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ABSTRACT Feeding ticks are generally spatially distributed in clusters on vertebrate hosts.
To test the effect of clustering on transmission of a tick-borne pathogen, Borrelia burgdorferi
Johnson, Schmid, Hyde, Steigerwalt & Brenner-infected Ixodes ricinus L. nymphs and unin-
fected I. ricinus larvae were allowed to feed together in retaining chambers on uninfected
AKR/N mice. Engorged infective nymphs dropped off at days 5, 6, and 7, and the 1st infected
larvae that fed in the chambers together with the infected nymphs dropped off at day 5. In
contrast, ear biopsies and xenodiagnostic larvae placed on the head remained negative during
that period. These results suggest that a cofeeding transmission occurred between B. hurg-
dorferi-infected ticks and noninfected ones in the absence of a disseminated infection. Further
investigations are being undertaken to determine whether the mechanism responsible for this
cofeeding transmission is similar to that described previously with virus-infected ticks.
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Borrelia burgdorferi Johnson, Schmid, Hyde,
Steigerwalt & Brenner, the agent of Lyme borre-
liosis, is a motile extracellular bacterial organism
transmitted to the host by the bites of infected
ticks belonging mostly to the Ixodes ricinus L.
complex. When an infected tick feeds on an animal
host, B. burgdorferi spirochetes, present in the tick
midgut, migrate through the midgut wall a few
hours after the onset of the blood meal, reach the
hemolymph, and invade various tick organs, in-
cluding salivary glands, from which they will be
transmitted to the host through saliva (Benach et
al. 1987, Ribeiro et al. 1987, Zung et al. 1989, Gern
et al. 1990). Once infected, this animal will rep-
resent an infecting source for other tick individu-
als. Skin is not only the site of inoculation of the
spirochetes but also an important target organ in
Lyme borreliosis. In humans, skin is involved in
the early and late stages of the disease. Spirochetes
have been isolated from the skin of a patient as
early as 10 d after a tick bite (Neubert et al. 1986).
Likewise, in laboratory animals, Lyme borreliosis
spirochetes seem to remain at the site of inocula-
tion for ^ l wk after infecting ticks become en-
gorged and detached (Shih et al. 1992, 1993).

Feeding ticks are generally spatially distributed
in clusters on the vertebrate hosts. This clustering
may have implications on the transmission of tick-
borne pathogens. In fact, transmission of patho-
gens from infected ticks to uninfected ticks
through the host skin has been shown previously
for intracellular and nonmotile microorganisms.
Efficient transmission of Thogoto virus and tick-

borne encephalitis virus has been demonstrated
from infected ticks to uninfected ticks cofeeding
in chambers on nonviremic hosts (Jones et al.
1987, Alekseev and Chunikhin 1990, Labuda et al.
1992). Because spirochetes seem to remain in the
inoculation site for a few days after tick detach-
ment, we were interested in testing the effect of
tick clustering on the transmission of B. burgdor-
feri and in investigating the hypothesis of a possi-
ble cofeeding transmission between infected and
uninfected I. ricinus ticks.

Materials and Methods

Ticks, Bacteria, and Mice. Ticks used in this
study came from a laboratory colony of spirochete-
free /. ricinus ticks maintained at the Institut de
Zoologie (Neuchatel) according to the methods de-
scribed by Graf (1978). The spirochetal isolate of
B. burgdorferi (ZS7) used in this study was ob-
tained initially from Ulrich Schaible and Markus
Simon (Max-Planck Institut fiir Immunbiologie,
Freiburg, Germany). The spirochetes were grown
in modified Barbour—Stoenner—Kelly (BSKII) me-
dium (Barbour 1984). The ZS7 isolate belongs to
the B. burgdorferi sensu stricto type (Wallich et al.
1992). Female mice of the strains AKR/N and
BALB/c were bred at the Institut de Zoologie,
Neuchatel. Animal care and manipulations were in
accordance with the Swiss Federal Welfare Laws
(LPA and OPA). This study was conducted in ac-
cordance with the permit issued by the Cantonal
Department of Agriculture.
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Table 1. Infection of I. ricinus nymphal ticks fed as larvae on mice together with B. biirgdorferi-infuvlcil nymphs
and isolation of spirochetes from mice by culturing ear biopsies

Mouse no.

