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Abstract. Anaplasmosis is an emerging infectious disease caused by infection with the bacterium Anaplasma
phagocytophilum. In the eastern United States, A. phagocytophilum is transmitted to hosts through the bite of the
blacklegged tick, Ixodes scapularis. We determined the realized reservoir competence of 14 species of common vertebrate
hosts for ticks by establishing the probability that each species transmits two important strains of A. phagocytophilum
(A. phagocytophilum human-active, which causes human cases, and A. phagocytophilum variant 1, which does not) to
feeding larval ticks. We also sampled questing nymphal ticks from ~150 sites in a single county over 2 years and sampled
over 6 years at one location. White-footed mice (Peromyscus leucopus) and Eastern chipmunks (Tamias striatus) were
the most competent reservoirs for infection with the A. phagocytophilum human-active strain. Across the county,
prevalence in ticks for both strains together was 8.3%; ticks were more than two times as likely to be infected with
A. phagocytophilum human-active as A. phagocytophilum variant 1.

INTRODUCTION

Anaplasmosis is a rapidly emerging infectious disease in the
United States, with over 1,700 cases reported in 2010—a 50%
increase in the number of cases reported in the previous year
and five times the number reported in 2000.1 Most reported
cases of anaplasmosis in the United States are concentrated in
north central and northeastern states, although cases have
been documented in 35 of 50 states.2,3 Anaplasmosis has also
been documented throughout Europe and Asia.4–8

Patients with anaplasmosis typically present with non-specific
febrile symptoms, including fever, chills, headache, and myal-
gia,9,10 particularly during summer months.2,3 Most cases of
anaplasmosis respond well to antibiotic treatment, but 17–56%
of patients with anaplasmosis are hospitalized, and an esti-
mated 1% of cases prove fatal.10 Because of difficulties in diag-
nosis and lack of awareness of anaplasmosis by physicians and
the public, many cases are misdiagnosed,11 and national statis-
tics almost certainly dramatically underreport this disease.3,12

Anaplasmosis is caused by a rickettsial bacteriumAnaplasma
phagocytophilum, groups of which form dense aggregates
(morulae) in granulocytes.13,14 The bacterium is passed from
host to host through the bite of an infected ixodid tick—
Ixodes scapularis in the eastern and central United States,
I. pacificus in the western United States, and other ixodid
ticks in Europe and Asia.10,15,16 A number of vertebrate
species has been shown through serology to be exposed to
A. phagocytophilum in nature.17–24 However, the relevance of
serological data to transmission dynamics is limited, because
seropositive individuals might not be currently infected and
therefore, might not be infectious to feeding ticks. In the north-
eastern United States, actual rates of infection or transmission
from infected wild hosts to naı̈ve ticks have recently been eval-
uated for a suite of hosts from eastern deciduous forests.25 This
measure, called the realized reservoir competence, combines
the probability that a particular host species will be infected
and the probability that it will transmit the infection to feeding

ticks.25 Short-tailed shrews (Blarina brevicauda), white-footed

mice (Peromyscus leucopus), and Eastern chipmunks (Tamias

striatus) had the highest mean realized reservoir competence,

infecting 10–15% of feeding ticks. Other hosts, including

American robins (Turdus migratorius), raccoons (Procyon

lotor), and opossums (Didelphis virginiana), were poor reser-

voirs by this metric, infecting < 5% of feeding ticks. All species

tested were capable of transmitting A. phagocytophilum to

feeding ticks, which is in contrast to earlier reports,26 although

earlier results were based on smaller sample sizes.
From an epidemiological point of view, not all strains of

