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RESUMO

A papilomatose ¢ uma doenga causada por um grande grupo de virus epiteliotropicos
pertencentes a familia Papillomaviridae que infectam virtualmente todos os animais
amniotas. Os papilomavirus sdo compostos por um capsideo formado pelas proteinas L1 e
L2, do qual abriga uma molécula de DNA dupla fita e circular em seu interior, ndo contendo
envelope lipoproteico. Eles sdo denominados virus oncogénicos por causarem lesdes
benignas e malignas na epiderme e mucosas de seus hospedeiros. Ao longo dos ultimos anos,
ha uma crescente identificagcdo de diversos tipos de papilomavirus causando ampla variedade
de lesdes tanto em animais domésticos, quanto em animais selvagens. Isso se deve a difusdo
e maior facilidade ao acesso as ferramentas de sequenciamento convencional e de alto
desempenho das quais permitem a identificacdo, a diferenciacdo e a quantificagdo viral.
Grande parte das lesdes papilomatosas podem ter significativo impacto na satide animal, e
também importantes perdas econdmicas diretas e indiretas na pecudaria. Esse estudo tem por
objetivo compreender a diversidade genética de papilomavirus encontrados em caes e em
bovinos leiteiros, provendo a comunidade cientifica e veterinaria uma concisa atualizagao
sobre este campo. Dessa maneira, foi realizada a detec¢do dos papilomavirus presentes em
lesdes associadas a papilomas, utilizando analise patoldgica, ferramentas de biologia
molecular, sequenciamento pelo método Sanger ¢ de alto desempenho, permitindo a
classificagdo e a inferéncia filogenética das sequéncias obtidas. Este trabalho esta dividido
em dois capitulos. O primeiro capitulo apresenta o relato de um caso clinico de uma cadela
com lesdes papilomatosas incomuns que progrediram para uma neoplasia maligna. Foi
possivel descrever através da caracterizagdo patologica das lesdes, utilizando
imunohistoquimica e hibridiza¢do in situ, revelando fortes sinais de associacdo entre o
CPV16 com a neoplasia maligna. Foi possivel recuperar o genoma viral presente na lesao,
identificar o envolvimento do CPV 16, construir uma inferéncia filogenética e comparar suas
oncoproteinas. No segundo capitulo, descrevemos o projeto que teve como objetivo utilizar
a estratégia de sequenciamento de alto desempenho afim de identificar coinfeccoes,
possibilitar a montagem completa dos genomas virais, a caracterizacdo e inferéncia
filogenética dos tipos de papilomavirus bovino envolvidos nas lesdes de teto de vacas
leiteiras. Foi observado 23,5% de coinfec¢des, destacando a técnica de PCR convencional
seguida por sequenciamento SANGER nao demonstra a real totalidade de BPVss contidos na
lesdo. Além disso, foram caracterizados 17 novos provaveis novos tipos de BPVs, dentre eles
um novo género e uma nova espécie. Devido a diversidade de BPVs encontrada nas lesdes
nao se pode associar algum tipo a determinada localizagdo anatdmica. Esse estudo destaca a
importancia da oncogénese induzida pelo CPV e a diversidade de tipos de BPVs encontrada
em tetos de vacas leiteiras, expandindo o atual conhecimento genético da familia
Papillomaviridae.

Palavras-chave: papilomavirus bovino; papilomavirus canino; sequenciamento;
caracterizagao; deteccao



ABSTRACT

The papillomatosis is a disease caused by a large group epitheliotropic viruses belonging to
the family Papillomaviridae that infect virtually all amniote animals. They are non-enveloped
viruses composed of a capsid that is structured by the L1 and L2 proteins, which harbor a
circular double-stranded DNA molecule. PVs are oncogenic viruses that cause benign and
malignant lesions in the epidermis and mucosa of their hosts. Over the last few years, there
is increasing identification of various types of papillomavirus causing wide range of lesions
in both domestic and wild animals. This is due to the diffusion and easier access to the
conventional and high throughput sequencing tools that allow identification, differentiation
and viral quantification. Much of the papillomatous lesions can have a significant impact on
animal health, as well as significant direct and indirect economic losses on livestock. This
study aims to understand the genetic diversity of papillomavirus found in dogs and dairy
cattle, providing the scientific and veterinary community a concise update on this field.
Hence, the detection of papillomavirus present in papillomatous-like lesions was performed
using molecular biology tools, Sanger and high yield sequencing, allowing the classification
and phylogenetic inference of the sequences obtained. This work is divided into two chapters.
The first chapter report a clinical case of a female dog with uncommon papillomatous lesions
that progressed to a malignant neoplasm. Among them, we were able to describe the
associations of a CPV16 strain with invasive SCC, build a phylogenetic inference, identify
and compare the oncoprotein genes of the CPV 16 strain. In the second chapter, is was applied
an unbiased molecular tool for the detection and characterization of BPV in samples
regarding teats warts lesion. We observed 23.5% of coinfections, highlighting that PCR
followed by sanger sequencing cannot represet the totality of BPVs presents in the sample.
Moreover, we described fifteen putative new BPV tipes, among them one new genus and one
new species. Due to the diversity of BPVs found in the lesions, no type can be associated
with a specific anatomical location. This study highlights the importance of CPV-induced
oncogenesis and the diversity of BPV types found in dairy cow teats warts, expanding the
current genetic knowledge of the Papillomaviridae family.

Keyworlds: bovine papilomavirus; canine papilomavirus; sequencing; characterization;
detection
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INTRODUCAO

A papilomatose ¢ uma doenga infectocontagiosa causada por um grande grupo de
virus epiteliotropicos altamente diversos que ocorre na maioria dos vertebrados, incluindo as
aves, os peixes, répteis e os mamiferos (CAMPO, 1997, 2006; DE VILLIERS et al., 2004;
LOPEZ-BUENO et al., 2016; RECTOR; VAN RANST, 2013). Os papilomavirus (PVs) sdo
transmitidos por contato direto ou indireto através de fomites, devido a propriedade do agente
de se manter infectivo no meio ambiente (MUNDAY; THOMSON; LUFF, 2017) A
apresentacao clinica do PV em seus hospedeiros varia de lesdes proliferativas benignas na
epiderme, conhecidas popularmente como verrugas, que regridem espontaneamente a partir
de uma resposta imune eficiente do hospedeiro, a lesdes neopldsicas malignas, as quais
geralmente acometem as mucosas, acarretando risco a vida do animal (GIL DA COSTA et
al., 2017; MUNDAY; KIUPEL, 2010; SILVESTRE et al., 2009).

As infec¢des por papilomavirus canino (CPV) costumam ser inaparentes, porém
verrugas orais ¢ cutaneas sao as manifestagdes clinicas mais frequentes em caes. A infecgao
normalmente ndo resulta em hiperplasia epitelial clinicamente visivel, devido a eficiente
resposta do sistema imune que evita que as proteinas virais promovam alteragdes na
regulacdo normal das células epiteliais (EGAWA; DOORBAR, 2017). No entanto, alteragdes
do hospedeiro associadas ao seu estado imunitario, ainda ndo compreendidas em sua
totalidade, podem permitir a maior expressao de proteinas virais. A imunodepressao parece
ser um fator importante na predisposi¢do do animal a desenvolver lesdes associadas ao CPV
e 0 aumento na frequéncia de casos associados a placas de pigmentagcdo em caes sugere que
fatores genéticos podem influenciar na evolucdo das lesdes papilomatosas (MUNDAY;
THOMSON; LUFF, 2017).

Diversos CPVs recentemente identificados e caracterizados estdo sendo associados a
indugdo de placas pigmentadas, que podem subsequentemente progredir para carcinomas in
situ ou invasivos, através de uma imunodepressao causada por fairmacos em sua maioria
(GOLDSCHMIDT et al., 2006; LUFF et al., 2016; MUNDAY; KIUPEL, 2010). A frequente
identificacdo de novos tipos de CPV e a observagdo de que alguns tipos virais podem de fato
estar associados a lesdes malignas, continuam alimentando esta discussdo (GIL DA COSTA

etal., 2017).
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Da mesma forma, o papilomavirus bovino (BPV) causa uma enfermidade cronica, de
carater tumoral que afeta rebanhos bovinos de leite e de corte em todo o mundo, sendo
associado a diversas formas de tumores benignos e malignos (BORZACCHIELLO;
ROPERTO, 2008). As lesdoes ocasionadas pela infec¢do com BPV determinam prejuizos
econOmicos consideraveis a bovinocultura tanto por perdas diretas, causadas por mortes dos
animais, quanto indiretas, representadas por redugdes na produtividade e no valor comercial
dos animais e subprodutos, como o leite (ALFIERI; LUNARDI; ALFIERI, 2012).

Especialmente a papilomatose de teto, a qual afeta vacas leiteiras do mundo todo, ¢
um problema de satde negligenciado na produgao, resultando em perdas econdmicas. A
ordenha pode ser dificultada quando os animais apresentam numerosas verrugas no teto, € a
ocorréncia de ulceragdo ¢ as rupturas de lesdes cutaneas estabelecidas podem predispor a
mastite e distor¢des nos ductos do teto (LUNARDI et al., 2016), além de causar desconforto,
dor e sofrimento ao animal. A manuten¢do de animais com alteracdoes na conformagao da
glandula mamadria, assim como rebanhos com alto numero de animais infectados pode
resultar em redu¢@o do lucros na producio leiteira (BORZACCHIELLO; ROPERTO, 2008;
CAMPO, 2002, 2003). Ademais, dentre os PVs que infectam animais de produ¢ao, os BPVs
sao os mais estudados, tanto pela sua relevancia clinica, quanto pela utilizagdo como modelo
comparativo no estudo da patogénese das lesoes induzidas pelos papilomavirus em geral,
especialmente os PVs humanos (HPVs) (GIL DA COSTA; MEDEIROS, 2014).

Atualmente, mais de 200 tipos de HPVs foram totalmente sequenciados,
caracterizados e catalogados, contrastando com o pequeno nimero de papilomavirus
encontrados em bovinos e caninos (http://pave.niaid.nih.gov). Apesar de ser um agente
etiologico importante, a detec¢do e a caracterizacdo de PVs em animais ¢ ainda deficiente
(MUNDAY et al., 2007; RECTOR; VAN RANST, 2013). Esse fato se deve, em parte, as
técnicas de deteccao moleculares, que utilizam-se de testes baseados no conhecimento prévio
de sequéncias gendmicas (FREITAS et al., 2013) e ao pequeno nimero de estudos em
papilomavirus nao-humanos.

As técnicas de biologia molecular permitem a detec¢do, a diferenciagdo e a
quantifica¢do viral, além de identificar variantes virais e novos papilomavirus (BRUM;
WEIBLEN, 2012). Além disso, com a difusdo e maior facilidade ao acesso a tecnologias de

sequenciamento convencional e de ultima geracdo (HARISMENDY et al., 2009;
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SCHUSTER, 2008), estudos de caracterizagdo genética dos tipos virais podem elucidar
questdes sobre as lesdes induzidas pelo PV, auxiliando no controle e tratamento da
papilomatose (DOORBAR et al., 2016).

O presente estudo teve por objetivo contribuir acerca do compreendimento da
diversidade genética de papilomavirus encontrados em caes e em bovinos leiteiros. Através
de métodos moleculares e patologicos foi possivel detectar, caracterizar e inferir
filogeneticamente os papilomavirus presentes nas lesdes desses animais. Baseado na
perspectiva tanto do bem-estar animal, quanto da producao animal, o estudo teve o intuito de
prover novos conhecimentos para estabelecimento de estratégias de controle e tratamento

desta enfermidade.

1 REVISAO BIBLIOGRAFICA

1.1 Historico

A ocorréncia de papilomas em humanos ¢ descrita ha séculos e esta presente em
relatos de origem grega e romana. Evidentemente, de acordo com o conhecimento cientifico
da €época, ndo se sabia a etiologia das lesdes, fato € que verrugas genitais eram consideradas
como apresentacgoes distintas de sifilis e/ou gonorreia. A origem viral das lesdes verrucosas
foi demonstrada no comeco do século XX por Ciuffo (1907), ao inocular um filtrado de
células retiradas diretamente da lesdo verrucosa em outro individuo, havendo assim a
reprodugdo da doenga.

Em 1898, M’Fadycan e Hobday relataram a etiologia infecciosa do papilomavirus
oral canino (COPV) (apud ROUS; BEARD, 1935). No entanto, o primeiro papilomavirus em
animal foi identificado nos anos 30, por Richard Shope, ao caracterizar a natureza da
transmissao do papiloma cutaneo em uma espécie de coelho selvagem (do inglés cottontail
rabbit, género Sylvilagus). Portanto, o cottontail rabbit papillomavirus (CRPV) foi o
primeiro virus DNA oncogénico identificado (apud NICHOLLS; STANLEY, 2000) e um
importante modelo para estudos pioneiros sobre oncogénese viral. Porém, esse modelo de
estudo oncogénico foi substituido pela descoberta dos poliomavirus, que poderiam ser

replicados em cultivos de monocamada celular e ainda induziam transformacgdes
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morfologicas in vitro, em contraste ao CRPV cujos estudos somente poderiam ser feitos em
cobaias (HOWLEY; SCHILLER; LOWY, 2013). Os estudos com os PVs foram menos
intensos nas décadas de 50 e 60, no entanto, o advento da tecnologia do DNA recombinante
e clonagem génica na década de 70, permitiu aos pesquisadores “contornar” a
impossibilidade de replicar os PVs in vitro (HOWLEY; SCHILLER; LOWY, 2013).
Historicamente, os poliomavirus e PVs formavam uma unica familia denominada
Papovaviridae, cujo nome ¢ derivado das iniciais de seus trés membros (Papillomavirus,
Polyomavirus e Simian Vacuolating Agent — SV40). Essa classificagao se deu devido a
semelhangas nas propriedades estruturais como tamanho e forma do virion, auséncia de
envelope e genoma constituido por DNA fita dupla circular. A familia Papoviridae incluia
dois géneros, distintos apenas com base no didmetro médio dos virions: os Polyomavirus,
com as espécies poliomavirus e o SV-40, e o Papillomavirus. No entanto, o 7° Comité
Internacional de Taxonomia Viral (ICTV) dividiu a familia Papovaridae nas familias
Papillomaviridae ¢ Polyomaviridae, de acordo com estudos moleculares comparativos que
indicaram diferencas fundamentais entre eles, destacando-se o tamanho e a organizacao
gendmica, na qual, praticamente, ndo sdo observadas similaridades na sequéncia de

nucleotideos entre estas familias (VAN REGERNMORTEL et al., 2000).

1.2 Estrutura dos virions

Os papilomavirus sdo virus pequenos, com 55 a 60 nm de didmetro, desprovidos de
envelope lipoprotéico, apresentando simetria icosaédrica (BORZACCHIELLO; ROPERTO,
2008) (Figura 1). Cada capsdmero ¢ composto por duas proteinas denominadas /ate protein

1 e late protein 2 (L1 e L2, respectivamente) (PFISTER; ZUR HAUSEN, 1978).
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Figura 1. Esquema da organizagdo do capsideo viral e suas proteinas. Adaptado de Schiller e Miiller

(2015).

O capsideo ¢ composto por 72 capsomeros originando o aspecto arredondado do
virion observado por microscopia eletronica (ME) (Figura 2). A particula viral ¢ resistente

as condig¢des ambientais e a solventes lipidicos, fator esse importante na transmissao do virus.

Figura 2. Microscopia eletronica da superficie a particula viral de um papilomavirus bovino tipo 1
(WOLF et al., 2010).
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1.3 Organizag¢ao gendmica

O genoma dos PVs é composto por uma molécula de DNA fita dupla circular, de
aproximadamente 7,3 a 8 kpb (RECTOR; VAN RANST, 2013). Contido dentro do capsideo
esta o genoma dos PVs conjugado com histonas, formando um complexo semelhante a
cromatina (DE VILLIERS et al., 2004). Todos os gen6tipos de PV seguem um mesmo padrao
de organizagdo gendmica, com somente uma fita codificante e apresentam fases abertas de
leitura (open reading frame - ORFs) sobrepostas e aninhadas (ALFIERI; LUNARDI;
ALFIERI, 2012; LAZARCZYK et al., 2009). A arquitetura do genoma dos PVs ¢ dividida
em trés diferentes regides: a regido longa de controle (long control region - LCR), que
contém os elementos necessarios para replicagao e transcricdo do DNA viral, e duas regides
que contém as ORFs, que correspondem aos genes precoces (early - E) e tardios (late - L)
(BORZACCHIELLO; ROPERTO, 2008; VAN DOORSLAER et al., 2013). As trés regides
sdo separadas por dois sitios de poliadenilagdo (pA), o sitio da regido precoce (pAk) € o sitio
da regido tardia (pAr) (ZENG e BAKER, 20006).

A arquitetura gendmica tipica dos PVs utiliza o BPV1 como prototipo (RECTOR;
VAN RANST, 2013). O BPV1 contém no segmento E (early genes) até seis ORFs, e o
segmento L (late genes) contém duas ORFs. Os genes precoces (El, E2, E4, ES5, E6 e E7)
codificam as proteinas (que recebem os mesmos nomes dos genes) envolvidas tanto na
replicagdo e transcricdo do DNA viral quanto na transformagao celular (CORTEGGIO et al.,
2013; LAMBERT, 1991; VENUTI et al., 2011); por outro lado, os genes tardios (LI e L2)
codificam as proteinas do capsideo viral L1 e L2. H4 um elevado grau de conservacao entre
0s genomas, porém estudos apontam organizacdes gendmicas divergentes entre os membros
da familia Papillomaviridae, e somente o core das ORFs E1, E2, L2 e L1 estd presente em
todos seus membros ja descritos (RECTOR; VAN RANST, 2013). A Figura 3 mostra um

esquema da organizacao do genoma do BPV1.
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Figura 3. Representagdo esquematica da organizacdo do genoma do BPV1. A figura da organizacdo

gendmica foi montada com o programa Geneious (versdo 8.1) (numero de acesso no GenBank
NC_001522).

A LCR ¢ uma regido ndo-codificante do genoma, com aproximadamente 500-1000
nucleotideos (nt), localizada a montante da regido de transcricdo precoce e compreende
aproximadamente 10 a 15% do genoma viral (LAZARCZYK et al., 2009). Esta possui
elementos regulatorios para a replicacdo viral e controla os genes de transcricdo e
transformagao celular nos PVs. Genericamente as LCRs possuem organizagdes similares:
uma regido promotora, uma regido potencializadora e um ou mais sitios de ligacao altamente

conservados para a proteina E2 (E2 binding-sites - E2BS) (DESAINTES; DEMERET, 1996;
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ZHENG; BAKER, 2006). As posicoes dos E2BS nos diferentes genomas podem influenciar
nas caracteristicas da regulacdo da expressdo do genoma viral (LAZARCZYK et al., 2009).

1.4 Proteinas virais

As proteinas dos BPVs sdo divididas em tardias (L1 e L2) e precoces (El, E2, E4,
ES, E6, E7 e E8). As proteinas L1 e L2 s3o estruturais, compdem o capsideo viral e as
oncoproteinas ES, E6 ¢ E7, modulam o processo de transformagio celular (MUNGER;
HOWLEY, 2002). Teoricamente, as proteinas E1, E2, .1 e L2 poderiam realizar sozinhas as
tarefas basicas de replicacdo, regulacdo, estabilizagdo e empacotamento do DNA viral,
levando a liberagdo dos virions (BRAVO; FELEZ-SANCHEZ, 2015).

As proteinas E1 e E2 sdo expressas logo apos a infec¢cdo pelo PV, uma vez que suas
funcdes sdo essenciais para a replicagdo viral (TEREZA et al., 2011). A ORF correspondente
a proteina E1 ¢ a segunda mais conservada dentre as demais, muito pelo seu papel essencial
na replica¢do do PV. Para isso, trés dominios funcionais atuam de forma a iniciar o processo
induzindo a fosforilagdo da proteina quinase CdK2 (dominio N-terminal), promover a
abertura da dupla hélice do DNA viral (dominio C-terminal) e formar o complexo proteico
E1/E2 (WALLACE; GALLOWAY, 2014). Por sua vez o complexo proteico E1/E2 recruta
proteinas responsaveis pela replicacao viral, tais como topoisomerase I, DNA polimerase [ e
proteina de replicagdo A ao se ligar ao dominio presente na LCR denominado ori
(ENEMARK et al., 2000; SCHUCK; STENLUND, 2015).

A proteina E2 ¢ considerada uma importante moduladora da expressdo proteica
celular e viral (conhecida como reguladora epigenética), por causa de sua fun¢do inibitoria
no reparo a danos do DNA e de sua funcdo regulatoria da expressdo das proteinas ditas
oncogénicas dos PVs (E6 e E7) (ARALDI et al., 2017). Em altos niveis de expressao, a E2
inibe a ligacdo da RNA polimerase II, reprimindo a transcrigao das proteinas E6 ¢ E7 (CAI
et al., 2013); em baixos niveis de expressao, a E2 recruta fatores de transcri¢cdo, formando
um livre complexo de transcrig¢do (GARCfA-VALLVE; ALONSO; BRAVO, 2005). O
dominio C-terminal da proteina E2 tem como fungdo a distribui¢do equitativa das copias
virais apds a citocinese, por interagir com residuos de lisina das histonas acetiladas

(WALLACE; GALLOWAY, 2014). A acetilagdo dos residuos de lisina propicia o acesso de
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fatores de transcricdo ¢ da RNA polimerase Il a regido codificadora por promover menor
afinidade entre o DNA e as histonas, removendo as cargas positivas da por¢do N-terminal do
componente proteico das histonas. Consequentemente, a acetilagdo estimula a transcri¢ao;
enquanto a deacetilagdo a inibe.

A proteina BPV E5 ¢ capaz de ligar-se aos receptores B do fator de crescimento
derivado de plaquetas (PDGFBR) e conduzir a transformagdo das células
(BORZACCHIELLO et al., 2006). A proteina expressa pelo gene E7 associa-se fortemente
a proteina supressora de tumores de retinoblastoma (RB), inativando-a e, por fim,
estimulando o ciclo celular, sendo a E7 a principal proteina oncogénica viral (SHAI et al.,
2007; ZUR HAUSEN, 2009). Adicionalmente, a oncoproteina E6 promove a transformacao
neoplasica por dois mecanismos: ativando a telomerase e inativando a proteina 53 (p53),
desregulando o ciclo celular (SHAI et al., 2007; ZUR HAUSEN, 2009). Essas diferencgas sao,
por um lado, criticas para a compreensao das especificidades das lesoes induzidas pelo PVs
e, por outro lado, uma oportunidade para obter conhecimentos sobre a fisiologia celular em
geral (GIL DA COSTA etal., 2017). Em resumo a figura 4 apresenta a expressao diferencial

das proteinas.
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Figura 4. Organizagdo do genoma de BPV e expressdo diferencial de proteinas: o genoma DNA
circular de cadeia dupla ¢ dividido em regido precoce (E), tardia (L) e na regido longa de controle
(LCR). A regido inicial codifica as proteinas de replicacdo e oncoproteinas (E1, E2, E4, ES, E6 e E7).
Essas proteinas s@o expressas da camada basal para a camada cornificada, estando envolvidas com a
replicagdo viral e liberacdo de virion (E4). A regido tardia codifica as proteinas do capsideo L1 e L2.
Uma vez que essas proteinas estruturais estdo envolvidas na montagem do virus, elas sdo expressas
nas camadas do epitélio mais diferenciadas (granular e cornea). Retirados de Araldi (2017).

1.5 Classificacao

Esta grande familia viral ¢ formada por virus filogeneticamente classificados em 49
géneros e composta de diversas espécies, tipos, subtipos e variantes

(http://ictvonline.org/index.asp) (Figura 5). Atualmente, a sequéncia de nucleotideos do gene

L1 ¢ utilizada para a classificacdo dos PVs, por ser o gene mais conservado do genoma
(BERNARD et al., 2010; DE VILLIERS et al., 2004). Um novo tipo de PV ¢ considerado
quando o seu genoma completo ¢ totalmente sequenciado e a ORF L1 difere mais de 10%

dos tipos de PVs ja descritos. Mesmas espécies de PV compartilham entre 71% e 89% de


http://ictvonline.org/index.asp
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identidade de nucleotideos nesta mesma ORF. As similaridades menores que 60% definem
um novo género. Um subtipo ¢ definido quando a diferenca entre a ORF L1 € entre 2% e
10%, e uma variante viral ocorre quando esta diferenca ¢ menor do que 2% (BERNARD et

al., 2010; DE VILLIERS et al., 2004).
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Figura 5. Relagdes filogenéticas entre todos os tipos de papilomavirus estabelecidos, demonstrando
sua classificacdo. A arvore filogenética ¢ baseada num alinhamento de sequéncia de nucledtideos L1
de todos os tipos de papilomavirus caracterizados (os 112 papilomavirus que ndo infectam humano).
Retirado de Rector e Van Ranst (2013).
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1.5.1 Papilomavirus bovino

Atualmente, os BPVs estdo classificados em cinco géneros, cinco espécies e 24 tipos.
O género Deltapapillomavirus ¢ constituido pela espécie Deltapapillomavirus 4
(compreendendo o BPVI1, 2, 13 e 14); Epsilonpapillomavirus pela espécie
Epsilonapapillomavirus 1 (BPV5 e BPVS); Dyoxipapillomavirus pela espécie
Dyoxipapillomavirus 1 (BPV7); o género Xipapillomavirus pelas espécies Xipapillomavirus
1 (BPV3,4,6,9,10, 11, e 15), Xipapillomavirus 2 (BPV12) e pelos BPVs tipo 17, 20, 23 ¢
24; por fim, o género Dyokapapillomavirus formado pelos tipos BPV16, 18 ¢ 22. Os BPVs
19 e 21, recentemente descobertos, ainda nao foram classificados (http://pave.niaid.nih.gov)
(Tabela 1). A Figura 6 mostra a atual disposicao dos grupos de BPV dentre os géneros de
papilomavirus descritos. Além disso, novos tipos de PVs estao sendo descobertos através do
emprego de técnicas moleculares que facilitam a deteccdo e caracterizagdo filogenética da
diversidade viral encontrada entre os papilomavirus que infectam bovinos (DA SILVA et al.,

2016).

