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SUMMARY

Analysis of the transmission dynamics of Cowdria ruminantium, the tick-borne rickettsial agent

of heartwater in ruminants, requires accurate measures of infection in vector populations. To

obtain these, Amblyomma hebraeum ticks were collected at two heartwater-endemic locations in

the lowveld and highveld regions of Zimbabwe and assessed for C. ruminantium infection with

specific polymerase chain reaction (PCR) and DNA probe detection assays. At the lowveld site,

11±2% (50}446) of adult ticks and 8±5% (23}271) of nymphs carried C. ruminantium, as

detected by PCR. At the highveld site, the prevalence of infection in adult ticks was 10±2%

(40}392). DNA probe analysis revealed that most infections at both sites were of low intensity ;

only 9% and 23% of all nymph and adult tick infections, respectively, were greater than 70000

organisms, the detection limit of the DNA probe. However, the majority (70%) of probe-

detectable adult tick infections were high, between 10( and 10* organisms}tick, while those

within nymphs were lower, between 10& and 10' organisms}tick.

INTRODUCTION

Cowdria ruminantium is an intracellular tick-borne

rickettsia causing heartwater (cowdriosis) in domestic

and wild ruminants [1–5]. It is transmitted by members

of the tick genus Amblyomma, principally A. hebraeum

in southern Africa and A. variegatum throughout

much of the rest of sub-Saharan Africa and on several

islands in the Caribbean [6]. Heartwater is a key

economic constraint to livestock productivity in the

tropics [7, 8].

Current control of heartwater relies on intensive

acaricide treatment of animals, which is cumbersome

* Author for correspondence.

and costly. The development of new control strategies

requires knowledge of the disease epidemiology which

has been previously limited by the lack of reliable tests

to detect infection in hosts and vectors. In particular,

the development of population based control

strategies through the use of transmission dynamics

models requires field data on the prevalence and

intensity of infection in both the adult and nymph

instars of the vectors. Previous studies of C.

ruminantium prevalence in Amblyomma spp. have

utilized xenodiagnosis by feeding of ticks or by

inoculation of homogenized tick material into sus-

ceptible small ruminants or mice. These have yielded

prevalence estimates in the range of 0±2–4% in adult
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A. variegatum on the Caribbean island of Guadeloupe

[9, 10], 1±1–1±2% in adult A. variegatum in Senegal

[11, 12], and 0–45% in adults and 0–14% in nymphs

of A. hebraeum from heartwater-endemic areas of

South Africa and Zimbabwe [13–16]. The accuracy of

these estimates is, however, uncertain because the

reliability of xenodiagnostic tests has not been

evaluated, small sample sizes were used and, in most

cases, the ticks analysed had been feeding on animals

for unknown periods of time. These ticks may have

acquired or lost infection during feeding and were

unlikely to have been representative of the host-

seeking tick population. Better estimates of infection

prevalence, as well as information on the intensity of

infection in field vectors, for which no data are

presently available, would substantially improve the

accuracy of transmission dynamics models of C.

ruminantium infection.

Highly sensitive and specific DNA-based detection

assays have recently been developed and used to

detect C. ruminantium in experimentally infected ticks

[17–22]. Here we describe the application of these

improved diagnostic tests to gain better estimates of

the prevalence and intensity of C. ruminantium

infection in field Amblyomma tick populations from

heartwater-endemic regions of Zimbabwe.

MATERIALS AND METHODS

Study sites

Field collections of A. hebraeum ticks were undertaken

on two heartwater-endemic large-scale cattle farms,

located within the two main agro-ecological zones of

Zimbabwe, highveld and lowveld [23, 24].

Lowveld site

This farm (20° 17« S, 30° 11« E; 840 m) lies within

Natural Region IVb of the southern lowveld of

Zimbabwe, which is characterized as a semi-arid,

semi-intensive farming region with low and unreliable

total rainfall (450–650 mm) [23]. Vegetation on the

farm was mainly mopani (Colophospermum mopani)

woodland on sandy soils. A herd of 1500 cross-bred

cattle (Bos indicus¬Bos taurus) consisting of approx.

