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RESUMO

ANALISE FILOGENETICA DE PAPILOMAVIRUS DE BOVINOS E CANINOS NO
RIO GRANDE DO SUL

AUTOR: Ingryd Merchioratto
ORIENTADOR: Rudi Weiblen

Os papilomavirus (PVs) produzem lesdes proliferativas no epitélio cutaneo e mucoso, podendo
ser benignas ou, eventualmente, evoluir para a malignidade. Um grande nimero de PVs tém
sido descritos, que podem infectar uma variedade de hospedeiros. Embora os PVs sejam
geralmente espécie-especificos, alguns papilomavirus bovinos (BPVs) ja foram descritos em
outras espécies, como equinos, ovelhas, cabras, bufalos, iaques e felinos domésticos. Também
tem sido relatado que os PVs podem ser encontrados em infec¢des simples ou em coinfecgdes.
A identificagdo dos tipos de PVs envolvidos nas lesoes ¢ realizada principalmente pela andlise
filogenética do gene L1. Assim, o primeiro estudo desta Tese descreve uma analise filogenética
dos BPVs circulantes no estado do Rio Grande do Sul (RS) entre os anos de 2016 ¢ 2020. Neste
estudo, 0 DNA de PVs foi amplificado a partir de 43 amostras de papiloma bovino, utilizando
os pares de primers FAP59/64 e MY09/11, direcionados para a amplificagdo de parte da L1.
Os amplicons foram sequenciados e analisados filogeneticamente, e também submetidos a
analise da sequéncia de aminoacidos. Também foi realizada uma analise in silico com 114
sequéncias completas de L1 (GenBank) para avaliar a concordancia entre a classificagdo
filogenética baseada na L1 versus aquela baseada na regido amplificada com os primers
FAP59/64 e MY09/11. Nesse estudo foram identificados 31 BPV-1 (72,1%), 27 BPV-2 (62,8%)
e 4 BPV-6 (9,3%). Infec¢des mistas por BPV-1 e 2 foram observadas em 61,3% das amostras
(19/31). Todos os BPV-6 foram identificados em infec¢des simples. A avaliagdo in silico
comprovou que a analise dos amplicons de FAP59/64 ¢ MY09/11 podem reproduzir a
classificagdo da L1 completa. Além disso, foram observados aminoéacidos tnicos ou raros em
pelo menos uma sequéncia de L1 de cada tipo de BPV identificado no estudo, alguns dos quais
estdo em potenciais epitopos de PVs, sugerindo uma evolu¢do imunomediada dos virus
analisados. O segundo estudo reporta uma analise filogenética de PVs circulantes em cdes no
RS entre 2017 e 2022. Para isso, DNA de PVs foram amplificados a partir de 26 amostras de
papiloma canino, com os primers FAP59/64 e/ou MY(09/11. Também foi realizado uma anélise
in silico com 46 sequéncias de L1 completa (GenBank) para avaliar a concordancia entre as
classificagdes baseadas na regido amplificavel por FAP59/64 e MY09/11 vs aquela dada pela
analise da L1 completa. Nesse estudo, todos os PVs amplificados por FAP59/64 (n =22) foram
classificados como CPV-1. Interessantemente, os PVs amplificados pelos primers MY09/11 (n
= 4) foram classificados como BPV-1, sendo trés detectados em infec¢do mista com CPV-1.
Em conclusdo, os estudos dessa Tese contribuem para o conhecimento sobre PVs ao: 1)
identificar infec¢des simples e mistas por BPV e CPV no RS; ii) demonstrar a adequagdo das
classificagdes de BPV e CPV com base nas sequéncias amplificaveis por FAP59/64 e
MY09/11; iii) levantar a hipotese de que BPVs do RS podem estar sob pressdo seletiva pela
resposta imune do hospedeiro; e iv) identificar potencial infec¢do de caes por BPV-1.

Palavras-chave: BPV; CPV; infec¢des mistas; FAP59/64; MY09/11.



ABSTRACT

PHYLOGENETIC ANALYSIS OF PAPILLOMAVIRUSES IN CATTLE AND
DOGS IN RIO GRANDE DO SUL

AUTHOR: Ingryd Merchioratto
ADVISOR: Rudi Weiblen

Papillomaviruses (PVs) produce proliferative lesions in cutaneous and mucosal
epithelium, which may be benign or eventually evolve to malignancy. A number of PV types
have been described, which may infect a variety of hosts. Although PVs are generally species-
specific, some bovine papillomaviruses (BPVs) have been described in other species, such as
horses, sheep, goats, buffalo, yaks and domestic cats. It has also been reported that PVs may be
found in single or mixed infections. PV types are usually identified by phylogenetic analysis of
the L1 gene. Herein, the first study of this Thesis describes a phylogenetic analysis of BPVs
circulating in Rio Grande do Sul (RS) state between 2016 and 2020. In this study, DNAs from
43 samples of bovine papillomas were amplified using two degenerate primer sets, FAP59/64
and MY09/11, which are targeted at amplification of part of L1. These amplicons were
phylogenetically analyzed and evaluated for amino acid sequences. An in silico analysis was
also performed with 114 complete L1 sequences (GenBank) to evaluate the agreement between
the phylogenetic classification of L1 versus that based on the amplified region with primers
FAP59/64 and MY09/11. We identified 31 BPV-1 (72.1%), 27 BPV-2 (62.8%) and 4 BPV-6
(9.3%). Mixed BPV-1 and 2 infections were observed in 61.3% of the samples (19/31). All
BPV-6 was found in simple infections. An in silico approach demonstrated that the analysis of
the FAP59/64 and MY09/11 amplicons may reproduce the complete L1 classification.
Furthermore, unique or rare amino acids were found in at least one L1 sequence of each type
of BPV identified in the study, some of which are in potential epitopes of PVs, suggesting an
immune-mediated evolution of the viruses analyzed here. The second study reports a
phylogenetic analysis of PVs circulating in dogs from RS between 2017 and 2022. For this,
DNA from 26 canine papilloma samples were amplified with primers FAP59/64 and/or
MY09/11. An in silico analysis was also performed with 46 complete L1 sequences (GenBank)
to evaluate the concordance between the classifications based on the amplifiable region by
FAP59/64 and MY09/11 vs that given by the analysis of the complete CPV L1. All PVs
amplified by FAP59/64 (n = 22) were classified as CPV-1. Interestingly, the PVs amplified by
MY09/11 (n = 4) were classified as BPV-1, with three detected in mixed infection with CPV-
1. In conclusion, the studies in this Thesis contribute to the knowledge about PVs by: 1)
describing and identifying single and mixed infections by BPV and CPV in RS; ii)
demonstrating the adequacy of classification of BPV and CPV based on sequences amplified
by primers FAP59/64 and MY09/11; iii) raising the hypothesis that BPVs circulating in RS
may be under selective pressure by the host immune response; and iv) highlighting the
possibility of infection of dogs by BPV-1.

Keywords: BPV; CPV; mixed infections; FAP59/64; MY09/11
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1. INTRODUCAO

Os papilomavirus (PVs) sdo importantes virus de vertebrados podendo produzir lesdes
proliferativas no epitélio cutdneo e mucoso, geralmente de carater benigno e, ocasionalmente,
pode evoluir para lesdes malignas (RECTOR; VAN RANST, 2013). Os PVs tém sido descritos
em uma grande variedade de espécies hospedeiras, como répteis, aves, peixes € varios
mamiferos, incluindo humanos e cetaceos. Esses virus sdo geralmente espécie-especificos e
apresentam grande variabilidade genética (MUNDAY, 2014; RECTOR; VAN RANST, 2013;
ICTYV, 2018).

Os PVs sdo classificados na familia Papillomaviridae, possuem cerca de 55 nm de
didmetro, ndo sdo envelopados e possuem capsideo icosaédrico, formado por 72 capsomeros.
O genoma desses virus ¢ formado por uma molécula de DNA circular de fita dupla, com
extensdo variando entre ~ 6000 e 8000 pares de bases (pb). O genoma codifica entre seis e oito
proteinas, que sdo classificados como precoces (early - E) e tardias (late - L), dependendo da
cinética de expressao (ICTV, 2018, PAVE, 2022).

Dentre os PVs, os papilomavirus humanos (Human papilomavirus - HPV) e
papilomavirus bovino (Bovine papilomavirus - BPV) estdo entre os mais estudados (MUNDAY,
2014; RECTOR; VAN RANST, 2013). Os HPVs possuem importante impacto clinico,
principalmente os tipos envolvidos em tumores da regido cervical do utero (MUNDAY, 2014).
Os BPVs foram inicialmente estudados como modelos para os HPVs, buscando compreender
0s mecanismos patogénicos e intera¢do agente-hospedeiro (RECTOR; VAN RANST, 2013).
Nao obstante, os BPVs também tém chamado atencdo pela sua grande disseminagdo, numero
de casos e impacto sanitario. Assim como o BPV, os papilomavirus caninos (Canine
papilomavirus - CPV) ja foram utilizados como modelo para estudos de HPV e tem sido
crescente o numero de deteccdo de novos tipos (PAVE, 2022; MUNDAY, et al. 2022). No
entanto, os estudos filogenéticos de CPV ainda sdo escassos (CAMPO, et al. 2002; RECTOR;
VAN RANST, 2013; MUNDAY et al., 2017).

A andlise filogenética dos BPVs tem revelado a existéncia de 43 tipos virais, sobretudo
com base na sequéncia do gene da proteina L1 do capsideo. Em relagdo aos CPVs, até o
momento, foram identificados 24 tipos, também com base na sequéncia do gene L1 (ICTV,
2018; PAVE, 2022; MUNDAY et al., 2022). Em alguns casos, a classificagdo dos tipos de BPV
e CPV tem sido acompanhada de correlagdes com a morfologia, aspecto, localiza¢do e padrao

histologico das lesdes. Alguns estudos também tém identificado coinfec¢des por tipos
11



diferentes de BPVs ou CPVs (SAUTHIER et al., 2021; CLAUS et al., 2007; CARVALHO et
al., 2012; DAGALP et al., 2017; ALVES et al., 2020), além de descreverem a possibilidade de
BPVs do género Deltapapillomavirus infectarem outras espécies além de bovinos, como
equinos, ovelhas, cabras, bufalos, iaques e gatos (DE ALCANTARA et al., 2015; BAM et al.,
2013; CUTARELLI et al., 2021; MUNDAY, et al., 2015; PANGTY et al., 2010; ROPERTO, S.
et al., 2018).

No Brasil, os estudos filogenéticos sobre BPVs sdo crescentes, demonstrando que a
papilomatose estd amplamente difundida no rebanho bovino, ja tendo sido relatada nas regides
Norte, Nordeste, Sudeste e Sul do pais (BATISTA et al., 2013; FIGUEIREDO et al., 2020;
ARALDI et al., 2014; LUNARDI et al., 2016; CRESPO e¢t al., 2019; SILVA et al., 2010;
TOZATO etal., 2013; SAUTHIER et al., 2021). Diferentemente de BPV, ainda sdo poucos os
estudos filogenéticos de CPV no Brasil (DE ALCANTARA et al., 2014; ALVES et al., 2020;
REIS et al., 2019). Até¢ o momento, CPVs tém sido identificados na regido Nordeste e Sul do
pais (ALVES et al., 2020; DE ALCANTARA et al., 2014; REIS, 2019).

Considerando o contexto acima, os estudos que compdem esta Tese relatam: i) um
estudo filogenético dos BPVs circulantes no sul do Brasil entre os anos de 2016 e 2020
(ARTIGO 1); e ii) um estudo filogenético de PVs identificados em papilomas de caes no sul do
Brasil entre 2017 e 2022 (ARTIGO 2).

12



2. REVISAO BIBLIOGRAFICA

2.1. CLASSIFICACAO E NOMENCLATURA

Os BPVs e CPVs pertencem a familia Papillomaviridae, que ¢ dividida em duas
subfamilias:  Firstpapillomavirinae e  Secondpapillomavirinae. ~ A subfamilia
Secondpapillomavirinae abrange um Unico género, Alefpapillomavirus. A subfamilia
Firstpapillomavirinae, por outro lado, abrange os demais PVs, sendo formada por 52 géneros.
Os BPVs identificados até o presente sdo classificados em cinco géneros (Deltapapillomavirus,
Dyokappapapillomavirus, Dyoxipapillomavirus, Epsilonpapillomavirus e Xipapillomavirus),
enquanto os CPVs estdo classificados em trés géneros (Chipapillomavirus,

Lambdapapillomavirus e Taupapillomavirus) (ICTV, 2018; PaVE, 2022).

