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ABSTRACT 

TOR DO, N. & KOUKNETZOFF, A. 1993. The rabies virus genome: an overview. Onderstepoort Journal 
of Veterinary Research, 60:263- 269 

The replication strategy, genome organization and extent of variation within the genome of the genus 
Lyssavirus is briefly reviewed. Strategies used in the approach to genome studies are discussed. 

INTRODUCTION 

Viruses causing rabies-like encephalitis belong to the 
Lyssavirus genus (Francki, Fauquet, Knudson & 
Brown 1991 ). The Lyssavirus and Vesiculovirus 
(notably vesicular stomatitis virus) genera together 
form the family Rhadboviridae. Families Rhabdo-, 
Paramyxo- and Filoviridae have been taxonomically 
grouped into the order Mononegavirales because 
they share an unsegmented negative-stranded RNA 
genome. "Unsegmented" means that the genes are 
covalently linked within a single RNA molecule, rath
er than distributed in distinct segments, as in "seg
mented" negative-stranded RNA genomes of the fam
ilies Orthomyxo-, Bunya-, and Arenaviridae (Tordo, 
Bourhy & Sacramento 1992a). "Negative-stranded" 
means that the genome cannot be directly translated 
into viral proteins by the cell ribosomes-a prelim
inary transcription step is required to produce the 
complementary positive-stranded messenger RNAs 
(mRNAs). 

STRUCTURAL FEATURES OF THE GENOME 

The lyssavirus genome is about 12 kb in length 
(Tordo, Poch, Ermine, Keith & Rougeon 1988c; Con 
zelmann, Cox, Schneider & Thiel 1990}. From the 
3 ' to the 5 ' end, the genome encodes a short leader 

RNA (about 50 nucleotides}, followed by the genes 
for the nucleoprotein (N), phosphoprotein (M1 ), ma
trix protein (M2}, glycoprotein (G) and polymerase 
(L) (Tordo 1994). Each gene is composed of an in
ternal protein coding region flanked by non-coding 
regions. The non-coding regions are bordered by 
start and stop transcription signals consisting of nine 
nucleotide consensus sequences (Tordo 1986). They 
indicate where initiation and termination (and poly
adenylation) of the mRNAs should occur. The limits 
of each gene are generally marked by this pair of 
transcription signals. Only the M2 and G genes of 
several vaccine strains of rabies virus escape this 
rule by having two consecutive stop signals (Tordo 
& Poch 1988a; Morimoto, Ohkubo & Kawai 1989; 
Sacramento, Bourhy & Tordo 1992). These are used 
alternately to produce either short or long mRNAs. 

The genes are separated from each other by non
transcribed intergenic regions (Tordo et a/. 1986a). 
They are generally short (less than five nucleotides) 
except for the M2-G and G-L intergenic regions 
when the short M2 and G genes are transcribed. It 
is of note from an evolutionary point of view that the 
M2-G and G-L intergenic regions are the most vari
able in the Mononegavirales genome (Tordo, De 
Haan, Goldbach & Poch 1992b). The G-L intergenic 
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region , notably, encodes the HN protein in para
myxoviruses or the NV protein in fish rhabdoviruses 
(Kurath & Leong 1985). Despite its considerable size 
in lyssaviruses (450 nucleotides), it encodes no sub
stantial polypeptide and has been proposed as a 
vestigial gene (pseudogene) (Tordo eta/. 1986a). 

The genome is also flanked by external signals: at 
the 3 ' end there is the polymerization promoter, re
cognized by the polymerase complex to initiate tran
scription and replication; at the 5 ' end there is the 
encapsidation promoter, recognized by the first mole
cules of N protein for genome encapsidation (Tordo 
et at. 1988c). The conservation of both promoters re
sults in an inverted complementarity of about ten nu
cleotides at the genome ends, although to date no 
evidence of a "hairpin" structure has been obtained. 