A. phagocytophilum are equally important. There are multi-

ple strains of A. phagocytophilum in vertebrate hosts,27–31 but

only one strain seems to infect humans in the northeastern

United States.30 White-footed mice have been reported to be

competent reservoirs for the human-infectious strain, called

A. phagocytophilum human-active (A. phagocytophilum-ha),

but not the other major strain, A. phagocytophilum variant 1

(A. phagocytophilum-v1). This conclusion was reached, because

mice did not transmit A. phagocytophilum-v1 to feeding ticks,
despite previous exposure to that strain in the laboratory.29 In

contrast, ticks feeding on white-tailed deer (Odocoileus

virginianus) are infected with A. phagocytophilum-v1 more

frequently than with A. phagocytophilum-ha.32 This result

may be because deer cannot support an infection with

A. phagocytophilum-ha. In one study, almost 40% of ticks

collected from deer were infected with A. phagocytophilum;

of these ticks, 26% were carrying the A. phagocytophilum-ha

strain.32 However, blood samples collected from the same deer

were never positive for A. phagocytophilum-ha.32

Despite the growing health concern about anaplasmosis in

the United States and elsewhere, relatively little is known about

interspecies variation in transmission ofA. phagocytophilum-ha

and A. phagocytophilum-v1, and little is known about the

relative abundances of the two strains in questing ticks. We

determined the realized reservoir competence for strains

A. phagocytophilum-ha and A. phagocytophilum-v1 of 14 spe-

cies of common vertebrate hosts for ticks. We then compared

these realized reservoir competence data with the relative

abundances of the two strains in host-seeking ticks collected
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from 146 different locations in a single county over 2 years in the
Hudson Valley of New York, where anaplasmosis is endemic.

METHODS

Collecting ticks from hosts. To determine realized reservoir
competence for the two strains, we trapped host individuals
from 10 mammal species and 4 bird species using the methods
described in detail elsewhere.33 Briefly, hosts were captured
on the property of the Cary Institute of Ecosystem Studies in
Millbrook, New York during the peak abundance of larval
black-legged ticks (I. scapularis) from July to September in
2008, 2009, and 2010. Captured individuals were held for
3 days in cages with wire mesh floors suspended over pans
lined with wet paper towels so that ticks could feed to reple-
tion and drop from hosts.
In some cases, if hosts did not drop > 10 ticks within 3 days,

we infested them with unfed larval ticks. In these cases, each
host was inoculated with larval ticks that had been either
collected in the field or hatched from eggs in the laboratory.
Larvae hatched from eggs were the offspring of adult ticks
that had been collected from the area of the study and sub-
sequently fed on rabbits. Transovarial transmission of
A. phagocytophilum is not known to occur,34 and therefore,
larval ticks are uninfected; these infestations should not affect
host exposure to the pathogen. During infestations, mice and
birds were restrained by hand, whereas all other hosts were
restrained in nylon mesh handling cones. Infestations were
conducted by placing ticks on the host’s neck and head with a
#00 paintbrush. Hosts that had been infested were held for an
additional 4 days, and engorged ticks were collected each day.
Engorged larvae were held in moistened glass vials until

they molted into the nymphal stage. Newly molted nymphs
were flash-frozen in liquid nitrogen and stored at −80°C. All
animal care and husbandry were conducted with approval
from the Cary Institute of Ecosystem Studies Institutional
Animal Care and Use Committee.
In general, we only assessed realized reservoir competence

of hosts that produced a minimum of 10 newly molted nymphs.
However, three species—Glaucomys volans, Sorex cinereus,
and Mephitis mephitis—had low body burdens. For these
species, we tested ticks from individuals with greater than
four newly molted nymphs; we consider these data provisional
because of the low number of ticks per individual host.
Collecting ticks from forests. Between 2007 and 2012, we

collected questing nymphal ticks from three long-term plots
at the Cary Institute of Ecosystem Studies in Millbrook,
New York. Forests at the Cary Institute are typical of the
eastern deciduous forests of New York and New England.
Plots are dominated by oaks (Quercus rubra and Q. prinus)
in the overstory, with primarily oak and sugar maple (Acer
saccharum) seedlings, maple-leaved viburnum (Viburnum
acerifolium), witch hazel (Hamamelis virginiana), and iron-
wood (Ostrya virginiana) in the understory. One 2.25-ha plot
(150 + 150 m) was established in 1991, and two more plots
were added in 1995 to comprise three plots, with more than
700 m separating pairs.
We also sampled questing nymphal ticks in June of 2011