2.2. 0S VIRIONS

Os virions da familia Papillomaviridae sdo formados por um capsideo icosaédrico, ndo
envelopado, de aproximadamente 55 nm de diametro, contendo 72 capsdmeros. O genoma do
PVs ¢ formado por uma dupla fita de DNA circular (double-stranded DNA - dsDNA), podendo
variar de 6800 a 8400 pb (ICTV, 2018). O modelo de PV animal ¢ o papilomavirus bovino 1
(Bovine papillomavirus 1 - BPV-1), cujo genoma contém cerca de 7800 pb. Nos virions, o DNA
encontra-se associado as histonas, formando o que se convencionou chamar de

“minicromossomos” (Figura 1) (MCBRIDE, 2017).

13



Figura 1. Representagdo dos virions dos papilomavirus.
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Legenda: Representacdo esquematica da particula virica dos papilomavirus, formada por 72 capsémeros
da proteina L1 (em branco). A L2 (em roxo) esté localizada no centro de cada capsdmero. O virus apresenta uma
unica molécula de DNA fita dupla circular (azul escuro) associada as histonas (azul claro, amarelo e laranja),

formando o minicrossomo (Fonte: adaptado de PaVE, 2022).

2.3. GENOMA E PROTEINAS VIRAIS

O genoma dos PVs apresenta mais de uma fase aberta de leitura (open reading frames -
ORFs), as quais codificam as proteinas precoces (early - E) e tardias (late - L) (LAZARCZYK
et al., 2009). Os PVs tém seu genoma organizado em trés regides funcionais distintas: a regido
longa de controle (long control region - LCR), regides precoces/iniciais e regides tardias/finais
(BORZACCHIELLO; ROPERTO, 2008; ICTV, 2018; VAN DOORSLAER et al., 2018). Essas
trés regides sdo separadas por dois sitios de poliadenilagdo (pA): o sitio de poliadenilagao
precoce (pAE) e o sitio de poliadenilacdo tardia (pAL) (Figura 2) (MCBRIDE, 2008; ZHENG;
BROKAW; MCBRIDE, 2005).

14



Figura 2. Representag@o do genoma circular dos papilomavirus
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Legenda: Representacao esquematica do genoma dos papilomavirus humanos (HPVs), demonstrando o DNA fita
duplacircular de um a-HPV. A regido codificante para as proteinas E1 e E2, responsaveis pela replicagdo, estdao
representadas em verde escuro, e as regides das proteinas estruturais, L1 e L2, em laranja. A regido reguladora

upstream (URR), PE e PL, sao os promotores precoce (PE) e tardio (PL), e pAE e pAL sao os locais de
poliadenilagdo precoce e tardia (Fonte: MCBRIDE et al., 2017).

A LCR possui cerca de 500-1000 nucleotideos (nt), ¢ uma regido nao-codificante do
genoma, localizada entre as ORFs L1 e E6. Essa regido reguladora possui elementos essenciais
para a replicacdo e transcri¢do do DNA, como a origem da replicacdo (ori) e locais de ligacao
para fatores de transcricdo viral e celular (DESAINTES; DEMERET, 1996; ICTV, 2018;
LAZARCZYK et al., 2009; ZHENG; BROKAW; MCBRIDE, 2005).

Os genes codificam proteinas que recebem as mesmas designagdes dos genes,
compreendendo proteinas precoces (E) e proteinas tardios (L) (ICTV, 2018). Os produtos das
primeiras ORFs, envolvidas na replica¢do e transcri¢ao, sdo as proteinas E1 e E2. O processo
de transformacao celular esta associado as oncoproteinas ES5, E6 e E7, que, quando encontradas
no mesmo virus, contribuem para o fendtipo oncogénico ou de alto risco de alguns PVs. Em

PVs ndo oncogénicos, observa-se apenas a presenga de até¢ duas dessas ORFs (DAUDT et al.,
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2018; DOORBAR et al., 2012). Diferente das outras proteinas precoces, a E4 apresenta um
perfil de expressdo mais proximo ao das proteinas tardias, de forma que a expressdo das
proteinas L ocorre somente em células que ja expressaram a E4. As proteinas tardias, L1 e L2,
compdem o capsideo viral, sdo as proteinas mais imunogénicas dos PVs, sendo a L1 a principal
proteina estrutural (DOORBAR et al., 2012). Dentro da diversidade de PVs ja caracterizados,
apenas as ORFs centrais, E1, E2, L1 e L2, tém sido encontradas em todos os virus (DOORBAR,
2005; DOORBAR et al., 2012) (Figura 3).

Figura 3. Representag@o do genoma circular do papilomavirus humano (HPV) e representag@o linear do genoma
do HPV, papilomavirus de bovinos (BPV) e caninos (CPV).
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Legenda: Representacdo esquematica do genoma circular de HPV-16 e representacao linear de alguns
genomas de HPV, BPV e CPV, demonstrando que a organizag@o do genoma ¢ semelhante entre os PVs, mas que
existem diferencas quanto a presenca de genes precoces (Fonte: adaptada de DOORBAR et al.2012; RECTOR et

al. 2013 e NICHOLLS et al., 1999).

A proteina E1 ¢ uma helicase de DNA, dependente de ATP e ¢ a inica enzima codificada
pelos PVs, sendo importante para o inicio da replicagdo do genoma viral (BERGVALL;
MELENDY; ARCHAMBAULT, 2013; DOORBAR, 2005). Com cerca de 600 a 650
aminoacidos (aa), a E1 apresenta trés dominios: i) N-terminal, essencial para a replicagdo in
vivo, i1) dominio de ligagdo ao DNA (DNA binding domain - DBD), que reconhece a ori; e iii)
dominio C-terminal, que auxilia na abertura da dupla hélice do DNA viral (BERGVALL;
MELENDY; ARCHAMBAULT, 2013; WALLACE; GALLOWAY, 2014). A E1 recebe o titulo
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de iniciadora classica, sendo responsavel por reconhecer inicialmente a ori (BERGVALL,;
MELENDY; ARCHAMBAULT, 2013). Estudos demonstram que a El ¢ necessaria, nao
somente para iniciar, mas ao longo do ciclo viral replicativo, sendo importante para amplificar
o numero de copias do DNA viral nos queratindcitos basais (DNA epissomal); manter um
nimero de epissomas nas células que migram para o epitélio e comec¢am a se diferenciar; e para
a amplificacdo do genoma viral na fase produtiva do ciclo replicativo, que ocorre nas camadas
epiteliais superiores diferenciadas (BERGVALL; MELENDY; ARCHAMBAULT, 2013). AE1
também pode se associar a outras proteinas para auxiliar/ regular a replicagdo do DNA viral
(BERGVALL; MELENDY; ARCHAMBAULT, 2013), como, por exemplo, com a E2,
formando o complexo E1-E2, que recruta proteinas (topoisomerase I, DNA polimerase I e
proteina de replicagdo A) responsaveis pela replicacdo viral (ENEMARK et al., 2000;
SCHUCK; STENLUND, 2015).

A proteina E2 tem cerca de 350-500 aa e dois dominios conservados: N-terminal e C-
terminal, os quais sdo importantes para ativacdo e repressdo transcricional, interacdo com a
proteina E1 e fatores celulares, além da liga¢do especifica ao DNA e propriedades de
dimerizacdo (MCBRIDE, 2008, 2013). A E2 ¢ uma importante moduladora de expressao
génica, atuando como reguladora transcricional de E6 e E7 (ARALDI et al., 2017; GARCIA-
VALLVE; ALONSO; BRAVO, 2005). Em baixos niveis de expressdo, a E2 recruta fatores de
transcri¢do e forma o complexo de transcri¢do E1-E2, entretanto, em altos niveis de expressao,
a E2 reprime a transcri¢ao das proteinas E6 e E7, como consequéncia da inibi¢do da ligagdo da
RNA polimerase II (CAI et al., 2013; GARCIA-VALLVE; ALONSO; BRAVO, 2005).
Curiosamente, a E2 contribui para a regulacao da transcricao e inicio da replica¢do in vivo, mas
em sistema in vitro, a E1 ¢ a Unica proteina viral necessaria para o inicio da replicagdo
(SEDMAN; SEDMAN; STENLUND, 1997).

A E4 foi inicialmente classificada como produto de gene E por estar localizada na regido
inicial do genoma viral, inserida entre os genes que regulam o inicio do ciclo replicativo,
entretanto ndo foi detectado funcdo dessa proteina durante os estagios iniciais da replicagao
(DOORBAR, 2013b). A maioria dos estudos moleculares de E4 ¢ direcionada a HPV,
principalmente aos tipos 1 e 16, sugerindo seu envolvimento na montagem e libera¢ao do virion.
Embora ndo tenha sido adotada a proposta de classifica-la como uma terceira proteina tardia,
seu papel estd nos estagios finais do ciclo replicativo (DOORBAR, 2013b). Sugere-se que a
expressao das proteinas do capsideo ocorre em células que ja expressaram E4 e que a expressao

de E4 antecede a expressao de L2 (DOORBAR, 2013b), portanto as particulas infecciosas sao
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produzidas em células positivas para E4 (DOORBAR, 2013b). Além disso, a transcri¢do da E4
¢ a mais abundante em lesdes produtivas, tendo um papel ttil como biomarcador para HPV
ativo (DOORBAR, 2013b).

A E5 ¢ uma proteina transmembrana, com cerca de 40-85 aa e apresenta dois dominios:
um dominio transmembrana ¢ C-terminal (ARALDI et al., 2017; DIMAIO; PETTI, 2013;
TOMITA et al., 2007). Essa proteina ¢ codificada por muitos PVs de humanos e animais, mas
ndo esta presente em todos (DIMAIO; PETTI, 2013). A ES ¢ rica em aminoacidos hidrofobicos
e, embora seja sugerido que ndo tenha atividade enzimadtica, ela modula a atividade de varias
proteinas celulares (DIMAIO; PETTI, 2013). Dentre a variedade de PVs na qual esta presente,
a E5 codificada pelo BPV-1 ¢ a mais caracterizada: ¢ formada por 44 aa e encontrada em
queratindcitos basais, podendo estimular a proliferacao celular, e também nos queratindcitos
nas camadas superficiais, onde ocorre a producdo viral (DIMAIO; PETTI, 2013). A E5
apresenta atividade de transformagdo em fibroblastos cultivados in vitro, demonstrando que
células com aparéncia de monocamada, apos a transformagdo, adquirem morfologia com
aparéncia  empilhada  (DIMAIO; PETTI, 2013). Além da atividade de
transformagdo/carcinogénese, a proteina E5 diminui a expressdo do complexo principal de
histocompatibilidade classe I (major histocompatibility complex - MHCI) (DIMAIO; PETTI,
2013) o que contribui para a evasdo viral de parte do sistema imune (DIMAIO; PETTI, 2013).

A E6, com cerca de 137-150 aa, tem um dominio C-terminal, contribui para a
transformagdo celular e, quando associada a outras proteinas virais, forma complexos que
podem ter agdo na modulagdo da sobrevivéncia celular, transcri¢do e diferenciagdo celular e na
resposta a0 dano no DNA (ARALDI et al.,, 2017; DOORBAR, 2005). A transformacgao
neoplésica pela E6 pode ser promovida por dois mecanismos: ativacdo da telomerase e
inativacdo da proteina p53 (p53), o que leva a desregulagdo do ciclo celular (ARALDI et al.,
2017).

A proteina E7, com cerca de 127 aa, ndo ¢ codificada por todos os PVs, sendo
considerada uma proteina acessoria. Quando presente, pode desempenhar importante papel,
reprogramando e tornando o ambiente celular propicio para a replica¢do viral, como, por
exemplo, aumentando a duracdo da fase S e G2 do ciclo celular (ARALDI et al., 2014). Em
alguns HPVs, quando associada a E6, a E7 apresenta potencial atividade de transformacao
celular (DOORBAR, 2005).

A L1, com cerca de 500 aa, ¢ a principal proteina do capsideo, sendo expressa apos a

L2, e ¢ responsavel pela interagdo inicial entre o capsideo viral e a célula do hospedeiro
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(DOORBAR, 2005; BUCK et al., 2013). Essa proteina tem a capacidade de se “auto-montar”,
formando particulas semelhantes aos virus (virus like particles - VLPs) (BUCK; DAY; TRUS,
2013). Essas VLPs sdo potentes imundgenos amplamente estudados e utilizados em vacinas
contra HPV (BUCK; DAY; TRUS, 2013). O gene da L1 ¢ utilizado para construcao de arvores
filogenéticas e classificagdo dos PVs (BERNARD et al., 2010; DE VILLIERS et al., 2004).

A L2, com quase 500 aa, ¢ uma proteina tardia que auxilia o empacotamento das
particulas viricas e contribui para a infectividade do virus. Essa proteina ¢ encontrada em
grandes quantidades em estruturas nucleares denominadas corpos PML (promyelocytic
Leukemia - PML), durante a montagem dos virions, recrutando a L1 para esses locais

(DOORBAR, 2005).

