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Natural Lyme disease cycles maintained via sheep by co-

feeding ticks
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We present observational and experimental evidence that cycles of the Lyme disease spirochaete, Borrelia burgdorferi s.l.,

can be maintained by sheep in the virtual absence of alternative hosts. A 2-year field study in upland moorland habitats

of northwest UK established that sheep feed up to 80% of larval, "99% of nymphal and all of the adult female tick

(Ixodes ricinus) population. Infection prevalence of B. burgdorferi in questing ticks reaches over 20%, but amplification

of infection occurs principally as nymphs (20- to 30-fold), rather than larvae (4- to 7-fold), feed on sheep, and transmission

from sheep to ticks occurred only during peak tick abundance in May and September. Experimental transmission studies

confirmed that sheep, previously exposed to infected ticks on the moorland site, do not support systemic infections of B.

burgdorferi, but they can transmit localized infections from infected to uninfected ticks co-feeding at the same site on the

sheep’s body.
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Lyme borreliosis, a zoonosis caused by the spiro-

chaete Borrelia burgdorferi sensu lato transmitted by

Ixodid ticks, is the most prevalent and widespread

vector-borne infection of humans in the northern

hemisphere, a consequence of the enormous di-

versity of the system that allows the maintenance of

enzootic cycles under a wide range of ecological

conditions. This diversity is generated by

interactions between a number of distinct genetic

strains of B. burgdorferi (Postic et al. 1994), a variety

of tick species, mostly of the genus Ixodes, and the

wide range of vertebrate hosts upon which they feed,

an increasing number of which are known to be

competent to transmit B. burgdorferi s.l.. Despite

such diversity, the conventional theory is that

enzootic cycles of Lyme borreliosis are driven by

small rodents (e.g. mice and voles) (Mather et al.

1989; Jaenson, 1991). These are abundant hosts

which each feed moderate numbers of the immature

stages (larvae and nymphs) of the principal Ixodes

vectors which, in both Europe and the USA, are

most commonly found in woodlands (Gray, 1991;

Lane, Piesman & Burgdorfer, 1991). Deer feed large

numbers of larval, nymphal and adult ticks and so

are essential in maintaining tick populations (Wilson

et al. 1998; Jaenson & Ta$ lleklint, 1992). Indeed, one

* Corresponding author: Department of Veterinary

Clinical Science, Faculty of Veterinary Science, University

of Liverpool, PO Box 147, Liverpool L69 3BX. Tel:

0151 794 6087. Fax: 0151 794 6065. E-mail :

nogden!liverpool.ac.uk

reason given for the recent emergence of Lyme

disease is the population explosion of deer (Lane et

al. 1991), but both white-tailed deer in the USA and

roe deer in Europe are considered to be incompetent

as reservoir hosts to B. burgdorferi s.l. (Telford et al.

1988; Jaenson & Ta$ lleklint, 1992; Matuschka et al.

1993). The perceived enzootic cycle of Lyme

borreliosis does not explain field data in the UK:

rodents feed so few nymphal Ixodes ricinus that they

can only maintain borreliosis cycles on their own if

they are infected by transovarially infected larvae

(Randolph & Craine, 1995), but other vertebrates,

squirrels and pheasants, have been shown to con-

tribute substantially to the transmission of

spirochaetes (Craine, Randolph & Nuttall, 1995;

Randolph & Craine, 1995; Craine et al. 1997;

Kurtenbach et al. 1997).

Besides its woodland habitat, I. ricinus is also

abundant on upland moorlands in the north and west

of the UK. Here deforestation and the introduction

of grazing sheep have resulted in species-poor

grassland, in place of the original sessile oak

woodland (Pearsall & Pennington, 1989), where

sheep are the most important host for all 3 tick stages

(Milne, 1947; Steele & Randolph, 1985). Despite the

paucity of tick host species, there is evidence that

enzootic cycles of B. burgdorferi s.l. exist (Ogden,

Carter & Nuttall, 1994) and Lyme disease affects the

local inhabitants (O’Connell, 1995). In this study,

we investigated the ro# le of sheep in the Lyme

borreliosis transmission cycle by (i) determining the

relative contribution of rodents, birds and sheep to

tick feeding, (ii) comparing infection prevalence in
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unfed questing ticks and ticks that had fed on grazing

sheep, and (iii) undertaking transmission studies

with captive sheep using an entirely natural system.