350 calves, 800 sub-adults and 350 breeding cows,

grazed freely in rotation through paddocks over a

total area of 9900 ha. The cattle shared pasture with a

breeding herd of approx. 200 Boer breed domestic

goats, as well as a large number of wildlife species.

Many of these were hosts of A. hebraeum, including

bushbuck (Tragephalus scriptus ; approx. 100), duiker

(Cephalophus spp. ; 250), impala (Aepyceros

melampus ; 500), kudu (Tragephalus strepsiceros ; 300),

steenbok (Raphicerus campestris ; 100), warthog

(Phacochoerus aethiopicus ; 100) and numerous feral,

lagomorph and avian hosts [25–27]. Tick control had

been strategic for over 10 years and was limited to

domestic stock which were spot-treated with a

synthetic pyrethroid}amidine acaricidal spray at

approx. 3 to 4 week intervals. Mortality due to

heartwater in the cattle was rare (less than 1% per

annum), despite high levels of A. hebraeum tick

infestation (unpublished data). This suggested that

endemic stability existed, i.e. low morbidity and

mortality due to high infection pressure and conse-

quent early infection during the periods of innate and

maternally derived immunity [28].

Highveld site

This farm (18° 47« S, 30° 40« E; 1350 m) is situated in

Natural Region IIIb on the central highveld plateau

of Zimbabwe, an intensive crop and livestock pro-

ducing region receiving 750–1000 mm of reliable

rainfall per annum. Vegetation consisted of mainly

Acacia and Combretum woodlands on clay soils, with

grassland areas. A cross-bred cattle herd of 260

breeding cows, approx. 500 sub-adults and 200 calves

were rotated through paddocks on 2000 ha. A

breeding herd of approx. 100 cross-bred domestic

goats grazed on one of the paddocks. Small herds of

kudu, impala, duiker and warthog shared the

paddocks with the cattle, in much lower abundance

than on the lowveld site. Feral, lagomorph and avian

tick hosts were common. Low intensity tick control

had been practiced for 5 years and was restricted to

occasional spot treatment of cattle with a synthetic

pyrethroid spray. Ticks were not controlled on the

goats and wildlife. Heartwater mortality was rare

despite the high A. hebraeum tick levels (unpublished

data), and endemic stability was considered to exist.

Tick collections

Tick collections were performed using sentinel cattle.

Ten adult cows were randomly selected from herds

maintained on each ranch and all adult A. hebraeum

ticks were manually removed from these animals and

discarded. Thereafter, all newly attached A. hebraeum

adult male and female ticks were collected daily from

the 10 cattle, between 6 and 8 am. Collected adult
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ticks were placed at 4 °C immediately after collection

and stored for 3–14 days before analysis.

To collect nymphs, engorged larvae were detached

daily from the cattle. The engorged larvae were kept

at ambient temperature and relative humidity, and

allowed to moult into the nymphal stage. Nymphs

were identified as A. hebraeum and analysed within 1

month of moult.

Tick collections were conducted between February

and May, 1996 at the lowveld site and from July to

September, 1996 at the highveld site. At the lowveld

site 526 adult ticks and 362 engorged larvae were

collected. At the highveld site, 462 adult ticks and 298

engorged larvae were collected.

Isolation of C. ruminantium in culture

To confirm C. ruminantium infection in the study tick

populations, 60 adult ticks (30 males and 30 females)

from each site were fed on heartwater-naive sheep

which were monitored for clinical signs of heartwater.

Autopsies and brain smear examinations [29] were

performed on sheep that died to determine the cause

of death. Attempts were made to isolate C.

ruminantium in bovine endothelial cell culture [30, 31]

from plasma collected between the second and fourth

days of the febrile reaction (rectal temperature"
40.5 °C). To confirm the identity of isolated agents,

supernatant (2 ml) from a heavily infected (4­)

culture of each isolate was inoculated intravenously

into heartwater-naive sheep and C. ruminantium

infection was confirmed by examination of brain

smears prepared from biopsies [32] taken between the

second and third day of the febrile reaction, or post

mortem. Additionally, DNA of organisms harvested

from infected cultures was analysed with the PCR and

DNA probe assays, as described below, to further

confirm C. ruminantium identity.