Tabela 1. Esquema da classificagao das espécies e tipos de papilomavirus bovino dentro dos
respectivos géneros. * Representa os tipos ainda ndo classificados dentro de uma espécie.

Género Espécie Tipos de BPV
Deltapapillomavirus Deltapapillomavirus 4 1,2,13 e 14
Xipapillomavirus Xipapillomavirus 1 3,4,6,9,10,11¢ 15
Xipapillomavirus 2 12
Xipapillomavirus * 17,20,23 e 24
Epsilonpapillomavirus Epsilonpapillomavirus 1 5,8
Dyokapapillomavirus Dyokapapillomavirus* 16, 18 ¢ 22
Dyoxipapillomavirus Dyoxipapillomavirus 1 7

* * 19¢e21
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Figura 6. Disposicao filogenética dos grupos de papilomavirus bovino utilizando a ORF L1 completa
de cada representante de BPV. Géneros ainda néo classificados estdo representados por *. Retirado

de Chaves (2017)
1.5.2 Papilomavirus canino

Atualmente, 20 papilomavirus caninos (CPVs) ja foram reconhecidos de acordo com
a base de dados Papillomavirus Episteme (PaVE) (https://pave.niaid.nih.gov). Os CPVs sdo
organizados entre trés géneros distintos (Figura 7). Os tipos 1 e 6 sdo classificados dentro do
género Lambdapapillomavirus; CPV 2, 7, 13, 17 ¢ 19 dentro do Taupapillomavirus; e o
género Chipapillomavirus é composto pelos demais tipos (CPVs 3,4, 5, 8,9, 10, 11, 12, 14,
15, 16, 18 e 20) (Tabela 2).
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Tabela 2. Esquema da classificagdo das espécies e tipos de papilomavirus canino dentro dos
respectivos géneros. * Representa os tipos ainda ndo classificados dentro de uma espécie.

Género Espécie Tipos de CPV
Lambdapapillomavirus Lambdapapillomavirus 2 1
Lambdapapillomavirus 3 6
Taupapillomavirus * 17e¢19
Taupapillomavirus Taupapillomavirus 1 2¢7
Taupapillomavirus 2 13
Chipapillomavirus * 18 ¢ 20
o ) Chipapillomavirus 1 3,5,9,11e12
Chipapillomavirus
Chipapillomavirus 2 4e16
Chipapillomavirus 3 8,10,14¢e 15
100 NC 001619 CPVA1 ] o
Lambdapapillomavirus
NC 013237 CPV6
= NC 023852 CPV13
100 FJ492742 CPVT7
1 KX599536 CPV19 | Taupapillomavirus
100 NC 006564 CPV2
100 KT272399 CPV17
o JF800658 CPV11 T
100 FJ492743 CPV5
10 KT901797 CPV20
KT326919 CPV18
" 100 NC 008297 CPV3
; JQ754321 CPV12
100 NC 016074 CPV9
Chipapillomavirus
100 NC 026640 CPV16 Chana
100 # MG009510 CPV16 134RS/can15
NC 010226 CPV4
100 100 NC 019852 CPV14
® NC 016014 CPV8
~ JX899359 CPV15
NC 016075 CPV10 i

Figura 7. Disposi¢ao filogenética dos grupos de papilomavirus canino utilizando a ORF L1 completa

de cada representante de CPV. Retirado de Alves colaboradores (em publicag@o).
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1.6 Epidemiologia

As papilomatoses tem distribui¢do mundial e, embora a mortalidade seja baixa, lesdes
de carater maligno podem levar o animal a dbito. O virus se dissemina por contato direto ou
indireto, sexual, fomites (agulhas, brincadores e outros aparelhos contaminados), instalagdes
e, possivelmente, insetos (CAMPO et al., 1994; FINLAY et al., 2009; REID et al., 1994).

Diversos tipos de papilomavirus caninos foram relatados e associados a uma série de
lesdes de mucosas e/ou cutdneas. No entanto, existem dividas quanto a gama de lesdes
(principalmente benignas) atribuiveis a cada tipo viral (GIL DA COSTA et al., 2017). Em
geral, acredita-se que o CPV1 ¢ associado a papilomatoses orais (PORCELLATO et al.,
2014; SANCAK et al., 2015) (Figura 8), em conjunto com o CPV13 (LANGE et al., 2009)
que esta presente em uma gama de lesdes conjuntivais (BRANDES et al., 2009). Porém, a
maioria dos papilomas orais ndo progridem para tumores malignos e raramente seu DNA ¢
encontrado em carcinomas, tipo de cancer comum na epiderme (GIL DA COSTA et al.,

2017).

Figura 8. Papilomatose oral em um cdo. Esta doenga é caracterizada pela presenga de numerosos
crescimentos vegetativos exofiticos envolvendo os 1abios e a boca. Este cdo também tem papilomas
cutaneos envolvendo a pele ao redor da boca (fotografia gentilmente cedida pelo Dr. Stephen White,
da University of California Davis, Califoérnia, EUA). Retirado de Munday, Thomson and Luff (2017).
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Os CPVs pertencentes ao género Chi sdao largamente associados a placas
pigmentadas, porém poucos tipos sdo identificados em lesdes malignas (LUFF et al., 2015,
2016; TOBLER et al., 2006). Especula-se que algumas ragas possam ser predispostas a
formacdo de placas pigmentadas (Figura 9), causada pela infec¢cdo do CPV (NAGATA et al.,
1995; TOBLER et al., 2008), enquanto o desenvolvimento da mesma lesdo em outras ragas
tem sido restrita a cdes imunodeprimidos (CALLAN; PREZIOSI; MAULDIN, 2005;
STOKKING et al., 2004). Além disso, os recentemente identificados CPV12, 16 e 18 (LUFF
et al., 2016), como também trés dos quatros CPVs pertencentes ao género Tau, e por fim, o
CPV2 foram reportados em casos de placas de pigmentag@o que se transformaram em lesdes
malignas (GOLDSCHMIDT et al., 2006; YUAN et al., 2007). Devido a escassez de artigos
identificando associagdes entre os CPVs e as lesdes cancerigenas, ndo se pode determinar

quais tipos seriam mais prevalentes e, ainda, quais tipos causam quais lesdes (GIL DA
COSTA etal., 2017).

Figura 9. Placas pigmentadas em um c@o. As placas sdo escuras e estdo cobertas por uma camada de
queratina (fotografia cortesia do Dr. Mark Turnwald, Clinica Veterinaria Belmont, North Shore City,
New Zealand). Retirado de Munday, Thomson and Luff (2017)
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Em bovinos, os papilomavirus bovinos induzem lesdes benignas em diversas
localizagdes anatomicas da pele, verrugas no ubere, preptcio e vulva e lesdes malignas na
mucosa da bexiga urinaria e do tubo digestivo superior (CAMPO, 2002; ELZEIN et al., 1991;
WOSIACKI et al., 2006) (Figura 10). Especificamente na bovinocultura leiteira, a ordenha
pode tornar-se dificil devido as lesdes papilomatosas no teto e manter as vacas afetadas nos
rebanhos pode diminuir o lucro econémico na industria de laticinios (LUNARDI et al., 2016)

(Figura 11).

Figura 10. Papilomatose em um bovino. Lesdes exofiticas nas regides da cabeca, tabua do pescoco
e cernelha. Retirado do banco de dados do site http://pave.niaid.nih.gov (BAKER, [s.d.]).

Figura 11. Papilomatose de teto em um bovino. Lesde de padrio exofitico no teto uma vaca.
Adaptado de Lunardi e colaboradores (2016).

Os tipos de BPV que estdo classicamente relacionados com a infecg@o de tetos e tibere
de vacas sdo BPV1, 5 e 6. No entanto, as investiga¢des visando a detecgdo e genotipagem de
novos tipos de BPV envolvidos como agentes causadores da papilomatose de teto revelaram
uma alta diversidade de tipos virais associados a essas lesdoes (LUNARDI et al., 2016). Com
base nestes achados epidemioldgicos, pode-se concluir que estabelecer uma relagdo entre os

tipos de BPV e o tropismo anatdmico para verrugas cutaneas de bovinos ¢ dificil e pouco
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confiavel, e que esses tipos virais podem ndo estar restritos a localizacdo anatomica
especifica no gado (BATISTA et al., 2013; CLAUS et al., 2007, 2009; MAEDA et al., 2007;
OGAWA et al., 2004).

1.7 Patogenia e sinais clinicos

1.7.1 Biologia da papilomatose

Atualmente, considera-se que, em geral, as infec¢des por PVs sdo limitadas ao
epitélio estratificado mucocutaneo, sendo seu ciclo de replicagdo viral dependente e
intimamente coordenado pela replicagdo e diferenciagdo de células da epiderme
(DOORBAR, 2005; DOORBAR et al., 2012; MUNDAY, 2014). Acredita-se que, para a
infeccdo ser estabelecida, é necessaria a ocorréncia de um microtrauma ou erosdo da
epiderme para que o virus possa infectar o epitélio basal (DOORBAR et al., 2012;
SCHILLER; DAY; KINES, 2010).

Uma vez que o PV infecta as células basais, o genoma viral ¢ incorporado ao nucleo
celular. Apos a célula completar um ciclo mitético, o virus inicia a expressao de proteinas E1
e E2, resultando na produgao de 10 a 200 copias do genoma viral, que permanecem no nucleo
celular como um cromossomo epissomal, ndo integrado ao genoma celular (BRAVO;
FELEZ-SANCHEZ, 2015; DOORBAR et al., 2012). A replicacao das células basais mantém
a infec¢do, contudo, a diferenciacdo terminal e a queratinizagdo das células infectadas ¢
necessaria para uma infeccdo produtiva (DOORBAR, 2006). A diferenciagdo celular
desencadeia a expressdo das proteinas virais precoces, que impedem as células suprabasais
de deixar o ciclo celular (o que resultaria em degeneragdo nuclear) e, ao invés disso, faz com
que as c¢lulas reentrem na fase S do ciclo celular e produzam numerosas coOpias virais
(DOORBAR etal., 2012). As proteinas E6, E7 e, predominantemente, a proteina ES, no caso
dos delta-BPVs, parecem mediar esse processo de proliferagdo das células das camadas
basais e parabasais (BOHL; HULL; VANDE POL, 2001; DOORBAR et al., 2012; SILVA
et al., 2013). A liberagdo do virion ocorre durante a descamagao das células infectadas da
superficie das lesdoes (DOORBAR, 2006). Um esquema da infec¢ao por HPV ¢ ilustrado na
figura 12.
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Figura 12. Representacdo esquematica do ciclo replicativo do papilomavirus. Adaptado de Lowry
and Schiller (2006)

1.7.2  Papilomatose de teto bovino

Os agentes etiologicos das lesdes de papiloma encontradas nos tetos e ubere
consistem nos diversos tipos de BPVs, porém o BPV1, 5 e 6 tém sido frequentemente
identificados nessas localizagdes anatdmicas. As lesdes cutaneas se caracterizam por serem
exofiticas e histologicamente classificadas como neoplasias de células escamosas benignas

(papiloma cutineo) e fibropapilomas, independentemente do tipo viral identificado (Figuras

13 e 14) (CAMPO, 2002; LINDHOLM et al., 1984).
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Figura 13. Corte histologico de um fibropapiloma bovino, coloragdo HE. Virus do género delta,
como o BPV1, causam fibropapilomas em ungulados. O virus infecta e replica em fibroblastos
dérmicos causando extensa proliferagdo e um grande fibroma subjacente ao epitélio. O epitélio
apresenta acantose, coilocitose, paraqueratose ¢ hiperqueratose. Retirado do banco de dados do site
http://pave.niaid.nih.gov (BAKER, [s.d.]).

Figura 14. Papilomavirus de teto em uma vaca. As maiores lesdes frontais de fibropapiloma sdo
causadas por BPV1; pequenos fibropapilomas ovais ('grao de arroz') por BPV5 e pequenos papilomas
epiteliais por BPV6. Retirado do banco de dados do site http://pave.niaid.nih.gov (BAKER, [s.d.]).

Microscopicamente, os tumores apresentam similaridades histologicas,
caracterizadas por graus variados de hiperqueratose ou paraqueratose, e proliferagdes
alongadas do epitélio escamoso (Figura 15A). Em todas as lesdes avaliadas por Tozato et al.
(2013), a maioria dos queratindcitos dentro do estrato espinhoso demonstrou halo perinuclear
claro, nucleos picnoéticos (caracterizados como coilocitos) e discreta degeneragdo; em
algumas d4reas, duas ou mais células degeneradas adjacentes fundidas produzindo

microvesiculas (Figura 15B-D). Além disso, neste mesmo trabalho, observou-se acantose,
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focos de apoptose no epitélio escamoso e acumulacdes severas de granulos irregulares

queratohialinos dentro das células do estrato granuloso.

Figura 15. Caracterizagdo histoldgica da lesdo papilomatosa no teto. Caracterizagao histoldgica da
lesdo papilomatosa no teto. Existéncia proliferativa do tipo digital do epitélio escamoso com
hiperqueratose (setas) do estrato corneo (A). Observa-se que os nucleos da maioria dos queratinocitos
estdo rodeados por um halo claro (B) e nucleo picnético de coloragdo basofilica dos coilocitos.
Degeneragao de diversos queratindcitos (setas abertas) e observa-se também algumas células
inchadas adjacentes das quais s@o coalescidas em uma microvesicula maior (seta fechada) (D). (A,
Hematoxilina e eosina, 4 x Obj., B-D, Hematoxilina e eosina, 40 x Obj.). Adaptado de Tozato ¢
colaboradores (2013).

1.7.3 Papilomatose associada a neoplasias cutdneas em caes

As lesdes cutaneas em caes causadas por infeccdo pelo CPV podem ser subdivididas
em papilomas e placas virais pigmentadas. Os CPVs cutdneos demonstram expressiva
proliferacdo epidérmica e os tipos de CPVs associados a infec¢@o sdo o papilomavirus canino
oral (COPV ou CPV1), CPV2, CPV6 e CPV7 (TEIFKE, 1998). Em sua maioria, as lesdes de
papilomas cutineos resolvem-se espontaneamente, no entanto, transformagdes malignas ja
foram relatadas em caes imunocomprometidos (GOLDSCHMIDT et al., 2006).

As placas virais caninas exibem aumento da espessura da camada cornea com
presenga de queratindcitos anucleados (ortoqueratose) e estdo associadas com CPV3, CPV4
e CPV5 (LANGE et al., 2012; TOBLER et al., 2006, 2008). Em geral, as placas virais
pigmentadas se mantém pequenas e de pouca significancia clinica, porém a lesdo gerada ndo

tém resolugdo espontanea (GROSS, T. L., IHRKE, P.J., WALDER, E. J. AND AFFOLTER,
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2005). Atualmente, transformagdes malignas dessas placas de pigmentacdo tém sido
frequentemente relatadas (LUFF et al., 2016; MUNDAY; O’CONNOR; SMITS, 2011;
NAGATA etal., 1995; STOKKING et al., 2004; TOBLER et al., 2008).

Comumente encontradas no ventre, virilha e axilas de caes, as placas virais
pigmentadas caracterizam-se macroscopicamente por serem elevacdes irregulares, de
coloracdo escura, medindo em torno de 1 a 3 cm de didmetro, entretanto, ¢ comum placas
alcangando didmetros maiores (Figura 16) (MUNDAY; O’CONNOR; SMITS, 2011). O
exame histologico da placa viral pigmentada revela espessamento papilar da epiderme,
hiperqueratose, hipermelanose em toda a epiderme e derme superficial, e a presenca de

grandes granulos queratohialinos (Figura 17) (NAGATA et al., 1995).

Figura 16. Multiplas placas virais pigmentadas no ventre de um cdo senil causadas pelo CPV.
Adaptado de Munday e colaboradores (2011).
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Figura 17. Placa viral pigmentada, pele de um cao, coloragdo H & E. Caracterizada por hiperplasia
epitelial, hiperqueratose ortoqueratética e hipergranulose. Adaptado de Luff e colaboradores (2016).

A evidéncia histologica da infecgdo viral tem sido demonstrada nas placas virais
pigmentadas (CALLAN; PREZIOSI; MAULDIN, 2005; LUFF et al., 2016; NAGATA et al.,
1995; STOKKING et al., 2004) em casos que existiu a progressao para carcinoma in situ
(SCC in situ), embora a transformagao neoplasica seja rara (Figura 18). Essa, por sua vez,
caracteriza-se por ser uma neoplasia maligna da qual ainda ndo houve a invasdo do estroma
adjacente, portanto o crescimento estd restrito a area de origem. Todavia, como sdo menos
aderidas entre si, essas células cancerigenas possuem grandes chances de movimentar-se e
infiltrar-se no estroma e nos tecidos adjacentes. O termo in situ refere-se ao padrido nao

infiltrativo, assim preservando a membrana basal (MORTON; BIRNIE; EEDY, 2014).
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Figura 18. Placa viral pigmentada, pele de um cdo, IHC para papilomavirus. Imunorreatividade
nuclear forte para o antigeno do papilomavirus dentro dos queratindcitos hiperplasticos da placa viral
pigmentada. /n box: maior amplificacdo para demonstrar imunoreatividade nuclear forte para o
antigeno do papilomavirus. Adaptado de Luff e colaboradores (2016).

1.8 Diagndstico e tratamento

O diagnostico clinico ¢ comum em alteragdes na epiderme do animal, lesdes essas
denominadas verrugas. O clinico pode concluir o diagnostico de acordo com as
caracteristicas macroscopicas das lesdes em conjunto com a coleta de dados e historico do
animal ou do rebanho (MUNDAY; THOMSON; LUFF, 2017). Porém, quando ¢ necessario
lancar mao de diagndsticos complementares, diversos métodos (de aplicabilidade clinica e
experimental) tém sido empregados a fim de identificar o virus, alguns exemplos sao:
histopatologia, imuno-histoquimica, hibridizagado in situ e PCR (ARALDI et al., 2017).

Através da biopsia do tecido lesionado pode-se observar microscopicamente em
cortes histologicos as alteragdes histoldgicas provocadas pelo virus. Uma vez que o ciclo
viral dos PVs promove a proliferacao epitelial, os achados histopatoldgicos revela um
espessamento do epitélio. Alteragdes nas células epiteliais também sdo visiveis e incluem o

aumento do tamanho celular, associado a atrofia do nucléolo envolto por halo citoplasmatico
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(coildcitos). O exame histopatoldgico revela moderada acantose da epiderme, hiperqueratose
e proeminente pigmentagdo melanica (MUNDAY; THOMSON; LUFF, 2017).

O exame de imuno-histoquimica tem como alvo detectar a produ¢@o da proteina L1
do PV no tecido lesionado. A marcagao imunologica confirma a presenca do virus, porém ¢
restrita a lesdes que contenham infecgao ativa (LONGWORTH; LAIMINS, 2004). Ja o teste
de hibridizag¢ao in situ utiliza sondas especificas que tem como alvo genes precoces e tardios,
representando mais uma estratégia de detec¢do dos PVs.

O diagnostico viral também ¢ realizado através da PCR. Esta ¢ uma técnica que vem
sendo largamente utilizada para identificacao de PV devido ao alto grau de especificidade e
sensibilidade (FORSLUND et al., 1999). No entanto, a diversidade genética apresentada pela
familia Papillomaviridae ¢ uma desvantagem na elaboragdo de um par de oligonucleotideos
capaz de detectar todos os tipos existentes. Resultados negativos de deteccdo estdo
relacionados a ineficiente homologia da regido 3’ de um ou ambos os iniciadores
(FORSLUND et al., 1999). Como também, o teste pode ser afetado por fatores primarios
como a concentracdao e a pureza da amostra de DNA (OGAWA et al., 2004). Portanto, a
coleta e armazenamento adequados da amostra, assim como o cuidado na extracdo do DNA,
sd0 passos importantes e que devem ser levados em consideragdo para termos resultados
confidveis na biologia molecular.

A vacina autdgena ¢ o tratamento mais comumente utilizado para a papilomatose bovina
(SCHUCH, 2001). E feito um macerado com os papilomas do animal afetado e o virus é
inativado (AIELLO; ASA, 2001; SCHUCH, 2001), porém os resultados dependem do tipo
de papiloma, da preparacdo da vacina e do estagio de evolugado das lesdes (SCHUCH, 2001).
No Brasil, a vacina autdgena tem sido utilizada como tratamento terap€utico para animais
extensamente atingidos por papilomatose, no entanto apresenta resultados discutiveis de
recuperagdo. Além disso, este tratamento possui custo elevado ao produtor (SILVA et al.,
2004).

Os papilomas pequenos podem ser removidos cirurgicamente, podendo-se usar
criocirurgia em papilomas grandes, porém, muitos regridem espontaneamente dentro de
alguns meses sem o tratamento (SMITH, 2006). Uma das formas de tratamento consiste na
utilizagdo de uma ou duas doses de clorobutanol, na dose de 50 mg/Kg, em solugdo alcodlica

via subcutanea (SCHUCH, 2001).
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1.9 Prevencao e controle

Acredita-se que os papilomas em cdes se desenvolvam quando um cdo ndo infectado
¢ infectado pela primeira vez por um tipo especifico de PV. O desenvolvimento de um
papiloma coincide com o liberagcdo de um grande nimero de virions, portanto, ¢ aconselhavel
impedir o contato entre um cao afetado e um cdo que nunca teve papilomas (SANCAK et al.,
2015). Porém, como as particulas virais dos PVs sdo resistentes ao meio ambiente, infecgdes
podem acontecer sem o contato direto entre os animais (RODEN; LOWY; SCHILLER,
1997).

A vacinagdo profilatica de bovinos com particulas semelhantes a virus (virus like
particles — VLPs) ou com virus purificados induz uma alta prote¢cdo somente ao tipo viral
homologo e ndo confere nenhum efeito terapéutico em tumores estabelecidos. Além disso,
as vacinas compostas de VLPs apresentam limitagcdes devido ao custo e restricdes em relagao
a sua producdo em sistemas de cultivo celular eucaridtico (RIBEIRO-MULLER; MULLER,
2014). Por outro lado, a proteina menor do capsideo viral (L2) produzida em sistema
procarioto se mostrou eficaz em tratamentos profilaticos e terapéuticos em bovinos, ¢ a
massiva infiltracdo de linfocitos sugere que este peptideo contenha epitopos especificos que
estimulem células T (JARRETT et al., 1991).

Estudos posteriores in vitro e in vivo, demonstraram que a por¢ao terminal da proteina
L2 do capsideo viral induz uma resposta imune heteréloga contra um grande nimero de PV,
incluindo o BPV1 (RUBIO et al., 2011). Grande parte de estudos sobre PV, como a inducao
de tumores malignos e o conhecimento do papel dos oncogenes, foram conduzidos utilizando
0 BPV e o0 bovino como modelos de estudo (CORTEGGIO et al., 2013). Portanto, o bovino
¢ atualmente o animal mais indicado para a condug@o de testes vacinais, uma vez que ele
vem contribuindo de maneira significativa para a elucida¢do da transformacao celular em
tumores de ocorréncia natural, assim como para o estudo do papel dos genes precoces na
transformagao celular (BORZACCHIELLO et al., 2009).

A elaboragdo de uma vacina parte da dificuldade de que varios tipos de PV estarem
envolvidos nas lesdes. Segundo, para que a vacina previna a infec¢do ¢ necessario que ela
seja administrada antes de uma primeira exposicdo ao PV e, por ultimo, ela deve ser

economicamente viavel mesmo tendo a necessidade de protocolos vacinais diferentes,
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quando o objetivo € prevenir ou tratar CPVs comuns ou raros (MUNDAY; THOMSON;
LUFF, 2017).

2  OBJETIVOS

2.1  Geral

Compreender a diversidade genética de papilomavirus encontrados em bovinos e

caninos.

2.2 Especificos

e Investigar os tipos de BPV presentes em lesdes papilomatosas de bovinos de leite do

Rio Grande do Sul, através de sequenciamento de alta eficiéncia;

e Sequenciar os genomas completos de provaveis novos tipos virais encontrados neste

estudo;
e Detectar os casos de coinfeccdes em amostras de papilomas de teto;

e Associar a transformagao maligna de placas de pigmentagdo em carcinoma de células

escamosas (SCC);
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3 CAPITULO1

Papilomavirus canino tipo 16 (CPV16) associado ao carcinoma de células escamosas em um

cao: achados patoldgicos e virologicos.

O presente experimento ja foi concluido e um artigo cientifico foi submetido no periddico

Veterinary Pathology. O artigo cientifico sera apresentado a seguir, tal qual foi submetido.
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Abstract

Papillomavirus (PV) is a circular double-stranded DNA virus belonging to
Papillomaviridae family. During the infection cycle, PV translate proteins that can
influence cell growth and differentiation, leading to hyperplastic papillomas (warts)
or neoplasia. Canis familiaris papillomaviruses (CPVs) have been associated with
different lesions, such as oral and cutaneous papillomatosis, pigmented plaques,
and squamous cell carcinomas (SCC). Here, we reported a clinical case of a female
dog with uncommon papillomatous-like lesions induced by the CPV16
(Chipapillomavirus 2) that progressed to SCC. In addition, we characterized
pathological lesions caused by this virus, using immunohistochemistry and in situ
hybridization, which revealed strong signals within the neoplastic tissue. The full
genome of the CPV16 recovered directly from the lesion was characterized, and the
phylogenetic relationships were determined. The identification of oncogenic protein
genes (E5, E6, and E7) by high throughput sequencing and (HTS) their expected
domains are suggestive of the malignant transformation conducted by CPV16.