2.4 CLASSIFICACAO E FILOGENIA VIRAL

Os PVs sdo descritos desde a década de 30 e sua nomenclatura tem sido discutida por
pesquisadores, que enfrentaram dificuldades para fornecer nomes sucintos e critérios que
permitam diferenciar virus que compartilham caracteristicas como tamanho de genoma,
propriedades de tecido-alvo e etiologias semelhantes. Com base nisso, a taxonomia dos PVs ¢é
apoiada em dois pilares: 1) a nomenclatura deve destacar que os PVs sdo espécie-especificos;
2) todos os genomas possuem origem monofilética, ou seja, se originaram de um ancestral
comum, além de evoluirem mais lentamente do que outros grupos de virus (DE VILLIERS et
al., 2004). De Villiers (2004) propos a classificacdo dos PVs em nivel de géneros, baseada no
alfabeto grego, sendo aceita e utilizada pelo Comité Internacional para Taxonomia de Virus
(International Committee on Taxonomy of Viruses - ICTV) e pela comunidade de pesquisadores
de PV (Papillomavirus Virus Epstime- PaVE). Na época, com base na topologia da arvore
filogenética, 16 grupos de PVs corresponderam aos critérios de género, sendo identificados
pelas letras alfa a pi do alfabeto grego. Cinco letras (alpha, beta, gamma, mu e nu) foram
empregadas para os membros de HPV, duas (eta e theta) utilizadas para classificar PV de aves
e as demais letras foram utilizadas paras os nove géneros restantes identificados em mamiferos
(DE VILLIERS et al., 2004).

Pesquisas realizadas nos anos seguintes resultaram na identificagdo de PVs que estavam
filogeneticamente distantes dos PVs até entdo classificados, preenchendo critérios suficientes
para estabelecer 13 novos géneros (BERNARD et al., 2010). A inclusdo desses 13 géneros

esgotou o alfabeto e, para seguir com o mesmo sistema, Bernard et al. (2010) propuseram
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utilizar o alfabeto grego pela segunda vez, empregando o prefixo “dyo”, que em grego significa
“uma segunda vez”. A proposta ndo incluiu as letras alfa, beta e gamma, uma vez que agrupam
os tipos virais mais comuns e importantes de HPV (BERNARD et al., 2010).

Os PVs sdo classificados principalmente pela andlise filogenética do gene L1. Essa
classificagdo ¢ baseada na comparagao das sequéncias de nucleotideos dessa regido e na posi¢ao
topologica nas arvores filogenéticas de PVs (BERNARD et al., 2010; DE VILLIERS et al.,
2004). Assim, os PVs, podem ser classificados em géneros, espécies, tipos, subtipos e variantes
(DE VILLIERS et al., 2004).

Os PVs sdo classificados dentro de um mesmo género quando apresentam mais do que
60% de identidade; quando a diferenca ¢ maior do que 40% sugere-se um novo género do virus.
Quando os PVs apresentam 11-29% de diferenga no gene L1, uma nova espécie ¢ proposta
dentro daquele género. Um novo tipo de PV ¢ determinado quando a diferenga do gene L1 ¢
maior que 10% comparado a qualquer outro tipo do virus. O subtipo ¢ determinado quando ha
diferenga de 2-10% do gene L1 (BERNARD et al., 2010; DE VILLIERS et al., 2004) (Figura
4). Entretanto, embora o percentual das identidades seja utilizado como um dos critérios para
classificar os PVs, ele ndo ¢ o Unico, sendo considerado também a posi¢do e organizagao
filogenética dos virus, organiza¢do do genoma, biologia e patogenicidade viral (BERNARD et

al., 2010).

Figura 4.Classifica¢do do papilomavirus baseada no gene L1.
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Género: diferenca > 40%
1 2 3 4 5 6 7 8 910

- Espécie: diferenga entre 11-29%
12 3 45 6 7 8 910

. Tipo: diferenca > 10%
12 3 456 7 8 910

I Subtipo: diferenca entre 2-10%
12 3456 78 910

I Variante: diferenca < 2%
1| 2 3 4 5 6 7 8 9 10)
Legenda: Representacao esquematica da classificagdo dos papilomavirus (PVs) com base na sequéncia de
nucleotideos do gene L1. A barra na cor verde representa a identidade, a cor vermelha representa as diferengas e

a cor amarela representa a porcentagem de variacdo aceita. Os niimeros abaixo da barra representam a

porcentagem. (Fonte: adaptada de DAUDT et al., 2018).

Entre os BPVs, sdo conhecidos cinco géneros e 43 tipos: Deltapapillomavirus (BPV-1,
2, 13 e 14), Dyokappapapillomavirus (BPV-16, 18 e 22), Dyoxipapillomavirus (BPV-7,),
Epsilonpapillomavirus (BPV-5, 8, 25, 32 e 43), Xipapillomavirus (BPV-3, 4, 6, 9, 10, 11, 12,
15, 17, 20, 23, 24, 26, 28, 29, 30, 34, 35, 36, 37, 38, 39, 40, 41 e 42) e aqueles tipos que ainda
ndo estdo classificados quanto ao género: BPV-19, 21, 27, 31 e 33 (PAVE, 2022; SAUTHIER
et al., 2021) (Figura 5).

Quanto aos CPVs, sdo conhecidos trés géneros e 24 tipos. Dentre esses:
Chipapillomavirus (CPV-3, 4, 5, 8, 9, 10, 11, 12, 14, 15, 16, 18, 20 e 24),
Lambdapapillomavirus (CPV-1 e 6) e Taupapillomavirus (CPV-2, 7, 13, 17, 19, 21, 22 e 23)
(ICTV, 2018; MUNDAY et al., 2022; PAVE, 2022) (Figura 6).
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Figura 5. Arvore filogenética dos 43 tipos de papilomavirus bovinos (BPV) descritos na literatura.
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Legenda: A arvore filogenética foi construida com base no gene L1 completo de sequéncias depositadas

no banco de dados do GenBank, seguindo a classifica¢ao proposta pelo PaVE. Foi utilizado o método de maxima
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verossimilhanga no software MEGA X (versao 10.2.4) e os valores de bootstrap foram calculados com base em

1.000 réplicas (Fonte: arquivo pessoal).

Figura 6. Arvore filogenética dos 24 tipos de papilomavirus caninos (CPV) descritos na literatura.
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Legenda: A arvore filogenética foi construida com base no gene L1 completo de sequéncias depositadas no
banco de dados do GenBank, seguindo a classificagdo proposta pelo PaVE. Foi utilizado o método de méaxima
verossimilhanga no software MEGA X (versdo 10.2.4) e os valores de bootstrap foram calculados com base em

1.000 réplicas (Fonte: arquivo pessoal).
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2.5 DISTRIBUICAO DOS PAPILOMAVIRUS

Os PVs ja foram descritos em diversos paises, caracterizando-se como um virus de
distribuicdo mundial (ARALDI et al., 2017). Em relagdo ao BPV, casos de infec¢do tém sido
registrados em locais onde héd pratica da bovinocultura, principalmente onde ha grande
densidade de bovinos, como Itdlia, Alemanha, Japao, China, Egito, Turquia, Estados Unidos e
Brasil (BAUERMANN et al., 2017; BIANCHI et al., 2020; DAGALP et al.,, 2017,
HASSANIEN et al., 2021; OGAWA et al., 2004; SAVINI et al., 2020). Esses relatos incluem
infeccdes simples ou coinfecgdes, nas quais diferentes tipos virais sdo encontrados na mesma
lesao ou no mesmo animal (SAUTHIER et al., 2021; CLAUS et al., 2007; CARVALHO et al.,
2012; DAGALP et al., 2017; ARALDI et al., 2017).

No Brasil, a papilomatose est4 bastante difundida no rebanho bovino, sendo crescente
os estudos direcionados a andlise filogenética e identificagdo de BPVs. Diferentes tipos de
BPVs tém sido identificados na regido Norte (BPV-1, 2, 7, 8, 11 e 13), Nordeste (BPV-1, 2, 3,
4,5,6,8,9,10, 11, 13, 14, 24, 25 e 26) (BATISTA et al., 2013; FIGUEIREDO et al., 2020),
Sudeste (BPV-2,4, 8, 10 e 12) (ARALDI et al., 2014; LUNARDI et al., 2016) e Sul (BPV-1, 2,
3,4, 6,7,8,9,10, 11,12, 24 e, 27) (CRESPO et al., 2019; SAUTHIER et al., 2021; SILVA et
al., 2010; TOZATO et al., 2013). Alguns estudos tém sugerido novos tipos de BPVs (BPV-31,
32,33, 34, 35, 36, 37, 38, 39, 40, 41 ¢ 42) (SAUTHIER et al., 2021).

Os CPVs também possuem distribui¢do cosmopolita, sendo descritos em varios paises,
como China, Reino Unido, Italia, Nova Zelandia, Estados Unidos ¢ Brasil (CHANG et al.,
2020; DE ALCANTARA et al., 2014; LANGE et al., 2016; MUNDAY et al., 2016; ORLANDI
et al., 2021). Assim como BPV, CPVs também tém sido identificados em infec¢des simples ou
mistas (SAUTHIER et al., 2021; CLAUS et al., 2007; CARVALHO et al., 2012; DAGALP et
al.,2017; ALVES et al., 2020). No Brasil, os CPVs tém sido descritos na regiao Nordeste (CPV-
1) (REIS, 2019) e Sul do pais (CPV-1 e 16) (ALVES et al., 2020; DE ALCANTARA et al.,
2014). Apesar desses relatos, os estudos sobre circulagdo e distribuicdo dos tipos de CPVs no

Brasil ainda sdo escassos.
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Bovine papillomaviruses (BPVs) exhibit a high degree of genetic variability, and several
viral types have been identified based on analysis of the L1 gene. The L1 is the main capsid
protein and the main target for neutralizing antibodies. We performed a retrospective study on
BPVs circulating in Rio Grande do Sul state, Southern Brazil, in 2016-2020. DNA from 43
bovine papilloma samples were amplified using two degenerate primer sets — FAP59/64 and
MY09/11 — targeting the L1 region, and analyzed for phylogeny, mixed BPV infections
(coinfections) and amino acid (aa) sequences. We also performed an in silico analysis with 114
BPV L1 sequences from the GenBank database to assess the agreement between the phylogeny
obtained based on complete L1 sequences versus that based on the region amplified using the
FAP59/64 and MY09/11 primer sets. Considering single and coinfections, we identified 31
BPV-1(31/43;72.1%), 27 BPV-2 (27/43; 62.8%) and 4 BPV-6 (4/43; 9.3%). Coinfections with
BPV-1 and BPV-2 were observed in 61.3% of the samples. Our results are supported by in
silico analyses that demonstrate that the classification using FAP59/64 or MY09/11 matches
the complete L1 results, except for BPV-17 and -18, which may be mistakenly classified
depending on the primers used. Furthermore, we found unique or rare amino acids in at least
one L1 sequence of each BPV type identified in our study, some of which have been identified
previously in papillomavirus epitopes, suggesting immune-mediated selection. Finally, our
study provides an overview of BPVs circulating in Southern Brazil over the last five years and
point to the combined use of primers FAP59/64 and MY 09/11 for analysis of BPV coinfections

and putative epitopes.

Keywords: Papillomavirus; L1 gene; mixed BPV; Epitopes; FAP59/64; MY09/11
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1 Introduction

Bovine papillomaviruses (BPVs) are associated with papillomatosis, a disease found in
cattle herds worldwide and characterized by proliferative lesions (warts) in the cutaneous and/or
mucosal epithelium. The lesions are often benign, but they can progress to malignancy [1].
Bovine papillomatosis has an important economic and health impact and can lead to devaluation
of the leather, difficulty in suckling and milking, skin tumors and cancer of the upper
gastrointestinal tract and urinary bladder, and premature culling [2, 3]. In addition, the disease
is a frequent barrier to the admission of cattle at official animal fairs and/or auctions [4].

BPVs are small, non-enveloped viruses with a double-stranded circular DNA genome
about 8 kb in length, encoding five to six early (E1, E2, E4, E5, E6, and E7) and two late
proteins (L1 and L2) [1, 5]. Proteins E1 and E2 modulate the translation and replication of the
viral genome, while E5, E6, and E7 regulate cell transformation [2]. The L1 and L2 proteins
form the viral capsid, with L1 being the main structural protein and the main target for
neutralizing antibodies [6, 7]. Furthermore, the L1 gene is commonly used for phylogenetic
analysis and classification or typing of BPVs [5,6,7].

