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TABLE 1 Similarity matrix of the N coding region of representative lyssavirus isolates of genotypes 1, 2, 3, 4, 5and 6. The percentages
of amino acid (top) and nuclectide (bottom) similarity are given

L.b. Duv. EBL1 EBL1 EBL2 EBL2 Fox
Virus No. Mokola 8619 DUV1 8615 8918 9007 9018 9004 PV
NGA AS POL FRA FIN HOL FRA
Mokola 87.1 83,1 81,3 81,6 78,0 77,8 79,6 79.8
L.b. 8619NGA | 76,2 85,8 83,1 83,8 79,1 79,1 82,0 81,6
Duv. DUV1AS | 72,7 73,3 92,7 93,3 86.2 85,8 871 87,6
EBL1 8615P0OL | 71,4 74,4 69.3 98,7 87,3 86.4 87,6 88.0
EBL1 8918FRA | 71,0 74,4 79,8 95,7 88,0 87.6 87.8 88,2
EBL2 9007FIN | 71,1 72,4 76,0 77,2 78,1 97.8 86,9 86,9
EBL2 9018HOL | 69,9 73,5 75,8 76,1 76,9 96,0 86,4 86.4
Fox 9004FRA { 71,0 73,6 74,9 75,6 75,5 74.4 745 971
PV 72,1 73,2 74,5 75,4 75,3 74,4 74,6 92,8

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

AS = South Africa
FIN = Finland

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.

DUV/Duv. = Duvenhage

EBL = European bat lyssavirus
POL = Poland
HOL = Holland

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

ind ive of evolutionary dis

es. 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
Americal (9110 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 1a, circulating in North and East
Africa and Africa 1b, 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 indige )us to Africa-——they
are distributed in the central pait of this continent.
Nucleotide sequence evidence suggests a common
ancestor for fox, raccoon-dog, dog and wolf isolates
in Europe. This confirms the “ypothesis that the
transmission of rabies to foxe: ind its subsequent
adaptation to this species was tt = 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  d 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 | 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

we so very ¢ lar 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 the N-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 & Abelseth 1985). These
distant antigenic relationships can be related to the
variability of the T-cell and B-cell antigenic sites on
the N-protein and the G-protein (Bourhy, Kissi & Tor-
do 1993; Tordo, Bourhy, Sather & Ollo 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 |; 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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