in five out of 10 M. pennsylvanicus captured in Quebec,
Canada. Since then, Inoue et al. (2009a) identified the presence
of B. grahamii in three M. ochrogaster from South Dakota.
Although our data indicate Microtus in the midwestern United
States harbor Bartonella at lower levels than in those studies,
it is difficult to compare prevalence rates because those studies
had small sample sizes. In addition, studies with larger sample
sizes conducted on European Microtus species found prev-
alence rates between 20% and 27.7% (Engbaek and Lawson
2004; Pawelczyk et al. 2004), which are in line with the rates
in this study for M. pennsylvanicus (28.57% in 2015) and
M. ochrogaster (20% in 2017). In our study, M. pennsylvanicus
also demonstrated interannual variation in infection rate with
an unexplained marked decrease in 2017. These results were
verified by reperforming the PCR analysis. Without additional
sampling, however, it is not possible to determine if the de-
crease was due to random fluctuation or unmeasured environ-
mental factors.

We identified two species of pathogenic Bartonella in
Microtus at our study site. Bartonella grahamii has been as-
sociated with cases of neuroretinitis (Kerkhoff et al. 1999) and
cat-scratch disease (Oksi et al. 2013) in immunocompromised
individuals. This is the first study to identify the presence of
B. grahamii in M. pennsylvanicus. However, several European
studies reported that B. grahamii is widespread among other
Microtus species (Telfer et al. 2007; Totkacz et al. 2018).
Additionally, our findings of B. grahamii in M. ochrogaster
support those of Inoue et al. (2009a). Collectively, these re-
sults suggest a role of North American Microtus in the enzootic
cycle of B. grahamii.

We also identified the presence of B. vinsonii subsp. arupensis in
M. pennsylvanicus, albeit at a lower prevalence (21% of infections)
than B. grahamii. This is the first time arupensis has been identi-
fied in any Microtus species. This pathogen is more commonly
associated with Peromyscus (Bai et al. 2011; Ziedins et al. 2016)
but arupensis has been identified in other vole species in Alaska

0Z0Z Yo\ GO uo Jasn Ausianiun uosials Aq Z0S9€9G/162/1/101AdBNSqe-a)o1e/ewwew /wod dno-ojwapese//:sdjy wolj papeojumoq



BECKMANN ET AL.—ZOONOTIC BARTONELLA IN PRAIRIE RODENTS 295

(Matsumoto et al. 2010). Likewise, the closely related B. vinsonii
subsp. vinsonii was first characterized in M. pennsylvanicus (Baker
1946). Further, the co-occurrence of infected M. pennsylvanicus
and P. maniculatus, and the high degree of sequence similarity of
B. vinsonii subsp. arupensis among rodent species in this study,
suggests the high likelihood that this bacterium can be transmitted
between reservoirs via arthropod vectors.

Zapus hudsonius is also of interest as a potential reservoir.
This species exhibited the most consistent prevalence rates
across the study and was also one of the most abundant species.
No studies have focused on Bartonella prevalence in Zapus
or any North American members of Dipodidae (Buffet et al.
2013). Only one study examined Bartonella in any member of
Dipodidae and found infection rates ranging from 0% to 81%
among jerboas in the Japanese pet trade (Inoue et al. 2009b).
Our data indicate that Z. hudsonius harbor B. grahamii at sim-
ilar or higher levels than Microtus species (Table 1). Such
prevalence rates, combined with the wide geographic range of
the species and its preference for grassland habitats, suggest
Z. hudsonius may be a reservoir of Bartonella in these ecosys-
tems. An increased focus on Zapus is warranted in the study of
Bartonella and other vector-borne diseases.

Our results indicate that prairie systems, particularly prairie res-
torations, may play a substantial role in zoonotic transmission of
Bartonella. Urban and suburban restorations are capable of sup-
porting diverse and stable populations of small mammals. Many
of these are potential reservoirs of pathogenic Barfonella and
other vector-borne pathogens. In this study, all five rodent spe-
cies at the site were infected with Bartonella, and all Bartonella
species were known pathogens. In addition, these areas present
contact points where reservoirs, vectors, and dead-end hosts, such
as humans, comingle, permitting pathogen spillover (Alexander
et al. 2018). This interaction is enhanced in recreation areas, such
as mowed paths, where vectors are more likely to occur (Hahn
et al. 2018), increasing the likelihood of disease transmission to
people using these areas (McDaniel et al. 2018).