BPVs belong to the subfamily Firstpapillomavirinae, family Papillomaviridae [8].
Based on L1 gene analysis, different BPV types are classified into five genera:
Deltapapillomavirus, Dyoxipapillomavirus, Dyokappapapillomavirus, Epsilonpapillomavirus,
and Xipapillomavirus [5, 8]. To date, 29 BPV types are registered in the Papillomavirus
Episteme (PaVE) database
(https://pave.niaid.nih.gov/#explore/reference genomes/animal genomes), 23 of which have
been recognized by the International Committee on Taxonomy of Viruses (ICTV) [5, 8].
Recently, Sauthier et al. [9] described 14 new BPV types, which would make up a total of 43

BPV types identified to date.
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Different BPV types have been detected and identified using degenerate (e.g.,
FAP59/64 and MYO09/11) or type-specific L1 primers and unconventional amplification
methods, such as rolling-circle amplification (RCA) followed by high-throughput sequencing
(HTS) [9,10,11,12,13,14]. Furthermore, unclassified and new (or putative new) BPVs have
been frequently described [9, 13, 15]. Papilloma fragments and/or animals have also been
investigated for mixed BPV infections (coinfections), mainly by type-specific primers [9, 10,
13, 14, 16, 17].

Considering the importance of BPV infections and the genetic diversity of BPVs, we
carried out a retrospective study on BPVs circulating in Rio Grande do Sul state, Brazil,
between 2016 and 2020. In addition to presenting a phylogenetic analysis, we also demonstrate
the reliable use of degenerate primers to detect BPV coinfections and report the presence of
unique or rare amino acid (aa) residues in L1 that are likely to be involved in virus-host

interactions and evolution.

2. Materials and methods
2.1 Samples and study area

Rio Grande do Sul state is the southernmost Brazilian state, neighboring Argentina and
Uruguay and occupying an area of 281,748 km?2. It is divided into eight intermediate geographic
regions: Porto Alegre, Pelotas, Santa Maria, Uruguaiana, [jui, Passo Fundo, Caxias do Sul, and
Santa Cruz do Sul-Lajeado. We screened 101 papilloma samples (warts) collected from dairy
and beef cattle from all geographic regions of Rio Grande do Sul (Supplementary data, File
S1). Samples were received by the Virology Sector of Universidade Federal de Santa Maria
(UFSM) and the Virology Laboratory of Universidade Federal do Pampa (UNIPAMPA),

Uruguaiana, between 2016 and 2020.
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2.2 Study design

Bovine papilloma samples were screened for BPVs by partial amplification of the L1
gene using the degenerate primer pairs FAP59/64 [18] and MY09/11 [19]. For higher coverage
of'the L1 open reading frame (ORF) and detection of mixed BPV infections, our study included
only samples amplified by both primer sets. Details about molecular detection, coinfection

analysis, and aa sequence analysis are described below.

2.3 DNA extraction

An approximately 100-mg portion of each papilloma sample was cut into small
fragments and transferred to a nuclease-free microtube. In each microtube, 800 pL of Tris-
EDTA (TE) buffer, 100 pL of 10% sodium dodecyl sulfate (SDS), and 2 pL of RNase A (10
mg/mL) (Invitrogen, CA, USA) were added to the sample and incubated at 56°C for 30 min.
Subsequently, 25 uL of proteinase K (20 mg/mL) (Ludwig Biotecnologia, RS, Brazil) was
added, and incubation was continued for 1 h at 56°C. The DNA was extracted by phenol-

chloroform treatment, eluted in 50 uL of TE, and stored at -20°C until use.

2.4 Partial amplification of L1

Each DNA sample was subjected to amplification of two regions of the BPV L1 gene,
nucleotides (nt) 5732-6206 and nt 6544-6995, according to the complete BPV-1 genome
sequence (GenBank accession number NC _001522.1). The first region (475 bp) was amplified
using the primers FAP59 (5-TAACWGTIGGICAYCCWTATT-3") and FAP64 (5'-
CCWATATCWVHCATITCICCATC-3") [18], and the second (452 bp) was amplified using
the primers MYO09 (5-GCMCAGGGWCATAAYAATGG-3') and MYI1l (5-
CGTCCMARRGGAWACTGATC-3") [19], which have been used frequently for detection and

identification of BPV types [10,11,12,13,14,15,16].
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PCR was performed with 1.5 mM MgCl2, 0.5 uM of each deoxynucleotide, 1.25 uM
each primer, 2 U of recombinant Taq DNA polymerase (Thermo Fisher Scientific, MA, USA),
approximately 100 ng of template, and ultrapure q.s.p. water to a final volume of 25 puL. The
following cycling conditions were used: initial denaturation at 94°C for 10 min, followed by 40
cycles of 94°C for 50 s (denaturation), 50°C or 56°C for 55 s (annealing for primers FAP59/64
and MYO09/11, respectively), 72°C for 50 s or 30 s (extension for FAP59/64 and MY09/11,
respectively), and final extension at 72°C for 7 min. The amplicons were then electrophoresed

in a 1.5% agarose gel and stained with GelRed (Biotium, CA, USA).

2.5 Gene sequencing

PCR products were purified using a PureLink PCR Purification Kit (Invitrogen, CA,
USA) according to the manufacturer's instructions and sequenced by the Sanger method, in
duplicate, using a BigDye™ Terminator v3.1 Cycle Sequencing Kit (Thermo Fisher Scientific,

MA, USA). Sequencing was performed by ACTGene Analises Moleculares (RS, Brazil).

2.6 Phylogenetic analysis

Consensus sequences were obtained using the Staden package [20] and aligned by the
multiple ClustalW method [21], using the BioEdit Alignment Editor program (version 7.0.5.3)
[22]. Phylogenetic analysis was performed using MEGA X software (version 10.2.4) [23], and
the evolutionary history was inferred by the maximum-likelihood method, with 1,000 bootstrap
replicates. The best analysis model was chosen using jModelTest software [24]. The models

and analysis parameters are shown in Table 1.
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2.7 Amino acid sequence analysis

Amino acid sequences were predicted from the consensus nucleotide sequences using
MEGA X software (version 10.2.4) and then compared to homologous BPV sequences
available in the GenBank database. The sequences used in the analysis and their accession

numbers are listed in Supplementary File S2.

2.8 In silico analysis

To evaluate the agreement between the phylogenetic analysis results obtained based on
complete L1 sequences and those obtained based on the region amplified using the FAP59/64
or MY09/11 primer set, we performed a detailed analysis with sequences available in GenBank.

Details on the dataset and analysis methods are described below.

2.8.1 Sequence collection

Complete sequences of BPV L1 genes were obtained from the GenBank database using
the search terms “Bovine papillomavirus L1 gene”, “Bovine papillomavirus L1 complete gene”,
and “Bovine papillomavirus complete genome”. In addition, newly reported new and/or
putative new BPV sequences were also used [9]. Partial sequences of L1, cloned sequences, or
BPV sequences from a non-bovine host were excluded from the phylogenetic analysis. The

sequences were collected between August 12 and November 14, 2021.

2.8.2 Comparative analysis

Sequences obtained from GenBank were phylogenetically analyzed based on (i) the
complete L1 gene, (ii) the region between the annealing sites of FAP59/64 (nt 5753-6183) and
MYO09/11 (nt 6564-6975) (NC_001522.1), and (iii) the region corresponding to that analyzed

in our samples (nt 5784-6096 for FAP59/64 and nt 6604-6920 for MY09/11, according to

31



NC 001522.1). The region between the annealing sites of FAP59/64 (or MY(09/11) and the
equivalent to that analyzed in our samples were termed "complete FAP59/64" (or MY09/11)
and "partial FAP59/64" (or MY09/11), respectively. The analysis was performed as described
above. The models and parameters used in each analysis are described in Table 1.

The typing results from each phylogenetic analysis were then compared to each other.
In total, four comparisons were performed: L1 vs. complete FAP59/64, L1 vs. complete
MYO09/11, L1 vs. partial FAP59/64, and L1 vs. partial MY09/11. In addition, we calculated the
weighted geodesic distance between the FAP59/64 (or MY(09/11) and complete L1 trees using

TreeCmp software (version 2.0) (https://eti.pg.edu.pl/TreeCmp).

3 Results
3.1 Sampling

Out of 101 bovine papillomas screened for BPV, viral DNA was not amplified from 25
samples with either of the primer pairs, 18 were positive with FAP59/64 only, and seven were
positive with MYO09/11 only. These samples were all positive for the endogenous control
glyceraldehyde 3-phosphate dehydrogenase (GAPDH), using the forward primer 5'-
TGTTCCAGTATGATTCCAC-3 and the reverse primer 5'-TCCACCACCCTGTTGCTGTA-
3' [25] (data not shown). The remaining 51 samples were amplified by both primer sets;
however, only 43 samples were obtained in sufficient amounts for nucleotide sequencing and
were included in the study. Of these, only samples with consensus sequences of 313 nt for
FAP59/64 and 317-329 nt for MY09/11 were considered suitable for phylogenetic analysis.
These regions correspond to nt 5784-6096 (FAP59/64) and nt 6604-6920 (MY 09/11) (accession

number NC 001522.1). The screening and sample selection scheme is shown in Figure 1.
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3.2 Molecular detection

Of the 43 samples analyzed, 31 yielded a suitable consensus sequence using the two
primer sets. Twelve samples contained a single BPV type that was detected using FAP59/64 or
MYO09/11 (7 BPV-1, 1 BPV-2, and 4 BPV-6), while both BPV-1 and BPV-2 were detected in
19 samples. Among the 12 samples analyzed using only one primer set, BPV-1 was detected in
five and BPV-2 was detected in seven. Overall, BPV-1 was detected in 31 samples (72.1%),

BPV-2 in 27 (62.8%), and BPV-6 in four (9.3%) (Fig. 2 and Table 2).

3.3 Amino acid sequence analysis

Five sequences identified in our study had aa changes when compared to the
homologous BPV: SV01/20 (MY09/11) (13 changes), SV314/17 (FAP59/64) (5), SV16/20
(MYO09/11) (1), SV314/17 (MY09/11) (1), and SV526/18 (MY09/11) (1). Furthermore, a
change at residue 351 (I/M to V) was identified in all sequences classified as BPV-6, but in
only one sequence available in the GenBank database (MW436425.1). Details of aa positions

and changes are shown in Table 3.

3.4 Comparison of phylogenies obtained using different parts of the L1 gene sequence

One hundred fourteen complete BPV L1 sequences were obtained from the GenBank
database, which were typed as BPV-1 (26 sequences), BPV-2 (12), BPV-3 (3), BPV-4 (3),
BPV-5 (3), BPV-6 (3), BPV-7 (2), BPV-8 (2), BPV-9 (3), BPV-10 (6), BPV-11 (1), BPV-12
(3), BPV-13 (6), BPV-14 (2), BPV-15 (1), BPV-16 (1), BPV-17 (1), BPV-18 (1), BPV-19 (1),
BPV-20 (1), BPV-21 (1), BPV-22 (2), BPV-23 (1), BPV-24 (1), BPV-25 (1), BPV-26 (2), BPV-
27 (3), BPV-28 (3), BPV-29 (1), BPV-30 (1), BPV-31 (1), BPV-32 (1), BPV-33 (1), BPV-34
(1), BPV-35 (1), BPV-36 (1), BPV-37 (1), BPV-38 (1), BPV-39 (3), BPV-40 (1), BPV-41 (1),

BPV-42 (1), BPV-43 (1), and putative new (2) (Supplementary File S3).
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These phylogenetic groupings obtained using complete L1 gene sequences were largely
maintained when the analyses were performed using complete or partial sequences obtained
using the primer pair FAP59/64 or MY(09/11. The only mismatches observed were in BPV-18
(KUS519393), which was classified as a member of the genus Dyokappapapillomavirus using
L1 and MY09/11 (complete and partial) sequences but was undefined using FAP59/64
(complete and partial), and in BPV-17 (KU519392), which was classified as a member of the
genus Xipapillomavirus using L1, FAP59/64 (complete and partial) and MY09/11 (partial)
sequences, but was undefined using complete MY09/11 sequences (Supplementary File S3).
Regarding the geodesic distance, a value of 1.181 and 1.122 was found between L1 vs. complete
FAP59/64 and L1 vs. partial FAP59/64 trees, respectively, and 0.732 and 0.836 between L1 vs.

complete MY09/11 and L1 vs. partial MY09/11 trees, respectively.

4 Discussion

Different BPV types have been described over the years. Furthermore, some authors
have also identified unclassified, new, or putative new BPVs [9, 13, 15]. In order to contribute
to the epidemiological-genomic studies of BPV, we performed a retrospective phylogenetic
analysis of bovine papilloma samples collected over five years in various regions of Rio Grande
do Sul, Brazil.