(148 sites) and June of 2012 (78 sites) in forested locations
throughout Dutchess County, New York. For county locations,
we selected sites using a Geographic Information Systems
(GIS) map of forested and non-forested land cover digitized

from aerial orthophotos generated in 2009. We generated an
initial candidate list of 2,500 random points using a random
point overlay. These points were then stratified by the per-
centage of forest cover in the surrounding landscape to pro-
vide equal representation along a gradient of forest cover
from extensively forested to highly fragmented. We elimi-
nated sites when access was poor or property owners could
not be located or recruited.
At all sites in all years, we collected questing nymphal ticks

by drag sampling.35 Corduroy cloths (1 m2) were dragged along
400-m transects in each site one or two times in a given year
during the annual peak in nymphal questing activity. Ticks
were collected from the cloths every 15–30 m. Questing nymphs
were flash-frozen on collection as described above. All sites
sampled for questing nymphs were in eastern deciduous forests.
To estimate prevalence at each site, we tested 10–30 ticks.
Extracting and amplifying DNA. Total genomic DNA was

extracted from ticks using either the DNeasy or DNeasy
96 Blood and Tissue Kit (Qiagen, Hilden, Germany) or the
Gentra PureGene Tissue Kit (Qiagen, Hilden, Germany). To
amplify extracted DNA, we followed established protocols.25,36

Briefly, we used primers ApMSP2f and ApMSP2r and
probe ApMSP2p, which are specific to the msp2 gene of
A. phagocytophilum and generate a 77-base pair (bp) fragment.
Real-time polymerase chain reaction (PCR) was performed in a
Bio-Rad CFX96 Real-Time PCR System (Bio-Rad, Hercules,
CA). We used DNA extractions from unfed larval ticks and
ultrapure water as negative controls. The cloned 77-bp target
was used as a positive control. Barrier pipette tips were used
throughout the process to prevent contamination.
For each tick, we conducted three replicate assays using PCR.

As described fully elsewhere,25 ticks were considered positive
for A. phagocytophilum if any one of three replicate samples
was called positive by default settings, meaning that it amplified
relative to negative controls. We conducted additional confir-
matory tests for any ticks with marginal results (i.e., moderate
fluorescence). If any replicate was positive in the confirmatory
tests, ticks were considered positive for A. phagocytophilum;
if all three replicates in the confirmatory test were marginal or
negative, ticks were considered negative.
Determining strain identity. Ticks that were positive for

