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We studied the prevalence of Borrelia burgdorferi and the agent of human
granulocytic ehrlichiosis (HGE) among questing nymphal and adult Ixodes scapularis
ticks of the same generation and the infectivity of wild white-footed mice for ticks
feeding on them. The prevalence of B. burgdorferi infection in host-seeking ticks
increased less than twofold from nymphal (31% to 33%) to adult (52% to 56%) stage,
and 52% of white-footed mice were infected. Prevalence of the agent of HGE
increased 4.5- to 10.6-fold from nymphal (1.5% to 1.8%) to adult stage (7.6% to
19.0%), while only 18% of mice were infectious to ticks. B. burgdorferi infection was
more common in mouse-fed ticks than in ticks collected from vegetation, whereas the
agent of HGE was half as common in mouse-fed ticks as in ticks collected from
vegetation. The different prevalence in nature of these pathogens in ticks suggests that

their maintenance cycles are also different.

The agent of human granulocytic ehrlichiosis
(HGE) 1is nearly identical to FEhrlichia
phagocytophila, which causes tick-borne fever in
sheep and goats in FEurope (1,2) and is
transmitted by the tick Ixodes ricinus (3)—the
major vector of Lyme disease (4). In the eastern
and midwestern United States, the agent of HGE
is transmitted by I. scapularis (5-7), also a vector
of Borrelia burgdorferi—the agent of Lyme
disease. Both agents are perpetuated in natural
cycles between the tick vector and vertebrate
hosts (8-10). Neither agent is maintained
transovarially (11,12); thus, horizontal trans-
mission involving a susceptible vertebrate host is
necessary. The white-footed mouse (Peromyscus
leucopus) plays an important role as a reservoir
for B. burgdorferi (13). Animal species that serve
as the main source(s) of the agent of HGE for
ticks have not been determined.

Rodents serving as natural hosts for the tick
species that transmits both agents can be
coincidentally exposed to the two agents. Indeed,
white-footed mice from Connecticut have been
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shown to carry antibodies to both agents
simultaneously (14). Granulocytic ehrlichia have
been found in wild rodents (10,15). Furthermore,
the white-footed mouse and several strains of
laboratory mice (Mus musculus) are susceptible
to the agent of HGE in laboratory experiments
(5,10,12). Antibodies to the agent of HGE have
been detected in various rodent species from
California, Colorado, Connecticut, Florida, New
Jersey, New York, Maryland, Minnesota, and
Wisconsin (14,16-18). These findings allowed the
authors to suggest that small rodents, particu-
larly the white-footed mouse, play the same role
in perpetuating the agent of HGE in North
America that they do in perpetuating
B. burgdorferi (10,14,16,18,19). We present
results of a 2-year field study that provide
evidence to the contrary.

The Study

We studied the prevalence of B. burgdorferi
and the agent of HGE among questing nymphal
and adult I. scapularis of the same generation, in
natural foci with concurrent circulation of both
pathogens in Connecticut. In 1996, we collected
ticks at two study sites—Bridgeport and
Woodbridge—approximately 30 km apart. In
1997, we collected ticks at the Bridgeport site
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only; ticks feeding on white-footed mice and from
vegetation were collected and flagged in June
(nymphs) and October (adults). Mice were
trapped in Sherman live-traps twice per month
from June through August and were held for
several days in the laboratory in individual wire-
mesh cages over water to allow all naturally
attached ticks to feed to repletion. While in the
laboratory, mice were provided with food and
drinking water ad libitum. Engorged ticks were
collected daily. A serum sample was collected from
each mouse before release at the capture site.

