


Molecular epidemiology of Lyssaviruses

important. The cDNA step mav use either specific
or random priming. Specific prir 1g allows selection
of either the positive or the negative RNA strand as
target, an important point for sequencing purposes.
However, the subsequent pair of PCR primers must
be located at the same level or downstream (3’ side)
of the cDNA primer.

The classic approach to PCR is to design  mers
capable of detecting the greatest number of ., ssavi-
ruses by the selection of stable sequence regions
(Tordo et al. 1994). It is particularly important to
have stringent conservation near the 3’ end of the
primer. This is achieved by selecting amino acids
with stringent codes (tryptophane, methionine, etc.)
rather than those encoded by multiple codons (wob-
ble positions). In addition, preference should be
given to amino acids with biased conservation in a
typical protein, for example, glycine and basic resi-
dues in the polymerase (L) (Poch, Blumberg, Bou-
gueleret & Tordo 1990) and cysterines in the glyco-
protein (G) (Tordo, Bourhy, Sather & Olio 1993a).
In the non-coding regions, functionally conserved ge-
nomic signals (Tordo & Poch 1988) are convenient
targets, although inefficient for differentiating be-
tween genes because the same consensus pair of
signals flanks each gene. These rules have been
partially observed in designing the primer sets used
so far.

IMPORTANCE OF LYSSAVIRUS GENOME
REGIONS FOR DIAGNOSIS, TYPING AND
MOLECULAR EPIDEMIOLOGY

The nucleoprotein (N) gene is highly conserved and
strongly expressed (Tordo & Kounetzoff 1993b). For
this reason it is a more convenient target for routine
diagnosis where the detection of minimal traces of
infectivity by a broad spectrum of lyssaviruses is re-
quired. Therefore, the N gene (specifically the con-
served central region) has bee targeted in all the
diagnostic trials using PCR (Ka...olvarin et al. 1993;
Sacramento et al. 1991). The N gene is also a con-
venient candidate for comparison of molecular and
antigenic evaluation in taxonomic studies, because
antigenic classification of lyssaviruses has been
based on patterns of reactivity with anti-N monoclon-
al antibodies (Dietzschold, Rupprecht, Tollis, Lafon,
Mattei, Wiktor & Koprowski 1988; King & Crick 1988;
Smith 1989; Rupprecht, Dietzschold, Wunner & Kop-
rowski 1991).

The extreme stability of several motifs within the L
protein (Poch, Sauvaget, Delarue & Tordo 1989;
Delarue, Poch, Tordo, Moras & Argos 1990; Poch
et al. 1990), designates the L gene, makes it a con-
venient target for diagnosis when the detection of all
ronl of t ’ !

rhabdoviruses is requirea. nowever, a very sensitive
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amplification procedure needs to be developed first
to compensate for the fact that the L gene is poorly
expressed.

For characterization of the infecting viruses, the most
appropriate genomic region upon which to focus de-
pends both on the method used for identification (dif-
ferential hybridization with specific probes, RFLP, se-
guencing) and on the evolutionary distance between
the viruses ) be compared—the more closely re-
lated the is ites, the more variable the genome re-
gion examined and vice versa. Indeed, the lyssavirus
genome can be considered as a microscope with
variable maanifications, the selection of the magnifi-
cation depe ling on the object which needs to be ob-
served. The large non-protein coding regions, such
as the pseudogene, which are subject to mutation
free of selective pressure, are most appropriate for
differentiating closely related isolates (same geno-
type, neighbouring biotype) (Sacramento ef al. 1992;
Sacramento et al. 1991). There is a range of more
conserved protein-coding regions which are appro-
priate for differentiating more distantly related lyssa-
viruses (different genotypes) (Bourhy et al. 1992;
Bourhy et al. 1993; Tordo et al. 1993a; Tordo et al.
1994).