Keywords: CPV16; canine papillomavirus; oncogenesis; squamous cell carcinoma.
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Papillomaviruses (PV) are circular double-stranded DNA viruses belonging to
the Papillomaviridae family(DE VILLIERS et al., 2004). Although the majority of PV
infections do not develop visible lesions, some PVs can produce hyperplastic
papilloma (warts) and induce neoplasia.(MUNDAY; THOMSON; LUFF, 2017) Canis
familiaris papillomaviruses (CPV) have been associated to different lesions such as
oral and cutaneous papillomatosis, pigmented plaques, and squamous cell
carcinomas (SCC).(LUFF et al.,, 2016; MUNDAY; O’'CONNOR; SMITS, 2011)
However, CPV-associated malignant lesions are rare, and most cases of SCC have
no CPV-induced etiology.(MUNDAY; THOMSON; LUFF, 2017) Pigmented plaques
typically presents well-demarcated erythematous hyperkeratotic plaque with an
irregular border, which can result in the development of multiple lesions or progress
to invasive SCC. Here, we describe the features of a CPV16 induced malignant
neoplasia in a female dog. The full genome of CPV16 was recovered directly from
lesions, and their phylogenetic relationships and genome characterization were
determined. In addition, we pathologically characterized the lesions caused by this
virus, using immunohistochemistry and in situ hybridization.

The eight-year-old mongrel female dog exhibited proliferative lesions like
scabs and sores on the plantar and palmar cushions, on both sides (S1).The
abdominal skin presented inverted papilloma up to 2 cm in diameter with ulceration
(S2). Numerous warts smaller than 1 cm in diameter and multiple pigmented plaques
of several sizes (1 cm to 6 cm) were distributed in the abdomen and groin (S3), as
well as an infiltrative subcutaneous tumor measuring up to 3 cm in diameter without
ulceration (S4).Pigmented plaques had the standard distribution in the ventrum and
axilas.(MUNDAY; KIUPEL, 2010) In contrast, the diameter reached 6 cm, bigger
than the standard growing stabilization within 1 cm of diameter.(MUNDAY; KIUPEL,
2010) Beside the fact that the lesions were already in a high stage of maturation, it
was not possible to evaluate the progress of this pigmented plaques, since the dog
never returned for a follow up. Similar cases of dogs with pigmented plaques that
developed subsequently into SCC were well documented.(GIL DA COSTA et al.,
2017) Skin and subcutaneous tissue samples of the infiltrated subcutaneous tumor

were collected and sent for histopathological analysis. Half sample was fixed with
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formalin for histopathology, immunohistochemistry (IHC), and in situ hybridization
(ISH), and the other half was stored at —20°C for DNA extraction and viral genomic
analysis. The tissue samples were obtained after being removed for clinical
purposes only. The removal of the tissues was not part of the study design. The
animal and sampling activities described in this study were conducted under
accordance with the standards of the Ethics Committee on the Use of Animals
(CEUA) of the Federal University of Rio Grande do Sul (UFRGS) under the protocol
number #24984. Its attributions and competences are defined according to the
provisions of Law 11794/08 and resolutions of the National Council for the Control
of Animal Experimentation (CONCEA).

According to the histological examination, the infiltrated subcutaneous tumor
showed the absence of ordered pattern of cell maturation in the epidermis, cellular
dysplasia, islands of tumor epithelial cells and transformation that evidenced the loss
of the basal membrane compatible with invasive SCC (S5). The presence of the
“keratin pearls” reveals the origin of the tumor from squamous layer. Also, the “halo
cells” enclosed to the squamous layer (hamed koilocyte) were characterized by clear
perinuclear area and condensed nuclei, which occurs because of the papillomavirus
infection. Furthermore, neoplastic tissue was surrounded by epidermis that was
markedly thickened, contained large numbers of large keratohyaline granules (S6).
The keratinocytes in the affected epidermis exhibited variable anisokaryosis and
anisocytosis, prominent nucleoli, and marked mitosis with in average 5 to 6 figures
of mitosis per field (S7).

IHC was performed on fixed tissue fragments with the aid of monoclonal anti-
human PV antibody against the major capsid protein (K1H8, DakoCytomation) for
the detection of papillomavirus antigens. Antibodies against Ki67 and cytokeratin
(type | and Il) antigens (DakoCytomation) were used to detect the activity of cell
differentiation and division. There was also multifocal marking anti-Ki67 in
hyperplastic cells (S8). Anti-pancytokeratin exhibited diffuse immunoreactivity to the
neoplastic epithelium (S9). These two antibodies are used as markers of tumor cell
proliferation. ISH was performed according to a standardized protocol in order to

detect CPVs using three pairs of oligonucleotides to target the open reading frames
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107 (ORFs) E6 and E7, as well as the gene L1, as previously described.(TEIFKE, 1998)
108  Neoplastic tissue revealed strong diffuse nuclear hybridization signals within the
109  spinosum stratum of the epithelium layer (Fig. 1 and 2), suggesting the earlier steps
110  of virus replication. There was also intense CPV capsid protein immunostaining in
111  IHC along the margins of hyperkeratosis and within keratinocytes in the upper
112 epithelial layers, where virion assembly occurs during the last steps of PV infection,
113 before its release (Fig. 3 and 4). The two different locations confirm the virus cycle,
114  and these findings strongly support a causative role for CPV in carcinogenesis. Since
115  the CPV can be detected in normal skin, the results of IHC and ISH discarded the

116  possibility of surface contamination.

117
118  Figure 1-2. In situ hybridization assay, SCC; specific associated signal with the

119  CPV16-specific probes in epithelial cells (500 um and 100 um, respectively).
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121  Figure 3-4. Immunochemistry assay anti-papillomavirus, SCC; marked cytoplasmic

122 and nuclear immunoreactivity of a part of the neoplastic cells of the spinous and
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spinous and granular layers and the cornified layer (500 ym and 100 pm,
respectively).

Indeed, previous studies reported lesions reminiscent of human epidermo
dysplasia verruciformis in dogs.(MUNDAY; THOMSON; LUFF, 2017) It is a genetic
predisposition to develop flat warts, some of which subsequently undergo cancer
transformation. The lesions could be limited to pigmented plaques and did not
undergo malignant transformation.(MUNDAY; THOMSON; LUFF, 2017)
Nevertheless, the larger pigmented plaques that contain greater histological
changes may be predisposed to malignant transformation.(LUFF et al., 2016)There
is no doubt about the histopathological changes that underwent in this process and
the favorable environment provided by the pigmented plaques; but the viral factors
that promoted this malignant transformation are still not clear.

The CPV was obtained directly from an invasive SCC by PCR using primer
pairs FAP59/FAP64.(FORSLUND et al., 1999) In order to sequence the
papillomavirus whole genome present in the invasive SCC, we proceeded with
multiply-primed rolling-circle amplification (RCA) to enrich the sample followed by
high throughput sequencing (HTS) as previously described.(DA SILVA et al., 2016)
The HTS generated 153,620 paired-end high-quality reads (average read length of
140 nt). De novo assembling in SPAdes 3.6 software revealed a circular contig of
7,796 nt, sharing 99.7% nucleotide identity with the recently described CPV16 strain
Chana (GenBank accession number NC_026640).(LUFF et al., 2015) The complete
genome size of CPV16 (named 134RS/can15) has a GC content of 50.6%, and
encodes eight proteins: six early genes E1, E2, E4, E5, EG, and E7; and two late
genes L1 and L2 (S10).The phylogenetic tree was reconstructed with optimized
alignments based on the nucleotide sequence of the L1 gene using Bayesian
analysis.(HUELSENBECK; RONQUIST, 2001) Using a set of genus-representative
sequences of CPV, CPV16 134RS/can15 strain grouped within the
Chipapillomavirus genus, closest to the Chana strain (S11), which was also detected
from pigmented skin plaques that progressed to squamous cell carcinoma in a
female Baseniji dog.(LUFF et al., 2015)



153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174

52

In cattle, the Deltapapillomavirus comprise the high-risk mucosal types that
can cause urinary bladder cancer in their natural hosts. The set of all three
oncoproteins ES/E6/E7 present in the Deltapapillomavirus and its distribution in the
genome appear to be essential for the progression of malignancy.(DAUDT et al.,
2018a) Similarly, we identified the putative oncoproteins E5, E6 and E7 by the
genomic characterization besides the pathological analysis. The presence of the
oncoprotein genes in the tissue suggests that the oncoproteins could be interfering
in the cellular cycle. Therefore, the replication of the oncogenic virus in the tissue
strongly suggests the malignant transformation conducted by CPV16. The putative
E6 of CPV16 134RS/can15 strain has two zinc-finger domains (CX2CX29CX2C) that
are critical for the transformation activity of the viral oncoproteins, including the
product of the pRB gene.(MANTOVANI; BANKS, 2001) Moreover, the putative E7
contains one zinc-finger domain, as well as the conserved binding site for the
retinoblastoma protein (LXCXE) that is closely linked to malignant potential and cell
transformation.(DAHIYA et al., 2000; MUNGER et al., 2001)

In order to correlate the presence or absence of the oncoprotein complex (ES,
E6 and E7) with malignant potential, the complete genomes of reference sequences
were aligned (Fig. 5). The comparison revealed that the oncoprotein complex is
absent in the Chipapillomavirus strains linked to malignant transformation (CPV9,
CPV12). However, CPV16 strains Chana and 134RS/can15 contain this complex
equally arranged in the genome, besides the process of pathological transformation

has similarities.
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176  Figure 5. The oncogenes comparison using complete genome sequences

177  alignment. The E5 oncogene is present in two CPV19, CPV2 (Taupapillomavirus
178 genus) and in CPV11, CP16 and CPV20 (Chipapillomavirusgenus). CPV16 strains
179  Chana and 134RS/can15 present this complex of oncoproteins equally arranged in
180  the genome.

181
182 Contributing factors that cannot be disregarded are iatrogenic
183  immunosuppression, breed susceptibility, systemic diseases, senility, genetic

184  mutations, among others. In a study describing the occurrence of papillomavirus
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infection in transplanted dogs with X-linked severe combined immunodeficiency
(XSCID), CPV2 was linked with a papilloma lesion that progressed to metastatic
SCC.(GOLDSCHMIDT et al., 2006) Interestingly, the mongrel female described in
this study did not present history of use of any immunosuppressive drugs. Currently,
there is no breed with a genetic predisposition to CPV-associated-malignant tumor
described in the literature.

In this work, we reported a mongrel female dog suffering from numerous
lesions related to CPV infection. Among them, we were able to describe the
association of one CPV16 strain with invasive SCC, build a phylogenetic inference,
identify and compare the oncoprotein genes of the CPV16 strain. Also, the study
highlights the importance of CPV-induced oncogenesis and expands the current

knowledge of the genetic background of the Papillomaviridae family.
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Supplemental figures legends

Supplemental Figures 1-4. Macroscopic resentation of lesions caused by CPV in
a mongrel female dog. S1. Proliferative lesion with scabs and sores on the plantar
cushion. S2. Inverted papilloma in the abdomen, with ulcerated and irregular surface.
S3. Numerous pigmented plates in abdominal skin. S4. Infiltrative subcutaneous

tumor near the mammary gland.
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Supplemental Figure 5-7. The SCC in situ neoplastic tissue, epidermis, mongrel
female dog. 85 Formation of neoplastic nests in the dermis, HE. S6 Accented
dysplasia involving follicular infundibulum and marked anisocytosis and
anisokaryosis, HE. S7 In addition, the cells present cellular atypia such as increased
nucleus-cytoplasm ratio, cellular pleomorphism, nuclei and increased nucleoli,

several mitoses and the presence of atypical mitoses, HE [*].
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Supplemental Figure 8-9. Inmunochemistry assay, SCC in situ; S8 anti-cytokeratin
immunoreactivity exhibits the borderline between neoplastic tissue and connective
tissue. Inset: strong cytoplasmic immunoreactivity signal. S9 antibody anti-Ki67 with
multifocal marking in neoplastic cells with intense cellular proliferation (700 pm and
100 um, respectively).
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Supplemental Figure 10. Genomic features of the CPV16 134RS/can15; S$10
Genomic map of CPV16. Identification of putative ORFs was made with the aid of
ORF Finder (https://www.ncbi.nlm.nih.gov/orffinder), and figure drawn was
performed in Geneious software, 8.1.4 version.(KEARSE et al., 2012) Features of
the CPV16 134RS/can15 non-coding region. Colored boxes (red) display the
genomic locations of the E2 binding site (ACCNsGGT), polyadenylation site
(AATAAA) (black), and TATA box (TATAAA) (orange).
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Supplemental Figure 11. Phylogenetic analysis of the complete L1 of canine
papillomavirus. L1 nucleotide sequence was compared to those of 20 canine
papillomaviruses retrieved from GenBank. Posterior probability values are indicated
above the branches. CPV16 134RS/can15 is labeled with a red diamond.
Evolutionary analyses were conducted in MrBayes (v3.2.1).(HUELSENBECK;
RONQUIST, 2001)
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4 CAPITULO?2

Detec¢ao de papilomavirus bovino em tetos de bovinos leiteiros.
O presente experimento ja foi concluido e seu manuscrito esta em fase final de elaboragao,

com a intencao de publicagdo no periddico Scientific Reports.



63

Scientific Reports

Title: Detection of 17 putative new bovine papillomavirus types in teat warts from dairy cattle

Running title: BPV new types in teat warts

Christian D.B.T. Alves?, Ronaldo Michel Bianchi¢, Samuel P. Cibulski®, Matheus N. Weber?,
Cintia Daudt®, Flavio R.C. da Silva®, Cintia De Lorenzo%, Welden Panziera, Claiton Ismael

Schwertz¢, Saulo Pavarini?, David Driemaier?, Claudio W. Canal®*

? Laboratorio de Virologia, Faculdade de Veterindria, Universidade Federal do Rio Grande
do Sul (UFRGS), Porto Alegre, RS, Brazil

® Laboratério de Biologia Celular ¢ Molecular, Centro de Biotecnologia, Universidade
Federal da Paraiba, Jodo Pessoa, Paraiba, Brazil. (SPC)

¢ Laboratorio de Virologia Geral e Parasitologia, Centro de Ciéncias Bioldgicas e da
Natureza, Universidade Federal do Acre, Rio Branco, AC, Brazil.

4 Setor de Patologia Veterinaria, Faculdade de Veterinaria, Universidade Federal do Rio
Grande do Sul (UFRGS), Porto Alegre, RS, Brazil

* Corresponding author:

Claudio W. Canal

E-mail address: claudio.canal@ufrgs.br

Tel: +55 51 33086926; Fax: +55 51 33087305



64

Abstract

Papillomavirus (PV) are viruses which affect virtually all amniotes, including humans.
Bovine papillomaviruses (BPVs) cause benign warts in the skin, among them teat lesions that
can difficult the milking and result in lower profits for the milk industry. In the past few
years, genetic characterization of animal PVs has increased due to the availability of new
techniques, which simplified the sequencing of complete genomes. Currently, 24 BPV are
fully characterized and assigned in four genera, in contrast to the more than 200 types of the
human papillomavirus (HPVs). The aim of this study was to identify the BPV types
associated with teat warts, by conventional PCR, followed by Sanger sequencing. After, the
samples were selected to perform rolling circle amplification (RCA) followed by high
throughput sequencing (HTS) and phylogenetic analysis. Twenty-five complete BPV
genomes were assembled from the 17 papillomatous-like teat warts displaying a 23.5% of
coinfection rate. Moreover, we observed 17 new putative BPV types, including one new
species and one new genus. It can be concluded that the etiology of papillomatosis in the teat
of cows is much more complex than previously reported, that about one half of the lesions

has more than one BPV type and that HTS is more appropriate for typing papillomavirus.

Introduction

Papillomaviruses (PVs) are small viruses whose comprise a highly diverse group that can
produce epithelial proliferative lesion virtually found infecting all amniotes (RECTOR; VAN
RANST, 2013). Bovine papillomavirus (BPV) is recognized as an etiological agent
associated with several forms of benign tumors, among them the teat papillomatosis that are

distributed worldwide in dairy cows (RECTOR; VAN RANST, 2013). The papillomatosis
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in teat can result in lower profits for the milk industry. Moreover, it can cause ulceration and
rupture of the wart and the lesions may predispose to mastitis and distortion of the milk ducts
(BORZACCHIELLO; ROPERTO, 2008; CAMPO, 2003).

Currently, only 24 BPV types have been reported, in contrast to more than 200 types of the
human papillomavirus (HPVs) (http://pave.niaid.nih.gov). The BPVs are assigned in four
genera, although the types BPV19 and 21 have not been grouped within any genus. The genus
Deltapapillomavirus, with one species the Deltapapillomavirus 4, comprising four types
(BPV1, 2, 13 and 14); the genus Epsilonpapillomavirus, comprising the species
Epsilonpapillomavirus 1, with two types (BPV5 and BPV8); Dyoxipapillomavirus, which
comprises Dyoxipapillomavirus 1 species (BPV7); Dyokappapilomavirus, comprising three
types without species differentiation (BPV 16, 18, 22); the Xipapillomavirus genus,
composed by the Xipapillomavirus 1 (BPV3,4, 6,9, 10, 11 and 15), the Xipapillomavirus 2
(BPV12) and the types BPV17, 20, 23, 24 that have not been classified in species
demarcation (http://pave.niaid.nih.gov).

Despite the BPV1, 5 and 6 have been classically associated with udder and teat lesions
(CAMPO, 2002; JARRETT et al., 1984; SAVERIA CAMPO et al., 1981) other BPV types
have been detected in this anatomic region (CLAUS et al., 2008; LINDHOLM et al., 1984;
MAEDA et al., 2007; OGAWA et al., 2004; TOZATO et al., 2013). The detection and
classification of BPVs using conventional PCR carried out with primer pair FAP59 and
FAP64 (FORSLUND et al., 1999) followed by Sanger sequencing is widely used. The
applicability of the designed primers has been satisfactory for most of the papillomavirus
types, but negatives results appears due to inefficient base pairing in the 3’ region between
one or both primers and the templates (FORSLUND et al., 1999). Recently, the application

of unbiased tools as rolling circle amplification (RCA) followed by high throughput
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sequencing (HTS) for BPV identification revealed the presence of new BPVs (DA SILVA et
al., 2016; DAUDT et al., 2016a, 2018b). Moreover, this technique allows the identification
of BPV-coinfections in a single papilloma lesion (DAUDT et al., 2016a). Therefore, the
present study aimed to detect coinfections, recover the complete the viral genome,
characterized and perform the phylogenetic inferences based on the RCA followed by HTS

methods in seventeen teat warts from dairy cattle.

Material and methods

Ethics Statement

Lesions were collected by veterinarians in commercial abattoirs with owner’s permission.
All procedures were performed in compliance with the European Convention for the
Protection of Vertebrate Animals Used for Experimental and Other Scientific Purposes
(European Treaty Series—No. 170 revised 2005) and the procedures of the Brazilian College
of Animal Experimentation (COBEA). It must be highlighted that this project was approved

by Universidade Federal do Rio Grande do Sul Animal Ethics Committee (number 28460).

Sample collection

Teat warts of 76 specimens of dairy cows from tree different municipalities (Farroupilha,
Passo Fundo and Dois Irmaos) of Rio Grande do Sul state, Southern Brazil, were collected.
Each papilloma specimen represents one bovine carcass sent for slaughter. The teats with

papillomatous lesions were kept in 10% formalin, routinely processed for histopathology,
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and stained by hematoxylin and eosin (H&E). Other part of the papillomatous lesions were
ground with sterile sand in 10 mL of phosphate buffered saline (PBS) (pH 7.4), centrifuged
at 720 x g for 10 min and 1000 pL of the supernatant was stored at -20 °C for molecular
analysis. Based on the histopathological assay and PCR(FORSLUND et al., 1999) followed
by Sanger sequencing, the diagnoses of epidermal papillomatosis was confirmed in 63
specimens (these data belong to the previous study and are available on request). For this
study, we selected seventeen specimens among the 63 positives papillomavirus specimens to
procced the rolling-circle amplification (RCA) followed to high throughput sequencing
(HTS). The criteria of the selection was based on three aspects: topology of the phylogenetic
tree, quantity and quality of extracted DNA and nucleotide sequence similarity of the putative

new PV types to their closest related PV.

Rolling-circle amplification (RCA) and high throughput sequencing (HTS)

The RCA assay was performed as previously described (DEZEN et al., 2010; RIISEWIIK et
al.,2011). Briefly, 100 ng of total DNA in a final solution of 10 pL from papillomatous tissue
was denatured at 95°C for 5 minutes and immediately cooled on ice. It was prepared a
solution containing 3.6 mM of each ANTP (Ludwig Biotec, Porto Alegre, RS, Brazil), 15.5
mM random exonuclease-resistant hexanucleotides (Thermo Fisher, Waltham, MASS,
USA), 2 U of ¢$29 DNA polymerase (Thermo Fisher, Waltham, MASS, USA), 2X Bovine
Serum Albumine and 2X of reaction buffer [SO mM Tris/HCl pH 7.5, 10 mM MgCI2, 10 mM
(NH4)2S04, 4 mM dithiothreitol] in a total volume of 10 pL. The amplification solution was
incubated for 18 hours at 30°C, followed by 10 min at 65°C to inactivate the enzyme. The

amplicon was electrophoresed in a 0.8% agarose gel and visualized on a UV light source
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after ethidium bromide staining. The RCA products were purified with a commercial kit
(GFX™ Purification Kit; Amersham Biosciences, Little Chalfont, Bucks, UK). The quality
and quantity of the DNA were assessed through spectrophotometry and fluorometry
performed with NanoDrop™ (Thermo Fisher Scientific) and Qubit™ (Thermo Fisher
Scientific) respectively. DNA fragment libraries were further prepared with one ng of
purified RCA DNA using a Nextera XT DNA sample preparation kit and sequenced using
an [llumina MiSeq instrument (2x 150 paired-end reads with the Illumina v2 reagent kit).
The reads quality was evaluated with FastQC, trimmed in Geneious software (version 9) and
were de novo assembled into contigs using SPAdes (3.6 version) (BANKEVICH et al., 2012).
The contigs were compared to known sequences in the GenBank nucleotide and protein
databases using BLASTn/BLASTx (YE; MCGINNIS; MADDEN, 2006). Geneious software
was used for alignments, open reading frame (ORF) prediction, genome annotations and
similarity searches were performed with the NCBI BLAST server(YE; MCGINNIS;

MADDEN, 2006).

Phylogenetic inferences

Local sequence alignments were constructed to determine the sequence identity with
BLASTn (YE; MCGINNIS; MADDEN, 2006). Representative sequences of the ruminants
PV sequences were retrieved from GenBank. Nucleotide alignments were performed using
MUSCLE software (EDGAR, 2004). The best selection model to generate the phylogenetic
trees was selected with the MEGAG6 software (TAMURA et al., 2013). A phylogenetic tree
with 1,000 bootstrap resamples of the alignment data sets was generated using the Maximum

Likelihood method in MEGA6 (TAMURA et al., 2013). The taxonomy criteria of the BPV
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samples was conducted based on the L1 gene(BERNARD et al., 2010). The entire L1 gene
sequence must be different more than 10% of nucleotide pairwise identity of the closest know
type to be considered a new type. The PV types within a species share between 71% and 89%

nucleotide identity and members of the same genera share until 60%.

Results

HTS and data analysis

The HTS using [lumina MiSeq System generated 68,976 to 3 papillomavirus-related
reads of the seventeen specimens. The paired-end reads were de novo assembled in SPAdes
3.6 and revealed circular contigs, sharing highest identities with the Papillomaviridae family
members. Overall were recovered 25 complete papillomavirus genomes, and contigs
(fragments) relative for papillomavirus members. Based on the L1 nucleotide sequence
among the 25 complete genomes there are eight that can be classified as BPV type 7, BPVS,
BPV9 or BPV12. Moreover, seventeen of them displayed identity consistent with putative
new types, including one that can be a new species and another can represent a new genus
(Table 2). The sequence 4160/3 can considered a new genus because form a distinct cluster
between members of Epsilonpapillomavirus and Dyokappapapillomavirus and was more
closely related to Rusa timorensis papillomavirus type 2 (RtPV2) with 65.4% sequence
identity. The sequence 4160/1 likely represents a new species, grouped in the limits of the
cluster representative of the genus Dyokappapapillomavirus and most closely related to
BPV7 (68.2% nucleotide identity). Among the new types there are nine sequences belonging

to the species Xipapillomavirus 1, four belonging to the Xipapillomavirus 2 and two
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sequences clustered within Epsilonpapillomavirus 1 species (Figure 1). Two or more
papillomavirus sequences were observed in 23.5% of the papilloma samples (04/17) (3895-
16,3896-16,4144-16,4160-16). The new type of XiPV1 was the most frequently found BPV
type since it was detected in six different samples, while other BPVs ranged from one to two

detections. The details and the GenBank accession numbers about these genomes are

described in Table 2.

