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ABSTRACT 

BOURHY, H., KISSI, B. & TORDO, N. 1993. Taxonomy and evolutionary studies on Lyssaviruses with 
special reference to Africa. Onderstepoort Journal of Veterinary Research, 60:277- 282 

Currently, the Lyssa virus genus is composed of four serotypes and the ungrouped European bat lyssa­
vi ruses (EBL). Using previously described PCR amplification and direct sequencing methods, the N 
genes of 70 representative lyssaviruses collected from 40 different countries were examined. From the 
results, a phylogenetic tree with six branches (genotypes) was constructed : genotypes 1-4 correlated 
with the classification of serotypes 1-4 and in addition EBL 1 and EBL 2 were identified as two further 
genotypes (5 and 6) . Analysis of the 51 rabies (genotype 1) viruses in the study identified nine distinct 
groups which could be correlated with their geographical origins. 

A comparison of the six genotypes with four principal Vesiculovirus serotypes showed that their rela­
tionship was closer than that of even the two most closely related Vesiculovirus serotypes. 

Antigenic site sequences of isolates from vaccine/treatment failures were similar to vaccine and field 
strains, suggesting that failures were not due to genetic variation at the N protein level. 

INTRODUCTION 

Three Lyssavirus, Vesicu/ovirus and plant rhabdovi­
rus genera/groups make up the family Rhabdoviri­
dae. On the basis of serum-neutralization and mono­
clonal antibody (Mab) studies, the lyssaviruses were 
subdivided into four serotypes: classical rabies virus 
strains (serotype 1), Lagos bat virus (serotype 2), 
Mokola virus (serotype 3) and Duvenhage virus (se­
rotype 4) (WHO 1990); European bat lyssaviruses 
(EBL) were not classified. Rabies virus (serotype 1) 
has an almost worldwide prevalence, except for sev­
eral protected islands; rabies-related viruses (sere­
types 2, 3, 4 and EBL) have a large geographical 
distribution in Africa and in Europe. With the excep-

1 Unite de Ia Rage, lnstitut Pasteur, 25 Rue du Dr Roux, 75724 
Paris Cedex 15 France 

2 Laboratoire des Lyssavirus, lnstitut Pasteur, 25 Rue du Dr Roux, 
75724 Paris Cedex 15, France 

tion of Lagos bat virus which has not been isolated 
from man, all of the rabies and rabies-related viruses 
are pathogenic for mammals including man and may 
lead to a rabies-like encephalitis (King & Crick 1988). 

In the last few years, antigenic analyses have played 
a major role in viral epidemiology by discriminating 
between variants (Smith 1989; Rupprecht, Dietz­
schold, Wunner & Koprowski 1991); the advent of 
molecular biology has introduced tools which achieve 
this purpose more rapidly and precisely. PCR applied 
to lyssaviruses provides a progressive technique, 
starting from diagnosis and ending in a precise gen­
etic characterization by the sequencing of limited 
areas of the viral genome, thus advantageously re­
placing serum-neutralization, antinucleocapsid mono­
clonal antibody (Mab-N) studies and classical cloning 
in plasmids (Sacramento, Bourhy & Tordo 1991). 
Comparison between the sequences of Mokola virus 
and the PV rabies strain allowed the delineation of 
conserved regions within the lyssavirus genomes that 
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can be used as sequencing primers (Bourhy, Tordo, 
Lafon & Surreau 1989). More recently, primers allow­
ing the amplification of the whole nucleoprotein (N) 
(Bourhy, Kissi, Lafon, Sacramento & Tordo 1992), 
glycoprotein (G) or the pseudo-gene (Sacramento 
eta/. 1991; Tordo, Bourhy & Sacramento 1992) have 
been defined. Each of these three target regions 
possesses its own usefulness; the N gene can be 
used for diagnosis, taxonomy, typing, epidemiology 
and immunological studies; the glycoprotein gene is 
useful for epidemiology and for immunological 
studies and the pseudo-gene can also be used for 
typing and epidemiology. 

In this paper the N gene was chosen for molecular 
epidemiological studies for several reasons: 

For reasons of comparison, since most of the ra­
bies-related viruses were identified according to 
their reactivity with Mab-Ns. 