Initially, we screened 101 warts for BPV using the primer pairs FAP59/64 and
MY09/11. Of these, 25 were not amplified by either of the primer pairs, 25 were amplified only
by one of the primer pairs, and eight did not yield enough material for nucleotide sequencing.
Failure to detect BPV in some of our samples may be related to primer/reaction sensitivity, viral
load, and/or sample quality. Bovine warts may be negative for BPV DNA even when subjected
to amplification by more sensitive detection methods, such as RCA [9]. Therefore, we included

only the samples amplified by both primer sets and performed the study with 43 bovine
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papillomas. The amplification of the same sample using two primer pairs allowed the detection
of mixed BPV infections and provided higher coverage of the L1 ORF, which is useful for
analyzing the aa sequence.

The BPVs detected in our study were classified as types 1, 2, and 6, with BPV-1 (72.1%,
31/43) and -6 (9.3%, 4/43) being the most and least prevalent, respectively. These viral types
were identified previously in other studies carried out in Southern Brazil, although the
frequency of detection was considerably different [10, 12, 15]. Claus et al. [10] identified BPV-
1, -2, and -6 in three, one, and six samples, respectively, collected from six animals in Parana
state. In 2008, among 16 cutaneous lesions also from Parana state, Claus et al. detected BPV-
1, -2, and -6 in six, two, and eight samples, respectively [15]. Silva et al. [12] detected BPV-1,
-2, and 6 in 29 (60%; 29/48), eight (16%; 8/48), and nine (18%; 9/48) bovine papillomas,
respectively, collected between 2007 and 2009 in Southern Brazil. Despite the agreement
between the BPV types identified here and those described in previous studies, our findings, as
well as those of other reports [10, 12, 15], were obtained by convenience sampling, and no
statistical analysis were performed. This is a common limitation of BPV studies that makes it
difficult to determine the diversity and prevalence of viral types.

It is also important to consider that the specimens analyzed in our study, as well as those
from Claus et al. [10, 15] and Silva et al. [12], were amplified using the primers FAP59/64 and
MY09/11, which have lower sensitivity than some type-specific BPV primers, such as those
targeting BPV-4 and BPV-9 [26]. The difference in sensitivity between degenerate and type-
specific primers is likely related to the design of FAP59/64 and MY09/11, which were based
on the human papillomavirus (HPV) genome [18, 27]. Despite this, FAP59/64 and/or MY09/11
have been able to detect several BPVs, including unclassified viruses [11, 13,14,15, 26]. The
use of degenerate primers is a simple and low-cost strategy when considering the high diversity

of BPV. Therefore, although we recognize the coverage limits of our study, we believe that our
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analyses, carried out using samples collected from dairy and beef cattle over five years in
different regions of Rio Grande do Sul, provide an approximate overview of the circulation of
BPV in Southern Brazil.

Several studies have found mixed BPV infections in bovine papilloma specimens. Most
of these results were obtained by amplification with type-specific primers and gene sequencing,
but some were obtained by cloning followed by sequencing or by RCA-HTS [9, 10, 13, 14, 16,
17, 28, 29]. Here, we describe the detection of mixed BPV infections using the primer pairs
FAP59/64 and MY09/11, a simple approach for screening and detecting BPV coinfection based
on amplification and sequencing of the same sample with both primer sets.

Initially, an in silico analysis allowed us to observe that most of the phylogenetic
findings based on complete L1 sequences were maintained when the analysis was performed
based on the regions amplified by the degenerate primers. The only exceptions were BPV-18
(KU519393), which was classified as a member of the genus Dyokappapapillomavirus (by L1
and MY09/11) or an undefined genus (by FAP59/64), and BPV-17 (KU519392), which was
classified as a member of the genus Xipapillomavirus (by L1 and FAP59/64) or an undefined
genus (by MYO09/11).

We then assessed the agreement of the BPV classification based on complete L1 vs.
partial FAP59/64 or MY09/11 sequences, specifically the same region analyzed in our samples.
The phylogenetic groupings based on complete L1 sequences were also maintained when using
partial FAP59/64 and MY09/11 sequences; the only mismatch was in BPV-18 (KU519393) by
partial FAP59/64; similar to that discussed above. Importantly, as viruses belonging to the
BPV-18 type (genus Dyokappapapillomavirus) were not identified in our study, we do not
believe that this mismatch compromises our viral classifications.

We also observed that the geodesic distance between complete L1 and complete

FAP59/64 or MY09/11 sequences was similar to that between complete L1 and partial
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FAP59/64 or MY09/11 sequences. This distance compares both the tree topology and the edge
length between two selected trees [30] and has been used to assess the agreement of viral
classifications performed based on different gene targets [31, 32]. Taken together, our results
indicate that (i) most of the typing results obtained using complete or partial FAP59/64 and
MY09/11 sequences match those obtained using complete L1 sequences and (ii) there was no
misclassification when the same virus was analyzed using either complete or partial FAP59/64
and MY09/11 sequences, except for BPV-17.

In our study, 19 samples analyzed using the primer pairs FAP59/64 and MY09/11 were
typed differently depending on the primer set used. Considering the above discussion, we
identified these samples as having mixed infections. Interestingly, the frequency of coinfection
obtained using the two primer sets, 61.3% (19/31), was very similar to that observed by Sauthier
et al. [9] in samples from Southern Brazil analyzed by RCA-HTS, 56.3% (9/16).

All coinfected samples identified in our study contained BPV types 1 and 2.
Furthermore, most of the BPV-1 and -2 identified in our study, mainly type 2, was detected in
coinfections. These results are in line with previous reports [10, 13, 14, 28]. Based on the
prevalence of BPV-2 in coinfections, Dagalp et al. [14] raised the possibility that BPV-2 could
somehow facilitate a subsequent infection with different BPV types. On the other hand, all
BPV-6 found in our study was identified in single infections. Although this result may have
been influenced by the sensitivity of the PCR assay with primers FAP59/64 and MY09/11, this
is also an interesting finding, since all BPV-6 sequences detected in our study had rare aa
residues.

The regions amplified by the primers FAP59/64 and MY09/11, together, cover
approximately half of the L1 ORF, and some HPV-16/18 and deltapapillomavirus epitopes are
possibly encoded in the regions amplified by FAP59/64 and/or MY09/11 [33,34,35]. Therefore,

to analyze possible immunity-mediated influences on the BPV from our study, we compared
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the predicted aa sequences from our study with those of homologous BPVs available in the
GenBank database.

The BPV-6 sample SV314/17 was the only one to contain aa changes in the region
sequenced using FAP59/64, which corresponds approximately to the first quarter of the L1
OREF, the region closest to the N-terminus of the protein. Of the five aa changes in this region,
two are at likely epitopes of BPV-1 and -2 located between aa 74 and 234 [33, 34], specifically
at positions 75 (Q to P) and 95 (Q to H) (Table 3). Residue 95 is also located in a region
previously identified as a probable HPV-16 epitope for MHC II, aa 95-111 [35]. The other
changes observed in our study are in the region amplified using MY09/11, corresponding
approximately to the last quarter of the L1 ORF, close to the C-terminus of the protein.

The BPV-1 sample SV16/20 showed a change at residue 419 (I to K), which has been
identified in possible deltapapillomavirus epitopes located between aa 411 and 475 [33, 34], as
well as in HPV-16/18 epitopes for MHC 11 (aa 416-430 and 417-431) and B lymphocytes (aa
408-421 and 404-417) [35]. Interestingly, sample SV526/18 had a change at position 340 (T/P
to S), which is located in a region that is conserved among HPVs [35]. BPV-2 sample SV01/20
contained 13 changes compared to homologous viruses. Of these, six are located in probable
deltapapillomavirus (aa 411-475), B lymphocytes (aa 408-421), or MHC 1II (aa 416-430 and
417-431) epitopes — residue 414 (D to H), 417 (R to G), 419 (I to V), 423 (A to L), 424 (T to
S) and 425 (K to T)] — and two are in deltapapillomavirus and MHC II epitopes, 428 (S to I)
and 429 (N to I) [33,34,35].

Interestingly, all BPV-6 detected in our study had a change at residue 351 (I/M to V),
which was only observed in another BPV-6 from Rio Grande do Sul (accession number
MW436425.1 [9]). Residue 351 has not yet been reported in papillomavirus epitopes, and we

have not found sequences from other BPV-6 isolates from Rio Grande do Sul available in
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GenBank. Thus, we speculate that immunity-mediated pressure could be driving BPV-6

evolution in Southern Brazil.

Conclusion

A retrospective phylogenetic analysis of BPV circulating in Rio Grande do Sul, Brazil,
between 2016 and 2020, performed using the degenerate primers FAP59/64 and MY09/11,
allowed us to conclude that (i) BPV-1, -2, and -6 were circulating in cattle herds during the
study period, (ii) BPV-1 and -6 were the most and least prevalent viral types, respectively, (iii)
a high frequency of coinfections was observed, specifically by BPV-1/2, (iv) BPV-6 was found
predominantly in single infections, and (v) BPV-2 was found predominantly in coinfections. In
addition, we also identified unique or rare aa residues in L1 that are probably related to virus-
host interaction and evolution. Finally, our in silico analyses indicated that the phylogenetic
groupings obtained based on complete and partial sequences obtained using the primer pair
FAP59/64 or MY09/11 mostly matched those obtained based on complete L1 sequences,

suggesting that these primers may be a reliable option for typing of BPVs.
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Table 1. Parameters used in the Maximum Likelihood phylogeny of BPV sequences.

Gamma

pan ot modar | shave (ORI e BIC iclinond
parameter

L1® GTR+I+G 0.9081 0.109 101,339,7885 -49,988.60

FAP59/64 - C°  GTR+G+l 1.4791 0.094 31,031.413 -14,894.69

GenBank MY09/11 - C® GTR+G+I 1.6961 0.066 32,123.139 -15,325.78
FAP59/64 - P¢ GTR+G 1.3147 NAs 20,235.709 -9,451.85

MY09/11 -P¢  GTR+GHI 2.0078 0.046 25,040.290 -11,939.54
FAP59/64°  GTR+G+I 1.3410 0.103 19,132.5201  -9,053.20

Sy MY09/11¢ GTR+GHI 1.9231 0.058 23,5045.4188 -10,982.95

2Complete L1 sequence;

"Region corresponding to that amplified with primers FAP59/64 or MY09/11 (termed complete FAP59/64 or

MY09/11);

“Region corresponding to nts 5784-6096 (access number NC_001522.1), termed partial FAP59/64;

dRegion corresponding to nts 6604-6920 (access number NC_001522.1), termed partial MY09/11;

°GTR: general time reversible; G: gamma distribution; I: invariant sites; K2: Kimura 2-parameter; T92: Tamura 3-

parameter; TN93: Tamura-Nei; HKY: Hasegawa-Kishino-Yano;

FBayesian information criterion;

£Not applicable;
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Tabela 2. Collection and classification data of BPVs identified in Rio Grande do Sul, Brazil,

between 2016 and 2020.
Region Sample Year of collection Classification
FAP59/64 (GenBank) MY09/11 (GenBank)
Pelotas SV314/17 2017 BPV-6 (ON993815) BPV6 (ON993853)
Santa Maria SV553/16 2016 BPV-2 (ON993820) BPV-1 (ON993858)
SV602/16 2016 BPV-2 (ON993817) BPV-1 (ON993855)
SV642/16 2016 BPV-2 (ON993830) NA*?
SV97/17 2017 BPV-2 (ON993827) BPV-1 (ON993865)
SV442/17 2017 BPV-2 (ON993823) BPV-1 (ON993860)
SV233/18 2018 BPV-2 (ON993829) NA
SV276/18 2018 BPV-6 (ON993824) BPV-6 (ON993861)
SV495/18 2018 NA BPV-1 (ON993856)
SV526/18 2018 BPV-1 (ON993822) BPV-1 (ON993859)
LV039/18 2018 NA BPV-1 (ON993880)
SV377/19 2019 BPV-2 (ON993825) BPV-1 (ON993862)
SV471/19 2019 BPV-1 (ON993828) BPV-1 (ON993866)
LV040/19 2019 BPV-1 (ON993844) NA
SV01/20 2020 BPV-2 (ON993816) BPV-2 (ON993854)
SV16/20 2020 BPV-2 (ON993831) BPV-1 (ON993867)
SV130/20 2020 BPV-2 (ON993851) BPV-1 (ON993887)
SV227/20 2020 BPV-2 (ON993852) BPV-1 (ON993888)
Uruguaiana LV003/16 2016 BPV-1 (ON993842) BPV-1 (ON993878)
LV035/17 2017 BPV-1 (ON993845) BPV-1 (ON993881)
LV045/17 2017 NA BPV-1 (ON993876)
LvV047/17 2017 BPV-2 (ON993834) NA
LV004/18 2018 BPV-2 (ON993841) BPV-1 (ON993877)
LV009/18 2018 NA BPV-1 (ON993870)
LVO011/18 2018 BPV-2 (ON993838) BPV-1 (ON993874)
LV035/18 2018 BPV-2 (ON993835) BPV-1 (ON993871)
LV038/18 2018 BPV-1 (ON993846) BPV-1 (ON993882)
LV041/18 2018 BPV-2 (ON993847) BPV-1 (ON993883)
LV046/18 2018 BPV-2 (ON993840) NA
LV053/18 2018 BPV-2 (ON993848) BPV-1 (ON993884)
LV059/18 2018 BPV-2 (ON993836) BPV-1 (ON993872)
LV001/19 2019 BPV-2 (ON993849) BPV-1 (ON993885)
LV024/19 2019 BPV-2 (ON993837) BPV-1 (ON993873)
LV041/19 2019 BPV-2 (ON993839) BPV-1 (ON993875)
LV014/20 2020 BPV-2 (ON993850) BPV-1 (ON993886)
Ljui SV101/17 2017 NA BPV-2 (ON993863)
SV272/17 2017 BPV-6 (ON993819) BPV-6 (ON993857)
SV526/17 2017 BPV-2 (ON993821) NA
SV580/17 2017 BPV-6 (ON993833) BPV-6 (ON993869)
LV035/19 2019 BPV-1 (ON993843) BPV-1 (ON993879)
Santa Cruz do Sul SV527/16 2016 BPV-2 (ON993826) BPV-1 (ON993864)
SV527/17 2017 BPV-1 (ON993832) BPV-1 (ON993868)
Caxias do Sul SV108/17 2017 BPV-2 (ON993818) NA

*Not applicable: Consensus sequence not suitable for phylogenetic analysis.
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Table 3. Amino acid changes in L1 of the BPVs detected in the study.