BPVIS_KnMog3393

OXiPV1 4160-16/5

BPV10_AB331651

@XiPV2 3689-16

a8

I1-L69E LAAYH @
eoLL1TOA LA

2

Figure 1. Phylogenetic tree of the papillomaviruses based on the complete sequences of the
L1 ORF. Sequence belonging to single infection are indicated with black dots and sequences
that are from the same sample have the same dot color. All the 67 PV types described to
infect ruminants were analyzed. Accession numbers for the sequences are included and

abbreviations are used according to PAVE.
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o . . Best GenBapk Parwi.se
Sample Description Classification (L1) Blastn Hit Accession Identity
Number (%)

3682-16 | Complete Genome BPVS BPV8 DQ098913  99.9%

3689-16 | Complete Genome New Type (XiPV2) BPV12 JF834523  71.4%

3697-16 | Complete Genome BPV7 BPV7 DQ217793  98.8%

3880-16 | Complete Genome New Type (XiPV1) BPV11  AB543507 75.6%

3881-16 | Complete Genome BPVS BPV8 DQ098913 100.0%

3884-16 | Complete Genome New Type (XiPV1) BP VzAkS' KM983393  75.5%

3895-16 | Complete Genome 1 BPV9 BPV9 AB331650  99.6%

Complete Genome 2 New Type (XiPV1) BPV15 KM983393 74.6%

Complete Genome 3 BPV12 BPV12 JF834524  93.4%

Complete Genome 4 New Type (XiPV2) BPV12 JF834524  71.2%

Complete Genome 5 New Type (XiPV2) BPVI12  JF834524 78.3%

3896-16 | Complete Genome 1 New Type (EpsilonPV1) BPVS5 AF457465 76.3%

Complete Genome 2 New Type (XiPV1) BPV24 MG602223 80.1%

Complete Genome 3 New Type (XiPV1) BPVI1  AF486184 75.3%

4144-16 | Complete Genome 1 New Type (XiPV1) BPV3 AF486184 71.9%

Complete Genome 2 New Type (EpsilonPV1) BPVS5 AF457465 76.3%

4151-16 | Complete Genome BPV7 BPV7 DQ217793  99.3%
4152-16 Fragment L2 Unclassified

4160-16 | Complete Genome 1 New Species (DyoxiPV) BPV7  KM096429 68.2%

Complete Genome 2 BPV7 BPV7 DQ217793  99.7%

Complete Genome 3 New Genus RtPV2 KT852571 65.4%

Complete Genome 4 New Type (XiPV1) BPV11  AB543507 81.4%

Complete Genome 5 New Type (XiPV1) BPvaSk_ KM983393  86.2%

Complete Genome 6 BPV12 BPV12 JF834523  96.9%

4163-16 Fragment L1/L2  Putative New Type (EpsilonPV1)  BPV 8  DQ098917 74.5%

4167-16 | Complete Genome New Type (XiPV2) BPV12 JF834523  78.2%

4178-16 | Complete Genome New Type (XiPV1) BPV3 AF486184  73.0%

4826-16 Fragment E1/L1 Putative New Type (XiPV1) BPV9  AB331650 74.0%

4833-16 Fragment L1 BPV 7 BPV7  DQ217793 98.8%

Table 2. The description of pairwise identity percentage between complete genome
sequences from the BPV samples compared with sequences available in GenBank. Genomes
recovered from t sample are numbered sequentially after the sample name, thus identifying

cases of coinfection.
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Discussion

In the present study, seventeen samples of BPV teat warts were tested by a
combination of RCA followed by HTS which allowed (i) to detect multiple coinfections, (i)
enable the complete assembly of the viral genome, (iii) its characterization and (iv) its
phylogenetic inferences. Classically, BPV was believed to have a tropism for specific
anatomic locations (CAMPO, 2002; JARRETT et al., 1984; SAVERIA CAMPO et al.,
1981). However, recent studies have suggested that BPV types do not distinguish between
beef and dairy cattle, and no tropism by anatomical location has been confirmed (BATISTA
etal., 2013; LUNARDI et al., 2016; MAEDA et al., 2007; OGAWA et al., 2004). Although
there is a tendency to design a tropism by anatomical regions for each type of BPV in order
to better understand its biology, it seems that BPV infection is guided mainly by its tropism
by mucous and cutaneous epithelia (DAUDT et al., 2018a). Based on our results, we detected
classical BPV types 7, 8, 9 and 12, but there were 68% of new BPVs involved in the teats
warts. Overall, the most detected BPV genus among the specimens was Xipapillomavirus
with 68% of total detections (Figure 1).

PVs are usually characterized by conventional PCR followed by Sanger sequencing,
using degenerate oligonucleotide pairs FAP59/FAP64 that amplify a relatively conserved L1
gene fragment virtually from all known PV types and species (FORSLUND et al., 1999).
The applicability of the designed oligonucleotides has been satisfactory for most of the
papillomavirus types, but negatives results appears due to lower homology of the base pairing
in the 3° region of primer biding sites (FORSLUND et al., 1999). Moreover, direct
sequencing of the amplicons might be unsuccessful, yielding overlapping peak patterns, since
the presence of more than one type of Papillomavirus template in each sample (FORSLUND

et al., 1999). In our study, 25 complete genomes were recovered directly from seventeen
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lesions of teat warts. The conventional PCR followed by Sanger sequencing is a weak
predictive instrument since it may not reflect of the actual variability of BPVs found in the
samples, due to lower homology of oligonucleotide annealing sites, low coverage compared
to HTS and the impossibility of detecting coinfections.

Currently, the occurrence of coinfections by different types of BPV in cattle has been
reported in several regions (DAUDT et al., 2018a). These findings reflect the finding of HPV
cutaneous infections, where coinfections with more than 10 different types of HPV can be
detected (ANTONSSON et al., 2000). However, BPV coinfections comprising up to seven
known PV types are rarely reported (DAUDT et al., 2016a). Although most of the work still
employs conventional PCR methods with different oligonucleotide combinations for the
detection and characterization of probable new viral types, such protocols have important
limitations (DAUDT et al., 2016a). Here in, the RCA-HTS method allowed the detection of
23.5% of coinfection within seventeen teat wart samples with up to six BPV types involved,
better characterization e phylogenetic inference of the BPV types involved in coinfection
than conventional PCR followed by Sanger sequencing.

Human PV (HPV) encompasses more than 200 types that are fully sequenced,
characterized and cataloged, in contrast to the low number of BPV, which comprises only 24
types (http://pave.niaid.nih.gov). The use of random oligonucleotides in RCA-HTS offers the
possibility to amplify and detect any circular DNA that is present in a non-specificity sample,
thus allowing a large overview of unknown PVs. This methodology can increase the
sensibility of detection of PVs because there is a greater quantity and quality of recovery of
the viral sequences present in each sample, making possible the understanding of the natural

history of the infection by different types of PV. Moreover, the increasing in application of
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RCA-HTS in BPV lesions allowed the characterization of new BPV types recently (DA
SILVA etal., 2015; DAUDT et al., 2016b, 2018D).

In the present study, it was applied an unbiased molecular tool for detection and
characterization of BPV in samples regarding teat warts lesion that are important infection
disease in the dairy cattle herds around the world. We observed 23.5%% of coinfections,
highlighting that PCR followed by Sanger sequencing cannot represent the totally of BPVs
present in the sample. Moreover, we described one BPV classified in new genus, one BPV
classified in a new species and, fifteen putative new types. It was also possible to verify that
BPVs types apparently are not associated with specific anatomic presence. Our work

reinforces that RCA followed by HTS can yield bias in BPV diversity in different samples.
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5 CONCLUSOES

Em resumo, os dois trabalhos que compdem a presente tese de doutorado levaram as
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seguintes conclusdes descritas abaixo:

Capitulo 1:

O genoma completo do virus foi recuperado diretamente da lesdo e sua
caracterizagdo, bem com sua inferéncia filogenética foi determinada e classificado
como CPV16.

A provavel associacdo entre CPV16 com a neoplasia maligna foi determinada
caracterizacdo das alteragdes patoldgicas utilizando imuno-histoquimica e
hibridizacdo in situ, aonde pode se observar os marcadores oncogénicos € uma
infec¢do viral ativa na lesdo.

O estudo destacou a importancia da oncogénese induzida pelo CPV e expande o

conhecimento atual do background genético da familia Papillomaviridae.

Capitulo 2:

O sequenciamento de alto desempenho possibilitou a utilizagdo de ferramentas
moleculares para a detec¢do e caracterizagdo de sequencias de BPV extraidas de
lesdes de teto de vacas leiterias.

Foi possivel detectar em 23,5% das amostras de BPV de teto mais de uma cepa de
BPV.

A PCR seguida do sequenciamento Sanger ndo ¢ uma boa ferramenta preditiva da
totalidade dos BPVs encontrados em uma amostra.

O sequenciamento do gene L1 de 17 amostras de lesdes de teto revelou a presenca
dos tipos conhecidos BPV7, BPV8, BPV9 e BPV12. Também foram descritos um
provavel novo género e uma provavel nova espécie pertencente ao género
Dyokappapapillomavirus. Entre os novos tipos de BPV, 9 sdo pertencentes a
espécie Xipapillomavirus 1, 4 pertencentes ao Xipapillomavirus 2 € 2 ao
Epsilonpapillomavirus 1. Desta forma, 17 provaveis novos tipos de BPV foram
adicionados aos 24 ja descritos.
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1 | INTRODUCTION

Summary

Papillomaviruses [PVs] are complex viruses which infect the skin or muosae of a
broad range of amniotes wordwide. They cause benign or maignant lesions
depending on environmentzl factors, virus onoogenicity and the location of infec-
tion. Bovine papillomaviuses (BPVs) are the second most studied PVs beyond
human P¥s. In the past few years, genetic charadterization of anima PVs has
ineased due to the availability of new techniques, which simplified the sequendng
of entire genomes. Therefore, this review zims to provide an update of the current
epidemiology, dassification and genome festures of ruminant PV's (mainly BPVs)
affecting animals worldwide. The review zlso zimed to darify the key differences
between the high-risk Delta papillomaviruses and the seemingly low-risk Xi, Epsilon,
Dyoxd and Dyokappapillomavirus as well as the recently described Pv's BFV1E, 19, 21
and PpuPV1 that belongs to an unclassified genus.

KEYWORDS

bovine papillomavine, molecular epidemiclogy, papillom aine, phylogeny, Ruminantia

Within the lange goup of unpulates (diverse moup of mammals
that inchedes odd-loed and even-toed wngulates), bovine ppille-

Papillommdneses (Pvs) have been associsted with cutaneous and
mrecosal warls, and neoplasia in a varety of animal species (Borzac-
chigdlo & Roperto, 3008 Reclor & Van Ranst, 2013) Members of this
wiral family are described in a diversity of mammal genera, but they
have aleo been described in birds, reptiles and fish, and probably
infect all amniotes (Lopez-Bueno et al, 2016; Rector & Van Ranst,
2013). PVs are sirictly species- and lissue-specific although some
established (Lunandi, Alfierd, et al, 2013; Lunardi, De Alcantara, et al,
2013; Masir & Campo, 2008) and unusesl cross-infections have been
reported (Mundsy, Hanlon, Howe, Squires, & Frendh, 2007).

maving ([BFV) plays a role in a vanety of disesses in domestic and
wild maminants (Bam, Kumar, Leshangthemrm, Saikia & Somvanshi,
2013; Borzacchiello et al, 2003; Kwmar, Nagarajan, Saikomar, Arya,
& Somvanshi 2013; Lunardi, Alfierd, etal, 2013 Tomita, Liteak
Ogawa, Jin, & Shirasawa, 2007, Van Dyk et al. 2013), causing con-
siderable morbidity to the affected anim als. The suborder Ruminantia
compries a lange and redevant group of temestrial e bivorows mam-
mak which embrace the Tragulidae GCiafidee Antilo-capridae,
Moschidae, Cervidee and Bovidse families that contain at least 200
extant species (Ferndnder & Virba, 2005). Within these families, Pyvs

Trans bownd Emerg DE. X18:1-15.

wilzyaniine ibrary mmfournalfthed

© 2018 Bladowsll Verbg GmbH | 1

90



DALDT o7 s

2 L wiLE Y- "

have been detected and characterized into Bovidse, Cervidse and
Giraffidee families.

This seenano can lead 1o economic losses mainly in countries
that have vast amount of cattle herds, 2z BPY induces chionic,
termoral and contagious dseases that affects dairy and beef cattle
hends wordwide and iz assocdsted with a vadety of benign and
malignant temours (Araild, Marchett, Ashrafi, & Campo, 2004;
Campo, 1997, Campo, Jamett, Bamon, Meil, & Smith, 19%92; Da Sha
et al, 2015, Jamett Campo, Meil Laird, & Coggins, 1994, Martano
ot al, 20135 Opawa et al, 2004). BPY k& also highly important 25 an
in vive mode] for human papillom aires (HPV) stedies beyond veterd-
rary interest {Campa 1997; Gil da Costa & Medeiros, 2014).

Due to the increscent detection mamber of PV types that mainly
affect large ruminants, this review aimed to provide an updste of
the cumrent epidemidegy, classification and gencmic features of
ruminant PvVs {infecting Giraffidee, Bovidse and Cervidee hosts),
focudng on BPV. The review also aimed to clarify the key differ-
ences between the apparently high-risk Delta papillomavineses and
the seamingy low-risk Xi, Brsilon, Dyvoxl and Dyokappa-PVs as well as
the recently described BPVs 1% and 21 that belong to an unclasi-
fied genera

2 | CLASSIFICATION OF
PAPILLOMAVIRUSES: OLD AND MEW
CONSIDERATIONS

Alter being dassified into the Fopovaviridae family, PVs were dis-
oriminated 25 a separate family, the Papllomaviidoe (King, Adams,
Carsten, & Lefkowite, 2013). Traditionally, PVs are classfied into
penera, species, types, subtypes and varants. The type classification
s substantial due to its greal dinical relevance.

Cumently, PV classification is based on nucleotide sequence iden-
tity of L1 open reading frame (ORF). a relatively conserved region
that can be aligned for all known PVs for the comstrue tion of phylo-
genetic trees (Bernard et al, 2010; de Millirs Fauguet, Broker, Ber-
nard, & o Hausen 2004). The type of PV s determined when the
enlire genome sequenced, and the L1 ORF differs by more than
105 in compantson with avy other PV type. New PV genera are pro-
posed when the identities are lower than &0%. ORF L1 differences
between 2% and 10% determine a new subtype, and a varant is
defined when the difference ks <2% (Bernard et al, 2010; de Villiers
et al, 2004) (Figee 1) Neverthodoss, not just the percentage of
identity should be taken into account to define the PV's classifica-
tion. The interpretation of the phiyk ¢ position, genome oigani-
zition, biclogy and pathopenicity should slo be corsidered to
define the PVs dassification (Bemard ot al, 2010).

Among the suborder Ruminantla, PV have been described
mainly in Bovidae family, followed by Cervidae and Giraffidae fami-
lies (Table 1) The Cerddae PVs are represented by PV members of
X, Phipa, Bpsilon, Delta and Dyokappa genus and the Bowvidse Fys
include the genera Dyodppllomadars. The Giraffidae PV IGCPV) s
the only PV representative species desoribed in this host species,
Giraffa comelapardads, and belongs to the Delta genera

Baovine papillomavineses are a crescent group of epitheliotropic
vineses that recognize Bos launs 2= its dasical host although there
are some wellestablished oross-infections invebing BPVL and
BPVZ Currently, bovine papillomaviruses (BPVs) condst of 23 types
(it s/ pave.ntsid nihgov/l, two of them (BPVZZ and 23) recently
described (Bavermann et al, 2017; Da Silva et al, 2018 BPYs are
distributed into five known genera and ome unclassified genera
(it pave nisid nibugov/). The Xpapilomaving genus comprises
two species, Xippilbmavins 1 ([BPVE, BPS, BPVS, BPVS, BPVIO,
BPV11, BPV1S) and 2 (BPV1Z), and two recently described types

Generg: difference > 40%

PV classification based on L1 Gene

gl 12345 & ! FEERTY
Species: difference between 11% and 29% -
tantity betwaen T1% snd 9% \
; 12 3486 78 810

Type: difference > 10%
RE

Subtype: difference between 2% and 10%

en S0 and 98

Variant: difference < 2%

12 3 4 85 6 7 8 840

12 345 6 T8 810

FIGURE 1 Classification scheme of
Papillomad nuses (PVs) based on L1

nucleotide sequence. The green colour
represents the identity. The red colowr

12 34658 7T a1m repesents the differences, and the yellow

colour represents the variation pecentape
i the classification
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TABLE 1 Distinct BPY types and thelr geographical distribution and association with different lesions in large ruminants’ spedies

PV type  Courtry® Biological sample feson® Body site faimal familly Genera  Specie
MaPV1 SE CR,PF Lung Cervidae Deita Delta 1
BgPV1 N PP Bovidae Deita Delta 4
BFY1  BRJP, UK T, IN MA CP, FP, Fies, UB. Semen Blood HS Body, UBT, Teat  Bovidae Deita Delta 4
BPV2  DEBR NZ JF,IN IT.TR.KOR CP,FP, U Semen Blood, Milk, Urine  Body, UBT, Udder  Bovidae Deita Delta 4
BPV3  DEJP.BR CN CP,FP Body. Teat, Udder  Bovidae Xi X1
BPV4 UK BR CP, UDT, Milk, Urine, Bbad Bady, UDT Bovidae Xi X1
BFYS P, BR IN CP, HE UDT Teat Bovidae Epsilon Epsilon 1
BPV& UK JP, BR CP, HS, 5P HS Body, Teat Bovidae X X1
BPVT P, BRIT CP, 5P Body, Teat Bovidae Dyewi Dy 1
BFVE P, BR CP, FP, Bload Body, Teat Bovidae Epsilon Epsilon 1
BV P, BR CP,FP, 5P Body, Teat, Udder  Bovidae Xi X1
BPV 10 JP, BR CP, FP, SP. Bload Body. Teat, Udder  Bovidae X X1
BPV 11 P, BR CP, Blood, HS Bovidae Xi X1
BPV 12  SE JP, BR EP, H5 Tongue Bovidae X 62
BPV 13  BR CN,IT CP,UB Bovidae Deita Delta 4
BPV 14  US NZ BR CP, FP, Feline sarecids Bovidae Deita Delta 4
BFV1S N Bovine “sarcaid® Bovidae Xi X1
BFV16  BR P Body Bovidae Dyokappa  UNC
BPVI7  BR P Body Bovidae Xi UNC
BPVIE  BR P Body Bovidae Dyokappa  UNC
BFV1?  BR P Body Bovidae UNC UNC
BPVXD  BR P Body Bovidae X UNC
BPVZ  BR P Body Bovidae UNC UNC
BPVZ  US Vidvovaginitis Wagina Bovidae Dyokappa  UNC
BPVZI  BR P Body Bovidae Xi X1
CeaPV1  HU PP Cervidae Deita Delta 5
CePvl T FP Cervidae Epsilon UNC
CePV2Z  NZ P Cervidae X UNC
Pl BE HE Bovidae Phigpa Phippa 1
GePvl DK Skin besion Giraffidae Deita UNC
vPVL  US FP Cervidae Deita Delta 2
CaPV1 AU M Bowidae Dielta Delta 3
CaPvZ AU M Bovidae Delta Delta 3
QaPvI T 50C Bovidae Dyokappa  Dyokappa 1
QaPvd T FP Seratum Bovidae Deita Delta 3
PmuPVi  DE Hair feslfiches, Cervidae UNC UNC
RalPV1 UK P Cervidae Deita UNC
ReFWL T Ma solatia | neogplasia Cervidae Dyokappa  Dyokappa 2
RIFVI LS M Cervidee Deita Dedta 1
RIFVZ MO Eye swab Cervidae X X3
RiPW1  DE Hair folickes, Cervidae UNC UNC

PV, Papillomanvinuses.

*Countries: Australia (AU Brazil (BRY China (CNJ; Denmark { DK); Germany (DEL Haly (L India (INE Jagan (JR); New Zeatand (MZE Morway (NOE Swe-
den (SE); United States of America (US) Belgiom (BEL Hungary (HUL Tuskey (TRE United Mingdom (UKL South Korea (KORL

“Eological samphes/lssion cutaneous papilionas (CPL pumonary fibromatosis (PFL epithefial papilloma (EPL fibropapilioma (FR; urinary biadder (UBL
healthy skin (H5); upper digestive trad (UDTE sarcoid (SARL squamaous. cell candinama (SCCL squamous papillema (SPL urinary blsdder tumours (UBTL
SUNC (unchassifiad].

A1 {missing informaBon).
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that are still not clasified s speces (BPYVIT and BPY20). The Delta-
papilomavirus and Epsilonpapillomaving genera comprise one single
species each, Deltapapllomavinus 4 (BPVL, BPVZ BPVL3 and BPY14)
and Epslonpapilomavinus 1 ([BPVS and BPVE), respectively. The
BPVT also comprises a single species. the Dyaypopllomavinus 1 spe-
s,

Lately, twe new BPV types named BPV14 and BPVIE were clas-
dfied into the Dyekoppapapillomaving genus. Other two new BPY
types (BPVLY and BPYV21) recently described are representatives of
an undlsssified pemes. Further, two more of the recently desoribed
mew types (BPVZ2 and BPV23) custer in the Dyokappa (Basermann
et al, 2017) and Ximplbmavins genus (Da Slva etal, 2014),
respectively. The cument classification (https://pave.n sk nihgov) of
Rumirantia PV and some dassfication sugpestions are sumimarized
in Tabie 2 (see also Figure 5 and Figure 51

The genetic characterization by PCR using the degenerated pri-
mer pairs originally designed for HPY detection [FAPSS (FAPS4 ar
MYD#/MY11), which amplifies a highly conserved region of PV L1
gene (Forshund, Antonsson, Nordn Stendguist, & Hansson, 1999; Sni-
jders et al_, 19901 has enabled the identification and characterization
of several PV types in almost all affected PV spedes (Antonsson &
Hamsmon, 2002 Gottschling, Wibbelt, Wittstatt, Stockleth, & Mindl,

TABLE 2 Classification scheme of Ruminantia PV genus, species
and types
Ruminantia PV
Genus e types
Deflapapillomavis Deltapapilomavirs 1 ASPVL RIPV1
Deltapapilomavirs 2 ovPV1
Deltapopilameanires 3 OaPVL 2 and 4

Dettapapilamavine 4 BPV1, 2,13
and 14
BgPY1
Dettapapilamaving 5 CeaPVi, RalPV1
* Gl
Kipagilomavirs Sipapilbmanins 1 BPVE, 4,5, %, 10,
11, 15and 23
Mipopibmavines 2 BPV1Z
Sipapilbmanins 3 RtPVZ
= BPVZ0 and 17
and CePV2
Eribnpapilomovins Gp@lepopilomavius 1 BPYS and §
- Cafyl
Dyaipopsillamayis Dy ins1 BRVT
Dy i wius Dy i vims 1 OaPV3
Dyokappopapiflomavius 2 RiFVL
- BPV16 and 22
Phipepillorn avins = ChPV1, RPVL
= = BPV1E, PouPvi
= = BPV1F and 21

P, Papillomarvinses
“indicate types not yel ssgned into a speces or genera

2008; Munday, Dunowska, Hills, & Laurie, 2013; Rector et al, 2004),
as well a5 in new BPY types in both dairy and beef cattle from dis-
tinct shical regions workdwide (Lunardl, De Alcantara, et al,
2013 Opgawa & al, 2004). Alo, putstive and new BPY types, par-
tially or totally sequenced by Sanger or NGS have been published
recently (Da Silva et al, 2015 Dawdt, da Silva, Streck, et al. 2014&;
Lunardi et al, 30148). However, the devalopment of NGS has enabied
the discovery of new BPY types that were not amplified using FAP
or MY primer pairs (Da Silva et al, 2016; Daudt da Silva Streck
et al, 2018)

3 | VIRUS STRUCTURE AND GENOME
ARCHITECTURE: A COMPARISOM OF LARGE
RUMINANT PV GENOMES

The PV virion shell is composed of the major L1 and minor L2 capsid
jproteins, which constitute an icosahedral structure devoid of lipopro-
tein emelope The capsid shell contains 72 capsomers (pentamers)
of L1 prolein and possesses approsimately £00 A in dismeter
(Modis, Trus, & Harrson, 2002)

The genome of these vineses & double-stranded and droular
DNA of approsdm ately 8,000 base pairs (Bernand et al, 2010; de Vil-
liers et al, 2004; Modis et al, 2002; Rector & Van Ranst, 2013), and
in the matwre viton, the viral DMNA s ssocisted with host cell his-
tone proteins HZa, HZb, H3 and H4 in a chromatinlike oomples
(King et al, 2012) Additionally, it is organized within the viron (and
infected cells) like celldlar DNA in a minichromosomal form feplso-
mal) {King et al, 301%) Genomes of oncogenic PVs may also be inte-
grated into the host coll chiomosames, an event commonty linked
with enhanced expression of oncogenes and consequent call trans-
Tommation (Doorbar et al, 2007)

Their genome arganization comprises five or dx early [E) ORFs
and two late (L) ORFs (Bemard et al, 20100 The early ORFs coding
for two preteins (E1 and EZ), which are invohed in replication and
tranc ription; thiee oncoproteins (ES, E6 and E7), which are invobed
in cell transformation and the Ed4 protsn, which contributes to vr-
o prodection and actuslly exhibits an expression pattem doser to
the late proteins The late proteins L1jmajor) and L2 jminor) are the
sinsctural components of the viral capsid (Doorbar et al, 2013).

4 | DELTAPAPILLOMAVIRUS AND
ONCOGENICITY: HIGH-RISK PV5?

In humans, most mucosal HPY types cause benign lesions, but thene
are some types which are considered oncogenic or high-risk Py's that
lead to the development of malignant ledors (De Martel of al,
2012). The high-risk HPY types (mainly Alpha genus) are considered
a mecessary cawse of cervical cancer, and its prevalence in penile,
wulvar, vaginal and anal cancers & of major relevance (De Martel
et al, 201Z) Smilay, in cattle, the Delta-PVs comprise the high-risk
mrucosal types that can cause winary bladder cancer in thalr natural
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hosts, Both BPYY and BPVZ can cause single infection on epithelial
andfor mesenchymal cells but crossinfections are alo freguent
(Bergvall, 2013; Bocaneti et al, 2014; Munday et al, 2015).