FUNCTIONAL FEATURES OF THE GENOME 

The lyssavirus virion is composed of two distinct 
structural units: a lipoprotein envelope of cellular 
origin and an internal helically coiled ribonucleocas
pid (RNP) structure embedding the genome so tightly 
that it is largely insensitive to ribonuclease activity 
(Tordo & Poch 1988b). The virion enters the cell by 
pinocytosis (Tsiang 1993): the transmembrane G pro
tein is presumed to bind to an as yet uncharacter
ized receptor (Rustici, Bracci, Lozzi, Neri, Santucci , 
Soldani, Spreafico & Neri 1993) on the cell surface 
and, after fusion of the viral and lysosomal mem
branes, the RNP is released into the cell cytoplasm. 
The RNP possesses all the necessary viral elements 
to ensure transcription and replication (Kawai 1977; 
Flamand, Delagneau & Bussereau 1978): theN-pro
tein-RNA genome template undergoes no uncoating 
and the polymerase complex comprises the L pro
tein (actual polymerase) and the M 1 protein (co
factor). 

Chronologically, transcription preceeds replication. 
Both mechanisms start at the 3 ' genome end promo
ter and progress towards the 5 ' end (Fiamand & De
lagneau 1978). There is close synchrony between 
polymerization and encapsidation, the growing RNA 
being simultaneously coated with N protein from the 
encapsidation promoter at the 5 ' genome end. Tran
scription produces monocistronic transcripts in re
sponse to start and stop signals (Tordo, Poch, Er
mine & Keith 1986b; Bourhy, Tordo, Lafon & Sureau 
1989) . Replication leads to the synthesis of a com
plete positive-stranded genome that serves in turn 
to amplify negative-stranded genomes for the proge
ny virions. Put briefly, the transcriptative RNP is 
switched to replicative RNP when it ignores the start 
and stop transcription signals. The degree of replica
tion is dependent on increasing amounts of N pro
tein. Early in infection, only limited amounts of N 
protein are available. The transcriptase releases a 
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5 ' leader RNA which keeps the encapsidation pro
moter uncoupled from the following mRNAs that are 
consecutively transcribed and translated. Once suffi
cient amounts of N protein are produced, the tran
scriptase is switched into a replicase. The leader 
region remains coupled with the rest of the positive
stranded genome whose encapsidation proceeds by 
virtue of the dual ability of the N protein to bind RNA 
and to self-assemble. This regulation process per
mits replication to begin only in the presence of suffi
cient quantities of N protein to encapsidate the grow
ing template. 

Transcription produces monocistronic transcripts in 
a cascade: first th~:; non-capped, non-polyadenylated 
leader RNA and then the five capped and polyade
nylated mRNAs. A progressive loss of transcriptional 
efficiency is observed from the 3 ' to the 5 ' encoded 
genes, suggesting that the control of gene expres
sion is related to genomic location. This possibility 
is reinforced by the observation that all members of 
the order Mononegavirales share a similar genomic 
organization: the major "structural" proteins, such as 
the N protein which is required in sufficient quanti
ties to encapsidate the genome, are encoded at the 
3 ' end while the L polymerase, required in catalytic 
amounts, is always E;)ncoded at the 5 ' end (Tordo et 
at. 1992a). Polycistronic events, attributed to recogni
tion failures of the transcription signals by the run
ning transcription complex, are occasionally observ
ed. They occur either 

• accidentally and at a very low frequency; or 

• sequence specifically, such as the unorthodox M1 
stop signal of Mokola which results in a large 
amount of M1-M2 bicistronic mRNA (Bourhy et at. 
1989) ; or 

• by modulation of the signal recognition due to the 
local secondary structure and/or as a result of fixa
tion of transcriptional factors (proteins, peptides) 
of viral or cellular origin. 

The latter is notably the case during the alternative 
termination of the G and M2 genes where the proxi
mal stop signal must be weakly recognized to allow 
the production of a long mRNA (Tordo & Poch 
1988a; Tordo 1994). Modulation of this recognition 
during the course of infection is inferred by the chang
ing ratio of short to long mRNAs. This modulation 
could involve tissue-specific factors because it is 
different during infection of fibroblastic and neuronal 
cell cultures. Within the context of sequential tran
scription, the most likely function of alternative ter
mination is the regulation of the expression of the 
distal gene. This occurs by release of the transcrip
tion complex more or less upstream of the corre
sponding start signal, rendering reinitiation respec
tively iess, or more, efficient. 
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TWELVE YEARS OF LYSSAVIRUS MOLECULAR 
GENETICS 