Prevalence and intensity of infections in ticks

Collected ticks were individually dissected and tested

with specific polymerase chain reaction (PCR) and

DNA probe assays based on the pCS20 DNA

sequence of C. ruminantium [17–22]. The PCR assay,

which is highly sensitive (detection limit : approx. 200

organisms per tick) but non-quantitative was used to

estimate infection prevalence. The less sensitive and

semi-quantitative DNA probe assay (detection limit :

approx. 70000 organisms) was used to estimate the

intensity of infection in each tick.

PCR analysis

DNA was extracted from the combined internal

organs of each tick using QIA-amp DNA extraction

tissue kits (Qiagen, Germany). Five microlitres (5%)

of each adult tick DNA sample and 20 µl (20%) of

each nymph sample were utilized as template in 50 µl

PCR assays. The PCR assay was based on the primers

AB 128 (5«-ACTAGTAGAAATTGCACAATCTAT-

3«) and AB 129 (5«-TGATAACTTGGTGCGGGAA-

ATCCTT-3«), which amplify a 279 bp fragment from

within open reading frame 2 of the 1306 bp pCS20

DNA sequence. Reaction conditions for adult tick

PCRs were as described previously [22], except that

the primer concentrations were set at 0.3 µ each and

the MgCl
#

concentration was 2.0 m. For nymph

PCRs, the concentrations were 0.5 µ and 2.0 m,

respectively. Additionally, initial denaturation of

sample DNA for all PCRs was done by incubation of

the reactions for 1 min at 94 °C in the PCR heating

block immediately prior to the first cycle. Controls for

each set of PCRs included negative reagent controls

(no DNA), sample controls containing uninfected

male, female or nymph A. hebraeum tick DNA, and

positive reagent control reactions spiked with 0.1 ng

of C. ruminantium DNA (homologous strain). Forty

microlitres (80%) of each completed PCR were

denatured with 0.4  NaOH, dot-blotted onto nylon

membranes and hybridized with the cloned pCS20

DNA sequence, random-primer labelled (Boehringer–

Mannheim, South Africa) with [$#P]dCTP

(Amersham, UK), as a probe. The hybridized blots

were exposed to X-ray film (Kodak Biomax) for 1–7

days and infection within each tick determined by

visual examination of hybridization signals on ex-

posed films.

DNA probe analysis

Residual DNA from each tick sample was denatured

with 0.4% NaOH, blotted onto nylon membranes

and hybridized with the pCS20 DNA probe as above.

Negative controls on each blot included DNA

extracted from uninfected male, female or nymph A.

hebraeum ticks. To provide a set of positive control

standards, C. ruminantium organisms from bovine

endothelial cell cultures were purified on percoll

gradients and enumerated by staining of an aliquot

with acridine orange [33]. Tenfold dilutions of C.
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ruminantium, 10$–10)}µl, were prepared in phosphate

buffered saline. Ten microlitres of each dilution were

added separately to individual, dissected tick tissue

samples prior to DNA extraction, and these samples

were processed normally. A set of these standards,

containing DNA extracted from 10* to 10% organisms,

were included on each blot. The 10* standard was used

because this represented the upper limit of tick

infection that has previously been observed in ex-

perimental studies [19–22]. The 10% standard was used

because this is approx. tenfold lower than the

detection limit of the DNA probe. Hence, these

standards cover the full range of likely tick infection

intensities that are detectable by DNA probe.

Hybridized blots were exposed to X-ray film for 2–10

days and the level of C. ruminantium infection in each

tick was estimated by comparison of the intensity of

its hybridization with that of the positive standards.

Statistical analysis

Statistical analysis of prevalence of infection in

ticks, by instar and site of collection, was by means of

ordinary logistic regression using SAS Version 6.12

(Proc Logistic, SAS Institute Inc., Cary, NC, USA).

Significance of covariates was assessed by means of

change of deviance of nested models.

RESULTS

Isolation C. ruminantium

Ticks collected at both study sites transmitted C.

ruminantium to the recipient sheep, which developed

clinical signs of heartwater by 15 days after tick

attachment and died after 3–5 days’ febrile reactions.