Considering the maminant PV genomes, the Delta PVWs are mone
often invohed in malignant lesions hitherto [Borzacchidlo & Rop-
erto, 2008; Martano et al, 2013; Roperio, Munday, Comrado, Goria,
& Roperto, 2015 In cattle the BPVs 1 and 2 are the most fre
quently reported in wothelisl badder tumours workiwide (Borzac-
chidlo & Ropento, 2008; Marano o al. 2013 Roperto, Mundsy,
et al, 2014; Roperto, Risso, et al, 2016). Recently, the invehlement
of BPVE 13 and 14 a5 cawsatie agents of whinary bladder tamowrs
in cattle grazing on pasture containing bracken fern has been sug-
gested through detection of their penome in single- and co-infec-
tons of evidence of ther E5 expression in affected cattle from italy
{Roperto, Munday, e al, 2014 Roperto, Russo, et al, 2014
Roperto, Russo, Ozkul, Cortegio, et al . 2013] Accordingly. all the
Delta P¥s encode the ES ORF (Figwre 2) following the E2/E4 ORF.
Moreover, these genomes contain the ES and E7 ORFs following the
long control region (LCR). The set of all three E&/E7/ES oncogenes
are dealy present in the Delta-PVs while the ather genomes enoom-
Pzt even bwo of these ORFs. The only exception observed is the
BPVE (Egsilon-PV) that shares all these properties bl was never
reported in malignant lesions (Table 1).

41 | Ruminantia PV oncoproteins: a comparison

411 | E5 protein

Despite its small size jonly 40-85 amino adids (aall, the ES protein i
the major BPY oncoproten (DiMalo & Pettl, 2013). The ES protein
shows high lewdne content. This very hydrophobic protein s local-
ized in the cell endomembrane compartments, particularty the Golgl
apparatus (Masir & Campo, 20081 This type || tanananbrane pro-
tedn s wsually bocalized in basal keratinocytes (DiMale & Pettd, 2013),
showing strong Wransforming activity and ks highly expressed in

cances cells (Intemational Agency for Research on Cancer, 2007).
However, the role of ES in productive infection & poorly defined
(DiMako & Pettl, 2013)

Studies in cattle have detected the ES expression only in cancer
cells but not in nomal ones (Borzacchiello & Roperto, 2008). The ES
protein interacts with the platedet-derived growth factor receplors
(PDGF-R] finvehed in cancer development) in both epithelial and
vascular tumowrs of the urinary bladder in cattie (Borzacchiello &
Roperto, 2008). The companison between all Ruminantis PV gen-
omes shows that ES oncogene = present in all Delta-Ps (high-risk
Pyis), one Brallon PV (which has mnot been relsted to cancer up Gl
now) and in a vanety of Xi-PVs (BPVS, BFVI0 and BPV1SL not
incheding BPVA, which iz the only Xi-PV related to malignancy so far
(Table 1. Figwes 2 and 51). Usually, Delta genomes encode the ES
gene al the ¥ end of the early genome region and i expresed from
a gpliced mRMA that inilistes wpstream of the E2 gene (DiMaio &
Petti, 2013) Also, cofactors such as bracken fem ingestion, which
contains mutagenic dhenicals and immunosuppressants, are substan-
tial for the ooosmence of cancer (Inbemationsl Agency for Reseanch
on Cancer, 2007

Interestingly, when Xi gencmes contain ES genes, they are sub-
stituting E&/EE genes ifirst eaty region ORF). Despite its distingt
location, the protein size is almost the same in length (42 aa) when
compared to Delta ES (41-53 as).

The analysis of ES predicled aa sequences from the Ruminantia
P showed that the Deltapagillomavirus 4 species has great similar-
ity among the PVs analysed (Figure 52). In the Delta 4 species, the
most dissomant ES aa seqguence i from BPV1A, which was recently
detected in wothelial bladder tumowrs in cattle from southem italy
(Munday et al, 2015; Roperto, Munday, et al. 2014) Also, the Xi-
PVs, which are not imolved with cancer so far, showed the maost
variable ES {Figure 52).

interestingly, the high-risk BPVs ([BPVL BPVZ and BPVLS) and
the BgfVl are almost identical in its ES aa sequence. Most differ-
ences observed betwesn BPVLS and BgPV1 ES are located at the
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FIGURE 2 Ruminant genomes and thar putative open reading frames (ORFs). All Delta mermbers contain the B4, E7 and ES oncogenic
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C-terminal protein. BPVL3 presents a conservative aa shift (E to O)
at déth pesition (Lunandi, De Alcantara, et al, 2013), and the BgPvi1
conlasins a non-conseratie change (G to 5] at 51st aa position
Additionally, BPV14, as GoPVL, contains non-conservative changes
al these positions. Maoreover, the BPVL, BPVZ, BPV13 and BgPvil
condst of a pecullar conserved region from 11th to 15th aa position,
@ior to the lescine nich regon.

This conserwed regon among the Delta 4 PV comprises a
sequence of non-polar and polar aa followed by three non-polar a3
However, BFV14 comprises 3 polar and basic as followed by three
ron-polar s, which also eooers in the Delta 3 PVs [0aPVL, OaPvZ
and 0aPVi) and Delta 5 (CeaPV1). The Epsilon 1 representathe con-
dsts of a basic, polar, nevtral and polar a3 sequence in this reglon
Therefore, this comservative region among the high-risk Delts- Pés
could play an important role in malignancy cell transformation {Fig-
we 52

412 | E6 protein

The profiferation of the basal and parabasal cells s med ated by E6
and E7 oncoproteins, especially when the epithelium is infected by
the high-risk HPV types (Doorbar ef al, 2012) The E& oncoprotein
wromates neopladtic transfomation 25 E6 s a tramsoriplional activa-
tor. This oncoprotein targets the umour suppressor proten ps3 for
degradation via ubiquitination. The Eé oncoproten inhibits the p53
tumour suppressor by discontinuing the transcrption of the coaliva-
tor CBO/p300 that may be necessary, but not suffident, for csll
transformation ([Zimmennann et al, 2017). The CBO/E300 proteins
are imvolved in transcription and cell transformation and particpate
in a variety of cellular functions such as in the complex biclogical
posses that affect coll @owth, transformation and developinent
(Goodman & Smolil, 20000

The most oncogenic BPVs reported (BPVL BPVZE BPV13) and
BgPV1 contain an ackd a3 reddue at FOth position (EL 3 non-conser-
vatie change while the other Ruminantia contains a majority of
ron-polar, polar o basic aa All Delta 4 also contain an acid aa resi-
dise sl BOth position (D), as Delta 5 ({CeaPV1 and RalPV1) and the
Dyokappa member BPVZZ and the unclassfied BPVIE Dyad 1
(BPVY) contains four more aa (CX06-X33-CXX) that are polar, non-
polar followed by two basic aa in the first zinc finger prediction.

All Delta 4 PVs condat of an extra polar aa, polar aa (M) in the
second zine finger predicion (CXX-X30-CXX) (aa postion 168
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Interestingly, following this extra polar aa, the Delts 4 constds of
two mon-polar aa residees (1) (BPV14 contains an aa conservatie
change V). The Delta GoPW1 (GV), the Xi 3 RIPVL [GW) and the
undefined genera components, REPVL (AW) and ChPVL (WW), also
combain mon-polar 23 residees at the same position while other Rumi-
nantia consist of vanations. However, all Ruminantia E4 ends this
section with a non-polar a3 residue, except CePV1 (KY), which is
composed of an undefined genera related to the Epsilon genera (Fig-
ure: 31

Moresver, albst it is not commonly reponted five E6 predicted
proteins have one putstive retinoblastoma protein-binding site (pREB-
binding domain LXCME) overlapping one of the two zinc-bindng
domains. Also, although the zinc finger doss not fold properly, it
somehow, could also play a role in tangeting the retinoblastoma pro-
tein (Figure 3). Interestingly, these sequences belong to Della genus
(Deha 4, BPV1 and BPV13—an position 42-6&; Delta 3, OaPvi,
0aPVZ and the Della member OaPV4—as positions $%-103), which
are the most common genera linked 1o malignant ool transfomation
(Borzacchidio & Roperto, 2008). The Ruminantia E6 sequences lack
a PDZ-binding motif (ETQL) in its Ctemmines. Although there are
divergences amidst the predicted E6 prolsin in the Ruminantia Pys,
there are some global conserative regions beyond the zinc finger
domains that could be essential to its ansforming functions (ses
positions 72, 109, 139, 151 and 152 in Figare 3).

413 | E7 protein

ET oncoproteins are thought to interfere with the host cell cyde
by targeting the cell cyde regulator pRB, leading to proliferation of
the basal and parabasal cells (Doorbar et al., 2012). High esxpres-
sions of E6 and E7 in cells at the lower layers interfere directly
with the cell cyde, stimulate uncontrolled division and are directly
related 1o the increasing severity of neoplasia in humans | Doorbar
etal, 2012).

The pRB-binding domain = present in 23 of 41 E7 Ruminantia
encoded proteins. While all Ruminantia X, Dyokagmga and Ph genus
lodges pBR. Dela, Emsion and Dyodd members lack the canonical
pRE-birding domain LXCXE. The absence of pRB-binding domain in
it E7 protedns with the E5 presence in some Ruminantia Pvs has
bean linked to fibropapilloms-associsted vineses (Marechania et al,
2017). However, there are some Delta and Epsilon PV relsted to
fibropapill oma lesions | Table 1)

=F

—i—— — 1

FIGURE 3 Alignment of E6 proteins from Ruminantia Papillom anses (PY) genomes
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FIGURE 4 Alignment of ET7 proteins from Ruminantia Papill omavineses [PVs)

The majority of Ruminantia E7 oncoproteins consist of a zinc fin-
ger domain (OO0C-200-0000). The exceptions are BPVA, CePV2,
BPVE and PpuPV1, which belong to X, Eesllen and unclasified gen-
efa, wherein the CO0C motifs are separated by 30 aa residues (Fig-
wre d). The set of BPY oncoproteins, E5, E6 and E7, are known to
cooperate in cdll trandormation (Masic & Campo, 2008). Both the
careful analyss of it predicted proteins and the biological sample
histologcal dassification are important to elecidate the real role of
ench oncoproten in cdl transfommation amidst Ruminantis hosts.

5 | PAPILLOMAVIRUSES SPECIES IN
RUMINANTS

Mowadays, there are al least 200 HPY types fully seguenced and
characterized. In contrast, only 3% neminant PV types are recognized
up to now (hitps://paveniaidnihgov/], which leads us to support
the importance of improving the efforts to characterize animal Pis.
Recent studies, some wsing high-throughput sequencing platforms
have shown that animal Pys were underestimated and new types
have been charscterized (Bmsermann et al, 2017, Da Sika et al,
2014; Dawdt, da Sila, Streck, et al, 2016; Lopez-Bueno et al, 201&;
Tore et al, 2017).

Although numerows BV types have been described lately
(Bavermann e sl 2017; Da Silva o al, 2014) other reminant spe-
cies are less gudied and comprise only 18 PV types in 3 total of 13
ruirinant species (Table 1L After analydng the Ruminantia PVs, it
can be noliced that all eminant PVs belong to the same genera
described for BPVs, with one exception, the ChPV1 (Capra hincus
papillomavinis 1 —domestic goat). Therefore, the genetic characteriza-
tion of Ruminantia PVe could offer an impontant basic knowledge to
uwnderstand the intraspecific and interspecific relationship between
the PVs as well as between PVs and their distinct hosts

Ruminantia PVs comprise six known genera: Delta, Epsilon, X1, Phi,
Dyakappa and Disxypapilomavins and one putative wie lscified gemus
(hvtbpess/ fpaventaid nibgov /). Here, we auggest one new unclassified
penus related to the Dyskappa genus (Figures 5, &, S2C and 53). This
clade iz supponed by BPVIE and PpuPVi. which diverge from

Dyokappa by more than 55% and represents a diverse branch from
Dyakagpa members. Also, on exploring the identity and the Ps phy-
logenetic position, the same analysis comprigng of the Delta-PVs
shows that GePV1 s the most wnlike Delta genome and, probably, is a
representative of a new species in this genus (Figure S2AL in the
same way, the CePV1 could comprise the Epdlonpapilomavius 2 in
the Egstlan-PVs (Figare 5200 and BPVI0 (more related to RIPVE)
could be conddered as a Mpapillomavins 3 species |Figure S28).

6 | EPIDEMIOLOGY

In Bos tawus, BPVs are widespread, besides the type distribution is
nol the same in the shedied regions. They are present more fre-
quently in young animaks, especially in housing conditions., | nchuding
dairy cows regarding the milking processes Also, bad nutrition lack
of proper deaning and are fsk factors for
the development of papillomatosis, as they can case stress and,
consequently, immunodepression, which influences the presence and
the severity of this disease (Da Silva et al, 2015; Smith, 200£). Inde-
pendent of technology level of lhestock exploration, the papilloma
lesions are particulary relevant in dairy cattle herds.

Due to the complex and the difficulty of tisue culture systems
for the in vitro propagation of the PV (Bienkowska-haba et al,
2018), detsiled genetic and moleoular information has been ac owmu-
lated, especially in human and bovire papillomavins, using cloning
and Sanger sequencing. Latay, the new technology of high fficiency
sequencing has enabled the characterization of mew amd putathe
new BPVs (Da Sika et al, 2016; Daudt, da Sika, Streck, et al, 201&;
Munday et al, 3015). As PVs are cosmopolitan vinses, they hae
been detected in many regions of slmost all continents infecting a
large range of amniote species (Rector & Van Ranst, 2013)

Besides the high lesions frequency level, the PV genotyping i still
sporadic. The majority of BPY type-specific prevalence data are from
Japan and Brazil Brazil i one of the langest beef and milk produces in
the world, and 21 of 23 BPV types were detected and described here,
a5 well 35 a great mumber of putative new types (Batists ot al, 2013;
Carvalhvo, Batista, Siva, Balbing, & Freitas, 2012; Da Silva et al, 2014,

i reta llat
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FIGURE 5 Ewolutionary relationship between Ruminantia Papillomadreses (PV) L1 complete gene The evolrtionary history was infer red
wsing the madmum-ikelihood method based on the peneral time-reversible model. The: tree with the highest log likelihood |- 38,092.55) is
showin. Initial trees) for the hewrstic search was obtained automatically by applying Meighbor-Join and BiohJ algor thins to a matrix of
jpainwise distances estimated using the maxirum com pesite likeihood (MCL) approach, and then selecting the topology with supenior log
likelihood value. A discrete Gamma distribution was used to model evolutionary rate diff efences among sites (5 categories (+G,

parameter = 0_B34%)). The rate variation model allwed for some sites to be evolstionarily imariable ([H], % 205 die<) The tree & drawn to
srale, with branch lengths measuned in the num ber of substibutions per site. The analysis involved 41 nuedestide sequences. All positions
containing gape and mising data were diminated. There were a total of 1.307 positions in the final data set Evohrionary analyses were

conducted in MEGAT (Tamura, Stecher, Peterson, Filipshkd, & Kumar, 2013)

2017, Davdt. da Siva, Ghulski, et al, 2016; Daudt, da Sika, Streck,
et al, 2014 Lunardl, Alfier, et al, 2013; Lunardi et al., 2016). The
BFY typespecific distribution and thelr association with specific
leshons in catthe are sumimarnized in Table 1.

The Bovidae family also condsts of PVs that were characlerized
in three other host spedies: Capra hincus (ChPVLE Ovis arles (0aPWVL,
OaPVE 0aPV3 and the OaPVa recently described (Tore etal,
2017} and Bas gumndens (BgPW1) The other Ruminantia PV are
sporadically diagnosed Beyond the Bovidse family, the Cervidse
fairily is the second most studied, compridng of 11 PV types, char-
acterized inlo nine animal spedies nowadsys hitpss//pave nialdnih
govf]. The roe desr papillomavines (CcPV1) infection has been

identified as an endemic disease in roe deer populstion of the Car-
pathian Basin in Central Ewope (Hungary, Austria and Croatia)
(Erdélyi etal, 200%). The PV type-specific distribution and their
lesion associstion in Ruminantia are summanized in Table 1. The dis-
tribution of different BPY types is shown in Figure 53

7 | PAPILLOMAVIRUS DISEASES

7.1 | Cutaneous papilomas

The cutaneous lesions in cattle can display distinct morphologes and
have been grossly dassified into filiforr, pedunculste and atypical
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FIGURE & Evohstionary relationship
Ietween Ruminantia papillomavinses L1
gene and representatives of each
Papillomavineses (PV] genera available in
PaVE. The evohstionary history was
inferred using the maimum- | kelihood
et ol b o the general Lime-
reversible model. The tree with the highest
log likelihood {—80,284.03) ts shown. The
percentage of trees in which the
assoriated tava dustered togetber s
dhvown mext 1o the branches. Initial treseis)
for the hewrstic search was obtained
automatically by applying Meighbor-Join
and Biohl algorithms to a matrix of
pairwise digtances estimated using the

with auperion ko likelibood vale A
discrete Gamma distribution was used to
el evolutionary rate differences among
dtes (five categones (G,

jparameter = 0F788]). The rate variation
minde allowed for some sites bo be
evolutionarily invariable [+, 4.28% sites).
The tree is drawn to scale, with branch
lengths measured in the mamber of
aubstitutions per site. The analysis invohed
¥2 nudlentide sequences All positions
containing gaps and mising dats were
diminated. There were a total of 1156
podtions in the final data set. Evolutionary
analyses were conducted in MEGAT
(Tamura et al, 2013)

fonms, a5 planar shape or squamous papilloma (Da Silva et al, 2015;
Grindatio et al, 2015; Lunardi et al, 2016). The typical pedunculate
fonmn presents vemueous aspect, known 25 caulifower form. Papille-
imatows lesions are found in head, neck, dorse, abdomen, wdder, teat
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and mucosa of digestive and genital tracls (Batista et al, 2013 and 14 (Table 1)
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Borzacchidio & Roperto, 2008 Clsus, Vidan, Lunardi, Alfierd, &
Alfierd, 2007; Lunardi et al, 3014) (Table 1) Virtwslly all BPVs have
bean detected in cutaneous lesions, even the PYs which are found
in malignant legons, 2 the Delta-PVs represented by BPVs 1, 2, 13
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Cutaneows HPY types cawse asymptomatic or  seli-limited
benign tumowrs and are usually classified a5 Slow-rsk® PV types
(mainty from the Gamma and Beta genera) (De Mansl ot al, 2012)
Smilarly, cutanecus BPY types could be dasified as “low k" as
thesr infection uswally causes seli-limited bentgn tumowrs (Table 1),
a5 it happens in low-risk HPV types These low-risk BPV wvinses
have been casified into all genera that BPV types belong to |Fig-
well Among Ruminantis members, cutanecus ppillomas and
fibropapillomas are the most frequently detected lesions induced
by PVs (Table 1)

Commaonty, diverse BPY genera are associsted with distinct dis-
anses. In general, Xipapllemaous are classified as epitheliotrepic PV
(BPVE, BPV4 and BPVEL Delopapilomavirus are associsted with
fibropapillomas and cstarecus papillomas (BPVL, BPVZ BPVIZ and
BPV14) 2 well 25 the uwrinary bladder (BPVs 1, 2, 13 and 14) (Borza-
cchiello & Roperto, 2008, Lurardi, Alfieri etal, 2013; Roperto,
Russo, etal, 2018) The Emfonpopilomavins gemes (BPVS and
BPVE) k& linked to cutaneous papillomas (Clavs et al, 200%; Da Sha
o al. 2015, 2014; Tomita et al. 2007, and the Dyaxipapillomavirus
genus was desoribed in healthy skin swabs and has been linked to
culaneous papillomas in test and body (Ogawa, Tomita, Okada, &
Shirasawa, 2007, Savinl, Gallina, Albertl, Miller, & Scagliarind, 2014
Tozato e al, 2013 BPVA, BPVT, BPVE, BPVY and BPVIO are was-
ally linked to benign squamous papilloma (showing varying degrees
of hyperkeratosis or parakeratosis, with eongated digital-like prolif-
eration of the sguamous epitheliwm] and fibropapillomas |besides
BPWT) (Lunardi et al, 2016; Tozato et al, 2013).

Although considerable efforts have been made to map the pre
femred body site for each BPY type and it ks thought to be important
to better understand its biclogy, it appears that the BPV infection is
guided mainly by its troptsm for mucosal and cutaneows epithdiums
(Table 1). Also, a5 the animals harbowr PVs in healthy skin (Campo,
damett, ONeil, & Bamon, 1994; Ogawa et al. 2004) and tumours
appear at sites of damaged skin (Campo o al, 1994; Doorbar et al,
20132, there iz a probability to find BPY types in dtes where there &
maore abrasion, acconding to the fam management. |n addition, there
are evidences that they are not restricted to avy anatornical site in
cattle (Batists et al, 2013 PV infection regarding Cerddae Giraffi-
dae and other members of Bovidse family & poorly detected and
studied, and it is difficult to speculate the frequent body site where
it causes lesion. Therefore, more Studes invohing this lssue are nec-
esgary to clarify the relevance of this aspect in PV muminant infec-
tions.

72 | Teat papillomas

BPVE, BPVY, BPVE, BPVY and BPV10 were [dentified in teat papillo-
mas in dairy cows of Japan and sowthermn and south-eastern Brazil
through sequencing of FAP primer pair PCR prodects [Hatama,
Mobumoto, & Kanno, 2008 Lunsrdi et sl 2016 Torato etal,
2013). Recently, the putative new types BPV/BR-UELS and BPW
BR-UELY, BAPVY and a sublype of putative new type BAPVA were
also reported in teat papillomas in these Brazilian regions | Lunardi

et al, 2014). Although the presence of teat and wdder lesions could
be assoristed with mastitis and the decresse in milk production
(Campo, 2006), which leads to the cow'’s ealy disposal, there are
few studies regarding teat papillomatous lesions.

7.3 | Bladder carcinomas

Bladder carcinomas are relstively common in cattle grazing on
bracken fern in synengy with BPVL and BPV2 {Ropento et al, 2010;
Roperto, Russo, Osul Corteggo, etal, 3013 Roperto, Risso,
Sepici-Dincel, et al, 2013; Wosiack, Rets, Alflerl, & Alfierd, 2002
They were slso detected in bulfaloss and yaks, although sporadically
(Roperto, Russo, Orku, Coneggio, o al, 2013 Ropeno, Risso,
Sepici-Dincel, et al. 2013)

The dinical signs of chionic intosdcation caused by the bracken
femn are anoresia, inappetence. progresshve weight loss, bloody diar-
rhoea, cough and dysphaga. The imr jon cmesed by
bracken fem could promote haematogenous spread of BPVE to the
bladder and allow prolonged infection of the bladder by the PV,
leading to hasmaturia and cystitis progression (Munday, 2014) The
wrinary bladder tumour incidence among cattle grazing on this pleri-
dophyte is higher than $05%, and it is characterized by haemonhagic
and hyperplasic lesions from bladder mucesa, which frequently pro-
gress to neoplasm (Roperto et al, 2010)

74 | Upper Gl carcinomas

The upper gastrointestinal carcinomas are mainly cased by BPYY
infection in synergiam of bracken fem grazing (Borzacchiello & Rop-
erlo, 2008 Campo, 2004) but may even be due to some other fac-
tors swch as infection with bovine viral diarrhoes virus {Borzacchiells
& Roperto, 2008). The BPV4 infection leads to uncontrolled call divi-
sion, and the presence of bracken femn cardinopers added to the
serondary genetic changes can lead to cardnomas (Doorbar, 2005

Quercetin is a mutagenic flavonoid that s present in Pendum
aguilinm, which binds to the DMNA cavdng several DMNA and chino-
mosomal damages as the DNA breaks and reamanges and amests
nommal profifersting cells in the G1 phase of the call oycle | Beniston,
Morgan, Bien, & Campo, 2001) Primary bovine cells (PalF) partially
trangformed by BPVA activate its oncogenic transformation after a
single exposure to guercetin (Beniston et al, 2001) This potent
mulagen can activate a ci-acting dement located at BPVA LCR,
which can lead to over transoription of ET oncopene |Borzacchiello
& Roperto, 2008)

7.5 | Papilomavirus cross-infections

Generally, PVs are sirictly spedes- and tsase-specific. although
equine sarcoids can be caused by BPVL BPVZ amd BPVL3
(Lunardi, De Mlcintara, et al, 2013; Nagr & Campo, 2008). Other
eamples of oross-species infections determined by Delta-PVs are
the detection of BPVL in cutanems fibropapillomas of a giraffe
and & sable antedope (Van Dyk et al, 2013 cutaneous warts from
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buffakes infected with BPV: 1 and 2 (Pangty, Sngh, Goswami,
Sailumar, & Sorandhl, 20100 and the invehement of BPYVZ in
carcinogenests of urinary bladder of buffslos grazing on pasture
containing bracken fem (Roperto, Russo, Ozkul Coneggio, et al,
2013) Also, BPVL and BPV2 were reported in yaks associsted with
cutanecus papillomatosis in the north-east region of india (Bam
o al, 2013)

Recently, the consigtent identification of BPV14 DMA in mes
enchymal neoplasms of domestic and exotic felids has suggested the
role of BFV14 as the casative agent of feline sarcoids. As BPVL4
was only found in association with lesions in cattle, cats and African
lions, it seems that the host range for this viral type may be Bmited
o bovids and felids (Da Silva et al, 2013 Muonday & Knight, 2010;
Munday, Knight, & Howe, 2010; Munday et al, 2015; Orbell, Young,
& Munday, 2011; Ropento, Russo, et al., 2016

7.6 | Mixed and co-infections

Occurrence of mixed and co-infections determined by different BPY
types in cattle with cutanecus papillomatosis has been congstently
doumented by imestigations  imolving affected  andmals  from
diverse geopraphical regions (Clauws of sl 2009 Da Silva et al,
2012; Savin @ al, 2016, Schimitt, Fiedler, & Miller, 2010). The high
freguency of asch infections has been demonstrated by moleoular
cloning of amplicons and sequencing of selected dones, PCR with
gpecific primers, POR-RFLP assay and multiplex-PCR in Luminex plat-
fomm {Kawauchi, Takahachi, Ishibara, & Hatama, 3015; Lunardi et al,
2016; Schimitt et al, 2010; Siha et al, 20131

More recently, the rolling drde amplification followed by next-
generation sequencing siratepy has demonstrated the high level of
BPV co-infection, as well as the characlerization of several new
BPVs (Dawd, do Sha, Streck, et al, 2018). The implications of the
high diversity of diferent BPY genotypes in a single lesion in cattle
auffering from culaneme papillomatosis are still unclear. Neverthe
less, the freguent observation of co-infection in skin warts of cattle
resembles the scenario shown for antaneous HPVs where infertions
by more than 10 HPY types can be identified (Antonsson, Forshund,
Ekberg, Stemer, & Hansson, 2000).

