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ABSTRACT 

SMITH, J.S., YAGER, P.A. & ORCIARI, L.A. 1993. Rabies in wild and domestic carnivores of Africa: 
epidemiological and historical associations determined by limited sequence analysis. Onderstepoort 
Journal of Veterinary Research, 60:307-314 

Virus isolates from three important reservoirs for rabies in Africa (domestic dogs, jackals and yellow 
mongooses) were compared by their reaction with a panel of monoclonal antibodies directed to the 
nucleocapsid protein and by the nucleotide sequence of a 200 base pair segment of the nucleocapsid 
gene. Although antigenically dissimilar, the variants commonly transmitted in dogs and jackals were 
very closely related by genetic analysis. Phylogenetic analysis and historical accounts support a common 
lineage for these variants in both past and present reservoirs for rabies in Europe. Two additional 
variants, distinct from the dog or jackal variant, were found in yellow mongoose samples and nucleotide 
sequence from these animals showed more divergence than any other group of samples. These variants 
and a third variant for which no host species could be identified, were shown to form two additional 
genetic groups only distantly related to each other. These three variants and a previously identified 
variant in Nigeria may be indigenous to African carnivores. 

INTRODUCTION 

Case surveillance and antigenic typing of virus iso
lates portray rabies as a disease maintained in na
ture as several distinct variants, each circulating in 
a particular animal reservoir or geographic area. 
These distinctions are useful markers of epidemio
logically separate events, but analyses of this type 
tell us little of how these different variants arose or 
how a particular variant came to be associated with 
a particular ecological niche. Recent developments 
in molecular biology now permit an investigation of 
the origin of different outbreaks. Distinctive patterns 
of nucleotide substitution can be identified by direct 
sequencing of amplified genomic material from the 
polymerase chain reaction (PCR), and computer al-

gorithms, originally developed for phylogenetic stud
ies, can be used to determine epidemiological asso
ciations, and in some instances, historic relationships 
between outbreaks. 

In this report, we present an antigenic and genetic 
analysis of rabies samples from South Africa in the 
context of rabies variants found in other areas of the 
world where rabies is enzootic in domestic and wild 
carnivores. 

MATERIALS AND METHODS 

The panel of nucleocapsid (N) protein specific mono
clonal antibodies (Mab-N) and the procedure used 
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for analyzing virus samples is as described in Smith, 
Yager, Bigler & Hartwig (1990). With the exception 
of Mab-N T, all antibodies were prepared at the Cen
ters for Disease Control from one spleen fusion from 
a mouse immunized with ERA rabies virus. Mab-N 
Twas prepared by Dr L. Schneider, Tubingen using 
a street rabies virus as immunogen. 

The procedures for RNA extraction from virus sam
ples, reverse transcription of the RNA, amplification 
of eDNA by PCR, and direct sequencing of the PCR 
product is as described in Smith, Orciari, Yager, Sei
del & Warner (1992}. Reverse transcription of the 
nucleoprotein (N) gene was accomplished by exten
sion of an oligonucleotide primer derived from se
quence including the initial methionine codon of the 
N protein. The primer pair for PCR included this oli
gonucleotide and an oligonucleotide derived from se
quence including the initial methionine codon of the 
phosphoprotein NS. The PCR product excised from 
an agarose gel was sequenced directly using the NS 
primer. Sequence including 200 bp of the carboxy 
terminus of the N protein was used for comparative 
analysis of all virus samples. 

Initial analysis and alignment of the multiple nucleic 
and amino acid sequences obtained from this region 
of the N protein were done using computer algo
rithms in the PileUp and Distances Programs in the 
Sequence Analysis Software Package, Version 7 
(GCG, Madison, WI). Phylogenetic analysis of sam
ples was performed by the method of maximum 
likelihood analysis (Phylip, Version 3.4, J. Felsen
stein, University of Wisconsin). Designation of ge
netic groups follows the format of previous studies 
(Fig. 1 ). 