Besides the aspect of sequence conservation, it may
be necessary to analyze regions of the genome be-
cause of their functional attributes. For example, the
G ectodomain and the N protein are interesting be-
cause of their involvement in the immune response
and may be used to examine the molecular basis of
antigenicity and crossprotection (Wunner, Dietzschold
& Smith 1988; Celis, Rupprecht & Plotkin 1990).

ANALYSIS OF LYSSAVIRUS DI' RSITY
USING THE GLYCOPROTEIN AND THE
PSEUDOGENE REGIONS

To date, studies on the genetic variability of wild iso-
lates of lyssaviruses have been essentially focused
on the N, G and pseudogenes (W) (Tordo et al.
1994). The most important results obtained with the
N gene are presented in accompanying articies by
Bourhy, Kissi & Tordo (1993b), Smith, Yager & Orci-
ari (1993) anid Nel, Thomson & Von Teichman (1994).
To avoid repetition, the following discussion will
focus on the results obtained with the G-W region,
approximately 2500 nucleotides in length (Fig. 1).
It is interesting to compare variability in a region of
immunological importance with that of a non-protein
coding region that is not subject to selective pres-
sure. Two M2 and L primer sites were found in high-
ty conserved domains of the flanking M2 and L
genes (Sacramento etal. 1991; Tordo, Bourhy & Sa-
cramento 1992; Tordo et al. 1994). One is located
near a conserved region at the COOH end of the M2
9 g of a  Mokola vir
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FIG. 2 Radial phylogenetic tree illustrating the genetic variability of rabies isolates (qenotype 1) obtained from different countries and
different hosts. The tree was calculated by the CLUSTAL program (neig

sur joining method) by comparing the sequence
of the whole M2-L amplicon (2500 residues). It is unrooted. The divergence between two samples is proportional to length
of their joining branch. The vaccine strains are noted in bold characters or in grey circles
MOLECULAR TAXONOMY OF THE 500 NH2 nuclectides of the G gene. Both concur in
LYSSAVIRUS GENUS distinguishing six genotypes (Fig. 3). The first four
genotypes correspond with the four serotypes pre-
Lyssavirus taxonomy has been re-investigate nthe  viously characterized using immunological tech-
basis of genetic ability either of the whole N gene  nigques (cr¢ s serum neutralization and reactivity with
(Bourhy et al. 1992; Bourhy et al. 1993a) or of the  monoclonal antibodies) (Dietzschold et al. 1988; King
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& Crick 1988; Smith 1989; Rupprecht et al. 1991;
WHO 1992). Their prototype viruses are (1) rabies,
(2) Lagos bat, (3) Mokola, (4) Duvenhage. The last
two genotypes (5 and 6) correspond to the European
bat lyssaviruses (EBL1 and EBL2), which have not
been classified by immunological methods. In addi-
tion, the radial tree displays the relationships be-
tween genotypes more accurately. For example, geno-
types 2 and 3 are related and very distant from the
others. Also, genotypes 4 and 5 are closely related,
explaining a posteriori, why EBL1 isolates were ini-
tially classified as serotype 4 but later left unclassi-
fied. These results demonstrate that molecular analy-
sis is more sensitive and subtle than immunological
analysis for taxonomic purposes. Genotype 1 are
rabies viruses and members of genotypes 2-6 are
so-called rabies-related viruses.

An important but as yet unresolved question con-
cerns the limits of a genotype. The grey circle
around genotype 1 (Fig. 3), by far the most exten-

GENOTYPE 3 GENOTYPE 2
MOKOLA LAGOS BAT
GENOTYPE 5
EUROPEAN BAT
LYSSAVIRUS 1 ESFEXNOTYPE 6
OPEAN BAT
Poland LYSSAVIRUS 2
Netherlands
France
Finland
DUVENHAGE
GENOTYPE 4

RABIES
GENOTYPE 1

FIG. 3 Radial phylogenetic tree of the Lyssavirus genus by com-
parison of 500 nucleotides in the G ectodomain gene us-
ing CLUSTAL program (neighbour joining method). The
length of the horizontal branches are indicative of evolu-
tionary distance. The circles estimate the intragenotype
variability
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sively studied, gives an idea of the maximum intra-
genotype - ‘ersity (80 % amino acid conservation in
the G protein ectodomain between American insecti-
vorous bat isolates and vaccinal strains). Presumably
a similar diversity exists within each genotype. Com-
paratively, the two most related genotypes (4 and 5)
have about 75 % and the two most divergent (1 and
3) about 60 % amino acid conservation in the G pro-
tein ectodomain.

