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RESUMO

ANALISE FILOGENETICA DE AMOSTRAS DE VIRUS DA RAIVA DE
HERBIVOROS NO RIO GRANDE DO SUL (2012-2017) E VALIDACAO DE UM
TESTE DE RT-PCR EM TEMPO REAL PARA DIAGNOSTICO

AUTOR: Gisane Lanes de Almeida
ORIENTADOR: Rudi Weiblen

O virus da raiva (Rabies lyssavirus, RABV) é o agente da raiva, uma doenca zoondtica de
distribuicdo mundial, caracterizada por sinais neuroldgicos graves, de curso geralmente fatal,
que afeta mamiferos domeésticos e selvagens. O RABYV pertence a ordem Mononegavirales,
familia Rhabdoviridae, género Lyssavirus. O genoma do RABYV consiste de uma molécula de
RNA de fita simples de sentido negativo, com aproximadamente 12 quilobases (kb) e contém
5 genes, entre eles o gene da nucleoproteina (N) que é altamente conservado e tem sido
amplamente utilizado como alvo de estudos filogenéticos, assim como no desenvolvimento de
testes de diagnostico. No primeiro estudo que compde esta Tese, descreve-se uma analise
filogenética de 145 amostras de RABV oriundas de herbivoros no Rio Grande do Sul (RS),
entre 2012 e 2017, baseada na andlise da sequéncia parcial do gene da proteina N. Estas
sequéncias exibiram uma alta identidade de nucleotideos (nt) e similaridade de aminoéacidos
(aa) entre si, bem como com sequéncias de RABV identificadas em bovinos e de morcegos
hematdfagos. Os virus segregaram em dois clusters distintos. O cluster 1 agrupou sequéncias
de RABYV abrangendo todo o periodo estudado, enquanto o cluster 2 agrupou um ndmero menor
de virus detectados em 2013, 2014, 2015 e 2017. Em alguns casos, virus obtidos de uma mesma
regido em um curto periodo de tempo agruparam em clusters ou sub-clusters distintos,
indicando a co-circulacdo de virus de diferentes linhagens. A separacdo em sub-clusters
também foi observada em sequéncias virais obtidas de uma mesma regido em diferentes
momentos, indicando o envolvimento de mais de um virus. O segundo estudo reporta o
desenvolvimento e validacdo de um ensaio em tempo real, baseado em transcrigdo reversa
seguida de reacdo da polimerase em cadeia (RT-PCR em tempo real; RT-gPCR) para o
diagndstico da raiva em bovinos. Os primers foram desenhados visando a regido altamente
conservada do gene da proteina N a partir de sequéncias de RABYV de bovinos do RS obtidas
do GenBank. O limite de deteccdo correspondeu a 12,99 cdpias de DNA e a repetibilidade intra-
e inter-ensaio foi adequada. Ndo foram detectadas amplificacdes inespecificas com outros
patdégenos de sindromes neuroldgicas semelhantes a raiva em bovinos no RS, nem
contaminacdo cruzada. Amostras de cérebro bovino de 21 casos suspeitos de raiva foram
testadas com o0 novo ensaio e com o teste padrdo-ouro de imunofluorescéncia direta (FA). A
sensibilidade e a especificidade da RT-gPCR foram determinadas. A sensibilidade e a
especificidade diagndstica foram ambas 100%. Em resumo, os estudos apresentados na presente
Tese revelaram uma alta conservacdo do gene da proteina N e a circulacdo de duas linhagens e
sub-linhagens diferentes de RABV no RS, confirmando a adequacéo do gene N no estudo das
relacfes genéticas entre amostras de RABV. Além disso, a RT-gPCR se apresentou sensivel e
especifica nos critérios analitico e diagnodstico. Em funcéo disso, 0 ensaio aqui proposto se
mostrou util para diagnostico da raiva em bovinos, apresentando rapidez, sensibilidade e
especificidade adequadas.

Palavras-chave: RABV. Caracterizagdo molecular. Nucleoproteina. RT-qPCR. Diagndstico.



ABSTRACT

PHYLOGENETIC ANALYSIS OF RABIES VIRUS SAMPLES FROM HERBIVORES
IN RIO GRANDE DO SUL (2012-2017) AND VALIDATION OF A REAL-TIME RT-
PCR FOR DIAGNOSIS

AUTHOR: Gisane Lanes de Almeida
ADVISOR: Rudi Weiblen

Rabies virus (Rabies lyssavirus, RABV) is the agent of rabies, a zoonotic disease distributed
worldwide, characterized by severe neurological signs of course generally fatal in domestic and
wild mammals. The RABV belongs to the order Mononegavirales, family Rhabdoviridae and
genus Lyssavirus. The RABV genome consists of a single-stranded, negative-sense RNA
molecule of approximately 12 kilobases (kb) containing 5 genes, including the highly conserved
nucleoprotein (N) gene. The N gene has been widely used as a target in phylogenetic studies
and for development of molecular tests for diagnosis. In a first study, we describe a
phylogenetic analysis of 145 RABV recovered from herbivorous from Rio Grande do Sul state
(RS) between 2012 and 2017, based on partial sequence analysis of the N gene. These
sequences displayed a high sequence nucleotide (nt) identity and amino acid (aa) similarity to
each other and with bovine and hematophagous bat RABV sequences. The viruses segregated
into two distinct clusters. Cluster 1 comprised RABV sequences covering the whole studied
period, whereas cluster 2 grouped a lower number of viruses from 2013, 2014, 2015 and 2017.
In some cases, viruses obtained from the same region within a short period of time grouped to
distinct clusters or sub-clusters, indicating the co-circulation of distinct virus lineages in these
outbreaks. The segregation into sub-clusters was also observed for viral sequences obtained
from the same region at different times, indicating the involvement of distinct viruses. The
second study reports the development and validation of a real-time reverse transcription
guantitative PCR (RT-gPCR) for diagnostics of rabies in cattle. The primers were designed
targeting the highly conserved N gene of RABV from samples obtained from cattle in RS,
obtained from GenBank. The detection limit corresponded to 12.99 DNA copies and the intra-
and inter-run repeatability was adequate. Non-specific amplification with a range of other
pathogens causing neurological syndromes similar to rabies in cattle in RS, as well as cross-
contamination were not detected. Bovine brain samples from 21 suspected cases of rabies were
tested with the new RABV RT-qPCR assay and with a gold-standard fluorescent antibody test
(FAT) and the sensitivity and specificity of the RT-gPCR assay were determined. Both the
sensitivity and specificity of the RT-gPCR were 100%. In summary, the studies presented in
this Thesis revealed a high conservation of N protein gene and the circulation of two lineages
and different sublineages of RABV in the RS, confirming the suitability of N gene to study the
genetic relationships among RABYV isolates. Furthermore, the RABV RT-gPCR assay provides
is analytically and diagnostically sensitive and specific. Thus, this assay may be very useful for
a rapid, sensitive and specific diagnosis of rabies in cattle.

Keywords: RABV. Molecular characterization. Nucleoprotein. RT-gPCR. Diagnostic.
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1 INTRODUCAO

O virus da raiva (Rabies lyssavirus, RABV) é o agente da raiva, uma doenga zoonotica
de distribuicdo mundial, caracterizada por sinais neurologicos severos de curso geralmente
fatal, e que acomete mamiferos domésticos e selvagens (WORLD HEALTH
ORGANIZATION, 2005). O RABV pertence a ordem Mononegavirales, familia
Rhabdoviridae e género Lyssavirus (INTERNATIONAL COMMITEE ON THE
TAXONOMY OF VIRUSES, 2018). Os virions apresentam uma forma de projétil e sdo
compostos por duas unidades estruturais: um nucleocapsideo helicoidal interno e um envelope
lipidico. O genoma, formado por uma cadeia simples de acido ribonucleico (RNA) de sentido
negativo, possui aproximadamente 12 quilobases (kb) e contém cinco genes, que codificam
cinco proteinas: nucleoproteina (N), fosfoproteina (P), proteina da matriz (M), glicoproteina
(G) e polimerase (L) (INTERNATIONAL COMMITTE ON THE TAXONOMY OF
VIRUSES, 2011).

Historicamente, a raiva tem causado importantes perdas a rebanhos bovinos em varias
regides do Brasil, acarretando um impacto econdmico negativo a cadeia produtiva, além dos
gastos indiretos que podem ocorrer com a vacinacdo de milhGes de bovinos e inUmeros
tratamentos pds-exposicdo (soro-vacinacdo) de pessoas que tiveram contato com animais
suspeitos (BRASIL, 2009). Segundo o Ministério da Agricultura, Pecuéria e Abastecimento
(MAPA), nas ultimas duas décadas foram registrados 38.170 casos de raiva em bovinos de todo
0 pais, sendo 2.064 no Rio Grande do Sul (RS) (BRASIL, 2020a).

O RABV se perpetua na natureza por ciclos de infecgdo envolvendo carnivoros
terrestres e morcegos. Na América do Sul, os morcegos hemat6fagos Desmodus rotundus sdo
0s principais transmissores do RABYV para os herbivoros (BANYARD et al., 2011). Para frear
a disseminacao do virus e diminuir as perdas produtivas, é fundamental que sejam determinadas
as origens do RABV, os seus padrdes de disseminacao pelos hospedeiros/transmissores, bem
como a relagéo entre as colonias de morcegos e os rebanhos bovinos afetados. A caracterizacdo
molecular e filogenética de isolados de raiva de alguns estudos tem ajudado a prever a futura
ocorréncia de casos e, desta forma, tem contribuido para a adog¢do de medidas de prevencéo e
controle (ITO et al., 2001b; VELASCO-VILLA et al., 2006).

A sequéncia de nucleotideos do gene da proteina N é altamente conservada entre
amostras de RABV e, por isso, tem sido amplamente usada como alvo em testes diagnosticos
baseados na deteccdo de acidos nucléicos (ARAVINDHBABU et al., 2012;
ARAVINDHBABU, MANOHARAN, RAMADASS, 2014; BLACK et al., 2002; DEDKOV et
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al., 2018; FAYE et al., 2017; HOFFMANN et al., 2010; MACEDO et al., 2006; NADIN-
DAVIS, SHEEN, WANDELER, 2009; NAJI et al., 2020; SACRAMENTO, BOURHY,
TORDO, 1991; SOARES et al., 2002; WACHARAPLUESADEE et al., 2008; WADHWA et
al.,, 2017) e para a identificacdo genética de linhagens, sub-linhagens e variantes virais
(BATISTA- tal., 2009; CASTILHO et al., 2008; ITO etal., 2001a, 2001b, 2003; KOBAYASHI
et al., 2005, 2006, 2008; MOCHIZUKI et al., 2012, QUEIROZ et al., 2012; ROMIJN et al.,
2003; SCHAEFER et al., 2005). Amostras de RABYV adaptadas a diferentes espécies (variantes)
apresentam alteracdes/mutacdes de nucleotideos conservadas, que podem ser utilizadas como
marcadores epidemiol6gicos (ARAI et al., 1997; ITO et al., 2001b; 2003; PAEZ et al., 2003).
Além disso, a proteina N é base para varios testes diagnosticos baseados na deteccdo de
antigenos (AHMED et al., 2012; CAPORALE et al., 2009; MADHUSUDANA et al., 2004;
2012; NISHIZONO et al., 2008; PERRIN et al., 1992; RAHMADANE et al., 2017) e anticorpos
(DYER et al., 2013; ESTERHUYSEN, PREHAUD, THOMSON, 1995; REALEGENO et al.,
2018; SUGIYAMA et al., 1997).

As analises moleculares e filogenéticas de isolados de RABV tornaram-se ferramentas
importantes para determinar a origem dos virus e entender, por exemplo, os padrfes temporais
e espaciais de disseminacgéo/disperséo de colonias de morcegos vampiros, que sdo o0s principais
transmissores da raiva aos herbivoros (KOBAYASHI et al., 2008; CARNIELI JUNIOR et al.,
2009; VELASCO-VILLA et al., 2006). As informacdes coletadas em alguns estudos ajudaram
a prever a ocorréncia futura de casos e, assim, permitiram a adocdo de medidas de prevencéo e
controle (ITO et al., 2001b; KANITZ et al., 2014). Em geral, estudos de filogenia e dispersédo
do RABV foram realizados através da analise do gene da G completo, da regido intergénica G-
L e/ou analise do gene da N parcial ou completo (ITO et al., 2001b; SATO et al., 2004). Nesse
sentido, o gene da proteina N tem sido o alvo preferido para a analise de sequéncia, uma vez
gue é o gene mais conservado entre os lissavirus (WUNNER, 2007). Em funcdo disso,
inicialmente foi realizada uma anélise filogenética de 145 RABYV recuperados de herbivoros no
RS de 2012 a 2017, baseada na analise da sequéncia parcial do gene da proteina N, que originou
o artigo 1 entitulado Sequence analysis of nucleoprotein gene reveals co-circulation of lineages
and sublineages of rabies virus in herbivores in Rio Grande do Sul, Brazil.

Quando ha exposi¢do humana, um diagnostico rapido e confiavel no animal suspeito
pode ser muito importante para definir medidas de prevencao, controle e tratamento de pessoas
expostas. A gravidade da infecgéo e as implicagcdes de um resultado inconclusivo ou falso-
negativo reivindicam o uso de testes diagndsticos complementares para a confirmagdo do

diagnostico com alta acuracia. Os testes biologicos (ex.: teste de inoculagdo em camundongos)
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recomendados pela Organiza¢do Mundial de Satide Animal (OIE) podem levar de 5 a 28 dias
para chegar aos resultados (WORLD ORGANISATION FOR ANIMAL HEALTH, 2019c). A
reacao de transcricdo reversa (RT) seguida da reacdo em cadeia da polimerase (PCR), também
denominada RT-PCR quantitativa (RT-qPCR), tem se mostrado uma alternativa eficaz como
técnica complementar de diagnostico da raiva (DEDKOQOV et al., 2018; FAYE et al., 2017;
HOFFMANN et al.,, 2010; NADIN-DAVIS, SHEEN, WANDELER, 2009;
WACHARAPLUESADEE et al., 2008; WADHWA et al., 2017). A RT-gPCR pode facilitar o
diagnostico de raiva, principalmente nos casos inconclusivos pela imunofluorescéncia (FAT).
Além disso, o desenvolvimento de uma ferramenta de diagn6stico molecular rapida e adequada
para o teste de um grande nimero de amostras do RABV pode ser importante para a rotina
diagnostica e para a vigilancia epidemiolégica, particularmente no RS, onde a raiva herbivora
permanece endémica (BRASIL, 2020a). Portanto, uma RT-qPCR foi desenvolvida e validada
para o diagndstico da raiva em bovinos, constituindo o artigo 2 com o titulo An RT-qPCR assay

for rapid diagnosis of bovine rabies.
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2 REVISAO BIBLIOGRAFICA

2.1 0 VIRUS DA RAIVA (RABV)

O RABV é o0 agente da raiva, uma doenca zoondtica de distribuicdo mundial,
caracterizada por sinais neuroldgicos severos de curso geralmente fatal e que acomete
mamiferos domésticos e selvagens (WORLD HEALTH ORGANIZATION, 2005).

Segunto o International Commitee on the Taxonomy of Viruses (2011, 2018), o RABV
pertence a ordem Mononegavirales, familia Rhabdoviridae, género Lyssavirus. Os virions
apresentam uma forma de projétil e sdo compostos por duas unidades estruturais: um
nucleocapsideo helicoidal interno e um envelope lipidico.

