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Abstract

Background and Objectives: Vector-borne bacterial diseases represent a substantial public health burden and
rodents have been recognized as important reservoir hosts for many zoonotic pathogens. This study investigates
bacterial pathogens in a small mammal community of the southwestern United States of America.

Methods: A total of 473 samples from 13 wild rodent and 1 lagomorph species were tested for pathogens of public
health significance: Bartonella, Brucella, Yersinia, Borrelia, Rickettsia spp., and Anaplasma phagocytophilum.
Results: Three animals were positive for Yersinia pestis, and one Sylvilagus audubonii had a novel Borrelia sp.
of the relapsing fever group. No Brucella, Rickettsia, or A. phagocytophilum infections were detected. Bar-
tonella prevalence ranged between 0% and 87.5% by animal species, with 74.3% in the predominant Neotoma
micropus and 78% in the second most abundant N. albigula. The mean duration of Bartonella bacteremia in
mark-recaptured N. micropus and N. albigula was 4.4 months, ranging from <1 to 18 months, and differed
among Bartonella genogroups. Phylogenetic analysis of the Bartonella citrate synthase gene (g/tA) revealed 9
genogroups and 13 subgroups. Seven genogroups clustered with known or previously reported Bartonella
species and strains while two were distant enough to represent new Bartonella species. We report, for the first
time, the detection of Bartonella alsatica in North America in Sylvilagus audubonii and expand the known host
range of Bartonella washoensis to include Otospermophilus variegatus.

Interpretation and Conclusion: This work broadens our knowledge of the hosts and geographic range of
bacterial pathogens that could guide future surveillance efforts and improves our understanding of the dynamics
of Bartonella infection in wild small mammals.

Keywords: woodrat, bacteria, Bartonella, small mammals, vector-borne pathogens

Introduction borne Yersinia pestis. Although plague is a rare disease, about
half of the human cases in the United States of America are
RODENTS ARE IMPORTANT reservoir hosts for many zoo- found in New Mexico (Plague 2019). A previous study tar-
notic pathogens, with ~ 10.7% of rodent species being geted the plague pathogen in rodent fleas and specific Y.
hosts to 85 zoonotic pathogens (Bordes et al. 2015, Han et al.  pestis antibodies in animal sera (Kosoy et al. 2017). In the
2016). Despite the ubiquity of rodents and the diversity, dis- current study, we were interested in detection of Y. pestis
tribution, and epidemiological significance of their pathogens, DNA in blood.
rodent-borne diseases are still greatly underinvestigated Bartonella species from wild rodents, including Barto-
(Kosoy et al. 2015). Several bacterial pathogen genera of nella washoensis in ground squirrels (Kosoy et al. 2003) or
epidemiological significance to humans have been previously  Bartonella vinsonii subsp. arupensis in deer mice (Welch
detected in rodents, including Yersinia, Bartonella, Brucella, et al. 1999), have been implicated as potential public health
Borrelia, Anaplasma, and Rickettsia. threats. Bartonella species were previously cultured from
The study area in North Central New Mexico, United Neotoma woodrats from New Mexico and detected in their
States of America is a natural focus of plague caused by flea- fleas (Morway et al. 2008). We hypothesized that molecular
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methods would allow us to reveal Bartonella species that are
hard to culture and thus could have been missed in prior
studies, altering estimates of infection prevalence and di-
versity. Furthermore, we analyzed Bartonella prevalence
across species, predicted variation in the probability of in-
fection in one highly sampled species, and assessed temporal
patterns of infection in serially sampled individuals.

First isolated from Neotoma woodrats in Utah in 1957
(Stoenner and Lackman 1957), Brucella neotomae was
thought to be limited to woodrats (Moreno 2014) until its
isolation from cerebrospinal fluid of two men with neuro-
brucellosis in Costa Rica in 2008 and 2011 (Suarez-Esquivel
et al. 2017). We tested our samples to determine if woodrats
in New Mexico could harbor Brucella neotomae or other
Brucella species.

Finally, we included tick-borne pathogens Borrelia spp.,
Rickettsia spp., and Anaplasma phagocytophilum because
of their public health significance and recent reports of
increased incidence in the United States of America (Ro-
senberg et al. 2018, Binder and Armstrong 2019). A. pha-
gocytophilum was previously reported from rodents in
California, Connecticut, and Minnesota (Atif 2016). Trans-
mission of A. phagocytophilum between Neotoma mexicana
woodrats in Colorado was maintained by Ixodes spinipalpis
ticks (Zeidner et al. 2000). Borrelia burgdorferi was detected
in rodents from California (Brown and Lane 1994, Brown
et al. 2006) and rabbits from Texas (Burgess and Windberg
1989). The emerging pathogen Rickettsia felis and the agent
of murine typhus R. typhi were reported from wildlife and
their fleas in New Mexico and California (Williams et al.
1992, Stevenson et al. 2005).