A. phagocytophilum in these initial tests were subsequently
tested for the identity of the strain that they carried using
nested PCR. In the primary round, we used primers ge3a and
ge237 to amplify a 546-bp segment of the 16S gene. The prod-
uct from this round was used as a template in a second round
of PCR, in which primers ge9f37 and ge9r (5¢-TTA CTC ACC
CGT CTG CCA CT-3¢; designed for this study) were used to
amplify a 58-bp product. Primary-round PCRs were performed
in 20-mL volumes with final concentrations of 1 + Promega
PCRMaster Mix (Promega, Madison,WI) and 0.5 mMprimers.
Thermal cycling was performed with an initial denaturing
period of 95°C for 2 minutes, then 40 cycles of 94°C for
30 seconds, 55°C for 1 minute, and 72°C for 1 minute, and a
final extension of 72°C for 5 minutes. Secondary-round PCRs
were performed in 20-mL volumes with final concentrations of
1 + iQ SYBR Green Supermix (Bio-Rad, Hercules, CA) and
0.5 mM primers. Thermal cycling was performed with an ini-
tial denaturing period of 95°C for 10 minutes, then 40 cycles
of 95°C for 15 seconds and 60°C for 1 minute followed by a
melt curve analysis, in which the temperature increased from
76°C to 85°C at 0.2°C every 10 seconds.
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The melt temperature forA. phagocytophilum-ha was 78.6–
79.8°C, whereas for A. phagocytophilum-v1, it was 81.6–
83.4°C. We did not observe consistent melt temperatures
other than those melt temperatures in the ranges indicated
above. To verify these melt temperatures, we sequenced the
DNA from 10 questing nymphs from each strain category. Each
DNA segment was cloned before sequencing; the number of
clones per DNA ranged from 25 to 40 (A. phagocytophilum-ha:
mean = 32.6; A. phagocytophilum-v1: mean = 37.6). For sam-
ples identified as A. phagocytophilum-v1, 98% of clones were
identical to A. phagocytophilum-v1 (accession no. AY193887
in GenBank) (Supplemental Table 1). The remaining 2% of
clones differed from the A. phagocytophilum-v1 sequence by
1 bp (Supplemental Table 1), and none of the clones matched
the sequence identified as A. phagocytophilum-ha. For
A. phagocytophilum-ha, 70% of 317 total clones were identical
to A. phagocytophilum-ha (accession no. U02521 in GenBank)
(Supplemental Table 1). The remaining clones differed from
A. phagocytophilum-ha in GenBank by 1 or 2 bp, and none
of the clones matched the sequence identified as
A. phagocytophilum-v1. The identification of clones that dif-
fered from the A. phagocytophilum-ha reference sequence but
are not A. phagocytophilum-v1 suggests the possibility of a
complex of strains of A. phagocytophilum-ha. Our method did
not allow detection of coinfection of both strains in one tick.
Estimating infection prevalence. Realized reservoir compe-

tence for each host species was calculated as the mean per-
centage of ticks infected per individual host. This measure
incorporates natural variation among species in infection with
A. phagocytophilum as well as variation among species in the
probability of transmitting infection to feeding ticks.38 We
used likelihood-based methods to separately estimate preva-
lence of infection of both strains among hosts as well as each
host’s propensity to transmit the infection to ticks given an
infection.38 At our long-term plots at the Cary Institute, we
used the pool of ticks collected on the three plots to calculate
the mean site-wide infection prevalence of questing nymphal
ticks for each year. At our county sites, we calculated the
mean infection prevalence of questing nymphs from each site,
including only those sites where we were able to collect ³ 10
nymphs in either year. To determine if the infection
prevalence of questing nymphal ticks at county sites was cor-

related between years, we calculated the correlation coeffi-
cient of tick infection prevalence for each strain. For this
analysis, we excluded sites at which no evidence of either
A. phagocytophilum strain was detected in either year.

RESULTS

To determine realized reservoir competence of host species
for the two strains of A. phagocytophilum, we tested a total
of 5,098 nymphal ticks from 281 individuals of 14 host
species. Overall, 2.7% of ticks were infected with strain
A. phagocytophilum-ha, and 0.8% of ticks were infected with
strain A. phagocytophilum-v1. As previously reported, host
species varied in the probability that they would transmit
A. phagocytophilum to feeding ticks (Figure 1).25 Hosts also
varied in the proportion of ticks that they infected with the
two strains (Figure 1). White-footed mice and Eastern
chipmunks, for example, were relatively likely to transmit
A. phagocytophilum-ha, with mice infecting 6.7% (±0.6%
SEM) and chipmunks infecting 6.8% (±2.0%) of feeding
larval ticks. However, these species were relatively unlikely
to transmit A. phagocytophilum-v1, with both species infecting
< 1% of feeding larvae (Table 1). In contrast, all ticks that
acquired infection from striped skunks and the majority of ticks
that acquired infection from Virginia opossums and southern
flying squirrels were infected with A. phagocytophilum-v1. Of
281 hosts from which we tested ticks, 10 individuals transmitted
both A. phagocytophilum-ha and A. phagocytophilum-v1 to
feeding ticks. These 10 individuals represented 7 of 14 species
of hosts that we identified (Table 1). In particular, the two
species of shrews were more likely than other taxa to transmit
both strains (10% of Blarina and 17% of Sorex) (Table 1). In
addition, 9% of chipmunks transmitted both strains. The
remaining host species, including mice and three species of
ground-nesting songbirds, either never or rarely transmitted
both strains (Table 1). For 2% of infected ticks, we detected
infection with A. phagocytophilum but could not determine
strain identity using our assay.
We differentiated realized reservoir competence into its