O nucleocapsideo € composto por um complexo de ribonucleoproteina (RNP) formado
pelo genoma RNA e proteinas N, P e L (RNA polimerase dependente de RNA). A exata posicao
da proteina M permanece controversa, e pode estar contida no canal central da RNP ou
formando uma hélice entre a RNP e a membrana dos virions. A glicoproteina G é composta por
quatro dominios distintos: um peptideo de sinal (ndo-estrutural), um ectodominio, um peptideo
transmembrana e um dominio citoplasmatico. Estruturas denominadas spikes (em portugués =
espiculas) se projetam externamente na membrana do virion e sdo formadas pelo agrupamento
de trés ectodominios glicosilados (INTERNATIONAL COMMITEE ON THE TAXONOMY
OF VIRUSES, 2011).

O genoma, formado por uma cadeia simples de RNA de sentido negativo, tem
aproximadamente 12kb de extensdo e consiste de uma sequéncia lider com cerca de 50
nucleotideos, seguida por cinco genes de proteinas estruturais na ordem 3’-N-P-M-G-L-5°,
separados por regides intergénicas ndo-transcritas e seguidos por um trailer de
aproximadamente 70 nucleotideos (INTERNATIONAL COMMITEE ON THE TAXONOMY
OF VIRUSES, 2011, 2018).

Ate 1956, acreditava-se que o RABV era antigenicamente nico. A descoberta de virus
relacionados a raiva na Africa (BOULGER, PORTERFIELD, 1958; SHOPE et al., 1970)
garantiu a criacdo do género Lyssavirus (do grego lyssa: raiva) que, pela reatividade antigénica
cruzada com soro e anticorpos monoclonais, foi inicialmente dividido em quatro sorotipos
(INTERNATIONAL COMMITEE ON THE TAXONOMY OF VIRUSES, 2011; WIKTOR,
FLAMAND, KOPROWSKI, 1980; WORLD HEALTH ORGANIZATION, 1984): RABV
(sorotipo 1), virus do morcego de Lagos (LBV) (sorotipo 2) (BOULGER, PORTERFIELD,
1958), virus de Mokola (MOKYV) (sorotipo 3) (SHOPE et al., 1970) e virus de Duvenhage
(DUVV) (sorotipo 4) (MEREDITH, ROSSOUW, ROCH, 1971).
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Isolamentos de novos lissavirus na Europa, Australia e Asia e o extensivo estudo
filogenético da diversidade dos virus relacionados a raiva levaram a utilizacdo do termo
“gendtipo” (BOURHY, KISSI, TORDO, 1993; INTERNATIONAL COMMITTE ON THE
TAXONOMY OF VIRUSES, 2011) que desde entdo tem sido amplamente usado na literatura
cientifica (WORLD HEALTH ORGANIZATION, 2013) e que facilitou a sua posterior
classificacdo em espécies (INTERNATIONAL COMMITTE ON THE TAXONOMY OF
VIRUSES, 2011). Os lissavirus podem ainda ser agrupados em filogrupos de acordo com as
relaces antigénicas e a diversidade de sequéncias (BADRANE et al., 2001). As espécies do
género Lyssavirus, sua classificacdo em genotipos e filogrupos e sua distribuicdo geogréafica
estdo listadas na Tabela 1.

Tabela 1 - Membros do género Lyssavirus: classificacdo em gendtipos e filogrupos e
distribuicdo geogréfica

Espécie Genotipo Filogrupo Distribuicdo geogréfica
Rabies lyssavirus 1 I Mundial
Lagos bat lyssavirus 2 ] Africa
Mokola lyssavirus 3 Il Africa
Duvenhage lyssavirus 4 I Africa
European bat 1 lyssavirus 5 I Europa
European bat 2 lyssavirus 6 I Europa
Australian bat lyssavirus 7 I Austrélia
Aravan lyssavirus ? I Asia Central
Khujand lyssavirus ? I Asia Central
Irkut lyssavirus ? I Sibéria
West Caucasian bat lyssavirus ? 1n? Caucaso
Shimoni bat lyssavirus ? ] Africa
Ikoma lyssavirus ? ? Africa
Bokeloh bat lyssavirus ? 1? Europa

Fonte: BATISTA, 2011; INTERNATIONAL COMMITTE ON THE TAXONOMY OF VIRUSES, 2018; SINGH
etal., 2017; WORLD HEALTH ORGANIZATION, 2013.

O RABYV, que pertence ao genétipo I, é considerado um virus estavel antigenicamente,
0 que é evidenciado pelo fato de algumas vacinas ainda hoje utilizarem amostras derivadas do
virus isolado por Pasteur no final do século XIX (BATISTA, 2011). Porém, com o advento dos
anticorpos monoclonais no final dos anos 70 (WIKTOR, KOPROWSKI, 1978), a ocorréncia
de variagOGes antigénicas tornou-se evidente, sugerindo ainda uma possivel adaptacdo de

determinadas amostras de virus a um hospedeiro especifico (DIETZSCHOLD et al., 1983).
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Estas amostras com caracteristicas antigénicas particulares foram denominadas “variantes”
(BATISTA, 2011).

Em 1996, o Instituto Pasteur de S&o Paulo, Brasil, implementou uma técnica de
imunofluorescéncia indireta usando um painel de 8 anticorpos monoclonais contra a proteina
N do RABV, produzido pelos Centros de Controle e Prevengéo de Doengas (CDC), Atlanta,
Estados Unidos da América (EUA) e recomendado pela Organizacdo Panamericana de Salde
(OPAS) para estudos de tipificacdo antigénica de amostras isoladas nas Américas. No Brasil,
uma caracterizacao antigénica realizada com 330 amostras de RABV no territério nacional
identificou as variantes 2 (encontrada principalmente em cdes, apresentando o perfil tipico de
amostras de raiva urbana), 3 (usualmente identificada em morcegos D. rotundus), 4
(identificada em morcegos insetivoros Tadarida brasiliensis), 5 (relacionada a morcegos
hematofagos na Venezuela, mas no Brasil isolada em canideos selvagens Cerdocyon thous), 6
(isolada em morcegos insetivoros Lasiurus cinereus) e Lab (perfis atipicos que reagiram a todos
0s anticorpos usados e sdo provavelmente exemplos de processos adaptativos) (BATISTA,
2011; FAVORETTO et al., 2002).

Com a evolucdo dos métodos moleculares de andlise, a caracteriza¢do gendmica passou
a ser empregada nos estudos de analise de variantes (BATISTA, 2011) e revelou que amostras
de RABV adaptados a diferentes espécies (variantes) apresentam alteracBes de genes
conservadas que podem ser utilizadas como marcadores epidemiolégicos (ARAI et al., 1997;
ITO et al., 2001b; 2003; PAEZ et al., 2003). Diante da importancia, tanto para a epidemiologia
guanto para a patogenia do virus, a identificacdo destas variantes genotipicas tem sido o foco
da atencdo de varios pesquisadores (BATISTA et al., 2009; BERNARDI et al., 2005;
CARGNELUTTI et al. 2017; CARNIELI JUNIOR et al., 2012; CASTILHO et al., 2008;
DAVID et al., 2007; FAVORETTO et al., 2002; ITO et al., 2001b; 2003; KOBAYASHI et al.,
2005; 2006; MOCHIZUKI et al., 2012; QUEIROZ, et al., 2012; SATO et al., 2004).

Estas investigacdes foram realizadas pelo sequenciamento do gene da proteina N, que é
altamente conservado entre os lissavirus, e da glicoproteina G, que € a proteina mais importante
para a viruléncia do RABV e também o principal antigeno responsavel pela inducdo de
imunidade protetora no animal (DIETZSCHOLD et al., 1983; SEIF et al., 1985). Uma
divergéncia na sequéncia de trés aminoacidos no gene da proteina N permite agrupar os isolados
brasileiros do RABV em dois grupos: RABV relacionados aos canideos e RABV relacionados

aos morcegos hematofagos (ITO, 2001b).

2.2 GENOMA E PROTEINAS VIRAIS
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O genoma do RABV é constituido de RNA de fita simples, ndo-segmentado e de sentido
negativo. Assim como em todos os virus RNA de sentido negativo, 0 genoma é encapsidado
pela proteina N viral, ndo sendo capaz de ser traduzido diretamente em proteinas e, portanto,
n&o é infeccioso. Na amostra fixa Pasteur virus (PV), 0 genoma possui 11.932 nucleotideos. E
codificado do extremo 3’ (regido amino terminal) para 5’ (carboxiterminal), assim como

representado no esquema ilustrativo da Figura 1 (WUNNER, 2007).

Figura 1 — Esquema ilustrativo do genoma do virus da raiva e RNAs mensageiros
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Fonte: https://viralzone.expasy.org/2?outline=all_by_species

O genoma do RABV possui cinco genes que codificam, nesta ordem, as seguintes
proteinas (INTERNATIONAL COMMITTE ON THE TAXONOMY OF VIRUSES, 2011):

a) Nucleoproteina (N): contém 450 aminoacidos e peso molecular de 58 a 62
quilodaltons (kDa). E a mais conservada entre as proteinas dos lissavirus. Por estar
associada ao RNA viral, tem a fungéo de protegé-lo das ribonucleases. Desempenha
outras atividades fundamentais como a regulacdo da transcricio do RNA,
participando da encapsidagdo de novos RNAs sintetizados e do transporte
intraneural, via axoplasma;

b) Fosfoproteina (P): contém 298 aminoacidos e peso molecular de 35 a 40 kDa.
Interage com a nucleoproteina no processo de encapsidagdo e estd envolvida no
transporte axonal dos virus. E a proteina menos conservada entre os lissavirus;

c) Proteina da matriz (M): contem 203 aminoacidos e peso molecular de 22 a 25 kDa
e esta entre o ribonucleocapsideo e o envelope. E muito importante no brotamento

viral e na fase de maturacao dos virus;
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d) Glicoproteina (G): contém 525 aminoécidos e um peso molecular de 65 a 70 kDa. E
responsavel pela adsorcdo do virus a célula, pela fusdo do envelope viral a
membrana citoplasmatica, pela estimulacdo das células T e pela inducdo de
anticorpos neutralizantes, especialmente na sua por¢édo externa (ectodominio);

e) RNA polimerase (L): contém 2.128 aminoacidos e um peso molecular de
aproximadamente 190 kDa. Tem mdltiplas atividades enzimaticas: na sintese do
RNA, na metilacdo, na fosforilacdo e na transcricdo do genoma viral juntamente
com as proteinas P e N.

As proteinas possuem diferentes formas estruturais e a morfologia de cada uma delas

esta representada no esquema ilustrativo da Figura 2.

Figura 2 — Esquema ilustrativo da particula do virus da raiva, com as respectivas proteinas
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Fonte: https://viralzone.expasy.org/2?outline=complete_by_species

2.3 REPLICACAO VIRAL

A replicacdo do RABYV (Figura 3) € iniciada pela adsorcéo virus-célula mediada pela
glicoproteina G, em uma ligacdo especifica (receptor celular — antirreceptor viral) (PERRIN et
al., 1992; SUPERTI et al., 1984; WUNNER, REAGAN, KOPROWSKI, 1984). O virus penetra

nas células por endocitose (LENTZ et al., 1982). Uma vez dentro das células, o
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ribonucleocapsideo é liberado no citoplasma, onde 0 RNA negativo é transcrito e replicado,
dando origem aos RNAs mensageiros (ciclo de transcrigdo priméria), que codificam as 5
proteinas, e aos novos genomas (BANERJEE, 1987), que séo encapsidados e, ao nivel das
membranas celulares, sdo liberados por brotamento (COX, DIETZSCHOLD, SCHNEIDER,
1977; HUMMELER, KOPROWSKI, WIKTOR, 1967). Este processo pode ser didaticamente
dividido em trés fases: fase inicial, fase intermediaria e fase de maturacdo e liberacdo
(SCHNELL et al., 2010; WUNNER, 2007).

A fase inicial ¢ marcada pela penetracao do virus na célula do hospedeiro e a interacdo
da glicoproteina G do envelope viral com os receptores celulares. Um possivel receptor é o de
acetilcolina (AChR), encontrado na juncdo neuromuscular (JNM) que tem a capacidade de
acumular particulas virais proximas a estas juncées. Porém, pelo fato desse receptor somente
ser encontrado nas juncdes pos-sinapticas das JNM, é dificil considerar que este participe da
entrada do virus nas células (WUNNER, 2007). Outro possivel receptor, que também pode
atuar na fase inicial da infeccéo, € o receptor de neurotrofina (p75NTR) também chamado de
receptor de baixa afinidade, € um co-receptor para a ligacdo e penetracdo do virus na célula
(TUFFEREAU et al., 1998). A molécula de adesao da célula neural (NCAM) também ¢é um
possivel receptor, que esta concentrado nas regides sinapticas e NMJs, esta molécula foi alvo
de estudos em camundongos, e observou-se que quando o gene de codificacdo desta molécula
foi retirado, houve um adiamento do inicio da manifestacdo da doenca, ou seja, 0s animais
continuaram susceptiveis ao RABV, porém a diminuicdo de NCAM atrasou o inicio da infecgédo
(THOULOUZE et al., 1998). Nenhum dos receptores descritos anteriormente parece ser
essencial e Unico para o0s processos de adsorcdo e penetragdo do virus in vitro, todavia Schnell
et al. (2010) sugerem que o virus possa utilizar dois tipos de receptores diferentes durante a fase
inicial, que atuem de forma complementar, e que provavelmente ndo exista apenas uma
alternativa para que o RABV complete o primeiro estadio do ciclo replicativo.

Apobs a adsorcdo, ocorre a fusdo do envelope viral com a membrana celular, evento
dependente de pH baixo. Neste momento ocorrem diversas mudancas especificas na
conformacdo da glicoproteina viral. A penetracdo acontece por endocitose e a liberacdo da RNP
ocorre no citoplasma pela presséo do endossomo (WUNNER, 2007).

Na fase intermediaria apos a liberacdo da RNP, o nucleocapsideo relaxa, formando uma
hélice flexivel que facilita a sequéncia de eventos da replicacdo viral na célula (ISENI et al.,
1998). Como o genoma do RABV é constituido de RNA fita simples ndo segmentado e de
sentido negativo, ndo pode ser traduzido diretamente em proteinas. Logo, o primeiro evento no

processo de replicacdo é a transcricdo, a qual ira produzir os RNAs mensageiros (MRNAS)
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monocistrénicos (individuais) das cinco proteinas (WUNNER, 2007). O processo de
transcrigdo viral é denominado transcri¢do priméria, uma vez que utiliza o RNA liberado no
citoplasma celular e ndo requer proteinas do hospedeiro, nem a sintese prévia de alguma
proteina viral. A transcricdo é iniciada por meio da interacdo do RNA viral complexado com a
proteina N com o complexo RNA polimerase RNA dependente (proteina L e cofator proteina
P) (SCHNELL et al., 2010; WUNNER, 2007).

Figura 3 — Ciclo replicativo simplificado do virus da raiva em célula susceptivel
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Fonte: (SCHNELL et al., 2010).