In this study, we investigated the presence of multiple
pathogens in a natural community of small mammals in New
Mexico to gain a more comprehensive view of the complex
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epidemiological system there and to broaden our under-
standing of pathogen/host interactions and the implications
for human health.

Materials and Methods
Sample collection and DNA extraction

We tested 473 whole blood samples from 13 rodent and 1
lagomorph species (Table 1) captured in the Eldorado sub-
division of Santa Fe County, New Mexico, United States of
America from November 2002 to July 2004 as part of a mark-
recapture surveillance study (Morway et al. 2008). Animals
were captured at 89 trap stations selected by identification of
freshly occupied woodrat den. Each trapping station had a
small Sherman trap (2x2.5x6.5”) for small mouse-size
rodents, a large Sherman trap (3 x3.5x9”) for rat-size ro-
dents, and a Tomahawk trap (4 x4 x 10”) for squirrel-size
rodents and rabbits. Traps were baited with oats, peanut
butter, and molasses, set in the afternoon, and checked the
following morning. Captured animals were anesthetized
with a mixture of isoflurane and oxygen and marked indi-
vidually with ear tag or/and subcutaneous transponder
(AVID, Folsom, LA). A retroorbital bleed was performed;
blood was collected with heparinized microhematocrit
capillary tubes and kept on dry ice until placed at —80°C in
the laboratory until processing. All animal handling pro-
cedures were approved by the Center for Disease and
Control’s Division of Vector-Borne Diseases Institutional
Animal Care and Use Committee, protocol number 06-008.
We extracted DNA using the KingFisher Flex Purification
System and the associated MagMAX Pathogen RNA/DNA
Kit (ThermoFisher, Waltham, MA) according to the man-
ufacturer’s protocols.

TABLE 1. PREVALENCE OF BARTONELLA SPECIES IN A SMALL MAMMAL COMMUNITY IN THE ELDORADO SUBDIVISION
OF SANTA FE CouNTY, NORTHERN NEW MEXIcO, UNITED STATES OF AMERICA IN 2002-2004

Percent of Bartonella
Tested total number Bartonella prevalence
Family Common name Latin name samples  of samples positive [95% CI]
Cricetidae White-throated woodrat Neotoma albigula 50 10.6 39 78 [64.8-87.2]
Southern Plains woodrat Neotoma micropus 272 57.5 202 74.3 [68.8-79.1]
Northern grasshopper Onychomys leucogaster 8 1.7 7 87.5 [52.9-97.8]
mouse
White-footed mouse Peromyscus leucopus 25 5.3 12 48 [30-66.5]
Deer mouse Peromyscus 14 3 3 21.4 [7.6-47.6]
maniculatus
Pinyon mouse Peromyscus truei 12 2.5 2 16.7 [4.7-44.8]
Western harvest Reithrodontomys 2 0.4 1 50 [9.5-90.5]
mouse megalotis
Heteromyidae Ord’s kangaroo rat Dipodomys ordii 43 9.1 30 69.8 [54.9-81.4]
Banner-tailed Dipodomys spectabilis 2 0.4 0 0 [0-65.8]
kangaroo rat
Silky pocket mouse Perognathus flavus 1 0.2 0 0 [0-79.3]
Leporidae Desert cottontail Sylvilagus audubonii 10 2.1 7 70 [39.7-89.2]
Muridae House mouse Mus musculus 1 0.2 0 0 [0-79.3]
Sciuridae Rock squirrel Otospermophilus 27 5.7 10 37 [21.5-55.8]
variegatus
Spotted ground Xerospermophilus 6 1.3 0 0 [0-39]
squirrel spilosoma
Total 473 313 66.2 [61.8-70.3]
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Pathogen detection, sequencing,
and phylogenetic analysis

Initial detection of Bartonella, Brucella, and Yersinia
DNA was implemented using a multiplex quantitative real-
time PCR (qPCR) protocol targeting the Bartonella transfer
mRNA gene (ssrA), Brucella insertion sequence (IS711), and
Yersinia peptidoglycan-associated lipoprotein ( pal). In addi-
tion to the qPCR analysis, all samples were tested for Barto-
nella species by conventional PCR for the 16S-23S rRNA gene
intergenic transcribed spacer (ITS) region; ssrA and/or ITS-
positive samples were tested by nested PCR for the citrate
synthase gene (gltA). To reduce risk of false positives, samples
were considered Bartonella positive only if they tested posi-
tive for two out of three targets (ssrA, ITS, gltA) and were
successfully sequenced. We used gltA sequences for phylo-
genetic analysis as they clearly distinguish Bartonella species
and subspecies (La Scola et al. 2003), and glfA is the most
widely used marker for Bartonella genotyping (Kosoy et al.
2018). Yersinia qPCR-positive samples were confirmed by
conventional PCR for the plasmogen activator gene pla (Bai
etal. 2017). A multiplex qPCR protocol was used for detection
of p44 and msp4 genes from A. phagocytophilum and fliD and
the 18S rRNA gene from Borrelia burgdorferi and Borrelia
spp. Testing for Rickettsia species was conducted by qPCR
targeting the gltA gene. All primers, probes, and conditions are
given in Supplementary Table S1.