two components, prevalence and infectivity, as described in
Methods. Estimates of prevalence for each species varied from
15% to 100% for A. phagocytophilum-ha, with a great deal of

Table 1

Sample size, realized reservoir competence, and transmission probabilities for 14 common hosts for two strains of A. phagocytophilum:
A. phagocytophilum-ha (Ap-ha) and A. phagocytophilum-v1 (Ap-v1)

Species N hosts N ticks

Mean (SE) realized reservoir competence Mean percentage of individual hosts transmitting

Ap-ha Ap-v1 Ap-ha Ap-v1 Both

Eastern chipmunk T. striatus 23 369 6.78% (2.00%) 0.58% (0.31%) 26.1% 8.7% 8.7%
White-footed mouse P. leucopus 38 748 6.65% (1.98%) 0.94% (0.61%) 15.8% 2.6% 2.6%
Red squirrel Tamiasciurus hudsonicus 15 297 4.92% (4.22%) 0.00% (0.00%) 20.0% 0.00% 0.00%
Short-tailed shrew B. brevicauda 29 546 3.64% (1.51%) 2.22% (1.05%) 20.7% 13.8% 10.3%
Catbird Dumetella carolinensis 18 299 3.33% (1.92%) 0.00% (0.00%) 5.6% 0.0% 0.0%
Flying squirrel* G. volans 7 87 2.00% (1.85%) 2.38% (2.20%) 14.3% 14.3% 0.0%
Gray squirrel Sciurus carolinensis 20 358 1.74% (0.79%) 1.02% (0.55%) 20.0% 15.0% 5.0%
Masked shrew* S. cinereus 6 41 1.67% (1.67%) 1.67% (1.67%) 16.7% 16.7% 16.7%
Raccoon P. lotor 26 503 1.40% (0.60%) 0.38% (0.24%) 15.4% 7.7% 3.9%
American robin T. migratorius 20 345 1.40% (0.76%) 0.42% (0.32%) 10.0% 5.0% 0.0%
Veery Catharus fuscescens 22 445 1.17% (0.55%) 0.00% (0.00%) 13.6% 0.0% 0.0%
Wood thrush Hylocichla mustelina 28 496 0.89% (0.59%) 0.00% (0.00%) 7.1% 0.0% 0.0%
Opossum D. virginiana 27 533 0.53% (0.37%) 1.05% (0.68%) 7.4% 11.1% 3.7%
Striped skunk* Mephitis mephitis 2 31 0.00% (0.00%) 4.76% (0.00%) 0.0% 50.0% 0.0%

Realized reservoir competence is measured as the mean percentage of uninfected ticks that became infected from feeding on an individual wild host.
*Small sample size.
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uncertainty, and from 0% to 100% for A. phagocytophilum-v1
(Figure 1). Estimates of infectivity were generally low and well-
constrained (Figure 1). Infectivity varied considerably among
species, with short-tailed shrews, mice, chipmunks, red squir-
rels, and catbirds that were infected with A. phagocytophilum-
ha transmitting the infection to roughly 10–15% of the ticks
that fed on them (Figure 1). The other birds—American
robins, veeries, and wood thrushes—as well as opossums, rac-
coons, gray squirrels, and Sorex shrews were much less likely
to pass on the infection if they were infected. There was a
tendency for lower infectivity of A. phagocytophilum-v1 com-
pared with A. phagocytophilum-ha, although this result was
within the range of the confidence intervals for all species
except chipmunks.
In 2011, we collected > 10 ticks at 134 of 148 county-wide