A primeira fase inclui a ligacdo e penetracdo por endocitose (1), sequida pela fusdo da membrana viral com a
membrana do endossoma que libera/desnuda o genoma viral (2). Na segunda fase, os componentes do virion sdo
produzidos (transcrigdo, replicacdo e sintese proteica) (3). A uUltima fase do ciclo replicativo é a montagem dos
componentes virais e o brotamento e liberagéo dos virions (4), que podem iniciar um novo ciclo de infeccéo. ER,
reticulo endoplasmatico.
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Os primeiros transcritos de RNA produzidos sdo os do RNA Leader (Le), que iniciam
a sintese de mMRNA em um mecanismo de “iniciacdo parada” de transcrigdo genomica durante
o0 movimento da RNA polimerase pelo genoma a partir do RNA genémico de sentido negativo.
Os RNAs Le nédo se encontram com o cap e poliadenilados como é visto nos mRNAs que
transcrevem as proteinas (COLONNO, BANERJEE, 1978; LEPPERT et al., 1979). Os cinco
mRNAs monocistrénicos sdo entdo traduzidos em ordem sequencial nas proteinas virais,
gerando um gradiente de producdo que segue a sequéncia N>P >M > G > L (RODRIGUEZ
et al., 2012). Este processo envolve os ribossomos celulares, fatores de iniciacéo e elongacéo e
RNAs transportadores (tRNAs) do hospedeiro. A sequéncia 3> UUGU-5 no RNA gendmico no
ponto 3’ de cada gene identifica o inicio da sintese de MRNA. Durante esse periodo o ponto 5’
de mMRNA nascente recebe um cap pela proteina L por meio do acréscimo de 7-metil guanosim
no nucleotideo de 5> de mMRNA (TESTA, CHANDA, BANERJEE, 1980).

A replicacdo do genoma € iniciada pela sintese da copia completa do antigenoma,
utilizado como molde para replicagdo do RNA gendmico de sentido negativo. Apos este evento
sdo encapsidados, pela nucleoproteina, tanto 0 genoma quanto o antigenoma. Os MRNAS-N-P-
M-L sdo traduzidos em ribossomos livres no citoplasma, enquanto 0 mMRNA-G é traduzido nos
ribossomos ligados ao reticulo endoplasmatico rugoso (RER). A G nascente é introduzida
dentro do lumen do RER, onde os mondmeros sofrem modificacdes em determinados residuos
de asparagina por meio de glicosilacdes e processamento de N-glicanos, necessarios para a
formacédo dos trimeros, que ocorre no complexo de Golgi pela adicdo de monossacarideos por
glicosidases e glicotransferases (WUNNER, 2007; SCHNELL et al., 2010).

As fases de maturacdo e liberacdo sdo marcadas pela montagem e egresso das particulas
virais. O processo € iniciado pela encapsidacdo do RNA viral, quando a proteina N é adicionada
no final 5> do RNA nascente. Este complexo € responsavel pela prote¢cdo do genoma viral,
contra as acdes de endonucleases. Quando as concentracfes das proteinas N, P e L atingem um
nivel ideal na célula infectada, ocorre a formacao do nucleocapsideo. Em seguida a proteina M
¢ associada ao complexo RNP. Esta proteina participa de varios processos relacionados a
formacdo da progénie viral. A proteina M coordena a mudanga no balango entre 0s processos
de transcricéo e replicagéo viral realizado pela RNP viral, transporta a RNP viral condensada
até os locais especificos da membrana celular onde estdo transpassados os trimeros da
glicoproteina viral e estabiliza os trimeros na superficie celular tornando o brotamento mais
eficiente. A liberacdo dos virions ocorre por brotamento, quando estes, associados a membrana
celular, adquirem a camada lipidica (WUNNER, 2007).
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2.4 PATOGENIA E SINAIS CLINICOS

Todos os mamiferos sdo susceptiveis a infeccdo pelo RABV e a principal forma de
transmissdo ocorre pela inoculacdo do virus por via percutanea, por mordeduras de animais
infectados (TORDO, 1996). O periodo de incubacdo da raiva € muito variavel apds infecgdes
naturais, durando comumente entre 2 a 12 semanas. Diversos fatores podem estar envolvidos
no tempo de evolucado da infecc¢do, como o local da mordedura, a carga viral presente na ocasiao
da agressdo, a variacdo na suscetibilidade da espécie envolvida e a imunidade do animal
agredido (BATISTA, 2011).

O RABYV tem tropismo por neurdnios, mas inicia a replicagdo nas células musculares
no sitio de inoculacdo, por horas ou semanas, até seguir um curso centripeto, via tecido nervoso
periférico, alcancando o sistema nervoso central (SNC), a partir de onde ocorre a disseminacao
centrifuga do virus, gerando concentrac6es de virus em diversos tecidos (DE MATTOS, C. A,,
DE MATTOS, C. C., RUPPRECHT, 2001; JACKSON et al., 1999; TSIANG, 1993). A
disseminacao viral no sistema nervoso resulta da combinacao de fluxo axoplasmico retrogrado,
transmissdo célula-célula via juncdes sinapticas e passagem direta do virus através de conexdes
intercelulares (IWASAKI, 1991). Antigenos virais ja foram detectados em células da epiderme,
foliculos pilosos, retina, cérnea, glandulas lacrimais, glandulas salivares, pulmdes, musculo
cardiaco, mucosas gastrica e intestinal, pancreas, parénquima renal, glandulas adrenais e tecidos
neuroepiteliais dos ureteres, bexiga e uretra (CHARLTON, 1988). A replicacdo do RABV nas
glandulas salivares e sua subsequente excrecdo pela saliva representam o principal mecanismo
de disseminacdo e perpetuacdo do virus na natureza (SCHNEIDER, 1991).

Os sinais clinicos de animais e pessoas infectadas pelo RABV decorrem da infeccao do
SNC e variam desde paralisia (lesbes no cortex cerebral) até distirbios de comportamento
(lesBes no sistema limbico) (MAYR, GUERREIRO, 1972). Sdo descritas duas formas classicas
de apresentacdo da doenca: a raiva furiosa e a raiva paralitica. Cées geralmente desenvolvem a
forma furiosa da raiva, onde tendem a se tornar agressivos, podendo apresentar sinais de
depressdo, hidrofobia, aerofobia, fotofobia, excitabilidade, incoordenacdo motora, paralisias
musculares e salivacdo intensa devido a dificuldade de degluticdo. Bovinos, suinos, ovinos e
equinos desenvolvem mais a forma paralitica da doenca, apresentando andar cambaleante,
claudicacdo com paralisia ascendente dos membros inferiores, paralisia do maxilar inferior,
dificuldade de degluticdo, salivagdo intensa, ficando incapazes de se movimentar com a
evolucédo da doenca devido as lesbes medulares, cerebrais e pela paralisia muscular (BATISTA,
2011; CHARLTON, 1988; REBHUN, 2000; RODRIGUEZ et al., 2012). Nas duas formas, a
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progressao para a morte é ocasionada por parada respiratoria decorrente da alteragdo em centros
nervosos vitais (ITO, MEGID, 2016).

Em humanos, a raiva apresenta muitos aspectos semelhantes aos observados nos
animais. Verificam-se comportamentos bizarros, como agitacdo, ansiedade, insdnia, aumento
da libido, priapismo, hipersalivagdo, aerofobia, fotofobia, reagdo ao barulho, contracio
muscular, convulsdes, alucinagdes, delirios, confusdo mental ou episodios de hidrofobia,
hiperestesia, tendéncia de morder e de mastigar. Com a evolucdo do quadro, podem ocorrer
vocalizagbes incompreensiveis, paradas cardiacas e respiratorias, paralisias, coma e morte
(ITO, MEGID, 20186).

Os principais sinais clinicos em morcegos hemat6fagos sao atividade alimentar diurna,
hiperexcitabilidade, agressividade (em alguns casos), falta de coordenacdo de movimentos,
tremores musculares, paralisia e morte. Em morcegos ndo hematdfagos, ocorre paralisia sem
agressividade e excitabilidade, sendo os animais encontrados em locais ndo usuais (ITO,
MEGID, 2016). Em outras espécies, a raiva deve ser lembrada sempre que qualquer tipo de
comportamento sugestivo de comprometimento neuroldgico for evidenciado (BATISTA,
2011).

2.5 EPIDEMIOLOGIA E DIVERSIDADE GENETICA

A raiva é uma doenca amplamente distribuida, estando presente em todos o0s
continentes, com excecdo da Antéartica (WORLD HEALTH ORGANIZATION, 2013). E uma
doenca da lista da OIE e uma das mais mortais zoonoses conhecidas. A cada ano, a raiva mata
aproximadamente 59.000 pessoas em todo o mundo, principalmente criancas em paises em
desenvolvimento (WORLD ORGANISATION FOR ANIMAL HEALTH, 2019a, 2019b).

Os principais reservatorios do virus da raiva na natureza sdo os membros das ordens
Carnivora e Chiroptera. O RABYV esta distribuido em todo 0 mundo em animais domésticos e
selvagens, bem como em morcegos nas Américas (WORLD HEALTH ORGANIZATION,
2013). No Brasil, a raiva ainda é endémica e ciclos independentes tém sido identificados em
uma variedade de espécies, tais como saguis (Callithrix jacchus) (AGUIAR et al., 2011;
FAVORETTO et al, 2001), em muitos carnivoros silvestres, como cachorro-do-mato
(Cerdocyon thous) e raposa-do-campo (Lycalopex vetulus) (BERNARDI et al.,, 2005;
CARNIELI JUNIOR et al., 2006, 2008), e muitas espécies de morcegos (KOTAIT et al., 2007).

Os morcegos hemato6fagos, especialmente D. rotundus, sdo 0s principais reservatorios do virus
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da raiva na Ameérica Latina, sendo os principais transmissores da raiva para os herbivoros
(SCHNEIDER et al., 2009).

Desta maneira, no Brasil, 0o RABV é mantido na natureza por meio de quatro formas
distintas de manifestacdo epidemioldgica: urbana, rural, aérea e silvestre (Figura 4). Na cadeia
epidemioldgica, o humano é hospedeiro final, uma vez que ndo se caracteriza como transmissor
da raiva e pode adquirir a infecgdo a partir dos reservatdrios dos varios ciclos epidemioldgicos
(ITO, MEGID, 2016).

Figura 4 — Ciclos epidemioldgicos da raiva no Brasil
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Fonte: (INSTITUTO PASTEUR, 2000).

Os morcegos (ciclo aéreo) séo responsaveis pela manutencdo da raiva na natureza e a
transmitem a herbivoros, humanos, cées, gatos e animais silvestres. Por sua vez, 0s céaes e gatos,
principais fontes de infeccdo no ciclo urbano, sdo capazes de transmitir aos animais de zona
rural e de ciclo silvestre bem como as espécies domésticas e a humanos. Os animais silvestres
sdo responsaveis pela manutencdo da raiva em suas espécies e sdo importantes fontes de

infeccdo para humanos, podendo também transmitir a animais domésticos em determinadas
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situacdes. Os herbivoros, contudo, podem transmitir a raiva para humanos por manipulagéo,
porém o ciclo normalmente esté restrito a zona rural (ITO, MEGID, 2016).

Os resultados de tipificagdo genética e antigénica estdo indicando uma alteracdo no
perfil da raiva no Brasil, sendo cada vez menos frequente o achado de casos de raiva canina
(Canis familiaris) ocasionada pela variante canina (variante 2). Os RABV oriundos dos cées e
dos gatos tém apresentado perfil antigénico e genético de virus que tem o morcego hematéfago
D. rotundus como hospedeiro natural (variante 3). A vacinacao sistematica de cées e gatos
durante décadas utilizando amostras vacinais de variante canina, além de outras medidas de
controle, contribuiram para a exclusdo de variantes caninas da populacdo de cdes de grandes
centros urbanos (ITO, MEGID, 2016), permitindo que o pais saisse de um cenario de mais de
1.200 cdes positivos para raiva e uma taxa de mortalidade de raiva humana por cées de
0,014/100 mil habitantes em 1999, para um cenario de 09 casos de raiva canina e nenhum
registro de raiva humana por cdes em 2018. Esse foi o terceiro ano consecutivo sem casos de
raiva humana por variante canina no Brasil (BRASIL, 2020b). O RS é considerado area livre
de raiva urbana mediada por caes, causada pelas variantes antigénicas 1 e 2, tendo sido o Gltimo
caso registrado nesta espécie animal em 1988. Em humanos, a doenca ndo € diagnosticada desde
1981 (RIO GRANDE DO SUL, 2020b).

No RS, os principais surtos da doenga ocorrem em bovinos devido a transmisséo por
morcegos hemat6fagos D. rotundus. Segundo o MAPA, de 2005 a 2019 foram registrados 2.270
casos de raiva no RS, sendo 2.064 em bovinos (BRASIL, 2020a). A transmissao da doenca esta
fortemente associada a abundancia de morcegos, a concentracdo de bovinos, a reducdo do
habitat do morcego hemat6fago e alteracdes climaticas e ambientais que podem causar
mudancas nas movimenta¢Ges dos morcegos na busca por abrigo, alimento e fontes de dgua
(RIO GRANDE DO SUL, 2016).

Os estudos sobre raiva no RS ainda sdo raros, apesar da importancia desta doenca, € a
caracterizagdo molecular de amostras de RABV tem sido realizada de forma pontual no RS.
Schaefer et al. (2005) descreveram a caracterizagdo antigénica e molecular de amostras de
RABY do Brasil, onde foram incluidas apenas quatro amostras de RABYV isoladas no RS. Ja
Kanitz et al. (2014) caracterizaram geneticamente amostras de RABV, porém as amostras
incluidas neste trabalho foram isoladas de surtos especificos da regido central do Estado. Em
estudo publicado por Itou et al. (2016) foi descrito um surto de raiva na cidade de Nova Roma
do Sul, no ano de 2009, que ocorreu entre os meses de fevereiro e marco. Neste trabalho foram
identificadas 26 amostras de bovinos positivas para o RABV de linhagem genética

caracteristica de morcegos hematdfagos D. rotundus, em dezenove propriedades rurais. Em um
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estudo de Cargnelutti et al. (2017) foram analisadas 61 amostras de RABV de herbivoros,
também oriundas principalmente da regido central do RS, onde todas apresentaram alta
identidade e similaridade com RABYV de D. rotundus e agruparam em dois clusters distintos,
indicando que os surtos que ocorreram no RS no periodo estudado (2012 a 2016) provavelmente
envolveram RABV da variante de morcego hematdfago de diferentes origens, além de uma
possivel evolucdo dos isolados de RABV nesse periodo.

2.6 DIAGNOSTICO

A raiva é uma importante zoonose para a qual as técnicas de diagnéstico foram
padronizadas a nivel internacional. Como ndo ha lesGes patognoménicas amplas nem sinais
clinicos especificos e constantes para a raiva, o diagndstico preciso s6 pode ser feito em
laboratério. O teste mais utilizado para o diagnéstico de raiva é o teste de imunofluorescéncia
(FAT), recomendado ¢ considerado o “padrdo-ouro” pela Organizacdo Mundial da Saude
(OMS) e OIE, sendo sensivel, especifico e barato. Em casos de resultados inconclusivos do
FAT, ou em todos 0s casos de exposicdo humana, recomenda-se testes adicionais (isolamento
de virus em cultivos celulares ou inoculagdo em camundongos) (WORLD ORGANISATION
FOR ANIMAL HEALTH, 2019c).

Além de resultados inconclusivos, a IFA apresenta limitaces em tecidos decompostos
e o diagnostico de raiva € muitas vezes confirmado durante o curso da doenga (humanos) ou
post-mortem. Um diagnostico rapido e confidvel pode ser muito importante para a prevencao
em familiares do paciente, profissionais da salde e em pessoas que entram em contato com
animais doentes (FAYE et al., 2017).

Varios testes de diagndstico molecular, como a detec¢do de RNA viral por reacdo em
cadeia da polimerase de transcricdo reversa (RT-PCR), reacdo em cadeia da polimerase
associada ao ensaio imunoenzimatico (PCR-ELISA), hibridacdo in situ e reacdo em cadeia da
polimerase em tempo real (QPCR) s&o utilizadas como técnicas adicionais rapidas e sensiveis
para o diagnastico de raiva (FOOKS et al., 2009). Os ensaios de PCR sdo ferramentas sensiveis
para a deteccdo de RNA derivado de lissavirus em amostras suspeitas, com a vantagem de néo
exigirem a presenca de virus vivos e podem atingir diferentes genes com diferentes primers e
também podem ser considerados para uso quando dados de validacdo adequados forem obtidos
(WORLD ORGANISATION FOR ANIMAL HEALTH, 2019c).