Curiously, esxamples of BPY co-infections have recently extended
beyond kin lesons and are characterized by frequent presence of
several Delta-PVs in individual wrothelial tumowrs of cattle grazing on
pasture containing bracken fem a5 well a5 identification of wp to fve
wirall types i roulating in the blood from andmals with and without cuta-
meows warls (Bocaneti of sl 2014 Roperto, Munday, et al, 2016
Roperto, Ruse, et al, 2016; Santes et al, 2014 Some studies have
dhown co-infection of BPYLS and BPVZ in cattle wrothelisl bladder
tuinowr cells, 25 well 23 BPVL3S itsell (Roperto, Mundsy, et al, 2016).
Addi tionally, BPV1 and BPVZ were detected by gPCR in a want col-
lected from the reticulm of a buffalo from India (Kumar et al, 2013).
In the case of winary bladder and gastrointestingl tracl cancer, pro-
longed ingestion of i esgant comp of bracken fem
could explain the ease of multiple BPY types infecting their hosts
{Roperto, Munday, et al, 2016; Roperto, Russe, et al, 2016).
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7.7 | BPV infection in non-epithelial cells

Bovine papillomavinses replication with vidon prodection is known
o ocour in the epithelisl component of associsted ledons However,
detection of HPY DMA in peripheral blood monomsdear cells
(PEMCs), plasma, serum, trophoblasts, unibilical cord blood as well s
evidence of productive infection by identification of viral transcripts
in PBMC in blood donors and wogenital infected patients reinforces
the concepl that PVs are not strictly epitheliotropic (Bodaghi et al,
2005; Sarkola, Rintala, Gréninan, & Syrjanen, 2008; Widschwendter
et al, 2003). The findings in HPV instigated | vestigations to confimm
active infection of BFY in bovine mon-epi thelial cells.

In cattle, the presence of BPY DA was demonst rated throwgh
partial amplification of viral sepments in blood, wrine, milk, semen,
placenta, ymph nodes, and cells and tsases of reproductive female
tract Expression of main structural protein and/or oncoproteing was
evdenced by RT-PCR, Western  blotting,  im munopr ecipit ation,
immunohistor hemistry and electron microscopy examinatjon of pa-
centa, sperm cells and PBMCs of healthy catte or animals suifering
from wrinary bladder tumowrs (Cota, Paleteiro, Petti, Tavares, &
Duarte, 2015; De Carvalho et al, 2003; Lindsey et al, 2009, Rop-
erto et al, 2008, 2011, 2012, Santos et al, 3014, and these consis-
tent remarks have confimmed that BPY replication i not restricted to
epithelia Beddes, it has been suggested that active infection of
CD4° and CDE" lymphocytes may represent the main croulating tar-
gets for BPY in blood, allowing for the spread of this pathogen to
mumerows ongans at initial Sages of infection (Corteggio, Floro, Rop-
eno, & Borzacchieio, 2011; Roperto et al, 2011).

8 | DIAGNOSIS

Diagnosis of papillomatosts can be performed clinically once the
alterations are well characterized 2= pedundle, or planar progresions.
of the epidermis can be observed (Schach, 20011 Ao, the
histopat hological findings and the [INA detection are indispensalie
for confimning the diagnosis (Betiol etal. 2012 Da Sibva et al,
2015 Lenard et al, 2014 Mundoy, 2014).

The PCR techmigue is an important disgnostic tool and is lagay
used for PV identification due to its high specificity and sendithity
(Forgund et al, 199%; Ogawa et al, 2004). However, PCR detection
can be affected by primary factors such as DNA concentration and its
purification (Ogawa et al, 2004). Type identification through PCR and
sequencing. using looks asch as BLAST (Basic Local Alignment Search
Tool), i shown o be the most sensitive method for PV i dentification
and ¢ harac teriztion | Borzacchiello et al, 2003; Zhw et al, 2012)

Some techmigees, such a: southern blol, dot blot and imirunohis-
tochemistry {IHCY, can be used for PV diagnosis (Munday et al,
2007). The IHD k& a substantial tool that allows the identification of
the vines proteins, which is important in viral activity observations
(Makamuwra, Mashima, Kameyama, Mukai, & Oguchi, 1997 The BFY
identification through IHG is penerally caried out using commencial
monodonal antibodies (anti-11 and  anti-EF. which  allows the
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fimurne: deterton of the major capsid protein and the EF onoopro-
tesin, respectively).

Histologically, papillomas are epithelial neoplasms that present
digitiform progression through the colular surface. It s common o
olserve hyperkeratosts, acanthosts of the spinal layer and koilooyo-
ds (Do Siha et al, 2015 Lunardi et al, 2016 Monteiro et al, 2008).
Hlso, cutaneous papillomas in cattle show epidenis proliferstion and
kerato-hyaline  granules [Campo, 3004 Grindatlo etal, 2015
Lesmardi et al, 2014) The presence of several islands of degenes ated
epithelisl cells asrrounded by a thick halo of hyperplastic epidenmis
can also be observed (Lunardi et al, 2016)

9 | CONCLUSION AND PERSPECTIVES

Papillomed neses are ancient vineses spread worldewide and infect a con-
sderable rumber of animal species, induding the species that arenot of
commecial interest. The recent research foousing on bovines has di-
covered a bemad range of mew vines types and fownd that co-infections
im animals are a< comimon as the ones reported in human bengs.
The analysis of Ruminantia PY oncoproteins has shown interest-
ing similarities betwesn the Delta 4 species which could be related
o their great potential for malignant ool transfomation. Hence, it
could be said that they are high-risk representaties. Also, their pre-
dction in cortain body parts & stll undear and, apparently, the
majority of BPVs wese detected in cutanecus papiliomas hitheno,
Even though BPV: are the major representative PVs in the Ruminan-
tis Suborder, more studies are reguired to confinn these speculs-
tions. BPVs are detected virtually in all cattle herds that are studied
However, even wild maminant research i important, both to wnder-
stand virses bislogy, intra- and interspecific relationship, and maindy
itz evohstion, which i P
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ARTICLE INFO ABSTRACT

Wpwants Domastic dogs share hahitats with lmman, a fact that makes tham a poential source of roonotic vimses.
High byl s qmessing Morenver, kmowlad g regarding possible bloodhame pathogens is importantdue to the incressing appliation of
m‘_‘?m-'“ o blood transfusion in dogs. In the present study, we evaluated the senum virome: of 520 dogs using throughput
‘Cunls bupams Famiarty sequencing (HT5L The serum samples were pooled and sequenced using an [lumine MiSeq platiorm. Our m-

3:‘:‘““ L hizsed method identified prevalent canine pathogens a5 canine protoparvovins 1 (canine parvovins 2), m.
dersearched agents 25 anine boaparvovine 1 (minute virs of enines) and canine droovims, doolar vimses
closdy relaied to virses recendy found in human samples, and new parvovirus and anelloviruses. The dog
virame desaribed in the present waork furthers the kmowledge conceming the viral papulation in domestic ani.
mak The present data inchides information regarding viral agents that are potentially transmited through
blood transfusion among dogs.

1. Introdduction

Domestic dogs (Coanis lupus fomilianis) are the most popular pet
wirddwide and share exensive contact with humans. Dogs share their
habitat with humans, other domestic animals, 25 well = wild animak,
which menders them a potential risk Betor for the tasmisdon o
potnatic vinses, such 8 mbies vires (Lackay e al., 2008) and rotvirus
(Tsugawa and Hoshino, 2008 Wu et al., 201Z) Momover, blood
transfusions in veterinary medicine have become increagingly common
and form an integral part of lifesving and advanced trestment of the
eritieally ill (Kisielewicz and Self, 2014; Langsion e al, 20170 Al
though the sermening for non-viml pathogens such 2 Babesa spp.,
Leashmania spp., Elrlichia spp., Angplemo spp., and Brucella canis is
recommended (Reine, 2004; Wardrop el al, 2005)the knowledge and
moniloring of viml agenis though effective tools represents an im-
portan sanitary step.

Through vimme analysis, il is possible 1o detect viruses whse
propagation & difficult or impaesible in cell culture and am not de
tectable by molecular detection tests since they contain no common
gene, such a2 the rdlomal 165 gene present in bacterdal species
(Delwan, 2007; Morens e al, 20171 The enhanced availability and

= Comesponding authaor.
Email address: clandin canal@ufrgs br (CW. Canal)

Tt/ Ao org/ 101 01 i wirnl 201809 023

application of high throughput sequencing [(HTS) technologies has fa
cilitated the deection of known and unknown vinses [Goodwin et al,
2016; Kohl et al, 2005 Virgin, 2014). Momover, melagenomic viral
detertion is “unbizted” a2 il utes non-specific primers to detect nucleic
acid sequences (Toohey-Kurth et al, 2016; Virgin, 20140

Previous studies concerning the dog virome addmssed the viral
components of the gastraintestinal floa (Li e al, 2011; Moreno et al,
2017) and characterized novel virnses as canine sapovins and canine
koburvirus (Li et al, 20110 Despite the fact that serum virame was
atgested with HTS in humans {Moustala e al, 2007), cattle (Sadeghi
el al, 2017 Toohey-Kurth etal, 2016; Wang et al, 2018), and horses
{Li et al, 2015), no mseanch has been conducted to investigate the dog
serum virame Thereby, the present study aimed o ealuste and
characterize the serum virome using HTS of healhy dogs inhabiting
Hortheastem Brewil.

2. Materials and methods
21, Sudy design and sorrves of sera

The blood samplet of 520 dogs were obtained betwesn March 2015

Recefved 23 Angust 201%; Recefved in revised form 26 September 201%; Accepted 26 Sepember 2018

00426822 £ 2018 Published by Elsevier Inc.
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and March 2006 from five whban centers eated in Pamiba state,
Korthesstern Brasil Joio Pesoa (167 samples), Campina Grande (158
samples), Patos (30 samples), Sous (37 simples), and Cajaeira: (68
smples). The blood samples were centrifuged a1 2000 g for 10 min, and
the senm was collecied and stored a1 — 80 C prior 1o the analysis. The
project was registersd in the Ethics Committee on the Use of Animals
(CEUA) of Universidade Federal de Campina Grande (UFCG) umder
protoc] mum ber #0041 /280614,

22 Viml memgenomics and HTS

The 520 dog sera wer agembled in one pod containing 100pL of
each serum sample The lotal 52 mL were passed through a 022 pm
filter and subsequently ultracentrifuged on a 25% sucrose cushion at
~100,000 = g for 3h & 4°C in a Servall AHEZS mior. The pelle
comlaining the viral particles was incubated for 1.5 h with DNase and
RMate enzymes (Themno Fisher Scientific, Waltham, MA, USA)
(Thisrber el al., 2009). Subsequently, the viral ENA and viral DNA were
isolated using TREel™ 1S reagent (Themo Fisher Scientific) and a
standard phenol-chlomdorm protocal (Sambrook and Rusel, 2001),
respectively. The viral DNA was enriched thmugh multiple displace
ment amplification (MDA), performed with ®29 DNA polymerase [ New
England Biolabs, Ipowich, MA, USA) (Niel o al., 2005). Furthermons,
the viral RNA was meversedranseribed and enrched o dsDNA using
TransPlex® Complete Whole Transeriptome Amplification (WTA) Kit
(Sigma-Aldrich, 51 Louis, MO, USA), following the manufacturer’s e
eommendations. The DNA products produced from thete enrichment
protocnks (MDA products from viral DNA and WT A products from viral
RNA) were pooded in equimalar amounts and purified using the Pure
Link™ Quick Gel Extraction and PCR Purification Combo Kit (Themo
Fisher Scientificl. The quality and quantity of the DNA were asmesad
thmugh spectmphotometry and fluommetry pedformed with Nano
Drop™ (Themmo Fisher Scientific) and Qubit™ (Thermo Figher Scien-
tifie) respectively. The viral libraries wers further prepared with 50 ng
of purified DNA, using the NMextera DNA Library Preparation Kit and
sequenced using an Mumina MiSeq System using an Mumina v2 e
agent kit {2 = 150 paired-end reads).

2.5, Bionformotic analysis

The quality of the sequences genermted was evalhs ted using FastQC.
Furthermore, the sequences with bases pomessing a Phred quality
soore < 20 were timmed with the aid of Gensious software [version
SU0.5) Subsequently, the paired-end sequence reads were de novo as-
sembled into contigs with the CLC Genome Workbench version 60001
(hitpe Svwwweclebio com/products el e-genomici-warkbenchl, Al as
semblies were confirmed thmough mapping mads o contigs produced
by the (1LC Genome Workbench using Gensious software. Thersafler,
the msembled contigs were examined for similarites with known se
quences through the BLASTX software using Blast2G0 (Gotx et al,
ZO0E). Sequences with E-values = 107 were clasmified as likely 1o have
originaled from eukaryolic viruses, bacteria, phages, or unknown
sviirees, a conchision reached bated on the taxonomic origin of the
sequence with the best E-value Gene and protein comparisons were
perfrmed with BLASTN and BLASTP programs (hitps:// blast nelinln.
nilugov /Blastcgil

Saquence: repretentalive of viruses belonging 1o the families
Parvoviridae, Andloviddne and Gemomoviddne were obtained from
GenBank and aligned with the sequences identified in the present study
with MUSCLE software (Edgar, 2004). Phylogenetic tres were con-
structed using MEGAS (Tamum et al., 2013,

24, Realtime PCR

The 520 dog sera were scresned individually for viral genomes
previously oblained thmugh HTS. Their DNA was isolated from sera

Wirslogy 525 (2018) 192-169

Table 1
Summary of sequences that matched with theanimal vins present in the pooled
dog serum sample and its Fequency in the 520 serum samples.

Virs hits (BLASTX, B Mool Kooof Conigs Frequency in e

wlue < 1010 hits  reak lengihs individual
pren

TPV 12 a1 &0-977 L34% (07,520
V-1 & 7 131543 03E% (2,50
Semviss 1 2 w0 HA

cacv 1 4 200 L34% {07/ 530
kW2 & ®aE 54670 S3E% (25,750
Thesamngu i 1 s 3475 HA

Nz Not amalyzed

uging a standand pheno-chlomform prowcol (Sambrook and Rusel,
2001). Furthermane, primens tamgeling Human o ocined gemykibiving 2
(GmEV-2) and Gamivore hocaparvovinus T (CEPV-1) were designed using
the Primer 3 software available in the Geneious version 9.0.5 using the
abtiined conligs and representative straing available in GenBank. Pri-
mers previously deseribed wers utilized for Carnivare protoparvoiinus 1
{CPPV-1) (Kumar and Nandi, 2010) and Carnine dreovirus {CaCV) de
teetion (Li etal, 2013) The sesvims-related sequence oblained in the
HTS wat not assayed az itis impossible 1o design specific primens with
smiall eontigh (109bp) that present a low identity with the semvine
mfernce genome (GenBank accesion number NC 02625110 Mare
aver, the Themmmuevine like sequences wene also not ssayed due o
the number of different specimens detected by HTS Table 1 sume
marizes the sequence, targel, and product size of the primens utilized in
the present study.

Furthermore, real-time PCRs were detigned with PowerUp SYER™
Green Master Mix (Applied Biotyftems, Foster City, CA, USA), with 2
prool of each primer, and 2 gL of o1l DNA, q4.p. 25 gl The ampifi
cation was performed with the following cycling profile for HGmEV-2
andd CPPV-1: 50°C for Zmin and 95 °C for 3 min for initial denaturation
and enzyme activation step, followed by 40 30 £ cycles for denaturation
al 95°C, 305 at 55 °C for annealing, and extension at 60 °C ke 30 £ For
CEPV-1 and CalV, the following cycle conditions wene applied: 30 °C
for 2 min and 95 “C for 3min for initial denaturation and enxzyme ac-
tivation step, followed by 40 cycles of 308 for denaturation &t 95°C,
and 1min of annealing/edtension al 60°C. A threshold cycle (Q1) value
of 40 indicates a viral nueleic acid quantity below detection level In
light of the Bet that the reaktime PCRS were not calibrated with known
concentrations of targel nucleie acids, the obtained O valwes only
flect mlative viral loads in samples and cannot be wilized 1o compare
viral genome loads acmea different simples. Moreover, all the real-time
PR products were stained with GelRed Loading Buffer (Quatm G
Pestquita & Desenvalviments, Porto Alegre, RS, Braxil), electrophoresed
in 2% agarose gels, and visuslized under UV light for confirma tion.

25 PR and Sarger sajusmcing

All pegitive samples in reallime PCR were submitted for Sanger
sequencing 1o confimm the specificity of the tests. The CPPV-1 pmitive
smples obdained in realtime PCR wene submitted (o PCR using primers
PV 555F and (PV 555R that amplify a 583 bp of the VP2 gene
{Buonavoglia et al., 2001) for CFPV-1 type definition.

The (BPV-1 whole gemome wers asembled using the viral reads
obtined in HTS and thmugh additimal PCR protocol pedommed with
previousy deseribed primens (Shan el al., 20100 The GmEV-2 whale
genomes were obiained using the viral reads obtained in HTS and with
additional PCR prolocok executed with primers developed using the
sequences oblained in HTS. Table A1 summariees the primers em-
ployed 1o abtain the CBEPV-1 and GmENV-2 full genomes.

The PCR products were purified uging the PureLink™ Quick PCR
Purification Kit {Invitrogen, Carkbad, CA, USA). Both DNA strands
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were sequenced with an ABI PRISM 3100 Genetic Analyzer wilidng a
BigDwe Temminator v.3.1 cycle Ssquencing Kil (Applied Biosystems,
Foster City, CA, USA) Funthermom, ovedlapping fagments were
aligned and assembled uting Gensious software.

3. Results
3.1, Dverview

One DMA lilvary consisting of serum samples obtained from 5230
v was genermaited and sequenced using paired-end 2 x 150 base runs
on the Nlumina MiSeq platform, which generated a total of 1,295,772
reads. The 80,134 assembled sequence contigs praduced with the 0OLC
Genome Workbench wers compared with the viral refernes databose
and the GenBank non-redundant protein databege through a BLASTX
search conducted with an Evalue cut-off of 107 in Blast2G0 (Gotx
el al, ZO0E)L Tt was found that the exogenous eukaryolic virusrebsted
sequences comprised 009% of the reads and 0.107% of the contigs.

Furthermore, eukaryolic exogenous virus-relaled sequences be
lomging to four viral families with single-stmmnded DNA (ssDNA) gen-
omes were also observed (Table 1) Additionally, vimal sequences
lated to fmilies Parvovicidee (CPPV-1, CBPV-1, and sesaviruslike),
Cireoviridas (CaCV), Genomoviridas (GmEV-2), and Aneloviridae (The
tatorguevins-like) were detected as well Momover, the majority of the
viral sequences studied shared a high degme of identity with known
animal viruses (CPPV-1, CEPV-1, CalV, and GmEV-2), while others
(thetatomuevimslike md sesavinsdike) exhibited a high degres of
divergence 1o genomes almady moorded in the GenBank Information
reganding the sequences and complete viral genomes obiained has been
deseribed in the foll wing sections.

5.2 Camivers protoparvevirus 1 (CPPV-1), Carnivore bocgparyovine 1
(CBPV-1) and Canine dreoving (CalV)

In the 520 pooled dog serem submitted for HTS, the presence of 12
contigs closely mlated 1o Ganine parvovine 2 (CPV-2) was observed,
which was mechmified a2 (PPV-1 (genus Promparvovine, subfamily
Parvevidinge, family Parvoviridae) by the Intemational Commitiee of
Taxenomy of Viruses (ICTV) (Cotmore e al, 2014) (Table 10 The ap-
plication of the specific CPPV-1 maltime POR-protocd {Kumar and
Handi, 2000) o individual samples revealed 1.34% (7/520) 1o be po
sitive (Table 1). All the CPPV-1-positive serum were submitted 1o PCR
uking primers CPV 355F and CPV 55R that amplify a 383 bp of the VP2
gene | Busnavoglia e al, 3001) and DNA sequencing for CPPW-1 type
definition (CPV-2a, Zh, or Zc). Furthermors, samples wers asigmed 1o
ome (PV-2 type bated in the presence of a deduced asparagine (2a),
aspartic acid (Zb), or a ghitamic acid (2¢) in the amine acid position
426 (Buonavoglia et al , 2000 The seven samples tested shared 100%
of nuclestide identity betwesn them. In the nucleotide BLAST search,
the smples detected in this study presented 99.5% identity with PPV
1 strains Bel2014401, Beld015-01, and Bel2016-01 (GenBank accesion
numbens KX774249, KX774251, and KEN774250 respectively) repored
in the North Brawil. The sampls detected in the present study were
elmsified as CPV-3e due to the presence of a glutamic acid in the aming
acid position 426,

Four conligh closely related 1o the minute vims of canines (V)
were obtained from the pooled dog serm submitted for HTS {Table 1),
The CMV species, previously ako refermed (o @ canine parvovirus 1
(CPV-1), was reclassified s CEPV-1 in genus Bomparvovine of the
subfamily Parvovidnae and family Parveviridoe {Cotmore o al |, 2014).
With the application of the (BPV-1-specific realime PCR (Talle A1),
tweer ot of the 520 (0.38%) serum samples were fund 1o be positive.
The amplification products of thete two sampls were aibmitted for
Sanger sequencing and exhibited 100% nuclestide identity betwesn
them. The enriched DNA submitted for HTS was utilized in order 1o
albtain the full-length CEPV-1 gendome with the viral reads abtained in
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HTS and thrmugh additional PCR protocolk applied with previously
deseribed primers (Shan et al., 20100 The (BPV-1 whole genome ob-
tained in the pretent study wat named a8 LV-Paraiba and deposited in
GenBank under the accesion number MH713703 In a nuclestide
BLAST search, LV-Paraiba was found o share a higher level of identity
with (EPV-1 strain 5H1 {GenBank accession number FIES9734) de
tected in a dog that exhibited clinical signs of enteric disease in China in
the year 2009 (Shan et al, 2010) in whole genome [98.3%) NS1
(98.2%), NP1 (98.6%), VPl (97.9%), and VFZ [97.9%)L In onler 1o
present the genetic relation between LV-Pamailn and other Boacaparvo-
vire members, a whalegenome phylogensetic tree applying neighbor-
joining inference, Kinura-2 stalistical method, and 1000 bootstmp was
constructed in MEGAS (Tamurm el al., 2013) (Fg. A1) Furthermone,
the selected CEPV-1 siraing were chistered in the same branch sup-
ported by a bootstrap value of 100%. The CEPV-1 IV-Paraiba grouped
in the same terminal node of strain SH1 from China (GenBank accession
mumiber FIRYS734]) was supported by a 99% bootstrap vale We chose
1o present only the phylogenetic tree bated on the complete genome
sinoe it displayed the same topology as the mes lased on individual
Benes
One contig closely related with the replication asociated (Rep)
protein of CaCV (Fig. AT was observed in the pooled dog serum
submitted for HTS (Talle 1) Furthermone, CaCV falls within the 29
species of genus Greovirus of the Bmily Greoviddos (Bredtbart e al,
20171 The application of a CalVespecific real-time POR (Li et al, 2013)
(Table A1A) revealed 1.34% (7,/320) of the dog serum smples as
positive [Table 1)

The Cal¥-conlig obtained in HTS exhibit homaogy with Rep se
quencet of Ca0V and 98% nuclestide identity with CalV strain XF16
(GenBank acceston mumber MFPS77E6) detected in a dog from China.
In arder to verify the genetic relation between the Braxilian CaCV and
ather CalV members, a nucleatide partial Rep-bated phylogenstic tee
wias condtructed with MEGAS [ Tamura et al, 2013) with the neighbor-
joining inference method, Kimuma-2 satistical model, and 1000 boot-
sirap replicates (Fig A 30 The phylogenetic tre presented two bran-
ches supported by bootstrap valees of 77% and 9% comesponding 1o
CaCV siraing detected in dogs and the CaCV straing reported in foxes,
also defined 25 a divergent group within CaCV species named fox eir
covines, scearding 1o the National Center for Bistechnology Informa-
tin (NCBI) databese (hitpa: Awwewncbinlmonib gow Taxonomy,/
Broweser/wwwiaxcgil The caninerelated branch was divided into
two clustens, in which the strain of the present study was grouped in the
mme node with Ca0V straing 214 and UCD1-1698 detected in dogs
from the United States (GenBank accestion numbers J)E21352 and
KO 241962, respectively), XF16 detected in dogs from China (GenBank
accesmion number MFTS7786), and CB6293/1-14 Naly and PEBSTS/
1-13 detected in dogs from Daly (GenBank accession number
ET734812 and KT73452% respectively).

