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Summary. ~ Thirty-four rabies virus (RV) isolates from foxes (8), insectivore bats (9), cattle (14), sheep
(1), a goat (1) and a donkey (1) from Paraiba state, northeastern Brazil, were genetically characterized. Sequences
of 890 nts of nucleoprotein (N) genes of these isolates were unalyzed and compared with those of other
Brazilian isolates churacterized earlier. Phylogenetic analysis revealed three genetical lineages of RV co-existing
in this region. Each lineage was found to be associated with particular host species and to circulate independently
of each other. The first lineuge was found in foxes (Dusicyon sp.) and could be discriminated from domestic
carnivore isolates from Sao Paulo, Goias and Minas Gerais in the southern and central Brazil. The second
lineage wus associuted with insectivorous bats (Molossus spp.) and differed from vampire bat-associated RV
isolates. The third lineage was found in livestock und clustered with vampire bat-associated RV isolates from
Sao Punlo, Tocantins, Goias and Matto Grosso. These results indicate that RV of these genetic lineages are co-
circulating in the Puraiba state and that livestock in this region are infected with vampire bat-associated RV,
suggesting that the vampire bat is the main reservoir of livestock rabies in this region.
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Introduction

Rabies is an enzootic disease caused by RV, a neurotropic
virus of the genus Lyssavirus. Lyssaviruses (members of
the Lyssavirus genus) are divided in 7 genotypes (GTs),
among them GT1 (RV), GT3 (Mokola virus, MOKV) and
GT7 (Australian bat lyssavirus, ABLV) (Fauquet et al.,
2005).

RV infects almost all kinds of mammalian species. RV
infects the central nervous system, causing acute ence-
phalitis, which is almost incurable after the clinical
symptoms appear. However, there is a possibility of

"E-mail: takuya@brs.nihon-wuc.jp; fax: +81466-843380.
Abbreviations: ABLV = Australian batlyssavirus; GT = genotype:
MOKYV = Mokola virus; N = nucleoprotein: RV = Rabies virus

prevention of this disease by effective vaccine even when
administered after exposure to the virus.

In Brazil, like most other South American countries,
rabies occurs in two different epidemiological forms, sylvatic
and urban. The main reservoir of urban rabies is the dogs,
while that of sylvatic rabies is the vampire bat (Ito et al.,
2001a). In large cities of southern Brazil like Rio de Janeiro
and Sao Paulo, dog rabies has been controlled by effective
dog vaccination campaigns (Romijn e7 al., 2003; Heinemann
et al., 2002). However, in rural areas, the dog remains the
main reservoir of human rabies, and the rabies cases of
humans and livestock contracted from wild animals, such
as vampire bats (Desmodus rotundus) (Schineider et al., 1996;
Romyjin ef al., 2003), marmosets (Favoretto et al., 2001),
non-human primates (Ramos et al., 2002) and foxes have
been reported as increasing (Almeida et al., 2001), especially
in the northern Brazil. In the Ceara state, the northeastern
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Brazil, 13 human rabies cases originated from wild animals,
such as bats, crab-eating raccoons (Procyon cancrivorous)
and white-tufted-ear marmosets (Calithrix jacchus jacchus)
during the past 7 years (1991-1998) (Favoretto ef al., 2001).
The latter study revealed that these viruses represent a unicue
and independent rabies endemic cycle. In some other states
surrounding Paraiba state, outbreaks of rabies in humans
transmitted by vampire bats (Bahia, Amazonas and Para
states) (Goncalves ef al., 2002; Schneider et al., 2001; Pan
American Health Organization, 2004) also occurred.

Although rabies cases in humans and livestock in the
Paraiba state have occurred, there is so far no report on
molecular analysis of the respective RV isolates. The aim of
this study was o characterize genetically RV circulating in
this area and to obtain epidemiological information for
prediction and prevention of rabies outbreaks i both humans
and livestock in this region.

Materials and Methods

Viruses. Thirty-four RV isolates obtained from brain speci-
mens from foxes (8), cattle (14), insectivorous bats (9), sheep (1),
a goat (1) and a donkey (1), collected in the Paraiba state, the
northeastern Brazil, were examined.

RT-PCR. Total RNA was extracted from brain specimens
using a QlAamp Viral RNA Mini Kit (QIAGEN) according to
the manufucturer's instructions. To detect RV RNA in general,
a RT-PCR specific for RV N gene (a sequence of 964 nts) was
performed using the primer pair P1/P2. To detect carnivore-us-
sociated RV RNA in particular, the primer pair RHNI/RHNS3
yielding a product of 1,512 nts was used (Ito ez al., 1999, 2003).

Sequencing. The RT-PCR products of 964 nts were purified
using a QIAquick PCR purification Kit (QIAGEN) and subjected
to direct sequencing using the primers P1, P2, BRABN-SI,
BRABN-S53 and BRABN-C3 (Shoji et al., 2004), a Big Dye Ter-
minator Cycle Sequencing Kit version 3.1 (Applied Biosystems)
and an antomated sequencer (Applied Biosystems).