Considerando algumas desvantagens em termos de carga de trabalho, risco de

contaminacédo e tempo apresentadas pela RT-PCR, alguns testes moleculares em tempo real
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visando o gene das proteina N ou L estdo sendo desenvolvidos para complementar o diagndstico
convencional de raiva e de virus relacionados a raiva (COERTSE et al., 2010; DACHEUX et
al., 2016; DEUBELBEISS et al., 2014; FAYE et al., 2017; HAYMAN et al., 2011;
HOFFMANN et al., 2010; SUIN et al., 2014; WACHARAPLUESADEE et al., 2012;
WADHWA et al., 2017; WAKELEY et al., 2005), mas nenhum ainda foi desenvolvido com
amostras de RABYV do Brasil.

A maioria dos ensaios de RT-gPCR descritos para a deteccdo de RABV utilizaram o
sistema de deteccao por sondas de hidrélise (COERTSE et al., 2010; DACHEUX et al., 2016;
DEUBELBEISS et al., 2014; FAYE et al, 2017, HOFFMANN et al., 2010;
WACHARAPLUESADEE et al., 2012; WADHWA et al., 2017; WAKELEY et al., 2005) e
demonstraram serem mais sensiveis que a RT-PCR convencional. Estes ensaios, no entanto,
exigiram o numero grande de primers e sondas para deteccao e discriminacdo do RABV de
outros lissavirus.

Apesar da falta de capacidade em diferenciar espécies, estudos que utilizaram o sistema
de deteccdo por corante intercalante (HAYMAN et al., 2011; SUIN et al., 2014) também
demonstraram alta sensibilidade e sua simplicidade o torna uma opc¢do atraente para uso
laboratorial como ferramenta de vigilancia de triagem, permitindo uma analise mais
aprofundada pelo sistema por sondas de hidrolise ou exame do produto de gPCR por clonagem
e sequenciamento (HAYMAN et al., 2011).

2.6.1 Validacao de testes de diagndstico

A Organizacdo Mundial da Saude Animal (OIE) adotou um padrdo formal intitulado
“Principios e Métodos de Validacdo de Ensaios Diagnosticos para Doengas Infecciosas”, que
trata do uso do padrdo de validacdo da OIE e de sua implementacéo para requisitos especificos,
como diferentes tipos de ensaios (incluindo deteccdo de acidos nucleicos) e uma elaboragdo de
algumas das ferramentas usadas nos estudos de validacdo (medicdo da incerteza, abordagens
estatisticas, painéis de referéncia) (WORLD ORGANISATION FOR ANIMAL HEALTH,
2019c).

A validacdo é um processo que determina a adequagdo de um ensaio, que foi
adequadamente desenvolvido, otimizado e padronizado, para a finalidade pretendida. Todos os
ensaios de diagndstico (ensaios de laboratdrio e de campo) devem ser validados para as espécies
em que serdo utilizados. A validacdo inclui estimativas das caracteristicas de desempenho

analitico e diagnostico de um teste. Um ensaio que concluiu os trés primeiros estagios do
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caminho de validagdo (Figura 5), incluindo a caracterizacdo do desempenho, pode ser
designado como "validado para o(s) objetivo(s) original(ais) pretendido(s)" (WORLD
ORGANISATION FOR ANIMAL HEALTH, 2019c).

Figura 5 — Processo de validacdo de um teste de diagndstico segundo o padréo de validacdo da
Organizacao Mundial de Saude Animal

| Consideragdes preliminares |

Y

| Reagentes e controles |

Caminho do Defini¢do do Desenho e *—\ ¢
desenvolvimento objetivo pretendido protocolo do
do ensaio do ensaio estudo Otimizacio,

calibracdo para padrdes

—

o L Repetibilidade ¢
| Especificidade analitica ETAPA 1 reprodutibilidade preliminar
| Sensibilidade analitica Caractfj:r.lstlcas Teste ca}ndldato comparad(f com
analiticas o método de teste padrao
| Especificidade diagnéstica | Amostras de animais de referéncia ou

ETAPA 2 —

experimentais (quando utilizados)

| Sensibilidade diagndstica |—>

Caracteristicas . ..
o L Reconhecimento provisorio
Determinacio do ponto de corte diagnosticas

Caminho da
validacao do

ensaio
| Selecdo de laboratorios colaboradores l—»
ETAPA 3 Ensaio designado como "validado
| Defini¢do de um painel de avaliacdo —> para os objetivos originais
Reprodutibilidade pretendidos”
Reprodutibilidade
| Interpretacio dos resultados do teste l—» 1—‘ Padrdes de referéncia selecionados ‘
ETAPA 4
| Implantacdo em outros laboratdrios |—> Implementacdo 4—{ Reconhecimento internacional (OIE) |
revml\l’ilgg lt’“:lgadg: ersaio — « Monitorar precisao
Retencio do f— Monitoramento e e acurécia
. manutencéo dos
status de i Leng . - .
A ~ reasuezitelzuézagtizos —> critérios de Controle de qualidade interno diario
validacao g gote validagdo
Avaliacdes de comparabilidade [—> Teste de proficiéncia

Fonte: Adaptacdo de World Organisation for Animal Health (2019c).

Os ensaios aplicados a individuos ou populagcdes tém varios propositos, como:
documentar a auséncia de doengas em um pais ou regido, impedir a propagacdo de doengas
através do comércio, contribuir para a erradicacdo de uma infeccdo em uma regido ou pais,
confirmar o diagnostico de casos clinicos, estimar a prevaléncia da infec¢do para facilitar uma

andlise de risco, identificar os animais infectados em relagdo a implementacéo de medidas de
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controle e classificar os animais quanto a satde do rebanho ou o status imunoldgico apos a
vacinacdo. Um anico ensaio pode ser validado para uma ou mais finalidades pretendidas,
otimizando suas caracteristicas de desempenho para cada finalidade, definindo uma alta
sensibilidade de diagnostico (DSe), com menor especificidade de diagnostico associada (DSp)
para um ensaio de triagem ou, inversamente, definir uma alta DSp com DSe inferior associada
para um ensaio confirmatério (WORLD ORGANISATION FOR ANIMAL HEALTH, 2019c¢).

2.7 TRATAMENTO, PREVENCAO E CONTROLE

Uma vez terminado o periodo de incubacdo e iniciado o periodo clinico, ndo ha
tratamento especifico para a raiva. Alguns pesquisadores apresentaram o conceito de que a raiva
é quase sempre fatal, no entanto predomina o conceito de ser sempre fatal em humanos. Casos
de cura ja foram relatados na literatura, contudo, profissionais experientes dizem ndo acreditar
nessa cura (ITO, MEGID, 2016). No Brasil, o0 Ministério da Salde instituiu um protocolo de
tratamento da raiva humana baseado na indugdo de coma profundo, uso de antivirais e outros
medicamentos especificos (BRASIL, 2011).

Por causa do risco elevado em expor humanos ao virus da raiva, o tratamento de animais
suspeitos ndo é aconselhdvel. Todavia, a profilaxia em pessoas expostas a raiva deve ser
imperativo e consiste em lavar o local da mordedura com muita agua e sabdo e, em seguida,
administrar vacina antirrdbica potente e segura, conforme preconizado pelas autoridades
sanitarias. Também ha o recurso de aplicacdo de soro antirrabico, que confere uma imunidade
passiva que persiste por aproximadamente 21 dias (ITO, MEGID, 2016).

A raiva € considerada uma doenca prevenivel pela vacinacdo dos animais, que deve ser
realizada anualmente, a partir dos 3 meses de idade. Em zonas urbanas, além da vacinacgéo de
cdes e gatos, a populacdo de animais de rua deve ser reduzida e precisa ser estimulada a posse
responsavel. E importante ndo deixar de lado a educagfo em satde para que o controle tenha
aceitacdo pela comunidade (ITO, MEGID, 2016). No ambiente rural, para o controle da raiva
dos herbivoros, as autoridades sanitarias no Brasil executam atividades regidas pelo Programa
Nacional de Controle da Raiva dos Herbivoros (PNCRH) que prevé vacinacao estratégica de
espeécies susceptiveis e controle populacional de seu principal transmissor, o D. rotundus, além

de outras medidas profilaticas e de vigilancia (BRASIL, 2009).

2.7.1 Programa Nacional de Controle da Raiva Herbivora (PNCRH)
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Desde 1966, 0 MAPA, por meio da Divisdo de Defesa Sanitaria Animal, instituiu o
Plano de Combate a Raiva dos Herbivoros, que atualmente se denomina Programa Nacional de
Controle da Raiva Herbivora (PNCRH), executado pelo Departamento de Saide Animal, do
MAPA. O PNCRH estabelece suas a¢6es visando ao efetivo controle da ocorréncia da raiva dos
herbivoros no Brasil e ndo a convivéncia com a doenca. Esse objetivo é alcancado por meio da
vacinacdo estratégica de espécies susceptiveis e do controle populacional de seu principal
transmissor, o D. rotundus, associados com outras medidas profilaticas e de vigilancia
(BRASIL, 2009).

Atualmente a legislacdo federal que aprova as Normas Técnicas para o Controle da
Raiva dos Herbivoros no Brasil é a Instrucdo Normativa Ministerial n° 5, de 1° de marco de
2002. Varias Unidades da Federacdo possuem legislacdo propria que detalha as acOes
especificas sobre o programa em nivel estadual, em apoio as normas federais. Estas unidades
da Federacdo desenvolvem programas organizados, com acdes definidas quanto ao controle da
espécie de morcego hematofago (D. rotundus), atividades educativas, diagndstico laboratorial,
estimulo a vacinacdo dos herbivoros domésticos, cadastramento de abrigos e vigilancia
epidemioldgica (BRASIL, 2009).

No RS, entre as acOes realizadas para atender ao PNCRH, o Departamento de Defesa
Agropecuaria da Secretaria da Agricultura, Pecuaria e Desenvolvimento Rural (SEAPDR)
destacou 10 equipes denominadas Nucleos de Controle da Raiva, que sdo responsaveis pelo
controle populacional dos morcegos hematdfagos D. rotundus (WITT, HOFFMEISTER, 2019).
Esse servico é realizado por meio da captura de morcegos hemat6fagos, com uso de rede de
neblina, aplicacdo de pasta anticoagulante no dorso desses animais, que, em seguida, séo
liberados. Cada morcego tratado volta ao seu abrigo, onde outros morcegos da colonia lambem
0 morcego untado com a pasta. Desse modo, varios morcegos serdo intoxicados e mortos (em
torno de 20 para cada morcego untado) (ITO, MEGID, 2016; WITT, HOFFMEISTER, 2019).

Estas equipes séo acionadas sempre quando ha caso confirmado de raiva em herbivoros,
qguando ocorrem altos indices de mordedura por morcegos hematdfagos em animais de
producdo ou, ainda, se for observado a presenca dos morcegos em seus refagios (WITT,
HOFFMEISTER, 2019). Em 2020 existem no RS aproximadamente 2600 refugios ativos de
morcegos hematofagos cadastrados e geo-referenciados pelo Servigo Veterinario Oficial que
sdo revisados pelas Inspetorias de Defesa Agropecuaria pelo menos duas vezes por ano (no
outono e na primavera) (RIO GRANDE DO SUL, 2020a). Porém, para o sucesso do controle,

é imprescindivel que a comunidade rural colabore informando, nas Inspetorias de Defesa
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Agropecuaria, a localizagdo de novos abrigos de morcegos hematofagos (ainda néo
catalogados) (WITT, HOFFMEISTER, 2019).
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Abstract

An unprecedented outbreak of rabies occurred in Rio Grande do Sul state (RS) from 2012
onwards, resulting in thousands of bovine deaths, important economic losses and posing risk to
human health. This article describes the genetic analyses of 145 rabies virus samples (RABV)
recovered from herbivores in the state of Rio Grande do Sul (RS), collected between 2012 and
2017. The analyses were based on partial sequence analyses of the nucleoprotein (N) gene. High
nucleotide (nf) identity (95.5 to 100%) and amino-acid (aa) similarity (96.7 to 100%) were
observed. The sequences displayed high nt identity/aa similarity with bovine RABV sequences
(96.4 - 97.9%; 98.1 - 100%, respectively) and vampire bat RABV sequences (96.3 — 97.5%j;
97.8 — 99.5%) available at GenBank. Phylogenetic analyses based on the N sequence allowed
segregation of viruses into two distinct clusters. Cluster 1 comprised RABV sequences
covering the whole studied period, whereas cluster 2 consisted of a smaller number of samples
which were identified in years 2013 to 2017. On occasions, viruses recovered from the same
geographic region and within a short interval were separated into disctinct clusters or sub-
clusters, indicating co-circulation of distinct lineages. The segregation into sub-clusters was
also detected when exemining viral sequences obtained from the same region at different times,
indicating changes in the virus population circulating in particular areas. In summary, partial
sequence analyses revealed the circulation of two lineages and different sublineages of RABV
in the region.

Keywords: Rhabdoviridae, neurological diseases, cattle, genetic characterization, phylogeny.
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Introduction

Rabies is a zoonotic disease distributed worldwide, characterized by severe neurological
signs of usually fatal outcome in domestic and wild mammals [1]. The disease is caused by
rabies virus (RABV), an enveloped, single-stranded RNA virus of negative polarity, belonging
to the genus Lyssavirus, family Rhabdoviridae [2, 3]. The RABV genome contains genes
coding for five proteins: nucleoprotein (N), phosphoprotein (P), matrix (M), glycoprotein (G)
and polymerase (L) [3]. The N is the main component of the helicoidal nucleocapsid that
encapsidates the genomic RNA and plays a role in the temporal transition between transcription
and replication of the viral genome during the replicative cycle [4]. The nucleotide (nf)
sequence of protein N gene is highly conserved among field RABV isolates and, as such, has
been largely used for genetic identification of viral lineages, sub-lineages and variants [5-17].

RABV is perpetuated in nature through cycles of infection involving terrestrial
carnivores and bats. In South America, the hematophagous bats Desmodus rotundus are the
main reservoirs and sources of RABV to herbivores [18]. Cattle and horses are frequent targets
for D. rotundus feeding and, as such, constitute the main herbivorous species affected by rabies
[19]. The control of rabies in endemic areas is based on systematic vaccination of susceptible
species and control of bat populations [20, 21].

Historically, rabies has affected bovine herds from several Brazilian regions, leading to
significant economic losses to the livestock industry [22]. Official data indicates the occurrence
of 37.049 cases of rabies in cattle between 1999 and 2017 in the country. In Rio Grande do Sul
state (RS), the southernmost Brazilian state, hundreds of cases have been reported in cattle
every year, in addition to countless unreported cases. Official data reported 1.990 cases of
bovine rabies from 2005 to 2017 [23]. In the last years, in addition to a crescent number of
cases, bovine rabies has spread out and extended its geographical range reaching out areas
otherwise free of the disease, including neighboring countries Uruguay and Argentina [24]. The
high incidence and the geographical spread of rabies has resulted in drastic economic losses to
the cattle industry in the affected regions. In addition, the zoonotic potential of RABV requires
that people exposed to affected animals search for medical assistance and, frequently, need to
be submitted to post-exposure treatment [25]. Official data indicate that 334.956 anti-rabies
medical appointments were performed in RS from 2007 to 2017 [26].