3.5 Sesovirus-dike

In the pooked dog serum asayed by HTS, a single 109bp contig
revealed higher nuclestide (38.6%) and amino acid (74.2%) identity
with the VP1 gene of a new parvovinus putatively named @ Sesvine
CSL10638, which was found in the feces of sea lion { GenBank accesion
number NC 026251] (Fig A.ZA). The sequence obtined in the present
study was depigited in GenBank under the accsgion number
MH717456. However, it was not poible o define the individual{z)
sample{s) containing this putative viral sequence since the shor contig
obtined with the HTS was not informative to allow the development of
an efficient PR protocol

This small sequence vwas submitted 1o an aming acid phylogenetic
inference with other sulfamily Parvovidnae members using the
neighbor-joining method, p-distance model, and 1000 bosistrap in
MEGAS (Tamura et al, 2013). The phylogenetic tree (Fig A 2E) pre
sented genus grouping supported by bootstmp valees ranging from 66%
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o 100%. The sequence oblained in the prsent study clustered in the
Copiparvovirus branch (bootstrap value: B4%) in the same terminal node
of Sesavirus CSL10G3E (GenPept accetsion number ATESED41) (boot-
strap value 85%). The Copiparvorinug branch presented two clusters:
the first ane contained the ungulate Copiparvoving 1 (GenPepl acce
sion number ALNAEES]) and 2 (GenPept accemion number
AGMIDEEL), recognized by KTV and the unclamified putative Copi-
parvoving species porcine parvovirus 5 (GenPepl acostsion num ber Y,
DNEEEESIA) and 6 (GenPept accemion number YP_D0S021567); the
second comprited the sequence oblained in the present study, ol usterad
with other sequences putatively ol assified as Copiparvovine mem bers as
homse mrvovines (GenPepl accemion number ARNS0610), which was
detected in a nasal swab of a diseased horse (Li et al, 2015) and b
savirus (GenPepl accesion number YP 00SE25418), which was de
tected in cattle serum (Sadeghi et al., 2017), and sesavinus CSL10538
{GenPept accesion number ATESEMM1), detected in sea lin fos and
proposed a2 anew gems putatively clasified as Marinoparvovine { Phan
& al, 2015a).

54, Huwmm associated gemykdbivin 2 (GmREV-2)

Atotal of six contigs closely related 1o GmEV-2 wens obiained from
the 530 pooled dog sernm submitted for HTS (Table 11 The GmEW-2
was me of the 16 viral species of genus Gemykibivin of the family
enomoviridoe { Varsani and Erupovie, 20170 The application of GmEV-
Iospecific realdime PCR{ Table A 1) revealed 28 out of 520 (5.38%) dog
serm samples 1o be patitive (Table 10 Out of a total of 28 sample
amplification products, five wemr sulmitted for Sanger sequencing,
presenting 100% nucleotide identity between them .

The enriched DNA submitied for HTS was ulilized in order 1o oblain
the fulldength GmKV-2 genome using the viral reads oblained in HTS
and additional POR prodocols (Table A 2) The GmEV-2 whole genome
obitzined in the present study was named a8 LV-dogParaiba Braeil and
deposited in GenBank under the accesion number MH734255. Tt dis-
played a typical Genomoviridoe organization (Fig 1A) comprised of a
circular single-stranded DNA genome containing 2210 nucleatides (nt)
and & 51% C+G contenl. The sequence presents an untranslated in-
lergenic region compriging 139 nucleotides, a single capsid (Cap) pro-
tein {nt 101-1068), and Rep protein genes divided in two intervals (nt
2171 10 1597 and 1454 10 10690 A nucleotide BLAST search revealed
that LV-dog/Paraiba/Brazil shard 99.8% of identity in the Rep gene
with GmEV-2 strains 511, 8512, and 513 {GenBank acoesion numbers
KEP133075, KP133076, and KP13307 mespectvely) detected in human
cerebm spinal fluid smples fram Sri Lanka, 99.8% with strains BZ2 and
BZl respectively (GenBank accestion numbers FP133079  and
KEP13M7E mspertively) detected in human feces, and 99.8% identity
with stmin NP (GenBank accetsion number KP133080) detected in
untreated sewage from Neml (FPhan el al., 2015b). In Cap gene, LV-
dog/Paraiba/Brazil shared 986% of nuclestide idenmtity with BZ1,
OB 2% with BZ2, 97.7% with NP, 97.6% with 513, 97.5% with 5.2, and
O7 3% with SL1. Our sequence also presented 99.4-99.1% of nucleotide
identity in Cap gene with partial sequences of GmEV-Z detected in
water from the dver Amaon and sewage samples obtained from Rio de
Janeins and Mansus, Brasdl (GenBank accesion numbers KUBSZEAA,
KUBGZET, KUBGIETE, and KUBGIE7TD).

In arder to present the genstic relation between IV-dog/Pariba,
Brail and other Ganykibiving members, Rep (Fig. 15) gene amino acid
phylogenstic tre uting neighbor-joining inkrence, pdistance statis-
tieal method, and 1000 bootsirap was construc ed in MEGAS (Tamura
el al, 2013). The phylogenstic reconstruction presented the LV-dog/
Pamiba/Brazil grouping in the GmEV-2 cluster supported by 100%
T trap values

55 Themunguevine-like

Atotal of 31 contigs with a closer stsociation with Thetatorguevins

185

Virology 525 (2018) 192-199

LY-dog/Paraiba/Brazil
MHT 34235
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AIMESA49 Canbiou associated gemekragenis |
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Fig. 1. Genatic characherization of pemyldbivinus detected in the present siody.
{A) Genomic organization of the GmEV-2 detected in the present study. (B)
Amino add phylogenetic trees of complate replietion asodawd protein of
Germylabhi s gems members. Sequences were anahyzed through the nedghbar.
Jpining method applied with the p-distance model All analyses wene conducted
with 1000 bootsirap replicates, and the pereniage of replicaie trees in which
the sequences dustersd together have been fllustrated ad jacent 0 the branches.
Bootstrap valies for zach node have been depioted if they were = S0
Gemylrogrins was utilized a5 outgroup. The sequence deiected in the present
study has been highlighied with 2 « and was deposiied in GenBank databese
wunder the amression mumber MH7 342905,

genus members of the family Anelloviridos were ako observed { Table 1).
The contigs ranged betwesn 69 and 475 nt in length. In a BLASTX
search, the sequences presented highest identity with tomue teno canis
virus detec ted in doge (32.3-66%), Nayun tick tomuevins detected in
Rhipicephalis sp (33-70%), and tick-amociated orque teno virus de
tected in Dermaceaitor varigbilis (42.6-68.6%) (GenBank accesion
numbers KX377522, KP141758, and MFI1730658 mspectively). The
mumiber of postible differen specimens present in the posled dog serum
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Fig. 2. The genatic characterization of putative
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B

L

rendersd these viral agents difficult 1o sssy through real-time PCR in
indlivichal dog samples and these sequences do not have their complete
gen0me seqiendced

The viral contigs were adjusted 1o constitute a cormcted frame as
well as translated and aligned with the sequences with higher identity
1y map their position in the gene (ORF1, 2, or 3} subsequently, they
were compared with the genus prototype. Some of the conligs were
homologous, indicating the presence of at leas four different
Themmmuevirs related sequences (Fig. 28). These four sequences were
selected for partial ORF1 phylogenstic analysiz with other Aneloviridos
members using neighborjoining  inference, pdistance statistical
miethaod, and 1000 bootstrap was constructed in MEGAS (Tamura et al,
2013) (Fg. ZE). The phylogenstic rmoonstruc ion presented nine well
separated clusters comesponding to anelloving genem. The four se
quences detected in the presemt study were grouped under Theta
torguevinus genus, composed by dog vimses and ticks with a 1009
I trap value, The Thetatorguavinus genus branch was cleardy divided
e two cluisters one constituted by torque tend canis virus (GenBank
acoemim number ABOTE002) and dog tomuevims 15122 deiected in
the present study and the second one comprised by recently identified
virset detected in licks (Mayun tiek torquevirus and tick asociated
tomue tens vims) (GenBank accemion numbers FP141758 and
MF173068 respectively) and the remaining three sequences detected in
the present study. Other phylogenetic moonstructions that used other
conligs oblained in the HTS wen constructed a2 well; they presented a
topalogy similar 1o that observed in Fig. 2B {data not shown).

BAAZS131 Torque tane vius 1
Eﬂmw I
. B4 15320 Tongue tend douroucouli vma‘

thettorquevirises observed in the present
study. (A) Genome pesition of anelovirusre
lawd semences observed in the present study
compared with the Themrrguavine prototype
member torque teno @nis vins, Sequences
employed o comstruct the phylopenetic ee
have been highlighted (B Aming acid phylo.
gmetic ez of Andlovindsr members.
Sequences were analyzed with the neighbor:
Jjnining method applied through the p-distance
model All analyses were mnducted with 1000
bootstrap replicates, and the parentge of re.
plizte rees in which the sequences clustered
together have bemn dhsiated adjacent to the
branches. Boosirap values for each node have
besn presenied if ey were > 5(80. Sequences
dewscted in the present study hawe been high.
Thetatorguevirus lighted with an = Dog torquevires 5, 6108,
92846 and 15,122 were: deposited in GenBank
under the accession numbers MH7T 19201,
MH7 27539, MHF29080, and MH751548 re
spectively.
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A, Diseussion

The virome present in serum samples oblained from 520 healthy
g has boen desteribed using HTS and metagenomic analysie Only a
limited mmber of works have deseribed the virome of dog feces 1o date
(Li et al, 2011; Moreno e al, 2017); furthermore, the serum virome
had not been previously evaluated in this animal species Our study,
using employed non-specific amplification, revesled the presence of
commanly reported dog vimses and previously unknown viral agents
(Table 1). The ouwistanding presence of Parvoviidae and Aneloviridoe
members is consistent with the findings reported in human (Moustafa
et al, 2017) and eattle (Sadeghi et al, M017; Toohey-Kurth et al_, 2016;
Wang el al, 2018; Weber o al, 2018) serum Moreover, the pre
dominance of small DNA viruse: instead of RNA vimuses appears o be
consensus since it & meflected in previous works applying similar
methodology used in the present study (Mouwstafa e al |, 0017; Sadeghi
el al., 2017; Toohey Kurth e al, 2016 Wang el al., 2018; Weber e1al,
2018)

Since the application of blood trandusions in the treatment of dogs
hess become increasingly common (Kiselewios and Self, 20014; Langston
el al., 2017), monitoring microbes through effective tools represents an
imporan sep for sanitary control (Reine, 2004; Wandrop et al, 2005).
Mareover, the close contact shared by dogs and humans makes it im-
peirtant 1o be aware about essential the knowledge of potential zoonaic
pathogens. Our unbized method identified prevalent canine mithogemns
& CPPV-1 (Alves et al, 2018; Duijvestijn et al, 2016; Giexi et al.,
2014), indesearched pathogens & CEPV-1 (Carmichasl o al, 1994),
mecently identified agents defined & copathogen a8 CaCV (Dowgier
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el al, 2017; Li et al, 2013), mecently reported cincular vinses (GmEV-
2) found in humans with diseases of uncertain elidlogy (Phan e al,
2015k}, and previously unknown viruses in dogs, a5 sesvins-like and
thetatorquevirus-like (Table 1), The pretent data inchudes information
mganding viral agents that are potentially transmitted thmugh blood
transfugion in dogs

The CPV-2 wa recently reclasifisd = (PPV-1 within the genus
Prowparvovirus, subfamily Parveviringe, and family Parvoviridos
(Cotmer: el al., 2014). CPPV-1 is the most common gastmintesinal
pathogen found in dogs worldwide (Alves et al | 2018; Dudjvestijn et al,
BO1E; Gired et al, 2014) and & msociated with severe diarrhea, vo
miting, dehwdration, and myscanditis (Decaro and Bumavoglia, 2012).
In the present work, we detected CPPV-1 in L34% of the dog serum
tested (Table 130 All the samples were further amlyred in amine acid
426 mesidue to define CPPV-1 type (CPV-2a, 2b, or 2¢) (Buenavaglia
el al, 2001), and all wene defined a2 CPV-2e. (PV-2¢ i replacing (PV-
b s the moet frequent (PV-2-type in Braei (Fontana et al, 2013;
Pinto e al, 2012) and other South Amedean (Calderon e al., 2008),
North American (Hong el al, 2007), and Ewropean countries (Decarn
el al, 2011, 20071 Further studies are required to asay the PPV-1
potential transmismivity through blood transfusion.

The MVC, also refemed 1o as CPV-1, in spile of sharing no antigenic
relation with CPV-Z, was reclasified & CBPV-1 in genus Bompariovins
of the subdamily Parvovidnae and family Parvoviridoe (Cotmore et al,
2014). CEPV-1 was initially not considersad a cause of diseases in dogs;
however, studies have revealed it mithogenicity for newbom puppies
and fetuses (Carmichse] et al | 1991), enteritis with severe diarthea
(Mochizuki et al., 2002), and retpiratory disease with breathing diffi-
culty {Carmichael ef al, 1994 Pratelli et al, 1999). Becently, CBPV-1
want also suggested a3 a pomilie cause of hepatitis in dogs (Chod et al,
2016). Furthermore, CEPV-1 wat detected in 0.38% of the dog serum
mmples asmayed in the pretent study (Table 1) and their complete
genome was completely sequenced and analyzed (Fig. A1L To the best
of our knowledge, this is the first report of CEPV-1 in South America.
Further studies am required to understand the pathogenicity of South
American (BPV-1 straing and their polential transmisivity through
blood trandusion.

Furthermone, we o found a sngle sequence 1o be mare clodely
mlated with a putative new Pavovidnge member named a8 Sesavinus
(Fig. A.2), which was pmoposed a3 a new genus, putatively named
Mminoparvovins, previowly detected in sea lon feces (Phan et al,
201 54). Unfortunately, it was not possible 1o define the individual(s)
smmplefs) containing thi putative viral sequence and obiain the com-
plete gene or genome sequence since the short contig secured through
HTS was nol informative to develop an efficient PCR protocal. The
partial VP1-phylogenstic reconstruction applied in the pregent study
(Fig. AZ) revealed a sesaviruslike sequence and sesavirud grouping
with other unelmified parvoviruses = bosavirus and homse parvovirus
that wers propoded 1o be Copiparvoving genus members (L o1 al, 2015;
Sadeghi et al, 2007). Copiparvovinus members are known to infect
catlle and swine (Cotmore et al, 2004), wheres bosavirus, home
parvovirus, and sesavimg were found in catide, horses, and sea lions
respectively (Li et al, 2015; Phan et al, 2015 Sadeghi etal., 20171 1t
iz impartant o highlight that ICTV mecommends an amino scid analysis
of the complete N51 gene 1o define the genus parvovins (Cotmore
e al, 2014

The CaCV within the family Ciranviridae (Breitban etal, 2017) was
mcently discoversd and reported in simples of dog tisswes that suffersd
vamculitis and hemorrhage from the United States (Li et al, 2013).
Afterwands, it wa detected in diarrtheic dogs (Decaro et al , 2004), but
its pathogenicity is 1l controversial in dogs, 8 it has been suggested
% a co-pathogen inagociation with CPPV-1 (Dowgier o al, 20171 A
Caly variant, named fox circovimus, was ako detected in foxes that
displayed meningoencephalitis with undefined etiology (Bexton e al,
2015) We found CaCV in 1.34% of the dog serum smples pested
through realtime POR (Table 1) and our sequence grouped with ather
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dorg CalV sequences (Fig. A.3). Further studies ame required to explore
the prevalence of CaCV in Brazilian dogs and it pathogenicity. It is
imparrtant 1o note that this is the first report of CaCV in South America.

The Genomoviridae family was recently defined by ICTV and is
eomposed by non-enveloped circular sDNA vinses clastified in eight
genera (Varsani and Krupove, 20171 GmEV-2 is one of the 16 species
within Genyldbivine genus (Vamani and Krupovie, 2017), which is
eomposed by viruses detected in human and untreated sevwage (Fhan
el al., 2015k, We detected GmEV-2 in 5.38% of the dog serum samples
amsayed (Table 1) and oldained a GmEV-2 wholegenome (Fig 1).
Mareover, ourstudy ako indicates that the dogs analyzed host a GmEV-
2 viremia. These virses were fimt detected in smples oltained from
unexplained cates of human encephalitis and diarthea (Phan el al,
2015, and despite the mle of Genomovirdas, infection & unknown
and must be determined. The present data suggests thal GmEV-2 can
infeet both human and dogs. Further studies are mequined o determine
and attribute cellular hosts to the Genomoviddie members detected in
animal smmples In the absence of further evidence, such as that
strengthening the asociation between cinical sgns using case-contral
studies or disesse cavsmtion following animal inoculations, a causative
mule for any of these viruses in human and dog disestes remaing ten-
Lative,

The Ansloviddae members repragent non-enveloped @DNA viruses
comprised by more than 65 species grouped in 12 gener {ICTV, hitp:
www ietvonline org AvirusTaxonomy asp). We obtained sequences from
al least four divergent vimses (Fig 24), dosely mbted with the pro-
tostype of Themtorguevin genus tomgie teno canis vins detected in dogs
{Lan et al., 2011; Sun el al, 2017) and putative new members within
this genus detected in ticks (0ia e al., 2015) (Fig. 2E)L Our data can
raite mswers aboul Thetatorguadns biology,ie if these vinses are
arthmpod bome trnsmitted or both dog and tic k-theta torguey iruse
share a common ancestor. Moresver, il is important 1o emphasioe that
ticks may be PCR positive because they ingetted a blood meal from
thetatorquevirus inkcted verebrate and not only becsuse they are the
vertor for this viml agent. Tt is impartant 1o emphasize that thets-
torqueviruses pathogenicity in dogs hat not been examined in depth
(Lan etal , 2011; Sun e al |, 2017)

5. Conclusions

The present sludy categorized the abundance of dog viruses pretent
in derum using an unbiased technique We deteribed here commaonly
detected vimse: in dogs (i.e CPPV-1), undermsearched agents (CEPV-1,
CalWV), novel viral genomes (sesvirusdike and thetatonuevinsdike)
and closerelative genomes in relation 1o those found in humans
(GmEV-2). We ako defined the frequency of (PPV-1, CBPV-1, CaCV,
and GmEV-2 in the serum of Northwestern Brazilian dogs Our data
e panded the knowledge reganding dog senm virme and viral agents
theat are potentially transmitted through Wood transfusion in dogs and
agenis o which humam, through their extensive canine contacts, may
T frecuanitly ex poged.
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ARTICLE INFO ARBSTRACT

Kewards: Astrovinises ane a commaon cause of gastroenteritis in children worldwide and can alss cause infection in a range
Camine astrivinm af domestic amd wild animal species. Canine ssiovires formally mansed as Mamastrovien 5, MASIVS) has been
rale zasing fax reported worldwide, and iis role 2 an enteric pathogen & aill controversial. Herein, we describe the genomic
Wildlage

Mearly complete gemome

eharacterization of a MASIVS (sirain crab-eating foe 2016BRA) identified in @ wild canid (Cendogron dhous)
liagmose] with camine distemger virus (CDV) a5 cousa mortis. The nearly complete gesome comprised S579 o in

lengeh and displayed the archeypal argantzason of astrovireses. The prosen ropont & the fist evidenoe of
MASIVE infeclion in aa animal species olher than the dos and bighlights 3 possible nalural astrovirs spillover
beiwern doomestic and wild canids, Moreover, these resulis show the first evidenee af extra-intestingl MASIVS,
suggesting a virws systemic spread. This work is expected to contribute 1o a better understanding of the astro-
i biclogy and their imeractions with the wildlile hzalth,

1. Introduction

Astrovines (AstVs) are small, joosshedrl, nonenveloped vireses,
with a charcieristic star-like surface structure. AstVs can infect humans
and a variety of anmals, and is transmitted via the fecal-oral roate by
Ingestion or fomives [1]. The genome ks single-stranded RMA with po-
aitlve senge with 5.3-7.2kb in length, I includes three open reading
frames (ORFs) designated as ORFla, ORFIb, and ORF2 [2]. ORF1 en-
eodes o protesse and an RNA-dependant RMA polymerase (Rdip) and
has a frameshift strocture between ORFla and ORF1b [3), ORF2 en-
wicless the wiral stroctural capsid protein that is expresssd from a sub-
genamic mRMNA [4]. Within cach genus, AstVs are clissified into gen-
uotype species, based on both genetic analyses of the ORF 2 encoded
amino-acid sequence and the host species [5].

It has been reported that some AstVs species con cross the host

_'cnl1c_1)n-JLng_:n|hur.
Emod address: claudio, canald i alngs be (C, Wageck Canal),

hitps:,/doiorg/ 10,1006/ cinuid 200808 (02

species barrier [6]. This would be the ce of some bt AstVs that can
infect more than one bat species [7,8], and AstV specics that can infect
either cheetabs and cats 9], Recently, newmtropic astrovirs s
clated with encephalitis was identified in a sheep. Interestingly, the
similarity found among this strein and a astrovires described in new-
rologieally disessed eanle, indicates that asrovimses of the same
genotype may cause encephalits in different epecies [10). So far, AstVs
have been detected in over than B0 avien and mammalian host specics
[11]. Moseover, s phylegenetic analyels of the RdRp region sugpests
that the long-term evolution of AsiVs is determined by cross-species
transmission events, which cocur among distined ecological scenarios
163

The crabueating fox (Cerdveyon thous), also known as the Common
Torro, is o “false fox”, mative o the Soulh American pampas biome,
which seems to be tolemnt to human disturbance and i3 frequently seen

Revwived 26 Seplemiber 200 7: Reveived in revised form 25 July 2008; Accepued 1 Augus 2015

014705717 © 2018 Elsevier Led. All rights resorved.
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Table 1
‘Higomucleotide features wsed in the PCR for the dotection of common esberic canine vinses.

Target Primar Sequence (5737 Gene target Produce size (bp) Heference

Astrovisus (pas-Asmosiridee) Asuwn F1 GARTTYGATTRIRECRCORTAYGA RdRp 42z hu eral. |5
Asiro F2 GEVTTRACCTACATNCCRAA
Astrn R CGETAYGATGGHACEATHCT
Aaen F3 AGCTAYCATOOEACKATHOD
Agiro [ GARTT VAT T RCRAGLT AT

Murasravines 5 AGF ATGTGTTCAGTGOCACCTTA NSPla s This study
SR CTTGTETAAGOCTETRCTGS

Canine projoparverirus 1 CPY BSSF CAGGAAGNTATCCAG AAG Iz ] Buonasoghia et al [51]
CPY 555R GOTGCTAGTTOATATGTA

Ganine adenovirue 1 and 2 ma CHOGETGANCATTACTACCTTGTC E3 LBy Linwsé [52)
AT CCTAGAGCACTTOOTOTODGCTT

Chih i PO oW 1F TCCAGATATGTAATCTIORG M 450 Hismewegh ot al. |53]
OO 2R TCTGTTGAGTAN TCADCAGET

Canine rowwins EE{ 9F GHCTTTAAMAGAGAGAATTTOCOTCTGG ¥F7 o6z asyvea e al. [54]
M 9R GOTCACATCATACAATTCTAATCTAAG

Canine distemper virs [HECD 1 ACTGCTCCTGATACTGE N 80 Castilho et al, 1551
OV 5F ACACRATTCOYGACCACYTRT ML &7 Frisk ot al. [55]
COV 4R CARRATAMCATGTAYGGTGC

Eernal conol FOXF AGAGTTTOATOCTGOCTCAG 1658 rRN& 530 Cemrang et al. [17]
L] COGOGGCTRCTGECACETA

Ro= A Y =0T K= G H = AGT; N = AACAGT. Bold charaeter: indicste modifications: imimodsced g the original secuences: pablished in the references,

in rural areas and close o urban regions [12). The crob-eating fox's
noctarnal scavenger habits bring it in close proximity with domestic
animals. This is a negative factor for their comeration, since it in-
creases the possibility of pathogen spillover from domestic dogs o wild
canids [6]. It & known that the domestic dog (Canis ey fomifioris)
may be a spuree and reservolr of vimlent pathogens for wildlife, in-
cloding the mbiss viros, canine distemper viros (CDV], and canine
parvovirus (CPV2Z) [13], also many wildlife species are reservoir of
pathogens that threatens domestic animals [14,15].

In this study, we report for the first time, the infection of & wild
canid with Momastrovirus 5 (canine astrovirus) in the context of a
concurrent infection with canine distemper vins. Additonally, this
astrovine genome has been nearly fully sequenced, characterized, and
a diseussion of the posible spillover of this virus amonyg wild Canidae
species is presented.

2. Material and methods
21 Climical history and pathologicel featres

Velerinarians sighted an adult crab-eating fox (Cerdogyon thous)
showing signs of motor incoordination in the peri-uthan area of Porto
Alegre city, Southern Brazil The anlmal was then referred to the ve-
terinary hospital by the regional official service {(Secretania do Meio
Ambiente ¢ Desenvolvimenio Sustentivel do Rie Grande do Sul, SEMA-
RE) presenting clinical signs resembling central nervous system disease,
which was suggestive of a conine distemper wirus infection. Upon
climical exmination, the crab-eating fox presentesd apathy, pale moeoons
membrames, mild debydration (= B%), mild eye discharge and multiple
neurabogieal glgns, which were characterlzed by ataxia and motor in-
coordination, evolving 1o lateral decumbency and severe myodonia,
Afer 72h of suppontive treatment and no clinical improvement, the
animal was eathanized and submitted for necropsy.

At necropsy, the brain, spinal cord, langs, liver, spleen, lymph
nudes, siomach, small and Lirge intestines, kidoeys, skeleial muscle,
heart, Large intestine, adrenal, esophagus and pancreas were collected,
fized in 1084 neutral buffered formalin for 24-48 b, rimmed and pro-
wcesmed rowtinely for histopathabogy. Tisses were then embedded n
paraffin, cut at 3pm and these sections were stained with hematocylin
and eosin (HEE).

Immunohistochemistry for canine distemper virns (CIV) antigens
was performed on sections of the cerebellum, hippocampus, thalamus

and telencephalic cortex. COWV antigens were detected employing the
monaciemal antibody amti-COV mucleoprotein. (VMRD, Pullman, WA,
USA] ait a 1:400 dilution in phosphate buffered siline (PBS, pH 7.4},
aml revealed with a 3-amino-%-ethylearbazole (AEC, Dake North
Amenica, Carpinteria, CA, USAD as chromogen.