Phylogenetic analysis of RV isolates was based on the align-
ment of 890 nts-long sequences of N gene (nt 89-978) (Tordo et
al., 1986) using the CLLUSTAL X program (Thompson et al., 1994).
A neighbor-joining tree was constructed using a method of Saitou
and Nei (1987) and the bootstrap probabilities of each node were
calculated using 1,000 replicates. A graphic output was obtained
using the TREEVIEW program (Page er al., 19906).

Results
Detection of RV RNA by RT-PCR
All the 34 RV isolates were positive by the RT-PCR with

the primer pair P1/P2, while only 8 of them, originating
exclusively from fox brains, were positive by the RT-PCR
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with the primer pair RHNI/RHNS3 (Fig. 1); the latter
isolates thus represented carnivore-associated RV.

Sequencing and phylogenetic analysis of RV isolates

The sequences of 890 nt-long RT-PCR products (nt 89—
978) corresponding to RV N gene were determined for all
the 34 RV isolates and were deposited in the Gen Bank
database (Acc. Nos. AB206407-AB206439 and AB207884).

The nucleotide sequence identities of all the isolates with
RV (GT1), MOKYV (GT3) and ABLV (GT'7) were 81.7-99.4%,
72.2-72.7% and 75.9-78.9%), respectively, showing that
these isolates belong to GT 1 of lyssaviruses. The nucleotide
and deduced amino acid sequences exhibited different levels
of identity with each other, 82.5-100% and 92.3-100%,
respectively. Among all the fox isolates, the nucleotide
sequences showed a 94.6-100% identity. The latter also
showed the highest identity (93.2-94.6%) with those of
domestic carnivore isolates from Sao Paulo, Minas Gerais
and Goias in the southern and central Brazil. However, these
levels of identity were lower than those (98.9-99.1%) within
domestic carnivore isolates except for fox isolates.

The nucleotide sequence identity within the insectivorous
bat isolates from Paraiba was 97.8-99.7%, while the
nucleotide and deduced amino acid sequences identities of
these isolates with other isolates described in this study were
relatively low, 82.1-89.5% and 92.9-97.3%. respectively.
The nucleotide sequence identity within the livestock isolates
showed 98.2—100%. The nucleotide and amino acid
identities of the livestock isolates from Paraiba with the
isolates from vampire bats and livestock from other regions
in Brazil (Goias, Mato Grosso, Sao Paulo and Tocantins)
were the highest, 96.1-98.2% and 97.6-100%, respectively.

Multiple alignment of deduced amino acid sequences
(298 aa) of representative RV isolates revealed 19 amino
acid substitutions. Several of them appeared to be lineage-
specific. Five substitutions were found in carnivore or bat
isolates. Another seven substitutions resulted in an amino
acid with changed chemical properties. Seven substitutions
were found in insectivorous bat isolates (data not shown).

The phylogenetic analysis based on the sequences of 890
nts of N generevealed that 55 isolates analyzed in this study
clustered into fouwr major genetic lineages: (A) the lineage
of domestic carnivore isolates from southern and central
Brazil; (B) the lineage of fox isolates from Paraiba; (C) the
lineage of insectivorous bat isolates from Paraiba and Sao
Paulo; (D) the lineage of livestock isolates from Paraiba and
vampire bat and livestock isolates from southern and central
Brazil (Fig. 2a). Insectivorous bat isolates from Paraiba
together with BRNIL-1 constituted a lineage that differed
from other insectivorous bat isolates from Sao Paulo (BREF-4
and BRMA-1). Fox isolates from Paraiba formed two
discrete sub-lineages (B-1 and B-2) and each sub-lineage
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Discrimination of carnivore-associated and non-carnivore-associated RV isolates by RT-PCR

Positive controls: BRdg 2 (Brazilian carnivore-associated RV, lanes 1) and BRvmbt 33 (Brazilian non-canivore RV, lanes 3). Brazilian RV isolates BR-
Prxl (lanes 2), BR-Pbt 1 (lanes 4) and BR-Pbv 1 (lanes 5). Negative control: RT-PCR without RNA template (lanes 6). P and R indicate P1/P2 and

RHNI/RHNS3 primer pairs, respectively.

was distinguishable from domestic carnivore isolates from
southern and central Brazil. Although the lineages A and
B were categorized in carnivore rabies, they did not contain
carnivore isolates from other countries (Fig. 2b). However,
the lineages C and D were assigned to Chiropteran rabies
together with other bat isolates. The insectivorous bat lineage
C has closer relationship with North American and other
Brazilian insectivorous bat isolates than the vampire bat
lineage.