Molecular and phylogenetic analysis of RABYV isolates involved in field outbreaks have
become an important tool to determine the origin of the viruses and to understand the temporal

and spatial patterns of dissemination/dispersion of colonies of vampire bats [13, 27, 28]. The
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information gathered from some studies has helped to predict future occurrence of cases and,
thus, has allowed for the adoption of prevention and control measures [9, 29]. In general, studies
of RABV phylogeny and dispersion have been performed through analysis of the complete G
gene, G-L intergenic region and/or partial or complete analysis of N gene [9, 30]. In this sense,
the N gene has been the preferred target for sequence analysis, since is the most conserved gene
among lyssaviruses [31].

Very little information is available on the RABYV isolates associated with the recent
outbreak reported in RS. The available information is restricted to a few studies analyzing a
limited number of viruses, usually originated from restricted areas or outbreaks [29, 32-34].
Thus, the present study aimed at analyzing the N sequences from RABV associated with
herbivorous rabies in RS between 2012 and 2017 (77 from this study and 68 obtained from
GenBank), trying to identify viral lineages and/or sublineages and to determine possible

phylogenetic relationships among the circulating viruses.

Materials and methods

This study included brain samples of cattle (n=74), horses (n=2) and sheep (n=1) from
72 farms located in RS. The samples were submitted to the Virology Section of the Federal
University of Santa Maria (SV/UFSM), central RS, and to the Instituto de Pesquisas Desidério
Finamor (IPVDF), Eldorado do Sul, for diagnosis of rabies between 2012 and 2017. All
included samples had been tested positive for RABV in a direct fluorescent antibody test (FAT)
and by mouse inoculation test. RABV positive samples were stored at - 20°C until testing. In
addition to the produced sequences, 68 sequences originated from other studies deposited in
GenBank (29, 33, 34) were included in the analysis, totalizing 145 sequences from RS.

Fragments of cortex, hippocampus, thalamus and medulla of RABV-positive pieces of
brains tissue (approximately 100 mg) were macerated and submitted to RNA extraction using
Trizol® reagent (Thermo Fischer Scientific, Waltham, Massachusetts, USA) according to the
manufacturer’s instructions. Total RNA was diluted in 40 pL. of DNAse, RNAse and pyrogen
free water. Total RNA (6 uL) was submitted to in vitro transcription for cDNA synthesis, using
the reverse transcriptase enzyme from GoScript™ Reverse Transcriptase (Promega
Corporation, Madison, Wisconsin, USA). Following cDNA synthesis, the products were
submitted to a PCR for amplification of a segment within the N protein gene coding sequence.
The partial N gene (1284 nf) was amplified with primers: forward
ATGTAACACCTCTACAATG [35] and reverse TTGACGAAGATCTTGCTCAT [36]
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described previously [37]. Each reaction was performed in a volume of 50 pl, with 3 pl of
cDNA. Total RNA extracted from RABV negative and positive bovine tissue were used as
controls.

PCR products were resolved in a 1.5% agarose gel stained by Gel Red® (Biotium,
Hayward, CA, USA) and visualized under UV light after electrophoresis (70 V, 25 min). For
nt sequencing, PCR products were purified using QIAquick Purification Kit (Qiagen, Hilde,
German). Positive samples were sequenced in duplicates in an automatic sequencer ABI-
PRISM 3100 Genetic Analyzes (Applied Biosystems, Foster City, CA), using BigDye reagent.
The sequences were analyzed with aid of the Staden program [38] to obtain the consensus
sequence. The partial N sequence was determined using the complete RABV N protein
sequences available at GenBank database as model. The alignment of the sequences with
sequences deposited in GenBank, including nine from Santa Catarina, SC (a neighbor state)
[34], 35 from provinces in Argentina (neighbor to RS) [39] and 12 from Uruguay (neighbor to
RS) [40], was performed using the program BioEdit Sequence Alignment Editor Software suite,
version 7.0.5.3 (http://www.mbio.ncsu.edu/bioedit/bioedit.html) [41]. Phylogenetic analyses
was performed in the Molecular Evolutionary Genetics Analysis (MEGA) software X [42],
using the method Maximum Likelihood with the model of substitution General Time Reversible
(GTR) [43] and the confiability was evaluated with bootstrap of 1.000 repetitions. The
sequences were grouped in clusters and sub-clusters through topology analyses.

The data from the rabies cases from RS (species, origin/location, year, etc.) were
obtained from SV/UFSM files, IPVDF files, Sistema de Defesa Agropecuéaria of SEAPDR and
from the literature. The information of the additional sequences was obtained from the
literature. The geographic mapping of rabies cases and sequences was performed in Microsoft®
Excel (2016). Additional information on the analyzed sequences are available on Online

Resource 1.

Results

Sequence analysis of N protein gene coding region

The use of primers forward ATGTAACACCTCTACAATG [35] and reverse
TTGACGAAGATCTTGCTCAT [36] allowed for the amplification of part of the N gene
(1.284 nt — residues 67 to 1350) of 77 brain specimens. The alignment of sequences produced

in the present study (n=77) with sequences deposited in GenBank (n=68) demonstrated the
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presence of several nt changes comparing to the standard RABV strain CVS-PV (GenBank
access number M13215). Some of these changes were aleatory/random whereas others were
frequently identified in each cluster or sub-cluster. Nt changes in 163 sites distributed randomly
over the N coding region were present in all examined sequences, distinguishing them from the
standard RABV strain CVS-PV, a RABV originated from carnivorous/dogs. Nonetheless, some
nt changes were consistently detected according to determined clusters and sub-clusters and,
eventually, determined the segregation of the viruses in the phylogenetic tree (Online Resources
2 and 3). As a whole, most n¢ changes did not result in amino-acid (aa) substitutions, with
exceptions of sequences of sub-clusters la-1d and 1h, which presented aa changes at residue
50 (Asn—Ser).

The nt identity among the sequences varied from 95.5 to 100% and was also high when
these sequences were compared with a bovine RABV (96.4 to 97.8%; GU592649) and with a
D. rotundus RABV (96.3 to 97.5%; GU592648). The nt identity dropped to 83.2 to 84.4% when
comparing these sequences with a domestic carnivore RABV N sequence (KX148217) (Table
1).

The nt sequences converted into predicted aa resulted in a sequence of 428 residues
(residues 23 to 450). The residue position related to RABV virulence in protein N was
determined according to Masatani et al. [44, 45] and Shimizu et al. [46], and revealed a high
conservation of N sequence among the field RABV viruses, noticeably in residues involved in
virulence. The aa similarity of the analyzed region varied from 96.7 to 100%. A high similarity
was observed between these sequences and a bovine RABV (98.1 to 100%; GU592649) and a
D. rotundus RABV deposited in GenBank (97.8 to 99.5%; GU592648). A high similarity was
also observed with a domestic carnivore RABV sequence (94.6 to 96.4%; KX148217) (Table
1). No aa mutation was observed in the residues of N protein putatively involved in RABV
virulence: 273 (Phe), 394 (Tyr) and 395 (Phe) [44-46]. Sequences grouped in sub-clusters la

to 1d and 1h presented a consistent change at residue 50 (Asn—Ser) (Online Resource 4).

Phylogenetic analysis and geographical distribution

The phylogenetic tree built based on N gene demonstrated that all sequences analyzed
herein grouped with sequences from herbivorous and vampire bats deposited in GenBank and
apart from sequences from carnivores and other wild animals. The herbivorous lineage

segregated into two clusters (1 and 2), harboring sub-clusters (Fig. 1 and 2). This clustering
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reflected the nt changes observed, in which 11 mutations were present in all sequences from
cluster 1 and 25 mutations were present in cluster 2 (Online Resources 1 and 2).

Cluster 1 grouped all viruses from 2012 and 2016, and several sequences from 2013,
2014, 2015 and 2017. Cluster 2 grouped a lower number of sequences from 2013, 2014, 2015
and 2017, originated from specific RS regions: Porto Vera Cruz and Esperanca do Sul
(northwestern RS mesoregion), Jaguari and Sao Pedro do Sul (central-eastern RS mesoregion)
and Rolante, Gravatai, Glorinha, Sapiranga, Novo Hamburgo and Trés Cachoeiras
(metropolitan mesoregion). These findings indicate that viruses from this cluster may have
derived from a common ancestor, different from cluster I viruses. All sequences from SC and
Uruguay and two sequences from Argentina grouped in cluster 2. The rest of Argentinean
sequences grouped in cluster 1. Figure 3 shows the geographical distribution of the 145
analyzed sequences, according to the respective clusters, along with 770 out of 808 cases of
rabies (87.5%) diagnosed in herbivorous in RS from 2012 to 2017.

In some cases, viruses from the same county/municipality obtained within a short period
of time (0 days to 2 months) grouped to different clusters or sub-clusters as observed in
sequences from Gravatai/2013 (KX090628) and Glorinha/2013 (KX090618), which grouped
in cluster 1, whereas the others (KX090603, KX090602, KX090604, KX090605 ¢ KX090601)
belonged to cluster 2. This segregation was also observed in viruses from Sdo Pedro do
Sul/2014 in which one sequence (MN103510) grouped to cluster 1 and the other two
(MN103509 and MN103511) with cluster 2.

The segregation of viruses originated from the same location in a short period of time
into different sub-clusters was observed in sequences from Acegua/2015 (MN103478 in sub-
cluster 1b and MN103478 in sub-cluster 1a), Gravatai/2013 (KX090603 and KX090604 in sub-
cluster 2b and KX090605 in sub-cluster 2d), Hulha Negra/2015 (KX090622 in sub-cluster 1b
and KX090623 in sub-cluster 1c), Pinhal Grande/2012 (KX090636 in sub-cluster 1b and the
others in sub-cluster 1f) and Rio Pardo/2013 (KX090612 in sub-cluster 1d and the other in sub-
cluster 1b). This pattern of segregation suggest that different RABV (from different bat colonies
or divergent within the same colony) were probably involved in these cases/outbreaks.

This segregation was also observed in some sequences obtained in different periods in
the same location. RABV sequences from Pinhal Grande/2012 grouped predominantly to sub-
cluster 1f, whereas sequences from 2015, 2016 and 2017 grouped to sub-cluster 1a. Similar
segregation was observed for viruses from Cagapava do Sul, which were grouped into distinct
sub-clusters (2015 and 2017 in sub-cluster 1b and 2013 in sub-cluster 1d). These findings

indicate that distinct RABV were involved in the cases/outbreaks occurring in these locations
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at different times, likely reflecting distinct RABV circulating in different bat colonies or, less

likely, resulting from virus evolution.

Discussion

Sequence analysis of part of RABV N allowed for the identification of lineages and
sublineages, as well their spatial and temporal circulation in RS and nearby areas between 2012
and 2017. This study included an expressive number of sequences (n=145) originated from all
RS mesoregions, differing from previous studies which analyzed a limited number of viruses
from localized outbreaks and/or from restricted areas [29, 32-34].

Sequence analysis of RABV N protein has been largely used to classify/group isolates
according to their genetic lineage, variant, host species, origin and/or geographical distribution
[9, 10, 14, 17]. Analysis of RABV N protein from Brazil has led to clustering the isolates into
two groups, according to the host species: viruses from dogs/carnivores, belonging to the
terrestrial epidemiological cycle, and vampire bats, which together with non-hematophagous
bats, form the aerial cycle of the rabies in Brazil [9, 10]. The group of viruses associated with
vampire bats could be further divided/classified in subgroups according to their geographic
origin [9]. Analysis of N sequence also allowed for the identification of a group of RABV
associated with non-hematophagous bats from several Brazilian regions [17].

The results presented herein confirmed the high conservation of the N coding sequence
among field RABV isolates [35, 47]. Amino-acid mutations were randomly observed among
the analyzed sequences, yet these changes did not keep an evident pattern nor involved the
residues associated with RABV virulence. Residues 273 [Phe], 394 [Tyr] and 395 [Phe] are
involved in the evasion of the innate immunity and are important for packaging the viral
genome [44-46]. A mutation in residue 50 (Asn—Ser) observed in sequences of sub-clusters
lato 1d and 1h and also in sequences recovered from GenBank might lead to structural changes
of the N protein and, thereby, may affect the virus biology and pathogenesis [48].

The co-circulation of these RABV lineages and sub-lineages in RS apparently does not
pose risk to the efficacy of FAT-based diagnosis since the antibodies used in such assays are
generally polyclonal [49]. These reagents are able to recognize/react with different viral
proteins and, as such, seems refractory to minor antigen variations as that observed in N residue
50 (Asn—Ser). On the other hand, FAT assays based on monoclonal antibodies (MAbs) and
molecular-based techniques are more prone to failure when used in studies applied to an

antigenic/genetic diverse population of viruses [50]. Fortunately, this is not apparently the case.



41

An interesting finding from the phylogenetic analysis was the segregation of viral
sequences from the same location in different sub-clusters according to time. These findings
indicated that different RABV lineages were associated with outbreaks occurring at different
times in the same locations. A given virus associated with an outbreak in 2012 may have
suffered mutations with time and/or, more likely, a distinct virus may have been introduced in
the region by arrival of new bat colonies [20, 27, 29].

In addition to viral divergence observed with time, some viruses recovered from the
same area within a short period (days to months) segregated to distinct clusters or sub-clusters.
These findings indicate a co-circulation of different viral variants in the same region, sharing
the same or nearby shelters and/or bat colonies, as described previously in the central
mesoregion [29]. On the other hand, the same lineage of RABV may be involved in different
outbreaks occurring in the same region in a short period, as described previously in the northeast
mesoregion [33].

The identification of two clusters and their sub-clusters of the vampire bat RABV
lineage demonstrate their co-circulation in RS in the examined period. These lineages may have
been originated from distinct bat colonies or, alternatively, may have been maintained
concomitantly along time in the same bat colonies [29]. These findings reinforce that the
development of efficient strategies for the control of bat colonies depends upon the
understanding of the dynamics of virus transmission within and between colonies [51]. The
efforts for virus elimination or mitigation should be, therefore, coordinated spatially aiming at
defining the dynamics of virus transmission within enzootic regions [52].

The present study included sequences obtained from 48 counties, covering all RS
mesoregions and comprising a diversity of biomes, including remains of the Atlantic forest and
Pampa biomes. This sampling covered a significant area containing many of the approximately
2.600 bat shelters cataloged by the RS Official Veterinary Service and subjected to periodic
control of bat populations [54, 55].

Co-circulation of two distinct RABV lineages in RS has already been reported by
Fernandes [34] and Cargnelutti et al. [32] testing a smaller number of samples. Our data support
and extend these findings indicating that these lineages are likely established in the RS
ecosystem. Most of the sequences analyzed in the present study grouped in cluster I, which
presented a wide geographic distribution (Fig. 3) and were genetically related to viruses from
nearby states (SC) and countries/provinces (Uruguay and Argentina). On the other hand, viruses
belonging to cluster 2 showed a more restrict geographic pattern but were related to sequences

from SC and from a neighbor Uruguayan province.
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Sequence analysis of RABV has already been used for mapping out the geographic
dispersion of isolates [9, 27, 30, 53]. Unfortunately, the data from the present study did not
allow for the identification of particular dissemination patterns for each lineage/sub-lineage.
Analysis of a larger number of samples recovered from a more comprehensive area during a
longer period may be required to achieve such an intent.

Historically, herbivorous rabies related to vampire bats has been endemic in several RS
regions, noticeably those presenting environmental conditions to favorably shelter bat
populations. Southern municipalities/counties such as Acegua, Bagé and Cagapava do Sul were
historically free of rabies in spite of the presence of vampire bat populations. From 2011
onwards, the occurrence of herbivorous rabies moved southwards, reaching out these regions,
close to the Uruguayan border (Fig. 3) [56]. Natural or manmade ecological changes occurring
in the last years may have contributed for this dispersion/dissemination, probably by affecting
the behavior and dispersion dynamics of bat colonies [20].