1

2

3

4

Chamber

1
2
head
biopsy

1
2
head
biopsy
1
2
head
biopsy

1
2
head
biopsy

Day 2
No. infected/

tested

2/8 (25)
4/10 (40)
0/5
Negative

3/11 (27)
1/14 (7)
No tick
Negative

5/9 (56)
3/8 (38)
0/4
Negative

3/7 (43)
5/13 (39)
No tick
Negative

Day 5
No. infected/

tested

2/9 (22)
2/2 (100)
nd
Negative

10/13 (77)
4/7 (57)
nd
Negative

6/8 (75)
4/6 (67)
0/12
Negative

0/1
No tick
0/6
Negative

Day of placement of ticks on mice

Day 8
No. infected/

tested

No tick
No tick
No tick
Negative

3/4 (75)
1/2 (50)
No tick
Negative

3/4 (75)
No tick
0/16
Negative

nd
nd
nd
nd

Day 11
No. infected/

tested

9/9 (100)
10/10 (100)
0/6

Negative

4/5 (80)
1/1 (100)
0/9

Negative

nd
nd
nd
Negative

nd
nd
nd
nd

Day 14
No. infected/

tested

No tick
3/3 (100)
0/1
Negative

3/3 (100)
No tick
No tick
Negative

nd
nd
nd
nd

nd
nd
nd
nd

Day 29
No. infected/

tested

1/5 (20)
4/5 (80)
4/5 (80)
Positive

nd
nd
nd
nd

nd
nd
nd
nd

nd
nd
nd
nd

Percentage of infected ticks in parentheses. No tick, ticks did not molt; nd, not done.

Infection of Ticks. I. ricinus nymphs that had
been infected by capillary feeding (Gern et al.
1990, Hu et al. 1992) with BSKII medium con-
taining 8 X 107 spirochetes per milliliter of strain
ZS7 as described previously (Gern et al. 1994)
were allowed to feed on uninfected BALB/c mice.
One month later, these infected mice were infest-
ed with uninfected /. ricinus larvae. The derived
infected nymphs were used in the cofeeding ex-
periment. The infection rate of the unfed I. ricinus
nymphs was 70% as determined by direct immu-
nofluorescent antibody assay.

Spirochete Detection in Ticks. Ticks were
evaluated for B. burgdorferi after molting using a
direct immunofluorescence antibody test as de-
scribed previously (Gern et al. 1991). Briefly, ticks
were squashed on slides and treated with a fluo-
rescein isothiocyanate-labeled conjugate prepared
according to Peacock et al. (1971).

Cofeeding Experiment. Two retaining cham-
bers were glued on the backs of each of 4 unin-
fected AKR/N mice as described by Mbow et al.
(1994). Each chamber was inspected carefully dai-
ly and if necessary glue was added. A collar was
placed around the neck of each mouse.

To determine whether cofeeding transmission of
B. burgdorferi can occur between infected and
noninfected ticks, 7 infected /. ricinus nymphs (in-
fection rate 70%) were placed into each chamber
on day 0, and a=20 uninfected larvae were added
into each chamber on days 2 and 5. To control for
the presence of a disseminated infection while in-
fected nymphs were feeding, —20 larvae were add-
ed freely (that is, not held within chambers) on the
head of each mouse on days 2 and 5 and ear bi-
opsies were taken on days 2 and 5, according to
Sinsky and Piesman (1989). After detachment of
infected nymphs, the localized versus disseminated

infection was monitored by adding larvae in the
chambers and on the head of the mice and by cul-
turing ear biopsies on days 8, 11, 14, and 29.

Mice were kept in separate cages over trays of
water, and engorged ticks that had dropped from
the head into the water were collected daily.
Chambers were examined daily, and the time of
detachment of nymphs and larvae that had fed in
the chambers and on the head was noted. En-
gorged ticks were placed into vials and stored at
room temperature and 95% RH. Ticks were ex-
amined for spirochetes after molting using immu-
nofluorescence as described above.

Results

On day 0, four AKR/N mice were infested with
infected /. ricinus nymphs. Engorged infected /.
ricinus nymphs dropped off on days 5, 6, and 7
after placement into the retaining chambers. From
each chamber, 6-7 engorged nymphal ticks were
collected. All nymphs fed in the 2 chambers on
mice no. 2 (n = 7 and 6) and no. 4 (n = 7 and 6)
dropped off on day 5, nymphal ticks fed on mouse
no. 3 dropped off on day 5 (n = 6 and 5) and day
6 (n = 1 and 1), and nymphs placed on mouse no.
1 dropped off on day 5 (n = 5 and 5), day 6 (n =
1; chamber 1), and day 7 (n = 1; chamber 2).

Cofeeding transmission from infected nymphs
to uninfected I. ricinus larvae was observed for
both retaining chambers placed on each of the 4
AKR/N mice (=8/8 chambers positive) (Table 1).
The 1st batch of I. ricinus larvae fed in chambers
was shown to be infected by B. burgdorferi (infec-
tion rate 7-56%) for all of the 8 chambers (Table
1). These larvae had been placed on mice on day
2 and fed simultaneously with infected nymphs for
at least 3 d. Infection appeared to remain localized
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while cofeeding transmission of B. burgdorferi oc-
curred between infected nymphs and uninfected
larvae. This was indicated by the fact that culture
of ear biopsies taken from all mice on day 2 and
on day 5 and examination of a total of 27 larvae
collected from the head of 3 of 4 animals on days
2 or 5, or both, failed to detect B. burgdorferi.