Discussion

In this study, viral RNA was detected by RT-PCR in 34
brain specimens from wild animals (foxes and insectivorous
bats), livestock (cattle, sheep, a goat and a donkey) from
Paraiba, northeastern Brazil. N gene sequences of these
isolates and their phylogenetic analysis revealed that three
genetic lineages of RV associated with specific host species
occur in this area, indicating the presence of multiple
endemic cycles of rabies. The fox RV lineage from Paraiba
was found to belong to the group of Brazilian carnivore RV
isolates but it apparently differed from carnivore RV lineage
from southern and central Brazil. The insectivorous bat
(Molossus sp.)-RV lineage of Paraiba clustered with an
isolate from another species of insectivorous bat (Nictino-
mops laticaudatus; BRNL-1) and could be differentiated
from other Brazilian RV isolates. Furthermore, the livestock
RV lineage from Paraiba was found to belong to Brazilian
vampire bat-associated RV lineages, suggesting that the main
reservoir of livestock rabies in Paraiba is vampire bats though
we could not isolate RV from vampire bats captured in
Paraiba. The high bootstrap values of the node of each

lineage in the phylogenetic tree indicate that these three RV
lineages have been circulating independently of each other
in this region.

Considering the population of the fox Dusysion sp. in
Paraiba and the fact that some residents keep foxes as pets,
this species has a potential for transmission of RV to
bumans.

Vampire bats are responsible for most cases of livestock
rabies and some outbreaks of human rabies. Fortunately,
the human rabies cases transmitted by insectivorous bats
have not been reported recently in Brazil, but the growing
incidence of humans bitten by bats including insectivorous
bats in Brazil (Mayen ef al., 2003) and the growing incidence
of human rabies transmitted by insectivorous bats in North
America (Messenger et al., 2002; Pape et al., 1999) suggest
the importance of insectivorous bats in the epidemiology of
rabies in Brazil.

In accord with problem of grouping of RV isolates
worldwide, Brazilian RV isolates have been divided in two
major phylogenetical groups, the carnivore RV group and
the Chiropteran RV group (Tordo et al., 1986). The
Brazialian RV isolates from foxes, a dog and a cat belong to
the carnivore RV group, while the bat and livestock isolates
belong to the Chiropteran RV group. In our phylogenetic
analysis, the fox, dog and cat, and insect bat RV lineages
formed separate clusters without any isolates from other
countries, suggesting that each lineage is circulating in Brazil
only. On the other hand, the vampire bat RV lineage clustered
with vampire bat isolates from other South American
countries.

Brazil is so much diverse in geomorphology and in
mammalian fauna including bats (Findley, 1993; Walker, 2001)
that it is difficult to completely comprehend or elucidate the
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Phylogenetic analyses of RV isolates based on 890 nt-long sequences of N gene

(a) Phylogenetic tree of Brazilian RV isolates. (b) Phylogenetic tree of representative RV isolates from Brazil and other countries. MOKY (Mokola)
and ABLY (ABL) (Acc. Nos. Y09762 and AF418014, respectively) were used as outgroups. Isolates from Paraiba are in bold. A, B (B-1 and B-2),
C and D represent individual lineages (sublineages). Percentage bootstrap values owt of 1,000 replicates are mdicated at each respective node.
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ecology of RV in Brazil. The findings of this study in agreement
with those of other studies (Favoretto e1 al., 2001, 2002; Ito ¢t
al.,2001b; Romijn et al., 2003) indicate that the RV lineages in
Paraiba exhibit a geographic area-dependent divergence in
addition to host species-specific divergence, and that endemic
cycles of the carnivore-associated RV lineage and the bat-
associated RV lineage co-exist in one atea. Further investigation
in each area and exchanging of epidemiological information is
necessary for better understanding and more effective
prevention of rabies outbreaks.
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Summary. Although many outbreaks of rabies have been reported in northern
Brazil, few epidemiological studies of these outbreaks have been undertaken. In
this study, molecular epidemiological analyses were performed using 41 rabies
virus samples isolated in the Maranhdo (MA), Pard (PA), and Tocantins (TO)
states of northeastern Brazil. A 599-bp region of the glycoprotein (G) gene was
first amplified from each sample by RT-PCR, then sequenced and subjected to
phylogenetic analysis. A phylogenetic tree divided the 41 isolates into two clades:
Clade I was associated with terrestrial carnivores and Clade II was associated
with vampire bats. The Clade I isolates were further sub-divided into two groups.
The first group was closer to carnivore isolates that predominate in central Brazil,
whereas the second group more closely resembled wild fox isolates from the
northeastern coastal state of Paraiba (PB). MA isolates of Clade II formed an
entirely separate group. These results demonstrate that bat- and dog-transmitted
rabies occur in northwestern Brazil.

Introduction

Rabies virus (RV) is a member of the genus Lyssavirus, and it belongs to the family
Rhabdoviridae. RV is maintained by a diverse range of hosts, including both wild
and domesticated animals. Carnivore rabies is most prevalent in Asia and Africa,
where it kills tens of thousands of humans per year. On the other hand, vam-
pire bats (Desmodus rotundus) negatively impact the livestock industry in Latin
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