RESULTS AND DISCUSSION 

Fig. 2 depicts the results of antigenic typing of 95 ra
bies virus samples collected in 13 African countries. 
Five reaction patterns were identified and associated 
with the major vector species for rabies in Africa (do
mestic dog, Canis familiaris; black-backed jackal, 
Canis mesomelas; and yellow mongoose, Cynictis 
penicillata). 

Reaction patterns 1 and 2 (dog and jackal rabies) 

With one exception (a dog sample from Zimbabwe), 
all samples from dogs or other domestic animals and 
humans bitten by rabid dogs could be identified by 
reaction patterns 1 or 2 (Fig. 2) . 

Isolates identified by reaction pattern 1 originated in 
areas of uncontrolled or poorly controlled rabies in 
domestic dogs and were widely distributed in Africa 
(Fig. 3) . This variant was also identified in all eight 
African human rabies cases in this study (two from 
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FIG. 1 Analysis and alignment of the multiple nucleic acid se
quences obtained using computer algorithms in the PileUp 
and Distances Programs of the GCG genetic analysis soft
ware. The horizontal branch lengths are proportional to the 
similarity of sequences within and between clusters. Verti
cal lines are for clarity of presentation only. The numerical 
values for sequence divergence between pairs of samples 
were used to arbitrarily divide the sample clusters in the 
dendrogram into three categories. The first category con
sists of clusters of the most closely related samples. 
Members of these clusters differ from one another by< 5 % 
and, in general, were field samples collected from the 
same outbreak area. The second major category consists 
of joined clusters that differ from each other by < 1 0%. 
Clusters of samples joined at this level tend to be related 
by historical, political, and cultural connections as well as 
by geographic proximity. Each node within this category 
was given an alpha-numeric designation so that the sub
groups of samples could be more easily identified in the 
text. The third category consists of joined subgroups that 
differ from each other by 10% or more. Subgroups of 
samples joined at this level were considered to be only 
distantly related. Each node in this category was desig
nated by a Roman numeral and this designation was used 
to show the geographic origin of these samples in Fig. 5 



ANTIGENIC VARIANTS 

AFRICA 

DOGS AND HUMANS BITTEN BY DOGS 

JACKALS 

YELLOW MONGOOSE 

OTHER ANIMALS 

REACTION PATTERN 

2 3 4 5 

~~2 ~~~ 14 1 0 0 

0 2 1 0 

36 1 1 4 

Number of Isolates Tested 

FIG. 2 Reaction pattern of 95 African rabies samples in an in
direct immunofluorescence assay with a panel of 20 MAb
N. Open square, positive reaction; filled squares, negative 
reaction 

FIG. 3 Distribution in Africa of a rabies variant identified by MAb 
reqction pattern 1 in Fig. 2; I, samples identified by genetic 
typing as group I; VI, samples identified by genetic typing 
as group VI 
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Nigeria, one from Kenya, one from Tunisia, one from 
Egypt, and three from Zimbabwe). In previous stud
ies (Smith 1989), this antigenic variant was also 
found in dog rabies areas of Latin America, Asia, 
and eastern Europe. No isolate of this variant was 
made from a wild animal sample in Africa. 

Alignment and comparison of the nt sequence of 11 
samples from this group of antigenically identical iso
lates displays these samples as two separate genetic 
groups (Fig. 4) . One group consisted of the two sam
ples associated with dog rabies in Nigeria. In pre
vious studies (Smith et a/. 1992), these samples 
could not be related to dog rabies samples anywhere 
in the world and were designated as genetic group 
VI (Fig. 1 ). The remaining samples identified by re
action pattern 1 were included in a separate group 
and differed from the Nigerian samples by 10- 16% 
(mean = 13%) (Fig. 4). Based on their approximately 
94% nt homology with the Pasteur strain of rabies 
virus, isolates of this genetic variant were designated 
as genetic group I (Fig. 1). Following the format of 
Fig. 1, samples from Kenya and Tanzania were de
signated as a separate subgroup with in genetic 
group I. 