To understand more broadly how these prairie rodents func-
tion in harboring and transmitting pathogenic Bartonella, it is
essential to conduct additional studies of disease prevalence in
other grassland ecosystems. These studies are particularly val-
uable in the midwestern United States where these pathogens
and their reservoirs are poorly researched. Moreover, it is nec-
essary to assess the ability of these organisms to transmit the
diseases to known and potential vectors.

ACKNOWLEDGMENTS

We thank all of the Rockford University and Stetson University
students who contributed to the collection of samples in the
field with a special thanks to H. Avery whose contributions
were highly valuable. We also thank T. Farrell for his assis-
tance with the statistical analyses. This research was made
possible through the generous support of the Boone County
Conservation District. Funding for this project was provided
by several Rockford University Student-Faculty Summer
Research Grants.

SUPPLEMENTARY DATA

Supplementary data are available at Journal of Mammalogy
online.
Supplementary Data SD1.—Protocol for DNA extraction.

LITERATURE CITED

ADELSON, M. E., ET AL. 2004. Prevalence of Borrelia burgdorferi,
Bartonella spp., Babesia microti, and Anaplasma phagocytophila
in Ixodes scapularis ticks collected in Northern New Jersey.
Journal of Clinical Microbiology 42:2799-2801.

ALEXANDER, K. A., ET AL. 2018. The ecology of pathogen spill-
over and disease emergence at the human-wildlife-environment
interface. Pp. 267-298 in The connections between ecology and
infectious disease (C. J. Hurst, ed.). Springer Publishing. Cham,
Switzerland.

ALSMARK, C. M., ET AL. 2004. The louse-borne human pathogen
Bartonella quintana is a genomic derivative of the zoonotic agent
Bartonella henselae. Proceedings of the National Academy of
Sciences of the United States of America 101:9716-9721.

ArtscHuL, S. F., W. GisH, W. MILLER, E. W. MYERS, AND
D. J. LipmaN. 1990. Basic local alignment search tool. Journal of
Molecular Biology 215:403-410.

ANGELAKIS, E., S. A. BILLETER, E. B. BREITSCHWERDT,
B. B. CHOMEL, AND D. RaouLt. 2010. Potential for tick-borne
bartonelloses. Emerging Infectious Diseases 16:385-391.

ANGELAKIS, E., AND D. RaouLT. 2014. Pathogenicity and treatment
of Bartonella infections. International Journal of Antimicrobial
Agents 44:16-25.

BAL Y., ET AL. 2008a. Characterization of Bartonella strains isolated
from black-tailed prairie dogs (Cynomys ludovicianus). Vector
Borne and Zoonotic Diseases 8:1-5.

Bar, Y., C. H. CALISHER, M. Y. Kosoy, J. J. Root, AND J. B. DoTy.
2011. Persistent infection or successive reinfection of deer
mice with Bartonella vinsonii subsp. arupensis. Applied and
Environmental Microbiology 77:1728-1731.

Bal, Y., A. GILBERT, K. Fox, L. Osikowicz, AND M. Kosoy. 2016.
Bartonella rochalimae and B. vinsonii subsp. berkhoffii in wild carni-
vores from Colorado, USA. Journal of Wildlife Diseases 52:844—849.

BaL Y.,M.Y.Kosoy, C.RAY, R.J. BRINKERHOFF, AND S. K. COLLINGE.
2008b. Temporal and spatial patterns of Bartonella infection
in black-tailed prairie dogs (Cynomys ludovicianus). Microbial
Ecology 56:373-382.

BAKER, J. A. 1946. A rickettsial infection in Canadian voles. The
Journal of Experimental Medicine 84:37-50.

BiLLETER, S. A., M. G. Levy, B. B. CHOMEL, AND
E. B. BREITSCHWERDT. 2008. Vector transmission of Bartonella
species with emphasis on the potential for tick transmission.
Medical and Veterinary Entomology 22:1-15.

BoniLLa, D. L., H. KABEYA, J. HENN, V. L. KRAMER, AND
M. Y. Kosoy. 2009. Bartonella quintana in body lice and head lice
from homeless persons, San Francisco, California, USA. Emerging
Infectious Diseases 15:912-915.