Positive (Bartonella doshiae, Brucella melitensis, Y.
pseudotuberculosis, Borrelia burgdorferi, A. phagocytophi-
lum, R. felis) and negative (deionized water) controls were
used in all respective reactions to evaluate the presence of
bacterial DNA and to detect potential contamination, re-
spectively. PCR reactions were considered positive if they
had cycle threshold value Ct <40 and characteristic amplifi-
cation plots.

Conventional PCR products were separated by 1.5% gel
electrophoresis and visualized by Biotium GelGreen stain
(Biotium, Hayward, CA). Positive PCR products were purified
using the QIAquick PCR Purification Kit (QIAGEN, Valencia,
CA) according to the manufacturer’s protocols and sequenced
in both directions with the same primers on an Applied Bio-
systems Model 3130 Genetic Analyzer (Applied Biosystems,
Foster City, CA). We assembled forward and reverse se-
quences using the SeqMan Pro program in Lasergene v12
(DNASTAR, Madison, WI). All sequences were aligned with
MAFEFT v7.187 (Katoh and Standley 2013), trimmed to equal
lengths with Gblocks v0.91b (Castresana 2000), and compared
with other Bartonella strains from rodents, rodent ectopara-
sites, and known Bartonella species. A neighbor-joining tree
was produced with MEGA v7.0.26 (Kumar et al. 2016) from
the 351 bp alignment of 348 gltA sequences using B. tamiae as
the outgroup. We used the Tamura-Nei model (Tamura and
Nei 1993) of sequence evolution for calculating branch lengths
and tested branch support using 1000 bootstrap replicates.
Clades of Bartonella genogroups were designated according to
the standards of La Scola et al. (2003), wherein gltA sequences
with <96% homology with another Bartonella species may be
defined as novel.

Statistical analysis

Prevalence was estimated by species across all monthly
sampling time points when rodents were captured using the

number of infected animals out of the total sampled. For the
most frequently sampled species, N. micropus, we estimated
prevalence at monthly sampling time points between No-
vember 2002 and October 2003. Confidence intervals for
prevalence were calculated with Wilson score intervals
(Wilson 1927). Differences in Bartonella prevalence be-
tween species were analyzed using a chi-square test and lo-
gistic regression considering prevalence as a binomial
variable, using Dipodomys ordii as the index species. Host
specificity of Bartonella genogroups was examined by plot-
ting the relative abundance of each genogroup (i.e., the per-
cent of all infections attributed to a genogroup) by host
species and host family.

Variation in Bartonella prevalence in the sampled N. mi-
cropus population over time was analyzed using binomial
logistic regression with days since the first monthly sampling
point (November 2002) as the independent variable.
Individual-level variation in the probability of Bartonella
infection was analyzed using generalized linear mixed
modeling. Previous studies have indicated that Bartonella
prevalence in rodent populations can vary over time, by sex,
and by animal weight (Kosoy et al. 2004, Morway et al. 2008,
Bai et al. 2011). We included data on these variables as well
as the presence and number of fleas recorded on each sampled
N. micropus individual. All factors were included as fixed
effects in a global model, with individual ear tag numbers as a
random effect to account for multiple sampling of some in-
dividuals (n=36). We also included an interaction term be-
tween individual sex and weight in the global model to
account for potential differences in the change in the proba-
bility of infection with weight between males and females, a
pattern that has not been evaluated in past studies (Kosoy
et al. 2004, Morway et al. 2008, Bai et al. 2011). Model
selection was performed on the global model that included all
fixed and random effects and interactions. The best model
was chosen based on the lowest Akaike information criterion
with a correction (AICc) for finite sample sizes (Burnham and
Anderson 2004). Goodness of fit for the best model was as-
sessed using the area under the receiver operating charac-
teristic curve (AUC) (Hosmer and Lemeshow 2000). All
statistical analyses were performed in R v3.6.1 (Team RC
2013). For all tests, «=0.05 was chosen as the threshold level
for statistical significance.

Results

The tested animals represented 14 species of 5 families and
2 orders, Rodentia (97.9%) and Lagomorpha (2.1%). The
most abundant were N. micropus (57.5%), followed by N.
albigula (10.6%) and D. ordii (9.1%) (Table 1). Among N.
micropus, more adult females than adult males were present
in the population at all times, with an average ratio of 1.71:1.

One N. micropus, one N. albigula, and one Peromyscus
truei tested positive for Y. pestis. One Sylvilagus sudubonii
tested positive for novel Borrelia spp. of relapsing fever
group and work continues to characterize it. All samples
tested negative for A. phagocytophilum, Brucella, and Rick-
ettsia species.