  

Study site

Field work was carried out on an enclosed 80 ha

region of typical upland moorland (Rodwell, 1994)

in Cumbria, northwest UK (2° 46« W, 54° 31« N).

Sparse relict woodland covered a steep hillside

running up to open fell at ca. 500 m above sea level.

A population of 80 Swaledale and Swaledale}Cheviot

ewes grazed the fell throughout the year except when

removed for short periods for shearing in July and

mating in November. Ewes lambed on the site

during April, producing 64 lambs which were

weaned and removed from the site in August. As the

woodland was fenced off midway through 1993 to

exclude sheep, the data for this study come prin-

cipally from the fell, although the numbers of rodents

and questing ticks were counted in both habitats for

comparison.

Hosts and their tick infestations

Each month from February 1994 to January 1995

(excluding June, unavoidably), samples of sheep (10

to 17 4year-old ewes and lambs from March to

September and 6–8 sheep at other times) were

gathered from the fell. The numbers of each stage of

I. ricinus feeding on them were counted using a

standardized routine. The accuracy of this routine

was assessed by exhaustive examinations of 3 ewes

and 3 lambs in May under optimum handling

conditions and good lighting in a farm building:

during the regular surveys in the field most of the

nymphs and adults, but only at most one third of the

larvae feeding on sheep were counted.

Rodents were trapped using standard procedures

(Gurnell & Flowerdew, 1990). In the woodland,

each month from February 1994 to January 1995

two Longworth Humane traps (Longworth

Scientific, Abingdon, UK) were placed at each of 16

trap points of a 1 ha grid, pre-baited for 1 night and

set to catch over the following 2 nights. Animals

trapped on the first night were marked by fur

clipping. The same routine on the fell during 1993

yielded very few rodents; in an attempt to improve

trapping success in 1994, each month 2 traps were

placed at each of 20 points along random 300 m

transects over the site, and at 15 additional points

targeted at visible vole runs (total 70 traps). If the

traps at each point sampled an area of radius ca.

10 m, each transect would have sampled an area of

300¬20 m#¯0±6 ha. Each trapped rodent was

examined closely for feeding ticks, paying particular

attention to each rodent’s head and ears, upon which

virtually all I. ricinus feed (Milne, 1949; this study).

Counts of the number of singing, territory-holding

male birds, commonly used as an index of density,

could have under-estimated bird density as the

species commonly found in these upland habitats

have a skulking, ground feeding habit, ‘sitting tight’

on the approach of predators and man (Cramp,

1988). Therefore, counts were made of all birds seen

while walking transects through the full range of fell

community types over 16 ha: four parallel transects,

400 m long and 100 m apart, plus transects per-

pendicular to these four, were walked on sunny days

in June beginning at 07.30 h. A gun dog was used to

flush birds from up to 50 m on each side of each

transect.

Larger mammalian wild hosts were searched for,

but proved to be extremely scarce. There was a

single fox den and a single badger sett in the vicinity

of, but not actually within, the study site, in keeping

with the normal density of about 1 pair of foxes per

40 km# and up to 12 adult badgers per 10 km# on

such hill land (Corbet & Southern, 1977), equivalent

to 1 or 2 individuals on the study site. Lagomorphs

were never seen at this site.

Infection prevalence in questing and fed ticks

Questing ticks were counted and collected using

standard sampling methods: a 1±6 m# blanket was

dragged over four 25 m lengths of the vegetation in

each part of the site (woodland and fell) each month

during 1993 and 1994. Engorged ticks were collected

from sheep each time they were examined, on 3

occasions (April, July and September) in 1993 and

monthly in 1994. B. burgdorferi s.l. infection in both

questing and fed ticks taken from the fell, and in a

subset of engorged ticks collected from sheep and

allowed to moult, was diagnosed by 2 independent

methods. Approximately half of the ticks were

examined by the indirect immunofluorescence tech-

nique using a 1}20 dilution of a mouse monoclonal

H9724 anti-flagellin of B. burgdorferi as primary

antibody applied to tick material fixed on microscope

slides (Livesley et al. 1994). A 1}80 dilution of

the secondary antibody (fluorescein isothiocyanate-

labelled anti-mouse IgG whole molecule, Sigma)

