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ABsTRACT. Genetic and phylogenetic analyses of the region containing the glycoprotein (G) gene, which is related to pathogenicity and
antigenicity, and the G-L intergenic region were carried out in 14 Brazilian rabies virus isolates. The isolates were classified as dog-
related rabies virus (DRRV) or vampire bat-related rabies virus (VRRV), by nucleoprotein (N) analysis. The nuclectide and amino acid
(AA) homologies of the area containing the G protein gene and G-L intergenic region were generally lower than those of the ectodomain.
In both regions, nucleotide and deduced AA homologies were lower among VRRVs than among DRRVs. There were AA differences
between DRRV and VRRYV at 3 antigenic sites and epitopes (I1a, WB+ and I11), suggesting that DRRV and VRRV can be distinguished
by differences of antigenicity. Inacomparison of phylogenetic trees between the ectodomain and the area containing the G prot ein gene
and G-L intergenic region, the branching patterns of the chiropteran and carnivoran rabies virus groups differed, whereas therewere clear
similarities in patterns within the DRRV and VRRV groups. Additionaly, the VRRV isolates were more closely related to chiropteran
strains isolated from Latin America than to Brazilian DRRV. These results indicate that Brazilian rabies virus isolates can be classified

as DRRV or VRRV by analysis of the G gene and the G-L intergenic region, as well as by N gene analysis.
KEY worps: Brazil, glycoprotein, molecular epidemiology, rabies virus, vampire bat.

Rabies is one of the most serious and widespread
zoonoses intheworld. Therabiesvirusinfectsawiderange
of mammals. Rabid animals show symptoms such as mad-
ness, fear of water and encephalitis, and fatality is almost
100% [16]. The rabies virusis bullet-shaped, with a length
of 180 nm and adiameter of 75 nm. It belongs to the Rhab-
doviridae family, and its genome consists of a non-seg-
mented single negative strand of RNA with about 12K
bases. This genome encodes 5 proteins in the following
order from the 3' end: nucleoprotein (N), phosphoprotein
(P), matrix protein (M), glycoprotein (G) and RNA poly-
merase (L) [15]. TheN protein forms an active cytoplasmic
ribonucleoprotein (RNP) complex that is essential for vira
propagation [20]; there have been many molecular epidemi-
ological studies of N protein [8-11]. The G protein forms
the envelope and capsid (i.e., outer shell) of the virus, which
are responsible for vira attachment to the host cell surface
and membrane fusion [18]. Because G protein induces pro-
duction of the virus-neutralizing antibody [19], it is used to
immunize animals against rabies [4], and it influences vira
pathogenicity and neurotropism [17]. Therefore, anaysis of
the G protein is important for the investigation of pathoge-
nicity, and is useful in molecular epidemiology because of
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its host adaptation potential [1]. The G-L intergenic region
(pseudogene; ) is a noncoding region; evidence suggests
that it was once functional but has become vestigial [15].
The G-L region is not subject to immunologica selective
pressure [13], and has therefore been used in studies of
molecular epidemiology of the rabies virus[12-14].

Transmission of rabies by the vampire bat in South
America (including Trinidad) was first reported at the
beginning of the 20th century [7]. Rabies infection among
dogs in urban areas of South America constitutes a well-
known public health problem, and rabies transmission by
vampire bats has been documented [5], but the extent of
rabies infection among livestock and wild animals in South
America is not well documented. In Brazil, effective con-
trol programs have reduced the number of dog rabies cases,
and most urban areas are free from rabies [6]. Nevertheless,
the number of cases of livestock rabies transmitted by vam-
pirebatsisincreasing. There has beenvery littleanalysis of
the G protein gene of vampire bat rabiesin Brazil. Anaysis
of the G gene of Brazilian rabies virus isolates can improve
understanding of the epidemiology and prevention of rabies
in South America.