Serum samples from 121 mice were tested for
specific antibodies to the agent of HGE by
indirect immunofluorescence assay (IFA) (Aquila
Biopharmaceuticals, Worcester, MA). Antigen
derived from human promyelocyte cell culture
(HL-60) infected with the agent of HGE obtained
from Westchester County, New York. Sera were
screened at a dilution of 1:40 in 1X phosphate-
buffered saline (pH 7.4). Several studies
examined the specificity of IFA for the agent of
HGE (including an assay involving the antigen
produced by Aquila Biopharmaceuticals) and
found no considerable serologic cross-reactivity
between the agent of HGE and rickettsial
organisms outside the E. phagocytophila group at
dilutions 1:16 and higher (8,20,21). Thus,
screening samples at 1:40 dilution ensures that
sera testing HGE-positive were from mice
actually exposed to that agent.

Host-seeking nymphal and adult I. scapularis
collected from vegetation were tested individu-
ally by polymerase chain reaction (PCR) for
infection with B. burgdorferi and the agent of
HGE. Engorged ticks were allowed to molt to the
next stage and were identified by species.
1. scapularis nymphs derived from mouse-fed
larvae were tested in pools—one pool (up to 10
ticks) per mouse—to assess the infectivity of
individual mice for feeding larvae. Adult
1. scapularis ticks derived from mouse-fed
nymphs were tested individually, and the
prevalence of each infection among these ticks
was compared with the prevalence of each
infection among questing adult ticks collected

IsoQuick Nucleic Acid Extraction Kit (ORCA
Research Inc., Bothell, WA) to maximize
sensitivity (22). Briefly, guanidine thiocyanate, a
proprietary extraction matrix, and sodium
dodecyl sulfate solution were added to a
suspension, and the mixture was incubated at
65°C for 10 min. After separation of phases by
centrifugation, DNA was precipitated with
sodium acetate and isopropanol and washed with
70% ethanol. The final DNA pellet was
resuspended in 50 ml of RNase-free water, and a
2.5-ml aliquot was used for each PCR. Primers
EHR521 (5'-TGT AGG CGG TTC GGT AAG TTA
AAG-3') and EHR747 (5'-GCA CTC ATC GTT
TAC AGC GTG-3') were used to amplify a 247-bp
fragment of 16S rDNA from the agent of HGE (6).
Primers FLA297 (5'-CGG CAC ATA TTC AGA
TGC AGA CAG-3") and FLA652 (5'-CCT GTT
GAA CAC CCT CTT GAA CC-3'") developed in the
laboratory of Dr. Erol Fikrig (Yale School of
Medicine) were used to amplify a 378-bp
fragment of the flagellin gene of B. burgdorferi.
The amplification products were visualized in 2%
agarose gels.

Prevalence of Infections

The prevalence of B. burgdorferi infection in
both questing nymphal and adult I. scapularis
was similar between the two study sites in 1996
and remained stable for 2 consecutive years at
the Bridgeport site (Table 1). Within a
generation, the proportion of Borrelia-infected
ticks increased less than twofold from nymphal
(32% to 33%) to adult stage (52% to 56%) at both
sites and in both years.

Prevalence of ehrlichial infection in
1. scapularis nymphs was also similar at the two
study sites and between years at the Bridgeport
site (Table 1), while in questing adult ticks,
ehrlichial prevalence varied. In 1996, the

Table 1. Prevalence of infection with Borrelia burgdorferi
and the agent of human granulocytic ehrlichiosis among
questing nymphal and adult Ixodes scapularis of the
same generation, Connecticut

% Borrelia- % Ehrlichia-

. . Study site Ticks infected infected
from vegetation at the same site. (year) Stage tested (- SE) (+ SE)
For PCR testing, individual adult or o, q11idge Nymphs 442 32.9+23 1.6+0.6
nymphal ticks, or pools of nymphs, were placed (1996) Adults 251 52.6+3.2 83+1.9
in sterile 1.5 cc plastic vials, deep-frozeninliquid  Bridgeport Nymphs 164 31.7+22 1.2+0.5
nitrogen, ground with a sterile plastic pestle, and (1996) Adults 48 56.3+3.2 125+2.1
resuspended in 50 ml of Tris-EDTA buffer. DNA  Bridgeport Nymphs 110 32.7 +4.5 1.8+1.3
was extracted from samples by using the — (1997) Adults 100 55.0+3.8 19.0+3.0
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prevalence of the agent of HGE in adult ticks at
the Bridgeport site (12.5%) was higher than at
the Woodbridge site (8.3%), although not
significantly (p = 0.11). The proportion of adult
ticks infected with the agent of HGE in
Bridgeport was significantly higher in 1997
than in the previous year (p = 1.44x107).
Within the same generation, the proportion of
Ehrlichia-infected ticks increased fivefold in
Woodbridge in 1996 and 10.4- to 10.6-fold in
Bridgeport in 1996 and 1997, respectively.