Patterns of Bartonella infection status

In contrast with the rare occurrence of other pathogens,
66% of samples tested positive for Bartonella species
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(Table 1). Since host species carry predominately their own
Bartonella genogroups and any sharing of genogroups
among species makes up a small proportion of the total in-
fections within each host species, we decided to look at the
trends in prevalence over time for N. micropus only, instead
of those in the community, particularly because N. micropus
constitutes the vast majority of samples taken. Sampling from
other host species was too sparse to analyze prevalence over
time, so we summarized prevalence over the whole sampling
period (Table 1). There was significant variation in preva-
lence among species in the community (x*>=72.4, df=13,
p<0.001). According to binomial regression analysis and
considering D. ordii as the index species (at 70% prevalence),
Otospermophilus variegatus, P. maniculatus, and P. truei
had significantly lower prevalence than D. ordii. Prevalence
in P. leucopus was lower than D. ordii, but this difference was
only marginally significant (p <0.1). Bartonella prevalence
in the remaining sampled species was not significantly dif-
ferent compared with D. ordii (Table 1).

Analysis of prevalence variation over time makes it clear
that Bartonella infection is enzootic at high prevalence in
N. micropus (Fig. 1). Prevalence over the period of sampling
increased slightly from 71% to 79%, however, this change
was not significant (F=0.13,df=1, p=0.73). We also looked
at other factors that could predict Bartonella infection status
at the time of capture in sampled N. micropus individuals,
including date of capture, sex, age, body weight, whether
fleas were present, the count of fleas, an interaction term
between sex and body weight, and a random effect for in-
dividual ear tag numbers. The best model according to AICc
was the model that included sex (F=8.8, df =1, p=0.0034),
weight (F=3.5,df=1, p=0.062), an interaction between sex
and weight (F=10.6,df=1,p=0.0011), and a random effect
of ear tags (Supplementary Table S3). With AUC =0.89, the
data demonstrate a good fit to the model. Averaging over
weight, males were more likely to be infected than females
(Fig. 2A). Combining the sexes, the probability of infection
declines with body weight (Fig. 2B). However, with the
inclusion of the significant interaction term between sex and
weight, the model indicates that the probability of Barto-
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FIG. 1. Bartonella prevalence in Neotoma micropus over
time. Circles show estimated prevalence and gray outline
shows 95% confidence intervals. The dashed line is the
predicted fit for the binomial regression. Numbers above
show the number of animals sampled.
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nella infection decreases with weight for females while the
probability of infection is constant or slightly increasing
with weight for males (Fig. 2C); females were significantly
less likely to be infected than males only if they weighed
over 200 g.

Bartonella species diversity

Based on sequence similarity, 296 gltA sequences were
clustered into nine phylogenetic genogroups (A-I) and 13
subgroups (Fig. 1). Groups A—C all cluster within the Bar-
tonella vinsonii species complex. The net average genetic
distances between groups ranged from 6.7% to 13.8%, con-
sidering groups A—C together as a clade. The net average
genetic distances between subgroups A—C and between D1
and D2 ranged from 2.2% to 3.2%. We uploaded GenBank
sequences obtained from new phylogenetic groups and from
new hosts in previously reported groups (Supplementary
Table S2).

Genogroup A includes subgroups Al and A2 and clusters
with Bartonella vinsonii subsp. vinsonii with 97.5% ho-
mology (Table 2). Group Al is more abundant (95.3%) than
group A2 (4.7%), but both present strong host specificity.
Group Al contains sequences obtained primarily from
N. micropus (89%) and N. albigula (6.1%) and includes a
previously reported Bartonella strain from N. albigula
(Rubio et al. 2014). In addition, we detected this ecotype
in P. leucopus (2.4%) and S. audubonii, O. variegatus,
R. megalotis, and D. ordii (0.6% each). Group A2 consists of
sequences obtained from Onychomys leucogaster (70%) and
two previously published sequences from O. leucogaster
(Bai et al. 2007). We also detected this ecotype in N. albi-
gula, P. truei, and O. variegatus (10% each).

Within genogroup B, subgroups B1 and B2 cluster with
Bartonella vinsonii subsp. berkhoffii with 96.9% homology.
Group B1 includes one P. truei sequence and a previously
published sequence from O. leucogaster. Group B2 contains
sequences from S. audubonii and a previously reported se-
quence from S. audubonii. Genogroup C clusters closely with
Bartonella vinsonii subsp. arupensis with 98.7% homology.
Group Cl1 includes sequences from P. leucopus (57%) and
P. maniculatus (43%) and groups with previously detected
sequences from stray dogs in Thailand (Bai et al. 2010).
Group C2 contains sequences from N. albigula (87.5%), N.
micropus (4.2%), and D. ordii (4.2%) and clusters with se-
quences previously reported from N. albigula (Fig. 3).

Group D1 includes one N. albigula and one N. micropus
sequence, as well as previously detected sequences from
Myodes rutilus (Li et al. 2015) and Apodemus agrarius in
China. Group D2 is more distant from Bartonella grahamii
(97.2% homology) compared with D1 (98.9%). Sequences
from D. ordii comprise 83.3% of group D2, 12.5% from
P. leucopus, and 4.2% from N. micropus. Group D2 also
contains sequences previously reported from Dipodomys spp.
from Mexico (Rubio et al. 2014).