Primers Virus Sample Amino acids®
68 (Q>H); 69 (F>S); 70
FAP59/64 BPV-6 SV314/17
(R>G); 75 (Q>P); 95 (Q>H)
SV16/20 419 (I>K)
BPV-1
SV526/18 340 (T/P>S)
345 (A>C); 346(D>Y); 349
(A>V); 353 (Y>F); 359 (N>QG); 414
BPV-2 SV01/20  (D>H); 417 (R>G); 419 (I>V); 423
MY09/11 (A>L); 424 (T>S); 425 (K>T); 428
(S>1); 429 (N>1)
SV314/17 350 (N>K); 351 (I/M>V)P
SV272/16 351 (IVM>V)
BPV-6
SV276/18 351 (IVM>V)
SV580/17 351 (VM>V)

®The access numbers of the compared sequences are in Supplementary File 2. The amino acid

positions of BPV-1, -2 and -6 correspond to those of the L1 protein of NC_001522.1, M20219.1

and AB845589.1, respectively;

®In bold is the amino acid change observed in all BPV-6 in our study. In addition to our samples,

this change was observed in only one sequence available in GenBank (MW436425.1). This

finding is addressed in the Discussion section.
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101 samples screened

T 25 samples negative by bath primer sets (FAP59/64 and MY09/11)

76 samples

"> 25 samples positive by only one of the primers (FAP59/64 or MY09/11)

51 samples

"> 8 samples in insufficient amount for gene sequencing

43 samples analyzed

Figure 1. Workflow from screening to analysis of bovine papilloma samples.

The study began with 101 bovine papilloma samples from eight intermediate geographic
regions of the Rio Grande do Sul state, Brazil. Only samples amplified by both primer sets,

FAP59/64 and MY09/11, were used for phylogeny, co-infection and amino acid analyses.
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Figure 2. Phylogenetic trees of the BPVs detected in the study.

Phylogeny was performed with the partial L1 sequence amplified and sequenced with primers
FAP59/64 (A) and MY09/11 (B). The analyses were performed with the MEGA-X software
(version 10.2.4), using the Maximum Likelihood method (see Table 1). The bootstrap values
were calculated in 1,000 replicates. Branches supported by >85% of bootstrap replicates are
indicated. The sequences identified with filled circles correspond to those collected and
analyzed in our study. *BPV types that were not previously grouped by genus were identified

as “unclassified”.

50



4. ARTIGO 2

Phylogenetic analysis of papillomaviruses in dogs in Southern Brazil: detection of

mixed infections and possible spillover events

Analise filogenética de papilomavirus em cies no sul do Brasil: detec¢io de

infeccOes mistas e possiveis transmissoes entre espécies

Ingryd Merchioratto!-?; Carolina Isabela Mucellini!-; Pablo Sebastian Britto de Oliveira'-?; José
Valter Joaquim Silva Junior>**; Mario Celso Sperotto Brum?®; Rudi Weiblen?; Eduardo Furtado

Flores?"*

(Artigo submetido ao periodico Ciéncia Rural, fevereiro de 2023)

"Programa de Pés-gradua¢do em Medicina Veterinaria, Universidade Federal de Santa Maria,
Rio Grande do Sul, Brazil;

2Setor de Virologia, Departamento de Medicina Veterinaria Preventiva, Universidade Federal
de Santa Maria, Rio Grande do Sul, Brazil;

3Setor de Virologia, Laboratério de Imunopatologia Keizo Asami, Universidade Federal de
Pernambuco, Pernambuco, Brazil,

“Departamento de Analises Clinicas, Centro de Ciéncias da Satde, Universidade Federal de
Santa Maria, Rio Grande do Sul, Brazil

SLaboratorio de Virologia, Universidade Federal do Pampa, Curso de Medicina Veterinaria, Rio
Grande do Sul, Brazil;

*Correspondence to: Eduardo Furtado Flores. E-mail: eduardofurtadoflores@gmail.com. Setor
de Virologia, Departamento de Medicina Veterinaria Preventiva, Universidade Federal de Santa
Maria, Brazil, Rio Grande do Sul, Santa Maria, Camobi, Av. Roraima, 1000, prédio 63A.
ABSTRACT

Papillomaviruses (PVs) — the agents of papillomas or warts - have been identified in single and

mixed infections in several animal species, including dogs (Canine papillomaviruses, CPV) and
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cattle (Bovine papillomaviruses, BPV). Although considered species-specific, some BPVs may
occasionally infect species other than cattle, such as sheep, goats, buffaloes, yaks and domestic
cats. Herein, we carried out a retrospective phylogenetic study of PVs circulating in dogs in
Southern Brazil between 2017 and 2022. In addition to contributing to epidemiological data,
the samples were investigated for the presence of different PVs, as well as for mixed infections.
For this, we screened 64 canine papilloma samples by PCR using the degenerate primers
FAP59/64 and/or MY 09/11, which amplify different regions of the L1 gene; the genomic target
often used for PV classification/typing. Out these, 26 PV DNA samples were successfully
amplified and sequenced. All PVs amplified by FAP59/64 (n = 22) were phylogenetically
classified as Canine papillomavirus 1, CPV-1. On the other hand, PVs amplified by MY09/11
(n=4) were classified as BPV-1. Among these, three samples showed mixed infection by CPV-
1 and BPV-1. The phylogenetic classifications performed herein were supported by a careful in
silico analysis that demonstrated that the classification based on the FAP59/64 and/or MY09/11
amplicons fully matches the classification obtained by analyzing the complete L1 gene. Overall,
we describe the circulation of CPV-1 in Southern Brazil over the years, and raise the possibility
of cross-infection of dogs by BPVs, and coinfections by CPV-1 and BPV-1 as well. Finally, we
suggest the analysis of the complete genome of the putative BPVs detected in dogs, in order to

deepen the knowledge about the PV-host interactions.

Keywords: Canine papillomavirus; Bovine papillomavirus; Deltapapillomavirus; Mixed

infection; FAP59/64; MY09/11.
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RESUMO

Os papilomavirus (PVs) podem ser encontrados em infec¢des simples ou mistas em diferentes
espécies de animais, incluindo caes (CPV) e bovinos (BPV). Embora considerados espécie-
especificos, alguns BPVs podem infectar outras espécies além dos bovinos, como ovelhas,
cabras, bufalos, iaques e gatos. Nesse contexto, realizou-se um estudo filogenético retrospectivo
de PVs circulantes em caes no sul do Brasil entre 2017 e 2022. Além de contribuir com dados
epidemiologicos, as amostras foram investigadas quanto a presenca de diferentes PVs, bem
como para infecgdes mistas. Para isso, triamos 64 amostras de papiloma canino por PCR usando
os primers degenerados FAP59/64 e/ou MY09/11, que amplificam diferentes regides do gene
L1; o alvo gendmico frequentemente usado para classificagdo/tipagem de PVs. Dessas, 26
amostras de DNA de PV foram amplificadas e sequenciadas com sucesso. Todos os PVs
amplificados por FAP59/64 (n = 22) foram filogeneticamente classificados como papilomavirus
canino 1, CPV-1. Por outro lado, PVs amplificados por MY09/11 (n = 4) foram classificados
como BPV-1. Entre esses, trés foram encontrados em infec¢do mista com CPV-1. As
classificagdes filogenéticas realizadas no estudo foram respaldadas por uma cuidadosa analise
in silico que demonstrou que a classificagdo baseada nos amplicons FAP59/64 e/ou MY09/11
corresponde a classificacdo obtida pela andlise do gene L1 completo. Em conclusdo, descreveu-
se a circulacdo do CPV-1 no sul do Brasil ao longo dos anos e levantou-se a possibilidade de
infeccdo de BPV em caes e também a potencial coinfec¢do por CPV-1 e BPV-1. Finalmente,
sugere-se que os potenciais BPVs detectados em caes tenham seu genoma completo analisado

a fim de se aprofundar o conhecimento sobre a interagdo PV-hospedeiro.

Palavras-chave: Papilomavirus canino; Papilomavirus bovino; Deltapapilomavirus; Infeccao

mista; FAP59/64; MEUQ9/11.
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INTRODUCTION

Papillomas are overgrowths of epithelial and/or mucosal tissue associated with
papillomavirus (PV) infection (RECTOR; RANST, VAN, 2013). Papilloma lesions have been
described in several animal species, including mammals, birds, fishes and reptiles (BOCANETI
et al., 2016; RECTOR; RANST, VAN, 2013). Although PVs are considered species-specific,
some studies have reported bovine papillomaviruses (BPVs), specifically the
Deltapapillomavirus genus (BPV-1, BPV-2, BPV-13 and BPV-14), infecting other species than
cattle, such as sheep, goats, buffaloes, yaks and cats (BAM et al., 2013; CUTARELLI et al.,
2021; MUNDAY, et al., 2015; PANGTY et al., 2010; ROPERTO, S. et al., 2018).

Papillomas are also frequently reported in dogs, potentially compromising animal
welfare and triggering outbreaks in breeders and daycare centers (GIL DA COSTA et al., 2017;
LANE; WEESE; STULL, 2017). Canine papillomaviruses (CPVs) are small, non-enveloped,
circular double-stranded DNA viruses with genomes about 8 kilobases (kb) in length, which
encode five to six early (E) and two late (L) proteins (ICTV, 2018; PAPILLOMAVIRUS VIRUS
EPISTEME, 2022). The E1 and E2 proteins modulate the translation and replication of the viral
genome, whereas ES5, E6 and E7 are oncoproteins and participate in cell transformation
(DOORBAR, 2005). The late proteins, L1 and L2, form the viral capsid, with L1 being the main
structural protein and the target for neutralizing antibodies (DOORBAR, 2005). Furthermore,
the L1 gene is frequently used for phylogenetic classification/typing of PVs (BERNARD, et
al., 2010; VILLIERS, et al., 2004).

CPVs belong to the family Papillomaviridae, subfamily Firstpapillomavirinae. CPVs
are classified into three genera: Chipapillomavirus, Lambdapapillomavirus and
Taupapillomavirus (ICTV; PAVE). To date, 23 CPV types are recognized by the International
Committee on Taxonomy of Viruses (ICTV) and PapillomaVirus Episteme (PaVE), although

an additional viral type has been reported recently, CPV-24 (MUNDAY, John S. et al., 2022).
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Interestingly, some studies have described an association between some CPV types and the
anatomical distribution and histological characteristics of the papillomas (LANGE; FAVROT,
2011; MUNDAY, THOMSON, LUFF, 2017). In addition, some authors have also reported
mixed infections in canine papillomas, such as CPV2-CPV7-CPV19 and CPV1-CPV2 co-
infections, which were identified by next-generation sequencing or amplification (PCR) by
type-specific primers (LANGE, et al., 2019; TISZA et al., 2016).

Considering the above, we carried out a retrospective phylogenetic study of PVs
circulating in dogs in Southern Brazil between 2017 and 2022. In addition to contributing to
epidemiological data in Brazil, the samples were investigated for the presence of different PVs
and for mixed infections as well. Overall, our findings indicate the possibility of BPV infection

in dogs and open novel ways for studies on the dynamics of PV infection.