Because of the important role of N-protein in in­
ducing immunity, in particular against infection 
with heterologous lyssaviruses (Dietzschold, 
Wang, Rupprecht, Celis, Tollis, Ertl, Heber-Katz, 
Koprowski 1987; 1990). 

The N gene appears to be a good target for 
comparison of isolates over relatively long evolu­
tionary periods. 

A study of the N gene demonstrates the adapt­
ability of the PCR technique for both simple di­
agnosis in which amplification of the N gene has 
already been achieved to very precise typing by 
the determination of its nucleotide sequence. 

MATERIALS AND METHODS 

The viral RNA extraction, eDNA synthesis, PCR am­
plification, purification of the amplified fragment on 
0, 7 % NuSieve GTG agarose and its direct sequen­
cing were performed as previously described (Sacra­
mento eta/. 1991). Where possible, we worked with 
the original infected brain. Alternatively, suckling 
mouse brains infected with the original virus at the 
lowest passage number available were used. Align­
ment of the deduced amino acid sequence of the N­
proteins was performed by the ClustaiV package of 
multiple alignment programmes (Higgins & Sharp 
1989). Phylogenetic trees were also generated by 
the ClustaiV package of multiple alignment program­
mes according to the neighbour joining method (Sai­
tou & Nei 1987). 

RESULTS AND DISCUSSION 

Taxonomic studies on Lyssaviruses 

TheN genes of 58 rabies and rabies-related viruses, 
representative of the diversity of the Lyssavirus ge­
nus, were analyzed at the amino acid level and a 
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phylogenetic tree was constructed. Six tight genetic 
clusters, or genotypes, were distinguished: 

Rabies viruses 

• Lagos bat virus 

Mokola virus 

• Duvenhage virus 

European bat lyssavirus biotype 1 (EBL 1) and 

European bat lyssavirus biotype 2 (EBL2) (Fig. 1 ). 

Genotypes 1-4 corroborated the previous classifica­
tion of serotypes. However, the genetic grouping ap­
peared more sensitive than the serumcneutralization 
and Mab-N studies in establishing that EBL 1 and 
EBL2 are considered as independent genotypes, 
namely genotypes 5 and 6. Genetic grouping also 
demonstrated more clearly the intergenotype rela­
tionships: genotypes 4 and 5 are related and geno­
types 2 and 3 are the most phylogenetically distant 
from the vaccinal and classical rabies viruses of 
genotype 1 . The threshold of similarity below which 
a new genotype should be defined is in the interval 
of 97-93% amino acid similarity (the lowest percent­
age of amino acid similarity found within one geno­
type and the highest percentage found between two 
genotypes) (Table 1) . 

To further define the relationships within the Rhabdo­
viridae, we performed an alignment of nine lyssavirus 
N-proteins representative of the six genotypes with 
those of four principal serotypes of the Vesiculovi­
rus genus (VSV Indiana and New Jersey, Chandipu­
ra virus and Piry virus) (Banerjee, Rhodes & Gill 
1984; Crysler, Lee, Reinder & Prevec 1990; Gallione, 
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FIG. 1 Radial phylogenetic tree showing the relationships be­
tween the different genotypes of lyssaviruses. The align­
ment of the amino acid sequences of the N protein were 
performed by the ClustaiV package of multiple alignment 
programmes (Higgins & Sharp 1989). The tree was gene­
rated according to the neighbour joining method (Saitou 
& Nei 1987). The dotted line surrounding the branches 
corresponding to the strains of genotype 1 . The lengths 
of the branches indicate the phylogenetic distance be­
tween the different viruses 
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TABLE 1 Similarity matrix of theN coding region of representative lyssa virus isolates of genotypes 1, 2, 3, 4, 5 and 6. The percentages 
of amino acid (top) and nucleotide (bottom) similarity are given 

Virus No. 