BoONE CoUNTY CONSERVATION DisTrICT (BCCD). 2018. Distillery
Road Conservation Area. October 2018. http://www.bccdil.org/.
Accessed 5 October 2018.

Boumnsira, E., Y. FERRANDEZ, M. Liu, M. FrRaNc, H. J. BouLouls,
AND F. BrviLLE. 2013. Ctenocephalides felis an in vitro poten-
tial vector for five Bartonella species. Comparative Immunology,
Microbiology and Infectious Diseases 36:105-111.

0Z0Z Yo\ GO uo Jasn Ausianiun uosials Aq Z0S9€9G/162/1/101AdBNSqe-a)o1e/ewwew /wod dno-ojwapese//:sdjy wolj papeojumoq


http://academic.oup.com/jmammal/article-lookup/doi/10.1093/jmammal/gyz164#supplementary-data
http://www.bccdil.org/

296 JOURNAL OF MAMMALOGY

Bown, K. J.,, M. BENNET, AND M. BEGON. 2004. Flea-borne
Bartonella grahamii and Bartonella taylorii in bank voles.
Emerging Infectious Diseases 10:684—687.

BREITSCHWERDT, E. B., AND D. L. Korbick. 2000. Bartonella in-
fection in animals: carriership, reservoir potential, pathogenicity,
and zoonotic potential for human infection. Clinical Microbiology
Reviews 13:428-438.

BREITSCHWERDT, E. B., R. G. MaccGi, B. B. CHOMEL, AND
M. R. LappIN. 2010. Bartonellosis: an emerging infectious disease
of zoonotic importance to animals and human beings. Journal of
Veterinary Emergency and Critical Care 20:8-30.

BUFFET, J. P, M. Kosoy, AND M. VAYSSIER-TAUSSAT. 2013. Natural
history of Bartonella-infecting rodents in light of new knowl-
edge on genomics, diversity and evolution. Future Microbiology
8:1117-1128.

CEVIDANES, A., L. ALTET, A. D. CHIRIFE, T. PROBOSTE, AND
J. MILLAN. 2017. Drivers of Bartonella infection in micromammals
and their fleas in a Mediterranean peri-urban area. Veterinary
Microbiology 203:181-188.

CHOMEL, B. B., ET AL. 1996. Experimental transmission of Bartonella
henselae by the cat flea. Journal of Clinical Microbiology
34:1952-1956.

CHOMEL, B. B., AND R. W. KASTEN. 2010. Bartonellosis, an in-
creasingly recognized zoonosis. Journal of Applied Microbiology
109:743-750.

DE BRUIN, A., ET AL. 2015. Vertical transmission of Bartonella
schoenbuchensis in Lipoptena cervi. Parasites & Vectors 8:176.
Denio, C., U. SAUDER, AND R. HiesTanD. 2004. Isolation of
Bartonella schoenbuchensis from Lipoptena cervi, a blood-
sucking arthropod causing deer ked dermatitis. Journal of Clinical

Microbiology 42:5320-5323.

ELLis, B. A., ET AL. 1999. Rats of the genus Rattus are reservoir
hosts for pathogenic Bartonella species: an Old World origin
for a New World disease? The Journal of Infectious Diseases
180:220-224.

EnGB£K, K., AND P. A. LawsoN. 2004. Identification of Bartonella
species in rodents, shrews and cats in Denmark: detection of
two B. henselae variants, one in cats and the other in the long-
tailed field mouse. APMIS: Acta Pathologica, Microbiologica, et
Immunologica Scandinavica 112:336-341.

EREMEEVA, M. E., ET AL. 2007. Bacteremia, fever, and splenomegaly
caused by a newly recognized Bartonella species. The New
England Journal of Medicine 356:2381-2387.

FINK, S., L. EXCOFFIER, AND G. HECKEL. 2006. Mammalian mo-
nogamy is not controlled by a single gene. Proceedings of the
National Academy of Sciences of the United States of America
103:10956-10960.

FiscHER, L. K., M. voN DER LiPPE, M. C. RILLIG, AND I. KOWARIK.
2013. Creating novel urban grasslands by reintroducing na-
tive species in wasteland vegetation. Biological Conservation
159:119-126.