Cowdria ruminantium infection in both sheep was

confirmed by autopsy and brain smear examination,

and by isolation of the agent from plasma in culture.

The sheep inoculated with infected culture super-

natant from these isolates (Finale and Beatrice [34])

also developed heartwater and were positive for C.

ruminantium infection by brain smears prepared at

biopsy and post-mortem. Both the PCR and DNA

probe assays detected C. ruminantium DNA prepared

from these isolates.

Prevalence and intensity of C. ruminantium in ticks

Lowveld site

A total of 446 adult ticks, 184 males and 262 females,

from the lowveld site were analysed by PCR and

DNA probe (Table 1). The prevalence of infection, by

PCR, in adult males and females was 8±2 and 13±4%,

respectively (P¯ 0.09), yielding a combined preva-

lence of 11±2% (Table 1). The majority (78%) of tick

infections were below the detection limit of the DNA

probe. However, the intensity of infection within the

11 DNA probe-positive ticks was high. Eight ticks

(73%) carried infections of 10(–10* C. ruminantium

(Table 1), and the modal level of infection was 10(

organisms. On the basis of proportion of infections

which were DNA probe positive, infected male ticks

may have had slightly, but non-significantly higher

(P¯ 0±13) burdens of infection than female ticks.

The DNA probe detected infection in 22% of PCR-

positive ticks, i.e. in 40 and 14% of the infected male

and female ticks, respectively.

Two hundred and seventy-one nymphs were avail-

able for analysis after moult. The prevalence of

infection by PCR in nymphs (8±5%, Table 1) was

similar to that of the adult ticks (P¯ 0±24). Only two

ticks (9%) were positive by DNA probe and both

carried infections in the range of 10&–10' organisms.

One of these probe-positive nymphs, bearing 10&

organisms, was negative by PCR.

Highveld site

Three hundred and ninety-two adult ticks from the

highveld site, 237 males and 155 females, were

analysed. Although the overall infection prevalence

by PCR was 10±2% (Table 1), the prevalence in male

ticks (13±1%) was higher (P! 0±01) than in female

ticks (5±8%), though the proportion of infected ticks

carrying DNA probe-detectable infections was similar

in both sexes (25±0 vs. 20±0% respectively ; P¯ 0±44).

The intensity of infection in the DNA probe positive

adult ticks was high, 70% carried 10(–10* organisms.

Two DNA probe positive ticks, one male and one

female, each carrying 10( organisms, were negative by

PCR. Nymphs collected from this site failed to moult

successfully and were not analysed for infection.

Overall

The prevalences of infection within male and female

ticks at the lowveld site and male ticks at the highveld

site were not significantly different (P¯ 0±17), how-

ever, the prevalence of infection in female ticks at the

highveld site was significantly lower (P¯ 0±03).

Nevertheless, when contrasting adult ticks (male ­
female combined) by site, there was no significant

difference in overall prevalence (P¯ 0±64), nor pro-
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Table 1. Prevalence and intensity of Cowdria ruminantium infection in Amblyomma hebraeum ticks collected

in heartwater endemic areas of the lowveld and highveld of Zimbabwe

DNA Intensity of infection (organisms per tick)

PCR probe

Site Instar n %­ve %­ve 10* 10) 10( 10' 10& ! 10&

Lowveld Adult female 262 13±4 1±9 0 0 4 1 0 30

Adult male 184 8±2 2±7 1 2 1 1 1 9

Total adults 446 11±2 2±2 1 2 5 2 1 39

Nymphs 271 8±5 0±7 0 0 0 1 1 21

Highveld Adult female 155 5±8 1±3 0 0 2 0 0 8

Adult male 237 13±1 3±4 1 0 4 3 0 24

Total 392 10±2 2±5 1 0 6 3 0 32

portion of probe-detectable infections (P¯ 0±57) be-

tween the highveld and lowveld.

DISCUSSION

This study presents the first PCR-based estimates of

C. ruminantium prevalence in adult and nymph instars

of A. hebraeum, the major vector of heartwater in

southern Africa. These improve on previous estimates

based on xenodiagnosis through the use of an assay of

known reliability and statistically adequate samples.