In summary, partial sequence analysis of the N gene from RABYV recovered from RS
(2012-2017) demonstrated a high conservation of this gene/protein, indicated the co-circulation
of two lineages and sub-lineages and reinforced the suitability of N sequence to study the

genetic relationships among RABYV isolates.
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Table 1 — Nucleotide and amino acid identity in the partial sequence of nucleoprotein of RABV
recovered from cases of rabies in herbivore species in Rio Grande do Sul state, Brazil, compared
to domestic carnivore RABV sequence (GenBank access KX148217), bovine RABV sequence
(GU592649), Desmodus rotundus RABV sequence (GU592648) and among the sequences this
study.

Domestic Desmodus Among the

Identity (%0) carnivore Bovine RABV rotundus RABV sequences
RABV

Nucleotide 83.2t084.4 96.41t097.8 96.31t097.5 95.5 to 100

Amino acid 94.6 t0 96.4 98.1to 100 97.8 10 99.5 96.7 to 100
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Fig. 1 Phylogenetic tree with Cluster 2 compressed constructed by the Maximum Likelihood
method with the General Time Reversible (GTR) substitution model of RABV N gene partial
sequences recovered from herbivores in the state of Rio Grande do Sul, Brazil (e, RABV from
herbivores and vampire bats obtained from GenBank; m, RABV from carnivores and wild
animals obtained from GenBank)
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Fig. 2 Phylogenetic tree with Cluster 1 compressed constructed by the Maximum Likelihood
method with the General Time Reversible (GTR) substitution model of RABV N gene partial
sequences recovered from herbivores in the state of Rio Grande do Sul, Brazil (e, RABV from
herbivores and vampire bats obtained from GenBank; m, RABV from carnivores and wild
animals obtained from GenBank)
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Fig. 3 Cases/outbreai(s of herbivorous rélbies in the state of Rio Grande do Sul, Brazil. Farms

that had viruses grouped in cluster 1 in the phylogenetic tree are highlighted in green and farms
that had viruses in cluster 2 are in red. Farms where the rabies diagnosis was performed by the
immunofluorescence test, biological test or RT-PCR from 2012 to 2017 but whose N sequences
were not obtained are highlighted in yellow
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Online Resource 1

Identification, animal species, location, geographical coordinates, year and GenBank accession number of rabies
virus introduced in this work:

Geographical Year GenBank References

Identification  Species Origin . .
coordinates accession

Pinhal Grande, Rio Kanitz et al,

SV214/12 Bovine Grande do Sul, -29,290277 -53,263333 2012 KX090641 2014;
Brasil Fernandes,

2016
Pinhal Grande, Rio Kar;(t)z1 :t al,

SV229/12 Bovine Grande do Sul, -29,313333 -53,258055 2012 KX090640 '
Brasil Fernandes,

2016
Pinhal Grande, Rio Ka';'ézldt?t al,

SV256/12 Bovine Grande do Sul, -29,340972 -53,299444 2012 KX090639 '
i Fernandes,

Brasil b

Pinhal Grande, Rio
SV257/12 Bovine Grande do Sul, -29,318444 -53,277833 2012 MN103472 This study
Brasil

Pinhal Grande, Rio
SV275/12 Bovine Grande do Sul, -29,312500 -53,240833 2012 MN103474 This study

Brasil
Pinhal Grande, Rio Kagl(;zlz-t al,
SV276/12 Bovine Grande do Sul, -29,312500 -53,240833 2012 KX090637 ’
i Fernandes,
Brasil b

Pinhal Grande, Rio
SVv330/12 Bovine Grande do Sul, -29,290055 -53,261916 2012 MN103481 This study

Brasil

Pinhal Grande, Rio Kaf;l(t)zlj.t al,

SV336/12 Bovine Grande do Sul, -29,313611 -53,280833 2012 KX090635 '
Brasil Fernandes,

2016
Pinhal Grande, Rio Kag'(t)zlj.t al,

SV447/12 Bovine Grande do Sul, -29,317833 -53,265944 2012 KX090643 '
i Fernandes,

Brazil o

Pinhal Grande, Rio
SVv528/12 Bovine Grande do Sul, -29,307583 -53,251305 2012 MN103497 This study

Brazil
Pinhal Grande, Rio Kaglézlzjt al,
SV529/12  Bovine  GrandedoSul,  -29,338833 -53,299166 2012 KX090636 ‘'

Brazil 2016



SVv287/13

SV927/13
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IPVDF751/13
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Bovine
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Bovine

Bovine

Bovine

Bovine

Bovine

Bovine

Bovine

Bovine

Bovine

Bovine

Cacapava do Sul,
Rio Grande do Sul,
Brazil

Cacapava do Sul,
Rio Grande do Sul,
Brazil

Camaqud, Rio
Grande do Sul,
Brazil

Rio Pardo, Rio
Grande do Sul,
Brazil

Barra do Ribeiro,
Rio Grande do Sul,
Brazil

Sao Jerbnimo, Rio
Grande do Sul,
Brazil

Gravatai, Rio
Grande do Sul,
Brazil

Porto Vera Cruz,
Rio Grande do Sul,
Brazil

Morro Redondo,
Rio Grande do Sul,
Brazil

Rio Pardo, Rio
Grande do Sul,
Brazil

Barra do Ribeiro,
Rio Grande do Sul,
Brazil

Gravatai, Rio
Grande do Sul,
Brazil

Camaqud, Rio
Grande do Sul,
Brazil

Glorinha, Rio
Grande do Sul,
Brazil

Gravatai, Rio
Grande do Sul,
Brazil

-30,616944

-30,550555

-30,791916

-30,027194

-30,420331

-30,292666

-29,969194

-27,789000

-31,621888

-30,257222

-30,423836

-29,852166

-30,805194

-29,894444

-29,865027

-53,396111

-53,324444

-51,775777

-52,253194

-51,458820

-51,944027

-50,862750

-54,985666

-52,582194
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-50,918527

-51,780333
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2013

2013

2013

2013

2013

2013
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2013

2013

2013

2013

2013

2013

2013

2013

MN103476

MN103512

KX090625

KX090626

KX090627

KX090615

KX090628

KX090611

KX090608

KX090612

KX090596

KX090603

KX090629

KX090602

KX090604
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This study

This study
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2016
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2016
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2016
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2016
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2016
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2016
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do Sul, Brazil

Vila Nova do Sul,
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Brazil
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Brazil

S&o Pedro do Sul,
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Brazil

Séo Pedro do Sul,
Rio Grande do Sul,
Brazil

-29,914583

-29,855222

-31,021277

-27,313694

-30,034583

-32,169277

-29,475222

-29,882777

-30,384194
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-31,071277

-30,295305

-30,303305

-29,593027

-29,497861

-50,860083

-50,822277

-52,782944

-54,048083

-52,344722
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KX090600

KX090614
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KX090607
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MN103475

MN103504

MN103506

MN103509

MN103510
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2016
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2016

Fernandes,
2016

Fernandes,
2016

Fernandes,
2016

Fernandes,
2016

Fernandes,
2016

Fernandes,
2016

Fernandes,
2016

Fernandes,
2016

This study

This study

This study

This study

This study



SV916/14

SV11/15

SV27/15

SVv33/15

SV34/15

SV35/15

SV55/15

SV288B/15

SV288H/15

SV333/15

SV344/15

SV345/15

SV393/15

SV475/15

SV476/15

Bovine

Bovine

Bovine

Bovine

Bovine

Bovine

Bovine

Bovine

Bovine

Bovine

Bovine

Bovine

Bovine

Bovine

Bovine

S&o Pedro do Sul,
Rio Grande do Sul,
Brazil

Quevedos, Rio
Grande do Sul,
Brazil

Cacapava do Sul,
Rio Grande do Sul,
Brazil

Jaguari, Rio
Grande do Sul,
Brazil

Jaguari, Rio
Grande do Sul,
Brazil

Jaguari, Rio
Grande do Sul,
Brazil

Jaguari, Rio
Grande do Sul,
Brazil

Acegua, Rio
Grande do Sul,
Brazil

Acegud, Rio
Grande do Sul,
Brazil

Estrela Velha, Rio
Grande do Sul,
Brazil

Pinhal Grande, Rio
Grande do Sul,
Brazil

Pinhal Grande, Rio
Grande do Sul,
Brazil

Pinhal Grande, Rio
Grande do Sul,
Brazil

Estrela Velha, Rio
Grande do Sul,
Brazil

Estrela Velha, Rio
Grande do Sul,
Brazil

-29,524722

-29,442500

-30,823277

-29,504305

-29,530138

-29,514722

-29,494138

-31,510555

-31,510555

-29,316111

-29,344222

-29,344222

-29,358777

-29,300000

-29,258861

-54,124083

-54,166944

-53,560333

-54,631638

-54,620083

-54,630805

-54,639833

-54,111944

-54,111944

-53,228333

-53,281333

-53,281333

-53,244305

-53,162777

-53,160250

2014

2015

2015

2015

2015

2015

2015

2015

2015

2015

2015

2015

2015

2015

2015

MN103511

MN103448

MN103454

MN103455

MN103456

MN103457

MN103460

MN103477

MN103478

MN103482

MN103483

MN103484

MN103487

MN103495

MN103496
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This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study



SV613/15

SV737/15

SV755/15

SV775/15

SV798/15

IPVDF48/15

IPVDF93/15

IPVDF99/15

IPVDF130/15

IPVDF232/15

IPVDF277/15

IPVDF310/15

IPVDF333/15

IPVDF345/15

IPVDF371/15

Bovine

Bovine

Bovine

Bovine

Bovine

Bovine

Bovine

Bovine

Bovine

Bovine

Bovine

Bovine

Bovine

Bovine

Bovine

Sao Gabriel, Rio
Grande do Sul,
Brazil

Pinhal Grande, Rio
Grande do Sul,
Brazil

Pinhal Grande, Rio
Grande do Sul,
Brazil

Pinhal Grande, Rio
Grande do Sul,
Brazil

Paraiso do Sul, Rio
Grande do Sul,
Brazil

Herval, Rio
Grande do Sul,
Brazil

Sapiranga, Rio
Grande do Sul,
Brazil

Arroio do Tigre,
Rio Grande do Sul,
Brazil

Novo Hamburgo,
Rio Grande do Sul,
Brazil

Candelaria, Rio
Grande do Sul,
Brazil

Hulha Negra, Rio
Grande do Sul,
Brazil

Viamao, Rio
Grande do Sul,
Brazil

Viamao, Rio
Grande do Sul,
Brazil

Candeléria, Rio
Grande do Sul,
Brazil

Pedro Osorio, Rio
Grande do Sul,
Brazil

-30,714861

-29,252527

-29,271944

-29,311888

-29,655333

-31,855777

-29,685361

-29,194166

-29,727527

-29,573388

-31,291444

-30,172777

-30,167083

-29,610000

-32,050777

-54,279333

-53,384916

-53,318333

-53,253750

-53,088666

-53,467805

-50,949499

-52,958611

-50,953305

-52,801611

-53,815500

-50,869861

-50,850500

-52,808583

-52,744111

2015

2015

2015

2015

2015

2015

2015

2015

2015

2015

2015

2015

2015

2015

2015

MN103499

MN103503

MN103505

MN103507

MN103508

KX090606

KX090620

KX090595

KX090609

KX090621

KX090622

KX090616

KX090617

KX090598

KX090610
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This study

This study

This study

This study

This study

Fernandes,
2016

Fernandes,
2016

Fernandes,
2016

Fernandes,
2016

Fernandes,
2016

Fernandes,
2016

Fernandes,
2016

Fernandes,
2016

Fernandes,
2016

Fernandes,
2016



IPVDF286/15

IPVDF461/15

IPVDF623/15

SV13/16

SV14/16

SV15/16

SV43/16

SV51/16

SV67/16

SV114/16

SV115/16

SV118/16

SV119/16

SV131/16

SV163/16

SV236/16

Bovine

Bovine

Bovine

Bovine

Bovine

Bovine

Bovine

Sheep

Bovine

Bovine

Bovine

Bovine

Bovine

Bovine

Bovine

Bovine

Candeléria, Rio
Grande do Sul,
Brazil

Hulha Negra, Rio
Grande do Sul,
Brazil

Bagé, Rio Grande
do Sul, Brazil

Cerro Branco, Rio
Grande do Sul,
Brazil

Pinhal Grande, Rio
Grande do Sul,
Brazil

Pinhal Grande, Rio
Grande do Sul,
Brazil

Agudo, Rio
Grande do Sul,
Brazil

Agudo, Rio
Grande do Sul,
Brazil

Pinhal Grande, Rio
Grande do Sul,
Brazil

Nova Palma, Rio
Grande do Sul,
Brazil

Nova Palma, Rio
Grande do Sul,
Brazil

Paraiso do Sul, Rio
Grande do Sul,
Brazil

Jalio De Castilhos,
Rio Grande do Sul,
Brazil

Ivora, Rio Grande
do Sul, Brazil

Ivora, Rio Grande
do Sul, Brazil

lvora, Rio Grande
do Sul, Brazil

-29,604388

-31,263333

-31,250777

-29,624944

-29,311888

-29,407222

-29,526194

-29,516611

-29,387472

-29,467777

-29,431972

-29,656472

-29,450694

-29,479916

-29,479916

-29,477138

-52,810722

-53,860833

-53,745500

-53,035416

-53,25375

-53,252777

-53,195166

-53,200055

-53,338000

-53,314361

-53,360444

-53,141972

-53,5632111

-53,573055

-53,573055

-53,620444

2015

2015

2015

2016

2016

2016

2016

2016

2016

2016

2016

2016

2016

2016

2016

2016

KX090597

KX090623

KX090624

MN103449

MN103450

MN103452

MN103458

MN103459

MN103461

MN103463

MN103464

MN103465

MN103466

MN103467

MN103468

MN103469
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Fernandes,
2016

Fernandes,
2016

Fernandes,

2016

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study



SV239/16

SV255/16

SV257/16

SV289/16

SV325/16

SV349/16

SV350/16

SV401/16

SV405/16

SV419/16

SV430/16

SV435/16

SV441/16

SV443/16

SV645/16

SV646/16

SV655/16

Sv14/17

Sv21/17

Bovine

Bovine

Bovine

Bovine

Bovine

Bovine

Bovine

Bovine

Bovine

Bovine

Bovine

Bovine

Bovine

Bovine

Bovine

Bovine

Bovine

Bovine

Equine

Ivora, Rio Grande
do Sul, Brazil

Ivora, Rio Grande
do Sul, Brazil

Paraiso do Sul, Rio
Grande do Sul,
Brazil

Ivora, Rio Grande
do Sul, Brazil

Ivora, Rio Grande
do Sul, Brazil

lvora, Rio Grande
do Sul, Brazil

lvora, Rio Grande
do Sul, Brazil

lvora, Rio Grande
do Sul, Brazil

Sdo Gabriel, Rio
Grande do Sul,
Brazil

Sao Gabriel, Rio
Grande do Sul,
Brazil

Ivora, Rio Grande
do Sul, Brazil

lvora, Rio Grande
do Sul, Brazil

Lavras do Sul, Rio
Grande do Sul,
Brazil

Ivora, Rio Grande
do Sul, Brazil

lvora, Rio Grande
do Sul, Brazil

Ilvora, Rio Grande
do Sul, Brazil

lvora, Rio Grande
do Sul, Brazil

Cacapava do Sul,
Rio Grande do Sul,
Brazil

Salto do Jacui, Rio
Grande do Sul,
Brazil

-29,488111

-29,488111

-29,634833

-29,514222

-29,525833

-29,518361

-29,490805

-29,536472

-30,179910

-30,264780

-29,552805

-29,477749

-30,762500

-29,542666

-29,476805

-29,525833

-29,561222

-30,416305

-29,064055

-53,585722

-53,585722

-53,129416

-53,629194

-53,601500

-53,579916

-53,616611

-53,623833

-54,256470

-54,205070

-53,605027

-53,620083

-54,128055

-53,599166

-53,596750

-53,601500

-53,630833

-53,648305

-53,113888

2016

2016

2016

2016

2016

2016
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Online Resource 2
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Nucleotide changes observed in the partial sequence of nucleoprotein of RABV recovered from cases of rabies in
herbivorous species in Rio Grande do Sul state, Brazil, and neighbor regions, grouped in cluster I, when compared

to CVS-PV sequence (standard RABV, GenBank access M13215):