An average of 0.7 engorged I. scapularis
nymphs (0 to 7) and 16.7 (0 to 113) engorged
1. scapularis larvae were collected per mouse. The
highest mean density (+ standard error) of
nymphal infestation in P. leucopus (1.3+0.2) was
recorded in late June, with mean larval density
peaking in late August (34.6+1.7). Overall, 113
of 121 mice were infested with either nymphal
or larval I. scapularis. Of 40 mice with nymphs,
32 (80.0%) produced adult ticks infected with
B. burgdorfert, and 7 (17.5%) yielded ticks infected
with the ehrlichial agent. Of 108 mice infested
with I. scapularis larvae, 56 (51.4%) produced
B. burgdorferi-infected nymphal ticks, and 20
(18.4%) produced nymphs infected with the agent
of HGE. Of the 108 mice, 13 (11.9%) infected feed-
ing ticks with both pathogens. Prevalence of in-
fectivity in mice did not differ by month.

Of 121 mice trapped from June to August
1997 in Bridgeport and tested by IFA, 46 (38.0%)
had antibodies against the agent of HGE. The
relatively high sera dilution (1:40) used for
screening allows the possibility that some samples
with low antibody titers were missed and that
an even higher proportion of the mouse popula-
tion had actually been exposed to the agent of
HGE.

The proportion of HGE-seropositive mice de-
creased from 47% (n = 49) in late June and July
to 32% (n = 72) in August, perhaps because of a
loss of antibody by mice over time, the recruit-
ment of naive young mice into the population, or
both. Of the 20 mice that produced nymphs in-
fected with the agent of HGE, 17 were also se-
ropositive. Evidently, these mice remained infec-
tious for ticks, despite the presence of specific
antibodies. The other three infectious mice were
HGE-seronegative, which most likely indicated
recent infection. Thus, only 18.4% of P. leucopus
were capable of infecting ticks with the agent of
HGE, although at least twice as many (as deter-
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mined by IFA) had been exposed to this agent.
Apparently, mice exposed to ticks infected with
the agent of HGE may develop an immune re-
sponse to the pathogen but not become infectious
for xenodiagnostic ticks. These findings suggest
that a high prevalence of the specific antibody
against the agent of HGE in rodent populations
does not necessary reflect the scope of rodents’
involvement in transmitting the ehrlichial agent.

Prevalence of B. burgdorferi infection among
adult ticks derived from mouse-fed nymphs was
higher than among questing ticks collected from
vegetation (p = 0.0051) (Table 2). Conversely,
prevalence of infection with the agent of HGE in
mouse-fed ticks was not quite half that of adult
ticks collected from vegetation (p = 0.0022).
Concurrent infection in mouse-fed ticks was also
half that in adult ticks collected from vegetation
(Table 2). The same trend was observed when
prevalence of ehrlichial infection was compared
among Borrelia-infected adult ticks. In the
Borrelia-infected cohort collected from vegeta-
tion, 14 (25.5%) of 55 ticks were simultaneously
infected with the agent of HGE, but in the cohort
collected from mice, only 5 (10.2%) of 49 were
simultaneously infected with the agent of HGE.