was added and B. burgdorferi was visualized at ¬400

magnification under UV illumination. The remain-

ing ticks were examined by the polymerase chain

reaction (PCR) technique. Negative controls, in-

cluded at a rate of 1 per 3 tick samples, confirmed

that carry-over contamination was eliminated. DNA

was obtained by phenol}chloroform extraction

and ethanol precipitation from guanidinium}2-

mercaptoethanol thiocyanate-treated, macerated

ticks. Extracted DNA was then amplified by a

‘nested’ PCR using 2 pairs of primers complement-

ary to the gene encoding the outer surface protein A

(OspA) of B. burgdorferi strain B31 (Guy & Stanek,

1991). Previously optimized cycles produced an
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Fig. 1. Seasonal variation in larval (E), nymphal (D)

and adult (_) Ixodes ricinus infestation levels counted on

sheep gathered from the fell (median, with 20 and 80

percentiles). Monthly n¯10–17. During these regular

surveys only about one third of larvae feeding on sheep

were counted.

amplified product of 351 base pairs which, following

agarose gel electrophoresis and ethidium bromide

staining, was visualized under UV light. The limit of

sensitivity of the PCR was estimated at 5 organisms

per unfed tick, increased to 10 organisms per tick in

engorged nymphs and adult females (but not larvae).

Experimental transmission of B. burgdorferi

Experiments were performed to test the ability of

sheep to support transmission of B. burgdorferi. To

yield results applicable to the field situation, it was

essential to mimic the natural system as closely as

possible (Randolph & Nuttall, 1994). Four sheep

were taken from the fell in late May 1995, when they

would have been naturally exposed to high tick

infestation levels (including ticks infected with B.

burgdorferi) during May (see below). Any naturally

attached and engorged nymphs were collected and

diagnosed for B. burgdorferi infection by PCR. The

sheep were penned in a farm building and infested

with unfed ticks contained within chambers. The

chambers, made of 1 cm diameter neoprene rings

covered with gauze, were glued to the clipped left

sub-lumbar fossa region of each ewe. Each ewe

received 1 chamber (A) and 2 of the ewes (1 and 3)

received an additional chamber (B) with its centre

10 cm from the first chamber. Unfed ticks were

collected from the fell in May, where they would

have gained a normal intensity of B. burgdorferi

infection via the natural route, and so they were

assumed to be infected according to the prevalences

established from field observations (Table 2); con-

sistent with this, none of a random sample of 30

nymphs was infected. Batches of 25 nymphs and 30

larvae were placed in each chamber on each of days

0, 5, 10, 15 and 20 of the experiment and, in addition,

10 adult females and 10 adult males were added to

chamber B on days 0, 5, and 10. Detached engorged

ticks were collected daily from the chambers and

diagnosed for B. burgdorferi infection by PCR;

negative controls were included at a rate of 2 per 3

tick samples.

Statistical analyses

Data for monthly counts of tick infestations were

analysed by ANOVA with log transformation using

GLIM (NAG Ltd, Oxford, UK) and standard

model checking procedures (McCulloch & Nelder,

1989). Differences in infection prevalence between

methods of tick examination, site, years, months,

tick stage and age of sheep were compared by a

model (GLIM, NAG Ltd, Oxford, UK) prepared

using binary errors (Cox, 1970).



Tick–host interactions and seasonal dynamics

Both the numbers of ticks questing for hosts on the

vegetation (Ogden, 1995) and feeding on the sheep

showed a bimodal seasonal pattern, with activity

confined to March–September and peaks in May

and September (Fig. 1). This bimodality was

significant for nymphs and adults (t¯3±82, P!0±01

and t¯4±1, P!0±001 respectively), with a larger

peak of nymphs in May than in September (t¯4±5,

P!0±001). For larvae the second peak in September

was non-significant. Lambs carried similar numbers

of adult ticks (F¯0±05), but significantly fewer

larvae and nymphs (..¯99, F¯14±4, P!0±001

and F¯4±46, P!0±025 respectively) than did ewes.