Genogroup E includes sequences obtained from O. var-
iegatus (77.8%), S. audubonii (11.1%), and N. micropus
(11.1%) and clusters with Bartonella washoensis from
O. beecheyi (Kosoy et al. 2003) and a human patient from
California (Probert et al. 2009). Genogroup F includes se-
quences from D. ordii, N. micropus, and N. albigula and
clusters with Bartonella doshiae (89.6% homology), but the
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FIG. 2. Modeled probability of Bartonella infection in sampled N. micropus individuals including terms for sex, weight,
an interaction between sex and weight, and a random effect for individual ear tag. Panels show the predicted probability of
infection accounting for the effect of sex, averaging over weight (A); the effect of weight, with sexes combined (B); and the

interaction of sex and weight (C).

bootstrap support for this relationship was only 30%.
Genogroup G contains sequences from D. ordii and clus-
tered with two previously published sequences from
D. merriami (Rubio et al. 2014). The closest Bartonella
species to genogroup G was Bartonella bacilliformis with
87.7% homology, but the bootstrap support for this rela-
tionship was only 24%.

Sequences in the second most abundant genogroup H were
from N. micropus (87.2%), N. albigula (8.5%), S. audubonii
(2.1%), and P. leucopus (2.1%). The group clustered with a
previously reported sequence from the flea Orchopeas sex-
dentatus collected from N. micropus. The closest species to
this group was Bartonella rochalimae with 95.1% homology.
Genogroup I included one sequence from S. audubonii and
presented 97.4% homology to Bartonella alsatica isolated
from the blood of European rabbits (Heller et al. 1999).

Across all host species, the most numerous genogroup was
Al found in 54.5% of all tested samples, followed by groups
H, D2, and C2, found in 15.6%, 8%, and 7.6% of samples,
accordingly. Bartonella genogroups generally showed pat-

terns of specificity at the levels of host species and families
(Figs. 3 and 4; Table 2). Genogroups Al, A2,B1,C1,C2, DI,
and H were primarily associated with species in the Criceti-
dae family and genogroups D2, F, and G were associated with
D. ordii in the Heteromyidae family. Genogroups B2 and I
were associated with S. audubonii and E was mainly found in
O. variegatus.

Bartonella infection in recaptured Neotoma woodrats

A total of 29 Neotoma spp. woodrats were recaptured more
than three times over the course of the study and most re-
captured animals were captured at the same trap stations or
one nearby. The likelihood of recapture was not significantly
different between sexes compared with their frequency in the
population at large, either for N. micropus (x2 =2.6,p=0.11),
or for N. albigula (X2=0, p=1). Most (25/29) individuals
were positive at multiple sampling time points and in many
cases the same Bartonella genogroup was detected across
months of sampling (Fig. 5).
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TABLE 2. PHYLOGENETIC RELATIONSHIPS BETWEEN DETECTED BARTONELLA GENOGROUPS,
KNOWN BARTONELLA SPECIES, AND REFERENCE SEQUENCES FROM GENBANK

Genogroup  Related Bartonella species

Primary hosts in current study

Closest matching GenBank record

Al B. vinsonii subsp. vinsonii
A2 B. vinsonii subsp. vinsonii

Bl . vinsonii subsp. berkhoffii . truei

B2 . vinsonii subsp. berkhoffii audubonii

Cl

. vinsonii subsp. arupensis

> % ™
Z v =Y T

Cc2 . vinsonii subsp. arupensis . albigula

D1 B. grahamii N. micropus, N. albigula

D2 B. grahamii D. ordii

E B. washoensis 0. variegatus

ordii
ordii

. doshiae
. bacilliformis

QT
Y
oo

B. rochalimae N. micropus, N. albigula

1 B. alsatica S. audubonii

N. micropus, N. albigula
O. leucogaster

. leucopus, P. maniculatus

KJ719287: N. albigula, Mexico
DQ357610: O. leucogaster, Kansas,
United States of America
DQ357613: O. leucogaster, Kansas,
United States of America
AF148489: O. leucogaster, New Mexico,
United States of America
AF148486: S. audubonii, New Mexico,
United States of America
FJ946836: dog, Thailand
FJ946844: dog, Thailand
AF148487: N. albigula, New Mexico,
United States of America
AF148491: N. albigula, New Mexico,
United States of America
AF148493: N. albigula, New Mexico,
United States of America
KJ175044: Myodes rutilus, China
KX549996: Apodemus agrarius, China
KJ719293: D. spectabilis, Mexico
KJ719295: D. merriami, Mexico
AF470616: O. beecheyi, Nevada,
United States of America
AYO071858: O. beecheyi, Nevada,
United States of America
FJ719016: human, California,
United States of America

KJ719297: D. merriami, Mexico

KJ719298: D. merriami, Mexico

EU549693: Orchopeas sexdentatus (flea),
N. micropus (host), New Mexico,
United States of America