In the present study, we analyzed rabies strains used for
studies of the N protein gene [8-10], performing detailed
phylogenetic anaysis of the G protein gene, which is highly
susceptible to substitution. In addition, we investigated the
usefulness of the G-L intergenic region of therabiesvirusin
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phylogenetic studies.
MATERIALS AND METHODS

Samples: The 14 RNA samples used in this study were
obtained from 5 cattle, 2 dogs, 2 horses, 1 sheep, 1 pig, 1
vampire bat, 1 cat and 1 human (Table 1). These samples
were extracted and used to produce cDNA or PCR products
in Brazil. They were previoudly used for the analysis of N
protein by Ito et al. [8], and were representative of DRRV
and VRRV groups on the phylogenetic tree: DRRV, 6
samples; VRRV, 8 samples. Reference samplesincluded in
the phylogenetic trees (Figs. 2 and 3) are from a report by
Badrane et al. [1].

RT-PCR: The G protein gene was amplified by one-step
RT-PCR. The area containing the G protein gene and G-L
intergenic region was divided into front (nucleotides [nt]
3221-4135) and back (DRRV, nt 3995-5455; VRRV, nt
3995-5382) regions. In the front region, common primer
pairs (Ga3222-40 and Gb4119-39) were used for both
DRRV and VRRV (Table 2). A common sense primer
(GS3994) and specific antisense primers (DRRV, rabG4;
VRRV, G-antiBR2072) were used for the back region. RT-
PCR was performed with 1 ul of RNA (0.2-0.4 ug) and the
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SuperScript One-Step RT-PCR System (Invitrogen Corp.,
Carlsbad, CA, U.S.A.) according to the manufacturer’'s
instructions. Each reaction mixture was incubated at 50°C
for 60 min, followed by 40 cycles of PCR at 94°C for 30
sec., 54 or 55°C for 20 sec., and 68°C for 2 min, in aPTC-
0200 DNA Engine (MJ Research Inc., Waltham, MA,
U.S.A.). The amplified products were confirmed by 1.5%
agarose gel electrophoresis with ethidium-bromide staining,
and cDNA was purified with a QIAquick Gel Extraction Kit
(QIAGEN, Hilden, Germany).

Direct Sequencing: Sequences were determined with an
automated sequencer (ABI Prism 3100, Applied Biosys-
tems, Foster city, CA, U.S.A.), the PRISM Dyedeoxy Ter-
minator Cycle Sequencing Ver. 2.0 Ready Reaction kit
(Applied Biosystems) and the Big Dye Terminator Cycle
Sequencing kit (Applied Biosystems). In the front region,
common primers (Ga3222-40, Ga3222-40-1, Gb4119-39
and Gb4119-39-1) were used for both DRRV and VRRV.
In the back region, 4 primers (GS3994, GS399%4-1, rabG4
and rabG4-1) were used for DRRV, and 4 primers
(GS3994, GS3994-1, G-antiBR2072 and G-antiBR2072-1)
were used for VRRYV (Table 2). The reaction productswere
purified on a Centri-Sep Spin Column (Applied Biosys-
tems) or by ethanol precipitation.

Tablel. The 14 isolates analyzed in this study
Identification no. Country Species Year of isolation  Accession no.
BRct3? Brazil Cat 1999 AB110656
BRhm6? Brazil Human 1999 AB110657
BRdg10® Brazil Dog 1987 AB110658
BRdg12? Brazil Dog 1989 AB110659
BRhr18? Brazil Horse 1999 AB110660
BRpg28? Brazil Pig 1998 AB110661
BRhr31? Brazil Horse 1998 AB110662
BRbv32" Brazil Cattle 1994 AB110663
BRvmbt33? Brazil Vampirebat No data AB110664
BRsp35” Brazil Sheep 1992 AB110665
BRbv3% Brazil Cattle 1999 AB110666
BRbv45" Brazil Cattle 1999 AB110667
BRbv49” Brazil Cattle 1989 AB110668
BRbv50? Brazil Cattle 1999 AB110669
a) DRRV: dog related rabies virus[10].
b) VRRV: Vampire bat related rabies virus [10].
Table2. Primersused in this study
Primer Nucleotide sequences (5'-3') Position? Sense Use
Ga3222-40 CGCTGCATTTTRTCARAGT 3221-3239 + RT-PCR/Direct sequencing
Gb4119-39 GGAGGGCACCATTTGGTMTC 41164135 - RT-PCR/Direct sequencing
GS39%4 CGGMTTTGTGGATGAAAGRGGC 39954016 + RT-PCR/Direct sequencing
rabG4 TGGGTCAATAGGGTCATCATAGAC 5432-5455 - RT-PCR/Direct sequencing
G-antiBR2072 TGCTGATTGCRCCTACATT 5363-5382 - RT-PCR/Direct sequencing
Ga3222-40-1 GGGATACATCTCTGCCATA 3518-3536 + Direct sequencing
Gb4119-39-1 GGGATTTGTCGTATGGGTC 3801-3819 - Direct sequencing
GS3994-1 GACTTGGAACGAGATCATCC 4373-4392 + Direct sequencing
G-antiBR2072-1 CATGAAGTATGTGAAGGGC 49784996 - Direct sequencing
rabG-4-1 GACCATGTCTGGTAGATAG 5033-5052 - Direct sequencing