Over the whole year, only 19 rodents (discounting

recaptures on the second day of each month’s

trapping) were trapped on the fell and 96 in the

woodland (Table 1), comprising predominantly

Clethrionomys glareolus (bank vole) and Apodemus

sylvaticus (wood mouse) and also 5 Microtus agrestis

(field vole) from the fell. The estimated densities

(Fig. 2) were up to 7}ha on the fell throughout the

year and between 2}ha in May and 16}ha in the

autumn in the woodland. This is far lower than the

rodent densities typical of British woodlands (dotted

line on Fig. 2 for comparison). Of the trapped

rodents, only 12 were infested by I. ricinus, and these

carried a total of 32 ticks, exclusively larvae (Table

1). The mean levels of infestation of rodents by

larvae was higher on the fell than in the woodland,

corresponding with the ca. 4-fold greater densities of

questing immature ticks on the fell (peaks of up to

200–450 larvae and 40–120 nymphs}100 m#) than in

the woodland (up to 10–100 larvae and 10–13

nymphs}100 m#). Infestations on rodents followed

the bimodal seasonal pattern seen on the vegetation

and on sheep, and only in May and September were

5 rodents seen to feed more than a single larva, up to

5, with 1 exceptional infestation of 12 larvae in the

woodland.
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Table 1. The total number of rodents captured in 12 monthly trap sessions from February 1994 to

January 1995, and the incidence of infestation by Ixodes ricinus, on the fell and in the adjacent relict

woodland in Cumbria, England

Fell site Woodland site

No. of rodents

trapped

No. of rodents

infested

No. of ticks

counted

No. of rodents

trapped

No. of rodents

infested

No. of ticks

counted

Apodemus
sylvaticus

10 2 5 39 4 15

Clethrionomys
glareolus

4 2 7 57 4 5

Microtus
agrestis

5 0 0 0 — —

Totals 19 4 12 96 8 20

Fig. 2. The monthly densities of rodents (Apodemus

sylvaticus, Clethrionomys glareolus and Microtus agrestis)

on the fell (E) and in the woodland (D) of the

Cumbrian moorland from February 1994 to January

1995. Typical densities of A. sylvaticus plus C. glareolus

in British woodlands (Mallorie & Flowerdew, 1994) are

shown (dotted line) for comparison.

On the 16 ha of fell covered by the transects, only

3 species of resident birds were observed, meadow

pipits (Anthus pratensis) (mean numbers counted,

9±6³2±4), skylarks (Alauda arvansis) (10±4³2±0) and

a single wheatear (Oenanthe oenanthe) (0±8), making

a mean total of 1±25 birds of all species}ha.

Identity and prevalence of B. burgdorferi infection

in ticks

Only minor differences (4 base-pairs) in the

sequences of PCR products derived from ticks

collected on the study site (Ogden, 1995) and the

reference strain B. burgdorferi s.s. strain B31

(Dykhuizen et al. 1993) suggest that the strain of B.

burgdorferi circulating on the fell lies within the sensu

stricto genospecies.

There was no significant difference in the preva-

lence of B. burgdorferi infection detected by PCR or

immunofluorescence either in engorged nymphs

(12}73 and 13}72 respectively, χ#¯0±06, ..¯1,

P"0±2) or in questing adults (7}62 and 5}50

respectively, χ#¯1±4, ..¯1, P"0±1). The same

pattern of increase in infection prevalence as the

Table 2. The mean infection prevalence (no.

positive}no. examined and percentage) of Borrelia

burgdorferi s.l. in questing Ixodes ricinus collected

from the vegetation and engorged ticks collected

from sheep from May to September in 1993 and

1994

(Prevalences in engorged ticks from ewes and lambs were

similar.)

Chronology of

amplification of

infection 1993 1994

Questing

larvae

2}90a ¯2±2% 1}132a ¯0±76%

X ¬4±3* ¬6±7

Engorged larvae

taken from sheep

2}21b ¯9±5% 2}39b ¯5±1%

X

Questing

nymphs

1}73a ¯1±4% 1}221a ¯0±45%

X ¬ 19±2 ¬33±6

Engorged nymphs

taken from sheep

7}26c ¯26±9% 18}119c ¯15±1%

X

Questing

adults

8}36c ¯22±2% 12}112c ¯10±7%

X ¬1±2 ¬2±0

Engorged adults

taken from sheep

25}96d ¯26±5% 10}46d ¯21±7%

* The figures in bold show the degree of amplification of

B. burgdorferi at each feeding tick stage.
a Infection prevalences followed by the same letter do not

differ significantly, according to a model (GLIM) prepared

using binary errors.