Our prevalence estimates for adult ticks fall within the

wide range found for A. hebraeum in heartwater-

endemic regions of Zimbabwe (0–45% [16]) and are

higher than those determined previously for A.

variegatum. Although differences in infection preva-

lence were noted between adult males and females at

both sites, the absolute magnitudes by gender were

reversed, such that the overall adult prevalence and

intensity of infection by site appeared to be virtually

identical. To what the reduced infection prevalence

observed in females from the highveld site can be

attributed is open to speculation but may include

temporal or spatial factors.

The prevalence within nymphs estimated here

(8.5%) is similar to that observed previously (0–14%

[16]) and is high in relation to the adult ticks,

particularly as infections acquired during the larva-

nymph feed are carried through to the adult stage.

This is likely because nymphs were collected as

engorged larvae from cattle which were almost

certainly infected carriers [28]. Free-living nymphs are

likely to have lower infection rates because larvae feed

on a wide range of hosts [25, 27], including those not

susceptible to C. ruminantium. Transovarial trans-

mission of C. ruminantium has not been demonstrated

in A. hebreaum, but has been shown experimentally to

be occur in the closely related A. variegatum [35].

However, its occurrence is rare and, if present in A.

hebraeum, it is unlikely to have contributed signifi-

cantly to infection within the ticks.

Both sites supported multiple hosts for A. hebraeum,

domestic and wild, which may have been sources of C.

ruminantium infection. Cattle were probably a domi-

nant source, due to their greater abundance and high

tick burdens relative to most wild animals (unpub-

lished observations). Most cattle in endemically stable

areas are sub-clinically but persistently infected [28]

and infection in the collected ticks is likely to reflect

carrier infectivity. The relative contribution of wildlife

is difficult to assess as immature A. hebraeum feed on

a range of wildlife, including rodents, reptiles, birds,

lagomorphs, suids and large vertebrate species

[25–27], many of which are not known to be

susceptible to C. ruminantium. Recent comparative

studies of tick infection in an purely wildlife area

suggest that wildlife may be a substantially smaller

reservoir of infection than cattle [36].

This study also provides the first estimates of the

intensity of C. ruminantium infection in field vector

ticks. The majority of infections were below the DNA

probe detection limit, but a few infections contained

large numbers of rickettsia. It is likely that this was the

result of a highly skewed distribution of infection

intensities, but as the intensities of infections below

70000 organisms were not measured, this distribution

cannot be analysed further. The majority (70%) of

adult ticks at both sites that were DNA probe-positive

carried very high levels of infection, similar to those

acquired experimentally on clinically-ill hosts,

typically 10(–10*organisms per tick in 40–100% of

ticks [18–21]. Infection intensities in nymphs were

lower; this is probably due simply to differences in size

between the two instars. Heavy infections with C.
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ruminantium in ticks may have been acquired on the

small proportion of animals in endemic areas under-

going primary infection, or on recovered animals

undergoing a recrudescence of rickettsemia due,

potentially, to super-infection, fluctuations in anti-

genic sub-types or reduced immunity. Alternatively,

heterogeneity of infection intensity may be a feature

of ticks fed simultaneously on carriers. The impli-

cations of these aspects to heartwater epidemiology

have not been determined, although sequelae of

infection may be, at least to some extent, determined

by the dose of infection, such that the severity of

morbidity and proportional mortality increase with

size of dose. This effect has been shown to be

important for understanding epidemiological patterns

[28]. Further studies are needed to quantify the

dose}disease severity relationship and its role in

determining the transmission dynamics of C.

ruminantium.

PCR has been used previously to detect natural

infections of pathogens in tick and insect vectors

[37–39]. Disadvantages of the use of PCR on

haematophagous vectors include the risk of detecting

non-viable organisms residual from previous blood-

meals or aborted infections. This was unlikely here as

A. hebraeum takes a single bloodmeal between moults

and organisms that fail to establish infection are

probably digested during moult. The frequency of

PCR-negative, probe-positive samples in this study

was low, but not unexpected given the less that 100%

reliability of these assays [22].