sites, giving us a sufficient sample size to estimate
A. phagocytophilum infection prevalence at these locations.
In 2012, overall tick abundance was lower, and we were able
to collect sufficient sample sizes at only 60 sites, 46 of which

were sites that we had also sampled in 2011. Averaging results
across both years, 8.3% (±0.6% SEM) of 4,152 ticks were
positive for A. phagocytophilum, with 4.0% (±0.4%) infected
with A. phagocytophilum-ha and 2.4% (±0.3%) infected with
A. phagocytophilum-v1. The remaining 1.9% of ticks tested
positive for A. phagocytophilum, but the strain could not
be determined from our assay. For both years combined,
at least one tick was positive for A. phagocytophilum-ha
at 41% of sites, and at least one tick was positive for
A. phagocytophilum-v1 at 30% of sites (Figure 2); 60 of
194 total sites (31%) had no A. phagocytophilum of either
strain. The prevalence of ticks infected across 2 years was
significantly correlated for A. phagocytophilum-ha (F1,44 =
22.2; P << 0.001) but not for A. phagocytophilum-v1 (F1,44 =
22.2; P = 0.11) (Figure 3).
From our long-term grids at the Cary Institute, we tested

890 questing nymphal ticks over 6 years. Of these ticks, an
overall mean of 4.9% were infected withA. phagocytophilum-
ha, and only 0.6% were infected with A. phagocytophilum-v1.

Figure 1. Realized reservoir competence, prevalence of infection, and infectivity to ticks of 14 species of vertebrate hosts for two strains of
A. phagocytophilum, A. phagocytophilum-ha (gray) and A. phagocytophilum-v1 (white), showing means and 95% confidence intervals (lines).
Realized reservoir competence is the mean percentage of uninfected larval ticks that became infected after feeding on naturally infected
individuals. Prevalence is the probability that an individual of the host species is infected; infectivity is the probability that an infected host will
pass infection to a feeding tick. A. phagocytophilum-ha is known to cause infections in humans, whereas A. phagocytophilum-v1 is not.
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No ticks tested positive for A. phagocytophilum-v1 until 2012
(Figure 4).

DISCUSSION

Across a heterogeneous landscape in Dutchess County,
NewYork, 8.3% of ticks were infected withA. phagocytophilum.
These A. phagocytophilum-positive ticks were more than two
times as likely to be infected with the human-active strain com-
plex, A. phagocytophilum-ha, as with A. phagocytophilum-v1,
which does not seem to cause infections in humans. Over
6 years of monitoring at a single location, we found no appar-
ent trend in the prevalence of A. phagocytophilum for either
strain individually or both strains combined (Figure 4). Ten of
fourteen host species that we tested, including white-footed
mice, Eastern chipmunks, two species of shrews, and gray
squirrels, were capable of transmitting both strains to feeding
ticks. Mice and chipmunks had the highest realized reservoir
competence for A. phagocytophilum-ha, whereas striped
skunks were the most competent realized reservoirs for
A. phagocytophilum-v1, although the latter observation is
based on a sample size of two. Skunks were the only species
in our study that transmitted only A. phagocytophilum-v1 to
ticks. Separating realized reservoir competence into its two
components, prevalence and infectivity, it is not clear whether
the prevalence of A. phagocytophilum infection varied among
host species, but it is clear that, given an infection, some
species (e.g., white-footed mice and red squirrels) were more
likely to pass on the infection than others (e.g., opossums and
raccoons) (Figure 1).
A prior laboratory investigation suggested that

A. phagocytophilum-v1 could not establish an infection in
white-footed mice.29 We found that 1% of uninfected ticks
feeding on mice acquired A. phagocytophilum-v1, although
the majority of ticks that were infected by mice acquired
A. phagocytophilum-ha (Table 1). The difference in these
results may be because of relatively small sample sizes in the
laboratory study combined with low reservoir competence of

Figure 2. Correlations of the prevalence of infection in questing
nymphal ticks of two strains of A. phagocytophilum at 148 sites
in Dutchess County sampled in 2011 and 2012. Strain
A. phagocytophilum-ha (Ap-ha) is known to cause infection in
humans, whereas strain A. phagocytophilum-v1 (Ap-v1) is not.
Histograms represent the prevalence of A. phagocytophilum-ha
(horizontal histogram) and A. phagocytophilum-v1 (vertical histo-
gram) for 2011 and 2012 data combined.