RABIES | LATIN AMERICA

Latin America is unigue in terms of rabies prevalence
because haematophagous bats, in addition to mam-
malian carnivores, are responsible for transmission
(Baer 1991: Flores-Crespo & Arellano-Sota 1991).

Thereare odistinct epidemio-logical cycles: urban
and sylve  with stray dogs and vampire bats (most-
ly Desmu s rotundus) respectively the principal
vectors. | an rabies is a major public health con-

cern because of the close relationship between peo-
ple and dogs. In Brazil, despite extensive control pro-
grammes which have been in operation since 1972
(compulsory vaccination, control of stray dogs), the
incidence or rabies in humans remains high in the
poor nortl  n regions. Sylvatic rabies is also a se-
rious economic problem. It is transmitted from vam-
pire bats, in which it is endemic, to cattle resulting
in paralytic disease. Since 1903 (Carini 1911), out-
breaks in cattle or vampires have been periodically
reported as well as rare human cases. Accurate sta-
tistics are unavailable due to the lack of efficient sur-
veillance and diagnostic facilities. In Brazil, about
10000 cases are reported annually (more than
200 000 estimated) in herbivores, but less than 10%
are confirmed in the laboratory. Their distribution re-
flects the distribution of diagnostic facilities rather
than disease distribution. Most cases occur along the
sea shore and the larger rivers which have high pop-
ulation densities. Numerous cases are also reported
from the Atlantic forest, a region with constant high
temperatures, high humidity and numerous caves.
No government program exists for the prevention of
sylvatic rabies although farmers sponsor control ac-
tions (vaccination of cattle with local vaccines, elimi-
nation of ©  npires with anticoagulant, etc.).

Limited epidemiological studies with monoclonal anti-
bodies have identified two major antigenic reaction
patterns among Brazilian rabies virus isolates corres-
ponding to the urban and sylvatic cycles (Smith 19809;
Baer 1991; Rupprecht et al. 1991). In view of this
and the recent increase in cattle rabies, we investi-
gated the molecular approach to rabies epidemi-

ology.

We focused mostly on the Brazilian state of Sao
Paulo where survey and diagnostic facilities are
available. Between 1987 and 1992, 32 isolates were
identified y immunoflourescence, histology and
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FIG. 4 Radial phylogenetic tree of rabies isolates from Latin America. Approximately 400 nucleotides encompassing important antigenic
sites of the G ectodomain are compared using the CLUSTAL program (neighbour joining method). The length of the horizontal

branches mimics evolutionary distance

mouse inoculation and a portion of the G protein
ectodomain was amplified and sequenced. The iso-
lates reflected the species distribution of rabies
cases in the state of Sao Pauio: 24 were from cattle,
one from a buffalo, one from a horse, four from dogs
and two from cats. In addition, isolates obtained from
further afield but from the same animal species, were
included in the study:

« one bovine from the north-east of Brazil
(2500 km)

« one bovine from French Guyana (3 500 km)
e one Desmodus rotundus from Mexico (7 500 km)

« one human (bitten by a dog) from northern Brazil
(3000 km)

¢ one dog from Mexico (7 500 km)

Specific mutations were observed depending on
whether the specimens were of "sylvatic" or "urban”
origin. The radial tree presented in Fig. 4 clearly dis-
tinguishes two sequence clusters. Group 1 comprises
mostly cattle isolates. In the state of Sao Paulo it is,
however, possible to distinguish two subgroup 1A
and 1B related to geographic distribution. 1B isolates
were derived from areas south of Sao Paulo city, a
region with a high prevalence of sylvatic rabies while
1A are mostly from areas north of Sao Paulo city.
Group 2 included dog and cat isolates from the state
of Sao Paulo. Whatever their geographical origin
(separated by up to 7500 km), Latin American iso-
lates were classified either as Group 1 or 2, depend-
ing on whether their origin was bovine/vampire or
dog/cat.