.... <I= 90% I 91% - 95% I 96% - 100% I 
Nigeria 

VI Nigeria 

KEhm945 
B 

TZgt1558 

Gabon 

Cameroon 

I 
Morocco 

Morocco 

Algeria 

A 
Tunisia 

Tunisia 

PASTEUR 

FIG. 4 Graphical representation of genetic relationships among 
11 dog rabies associated rabies isolates identified by re
action pattern 1 in Fig. 2. KEhm945, isolate from American 
peace corp volunteer bitten by dog in Kenya; TZgt1558, 
isolate from goat bitten by dog in Zanzibar, Tanzania. 
Identification of all other samples is as in Smith et a /. 
1992. The Pasteur strain of rabies virus is included for 
comparison 
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World Distribution of Genetic Variants of Dog Rabies 

FIG. 5 Geographic distribution of unique genetic groups of rabies virus differing from each other by 10% or more as presented in the 
dendrogram in Fig. 1 

Isolates of genetic group I rabies virus are common 
in areas of the world with uncontrolled or poorly con
trolled dog rabies (Fig. 5). These countries share a 
heritage of European colonization that often included 
outbreaks of rabies in dogs owned by European set
tlers (Smith eta/. 1992), suggesting that the broad 
distribution of genetic group I viruses is the result of 
transport of rabies from Europe to other continents. 
The dog rabies associated variant in genetic group 
VI (Nigeria), did not share this lineage and may re
present a virus indigenous to Africa. 

A variant characterized by reaction pattern 2 was 
found in 14 of 15 samples from jackals (Fig. 2) and 
was the predominant variant found in areas of south
ern Africa where the jackal is thought to be the major 
vector for rabies (Fig. 6). This variant was also com
mon in samples from dogs and other domestic ani
mals in southern Africa but was found in only six 
samples from wild species other than the black-back
ed jackal (one water mongoose, Atilax paludinosus; 
two kudu, Tragelaphus strepsiceros; two bat-eared 
foxes, Otocyon mega/otis; one honey badger, Mel
livora capensis) . 

The nt sequences of rabies samples displaying reac
tion pattern 2 were very closely related (Fig. 7) . Sam
ples from jackals in South Africa differed by < 1 % 
from samples from areas of Namibia and Zimbabwe 
enzootic for rabies in jackals. Samples from the bat
eared fox and water mongoose showed only a 
slightly greater divergence (2,5 %) from each other 
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FIG. 6 Distribution in southern Africa of a rabies variant identified 
by reaction pattern 2 in Fig. 2; I, samples identified by 
genetic typing as group I 

and from the jackal samples. As a group, the jackal 
rabies associated samples were included within the 
large genetic group I (Fig. 8) which also included the 
dog rabies associated variant identified by antigenic 
typing as reaction pattern 1. The dog rabies samples 
most closely related to the jackal samples were 
found in the subgroup of isolates from Kenya and 
Tanzania (97% homology) . 

As stated earlier, genetic group I includes not only 
dog rabies virus from Africa but also isolates collected 
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FIG. 7 Graphical representation of genetic relationships among 
rabies isolates identified by reaction pattern 2 in Fjg. 2. 
Samples are identified by the country where the sample 
was collected (Sf, South Africa; Zi, Zimbabwe; Sf, Nami
bia), the animal origin (bf, bat-eared fox; wm, water mon
goose; jk. jackal; ku, kudu ; dg, dog), and a numerical de
signation for that sample in the rabies virus repository at 
the Centers for Disease Control 

on other continents in areas enzootic for rabies in 
dogs and economic or cultural ties to Europe. Phy
logenetic analysis of sequence data from this geo
graphically dispersed but genetically related group 
of viruses (Fig. 9) suggest two explanations for the 
placement of African jackal samples in this group. 