GuUTIERREZ, R., B. Krasnov, D. Morick, Y. GOTTLIEB,
I. S. KHOKHLOVA, AND S. HARRUS. 2015. Bartonella infection in
rodents and their flea ectoparasites: an overview. Vector Borne and
Zoonotic Diseases 15:27-39.

HanN, M. B., ET AL. 2018. Evaluating acarological risk for expo-
sure to Ixodes scapularis and Ixodes scapularis-borne pathogens
in recreational and residential settings in Washington County,
Minnesota. Ticks and Tick-Borne Diseases 9:340-348.

Haros, L., ET AL. 2004. Role of Hippoboscidae flies as potential
vectors of Bartonella spp. infecting wild and domestic ruminants.
Applied and Environmental Microbiology 70:6302—6305.

HENTERLY, A. C., K. E. MABRY, N. G. SOLOMON, A. S. CHESH, AND
B. KeaNE. 2011. Comparison of morphological versus molec-
ular characters for discriminating between sympatric meadow and
prairie voles. American Midland Naturalist 165:412—420.

INOUE, K., ET AL. 2009a. Evolutional and geographical relationships
of Bartonella grahamii isolates from wild rodents by multi-locus
sequencing analysis. Microbial Ecology 57:534-541.

INOUE, K., ET AL. 2009b. Exotic small mammals as potential res-
ervoirs of zoonotic Bartonella spp. Emerging Infectious Diseases
15:526-532.

INouE, K., ET AL. 2011. Multi-locus sequence analysis reveals host
specific association between Bartonella washoensis and squirrels.
Veterinary Microbiology 148:60-65.

JARDINE, C., ET AL. 2005. Rodent-associated Bartonella in
Saskatchewan, Canada. Vector Borne and Zoonotic Diseases
5:402-4009.

JARDINE, C., C. WALDNER, G. WOBESER, AND F. A. LEIGHTON. 2006.
Demographic features of Bartonella infections in Richardson’s
ground squirrels (Spermophilus richardsonii). Journal of Wildlife
Diseases 42:739-749.

JENSEN, W. A., M. Z. FaLL, J. RooNEY, D. L. KORDICK, AND
E. B. BREITSCHWERDT. 2000. Rapid identification and differenti-
ation of Bartonella species using a single-step PCR assay. Journal
of Clinical Microbiology 38:1717-1722.

KAREM, K. L., C. D. PADDOCK, AND R. L. REGNERY. 2000. Bartonella
henselae, B. quintana, and B. bacilliformis: historical pathogens of
emerging significance. Microbes and Infection 2:1193-1205.

KerkHOFF, F. T., A. M. BERGMANS, A. VAN DER ZEE, AND
A. RoTHOVA. 1999. Demonstration of Bartonella grahamii DNA
in ocular fluids of a patient with neuroretinitis. Journal of Clinical
Microbiology 37:4034-4038.

Kim, C. M., ET AL. 2005. Detection of Bartonella species from ticks,
mites and small mammals in Korea. Journal of Veterinary Science
6:327-334.

Kim, K. S., ET AL. 2016. Prevalence and diversity of Bartonella spe-
cies in wild small mammals in Asia. Journal of Wildlife Diseases
52:10-21.

Kraus, V. H. 2013. Urban grassland restoration: a neglected opportu-
nity for biodiversity conservation. Restoration Ecology 21:665-669.

Kosoy, M., ET AL. 2010. Identification of Bartonella infections in
febrile human patients from Thailand and their potential animal
reservoirs. American Journal of Tropical Medicine and Hygiene
82:1140-1145.

Kosoy, M., D. T. HAYMAN, AND K. S. CHAN. 2012. Bartonella bacteria
in nature: where does population variability end and a species start?
Infection, Genetics and Evolution: Journal of Molecular Epidemiology
and Evolutionary Genetics in Infectious Diseases 12:894-904.

Kosoy, M., E. MANDEL, D. GREEN, E. MARSTON, AND J. CHILDS. 2004.
Prospective studies of Bartonella of rodents. Part I. Demographic
and temporal patterns in population dynamics. Vector Borne and
Zoonotic Diseases 4:285-295.

Kosoy, M., C. McKEE, L. ALBAYRAK, AND Y. ForanNov. 2018.
Genotyping of Bartonella bacteria and their animal hosts: current
status and perspectives. Parasitology 145:543-562.