Figure 3. Correlations between years of the prevalence of infec-
tion in questing nymphal ticks ofA. phagocytophilum-ha (Ap.ha; gray
circles) andA. phagocytophilum-v1 (Ap.v1; white triangles) at 148 sites
in Dutchess County. Histograms represent the prevalence of A.
phagocytophilum-ha (gray bars) and A. phagocytophilum-v1 (white
bars) for 2011 (horizontal histogram) and 2012 (vertical histogram).

Figure 4. Mean percentages, with 95% confidence intervals,
of questing nymphal ticks infected with each of two strains of
A. phagocytophilum over 6 years at a study site in Dutchess County,
New York. A. phagocytophilum-ha (Ap-ha; black circles) is known to
cause infection in humans, whereas A. phagocytophilum-v1 (Ap-v1;
gray circles) is not. The number of ticks sampled is indicated by the
size of the symbol.
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mice for A. phagocytophilum-v1. In their experimental feeding
study, only one to two ticks that became infected with
A. phagocytophilum-v1 had fed to repletion on the mice.30

Our mice were caught in the field, and infections had occurred
naturally by ticks feeding at natural densities, which may have
given them higher rates of exposure than in the laboratory
study. Based on our results, mice can acquire and transmit
A. phagocytophilum-v1, although they are more likely to trans-
mit A. phagocytophilum-ha.
In previous research on A. phagocytophilum, mice that had

been infected withA. phagocytophilum in the laboratory were
less susceptible to A. phagocytophilum on subsequent expo-
sure.39 Previous work had also suggested that infection with
A. phagocytophilum might be transient in rodents, because
laboratory mice (Mus musculus) could clear infection.40

Together, these results suggested that white-footed mice
might not play a large role in infecting ticks in nature.39,41

Our results show that white-footed mice have among the
highest realized reservoir competence for larval ticks feeding
during the natural cycle of tick infection. Both the ability of
mice to maintain and transmit A. phagocytophilum infection
and their relatively high levels of realized reservoir compe-
tence improve our understanding of the contribution of mice
to A. phagocytophilum prevalence in ticks in natural settings.
Because of their relatively high abundance35 and high permis-
siveness to tick feeding,34 mice seem likely to contribute the
majority of nymphs infected with A. phagocytophilum. This
hypothesis is supported by our observation that white-footed
mice and Eastern chipmunks were the only hosts that trans-
mitted infection to feeding larval ticks at rates (~7%) (Figure 1)
that could produce the values of nymphal infection preva-
lence that we observed for questing ticks (~8%).
Because of logistical constraints, we did not assess the real-

ized reservoir competence of white-tailed deer for the two
strains of A. phagocytophilum. Individual deer can host > 200
feeding larval ticks at one time.42 In a previous study, blood
from white-tailed deer was tested for the presence of the two
strains32; 11 of 38 deer were positive for A. phagocytophilum-
v1, whereas no A. phagocytophilum-ha was found in deer
blood, suggesting that they can acquire A. phagocytophilum-
v1 but perhaps not A. phagocytophilum-ha.32 In the same
study, feeding adult ticks collected from deer were found to
be infected with A. phagocytophilum-v1 more often than with
A. phagocytophilum-ha.32 However, it is unknown whether
these infections were acquired from deer or another species
during a previous blood meal.
For our landscape-level investigation, we found that ~8%

of ticks from the landscape-level study were infected with
A. phagocytophilum, and two-thirds of these were infected
with the human-active strain. This result incorporates the
effects of deer in the relative abundance of the two strains.
Because a majority of these ticks are infected with the human-
active strain rather than the variant 1 strain, hosts other than
deer must be responsible for providing many larval tick meals
at our sites.
The relative abundance of the two strains of