After detachment of the infected nymphs, lo-
calized infection was observed for 3 of 3 mice by
detection of spirochetes in larvae placed in the
chambers on day 8 (mouse no. 3); on days 8, 11,
and 14 (mouse no. 2); and on days 11, 14, and 29
(mouse no. 1) (Table 1).

The appearance of a disseminated infection was
monitored by examining larvae collected from the
head of 1 mouse (mouse no. 3) on day 8, 2 mice
(mice no. 1 and 2) on day 11, 1 mouse (mouse no.
1) on days 14 and 29 (Table 1). Only the batch of
larvae placed on day 29 on mouse 1 was found
positive. Ear biopsies taken on days 8 and 11 from
mice 1, 2, and 3 remained negative, as well as ear
biopsies taken on day 14 from mice 1 and 2. In
contrast, an ear biopsy taken on day 29 from
mouse no. 1 was positive.

Discussion

Tick feeding behavior is characterized by the
long duration of the blood meal compared with
that of most other hematophagous arthropods. In-
deed, Ixodid ticks feed for days to weeks on their
hosts before they drop off. Consequently, in nat-
ural conditions, a great number of ticks may feed
at the same time on the same host. Moreover, ticks
are often spatially distributed in clusters on their
hosts. This clustering may have some effect on the
transmission of tick-borne pathogens, as previ-
ously demonstrated with Thogoto and tick-borne
encephalitis viruses (Jones et al. 1987, Alekseev
and Chunikhin 1990, Labuda et al. 1992). Those
studies showed that efficient transmission of these
organisms can occur between cofeeding ticks
even when the hosts do not develop a detectable
viremia.

The vectors of the Lyme borreliosis agent, B.
burgdorferi, are all ixodid ticks that feed for several
days on their hosts. When B. burgdorferi-infected
ticks feed on an animal, the spirochetes are inject-
ed into the host skin and may remain at the in-
oculation site for a few days after the end of the
blood meal (Shih et al. 1992,1993). This prompted
us to investigate whetlier cofeeding transmission of
a motile and extracellular microorganism like B.
imrgdorferi may occur between infected and un-
infected ticks while feeding on a host that had not
previously been exposed to the infection.

In our cofeeding experiment, infected /. ricinus
larvae that had fed simultaneously with infected
nymphs in the retaining chambers were collected
from all 8 chambers of the 4 AKR/N mice. This
shows that cofeeding transmission of B. burgdor-
feri occurred between infected and noninfected

ticks via the host skin in all sites where these ticks
were attached. By contrast, no infected larvae were
collected from the head of the animals during the
same period, demonstrating that infection was lo-
calized. These results suggest that infection did not
immediately disseminate from the inoculation site.
The lack of success in isolating B. burgdorferi from
ear biopsies collected on days 2 and 5 was consis-
tent with localization of the infection to the skin
site in which infected ticks fed. Our results also
corroborate previous findings that B. burgdorferi
remains in the skin near the inoculation site before
dissemination (Shih et al. 1992, 1993). Localized
infections were observed for the duration of the
observation period for each mouse (range, 5—29 d).
Evidence of a disseminated infection was shown
by the detection of B. burgdorferi in an ear biopsy
and in 4 of 5 larvae collected from the head of
mouse 1 on day 29. Additional studies are needed
to determine the time of development of a dissem-
inated infection.

Because I. ricinus ticks may be infected by dif-
ferent B. burgdorferi species (Hu et al. 1994), co-
feeding transmission of various spirochetes may
occur between I. ricinus ticks infected by different
B. burgdorferi species, allowing exchange of spi-
rochetes among ticks, and may partly explain the
presence of different B. burgdorferi phenotypes/
genotypes in 1 tick, as observed in adult I. ricinus
ticks (Leuba-Garcia et al. 1994).

Whether B. burgdorferi cofeeding transmission
can occur between ticks feeding on natural host
species remains to be studied. Nevertheless, the
demonstration of cofeeding transmission of B.
burgdorferi has important implications for evalu-
ating the role, in B. burgdorferi transmission, of
different vertebrate hosts of the tick vector. Most
attempts to determine the ability of a particular
vertebrate species to support B. burgdorferi infec-
tion (and to transmit the infection to feeding ticks)
have been designed to detect disseminated infec-
tion. However by means of cofeeding transmission,
it is theoretically possible that tick hosts such as
deer may be capable of supporting localized trans-
mission even though they may not develop a dis-
seminated infection.
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