Since 1981, when the G mRNA of the ERA strain 
became the first rabies sequence published (Anilio
nis, Wunner & Curtis 1981), knowledge of the mole
cular genetics of the Lyssa virus genus has increased 
dramatically (Tordo 1994). Studies were initially fo
cused on the vaccinal strains, two of which, PV and 
SADBI9, were cloned and sequenced (Tordo eta/. 
1986a; Tordo eta/. 1986b; Tordo eta/. 1988; Con
zelmann eta/. 1990). In addition, the complete ge
nome of the rabies-related Mokola virus was cloned 
(Bourhy et a/. 1989) and sequenced (Bourhy et a/. 
1993; Tordo, Bourhy, Sather & Olio 1993). Since 
1991, the development of a combined reverse tran
scription/polymerase chain reaction/sequencing (RT/ 
PCR/sequencing) method has allowed the isolation 
and identification of all lyssavirus genes present in 
minimal amounts in infected material (Sacramento, 
Bourhy & Tordo 1991). Besides its use in diagnosis 
and typing by restriction fragment length polymor
phism (RFLP) (Sacramento eta/. 1991; Smith, Fish
bein , Rupprecht & Clark 1991 ; Bourhy, Kissi , Lafon, 
Sacramento & Tordo 1992; Nadin-Davies, Casey & 
Wandeler 1993), this method has enabled intensive 
molecular epidemiological studies of both rabies and 
rabies-related viruses to be carried out. Several pa
pers describing a relationship between viral genome 
variability, isolate taxonomy and geographical loca
tion and host species specificity have been published 
(Benmansour, Brahimi, Tuffereau, Coulon, Lafay & 
Flamand 1992; Sacramento eta/. 1992; Smith, Orci
ari, Yager, Seidel & Warner 1992; Bourhy et a/. 
1992; Bourhy eta/. 1993; Nadin-Davies eta/. 1993), 
as have several reviews which discuss these findings 
(Tordo 1991 ; Tordo et a/. 1992a; Smith & Seidel 
1993; Tordo 1994; Tordo, Bourhy & Sacramento 
1994). 

Analyses of sequence data have led to a better un
derstanding of structure-function relationships of viral 
elements. Firstly, the genetic bases of previously 
known structural and immunological features have 
been elucidated- e.g. characterization of genomic 
transcriptional and replicational signals, delineation 
of signal and transmembrane peptides on the G pro
tein, location of sites for post translational modi
fications (glycosylation, palmitoylation, phosphory
lation) (Tuffereau, Fischer & Flamand 1985; Gaudin, 
Tuffereau, Benmansour & Flamand 1991) and the 
mapping of regions important in humoral and cellular 
immunity along the G, N, M1 and M2 proteins (Ben
mansour, Leblois, Coulon, Tuffereau, Gaudin & Fla
mand 1991; Coulon, Lafay & Flamand 1993; Tordo 
1994). In addition, sequence analysis· has revealed 
new features related to presumptive functions- e.g. 
a central 19-amino-acid segment of the M2 protein 
has been shown to be sufficiently hydrophobic to 
mediate interaction with the membrane during virion 
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morphogenesis (Tordo eta/. 1986b); the L protein 
appears to be composed of functional domains link
ed by hinge regions, a structure consistent with its 
multifunctional nature (RNA syntheses, capping, 
polyadenylation, phosphorylation, etc.) (Poch, Blum
berg, Bougueleret & Tordo 1990). Further, each func
tional domain appears to retain relative autonomy as 
shown by the intragenic complementation which ex
ists between VSV mutants affecting the L gene (Fia
mand 1970). By sequence comparison of the L pro
teins of Mononegavirales and sequences available 
from data banks, several activities have been tenta
tively attributed to certain domains, providing the first 
available guideline for future study of the L protein 
by site-directed mutagenesis (Poch eta/. 1990). In 
particular, the active site for polymerization, within 
domain 3, appears similar among polymerases show
ing RNA template specificity (RNA polymerases and 
reverse transcriptases) and among DNA-dependent 
polymerases (Poch, Sauvaget, Delarue & Tordo 
1989; Delarue, Poch, Tordo, Moras & Argos 1990). 
Such ubiquity strongly suggests the existence of an 
ancestral "polymerase module" that would have been 
propagated through the viral kingdom by RNA or 
DNA recombination. This key finding also illustrates 
the more widespread relevance of lyssavirus re
search. 