Mice that collect and feed many nymphs
have a high probability of finding an infected tick
and becoming infected. Mice that feed large
numbers of ticks after infection would increase
the rate of pathogen transmission. We tested the
hypothesis that mice exposed to or currently
infected with the agent of HGE are continuously
infested with large numbers of ticks and thus are
capable of increasing the prevalence of infection
in a natural tick population. When we compared
tick densities between mice infectious for ticks,
mice seropositive for the agent of HGE, and mice

Table 2. Prevalence of infection with Borrelia burgdorferi
and the agent of human granulocytic ehrlichiosis among
adult Ixodes scapularis ticks collected as engorged
nymphs from wild-caught Peromyscus leucopus and
from vegetation at the same site (Bridgeport,
Connecticut)

% % % Con-
Borrelia  Ehrlichia- currently
Origin Ticks infected infected infected
of ticks  tested (= SE) (= SE) (= SE)
P. leucopus 76 64.5+3.6 9.2+22 6.6+25

Vegetation 100 55.0+ 3.8 19.0+ 3.0 14.0+ 3.5
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without specific antibodies or infected ticks,
nymphal and larval infestation densities did not
differ significantly (Table 3).

Table 3. Exposure to the agent of human granulocytic
ehrlichiosis in white-footed mice, as detected by
xenodiagnosis and indirect immunoflorescence assay
(IFA), and their infestation with Ixodes scapularis
nymphs and larvae (Bridgeport, Connecticut)

Mean no. Mean no.
Status Mice of nymphs of larvae
of mice tested (= SE) (= SE)
Infectious? 20 0.7+0.1 19.5+1.6
IFA-positive 46 0.9+0.1 14.9+0.9
IFA-negative, 72 0.7+0.1 17.8+1.9
noninfectious

aMice infectious for ticks at the time of study.

Conclusions

Because nymphal I. scapularis naturally
feed on vertebrate animals (small rodents,
medium-sized and large mammals, birds, and
reptiles) (23) that may vary in their ability to
acquire and transmit a pathogen, the prevalence
of infection in different portions of an adult tick
population would differ depending on which host
species the tick had fed on. Thus, the prevalence
of infection for the tick population as a whole is
an average resulting from contributions of
individual host species. We compared average
prevalence to the prevalence of infection in ticks
derived from a particular host species to assess
the relative contribution of that host species to
amplification of a pathogen. For example, the
prevalence of B. burgdorferi infection in mouse-
fed ticks is considerably higher than the average
prevalence of the infection in a general tick
population, which suggests that the white-footed
mouse 1s an important amplifying reservoir of
B. burgdorferi. The prevalence of the agent of
HGE in mouse-fed ticks is lower than the
average, suggesting that the white-footed mouse
is not as effective an amplifying reservoir for this
agent as are other host species. An important
contribution from non-Peromyscus host species
that infects a large proportion of feeding nymphs
with the agent of HGE appears necessary to
account for the average prevalence of infection in
host-seeking adult ticks.

The prevalence of B. burgdorferi infection in
ticks increased less than twofold from nymphal
to adult stage, while more than 50% of the white-
footed mouse population was infected with
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B. burgdorferi and transmitted the pathogen to
feeding ticks. At the same time, prevalence of
infection with the agent of HGE in ticks
regularly showed a 4.5- to 10.6-fold increase from
nymphal stage to adult stage, although only 18%
of mice were infectious for feeding ticks. This
steep increase in prevalence of ehrlichial
infection in ticks also suggests the involvement
of other susceptible host species that maintain
the natural transmission cycle of the agent of
HGE at the observed level.

Dissimilarities between two pathogens—in
the increase of infection in ticks from nymphal to
adult stage and in prevalence of infection in the
host-seeking population versus a subpopulation
of mouse-fed ticks—suggest that natural cycles
of the agents of Lyme disease and HGE differ.
They involve the same vector-species, but the
principal amplifying hosts for the two pathogens
are not the same.

Although the white-footed mouse is suscep-
tible to infection with both agents, this species
alone cannot account for the observed prevalence
of the agent of HGE in adult ticks. Our data
suggest that most nymphal I. scapularis acquire
the agent of HGE from non-Peromyscus hosts.
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