tick’s life-cycle proceeded was evident in both years

(Table 2): the prevalence in questing adults was an

order of magnitude higher than in either questing

larvae or nymphs and there was a similarly greater

prevalence in engorged nymphs taken from sheep

than in unfed nymphs. Amplification of infection

occurred to a much greater extent in nymphs feeding

on sheep (20- to 30-fold) than in larvae (4- to 7-fold).
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Table 3. The prevalence of Borrelia burgdorferi infection in engorged

Ixodes ricinus ticks after experimental infestation of 4 ewes

(No ticks attached to ewes 3 and 4, and no larvae attached to any sheep.)

Sheep no.… 1 2

Chamber… A B A

Tick stage… Nymphs Adults Nymphs Adults Nymphs

Day no. of tick

introduction

0 0}1 — 0}3 0}0 0}3

5 0}4 — 0}3 0}2 0}1

10 0}2 — 0}0 1}4 0}11

15 0}12 — 0}13 — 0}3

20 0}12 — 5}17 — 0}9

Totals 0}31 — 5}36 1}6 0}27

Furthermore, transstadial maintenance of infection

was lower from engorged larvae to unfed nymphs (on

average 10%) than from engorged nymphs to unfed

adults (77%). Subsequently, adult ticks feeding on

sheep increased their infection prevalence by a small

amount. In the laboratory, 12 out of 22 engorged

larvae survived to moult to nymphs, but none was

infected, whereas 21 out of 54 engorged nymphs

moulted to adults, of which 4 (19%) were infected (3

infections detected by PCR and 1 by immuno-

fluorescence); these data accord with the field

observations.

The recorded infection prevalence in engorged

nymphs collected from sheep in 1994 showed

significant seasonal variation (May, 7}50¯14%;

July, 0}25; August, 0}6; September, 11}38¯29%)

(MaySeptember vs. JulyAugust, χ#¯8±9, P!
0±01), with infection of feeding nymphs coinciding

with high tick infestations of sheep (Fig. 1).

Similarly, infected engorged nymphs were collected

from 3}6 ewes and 3}6 lambs in May, and 5}10 ewes

in September, but from none of 8 ewes and 5 lambs

during July and August. Infected larvae were

collected from 1 ewe and 1 lamb in May, from 1 lamb

in July and from 1 ewe in September.

Results of transmission experiments

No larvae introduced to any ewe, and only nymphs

and adults introduced to ewes 1 and 2, fed suc-

cessfully (Table 3). None of the nymphs which fed in

chamber A on either ewe 1 or 2 became infected as

determined by PCR. One adult female, introduced

on day 10 to chamber B on ewe 1 and collected on

day 18, proved to be infected; 5 of 17 nymphs that

fed in the same chamber from day 20 (collected on

days 24 and 25) became infected. The infection

prevalence in the total nymphs fed experimentally on

ewes 1 and 2 (5}94¯5±3%) was significantly greater

than the mean level seen in questing nymphs in 1993

and 1994 (2}294¯0±68%, Table 2) (χ#¯8±64, P!

0±01). The infection prevalence in nymphs fed in

chamber B after at least 1 adult had attached (5}33

¯15±2%) was similar to the mean level seen in

nymphs collected from wild sheep in 1993 and 1994

(25}145¯17±2%, Table 2). On ewe 2, infection was

detected in 1}9 engorged nymphs found on the face

of this ewe at the time of gathering from the fell

(prior to experimentation); none of the 27 nymphs

that were fed experimentally on the flank of this

animal became infected, a result consistent with the

absence of systemic B. burgdorferi infections in sheep

under natural conditions.



Despite exhaustive efforts, very few wild vertebrates

were detected on the moorland study site. Rodent

densities were very low both on the fell and in the

woodland (Fig. 2). Skylarks (ca. 0±65}ha) were half as

abundant as were recorded on coastal dunes in

Cumbria (0±67 breeding pairs}ha, Delius (1965)),

but the density of meadow pipits (ca. 0±6}ha) was

similar to that recorded in Wales (Seel & Walton,

1979). This low density of rodents and birds is

consistent with poor productivity and diversity of

the plant communities in upland sheep-grazed

pastures of north west England (Kelly & Perry,

1990) and also typical of other parts of the UK, e.g.