1. The legacy in southern Africa of European coloni
zation which included the introduction of dogs in
fected with rabies in Europe (e.g. Hutcheon 1894) 
may have been indirectly responsible for jackal ra
bies. Jackals would have been infected initially 
through contact with rabid dogs with subsequent 
independent maintenance of the variant within the 
jackal population. Similar historical accounts exist 
for the introduction of dog rabies with Europeans 
in the Americas (cited in Smith & Seidel 1993) 
with later transmission to and virus maintenance 
in wild canids such as foxes (Johnson 1945) and 
coyotes (Krebs, Holman, Hines, Strine, Mandel & 
Childs 1992). Additionally, transmission of rabies 
from dogs to foxes has been suggested as the 
source of the rabies outbreak which spread 
throughout western and central Europe after 
World War II (Biancou, Aubert & Artois 1991 ). The 
phylogenetic tree of these samples (Fig. 9) dis
plays samples from jackals on a branch which in 
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FIG. 8 Graphical representation of genetic relationships among 
rabies isolates from dogs (reaction pattern 1 in Fig. 2.) and 
jackals (reaction pattern 2 in Fig .2). Jackal sequence = 
Sfjk1670 

eludes the Pasteur rabies strain and samples from 
dog rabies in Africa and the Caribbean. 

2. The jackal rabies variant is indigenous to Africa 
and related to the global reservoir of dog rabies 
only indirectly. In this explanation, the progenitor 
virus for genetic group I arose in wild canids in 
Europe or Africa, producing a variant with a 
northern range in a reservoir maintained by the 
red fox in Europe, a mid-range in desert foxes of 
the Arabian peninsula and a southern range in 
jackals in South Africa (Fig. 9). Sporadic trans
mission of this wild canid virus to dogs would 
have always occurred but a reservoir in domestic 
dogs would not have arisen until the last few cen
turies as dogs became popular as pets in Europe 
and the dog population had enlarged sufficiently 
to support enzootic transmission . Transport of 
dogs during European exploration and colonial 
expansion would have introduced the variant into 
new areas or reintroduced the variant back into 
areas where it had disappeared from wild ca
nid populations. Isolates of the jackal variant differ 
at several nt positions from dog rabies isolates 
in genetic group I and form a separate subgroup 
of samples with samples from Kenya and Tanzan
ia (Fig . 8 and Fig. 1 0) . Although the distinctive nt 
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FIG. 9 Phylogenetic tree of rabies samples from genetic groups 
I, VI, VIII and IX analyzed by the method of maximum 
likelihood. Branch length is proportional to genetic distance 
between samples 

substitutions characterizing this sub-group could 
have arisen from an independent introduction of dog 
rabies from a different area of Europe into this region 
of Africa, Kenyan natives recognized a rabies-like 
disease in jackals and dogs which predated the ad
vent of Europeans (Hudson 1944) lending support 
to the argument for jackal rabies as indigenous to 
Africa. 

Reconstruction of these events should be possible 
as more sequence data accumulate and historical 
accounts are reinterpreted to account for phyloge
netic observations. Regardless of the original direc
tion in which rabies moved into southern Africa, how
ever, the public health implication of such closely re
lated variants in jackals and dogs remains the same. 
Permanent elimination of rabies in domestic dogs in 
this area will require some measure of rabies control 
in wild canids. 

Reaction patterns 3, 4, and 5 (mongoose rabies?) 

Rabies virus samples from areas of South Africa 
where the yellow mongoose is the most important 
wildlife vector for rabies (Fig. 11) were hetero
geneous in their reaction with the panel of MAb-N 
(reactions patterns 3, 4, and 5 (Fig. 2)) and formed 
two genetic groups differing from each other by 11 % 
and four sub-groups differing from each other by 
6-8% (Fig. 12). Samples identified by reaction pat
tern 4 (ground squirrel1678 and wild cat 1679) were 
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found in genetic group VIII. Samples identified by re
action pattern 3 were in two different subgroups of 
genetic group IX (group IXA and IXB) as were the 
two samples identified by reaction pattern 5 (genetic 
group IXC and IXD). Three samples from Zimbabwe 
not available for genetic analysis (dog, cow, honey 
badger) were also identified by reaction pattern 5. 