Kosoy, M., M. MURRAY, R. D. GILMORE, JR., Y. BA1, AND K. L. GAGE.
2003. Bartonella strains from ground squirrels are identical to

0Z0Z Yo\ GO uo Jasn Ausianiun uosials Aq Z0S9€9G/162/1/101AdBNSqe-a)o1e/ewwew /wod dno-ojwapese//:sdjy wolj papeojumoq



BECKMANN ET AL.—ZOONOTIC BARTONELLA IN PRAIRIE RODENTS 297

Bartonella washoensis isolated from a human patient. Journal of
Clinical Microbiology 41:645-650.

Kosoy, M. Y., R. L. REGNERY, O. I. Kosaya, D. C. JONEs,
E. L. MARSTON, AND J. E. CHILDS. 1998. Isolation of Bartonella
spp. from embryos and neonates of naturally infected rodents.
Journal of Wildlife Diseases 34:305-309.

LA ScoLa, B., Z. ZEAITER, A. KHAMIS, AND D. RAOULT. 2003. Gene-
sequence-based criteria for species definition in bacteriology: the
Bartonella paradigm. Trends in Microbiology 11:318-321.

LEeL B. R, AND K. J. OL1VAL. 2014. Contrasting patterns in mammal-
bacteria coevolution: Bartonella and Leptospira in bats and ro-
dents. PLoS Neglected Tropical Diseases 8:2738.

LeuLwmi, H., ET AL. 2015. Competence of Cimex lectularius bed bugs
for the transmission of Bartonella quintana, the agent of trench
fever. PLoS Neglected Tropical Diseases 9:e0003789.

Ly, D. M., ET AL. 2015. High prevalence and genetic heterogeneity
of rodent-borne Bartonella species on Heixiazi Island, China.
Applied and Environmental Microbiology 81:7981-7992.

MALANIA, L., ET AL. 2016. Prevalence and diversity of Bartonella
species in rodents from Georgia (Caucasus). American Journal of
Tropical Medicine and Hygiene 95:466—471.

MaTtsuMoTo, K., J. A. Cook, H. K. GOETHERT, AND S. R. TELFORD,
3RD. 2010. Bartonella sp. infection of voles trapped from an in-
terior Alaskan site where ticks are absent. Journal of Wildlife
Diseases 46:173-178.

McDANIEL, J. T., ET AL. 2018. Military veteran residential location
and risk for Lyme disease. Journal of Veterans Studies 3:45-56.
MCcKEE, C. D., ET AL. 2017. Diversity and phylogenetic relation-
ships among Bartonella strains from Thai bats. PLoS ONE

12:0181696.

MEDIANNIKOV, O., ET AL. 2005. Molecular screening of Bartonella
species in rodents from the Russian Far East. Annals of the New
York Academy of Sciences 1063:308-311.

MILLER, J. R. 2006. Restoration, reconciliation, and reconnecting
with nature nearby. Biological Conservation 127:356-361.

Morick, D., B. R. KrasNov, 1. S. KHOKHLOVA, Y. GOTTLIEB, AND
S. HAarruUS. 2013. Transmission dynamics of Bartonella sp. strain
OE 1-1 in Sundevall’s jirds (Meriones crassus). Applied and
Environmental Microbiology 79:1258-1264.

MULLER, A., M. REITER, A. M. SCHOTTA, H. STOCKINGER, AND
G. STANEK. 2016. Detection of Bartonella spp. in Ixodes ricinus
ticks and Bartonella seroprevalence in human populations. Ticks
and Tick-Borne Diseases 7:763-767.

NELDER, M. P., ET AL. 2016. Human pathogens associated with the
blacklegged tick Ixodes scapularis: a systematic review. Parasites
and Vectors 9:265.

Oksl, J., ET AL. 2013. Cat scratch disease caused by Bartonella
grahamii in an immunocompromised patient. Journal of Clinical
Microbiology 51:2781-2784.

PAWELCZYK, A., A. BAJER, J. M. BEHNKE, F. S. GILBERT, AND
E. Sinski. 2004. Factors affecting the component community
structure of haemoparasites in common voles (Microtus arvalis)
from the Mazury Lake District region of Poland. Parasitology
Research 92:270-284.

PULLIAINEN, A. T., AND C. DEHI0. 2012. Persistence of Bartonella spp.
stealth pathogens: from subclinical infections to vasoproliferative
tumor formation. FEMS Microbiology Reviews 36:563-599.