Wales and Scotland. Those wild hosts that were

examined, the rodents, carried very few ticks (ex-

clusively larvae). The birds were not examined, but

Milne (1949) recorded low tick infestation levels,

again almost exclusively larvae, on the same species

in similar habitats (up to 13 larvae and 0±6
nymphs}bird in May). By comparison, sheep at

densities of 1}ha, doubling after lambing, each

carried large numbers of larvae and nymphs in May

and September (Fig. 1). Given the scarcity of alter-

native hosts (see Materials and Methods section),

and the approximate relative densities of rodents,

birds and sheep and their mean infestation levels,
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it is estimated that up to 80% of larval, "99%

of nymphal and all of the adult female I. ricinus

on the fell fed on sheep. In the woodland adjacent to

the fell, rodents and birds were more abundant, but

sheep were excluded from mid-1993 onwards.

Exclusion of sheep on such upland hills can cause a

dramatic reduction in tick populations (Steele &

Randolph, 1985), and the low numbers of questing

ticks in the woodland were presumably survivors

from the previous years when sheep had grazed there

and dropped engorged ticks of all stages. Therefore,

any possible transfer of larval ticks by rodents and

birds between habitats cannot explain the pattern of

amplification of B. burgdorferi infection observed on

the fell in this study.

Rather, the field observations indicate that sheep

can maintain enzootic cycles of B. burgdorferi in the

virtual absence of alternative hosts. Furthermore,

the enzootiological pattern is strikingly different

from that of previously studied foci of B. burgdorferi

infection in several respects. First, very much less

amplification of infection occurred during the feed-

ing of larvae than the feeding of nymphs. This

contrasts with patterns previously reported from

woodlands, where amplification occurs principally as

larvae feed on rodents (Lane et al. 1991; Matuschka

et al. 1993) including squirrels (Randolph & Craine,

1995). This was exacerbated by the low efficiency of

transstadial maintenance of infection from larvae to

nymphs, similar to that observed by Monin, Gern &

Aeschlimann (1989), so that questing nymphs were

no more highly infected than were questing larvae

(ca. 0±5–2% for both stages), but questing adults

were significantly more highly infected (11–22%).

Whatever contribution rodents may be making to

transmission cycles of B. burgdorferi here, their very

low population density and the tiny fraction of the

exclusively larval tick population that they feed

cannot account for this pattern. Furthermore, if the

low infection prevalence in questing nymphs were

due not to poor transstadial maintenance of infection,

but rather to large numbers of larvae feeding on

other unidentified vertebrates that were unable to

amplify B. burgdorferi infection in these feeding

larvae, such hosts could not contribute to the

maintenance of B. burgdorferi cycles.

Secondly, infection of nymphs feeding on sheep

was recorded only in May and September, when

sheep were heavily infested with ticks. This is

distinct from seasonal variation in infectivity of wild

rodent populations to ticks, which is attributed to

seasonal variation in both age structure of the host

population and exposure of these short-lived hosts to

infective ticks (Mather et al. 1989; Humair et al.

1993; Talleklint, Jaenson & Mather, 1993). In this

study, ewes, which had been exposed to tick-borne

infections for at least 4 years on this site, and 1-

month-old lambs were equally infective to feeding

nymphs.

Both these unusual facets of B. burgdorferi trans-

mission suggest that sheep do not develop systemic

infections. If they did, they would be expected to

transmit infections equally to all tick stages which

feed on them at any time of the year. This raises the

possibility that feeding nymphs were infected via an

alternative transmission route now recognized for an

increasing range of tick-borne infections, including

Lyme disease spirochaetes : uninfected ticks may

acquire a non-systemic infection, one that is limited

to those parts of the host’s body where ticks are

feeding, by co-feeding in time or space with infected

ticks (Jones et al. 1987; Gern & Rais, 1996;

Randolph, Gern & Nuttall, 1996).