These results show that the two overlapping epi-
Ademiological cycles of northern Mexico and southern
_.azil are associated with genetically distinct variants

maintained by either domestic carnivores (urban
cycle) or vampire bats (sylvatic cycle). The nucleo-
tide conservation in the region in question is greater
than 93 % within groups and less than 80 % between
groups.

RABIES | NORTH-AMERICA

Early in 1990 there was a debate among Canadian
rabies researchers as to whether Ontario skunk ra-
bieswasa f-sustaining enzootic, or whether it was
dependent on rabies in red foxes. A collection of
Ontario iso  es (from Dr Ken Charlton) obtained in
1990 and representative of local geographic and
host diversi  was studied using a limited portion of
the G protemn ectodomain encompassing important
antigenic sites. The viruses comprised five striped
skunk isoli s, four from red foxes, one from a coy-
ote (Canis latrans), one from a raccoon and one dog
isolate. For comparison, isolates from Montana ob-
tained from terrestrial species in 1981 to 1982 (from
Dr D. Lodmell) were included, viz. eight from skunks,
one dog and one sheep isolate. In addition, one arctic
fox isolate »m the American arctic circle (3000 km
to the north), and three insectivorous bat isolates ob-
tained from Eptisicus fuscus in the vicinity of Hamil-
ton, Montana, completed the study.

The radial phylogenetic tree obtained (Fig. 5),
grouped terrestrial isolates from Ontario and Mon-
tana into two distinct clusters, irrespective of the host
animal. Those from Ontario were closely related to
the arctic fox isolate, while those from Montana clus-
tered closer to the isolates from the USA. On the
other hand, the E. fuscus isolates showed an ex-
treme intrinsic heterogeneity sim  -to that observed
within genotype 1 as a whole (see Fig. 2). This is
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FIG. 5 Radial phylogenetic tree of rabies isolates from North
America. Approximately 400 nucleotides encompassing
important antigenic sites of the G ectodomain are com-
pared using the CLUSTAL program (neighbour joining
method). The length of the horizontal branches mimics the
evolutionary distance

compatible with data from antigenic studies (Baer &
Smith 1991).

These results clearly indicate that although spreading
in similar hosts (skunks), rabies variants in Ontario
and Montana are fundamentally different. The former
correspond to arctic fox rabies while the latter are
more closely related to the Europe/Middle-East/Africa
1 cluster and to vaccine strains. As to the gquestion
concerning skunk rabies in Ontario, a more precise
analysis of the sequences indicated that isolates are
grouped according to geographic distribution but not
with the host animal. This sugaests that a single vec-
tor such as the red fox (Nadin avis et al. 1993) is
probably responsible for the persistence of the dis-
ease in Ontario.

This, in addition to the findings from South America,
confirms that throughout the Americas, isolates from
bats and terrestrial animals are genetically distinct,
indicating the existence of overlapping epidemiologi-
cal cycles in different vectors with no apparent inter-
ference. Among the variants from bats, vampire bat
viruses form a relatively homogeneous group, where-
as a single insectivorous bat species (Eptisicus fus-
cus), can be infected by heterogeneous viruses.

RABIES IN FRANCE

Because of the extreme similarity of French rabies
isolates, our analysis focused on the pseudogene
which is the most sensitive genomic region in which
to measure virus evolution (Sa~mento ~f al. 1992).
Twelve isolates obtained in 1 to 1t 1, showed
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an association between genome sequence and geo-
graphic locality. No variation was found between
hosts (cat, sheep, stone-marten, red fox) in France,
supporting the suggestion that the fox a unique
reservoir and vector. This suggests slow evolution
of the virus in parallel with the spacio-temporal pro-
gression of the epizootic.
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