Nucleotide sub- sub- sub- sub- sub- sub- sub- sub-
o cluster 1 cluster cluster cluster cluster cluster cluster cluster cluster

position 1a 1b 1c 1d le 1g 1h 1
120 T—>C T>C T>C T->C T>C
149 A—->G A—->G A—>G A->G A->G
171 A->G
183 CoT CoT CoT CoT CoT Co>T CoT
195 To>A T->C T->C T->C T->C T->C T->C
231 A->G A->G A->G A->G A->G A->G A->G
303 T->C T->C T->C T->C T->C T->C T->C
312 CoT CoT CoT CoT CoT CoT CoT
342 T->C
384 G—o>A
429 T->C
438 T-C
441 G—->A
462 Co>T
465 G->A G->A G->A G->A G->A G—->A
519 T->C
540 A—>G A—>G A->G A->G A->G A—>G
567 A->G
582 T->C
616 T->C
633 Co>T Co>T CoT CoT
651 T>A
654 G—->A
660 A->G
663 T->C
669 A>T
769 A>T A>T A>T A>T A>T A->C A—>C A—>C
789 G-o>A G-o>A G-o>A G-oA
840 To>A T->A
852 T->C
858 Co>T
867 CoT
897 T->G T->G T->G T->G T->G T->G T->G
906 A->C
975 A->G
1005 T->G T->G T->G T->G T->G T->G T->G
1023 A—>C A—>C A—>C A—>C A—>C A>T A>T A>T
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Online Resource 3
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Nucleotide changes observed in the partial sequence of nucleoprotein of RABV recovered from cases of rabies in
herbivorous species in Rio Grande do Sul state, Brazil, and neighbor regions, grouped in cluster 2, when compared
to CVS-PV sequence (standard RABV, GenBank access M13215):

Nucleotide cluster sub-cluster sub-cluster sub-cluster sub-cluster
position 2 2a 2b 2c 2d
145 T->C
171 A—>G
195 T->C
342 T->C
441 G-o>A Go>A Go>A
462 Co>T
465 G- A
519 T->C
540 A—->G
543 CoT
567 A>T
576 A—>G
654 G-o>A
658 Co>T
660 A—>G
663 T->C T->C T->C
669 A—>C A>T A>T A>T
744 A—>G
769 A—>C
774 A—>G
858 CoT
867 Co>T
906 A->C
975 A->G
1005 T->G
1023 A>T
1086 T->C
1161 CoT
1203 T->C
1206 G- A
1221 T->A
1248 G-oA
1317 Co>T
1350 A—>G A—>G A—->G
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Amino acid alignament of herbivorous RABV nucleoprotein partial sequences (position 151 to 300)
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Amino acid alignament of herbivorous RABV nucleoprotein partial sequences (position 301 to 450)
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Summary

Rabies is endemic in most Brazilian regions housing commercial bovine herds, including Rio
Grande do Sul state (RS). A rapid, high-quality and high-precision complementary assay for
the diagnostic of the disease is of pivotal importance. We herein describe the development and
validation of a real-time reverse transcription quantitative PCR (RT-qPCR) for diagnostics of
rabies in cattle. The primers were designed targeting a highly conserved region of the
nucleoprotein (N) gene of RABV samples obtained from cattle in RS. The detection limit of
the assay corresponded to 12.99 DNA copies and the intra- and inter-run repeatability was
adequate. Nonspecific amplification of other pathogens causing neurological disease in cattle
in RS or cross-contamination were not detected. Bovine brain samples from suspect cases of
rabies (n=21) were tested by the new RABV RT-gPCR and by the gold-standard fluorescent
antibody test (FAT) and the sensitivity and specificity of the RT-qPCR assay were determined.
Both the sensitivity and specificity of the RT-qPCR were 100%. The RABV RT-gPCR assay
provides for high-throughput analysis of samples, and is both analytically and diagnostically
sensitive and specific. Thus, this assay may be very useful for a rapid, sensitive and specific
diagnosis of rabies in cattle.

Keywords: rabies diagnostic, herbivorous rabies, RT-gPCR, rabies, cattle.
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1. Introduction

Rabies lyssavirus (RABV), a member of the genus Lyssavirus, family Rhabdoviridae,
order Mononegavirales, is the agent of rabies, a zoonotic disease distributed worldwide. The
disease is characterized by severe neurological signs, generally fatal in domestic and wild
mammals (International Committee on the Taxonomy of Viruses, 2018; World Health
Organization, 2005). RABV is perpetuated in nature through cycles of infection involving
terrestrial carnivores and bats. In South America, the hematophagous bats Desmodus rotundus
are the main reservoirs and sources of RABV to herbivorous (Banyard et al., 2011). In Brazil,
six antigenic variants were typified by means of a monoclonal antibody panel against the viral
nucleoprotein: numbers 2 (dog), 3 (Desmodus rotundus), 4 (Tadarida brasiliensis), 5 (vampire
bat from Venezuela), 6 (Lasiurus cinereus) and Lab (reacted to all used antibodies) (Favoretto
etal., 2002).

Rabies is one of the deadliest zoonoses. Each year, rabies kills nearly 59,000 people
worldwide, mostly children in developing countries (World Organisation for Animal Health,
2019a; 2019b). Considering only bovine rabies, the disease is estimated to cause annual losses
of hundreds of millions of dollars in Latin America, mainly due to the deaths of thousands of
cattle. In addition, high indirect expenses involve vaccination of millions of cattle and
thousands of post-exposure treatments (serovaccination) of persons having contact with suspect
animals (Ministério da Agricultura, Pecuéria e Abastecimento, 2009).

The RABYV genome consists of a single-stranded RNA of negative polarity, encoding
five proteins: nucleoprotein (N), phosphoprotein (P), matrix (M), glycoprotein (G) and
polymerase (L) (International Committee on the Taxonomy of Viruses, 2011). The nucleotide
(nt) sequence of protein N gene is highly conserved among RABYV isolates. Due to this property,
this protein/gene has been used as basis for several assays based on antigen (Rahmadane et al.
2017; Ahmed et al., 2012; Madhusudana et al., 2012; 2004; Caporale et al., 2009; Nishizono et
al., 2008; Perrin et al., 1992), antibody (Realegeno et al., 2018; Dyer et al., 2013; Sugiyama et
al., 1997; Esterhuysen et al., 1995) and nucleic-acid detection (Naji et al., 2019; Dedkov et al.,
2018; Faye et al., 2017; Wadhwa et al. 2017; AravindhBabu et al., 2014; 2012; Hoffmann et
al., 2010; Nadin-Davis et al., 2009; Wacharapluesadee et al., 2008; Macedo et al., 2006; Black
et al., 2002; Soares et al., 2002; Sacramento et al., 1991).

At least six reverse transcriptase/quantitative polymerase chain reaction (RT-qPCR)
assays targeting the RABV N gene have been described (Dedkov et al., 2018; Faye et al., 2017,
Wadhwa et al. 2017; Hoffmann et al., 2010; Nadin-Dauvis et al., 2009; Wacharapluesadee et al.,
2008). However, the performance of these assays has only been evaluated using TagMan or
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other RT-gPCR probes, and tested a limited number of samples from natural cases of
herbivorous rabies. In addition, most of the described assays do not follow the validation
process prescribed by the OIE (World Organisation for Animal Health, 2019c).

Thus, the aim of this study was to determine the diagnostic accuracy of an optimized
and well-characterized SYBR green-based RT-qPCR assay for detection of RABV variant 3 in
bovine samples, following the guidelines of the validation process prescribed by the OIE and
comparing to the fluorescent antibody test (FAT), the gold standard. This assay would be useful
in endemic areas of bovine rabies for the following purposes: (1) to confirm the diagnosis of
suspect clinical cases in cattle and (2) for conducting epidemiological investigations of
outbreaks where a large number of samples need to be analyzed concomitantly.

2. Materials and Methods

2.1. Study design

The development of RABV RT-qPCR in cattle started with primer and positive control
(synthetic DNA) design based on the bovine RABV N gene. Then, the assay linear range and
efficiency of the test were determined. For validation, the analytical characteristics (analytical
sensitivity, intra- and inter-run variability, analytical specificity and cross-contamination risks)
were evaluated using positive control designed. Diagnostic properties (sensitivity and
specificity) were evaluated using positive and negative bovine brain samples in the
conventional diagnosis of rabies (fluorescent antibody test — FAT). The results obtained in RT-
gPCR were compared with those of the FAT, the gold standard.

2.2. Design of primers and positive-control for RABV variant 3

The RABV N gene was selected as the target based on its high conservation and the
sequences available in GenBank. Complete and partial sequences of N gene of RABV from
samples from cattle of Rio Grande do Sul, Brazil, were obtained from the database and served
as the basis for primer design. The primers were designed using the Primer Quest Tool
(available on-line at https://www.idtdna.com/Primerquest/Home/Index) in accordance with the
current guidelines regarding primers for qPCR techniques (Thornton and Basu, 2011,
Raymaekers et al., 2009). These primers are: forward CACTGCGAGAGAAGCACTATTA
and reverse CAAGCCCAATGAACGGAAATG. To determine their detection spectrum, the
primers were analyzed in silico with 68 RABYV isolates sequences from Rio Grande do Sul
cattle as well as the 198 housekeeping genes available from GenBank.

The positive control was composed by a synthetic 410-bp DNA corresponding to a

partial sequence of the RABV N gene (gBlocks Gene Fragments, Integrated DNA
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Technologies). gBlocks DNA was quantified using a NanoDrop Lite Spectrophotometer
(ThermoFisher Scientific) and 1 ng/ul solution was diluted in a brain matrix cDNA solution
produced with total RNA extracted from bovine brain negative to RABV, in a series of 10-fold
(1:10; v:v) until reaching 10 dilution, constituting the positive control. Total RNA extraction
was performed using Trizol reagent (Invitrogen, Carlsbad, CA) and cDNA confection using the
GoScript Reverse Transcriptase (Promega, Madison, United States), both according to the
manufacturer's  instructions.  For  internal  control, the  forward  primers
TGACCCCTTCATTGACCTTC and reverse CGTTCTCTGCCTTGACTGTG were chosen,
previously used by Ashley et al. (2011) for detection of bovine GAPDH sequences. Primers
and gBlocks were synthetized by Integrated DNA Technologies (Coralville, United States).
DNase/RNase-free water was used as a negative control.

2.3. Reaction mixture and amplification mode

The gPCR assay was performed in a StepOnePlus Real-Time PCR System (Applied
Biosystems), using the default thermocycler program for all genes: 10 min of pre-incubation at
95°C followed by 40 cycles for 15 sec at 95°C and one min at 60°C. Individual gPCR reactions
were carried out in 20 pl volumes in a 96-well plate containing 7.2 ul of DNase/RNase-free
water, 10 ul of Power SYBR Green (Applied Biosystems, Foster City, CA), 0.4 ul of each
primer and 2 pl of the cDNA sample. At the end of each reaction melting curves were acquired
and analyzed.

2.4. Determination of assay linear range e efficiency

The linear range of the entire assay was determined using the synthetic DNA-negative
cDNA prepared at an initial concentration of 1 ng/ul in a series (6) of 10-fold (1:10; v:v)
dilutions. Each dilution was tested 6 times in a single run. PCR efficiencies were determined
by the formula: PCR efficiency (%) = 100 x (10%slope —1),

2.5. Analytical sensitivity (limit of detection) e intra- and inter-run variability

A tenfold dilution series consisting of 15 separate dilutions was made using the synthetic
DNA-negative cDNA prepared at an initial concentration of 1 ng/ul and which was examined
6 times in each of 5 independent runs and tested by RABV RT-gPCR analysis. The results of
these analyses were used to calculate the detection limit (i.e. input concentration giving a
positive RT-gPCR result in 95% of the repeats (Burns and Valdivia, 2008). The copy number
of the synthetic DNA-negative cDNA solution was estimated through the formula: number of
copies = (amount of DNA in ng x 6.022x10%%) / (length of template in bp x 1x10° x 650).

The inter-run, intra-run and total standard deviations (SD) were calculated by the

formulas: inter-run SD, standard deviation of the means of all runs; intra-run SD, mean of the
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standard deviations of all runs; total SD, standard deviation of all replicates. The total
coefficient of variation (CV) was calculated by the formula: total CV = total SD / (mean Cg-
value of all replicates).

2.6. Analytical specificity

The analytical specificity was assessed using bovine brains infected by pathogens which
cause similar neurological signs in RS, Brazil: 1 positive for RABV, 1 positive for Bovine
alphaherpesvirus 5 (BoHV-5) and 1 positive for babesiosis. Samples were tested by RABV
RT-gPCR in triplicates, along with positive and negative controls.

2.7. Assessment of cross-contamination risks

To confirm the absence of cross-contamination in the assay, 24 RABYV positive control
and 72 negative control wells (DNase, RNAse-free water) were arranged in a chequerboard
pattern (Fang et al., 2007) and evaluated for cross-contamination by RABV RT-gPCR analysis
on two different days. All procedures were performed in complete accordance with good
molecular diagnostics laboratory practice.

2.8. Diagnostic sensitivity and specificity

The sensitivity and specificity of the RABV RT-qPCR were evaluated using 21 bovine
brain samples of known infection status (RABV positive x RABV negative), considering
diagnostic sensitivity (DSe) and specificity (DSp) estimates of 98%, with an error of 5% margin
allowed in estimate of DSe and DSp and a confidence of 90% (World Organisation for Animal
Health, 2019c). Thus, 10 RABV positive and 11 RABV negative brains were tested in parallel
by the fluorescent antibody test (FAT) and by the RABV RT-qPCR. All samples used in this
study have been sent to routine rabies diagnosis and were stored at -20°C until processing. RNA
extraction from the samples was performed by the Trizol method and cDNA was produced
using the Promega Kit. Samples were then analyzed in triplicate on RABV RT-gPCR along
with negative and positive controls. The FAT was performed using a FITC anti-RABV
conjugate provided by Pasteur Institute (Sdo Paulo, Brazil). Negative and positive samples at
RABV RT-gPCR and FAT were cross-tabulated the categorical test results in a 2 x 2 table,
according the World Organisation for Animal Health (2019c). The DSe was calculated by the
formula: total positive (TP)/(TP + false negatives (FN)), and the DSp was calculated by
formula: total negative (TN)/(TN + false positives (FP)).

3. Results

3.1 Determination of assay linear range e efficiency
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Linear regression analysis demonstrated that the RABV RT-gPCR had a linear range
extending from the 107 dilution to the 10° dilution of the positive control with an R2 > 0.99.
Based on the slope, the efficiency of the assay was calculated to be 95.165% (Fig. 1).

3.2 Analytical sensitivity (detection limit) and intra- and inter-run variability

The limit of detection (i.e. input concentration giving a positive result in 95% of the
replicates) was determined by probit analysis to be at a dilution of 1.82 x 107°, which
corresponded to 12.99 DNA copies and Cq of 34.08. The mean results and the variations for
each dilution are summarized in Table 1.