GENETIC VARIABILITY OF THE LYSSAVIRUS 
GENOME 

The genomes of lyssaviruses have been extensively 
compared both within the genus and with other 
members of the Mononegavirales (Tordo et a/. 
1992b; Tordo 1994): From this it is clear that selec
tion pressure differs along the length of the genome. 
As an example, Fig. 2 shows a pairwise comparison 
between rabies and Mokola genomes which repre
sent the two most divergent lyssaviruses of medical 
interest. It is obvious that the non-coding regions (5' 
and 3' non-translated regions of each gene and the 
intergenes) are more divergent, particularly the M2-G 
and G-L intergenes. The requirement of stringent 
conservation for expression has resulted in preserva
tion of the control and effector elements involved in 
transcription and replication. At the signal level, the 
9 nucleotide start and stop transcription signals are 
consensus sequences; the genomic ends are strictly 
conserved up to position 11 , reflecting the co-conser
vation of promoters for RNA synthesis (3 ' ends) and 
encapsidation (5 ' ends) . At the protein level also, 
conservation favours the polypeptides involved in 
transcription and replication (decreasing order: L > 
N > M2 > G > M 1). The L polymerase is the only po
lypeptide retaining substantial sequence similarity be
tween rhabdoviruses and paramyxoviruses (Poch et 
a/. 1990). It includes long stretches of identical amino 
acids, notably within domain 3 that encompass the 
''polymerase module" (Poch eta/. 1989; Delarue et 
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FIG. 2 Pairwise comparison of the first 6500 3 ' nucleotides of the rabies (PV strain) and the Mokola (MOK5 isolate) genomes. The 
similarity profile was calculated by comparing successive windows of 150 nucleotides. The mean value of each region is 
outlined by horizontal lines. The different domains of the G glycoprotein (signal peptide, ectodomain, transmembrane domain, 
cy1oplasmic domain) are shown 

a/. 1990; Poch eta/. 1990). The N protein presents 
a more conserved centrai-COOH region where simi
larities with other Mononegavirales can be observed 
(Sanchez, Kiley, Klenk & Feldmann 1992). This reg
ion is possibly responsible for direct interaction with 
the genome back-bone. It encompasses candidate T 
cell epitopes which may extend the protective spec
trum of future lyssavirus vaccines (Bourhy et a/. 
1993). Indeed, the M1 protein is the only poorly con
served replicative element, being very variable in the 
central part. Its role is more likely to be mediated by 
a highly electronegative charge (numerous acidic 
amino-acids and phosphate residues) than by de
fined sequence motifs. 

The degree of conservation of the M2 protein com
parative to the other proteins is interesting: it varies 
between good and poor, depending on whether dis
tant [e.g . rabies and Mokola (Bourhy eta/. 1993)] or 
closely related [the vaccinal .PV and CVS strains 
(Poch et a/. 1988)] lyssaviruses are compared. In 
closely related viruses such as the vaccinal PV and 
CVS strains, the M2 protein is one of the least con
served (Poch, Tordo & Keith 1988) whereas with the 
more distantly related rabies and Mokola viruses it 
is one of the more conserved proteins (Bourhy eta/. 
1993). This suggests that the mutation rate of each 

protein is not constant, but increases and decreases 
relative to the changes in evolutionary distance. 

The glycoprotein is composed of four distinct do
mains: 

• The signal peptide (S) that allows the translocation 
of the polypeptide through the membrane of the 
endoplasmic reticulum and that is cleaved from the 
final polypeptide. 

• The ectodomain that is exposed on the outer sur
face of the virion and includes the glycosylation, 
palmytoylation and antigenic sites (Tuffereau eta/. 
1985; Benmansour eta/. 1991 ; Gaudin eta/. 1991 ; 
Coulon eta/. 1993). 

• The transmembrane peptide (TM) that anchors the 
protein within the viral envelope. 

• The cytoplasmic domain (cyto) located in the inner 
part of the virion. Sand TM are hydrophobic, while 
cyto is hydrophilic. The maintenance of their hy
dropathic nature constitutes the major constraint 
on these three peptides which accept numerous 
conservative amino-acid changes. In contrast, the 
sequence of the ectodomain is more conserved, 
notably in the NH2 regions which are implicated 
in the T-cell response and around the main glyco
sylation site (Tordo et at .. 1993). 
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