The use of sentinel cattle for tick collections, while

laborious, was necessary because initial attempts to

collect free-living stages of ticks with pheromone traps

[40] were unsuccessful. However, this method pro-

vided epidemiologically relevant specimens, i.e. those

ticks that have successfully attached to hosts. The

acquisition of detectable infections by ticks from the

sentinel animals was improbable due to the low

rickettsemia of carrier cattle (which predominate in

endemic areas) and short period of attachment

(0–24 h) prior to collection. The storage of the ticks at

4 °C immediately after collection would have further

restricted multiplication of recently ingested

organisms to detectable levels. It is also unlikely that

the ticks discharged their entire infections during their

short attachment to the sentinel hosts as A. hebraeum

ticks maintain infection with C. ruminantium over

several days of feeding [41].

Accurate estimates of tick infection prevalence are

essential in the development and validation of models

of heartwater disease transmission dynamics [28].

These models can be used to evaluate the effectiveness

of different disease control strategies, such as vac-

cination and acaricide treatment, and assist in the

formulation of cost-effective control programmes

[42, 43]. This study demonstrates that the PCR assay

is an effective tool for determining C. ruminantium

infection prevalence. Future use of this assay should

focus on its application to different Amblyomma

species and in different ecological, geographic and

livestock management systems.

ACKNOWLEDGEMENTS

This study was supported by grant no. LAG-1328-G-

00-3030-00 awarded to the University of Florida by

the United States Agency for International Devel-

opment. We thank Ian and Marguerite Swannack of

Finale Farm, and Boetie and Hendrik O’Neill of

Vlakfontain Estates, Zimbabwe for allowing us to

conduct these studies on their farms. We are grateful

for the technical assistance provided by Gillian Smith,

Fidelis Mugove and Lameck Chakarungama.

REFERENCES

1. Cowdry EV. Studies on the etiology of heartwater. I.

Observation of a rickettsia, Rickettsia ruminantium

(n.sp.), in the tissues of infected animals. J Exp Med

1925; 42 : 253–74.

2. Cowdry EV. Studies on the etiology of heartwater II

Rickettsia ruminantium (n.sp.) in the tissues of ticks

transmitting the disease. J Exp Med 1925; 42 : 231–45.

3. Camus E, Barre N, Martinez D, Uilenberg G. Heart-

water (cowdriosis). A review, 2nd ed. Paris : Office

International des Epizooties, 1996.

4. Dardiri AHL, Logan LL, Mebus CA. Susceptibility of

white-tailed deer to experimental heartwater infections.

J Wildl Dis 1987; 23 : 123–9.

5. Peter TF, Anderson EC, Burridge MJ, Mahan SM.

Demonstration of a carrier state for Cowdria

ruminantium wild ruminants from Africa. J Wildl Dis

1998; 34 : 567–75.

6. Walker JB, Olwage A. The tick vectors of Cowdria

ruminantium (Ixodoidea, Ixodidae, Genus Amblyomma)

and their distribution. Onderst J Vet Res 1987; 54 :

353–79.

7. Meltzer MI, Perry BD, Donachie PL. Mortality

percentages related to heartwater and the economic

impact of heartwater disease on large scale commercial

farms in Zimbabwe. Prev Vet Med 1996; 2 : 187–99.

8. Mukhebi AW, Chamboko T, O’Callaghan, et al. An

assessment of the economic impact of Heartwater

https://doi.org/10.1017/S0950268899002861 Published online by Cambridge University Press

https://doi.org/10.1017/S0950268899002861


315Prevalence of Cowdria in A. hebraeum

(Cowdria rumiantium infection) and its control in

Zimbabwe. Prev Vet Med 1999; 39 : 173–89.

9. Camus E, Barre N. Epidemiology of heartwater in

Guadeloupe and in the Caribbean. Onderst J Vet Res

1987; 54 : 419–26.

10. Camus E, Barre N. The role of Amblyomma variegatum

in the transmission of heartwater with special reference

to Guadeloupe. In: Williams JC, Kocan KM, Gibbs

EPJ, eds. Tropical veterinary medicine: current issues

and perspectives. Annals NY Acad Sci 1992; 653 :

33–41.