MATERIALS AND METHODS
Samples and study design
The study was carried out with canine papillomas received by the Virology Section
(Universidade Federal de Santa Maria, UFSM) and Virology Laboratory (Universidade
Federal do Pampa, UNIPAMPA) for the production of autogenous vaccines; and by the
Pathology Department of the University Veterinary Hospital (UFSM) and Veterinary Pathology
Section (Universidade Federal do Rio Grande do Sul, UFRGS) for histopathological diagnosis.
In total, 64 samples were screened, 32 of which were fresh (frozen at -20°C) and 32
samples were formaldehyde-fixed and paraffin-embedded (FFPE). The samples were received
by the laboratories between 2017 and 2022. Data on place and year of collection, as well as the
conditions of the samples (fresh or FFPE) are presented in Supplementary File 1 (File S1). All

samples were analyzed for the presence of PV DNA using degenerate primers that allow the
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detection of viruses from different host species. Details on virus identification and further

analysis are described below.

DNA extraction

DNA extraction from frozen samples was performed by the phenol chloroform method.
For this, about 100 mg of each papilloma sample was cut into small fragments. The papilloma
fragments were placed in a microtube and 800 pL of Tris-EDTA (TE) buffer, 100 pL of 10%
sodium dodecyl sulfate (SDS) and 2 pL of RNase A (10 mg/mL) (Invitrogen, CA, USA) were
added and incubated at 56°C for 30 min. Subsequently, 25 pL of proteinase K (20 mg/mL)
(Ludwig Biotecnologia, RS, Brazil) were added and incubated for 1 h at 56°C. Then, DNA was
extracted by phenol-chloroform treatment, eluted in 50 pL of TE and stored at -20°C until use.
FFPE samples were extracted using the QIAamp DNA FFPE Tissue Kit (QIAGEN®),

according to the manufacturer's recommendations.

Partial amplification of L1gene

The extracted DNA was subjected to PCR for amplification of two regions of the L1
gene: the  first region  was  amplified  with  primers  FAP59  (§'-
TAACWGTIGGICAYCCWTATT-3") and FAP64 (5'-CCWATATCWVHCATITCICCATC-
3) (FORSLUND et al, 1999); in the second, primers MY09 (5'-
GCMCAGGGWCATAAYAATGG-3") and MY11 (5'-CGTCCMARRGGAWACTGATC-3")
were used (OGAWA et al., 2004). PCR was performed with 1.5 mM of MgCla, 0.5 uM of each
deoxynucleotide, 1.25 pM of each primer, 2 U of recombinant Taq DNA polymerase (Thermo
Fisher Scientific, MA, USA), approximately 100 ng of template and ultrapure q.s.p. water to a
final volume of 25 pL. Cycling conditions were: initial denaturation at 94°C for 10 min,

followed by 40 cycles of 94°C for 50 s (denaturation), 50°C or 56°C for 55 s (annealing for
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primers FAP59/64 and MY09/11, respectively), 72°C for 50 s or 30 s (extension for FAP59/64
and MY09/11, respectively), final extension at 72°C for 7 min. The amplicons were submitted

to 1.5% agarose gel electrophoresis and stained with GelRed (Biotium, CA, USA).

Nucleotide (nt) sequencing

PCR products were purified using the PureLink PCR Purification kit (Invitrogen, CA,
USA), according to the manufacturer's recommendations. Sequencing was performed in
duplicate, with forward and reverse primers, by ACTGene Andlises Moleculares (RS, Brazil)
by the Sanger method, using a BigDye™ Terminator v3.1 Cycle Sequencing kit (ThermoFisher

Scientific, MA, USA).

Phylogenetic analyses

After nt sequencing, consensus sequences were obtained using Staden Package (Staden,
1996) and aligned by the multiple ClustalW method (THOMPSON; HIGGINS; GIBSON,
1994), BioEdit Alignment Editor program (version 7.0.5.3) (HALL, 1999). The phylogenetic
analyses were performed using the Molecular Evolutionary Genetics Analysis software (version
10.2.4) (MEGA X) (KUMAR, S. et al., 2018) and the evolutionary history was inferred by the
Maximum Likelihood method, with 1,000 bootstrap replicates. The best analysis model was
defined by the jModelTest software (POSADA, 2008) (Table 1).

Consensus that did not cluster in any CPV cluster were submitted unfiltered to the
National Center for Biotechnology Information (NCBI) Basic Local Alignment Search Tool

(BLAST) to identify sequences with the highest similarity.
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In silico analyses

The classification reliability of the CPVs analyzed here was evaluated by comparing the
phylogenetic classification of the complete CPV L1 sequences available in GenBank vs. the
classification obtained by analyzing the putative amplicons from the primers FAP59/64 and
MY09/11, as well as by the region analyzed in our study. Details on sequence collection and

analysis are described below.

Data collection

Complete CPV L1 sequences were collected using the search terms: “Canine
papillomaviruses complete genome”, “Canine Papillomaviruses L1 complete gene” and
“Canine Papillomaviruses L1 gene”. Non-canine host CPV sequences and partial L1 sequences
were excluded from the analysis. Sequences were collected between November 23, 2022, and

January 9, 2023.

Assessing the agreement between complete LI-based phylogenetic classification versus
amplicons from FAP59/64 and MY09/11

We compared the classification of complete CPV L1 sequences with that based on the
full amplicons by the primers FAP59/64 and MY(09/11 (removing the annealing site of the
primers) (termed complete FAP59/64 or MY09/11) and with the region of the amplicons
analyzed in our study (named partial FAP59/64 or MY09/11). The positions of the L1 regions
according to sequence D55633 (GenBank) are: a) complete L1 gene (nt 6837-8348); b)
complete FAP59/64 (nt 6976-7477) and MY09/11 (nt 7821-8278); ¢) partial FAP59/64 (nt
6978-7362) and MY09/11 (nt 7943-8229). The models and parameters used in the analyses are

described in Table 1. Furthermore, we calculated the weighted geodesic distance between the
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complete L1 trees and FAP59/64 (or MY09/11), using the TreeCmp software (version 2.0)

(https://eti.pg.edu.pl/TreeCmp).

RESULTS
Samples

Out of 64 canine papilloma DNA samples subjected to PCR, 26 samples were amplified
by the primers FAP59/64 and/or MY09/11. Among these, only 23 samples had a consensus
suitable for phylogenetic analysis: 389 nt for FAP59/64 and 290 nt for MY09/11. In details, 19
were amplified only by FAP59/64, one by MY09/11 and three were amplified by both primers.
All PV sequences analyzed here were from fresh frozen samples, i.e., it was not possible to

amplify DNA from FFPE samples.

Phylogenetic classification

All sequences analyzed for FAP59/64 were classified as CPV-1, and none of the
sequences analyzed for MY09/11 were clustered with CPV (Figure 1 and Table 2). Therefore,
we submitted the MY09/11 consensus to the BLAST tool. Herein, all MY09/11 sequences
showed a high degree of similarity with the Deltapapilomavirus genus. The SV148/19
consensus had a percentage identity of 100% with the MG242142 sequence, while SV405/18
and SV102/19 had 99.6% with this same sequence. Consensus SV59/19 had 100% percent
identity with the KX271663 sequence. Considering these results, the deltapapilomavirus
sequences were included in the phylogenetic analysis of the MY09/11 sequences, allowing their

identification as BPV-1 (Figure 2).
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In silico analysis: phylogenetic classification of CPV by complete L1 vs. FAP59/64 and
MY09/11 amplicons

Forty-six complete CPV L1 sequences were obtained from the GenBank database,
which were classified as CPV-1 (5 sequences), CPV-2 (4), CPV-3 (2), CPV-4 (2), CPV-5 ( 2),
CPV-6 (1), CPV-7 (1), CPV-8 (2), CPV-9 (4), CPV-10 (2), CPV-11 (1), CPV-12 (2 ), CPV-13
(2), CPV-14 (2), CPV-15 (1), CPV-16 (3), CPV-17 (1), CPV-18 (1), CPV-19 (1) , CPV-20 (1),
CPV-21 (2), CPV-22 (2), CPV-23 (1) and CPV-24 (1). Classifications based on complete L1
sequences were reproduced by the phylogenetic analysis with complete and partial FAP59/64
or MY09/11 (File S2). The geodesic distance between L1 vs. complete FAP59/64 and L1 vs.
partial FAP59/64 trees was 0.4686 and 0.4411, respectively; the value between L1 vs. complete
MY09/11 and L1 vs. partial MY 09/11 trees was 0.4366 and 0.5756, respectively. Overall, these

findings support the use of the primers FAP59/64 or MY09/11 for CPV genetic classification.

DISCUSSION

Twenty-four CPV subtypes have been described worldwide (ICTV, 2018; MUNDAY,
JOHN et al., 2022; PAPILLOMAVIRUS VIRUS EPISTEME, 2022), some of which have been
identified in mixed infections (LANGE, et al., 2019; TISZA et al., 2016). In Brazil, CPV
genotyping studies are rare and few CPV types have been described to date, specifically CPV-
1 and CPV-16 (ALCANTARA, DEetal., 2014; ALVES et al., 2020; REIS et al., 2019). In order
to contribute to PV epidemiological data in Brazil, we performed a retrospective study with
papilloma samples obtained from dogs in Southern Brazil between 2017 and 2022. In addition,
we also provide insights into the dynamics of PV infection, describing the possibility of BPV
infection of dogs and potential CPV and BPV co-infection.

Initially, we screened DNA obtained from 64 canine papillomas using the degenerate

primers FAP59/64 and MY09/11. Of these, 38 DNA samples were not amplified by any of the
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primer sets. Among the non-amplified DNA samples, six and 32 were fresh frozen and FFPE
tissues, respectively. Failures in the amplification of PV DNA from fresh frozen samples have
also been described by other authors (MERCHIORATTO et al., 2023; SILVA, et al., 2013) and
may be related to PCR sensitivity, viral load and/or sample quality. Regarding DNA
amplification problems from FFPE samples, our results are also in line with what was observed
in other PV studies, in which the detection rate of PV DNA from fresh frozen tissue was higher
than that found in FFPE samples (BAAY et al., 1996; BEN-EZRA et al., 1991; THOMPSON;
ROSE, 1991). Failure in FFPE amplification may be related to the formalin fixation step, which
may cause damage in the DNA molecule, preventing PCR amplification (BEN-EZRA et al.,
1991; KARLSEN et al., 1994). In this sense, the influence of formalin fixation on PCR may be
related to fixation time and amplicon size. Kalsen et al., (1994) demonstrated that eight hours
of tissue fixation may be sufficient to inhibit the generation of an amplicon >421bp. This is an
important issue since our amplicons were 475 bp (FAP59/64) and 452bp (MY 09/11) bp.

All samples amplified by the primers FAP59/64 were classified as CPV-1. This finding
is in line with previous studies carried out in different regions from Brazil. Alcantara et al.
(2014) detected CPV-1 infection in seven samples from Parana state, Southern Brazil. Similarly,
Reis et al. (2020) identified CPV-1 in six samples from Sergipe state, Northeastern Brazil.
Importantly, in both studies, the authors used the primers FAP59/64. These findings must be
carefully interpreted, as reactions with FAP59/64 or MY09/11 may be more sensitive to some
PV types (SILVA, et al., 2013), so that the higher prevalence of CPV-1 may be related to the
coverage of the primers used. A different finding was reported by Alves et al. (2020), who
detected CPV-16 in a papilloma sample collected in southern Brazil. Herein, although the
authors screened the sample with FAP59/64, virus classification was performed by analyzing

the complete viral genome obtained by multiply-primed rolling-circle amplification followed
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by high throughput sequencing. Taken together, these findings may be useful for future studies
on the CPV epidemiology.

Interestingly, all sequences amplified and sequenced by MY09/11 were evolutionarily
distant from CPV sequences in the phylogenetic analysis. By analyzing these sequences in the
BLAST tool, we identified a high similarity with BPV (Deltapapillomavivrus genus).
Therefore, we performed another phylogenetic analysis including deltapapillomavirus
reference sequences. Herein, all sequences obtained by MY09/11 were clustered with BPV-1.
However, as 3/4 of the samples sequenced by MY09/11 were also analyzed by FAP59/64,
indicating CPV-1 infection, we investigated the hypothesis that the mismatch between
MY09/11 and FAP59/64 results is a bias related to the analysis from different L1 regions.

To address the above issue, we collected CPV full-length L1 sequences from GenBank
and compare the phylogenetic classification based on complete L1 vs. complete FAP59/64 (or
MY09/11). In addition, we also compared the complete L1 classification vs. that based on the
regions analyzed in our study (partial FAP59/64 or MY09/11). All classifications obtained by
the complete L1 analysis were maintained by the FAP59/64 or MY09/11 analyses. In addition,
the geodesic distance between L1 vs. complete and partial FAP59/64 (or MY(09/11) trees were
considerably similar. This metric compares the topology and stem length between two trees and
has been successfully used to compare phylogenetic trees from different genomic targets
(BECKER et al., 2023; MERCHIORATTO et al., 2023; DE OLIVEIRA, et al., 2021, 2022).
Overall, these results indicate that the classification by FAP59/64 and MY09/11 may reproduce
the classification from complete L1, reinforcing that the sequences detected by MY09/11 are
indeed BPV-1 sequences. Consequently, these results also support the possibility of CPV-1 and
BPV-1 co-infection in three canine samples analyzed in our study.