AF204273: Oryctolagus cuniculus, France

We examined the duration of Bartonella infections in all
recaptured animals. Infection durations for any Bartonella
genogroup is the longest duration that an individual could
have been considered positive, including months when no
sample was taken but not including months when the in-
dividual tested negative. Individuals showed a broad vari-
ation in infection durations with a range <1 to 18 months
with a median infection duration of 3 months and a mean of
4.4 months (Fig. 6). A large proportion of individuals
showed an infection duration of <1 month, meaning the
individual only tested positive at a single sampling time
point within a month, but at no time after. To determine
infection durations for Bartonella genogroups, each in-
fection timeline was split across different genogroups for
an individual (Fig. 6). Mean durations for Al, C2, and H
were 1.8, 3.3, and 1.0 months, respectively.

Discussion

In this study, we performed surveillance for several bac-
terial pathogens of public health concern in a community of
rodents in New Mexico. While we successfully detected Y.
pestis, Borrelia sp., and Bartonella spp. in species within the
community, we were unable to detect the presence of Bru-
cella, Rickettsia, or A. phagocytophilum DNA in any sam-

ples. These results should not however be interpreted as a true
absence of these bacteria in the community, since a lack of
sensitivity in our assays may have missed some positive
samples. We acknowledge that multiplex assays can be less
sensitive than uniplex assays, especially to any target path-
ogen present at low abundance in the same specimen as an-
other, highly abundant target pathogen. We may therefore
have missed coinfecting bacteria in some specimens infected
with Bartonella, so the actual prevalence of the other path-
ogens targeted in our study could be higher than reported here
and should be investigated further.

We detected Y. pestis DNA in blood from N. micropus,
N. albigula, and P. truei. A prior study in New Mexico
found fleas from N. micropus positive for Y. pestis DNA
and detected antibodies to Y. pestis antigen in six species:
N. micropus, O. leucogaster, P. leucopus, P. maniculatus,
P. truei, O. variegatus, and S. audubonii (Kosoy et al. 2017).
Small-scale die-offs in woodrats are suggested to support
the maintenance of plague in the active southwestern United
States of America focus (Kosoy et al. 2017). Our results
indicate that the presence of Y. pestis in rodent communities
can be detected in rodent blood as part of a broad pathogen
surveillance program. Future studies will be needed to
elucidate the long-term dynamics and enzootic maintenance
of Y. pestis among diverse rodent communities.
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FIG. 4. Relative abundance of Bartonella genogroups A-I in host species and families.

Overall, we determined that Bartonella infection is
common in many small mammal species in our study area in
New Mexico. High variation in Bartonella prevalence
among host species and host specificity of Bartonella gen-
ogroups makes it more feasible to compare prevalence at the
host species and genus levels, rather than in the whole small
mammal community. Host specificity of Bartonella strains
in rodents has been described in other studies (Kosoy et al.
1997, 2000, Jardine et al. 2005, Bai et al. 2007, 2011, Rubio
et al. 2014). This host specificity is likely due to historical
adaptation of Bartonella bacteria to a particular host species
or a set of related species. Accordingly, we found that
variants within genogroups tend to infect certain genera and
families of hosts more frequently than others within this
community (Fig. 1).

As predicted, Bartonella prevalence determined by mo-
lecular methods in N. micropus and N. albigula in this study
was higher than the previous findings in the same area
(Morway et al. 2008), as the molecular methods allowed us to
find genogroups that are potentially hard to culture, such as
the Bartonella rochalimae-like genogroup H (Harms et al.
2017). Other studies found Bartonella prevalence of 36.7%
and 50% in N. albigula and N. micropus woodrats, respec-
tively, in the United States of America (Bai et al. 2009) and
75% in N. albigula in Mexico (Rubio et al. 2014).

Bartonella prevalence was lower in November 2002
through March 2003, during the prereproductive period of
N. micropus, which breeds in the early spring and produces
one litter (Braun and Mares 1989). A similar pattern was
registered in another study in New Mexico that also found an
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on the box plot, and the mean is an open diamond. Numbers above the box plots show the counts of infections for each
genogroup. Some individuals had multiple infections for the same genogroup over their timeline, for example, they were

infected with Al, then H, then Al again.

increase in flea loads during the early reproductive period
(Morway et al. 2008), which may also explain the slight
increase in Bartonella prevalence over time. The sex bias in
the likelihood of Bartonella infection in N. micropus
(Fig. 4A), also noted in the prior study (Morway et al. 2008),
could be explained by the social organization and promis-
cuity of this species (Braun and Mares 1989, Conditt and
Ribble 1997, Suchecki et al. 2004, Baxter et al. 2009), with
mature male home ranges overlapping an average of three
female home ranges, thereby increasing the number of po-
tential contacts with infected fleas on a female mate or in a
female’s roost. In addition, elevated testosterone levels can
have immunosuppressive effects that could lead to higher
susceptibility of infection (Marriott and Huet-Hudson 2006)
and may also affect male social behavior that can lead to
higher pathogen exposure (Grear et al. 2009). These immu-
nological factors can also account for the decrease in Bar-
tonella prevalence with increasing weight in female but not
male N. micropus (Fig. 4C).