The spatial and temporal pattern of infection

resulting from the transmission experiments reveals

that adult ticks are indeed capable of transmitting B.

burgdorferi to co-feeding nymphs via sheep. Only

those nymphs that fed at the skin site where an

infected adult tick had recently fed became infected;

nymphs feeding previously at this site, or at any time

on an adjacent separated (by at least 9 cm) region of

skin, remained uninfected, demonstrating that at no

stage was the sheep systemically infected. It appears

therefore, that the infected adult tick was capable of

inducing an infection in the skin, local to its feeding

lesion, from which subsequently feeding nymphs

could acquire infection. Statistically less likely is the

possibility that 1 of the 5 infected nymphs was the

source of infection for the other 4 feeding nymphs;

even if this did occur, transmission was clearly non-

systemic. Although these results come from a single

replicate (due to logistical difficulties), the stat-

istically significant results from the large number of

ticks and the corresponding field data, demonstrate

unequivocally that sheep support transmission of a

non-systemic infection between co-feeding ticks. A

similar phenomenon has been demonstrated in the

laboratory, showing that B. burgdorferi can be

transmitted between ticks co-feeding on laboratory

mice before the establishment of a systemic infection

(Gern & Rais, 1996). Furthermore, the detection of

B. burgdorferi infection in the skin of wild Japanese

Sika deer only where clusters of nymphal I.

persulcatus ticks were feeding, and the much higher

infection prevalence in these feeding ticks (81%)

than in unfed questing ticks (16%) (Kimura et al.

1995), is consistent with amplification of infection by

localized transmission to co-feeding ticks. The

pattern of transmission involving sheep is, however,

unusual, but can be partly explained by the immune

response of vertebrates to B. burgdorferi.

The presence of host serum antibodies to certain

Borrelia antigens significantly reduces transmission

efficiency both to and from ticks (Fikrig et al. 1990;

Schaible et al. 1993; Gern, Schaible & Simon, 1993;

Gern et al. 1994; Kurtenbach et al. 1994). Not

surprisingly, all 4 ewes used in the transmission

studies were immune to B. burgdorferi (Ogden,

http://journals.cambridge.org


http://journals.cambridge.org Downloaded: 11 Jun 2009 IP address: 163.1.203.218

Sheep maintain Lyme borreliosis cycles 597

1995), and sera from 86% of 43 sheep (including

lambs) sampled from March to October showed

responses to 18–34 kDa B. burgdorferi-specific

proteins (ibid ), while some of these sheep transmitted

infection to nymphs during May and September.

Infection was therefore not eliminated from ticks

feeding on these immune sheep, as can occur in mice

(Fikrig et al. 1992). The presence of specific

immunoglobulins (Lovrich et al. 1993) might never-

theless explain the absence of systemic B. burgdorferi

infection in sheep. The mechanism by which

immune sheep support localized non-systemic trans-

mission in ticks is unknown, but may involve the

immunomodulatory properties of tick saliva (Titus

& Ribeiro, 1990). Such modulatory effects, pre-

sumably evolved to facilitate blood-feeding, enhance

the efficiency of transmission of arboviruses (Jones et

al. 1992; Labuda et al. 1993), even via an immune

host (Labuda et al. 1997).

If local and transient immunosuppression induced

by tick saliva enables immune sheep to support non-

systemic transmission to ticks, the greater

amplification at the nymphal, rather than the larval,

feeding stage can be explained by the partially

overlapping spatial separation of ticks on sheep;

successive stages are concentrated on increasingly

high parts of the body and head, with 55% of

nymphs, but only 10% of larvae, feeding alongside

adults (Ogden, Hails & Nuttall, 1997). Within these

body regions, ticks of each stage habitually attach at

sites where the hair is short or sparse, resulting in

highly aggregated spatial distributions. The key ro# le
of tick saliva-induced immunomodulation of the

feeding lesion in B. burgdorferi transmission, par-

ticularly if dose dependent, would also explain the

field observation that infection of nymphs occurred

only during periods of peak tick infestation on sheep,

when the frequency of tick bites is maximal and the

spatial separation of co-feeding ticks is minimal.

The addition of a bacterium to the wide range of

viruses now known to be transmissable between co-

feeding ticks in the absence of a systemic host

infection, indicates that such a transmission mech-

anism may occur more frequently in nature than

hitherto suspected (Randolph et al. 1996). The data

presented here demonstrate that non-systemic trans-

mission does indeed occur naturally in the wild and

has a very significant epidemiological effect, namely

the maintenance of Lyme borreliosis cycles in

habitats dominated by sheep.
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