11. Gueye KL, Mbengue M, Dieye T, Diouf A, Seye M,

Seye MF. Cowdriosis in Senegal : some epidemiologic

aspects. Rev Elev Med Vet Pays Trop 1993; 46 :

217–21.

12. Gueye KL, Mbengue M, Diouf A. Epidemiologie de la

cowdriose au Senegal. I. Etude de la transmission et du

taux d’infection d’Amblyomma variegatum (Fabricious,

1947) dans la region des Niayes. Rev Elev Med Vet Pays

Trop 1993; 46 : 441–7.

13. Du Plessis JL. A method for determining the Cowdria

ruminantium infection rate of Amblyomma hebraeum :

effects in mice injected with tick homogenates. Onderst

J Vet Res 1985; 52 : 55–61.

14. Du Plessis JL, Malan L. Problems with the interpret-

ation of epidemiological data in heartwater : a study on

23 farms. Onderst J Vet Res 1987; 54 : 427–33.

15. Du Plessis JL, Loock PJ, Ludemann CJF. Adult

Amblyomma hebraeum burdens and heartwater endemic

stability in cattle. Onderst J Vet Res 1992; 59 : 75–89.

16. Norval, RAI. Andrew HR, Yunker CE. Infection rates

with Cowdria ruminantium of nymphs and adults of the

bont tick Amblyomma hebraeum collected in the field in

Zimbabwe. Vet Parasitol 1990; 36 : 277–83.

17. Waghela SD, Rurangirwa FR, Mahan SM, et al. A

cloned DNA probe identifies Cowdria ruminantium in

Amblyomma variegatum ticks. J Clin Microbiol 1991;

29 : 2571–7.

18. Mahan SM, Waghela SD, McGuire TC, Rurangirwa

FR, Wassink LA, Barbet AF. A cloned DNA probe for

Cowdria ruminantium hybridizes with eight heartwater

strains and detects infected sheep. J Clin Microbiol

1992; 30 : 981–6.

19. Mahan SM, Tebele N, Mukwedeya D, et al. An

immunoblotting assay for heartwater based on the

immunodominant 32-kilodalton protein of Cowdria

ruminantium detects false positives in field sera. J Clin

Microbiol 1993; 31 : 2729–37.

20. Mahan SM, Peter TF, Semu SM, Simbi BH, Norval

RAI, Barbet AF. Laboratory reared Amblyomma

hebraeum and A. variegatum differ in their susceptibility

to infection with Cowdria ruminantium. Epidemiol

Infect 1995; 115 : 345–53.

21. Yunker CE, Mahan SM, Waghela SD, et al. Detection

of Cowdria ruminantium by means of a DNA probe,

pCS20, in infected bont ticks, Amblyomma hebraeum,

the major vector of heartwater in Southern Africa.

Epidemiol Infect 1993; 110 : 95–104.

22. Peter TF, Deem, SL, Simbi BH, et al. Development and

evaluation of PCR assay for detection of low levels of

Cowdria ruminantium infection in Amblyomma ticks not

detected by DNA probe. J Clin Microbiol 1995; 33 :

166–72.

23. Vincent V, Thomas RG. An agricultural survey of

Southern Rhodesia. Part I. Agro-ecological survey.

Salisbury: Federation of Rhodesia and Nyasaland,

1961.

24. Peter TF, Perry BD, O’Callaghan CJ, et al. The

distribution of heartwater in the highveld of Zimbabwe:

1980–1997. Onderst J Vet Res 1998; 65 : 177–87.

25. Norval RAI. Ticks of Zimbabwe. VII. The genus

Amblyomma. Zimb Vet J 1983; 14 : 3–18.

26. Horak I G, Potgieter FT, Walker JB, de Vos V,

Boomker J. The ixodid tick burdens of various large

ruminant species in South African nature reserves.

Onderst J Vet Res 1983; 50 : 221–8.