Similar patterns were previously reported in cotton rats
(Kosoy et al. 2004) and prairie dogs (Bai et al. 2008), al-
though these studies did not examine the effect of weight on
prevalence in males and females separately. The patterns in
duration of infection indicate that Bartonella infection is
likely enzootic in this population of Neotoma woodrats and
that individuals can be serially infected. Many individuals are
consistently positive when sampled and can carry infection of
the same Bartonella genogroup for many months. Prior lab-
oratory studies indicate that the length of infection may differ
between Bartonella species (Telfer et al. 2007). Additionally,
previous studies of serially sampled cotton rats (Sigmodon
hispidus) have shown similar patterns of consistent infection
of Bartonella genotypes across multiple weeks of sampling
(Kosoy et al. 2004, Bai et al. 2011). However, it is unclear
from these past studies and in the present study, whether these
patterns of infection are due to chronic, persistent infection
within individuals that go dormant and occasionally re-
activate; if rodent individuals are clearing and acquiring new
infections between sampling periods; or if the patterns reflect

both processes occurring simultaneously. Future studies may
consider removing arthropod vectors from the community
(Jardine et al. 2006) to ascertain the infectious period of
natural Bartonella infections in these rodents in the absence
of reinfection.

Bartonella prevalence in Peromyscus mice varied among
the species and averaged 33.3%. Another study found an
average Bartonella prevalence of 44.2% in Peromyscus mice
in the United States of America (Bai et al. 2009). Bartonella
prevalence in P. leucopus in our study fits into the wide range
of prevalence for the species by culturing methods: 0-40% in
Georgia, 6.3-76% in North Carolina, 23.2% in the western
United States of America (Kosoy et al. 1997, Bai et al. 2009);
and by molecular methods: 5-10% in Minnesota and Wis-
consin (Hofmeister et al. 1998) and 50% in Mexico (Rubio
et al. 2014). Bartonella prevalence in P. maniculatus and
P. truei was lower than in prior studies demonstrating 47—
82% prevalence in other areas (Bai et al. 2009, 2011, Rubio
et al. 2014, Ziedins et al. 2016). Bartonella prevalence in
O. leucogaster in New Mexico fits into the 25-90% preva-
lence range, whereas prevalence in D. ordii is higher than in
previous studies from Mexico and the United States of
America (Bai et al. 2007, 2009, Rubio et al. 2014).

Detection of Bartonella infection in S. audubonii and in
Sylvilagus rabbits is the first to our knowledge. A study in
central California found no Bartonella spp. in Sylvilagus
bachmani riparius and their ticks Haemaphysalis lepor-
ispalustris (Schmitz et al. 2014). Additionally, this is first
molecular detection of Bartonella infection in O. variegatus,
although Bartonella has been reported in the congener
O. beecheyi in California (Osikowicz et al. 2016, Ziedins
et al. 2016). For D. spectabilis, P. flavus, M. musculus, and
X. spilosoma more samples will need to be collected to
confirm if Bartonella is truly absent in these species.

Phylogenetic analysis of gltA sequences revealed diverse
Bartonella species and subspecies in this small mammal
community in New Mexico. The subgroups A—C match the
criterion used for the separation of Bartonella species set out
by La Scola et al. (2003), wherein >96% homology is used to



Downloaded by Colorado State University from www.liebertpub.com at 03/11/20. For personal use only.

10

cluster a gltA sequence within a Bartonella species, and
therefore qualify as subspecies or ecotypes of Bartonella
vinsonii and subgroups D as ecotypes of Bartonella grahamii.
Whereas Bartonella vinsonii subsp. vinsonii and Bartonella
vinsonii subsp. arupensis were previously reported in ro-
dents, Bartonella vinsonii subsp. berkhoffii is usually asso-
ciated with Caniformia (Kosoy and Goodrich 2018). Both
Bartonella vinsonii subsp. arupensis and berkhoffii are rec-
ognized as human pathogens (Welch et al. 1999, Roux et al.
2000, Fenollar et al. 2005, Myint et al. 2011, Breitschwerdt
et al. 2019). Bartonella grahamii is known in voles, mice,
rats, and lagomorphs from Europe, Asia, and North America
(Ellis et al. 1999, Jardine et al. 2005, Inoue et al. 2009, Rubio
et al. 2014, Rao et al. 2015). Using a separate phylogenetic
tree of Bartonella grahamii sequences (Fig. 7), we deter-
mined that genogroup D1 with Neotoma woodrat sequences
clusters within a clade that contains Bartonella grahamii
sequences associated with voles and mice in North America,
Europe, and China and is separate from a clade containing
sequences from Apodemus mice in Asia, whereas group D2
with sequences from D. ordii is distinct from both clades and
clusters with the previously published sequences from Di-
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1 ¢ 349D0Om
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256 DO m
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0.006
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podomys kangaroo rats from Mexico (Rubio et al. 2014).
Bartonella grahamii is a zoonotic pathogen detected in pa-
tients with ocular infections and cat scratch disease (Kerkhoff
et al. 1999, Serratrice et al. 2003, Oksi et al. 2013).