A. phagocytophilum in questing ticks from sites in the east-
ern United States varies substantially. In Rhode Island,
A. phagocytophilum-v1 was relatively common, comprising
up to 80% of questing nymphal and adult ticks that were
positive for A. phagocytophilum, whereas in parts of neighbor-
ing Connecticut, questing nymphal and adult ticks were only

infected with A. phagocytophilum-ha.28 In northwestern
Pennsylvania, all A. phagocytophilum-positive ticks harbored
A. phagocytophilum-ha, whereas in southeastern Pennsylvania,
most ticks infected with A. phagocytophilum had strain
A. phagocytophilum-v1.43 A survey of a suite of tick-borne
pathogens in four states (Pennsylvania, Maine, Wisconsin, and
Indiana) found A. phagocytophilum in a total of 36 adult
ticks.44 Of the total pool of A. phagocytophilum-infected
ticks from four states, 35 ticks were infected with
A. phagocytophilum-ha, and only 1 tick was infected with
A. phagocytophilum-v1.44 Here, we show that the range of
variation within a single county spans the range of variation
previously seen between states in the northeastern and mid-
western United States. In the one local site that we monitored
for 6 consecutive years, A. phagocytophilum-v1 was absent
from our samples until the final year of the study (Figure 4),
suggesting that individual sites might not be accurately charac-
terized by short-term sampling.
Because our data on realized reservoir competence show

that some hosts are more likely to transmit one of the strains
than the other strain, one possible explanation for wide varia-
tion in the relative abundance of strains at a county scale is
that these sites vary in host community composition. For
example, host communities dominated by white-footed mice
and chipmunks should produce a large proportion of ticks
infected with A. phagocytophilum-ha (Figure 1). In contrast,
ticks feeding in a host community composed of flying squir-
rels, opossums, and skunks should tend to be infected with the
A. phagocytophilum-v1 strain. Whether the variation that we
observed in strain prevalence can be explained by variation in
the host community cannot be determined without investigat-
ing how strain frequencies vary with known host community
composition. However, in previous research investigating
vertebrate community composition at multiple sites across
three eastern states, we have found mice at all sites, chip-
munks at nearly all the sites, and other species present only
in forests with higher diversity.45 Thus, one possible explana-
tion for a high relative abundance of A. phagocytophilum-ha
is the presence of a low-diversity host community dominated
by mice and chipmunks. This area is an important area for
additional research.
In our study, nymphal infection with the two strains at

individual sites varied considerably between years. Such vari-
ation could be caused by changes in the composition of the
host community over time. The abundance of small mammals,
which are important reservoirs for A. phagocytophilum, is
known to fluctuate from year to year based on the availability
of resources, particularly acorn mast.46 If the host community
varies significantly from year to year, we would expect the
infection prevalence of ticks with A. phagocytophilum strains
to vary from year to year as well. An alternative explanation
for the variation in A. phagocytophilum prevalence through
time is that stochastic factors lead to pronounced fluctua-
tions in prevalence. The relatively low prevalence of
A. phagocytophilum at our sites is consistent with stochasticity,
which has a bigger effect when prevalence levels are low.
Substantial variation exists in A. phagocytophilum strains

found in humans,47 wildlife,24,48,49 and questing ticks.50,51 We
have focused on two of these strains, one of which is found in
many wildlife hosts and humans (A. phagocytophilum-ha) and
the other one of which is found in many wildlife hosts but not
humans (A. phagocytophilum-v1). Future research should
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continue to investigate the origins and consequences of strain
diversity in A. phagocytophilum, particularly because it affects
variation in human risk of exposure to this emerging pathogen.
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