a) Nucleotide positions are numbered according to the PV sequence (GenBank; accession no. M13215).
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Genetic and Phylogenetic Analyses: Fragments of
sequence data obtained from direct sequencing were con-
nected with DNASIS (Ver. 2.0). Alignment of the area con-
taining the G protein gene and G-L intergenic region was
performed with ClustalX (1.81) and GENETY X-WIN (Ver.
5.0). Subsequently, homologies of the nucleotide sequence
and deduced AA sequence were calculated. And 1000 boot-
strap replicates of these sequencing data were analyzed by
the neighbor-joining (NJ) method. From these results, we
deduced the lineages of rabies virus strains.

RESULTS

The deduced AA alignments of all 14 samples are shown
in Fig. 1. Among the 524 residues in the deduced AA
sequences of the G protein gene, there were 63 distinct AA
substitutions between DRRV and VRRV. There were
apparent differences between DRRV and VRRYV at AA 199
(site lla, 198-202), AA 264 (site WB+) and AA 332 (site
[11, 330—-338), which are antigenic sites and epitopes [2]. At
6 residuesinvolved in pathogenicity (AA 33, 132, 147, 198,
330 and 333), there was no difference between DRRV and
VRRV. The main substitutions in the present deduced AA
seguences were a 6 positionsin the signal peptide (SP; AA
-19-1), 9 positions in the transmembrane (TM; AA 440
461), and 23 positions in the endodomain (ENDO; AA
462-) (Fig. 1).

The nucleotide and AA homologies of the area containing
the G protein gene and G-L intergenic region were generally
lower than those of the ectodomain (datanot shown). For al
DRRVs, the nucleotide homology of the area containing the
G protein gene and G-L intergenic region was >98.2%, and
AA homology of the G protein gene was >98.9%. For all
VRRVs, nucleotide homology was>96.1%, and AA homol-
ogy was >97.3%.

The NJ trees, based on the ectodomain and the area con-
taining the G protein gene and G-L intergenic region,
showed differences within carnivoran and chiropteran
rabies virus groups (Figs. 2 and 3). The ectodomain tree
showed 2 groups of carnivoran and chiropteran rabies
viruses, and the tree for the area containing the G protein
gene and G-L intergenic region showed 3 groups of carnivo-
ran and chiropteran rabies viruses, but there was similarity
within DRRV and VRRV groups. The bootstrap values
were high in both trees; DRRV and VRRV were located in
separate groups in both trees; and VRRV was more highly
branched than DRRYV in both trees. In both trees, the VRRV
group (containing M EX2-VP) was closer to the chiropteran
strains MEX2-BT, BRA1-BV and GUY 1-BV than was the
DRRYV group. DRRV consgtituted an independent group.