Mokola 
L.b. 8619NGA 
Duv. DUV1AS 
EBL1 8615POL 
EBL1 8918FRA 
EBL2 9007FIN 
EBL2 9018HOL 
Fox 9004FRA 
PV 

L.b. = Lagos bat 
NGA = Nigeria 
FRA = France 

Mokola 

76,2 
72,7 
71 ,4 
71 ,0 
71 '1 
69,9 
71 ,0 
72,1 

L.b. 
8619 
NGA 

87,1 

73,3 
74,4 
74,4 
72,4 
73,5 
73,6 
73,2 

Duv. EBL1 
DUV1 8615 
AS POL 

83,1 81 ,3 
85,8 83,1 

92,7 
69,3 
79,8 95,7 
76,0 77,2 
75,8 76,1 
74,9 75,6 
74,5 75,4 

DUV/Duv. = Duvenhage 
AS = South Africa 
FIN = Finland 

EBL1 EBL2 
8918 9007 
FRA FIN 

81,6 78,0 
83,8 79,1 
93,3 86,2 
98,7 87,3 

88,0 
78,1 
76,9 96,0 
75,5 74,4 
75,3 74,4 

EBL2 Fox 
9018 9004 PV 
HOL FRA 

77,8 79,6 79,8 
79,1 82,0 81 ,6 
85,8 87,1 87,6 
86,4 87,6 88,0 
87,6 87,8 88,2 
97,8 86,9 86,9 

86,4 86,4 
74,5 97,1 
74,6 92,8 

EBL = European bat lyssavirus 
POL = Poland 
HOL = Holland 

Greene, Iverson & Rose 1981; Masters & Banerjee 
1987) (Fig. 2). In the resulting phylogenetic tree, the 
branching clearly divides the two genera. The 
Lyssavirus genus appears more compact than the 
Vesiculovirus genus. Indeed, the whole Lyssavirus 
genus is even less divergent than the two closest 
serotypes (Indiana and New Jersey) of VSV. 
Therefore, at the present level of understanding, at 
the N gene level, the variability is higher among 
vesiculoviruses than in lyssaviruses. 

Determination of geographic lineages 

An extensive analysis of genotype 1 rabies viruses 
collected from all over the world was conducted in 
order to further evaluate the diversity within the 
genotype. Nucleotide sequences (1443b) of the 
whole N-protein gene and the intergenic nucleopro­
tein-phosphoprotein regions of 52 strains originating 
from 40 countries were determined. The lineages 
distinguished by the evolutionary analysis correlated 
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FIG. 2 Phylogenetic tree of lyssaviruses and vesiculoviruses based on the alignment of the amino acid sequence of the N protein . 
The tree was generated according to the neighbour joining method (Saitou & Nei 1987). The horizontal branch lengths are 
indicative of evolutionary distances. The vertical lines are for clarity 
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with the geographic origins (Fig . 3). This analysis al­
lowed us to distinguish nine groups of phylogenetic­
ally distinct viruses of genotype 1: Africa 1, Asia 
(Thailand), Arctic rabies, Europe-Middle East, Latin 
America I (911 0 MEX.nc, 9126 MEX.nc) , Latin Ame­
rica 2 (vampire bats) and two groups of vaccinal 
strains. Viruses of group Europe-Middle East and Af­
rica 1 are closely related. The group Africa 1 can be 
divided into Africa 1 a, circulating in North and East 
Africa and Africa 1 b, circulating in southern Africa. 
One could postulate the origin of the common ances­
tor of viruses of groups Africa 1 and Europe-Middle 
East, but any hypothesis would be speculative. 
Nevertheless, colonization and the introduction of 
European dogs in Africa certainly would have fa­
voured the dissemination of European rabies virus 
to Africa during the last century. Conversely, viruses 
of the group Africa 2 are not related to any other 
groups and seem to be indigenous to Africa- they 
are distributed in the central part of this continent. 
Nucleotide sequence evidence suggests a common 
ancestor for fox, raccoon-dog, dog and wolf isolates 
in Europe. This confirms the hypothesis that the 
transmission of rabies to foxes and its subsequent 
adaptation to this species was the source of the rabies 
outbreak that started in foxes in Europe around 1940. 

To complete our study, 12 additional isolates were 
sequenced only in the region of the 400 nucleotides 
coding for the amino terminus end of the N-protein. 
This region is the most variable part of the N-protein 
gene at both the nucleotide and at the amino acid 
levels (Fig. 4) and for this reason has an advantage 
for limited sequence analysis. This allowed us to be 
more precise in the circulation zone of each virus 
group. The geographic distribution of 35 viruses 
groups Africa I and 2 is shown in Fig. 5. One isolate 
from Egypt could not be related to any group. Se­
quencing of more strains from this part of Africa 
should help to characterize viruses related to that of 
Egypt and perhaps define a third group of viruses 
circulating in this continent. 