Both intra- and inter-run standard deviations (SD) were low with maxima at 1.30 Cq
and 2.71 Cq, respectively. The coefficient of variation (CV) ranged from 1.46% to 8.46%,
indicating low variation between different repetitions and different runs. The CV increased
towards and beyond the limit of detection. The mean Cq for the RABV RT-gPCR assay was
22.81 £ 0.47 over the 25 runs of the 15 dilutions of positive control.

3.3 Analytical specificity

One bovine brain diagnosed positive to RABV, one positive to BoHV-5 and one positive
for babesiosis, were tested by RABV RT-qPCR. No false-positive or false-negative results were
obtained (not shown).

3.4 Assessment of cross-contamination risks

The positive control samples on the chequerboard plate yielded mean Cq values of
18.01 £ 0.42. No false positive results were recorded in each of the two runs, and no cross-
contamination was detected.

3.5 Diagnostic sensitivity and specificity

The results of the RABV RT-gqPCR and FAT for the rabies-suspect cattle (clinically
suspicious) are summarized in Table 2. No false-positive or false-negative results were
obtained. Consequently, the evaluated diagnostic sensitivity and specificity using 21 bovine
brain samples of known infection status, considering DSe and DSp estimates of 98%, with an
error of 5% margin allowed in estimate of DSe and DSp and a confidence of 90%, according
the World Organisation for Animal Health (2019c), were both 100%. Estimates of the
sensitivity and specificity of the RABV RT-gPCR are summarized in Fig. 2.

4. Discussion

In spite of a number of RABV nucleic-acid based diagnostic assays developed (Naji et
al., 2019; Dedkov et al., 2018; Faye et al., 2017; Wadhwa et al. 2017; Aravindh Babu et al.,
2014, 2012; Hoffmann et al., 2010; Nadin-Dauvis et al., 2009; Wacharapluesadee et al., 2008;
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Macedo et al., 2006; Black et al., 2002; Soares et al., 2002; Sacramento et al., 1991), none has
been validated for detection of RABV in bovine samples. In addition, the primer design was
performed based on RABYV sequences circulating in Southern Brazil. Thus, this study provides
important information regarding the diagnosis of bovine rabies, especially in regions where it
is endemic as RS state (Ministério da Agricultura, Pecuéria e Abastecimento, 2019).

The extraction system and cDNA synthesis protocol used in this study resulted in an
efficient sample processing according to the manual system used previously (Naji et al., 2019;
Wadhwa et al., 2017) and did not increase nucleic acid cross-contamination. The incorporation
of a manual nucleic acid extraction system into the assay substantially reduced the costs, since
the Trizol reagent/method may be concomitantly used in other laboratory protocols.

The assay is specific to RABV variant 3, usually identified in Desmodus rotundus, and
in brains of cattle with rabies. However, due to the high conservation of the N gene in
lyssaviruses (International Committee on the Taxonomy of Viruses, 2011), the assay is likely
to detect other RABV variants and viruses of this genus in other samples as well. In silico,
primers yielded products when tested on partial nucleoprotein gene sequences from sheep,
swine, Desmodus rotundus, horse, Tadarida brasiliensis, Cerdocyon thous, cat and dog
(GenBank accession numbers AB623079, KF864261, AB297635, FJ649186, GU552784,
KR781591, AB263299 and AB083797, respectively) (not shown).

The RABV RT-gPCR described here is unique amongst previously published studies in
that it has been designed using sequences from several field RABV circulating in cattle in RS,
Brazil. This assay also incorporates a proprietary synthetic positive control to verify proper
functioning of the reaction components. The linear range, efficiency and limit of detection for
this assay were similar to that described previously for other RT-qPCRs for RABV (Dedkov et
al., 2018; Faye et al., 2017; Wadhwa et al., 2017; Hoffmann et al., 2010; Nadin-Davis et al.,
2009; Wacharapluesadee et al., 2008). The intra- and inter-run repeatability for the RABV
component of the assay was adequate, with CVs of less than 9% in all dilutions, and were
similar to those reported previously for other assays for detection of RABV (Faye et al., 2017).

The assay was shown to be also highly specific, detecting RABV and no other pathogens
causing neurological syndromes in cattle in RS state, Brazil. The diagnostic sensitivity and
specificity of the RABV RT-gPCR was both estimated to be 100% (sensitivity: 72.2 to 100%;
specificity: 74.1 to 100%) using 21 bovine brain samples of known infection status, considering
DSe and DSp estimates of 98%, with an error of 5% margin allowed in estimate of DSe and

DSp and a confidence of 90%, according the World Organisation for Animal Health (2019c).
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The results of this study confirm that the sensitivity of the RABV RT-qPCR described is similar
to FAT, which is considered the gold standard for RABV diagnosis.

The severe nature of rabies and the implications of false negative or inconclusive results
justify the need of a complementary diagnostic assay for confirmation of the diagnosis with
higher accuracy. Usually, the FAT is the gold standard used in most diagnostic laboratories.
Complementary diagnostic tests — e.g. virus isolation (VI) in cell cultures and mouse
inoculation test (MIT) are frequently used in cases of inconclusive results and/or in cases
where the clinical and epidemiological findings are very suggestive of rabies, but the FAT
yields negative results, among others. The biological tests (VI and MIT) recommended by the
OIE may take 2 to 4 (V1) or 5 to 28 days (MIT) to get the final results (World Organisation for
Animal Health, 2019c). In addition, MIT faces another problem since concerns about ethics in
animal use has become an emergent issue. In addition, post-exposure treatment is frequently
recommended in cases of human exposure to suspect animals, requiring a prompt and definitive
result. Hence, the use of a RABV RT-qPCR standardized and validated for bovine samples may
bring more agility to get the final diagnosis of rabies in cattle, especially in inconclusive cases.
In addition, the development of rapid and suitable molecular diagnostic tools for large-scale
detection of RABV may be important for routine diagnostic testing and epidemiological
surveillance, particularly in RS, Brazil, where herbivorous rabies remains endemic (Ministério
da Agricultura, Pecuaria e Abastecimento, 2019).

In summary, a high-throughput, analytically and diagnostically sensitive and specific
RT-gPCR assay for RABV detection in bovine brains is described. This assay may be useful

for confirmatory diagnosis of bovine rabies.
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Table 1

Inter- and intra-run variation in 15 tenfold dilutions of RABV synthetic DNA
Samples Results (Cq)
Logio dilution  Mean Inter-run SD Intra-run SD  Total SD  Total CV %
0 4.48 0.46 0.05 0.37 8.35
-1 7.02 0.39 0.04 0.36 511
-2 10.53 0.46 0.05 0.42 4.03
-3 14.06 0.41 0.07 0.38 2.68
-4 17.66 0.42 0.05 0.39 2.18
-5 21.29 0.42 0.04 0.39 1.82
-6 25.01 0.52 0.08 0.48 1.92
-7 28.40 0.37 0.22 0.41 1.46
-8 31.90 0.34 0.53 0.63 1.97
-9 34.32 1.42 0.63 1.42 4.14
-10 34.46 131 0.52 1.15 3.34
-11 33.71 1.93 1.30 2.34 6.95
-12 34.65 1.17 0.44 1.23 3.55
-13 32.31 2.71 0.69 2.73 8.46
-14 33.43 1.75 0.36 1.28 3.82

The line between the —8 and —9 logio dilution represents the limit of detection.

83



84

Table 2
Data table for bovine brain samples of known infection status included in the analysis of

sensitivity and specificity of the RABV RT-gqPCR (PCR) and fluorescent antibody test (FAT)
assays for detection of RABV in bovine brains

Test results FAT+ FAT- Total
PCR+ 10 0 10
PCR- 0 11 11

Total 10 11 21
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Fig. 1. Scatter plot with the regression line (solid line) of a 10-fold (v:v) dilution series of a
bovine RABV synthetic prepared with a nucleic acid load covering the linear range. Each
dilution was tested 6 times in a single run.
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Number of reference samples

Known positive (10) Known negative (11)

Bovine RABV | | oSIve 10 TP | FP 0

RT-qPCR results . FN TN

Negative 0 11

Diagnostic sensitivity Diagnostic specificity
TP/(TP + FN) TN/(TN + FP)

100% (72.2 a 100%)* 100% (74.1 a 100%)*

Fig. 2. Diagnostic sensitivity and specificity estimates calculated from set of results for samples
bovine brain samples of known infection status to rabies virus. TP and FP = True Positive and
False Positive, respectively. TN and FN = True Negative and False Negative, respectively.
“95% exact binomial confidence limits for diagnostic sensitivity and diagnostic specificity
calculated values.
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5 DISCUSSAO

O artigo 1 descreve a analise filogenética de 145 amostras de RABV recuperadas de
herbivoros no RS de 2012 a 2017, um numero expressivo de amostras originadas de todas as
mesorregides do estado, diferentemente de estudos prévios que analisaram um nimero limitado
de virus de surtos localizados e/ou de areas restritas. Este estudo foi baseado na analise da
sequéncia parcial do gene da proteina N, onde foi observada uma alta identidade de
nucleotideos e alta similaridade de aminoacidos entre as sequéncias de diferentes amostras de
virus analisadas. As sequéncias também apresentaram alta identidade e similaridade com
sequéncias de RABV de bovinos e de morcegos hematofagos depositadas no GenBank,
confirmando a alta conservacdo da sequéncia do gene da proteina N entre amostras de RABV.
As mutacGes observadas ndo envolveram residuos de aminoacidos associados com a viruléncia
do virus e, aparentemente, ndo comprometem a eficacia dos testes laboratoriais de diagndstico.

A andlise filogenética permitiu a segregacdo dos virus em dois clusters distintos. O
cluster 1 agrupou sequéncias de RABV cobrindo todo o periodo estudado, enquanto o cluster
2 agrupou um numero menor de virus detectados em 2013 a 2017. Em 30 casos, Vvirus obtidos
de uma mesma regido em um curto periodo de tempo agruparam em clusters ou sub-clusters
diferentes, indicando a co-circulacdo de linhagens diferentes do virus nesses surtos. A separacao
em sub-clusters diferentes também foi observada em sequéncias virais obtidas de uma mesma
regido em momentos diferentes, indicando o envolvimento de virus diferentes. A co-circulacéo
de duas linhagens de RABV no RS ja havia sido relatada por Fernandes (2016) e Cargnelutti et
al. (2017) ao testarem um numero menor de amostras, indicando que provavelmente tais
linhagens ja se estabeleceram no ecossistema do RS. A maioria das sequéncias analisadas no
estudo presente agruparam no cluster 1, que apresentou uma ampla distribui¢do geogréafica. Ja
0s virus pertencentes ao cluster 2 mostraram uma dispersdo geografica mais restrita. Estas
linhagens podem ter sido originadas de colonias de morcegos distintas ou podem ter sido
mantidas ao longo do tempo em uma mesma col6nia. Estes achados reforcam que o
desenvolvimento de estratégias eficientes para o controle da raiva herbivora depende do melhor
entendimento da dindmica de transmissdo do RABV dentro da col6nia de morcegos e entre
colonias distintas.

O artigo 2 descreve o desenvolvimento e validagdo de uma RT-qPCR para o diagnostico
da raiva em bovinos. Os primers foram desenhados visando uma regido altamente conservada
do gene da proteina N de amostras de RABV obtidas de bovinos no RS, pois, apesar de terem

sido desenvolvidos vérios testes de diagnostico baseados na deteccdo de acidos nucléicos do
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RABV (ARAVINDH BABU et al, 2012; ARAVINDHBABU, MANOHARAN,
RAMADASS, 2014; BLACK et al., 2002; DEDKOV et al., 2018; FAYE et al., 2017;
HOFFMANN et al., 2010; MACEDO et al., 2006; NADIN-DAVIS, SHEEN, WANDELER,
2009; NAJI et al., 2020; SACRAMENTO, BOURHY, TORDO, 1991; SOARES et al., 2002;
WACHARAPLUESADEE et al., 2008; WADHWA et al. 2017), nenhum foi validado para a
deteccdo de RABV em amostras de tecido nervoso de bovino.

Este ensaio incorporou um controle positivo sintético proprio e apresentou variacao
linear, eficiéncia (>0,99) e limite de deteccdo (12,99 copias de DNA) similares aos reportados
previamente para outras RT-qPCRs para RABV (DEDKOV et al., 2018; FAYE et al., 2017;
HOFFMANN et al., 2010; NADIN-DAVIS, SHEEN, WANDELER et al., 2009;
WACHARAPLUESADEE et al., 2008; WADHWA et al. 2017). A repetibilidade intra e entre
corridas foi adequada (CV < 9%) em todas as dilui¢bes e foi similar ao relatado por Faye et al.
(2017).

O sistema de extracdo de RNA e o protocolo de sintese de cDNA utilizados resultaram
em um processamento eficiente da amostra de acordo com sistemas manuais usados
previamente (NAJI et al., 2020; WADHWA et al., 2017) e ndo aumentaram as oportunidades
de contaminacdo. O ensaio foi também altamente especifico, detectando apenas RABV e néo
outros patdgenos que causam sindromes neuroldgicas similares a raiva em bovinos no RS.

A DSe e a DSp foram ambas 100%, usando 21 amostras de cérebro de bovinos de status
de infeccdo conhecido, considerando uma estimativa de DSe e de DSp de 98%, com uma
margem de erro de 5% nesta estimativa e um nivel de confianca de 90%, de acordo com o
padrdo de validacdo da OIE (WORLD ORGANISATION FOR ANIMAL HEALTH, 2019c).
Estes resultados sdo similares aos observados no FAT, que é considerado o padrdo-outro para
o diagnostico de RABV. Considerando que seu custo de execucao e manutencao € alto quando
comparado ao FAT, conclui-se que a RT-gPCR desenvolvida pode ser usada como
instrumento/ferramenta complementar para a confirmacdo do diagndstico da raiva bovina,
esclarecendo os casos inconclusivos de maneira mais rapida do que as outras técnicas
disponiveis (isolamento viral em cultivo celular e inoculagdo em camundongos). Além disso,
tendo em vista a alta conservacdo do gene N, este ensaio apresenta potencial capacidade de
deteccdo do RABYV em outros espécimes amostrais, dependendo apenas de serem avaliados 0s
critérios analiticos e diagndsticos conforme recomendado pela OIE nas amostras de interesse.

Esta tese, em resumo, traz contribui¢Bes sobre o perfil genético dos RABV circulantes
em herbivoros no RS. Estas informagGes poderdo ser utilizadas em estudos posteriores que

visem a melhor compreensao da dindmica de transmisséo do virus, colaborando para a adogéo
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de medidas profilaticas cada vez mais eficazes. Além disso, a deteccdo da doenga em bovinos
conta a partir de agora com uma opg¢do de diagnostico que pode trazer celeridade aos

procedimentos de diagndstico e prevencao da raiva.
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6 CONCLUSAO

Os estudos apresentados nesta tese permitem concluir que:

As analises filogenéticas de baseadas na sequéncia de nucleotideos de parte do gene
codificante da proteina N, em 145 amostras de RABYV recuperadas do encéfalo de herbivoros
no periodo de 2012 a 2017, no Estado do Rio Grande do Sul, evidenciaram a co-circulagdo de
duas linhagens (clusters 1 e 2) e sub-linhagens (sub-clusters 1a a 1h e 2a a 2d) do virus na
regido.

O teste de RT-gPCR desenvolvido e validado para o diagnéstico da raiva em bovinos
apresenta alta sensibilidade e especificidade, podendo vir a ser Gtil como instrumento

complementar de diagnostico de raiva bovina.
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