DISCUSSION

In this study, we analyzed 2066 nucleotides in the area
containing the G protein gene and G-L intergenic region of
14 isolates of rabies virus from Brazil. AA alignment
showed 3 differences in antigenic sites and epitopes, and

many differencesin SP, TM and ENDO between DRRV and
VRRV. In astudy of fixed rabies virus strains (ERA and
CVS), Tuffereau et al. [17] found that AA 333 (R) is neces-
sary for virulence of rabies. Coulon et al. [3] showed that
AA 333 (R) and AA 330 (K) areinvolved in pathogenicity,
using fixed rabies virus strains (CVS) and BSR cells
(derived from baby hamster kidney cells). But we found no
substitutions in these regions of DRRV and VRRV. The
present differencesat antigenic sites suggest that DRRV and
VRRV have distinct antigenic properties.

Nucleotide and deduced AA homologies were greater in
the ectodomain than in the area containing the G protein
gene and the G-L intergenic region. In both regions, nucle-
otide and deduced AA homologies were generally lower
among VRRVs than among DRRVs. This suggests that
overall genetic diversity is greater among VRRV's than
among DRRVs.

The present NJ tree based on the ectodomain was similar
to an NJ tree constructed by Badrane et al. [1], in which chi-
ropteran and carnivoran rabies viruses formed distinct sepa-
rate groups. The present ectodomain tree supports that
carnivoran rabies viruses are derived from chiropteran
rabies viruses, as described by Badrane et al. [1]. In con-
trast, in the present NJ tree based on the area containing the
G protein gene and G-L intergenic region, there were 2 car-
nivoran and 1 chiropteran rabies virus groups; i.e., therewas
no clear distinction between carnivoran and chiropteran
rabies viruses. Thistreeimplies that the chiropteran rabies
virus group is derived from the carnivoran rabies virus
group. Thisdifference between the 2 trees is consistent with
areport in which it was concluded that it is to be expected
that the G-L intergenic region would develop distinct char-
acteristics due to accumulation of mutations [12], although
it is difficult to determine which of the above-described
trees accurately depicts the evolution of the rabies virus.

On the other hand, the 2 present trees showed similarities
in the branching pattern within the DRRV and VRRV
groups; in particular, DRRV had high bootstrap values in
both trees. In both trees, the VRRV group was closer to chi-
ropteran strainsisolated from Latin America than to Brazil-
ian DRRV; the DRRV group contained only the present 6
DRRYV isolates. Thissuggeststhat DRRV maintained inde-
pendent circulationin Brazil. The branches of DRRYV in the
NJtree based on the area containing the G protein gene and
G-L intergenic region were more highly branched than those
of the NJ tree based on the N protein gene [8], suggesting
that such multiple branches have contributed to thediversity
of the area containing the G protein gene and G-L intergenic
region. The present finding that DRRV and VRRYV diverge
greatly is consistent with a report that VRRV circulated
independently in South America for long periods [8].

In the present study, we determined the sequences of
2066 nucleotides in the area containing the G protein gene
and G-L intergenic region of 14 isolates of the rabies virus
obtained in Brazil. The present nucleotide and AA homolo-
gies suggest that the VRRV group is highly diverse. Signif-
icantly, AA aignment revealed differences between DRRV
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Fig. 2.

NJ tree based on the rabies virus G protein and G-L intergenic nucleotides (3291-5363). Nucl eotide positions are numbered accord -

ing to the PV sequence (GenBank; accession no. M13215). Samples in the box of solid lines belong to the VRRV group, and those in the
box of dotted lines belong to the DRRV group. The other strains wereretrieved from the GenBank and the data of Badrane et al. [1]. Num-

bers show bootstrap values of 1000 replicates.

and VRRYV &t the positions of antigenic sites and epitopes,
suggesting that DRRV and VRRV can be distinguished by
differences of antigenicity. Additionally, in the NJ tree, the
branching patterns of the ectodomain and the area contain-
ing the G protein gene and G-L intergenic region generally
differed between the chiropteran and carnivoran rabies virus
groups, whereas there was similarity in these branching pat-
terns within the DRRV and VRRV groups. These results
indicate that Brazilian rabies virus isolates can be classifies
as DRRV or VRRV by analysis of the G gene and the G-L
intergenic region, aswell as N gene analysis.
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