27. Horak IG, MacIvor KMF, Petney TN, de Vos V. Some

avian and mammalian hosts of Amblyomma hebraeum

and Amblyomma marmoreum. Onderst J Vet Res 1987;

54 : 397–403.

28. O’Callaghan CJ, Medley GF, Peter TF, Perry BD.

Investigating the epidemiology of heartwater (Cowdria

ruminantium infection) by means of a transmission

dynamic model. Parasitol 1998; 117 : 49–61.

29. Purchase HS. A simple and rapid method for dem-

onstrating Rickettsia ruminantium (Cowdry, 1925) in

heartwater brains. Vet Rec 1945; 57 : 413–4.

30. Byrom B, Yunker CE. Improved culture conditions for

Cowdria ruminantium (Rickettsiales), the agent of

heartwater disease of domestic ruminants. Cytotechnol

1990; 4 : 285–90.

31. Byrom B, Yunker CE, Donovan PL, Smith GE. In vitro

isolation of Cowdria ruminantium from plasma of

infected ruminants. Vet Microbiol 1991; 26 : 263–68.

32. Synge BA. Brain biopsy for diagnosis of heartwater.

Trop Anim Hlth Prod 1978; 10 : 45–8.

33. Mahan SM, Smith GE, Byrom B. Concanavalin A-

stimulated bovine T-cell supernatants inhibit growth of

Cowdria ruminantium in vitro. Infect Immun 1994; 62 :

747–50.

34. Smith GE, Anderson EC, Burridge MJ, Peter TF,

Mahan SM. Growth of Cowdria ruminantium in tissue

culture endothelial cell lines from wild African

mammals. J Wildlife Dis 1988; 32 : 297–304.

35. Bezuidenhout, JD, Jacobsz, GJ. Proof of transovarial

transmission of Cowdria ruminantium by Amblyomma

variegatum. Ondert J Vet Res 1986; 53 : 31–4.

36. Peter TF, Bryson NJ, Perry BD, et al. Cowdria

ruminantium infection in an African wildlife reserve. Vet

Rec 1999. In press.

37. Persing DH, Telford SR, Spielman A, Barthold SW.

Detection of Borrelia burgdorferi infection in Ixodes

dammini ticks with the polymerase chain reaction. J

Clin Microbiol 1990; 28 : 566–72.

38. Woolhouse MEJ, McNamara JJ, Hargrove JW, Bealby

KA. Distribution and abundance of trypanosome

(subgenus Nannomonas) infections of the tsetse fly

Glossina pallidipes in southern Africa. Molec Ecol 1996;

5 : 11–8.

39. Alekseev AN, Dubinina HV, Antykova LP, et al. Tick-

https://doi.org/10.1017/S0950268899002861 Published online by Cambridge University Press

https://doi.org/10.1017/S0950268899002861


316 T. F. Peter and others

borne borreliosis pathogen identification in Ixodes ticks

(Acarina, Ixodidae) collected in St. Petersburg and

Kaliningrad Baltic regions of Russia. J Med Entomol

1998; 35 : 136–42.

40. Norval RAI, Butler JF, Yunker CE. Use of carbon

dioxide and natural or synthetic aggregation-attach-

ment pheromone of the bont tick, Amblyomma

hebraeum, to trap unfed adults in the field. Exp Appl

Acarol 1989; 7 : 171–80.

41. Kocan KM, Norval RAI, Donovan PL. Development

and transmission of Cowdria ruminantium by

Amblyomma males transferred from infected to sus-

ceptible sheep. Rev Elev Med Vet Pays Trop 1993; 46 :

183–8.

42. Perry B, Chamboko T, Mahan S, et al. A study of the

effects of heartwater and its control on livestock

productivity and economics in Zimbabwe. Epidemiol

Sante Anim 1997; 31–32 : 10.03.

43. O’Callaghan CJ, Medley GF, Peter TF, Mahan SM,

Perry BD. Predicting the effect of vaccination on the

transmission dynamics of heartwater (Cowdria ruminan-

tium) infection. Prev Vet Med 1999. In press.

https://doi.org/10.1017/S0950268899002861 Published online by Cambridge University Press

https://doi.org/10.1017/S0950268899002861