Although papillomaviruses are species-specific, some studies have described that BPVs

from the Deltapapillomavirus genus (BPV-1, BPV-2, BPV-13 and BPV-14) may infect different
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animals, such as horses, sheep, goats, buffaloes, yaks and cats (BAM et al., 2013; CUTARELLI
et al., 2021; MUNDAY, JOHN et al., 2015; PANGTY et al., 2010; ROPERTO, et al., 2018).
Despite this, to the best of our knowledge, BPV infection in dogs has not yet been reported. We
believe that our finding was made possible by the use of PV degenerate primers, which have
been useful for detecting viruses from different host species, including BPV-1 (DAGALP et al.,

2017; MERCHIORATTO et al., 2023; MUNDAY, JOHN et al., 2015; SILVA, et al., 2010).

CONCLUSION

We carried out a retrospective phylogenetic study of PVs circulating in dogs in Southern
Brazil using the degenerate primers FAP59/64 and MYO09/11. Herein, we: i) confirm the
circulation of CPV-1 in Brazil over the years; ii) demonstrate the suitability of primers
FAP59/64 and MY09/11 for CPV phylogenetic classification; and iii) raise the possibility of
BPYV infection in dogs, as well as CPV and BPV co-infections. Regarding this issue, it would
be timely to investigate possible canine infection by other deltapapillomaviruses, as well as to
sequence and analyze the complete genome of potential BPVs detected in dogs in order to

deepen the knowledge about PV-host interactions.
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The phylogenetic analysis was performed based on the partial sequences of L1 obtained with
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Figure 1. Phylogenetic trees of the PVs detected in the study.
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the primer sets FAP59/64 (A) and MY09/11 (B). Analyses were performed using the Maximum

Likelihood method, using the MEGA X software (version 10.2.4), (see Table 1). Bootstrap

values were calculated based on 1000 replicates. The sequences indicated by the filled triangles

correspond to those collected and analyzed in this study.
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Figure 2. Phylogenetic trees of the PVs detected in the study, including CPV and

deltapapilomavirus sequences.

Phylogenetic analysis was performed based on partial L1 sequences obtained with the primer
set MYO09/11. Analyses were performed using the Maximum Likelihood method, using the
MEGA X software (version 10.2.4), (see Table 1). Bootstrap values were calculated based on

1000 replicates.
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File S2. Phylogenetic trees based on CPV L1 sequences obtained from the GenBank database.

The phylogenetic analysis was performed based on complete L1 sequences (A), complete
FAP59/64 (B) and MY09/11 (C), and partial FAP59/64 (D) and MY09/11 (E). Analyses were
performed by the Maximum Likelihood method, using the MEGA X software (version 10.2.4)
(see Table 1). Bootstrap values were calculated based on 1000 replicates. Branches supported

by >85% of bootstrap replicas are indicated
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Table 1. Parameters used in the Maximum Likelihood phylogeny of papillomavirus sequences.

Gamma

Dan Sl mede e e PIC ikaihood
parameter

L1® GTR+G+1 1.2726 0.12 56,082.5983  -27,678.75

FAP?I,/M i GTR+G+1 1.4071 0.13 17,095.9985  -8,257.54

GenBank  MY09/11 -C*  HKY+G+I 1.3129 0.11 15,684.9322  -7,562.48

FAP59/64 -P¢  GTR+G+1 1.2785 0.14 14,208.6943  -6,820.23

MY09/11 -P¢  HKY+G+ 1.2930 0.12 10,849.9751  -5,164.15

FAP59/64¢ GTR+G+1 1.3153 0.13 14,411.7729  -6,841.55

Study MY09/11¢ HKY+G 1.2922 NAs 11,316.967 -5,427.27

Mggﬁ;“ GTR+G+I 1.3508 0.1 16,309.1182  -7,827.68

*Complete L1 sequence;

PRegion corresponding to that amplified with primers FAP59/64 or MY09/11;

‘Region corresponding to nts 6985-7362 (accession number D55633), termed partial FAP59/64;

dRegion corresponding to nts 7910-8222 (accession number D55633), termed partial MY09/11;

°GTR: general time reversible; G: gamma distribution; I: invariant sites; HKY: Hasegawa-Kishino-Yano;

FBayesian information criterion;

£Not applicable
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Table 2. Collection and classification data of CPVs identified in Rio Grande do Sul, Brazil,

between 2017 and 2022.
City Sample Year f’f Classification
collection FAP59/64 MY09/11
SV64/19 2019 CPV-1 NA
SV76/19 2019 CPV-1 NA
SV102/19 2019 CPV-1 BPV-1
SV38/21 2021 CPV-1 NA
Porto Alegre SV169/21 2021 CPV-1 NA
SV317/21 2021 CPV-1 NA
SV364/21 2021 CPV-1 NA
SV10/22 2022 CPV-1 NA
SV11/22 2022 CPV-1 NA
Sao Gabriel SV148/19 2019 CPV-1 BPV-1
Santa Cruz do Sul SV405/18 2018 NA BPV-1
SV33/21 2021 CPV-1 NA
Santa Maria SV153/21 2021 CPV-1 NA
SV219/21 2021 CPV-1 NA
V149.21 2021 CPV-1 NA
Santa Rosa SV59/19 2019 CPV-1 BPV-1
LV09/19 2019 CPV-1 NA
LV26/19 2019 CPV-1 NA
Uruguaiana LV11/20 2020 CPV-1 NA
LV21/20 2020 CPV-1 NA
LV40/20 2020 CPV-1 NA
LV60/22 2022 CPV-1 NA
Venancio Aires  SV78/22 2022 CPV-1 NA

“Not applicable. Consensus sequence not suitable for phylogenetic analysis.
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5. DISCUSSAO

O artigo 1 desta Tese descreve um estudo retrospectivo dos BPVs circulantes no estado
do Rio Grande do Sul entre 2016 e 2020, realizando analises filogenéticas com base em
sequéncias de nucleotideos e de aminoacidos. Ao total, 43 amostras de papiloma bovino foram
analisadas. O DNA dos BPVs foi amplificado e sequenciado usando dois pares de primers
frequentemente descritos na literatura, FAP59/64 ¢ MY09/11 (FORLUND et al., 1999;
MANOS et al., 1989). O uso desses primers possibilitou a identificagdo de BPVs em infecgdes
simples (BPV-1, 2 e 6) e em coinfec¢des (BPV-1 e 2).

A identificagdo de BPV-1, 2 e 6 estd de acordo com estudos prévios também realizados
na regido Sul do Brasil (CLAUS et al., 2007, 2008; SILVA et al., 2010). A coinfec¢do por BPV-
1 e 2 descrita no estudo também tem sido relatada por outros autores (CARVALHO et al., 2012;
CLAUS et al., 2007, 2009; DAGALP et al., 2017). Interessantemente, todos os BPV-2
identificados aqui estavam em coinfec¢do com o BPV-1. Esse achado levanta a possibilidade
que a presenca de BPV-2 poderia facilitar a infeccdo por um outro tipo viral. Hipotese
semelhante tem sido sugerida por Dagalp et al. (2017), ao observar a elevada frequéncia de
BPV-2 em infec¢des mistas.

E importante destacar que, até entdo, as infeccdes mistas por BPV s tinham sido
identificadas por meio de amplificagdo de circulo rolante (rolling-circle amplification - RCA)
ou de clonagem génica (SAUTHIER et al., 2021; DAUDT et al., 2016), estratégias que podem
ser inviaveis a depender da quantidade de amostras analisadas. Dessa forma, o presente estudo
demonstrou que ¢ possivel identificar a presencga de diferentes tipos de BPV em uma mesma
amostra clinica a partir do uso de primers degenerados. A identifica¢do das infec¢des mistas foi
respaldada por uma andlise in silico que comprovou que a classificagdo de BPV por FAP59/64
ou MY09/11 reproduz os resultados obtidos pela andlise do gene completo de L1; o principal
alvo génico para a classificagdo filogenética de PVs (DE VILLIERS et al., 2004). Esse resultado
¢ importante porque descarta a possibilidade de que a classificagao dos diferentes tipos de BPV
seja um viés relacionado a analise de diferentes amplicons.

Os BPVs identificados no estudo também apresentaram aminoacidos que ainda ndo
haviam sido descritos nos tipos virais homodlogos. Grande parte dessas mudangas de aminoacido
foi observada em regides de L1 previamente identificadas como possiveis epitopos de HPV
e/ou BPV para MHC-II e linfécitos B (NAMVAR et al., 2019). Além disso, foi observada uma
mudanca de residuo de aminodcido em BPV-6 que s6 foi identificada em um virus previamente

descrito no sul do Brasil. Quando considerados em conjunto, esses resultados sugerem que os
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BPVs circulantes nessa regido provavelmente estdo sob uma pressao de selecao relacionada a
imunidade do hospedeiro, um achado interessante que pode contribuir para futuros estudos
epidemioldgicos e de estratégias vacinais.

O artigo 2 descreve um estudo filogenético de PVs detectados em caes do Rio Grande
do Sul entre 2017 e 2022, a partir de 23 sequéncias analisadas filogeneticamente com o uso dos
primers FAP59/64 e/ou MY09/11. Dessas, 19 amostras amplificaram somente para os primers
FAP59/64 e foram classificadas como CPV-1, e uma amostra amplificou somente com 0s
primers MY09/11 e foi classificada como BPV-1. Trés amostras amplificaram para ambos os
pares de primers e foram classificadas como CPV-1 (por FAP59/64) e BPV-1 (MY09/11),
indicando, portanto, ndo somente a presenc¢a de infec¢do mista, mas levantando a possibilidade
de infecgdes de caes por BPV.

A deteccao de CPV-1 no Brasil ja foi descrita anteriormente, demonstrando que os
presentes achados corroboram a epidemiologia de CPV no pais (DE ALCANTARA et al., 2014;
REIS et al., 2019). No entanto, at¢ o momento, nenhum estudo tinha sugerido a potencial
infeccdo de caes por BPV-1, embora outros tipos de BPV do género Deltapapillomavirus ja
tenham sido identificados em outros animais além de bovinos, como equinos, ovelhas, cabras,
bufalos, iaques e gato (DE ALCANTACARA et al., 2015; BAM et al., 2013; CUTARELLI et
al., 2021; MUNDAY, et al., 2015; PANGTY et al.,, 2010; ROPERTO, S. et al., 2018).
Semelhante ao discutido no estudo anterior, os resultados dessas andlises sdo respaldados por
uma avaliacdo in silico que demonstrou que a classificacdo de CPV por meio da andlise dos
amplicons de FAP59/64 ou MY09/11 podem reproduzir os resultados da andlise da L1
completa.

Em relagdo ao desenho dos dois estudos, ¢ valido ressaltar que as reagdes baseadas em
primers degenerados podem ter sensibilidades diferentes a depender do tipo de PV investigado
(SILVA et al., 2013). Assim, € possivel que essa estratégia favoreca a amplificacdo de alguns
tipos virais em detrimento de outros. Essa questdo tem que ser considerada em relagdo a
interpretacdo epidemioldgica dos achados discutidos acima. Por outro lado, o uso de primers
degenerados ¢ uma alternativa simples e eficiente para a detec¢@o de varios PVs, principalmente
diante da diversidade desses virus, possibilitando, inclusive, a identificagdo de infec¢des mistas.
Além disso, o uso de primers que ndo sdo tipo-especificos pode contribuir para a identificacao

de infecgdes ainda ndo descritas ou que ndo costumam ser investigadas em alguns estudos.
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6. CONCLUSAO

Os estudos apresentados nesta Tese permitiram concluir que: 1) BPV-1, 2 e 6 circularam
em rebanhos bovinos no estado do Rio Grande do Sul entre os anos de 2016 e 2020; ii) BPVs
detectados no Rio Grande do Sul apresentam residuos Unicos ou raros de aminoéacido na
proteina L1, os quais podem estar relacionados a evolugdo viral e interacdo com o hospedeiro;
ii1) CPV-1 circulou em cées do Rio Grande do Sul entre 2017 e 2022; iv) BPV-1 pode ser um
potencial agente de infeccdo em cdes; v) BPV e CPV podem ser classificados adequadamente
pela analise filogenética dos amplicons de FAP59/64 ou MY09/11; e vi) os primers FAP59/64
ou MY09/11 podem ser uma ferramenta simples e acessivel para a detec¢ao de infec¢des mistas

por PVs.
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