Although the two genetic groups were clearly more 
related to each other than to any other group of Afri
can samples, the groups and even the sub-groups 
appear as several lineages (Fig. 9 and Fig. 12). 
With the exception of isolates of genetic group IXA 
which were made within a relatively small geographic 
area, there was no correlation between genetic rela
tedness and sample collection site (Fig. 11), nor was 
there a correlation between a particular animal spe
cies and variant. (For example, the four samples of 
rabies collected from yellow mongooses differed by 
as much as 8% (Fig. 12). 

The amount of genetic diversity within this group of 
samples and within samples from the yellow mon
goose in particular was surprising in light of the small 
geographic area from which the samples originated. 
In previous genetic studies, nt sequence from the 
carboxy terminus of the N protein has shown a high 
degree of homology in samples from the same out
break area or from related outbreaks and remained 
high in samples collected from a given outbreak over 
a long period of time, in samples from non-reservoir 
animals only incidentally involved in the outbreak, 
and in samples variously passaged in cell cu lture or 
in laboratory animals (Smith & Seidel 1993). 

In light of these data, the number of genetically dif
ferent variants identified in the small sample set of 
mongoose and presumably mongoose rabies associ
ated samples in a relatively small geographic area 
indicate multiple independent cycles of virus trans
mission, several distinct reservoirs of disease, and 
an epidemiology much mo.re complicated than that 
surmised from similar data for rabies in jackals or 
dogs in South Africa. 

Sequence divergence of this magnitude may have 
arisen through several mechanisms. Discontinuous 
mongoose populations arising through topographic 
barriers to animal movement (mountain, rivers, etc.) 
or habitat isolation could give rise to different vari
ants while maintaining the appearance of a homo
genous reservoir for rabies. Alternately, the mon
goose could simply be the indicator species for re
servoirs of rabies in other, more reclusive species. 

This latter hypothesis has important implications for 
the design of control measures. Immunization cam
paigns targeted solely on mongooses would reduce 
the number of cases reported to the public health 
community simply because mongoose cases are 
a large percentage of the total wildlife rabies cases 
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FIG. 10 eDNA sequences from the carboxy terminus of the rabies nucleoprotein. The consensus sequence represents the most 
common nucleotide at each position. Sequence identical to the consensus is indicated by-. Non-identical nucleotides are 
identified as A, adenosine; C, cytidine; G, guanosine; T, N, no base could be determined 

FIG. 11 Distribution in South Africa of rabies variant identified as 
genetic groups VIII and IX. 3,03 0, genetic group VIII , 
0; A, genetic group IXA; B, genetic group IXB; C, gene
tic group IXC; D, genetic group IXD 

identified in South Africa; however, if rabies in the 
yellow mongoose is incidental to a reservoir of rabies 
maintained in another or several other species, the 
effect will be short-term. Unless vaccination pro
grams are continued indefinitely, herd immunity will 
eventually wane and new non-immune mongoose 
populations will again be susceptible to infection 
through contact with the reservoir species. 

Genetic relatedness among members of the 
lyssavirus family of Rhabdoviruses 

Because several articles in this volume will address 
antigenic and genetic typing of other lyssaviruses, 
Fig. 13 is intended to place the analyses presented 
in this report in the context of a phylogenetic analysis 
of non-rabies lyssaviruses. Despite significant se
quence divergence in rabies variants transmitted in 
different reservoirs, rabies variants associated with 
domestic and wild carnivores are still much more 
closely related to each other than to isolates of Me
kola, Duvenhage and the European bat lyssaviruses. 
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FIG. 12 Graphical representation of genetic relationships among 
rabies isolates identified by reaction patterns 3, 4, and 
5 in Fig. 2. Sample identification is as before (gs, ground 
squirrel; we, wild cat; ym, yellow mongoose; gm, gray 
mongoose) 
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