Comparison with vaccinal strains 

Genetic variability may influence the efficacy of a 
vaccine intended to prevent rabies. If this proves to 
be the case, genetic heterogeneity, rapid evolution 
and consequently antigenic diversity may offer a ra­
bies virus ample opportunity to evade the host im­
munity induced by rabies vaccines. In fact, homo­
geneity at the amino acid level between the N-pro­
tein of vaccinal strains and wild isolates is relatively 
high (Fig. 6). This suggests a close evolutionary rela­
tionship between these strains and consequently a 
good level of cross-protection may be expected. 
Nevertheless, particular attention was given to some 
strains isolated from reported cases of so-called vac­
cination or treatment failures in animals or in hu­
mans. In these cases the sequences of the antigenic 
sites were also very similar to those of the vaccinal 
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strains and not different from field strains collected 
in the same area. Therefore, these failures do not 
appear to be due to a particular genetic variation , at 
least at theN-protein level; sequencing of the G-pro­
tein antigenic sites may confirm these findings. This 
is in accordance with previous laboratory immuno­
logical investigations which did not reproduce vac­
cination failures (Bourhy, Lafon, Berthonneau, Ren­
ner, Rollin & Sureau 1988). Nevertheless, laboratory 
studies have shown that current vaccines offer an 
imperfect protection against genotypes 2 (Tignor & 
Smith 1972), 4 (Tignor, Murphy, Clark, Shope, Ma­
dore, Bauer, Buckley & Meredith 1977) and 5 (Feka­
du, Shaddock, Sanderlin & Smith 1988; Lafon, Bour­
hy & Sureau 1988) and are ineffective against geno­
type 3 (Koprowski, Wiktor & Abel seth 1985) . These 
distant antigenic relationships can be related to the 
variability of the T-cell and B-cell antigenic sites on 
theN-protein and the G-protein (Bourhy, Kissi & Tor­
do 1993; Tordo, Bourhy, Sather & Olio 1993). It is 
presently speculative to draw a direct correlation be­
tween conservation of amino acid sequences, partic­
ularly of the antigenic sites, and the level of cross­
protection between field and vaccinal strains. Never­
theless in the future such comparisons will certainly 
help to define the molecular basis of cross-protection 
between lyssaviruses. 

CONCLUSION 
PCR applied to rabies provides a technique which 
can be applied progressively to rabies investigation 
starting from diagnosis and leading to precise genet­
ic characterization by sequencing of limited areas of 
the viral genome, thus advantageously replacing se­
rum-neutralization and Mab-N studies. For this pur­
pose the study of the N-protein gene appears to be 
an efficient method for discriminating between geno­
types. Genotypic classification is consistent with that 
of serology but is more rapid, sensitive and precise. 
Six genotypes may be identified: genotype 2 (Lagos 
bat virus) and genotype 3 (Mokola virus) are the 
most phylogenetically distant from the vaccinal and 
classical rabies viruses of genotype I; genotype 4 
(Duvenhage virus) and genotype 5 (EBLI) are closely 
related to each other; genotype 6 (EBL2) is indepen­
dent of genotype 5. The threshold of similarity below 
which a new genotype should be defined is in the in­
terval 97- 93 % amino acid similarity. The lineages 
distinguished by the evolutionary analyses correlate 
with geographic origin and define phylogenetic re­
latedness between wild isolates. This technique also 
permits rapid analysis of mutations in the antigenic 
sites of strains isolated from reported cases of vacci­
nation or treatment failures in animals or in humans. 
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FIG. 3 Radial phylogenetic tree showing the relationships between the different geographic lineages of lyssaviruses. Alignments and 
tree generation were performed as described in Fig. 1 
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SEROTYPE 1 
N-NUCLEOPROTEIN 
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FIG. 6 Schematic representation of the percentage of amino acid 
similarity between the different virus groups identified in 
Fig . 3 
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