Detection of Bartonella washoensis in O. variegatus,
S. audubonii, and N. micropus expands the range of rodent
hosts of this pathogen. First isolated from a patient with fever
and myocarditis in Nevada, Bartonella washoensis was later
isolated from ground squirrels, likely a reservoir and a source
of the infection (Kosoy et al. 2003). Bartonella washoensis
was implicated in a case of human meningitis in California
(Probert et al. 2009) and isolated from a dog with mitral valve
endocarditis (Chomel et al. 2003).

Genogroups F and G likely represent new Bartonella species
based on their phylogenetic distance from the other genogroups
and known Bartonella species, however, further studies are
needed to fully characterize them at additional genetic loci.
Group H clustered with Bartonella rochalimae but was distant
enough to represent an independent species. Bartonella ro-
chalimae was isolated from an American woman after visiting
Peru (Eremeeva et al. 2007). The pathogen has been reported
mainly from Caniformia animals (Kosoy and Goodrich 2018).

Bartonella sp. Dipodomys spectabilis Mexico KJ719293

Bartonella sp. Dipodomys merriami Mexico KJ719295
B. grahamii Apodemus argenteus Japan AB290289

——+ 2. rshemi Ao

B. grahamii Apodemus agrarius Russia AY584856

B. grahamii Apodemus peninsulae Russia AY584854

B. grahamii Apodemus chevrieri China AF391271
{r B. grahamii Apodemus speciosus Japan AB290291
B. grahamii Apodemus speciosus Japan AB426653
- B. grahamii Myodes gapperi Canada AB426654
B. grahamii Mus musculus USA AF086637

1 569 NM f
548 NM m
B. grahamii Myodes glareolus UK 270016
B. grahamii Myodes rutilus China KJ175044
Bartonella sp. Apodemus agrarius China KX549996

B. grahamii Microtus ochrogaster USA AB426655

FIG. 7. Phylogenetic of B. grahamii and genogroups D1 and D2. The neighbor-joining tree was produced from a 351 bp
alignment of 41 gltA sequences. The percentage of replicate trees in which the associated taxa clustered together in the
bootstrap test (1000 replicates) are shown as colored circles at each branch. Evolutionary distances were computed using
the Tamura-Nei method and are in the units of the number of base substitutions per site. DO=Dipodomys ordii;

NM =N. micropus; PL=Peromyscus leucopus.
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However, Bartonella rochalimae-like isolates have also been
isolated from rodents (mainly rats) worldwide (Lin et al. 2008,
Gundi et al. 2012, Buffet et al. 2013).

The close phylogenetic association of genogroup I with
Bartonella alsatica represents the first molecular detection
of this agent outside of Europe to our knowledge and
broadens its host range to include S. audubonii. Bartonella
alsatica was first isolated from the blood of asymptomatic
wild European rabbits O. cuniculus in France (Heller et al.
1999) and was considered apathogenic until the transmis-
sion of Bartonella alsatica was reported in humans with
culture-negative endocarditis in association with wild Eu-
ropean rabbits (Raoult et al. 2006, Angelakis et al. 2008,
Jeanclaude et al. 2009). While it is possible that Bartonella
alsatica was inadvertently introduced to the United States
with the European rabbit and/or its fleas, we consider this
scenario unlikely. The lower homology of genogroup I to
Bartonella alsatica (97.4%) at the gltA locus makes it more
likely that the bacterial lineages infecting European O. cu-
niculus and American S. audubonii evolved from a common
ancestor when these genera diverged from one another
millions of years ago. Future studies should attempt detec-
tion and phylogenetic characterization of Bartonella alsa-
tica strains from a broader diversity of lagomorphs to
explore any biogeographical patterns, as has been done for
Bartonella washoensis (Inoue et al. 2011) and Bartonella
grahamii (Inoue et al. 2009).

Conclusion

In conclusion, we determined that Bartonella infection is
common in many small mammal species in New Mexico,
discovered high genetic diversity of Bartonella species there,
and provided evidence of host-specific associations between
Bartonella genogroups and their hosts. We uncovered two
novel Bartonella species and updated the classification of
Bartonella grahamii phylogenetic groups. We also report the
first molecular detection of Bartonella alsatica outside of
Europe and in a new host S. audubonii and broaden the known
host ranges of other Bartonella species. As most known species
of Bartonella are recognized as zoonotic pathogens, it is im-
portant to classify pathogen diversity and potential threats to
human populations. Paired with the detection of Y. pestis and
Borrelia sp., this study provides important data for assessing the
occurrence of bacterial pathogens in wild rodent populations.
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