READY, P. D. 2013. Biology of phlebotomine sand flies as vectors of
disease agents. Annual Review of Entomology 58:227-250.

REIs, C., ET AL. 2011. Vector competence of the tick Ixodes ricinus
for transmission of Bartonella birtlesii. PLoS Neglected Tropical
Diseases 5:e1186.

Rosg, R. K. 1973. A small mammal live trap. Transactions of the
Kansas Academy of Science 1903:14-17.

Rusio, A. V., R. AVILA-FLORES, L. M. Osikowicz, Y. Bal, G. SUZAN,
AND M. Y. Kosoy. 2014. Prevalence and genetic diversity of
Bartonella strains in rodents from northwestern Mexico. Vector
Borne and Zoonotic Diseases 14:838-845.

Ruiz JAEN, M. C., AND T. M. AIDE. 2005. Restoration success: how is
it being measured? Restoration Ecology 13:569-577.

SaMsoN, F., AND F. KNoPFE. 1994. Prairie conservation in North
America. BioScience 44:418-421.

SAS INsTITUTE INcC. 2012. Using JMP 10. Release 10.1. SAS
Institute, Inc. Cary, North Carolina.

SaTo, S., ET AL. 2013. Bartonella jaculi sp. nov., Bartonella callosciuri
sp. nov., Bartonella pachyuromydis sp. nov. and Bartonella acomydis
sp. nov., isolated from wild Rodentia. International Journal of
Systematic and Evolutionary Microbiology 63(Pt 5):1734-1740.

SIKES, R. S., ANIMAL CARE AND USE COMMITTEE OF THE AMERICAN
SOCIETY OF MAMMALOGISTS. 2016. 2016 Guidelines of the
American Society of Mammalogists for the use of wild mammals
in research and education. Journal of Mammalogy 97:663—-688.

SiLAGHI, C., M. PFEFFER, D. KIEFER, M. KIEFER, AND A. OBIEGALA.
2016. Bartonella, rodents, fleas and ticks: a molecular field study
on host-vector-pathogen associations in Saxony, Eastern Germany.
Microbial Ecology 72:965-974.

STEVENSON, H. L., ET AL. 2003. Detection of novel Bartonella strains
and Yersinia pestis in prairie dogs and their fleas (Siphonaptera:
Ceratophyllidae and Pulicidae) using multiplex polymerase chain
reaction. Journal of Medical Entomology 40:329-337.

Sun, Y., K. SRiRAMAJAYAM, D. Luo, AND D. J. L1ao. 2012. A quick,
cost-free method of purification of DNA fragments from agarose
gel. Journal of Cancer 3:93-95.

TELFER, S., ET AL. 2007. Contrasting dynamics of Bartonella spp.
in cyclic field vole populations: the impact of vector and host dy-
namics. Parasitology 134(Pt 3):413-425.

Torkacz, K., ET AL. 2018. Bartonella infections in three species of
Microtus: prevalence and genetic diversity, vertical transmission
and the effect of concurrent Babesia microti infection on its suc-
cess. Parasites & Vectors 11:491.

ToTH, S. F., ET AL. 2009. Reserve selection with minimum con-
tiguous area restrictions: an application to open space protec-
tion planning in suburban Chicago. Biological Conservation
142:1617-1627.

VAYSSIER-TAUSSAT, M., ET AL. 2016. Identification of novel zoonotic
activity of Bartonella spp., France. Emerging Infectious Diseases
22:457-462.

WORTLEY, L., J. M. HErRO, AND M. Howes. 2013. Evaluating eco-
logical restoration success: a review of the literature. Restoration
Ecology 21:537-543.

ZIEDINS, A. C., B. B. CHOMEL, R. W. KASTEN, A. M. KIEMTRUP, AND
C. C. CHANG. 2016. Molecular epidemiology of Bartonella spe-
cies isolated from ground squirrels and other rodents in northern
California. Epidemiology and Infection 144:1837-1844.

Submitted 6 November 2018. Accepted 6 October 2019.

Associate Editor was Robert Schooley.

0Z0Z Yo\ GO uo Jasn Ausianiun uosials Aq Z0S9€9G/162/1/101AdBNSqe-a)o1e/ewwew /wod dno-ojwapese//:sdjy wolj papeojumoq