2.2, Sample collection, nucleic acids isolation and cDNA symthesis

The cerebral cortex, langs, small inkestine, mesentene lymph nodes,
feces, urine and ==um were collected at the time of necropsy and stored
at —&0°C Samples were dilutes] o 20%4 (w,/v]) in PES (pH 7.4). DNA
was Bolabad  using NewGene Preamp  (Simbios  Biotecnologia,
Cachoeirinha, RS, Brxil) based on guanidine isothiocyanate and silica
[16]. BMA was isolated ming Thlzal” Reagent [Life Technologies,
Carlsbad, CA, USA), according to the manufacturer’s instractions. DA
was synthestzed with GoSeript™ Reverse Transcripdon System (Pro-
mega, Madison, W1, USA) wsing random primers (0.5 ug/reaction] in a
final volmme of 20pl, following the marufctorer’s recommendastions.

2.5, Detection of common conine enterc wirnses

Viruses that infect domestic dogs were screened by specific cIINAS
DA amplifications from feces, urine, serum, and pooled ergans. PCR
were conducted using primer pairs that were already reported in Lt
ersture for the dewection of astrovirus (Astv), canine distemper wirus
(CDV], comivore protoparvosires 1 (CPVZ), canine  coromavirus
(CCoV). canine rotavirus (CRY], and canine adenovirus 1 (CAJV]) and
CAIVI In addition, the 165 rENA gene wers amplified using the primer
pair FOC27 and R530 a3 an endogenouns internal control in the feces
sample [17]. Tn order to discriminate in which organs the AstVs would
b present, a pair of primers was sehected for SYBR-based real-time PCRL
The conditions of this gPCR were in accomlance with the manu-
facturer's recommendations (GoTag® gPCR Master Mix, Promega, Ma-
dison, WI, USA). The data about the oligonucleotide features and re-
ferences are shown in Table 1.

2.4 Mhming genome iy el

RNA wirome sequencing was performed as previowly described
[1E]. Briefly, the brain, lungs, lymph nodes, intestines, urine and foces,
whirh were collected from the crab-eating fox, were pooled, macerated,
centrifuged at a low speed, filered through a 0,45 pm ey o remose
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small debris, and subjected to uliracenirifogation under a 25% sucmse
cushion (- 150,000 x g for 4h). The resulting virel pellet was mixed
with mucleases o eliminate non-capsid-protected nuclsic scids. After
the nuclesses treatment, RNA win isolated with TRIzol™ L5 Reagent
(Life Technologies, Carlshad, CA, USA) acconding w manofserer's
instructions and subsequently enriched using a whele ramscriptome
amplification kit (WTAZ, Sigma-Aldrich, Saint Loais, MO, USAL Sub-
sequent to the amplifieation, the viral noeeie scids were purified using
PurcLink” PCR Purification Kit (Therme Pisher Scientific, Waltham,
A, USA) Their gquality and quantity were assessed using a spectro-
photometer and a Avorometer, respectively.

DNA fragment libraries were prepared with one ng of DNA from
WTA using a Newtern XT DMA sample preparation kit (Hhimina, San
Diiegn, CA, USA), according bo the manafscturer's instroctions. Dlamina
sequencing was performed in an Mluming” MiSeq System with a MiSeq
Reagent Kit V2 {2 » 150 cyeles). The reads quality were evalusted with
FastQC, trimmed in Genetous software (version 9) and were de novo
amembled inw contlgs welng SPAdes (3.6 version) [19). The contige
were compared to known sequences in the GenBank nucleotide and
protein databases using BLASTn/BLASTx [20]. Geneious saftware was
wied for an open reading frame (ORF) prediction and genome annota-
Hons The ORFla disorder prediction was performed with Fold Index
saltware program [21] (Appendix A in Supplementary material ).

2.5, Phylogenstic inferences

For phylogenetic inferences, moltiple nocleodde sequence align-
menis were produced with the aid of the ClostalW software, The phy-
logenetic tree whole genome and capsid protein were roconstrocted
wming the Maximum Likelibord (ML) inference and the protocel to
grnerste these phylogenetic trees was coleulated using the “find best
DiNA/protein model” ool from MEGAS | 22]. Phylogenetics analysis of
ORFla amd ORF1b were performed with neighbor-joining method,
Junkes Cantor genetic distance model. Bootstrop valoes wene de-
termined by 1000 replicates o assess the confldence level of each
branch pattem. The complete genomic sequence of the MASIVS strain
of the crab-eating fos/20016/BRA was deposited in GenBank under the
accession mumber KY7H584,

3. Remlts and discussion

Ak icul o i i isiry datn

An mecropay, the animal presented severs cachexda, pale muepese
and severe tick infedtation (Amblyorma aureclaturn), The brain lepto-
meningeal blood vessels were severely distended (hyperemia). Also,
there wag moderate splenomegaly and comsolidation aress in dia-
phragmatic lang lobes,

On histopathology, the cerebellom contined a diffuse and severe
white matter demyelimation (Fig. 1A) that is sssociabed to large
amsrnts of Gitter cells and gmmbﬂcvl.n. astrocyles, with oocasional

and intracy ilic i ion bodies and
mild perivascular lymphoplasmacytic cuffs (Fig. 18). The thalamus
showed a focal area of white matter demyelinaton, which wasz ob-
served mubtifocally on the spinal cord in addition to mild perivascular
lymphoplasmacytic cuffs. The hippocampus and welencephalic cortex
did pot show any abnormalites, The hung lesions consisved of parasite
granubematons preumonia (Angiosrongylus spp. ), which is character-
izel by a focally extensve granulomatous inflammatory infiltrate ar-
Tanged concentrically around larval stroctores and embryonated epgs
locatend inside blood vessels and sometimes in alveolkr spaces.

Upan immumohstochemistry examination for the CDV antigen, the
cerebellom  showed 2 morked intranucesr and  intracytoplasmic
smining, mainly in astroeytes of the white mamer (Fig. 1C and D). Mild
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contex sechions, In this assay, the presence of multfocal in-
trcytoplsmic and intranucler :rrul:luumhmmx was an important
micriscopic finding for canine di is. The cer Wik
an adeguaste organ for the detection of the COV antigen, being a good
auxiliary method in the post mortem and deflnitive disgnosie of the
CILEG MO,

3.2 Detection of common conine enteric viruses

The crab.eating fox samples wers i for
of the common canine enteric vimses by FOR, The intermal contmal re-
sulted] positive in all molecular detection asays from fecal simples,
whirh eonfirmied the macleie seid cquality. The detection amays were
negative for COV, (PVE, CoV, AV and CAAY-1/2 i all tested sam-
ples. MAstVE wes detected in eDMA derlved from the pooled organs
using a pan-AstV RT-PCR protocol [8) followed by sequencing, In order
o discriminate MAstVS in cach organ, the MASTVS was deteoied in
eerebral cortex, small intestine, mesenteric lymph nodes and feces
(Tahle 2) using a specific MASIVG-RT-PCE protecol with primers 46F
and 4058 (Table 1),

The data presented herein shows two important findings (71 it is the
crab-eating fox/BRA2016 strain was likely derived from the canine
hoet, amd (i) the extra intestinal MAstVS presenoe, [ has been reported
thart some AstVs infections can cross the species barrier [6]. This would
be the case of some bat Astvs that infect relsted bat species [7,8], and
AtV specses that can infect either cheetabs and cats [9).

Beyord to the gastrolntestinal tract infecton, some human st
viruses (HAstVs) sach as VAL/HMO-C, MLB and the classical HAastV
genotypes have already htcn identified causing encephalitis and me-
nimgitis in imm ol pati The proximity to animals, the
intravenous treatment of immunoglobulins and the stem cell graft were
some of the suggestions from sources of transmission origin, but it has
not been confirmed [23].

A spillover from the natural reservoir negquiress more than the
availability of pathogen from the natural host It alse requires that the
natural host be brought into physical proximity with a second species,
and that this second hest be susceptible w infecton. These findings are
likely to provide new insights into the ecology of astrovimses and
transmission among species; especially in pen-urban arcas, where fac-
tors such as deforestation and human expansion may endanger wildlife
populations.

To date, MASIVS was reparted only in samples detived from the
sastroimtestinal tract of dogs [24,25.34,26-33], and the recovery of
MASIVE in the crab-eatng fox's CNS (2 an interesting and unexpected
finding., However, the detection of other AstV species in the central
nerveds system (CRS) of mink [35], catile [36,%7], human [38], pigs
[39] and sheep [+0] has been the forus of differential diagrosis of non-
suppurative encephalitis.

It wes ot possible v detect COV by RT-PCR in the cerebral cortex,
or in any other sample available to us, but the COV antigen was de-
tected in the cersbellum by THC (Fig. 1), Unfortunately, the samples
that wens tested by THQ were not available to be tested by RT-PCE. The
recognized effects of COV on nervous tsoe melude acate, subacate o
chronie forms of encephalopathy, and rare distinet chronbe variant
encephalomyelitis of mature dogs, termed old dog encephalits (ODE)
[41]. The clinkopathologie featres of progressive cortheal newrologic
slgns along with muldfocal severe perivaseular and parenchymal lym-
phoplasmacytic encephalitis involving mainly the cercbrum and brain
stem are characteristic lesions of ODE that was confirmed at the his.
topathabogy description [42]. A number of different hypotheses have
been postulated o explain the occumence and pathogenesis of ODE
[43,44). For i DDE may n the Jative effects of end
stage chronic subelinical OV encephalitis. In dogs, ODE has almost
elﬂushle pmd.l.leu.lm] for serppositve adule, often with complete

immunosaining was observisd on sections of the hi amd
thalamus, while no immunostaining was noted on the wlencephalic

External remfection of immune dogs by wild-type
cmr with subsequent raphd immune-mediaed suppression of the
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Fig. 1. Pathological findings in Cerdocyon thous brain.

A Cerebellum witl a diffuse snd severe white matter dengyelinagtion (HEE, obj. 108). B Cere bellum showing focally extensive aness with lange amounts of Giter oells
and gemistoryiie sstrocyles with mild perivasoular lvmphaplasmacytie coffs (HEE, oby. 20X). C-D Aarocyees gt corcbellom white matier showing marked and
maltifocal immuncstEining 0 COV in the cylopixsmn (obj. 40X). E Megalive control.

Table &

Summasry af PCR screcning of most commen canine coleric vimses in the Cerdocyan thous sample.

Wir g Coedual vesten lungs Sl inestine hesenterie lpmph nedes Foes Wring Sarum

MAstVE

Canine prodoparvevims 1
Ol sdenmving | snd 2
iy SR
Ganine rotwirs:

Canine distemper vins

[ T B
{15 Y TR,

b4
Pl 4
|
i

{0} posinise. () megative.

extrace|lular vims production within the CNS could explain the de.
velopment of ODE [42]. Our results sustaing the hypothesis that the
‘Pampa Fox was infecteid by DOV, possibly when Jovenile, it was able w
clear the infection and survive, but the vins persisted In the CNS,
leading to & late onset of neurobogical symptoms compatible to what is
sean in ODE cages [45], Thie hypothesis could exploin why the viree
was only detected in CNS tissues, In addition to the CDV infection, the

it il i ibuted o the @ de.
pression and made it possible to MASTVS strain crab-cating foc 2016,
BRA spread to the extro-intesting] s

It s imporant o highlight that it is not possible woaffirm thae
MAsIVE sirain crab-eating fox/2016/BRA was asociated with CNS le-
slons with the assays appliod. Whether MAstY5S might be associaced
any pathology remains tw be investigated in the futare. Regardiess of
the involvement of MAstVS in disease, this work is expected w con-
wribute 1o a better understanding of the biology of astrovireses, and it
interactions and possible spillover with the wild hosts,
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Fig. 3. The whole genome phylogenstic tree.
Nucleotide phydogenctic tree (A) was recomsrected wsing General Time Reversible (OTRY medel. Gamsa disribution with invariant sice G ¢ 1) wene agpdicd o both
Inferences. The percentage of replicste troes in which the sssoclaved @ are grouped in the bootserapoies (1000 replicaies) bs shows nest w the banches. Genikank
wcession numbers are Bslod for all soquencs anslysed in the nee. The crab-saling T 20 06/BRA sequence i Labeled wilh a black dizmond (4]

48,901 reads (coverage — BESX). The MAstVS strain crab-eating fox’
2016,/BEA nearly full genome i= 6559 o0 (excluding the poly-a wadl)
with a GC content of 44.8%. The genome displays typical AstV orga-
quality pairod-end resds with an average length of 1125 bp, One contlg nization that includes 8 5° untranslated region (5'UTR), followed by
with — 6.6 kb was de aovo assembled and showed high genomic identiny three ORFs (ORFla, ORFIb and ORF2), 3' untrunslated region (3°UTH)
with canine astroviruses (MAsiV5). This contig was obtained with and poly-A tail [Fig 2)

3.3 MA=VS gemome sequencing and genomic muolysis

The Mluminag MiSeq sequencing generated a total of 71,746 high
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(A=B) Phiybisgenctios amalysis of nuclootide soquenees of ORFla aod ORF1b were porformed with neighbor-joiniag metbod, Tunkes Cantor genetic distancs miodel, (€1
‘While ihe capsid phylogenstic iree was reconsinicied usieg amino acld sequences with Jones-Taylor- Thoemion (JTT) mede Gamma disidbuiion with lavariani sie
(G + I were applied o Both inferences. The percentage of replicate trees in which (he associsted taca are grouped in the bootstrap test (1000 replicates) is shown
nest v thie branches. GenBask acoession nuembers are lsaed for all sequenees analyzed in the tree. The crab-cating fox 200 6/BRA sequence & labeled with a black

Aliamond (#).

The ORFla sequence of the crab-eating fox/2016/BRA straln pre-
semis 890 amino acids kagth in agreement with other MAsY species m
which ORF1a range 787-950 amino acids [1,46]. The presence of the
putative catalytic triad i the ORFla that represent the serine protease
motif was observed [Fig. 2).

The for the Tile '] site between ORFla and
ORF1b, which is conserved in the Asrovinedoe family members [2£], is
present in the craboeating fox/ 2006, BRA nearly full genome (Fig. 2).
This translational frameshift is started by a nbosomal slippage site
[RS5) that p the | S-AAAAAANG-D" ab position
2,673, followed by a GC-rich strecch which forms 4 stem loop struciure.
Thiz 37 end of OF1a overlaps with ORF1b by 49 nucleotides.

As expected, the most conserved region of the MAstVS etrain crab-
cating fox/2016/BRA nearly foll genome is the RNA-dependent RNA
palymerase (RdRp). The analysis of the putative 511 residoes of RdRp
reveals high ssquence identity, when compared to those of other
MASIVE RdRp sequences. These identities range from 78.4% (with the
EXS00I5D sequence) to O4.2% (KP4A04150 wquence], both recomvered
from dogs in Hungary (Appendix A in Supplementary maberial ).

The highest identity of the ORFLb of the crab-eating fux/20016/BRA,
relative w sequences (rom other ASTV species, was 73% with the partial
sequence of the California Sen Lion AstV (AEM37T630) The sime si-
milarity between the RdRp belonging o the two AstV species can alse
b verified in previous studies. The identity of the putative RdRp from
the crab-cating fox/2016,/BRA comparcd with other MASIY speries is
deseribed in the Appendix A in Sopplementary material,

The ORF2 of the crab-eating fox/2016,/BAA contains 2454 nucleo-
tides in kength cormesponding (o B17 putative residees. In genesal, it
ranges from 672 to B51 amino acids ameng the Astrovindoe fmily
members [1]. This ORF encodes the putative capsid protein [47]. Tt was
also observed an overlapping reading frame in the C-terminal portion of

41

the polymerase and the N-terminal portdon of the capsid precursor of
188 nucheotides (Fig. 2). This observation is in agreement with recently
reported MASIVE genomes [24,45].

4. Phylogenesic inferences

In order 0 reconstruct the evolutionary history of the crab-eating
fox/200 6/BRA, this sequence was compared to refermee sequences of
each Masv q:uedea avallable in GenBank, A phjhgmﬁc ree Wiks

i with the lete genome e wiruses be-
Ilmgmg tir the genus Mmmastrevines [Fig. 3.

The crab-eating fox2006/BRA nearly (ull genome, as expected,
grouped in the MAstYS custer with all other characterized canine as-
trovinuses. The crab-erting fox/ 2006/ BRA nerly full genome sequence
chustered i the sume terminal node as Gillimham201 2/UK and HUNS
MN2/6 srain (GenBonk  accssdion numbers  WNC 026814 and
KX589350).

In addition, phylogenetic trees were constructed  comparing the
alignmentz of ORFla, ORF 1h and ORF2 helonging Momasmovirus 5
species (Fig. 4A-C). The ORFla and ORF1b alignments were based on
the fulllength ORF nucleotide sequences, also inclheded selocted se-
quences sbove 1167 and 714 nucleotdes, respectively. The ORFZ
alignment cnly included full-length capsid protein soquences, both in
muclentide-basesd and in amino acid-based analysis.

The ORFla tree formed two distinet branehes with the crab-eating:
{200 6/BRA strain being closely related to the Lincoln /2002,UK and
Gillingham/2012/UK strains, ranging from 934% o 93.0% of au-
clentide identity, respectively (Table 3). The upper branch that crab-
eating fox/2016/BAA has been included was composed by Hungarian
straing (GenBank accession number KX599349, KN599350, KX599351,
K599355), United Kingdom srains (GenBank eccession number
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Table 3
Soquence comparisoe among Canine AstY and crabealing fox/2016/BRA
alrain.

Sirmins Ganllank crab-rting foox 2006/ TILA, (EV7G56RER
DCCERT Ry
duber
Gemome  ORFla 0arib o ORFZ
ne 4 nt =

Bl 0RATA  1IMDESNS - - LT BLD

TR Eold NI - - [LE] T

haly/2005/3  FM213330 THE

alpPOS6 FM313332 - - - bk

nalpZOEE M2 THA

China/#E;  THDAZII4E = - - HLD
SHS

China/2008;  IRJEIZIT HLE
SHE

China/ 205, GUITATI LR ]
511

CHN/NT 00A1297 = - 1.4 A2

Berainiroes KPS - - - BO.2
MLAUK

Gillisgham/ K140 B76 LR LR TR
LK

Hestingdon/  KP404151 758
HLAATK

Lincoln /2012 KPAI4150 u7H o4 w2 waz
UK

U0 2 KNDESIS 5.1 S0 L1 ] Tan
115

BN 2 KXERES2 732 T4 8.4 715
128

N0 2 KNEE9953 874 L 9.4 Bl
135

U222 KXGO9I40 871 Lt w7 L =]

HUNUIE  KAESSIS0 BET 9L .2 e

HUNIZE KXSLeE54 - - 567 237

Sara N RSN L] EE] WG
BRA

EF404145 and KP404150) and Brazilian sirain (GenBank accession
number KR349488]), More distant related to then, HUN /20027126 form
the secand branch of the OFR1a tres (Fig. 4AL

The sme pattern of topology was found in the ORF1b, despite the

dusion of new (GenBunk fon number HM5005,
JQO81297, TN193534 and KX599354). The crab-sating fox,/2016,/BRA
strain being in the middle of the two first branches, even nocleotide
similarity of upper branch dees not vary above from 1.4%. Therefore,
we consider that crab-eating fox/2016,/BRA strain still belonging w the
uppeer branch, The below branch was composed by the highly virulent
arrain TTAZobl 2010 and the HUM/20012/126 strain sharing 80.0%
and 78.4% of nuclestide identity with crab-cating Fox2016/8RA, re-
spectively (Fig. 4B and Table 3). As expected, the stroin HUM/2001 208
foorm another isclated branch distantly related too all others Mamas.
trovirus 5 o was reported [48].

o the tmxonomic guldelines of the Asroviridos mily

[49], species cassfication & performed not ealy on the basis of the
s, bue alzo on the phylogenetic differences hased on the analysls of
the complete ORFZ amine ackd sequence. Moreover, the mean genetie
distance of the emino scid sequences (p-distance), relative to the se-
quenee of the crab.eating fos/ 200 6,/BRA strain, remained within the
established parameters for the Mamasirovirus 5 species (Fig. 4C), There
were clearly visible sub-cluster patierns within the MASIVS cluster that
exhibited the same patterns already reported [48]. Therelose, this resalt
suppart our foumd that the crabeeating fox/ M6, BRA formesd a distinet
subeet based on the lower amino seld identity berwesn the other strains
[Table 31 As the Astroviridae family, the MAsSYS constibobe a re-
markably genetically diverse species each was nomenclarure and tax-
onomy mist be discossed and update regularly [50).

Comparanive lemunolagy, Microbiolgy and Tnfeciows Dissmses 58 (Z018) 26-43
4. Concluding remarks

This report shows a cminelike astrovirus adentified in 2 wild
Canidae (Cerdocyon thews). Thiz s also the first detection of MAs1VS
presence in an extra-intestinal teme, wgether with canine distemper
wvirus. The findings presented here are expected to belp understand haw
viral infections of demesticated dogs may impact the wild canid po-
pulation’s health, and is potential as sources of viruses, which may
potentially infect other animal specics.
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Abstract

A novel polyomavirus (PyVs) comprising 5,422 bp was identificd by high-throughput sequencing (HTS) in pooled organs
of nutria (Myocastor coypus). The new genome displays the archetypal orgenization of PyVs, which includes open reading
frames for the regulatory proteins small T antigen (sTAg) and large T antigen (LTAg), as well as for the capsid proteins
VPI1, VP2 and VP3. Based on the International Committee on Taxonomy of Viruses (ICTV) Polyomaviridae Study Group
criteria, this genome comprises a new Py Vs species for the Alphapolyomavirus genus and is putatively named “Myocasior
coypus Polyomavirus 17 . The complete genome sequence of this Myocastor coypus Polyomavirus | (MdPyV 1) isolate is
publically available under the GenBank accession no. MH182627.

Annotated Sequence Record

Polyomaviruses (PyVs) are small and non-enveloped
viruses, having circalar double-stranded DNA genomes
with approximately 5.000 base pairs [1]. Taxonomically,
PyVs belong to the family Polvomaviridae and comprise
four genera — the Alphapolyomavirus, Betapolyomavirus,
Crammapihyomavirus and Deltapolvomavirus [2]. PyVs have
been found in many hosts, including birds [3], rodents [4],
cattle [3], bats [6], nonhuman primates [7 ], and humans [8] .
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Genome organization among Py Vs is very similar. The
proteins ar encoded by early and late transcriptional regions
separated by a non-coding control region (NCCR), which
controls the transcription of the early and late promoters and
mregulates the initiation of viral DNA synthesis [1]. The early
coding region encodes regulatory proteins, known as tumor
antigens, including a large T-antigen (LTAg) and a small
T-antigen (sTAg), whemeas the late coding region encodes
the structural proteins VP1, VP2, and VP3 [1]. According
to the International Committes on Taxonomy of Viruses
(ICTV) Polvomaviridae Study Group, the new criteria for
species classification are defined through the genetic dis-
tance between the LTAg coding regions [2].

In this study, we report the detection and genome char-
acterization of & novel PyV species in nutria (Myocastor
coypus) using high-throughput sequencing (HTS). The
nuiria is a semi-aguatic rodent native to South America and
has been introduced to every continent, except Antarctica
and Australia, for fur and meat production [9]. The animals
studied in this research came from a commercial establish-
ment located in Rio Grande do Sul Stae, suthorized by the
[BAMA (Brazilian Institute of Environment and Renewable
Matural Resources). The project was conducted under pro-
tocol number 29413 approved by the Ethics Commitiee on
the Use of Animals (CEUA) of the Universidade Federal do
Rio Grande do Sul.

Samples from liver, kidney, lung, mesenteric lymph node,
spleen, and intestine and rectal swabs from three apparently

&) Springer
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healthy Brazilian nutria were pooled. The pool sample was
macerated, centrifuged at low speed (1,800 x g during 30
min), filiered through a 045 pm filter for removal of small
debriz, and subjected to ultracentrifugation through a 20%
sucrose cushion (200,000 x g for 4 h) [6]. The peliet was
mixed with nucleases to eliminate non-capsid-protected
nucleic acids [10], and viral nucleic acids were isolated
using organic extraction protocols.

Viral nucleic acids wers enriched using Sigma's® Genom-
ePlex/Transplex kits. DNA fragment librarics were further
prepared using a Nextera XT DNA sample preparation kit
and sequenced using an [llumina MiSeq System (2 x 130
cycles run). Illumina MiSeq generated a total of 39,376
high-quality paired-end reads (average length of 1422 nt).
The sequences were trimmed and de nove assembled into
contigs using SPAdes v3.10 (metaSPAdes) [11] and com-
pared to known sequences in the National Center for Bio-
technology Information (NCBI) databases using BLASTn/
BLASTx. The total contigs with significant similarity in
BLASTx/n searches belonged to the host genome, including
the complete mitochondrial genome (34 contigs), as well as
bacterial (26 contigs), and viral (4 contigs) genomes. Viral
contigs were composed of three phages and one Eukarya-
related virus (with similarity to the Py Vs sequences). The

Fig. 1 Schematic diagram
showing the penome argani-
zation of Myocastor coypus
polyomavirus 1. Putative coding
megions for VPL, VP2, VP3,
small T antigen (5T Agz), and
large T antigen (LTAg) am
marked by armows

oyr

&) Springer

mitogenome recoversd was deposited into GenBank under
accession number MH 182628 No BLAST hit was found for
the 334 contigs (~84%).

The PyV contig recovered was 5,422 bp in length,
arranged in a circular form, and with an overall GC content
of 44.7%, similar to others PyVs. The average coverage was
6.3x. The circular genome displayed the archetypal genome
organization of the PyVs, including coding mgions of the
mgulatory proteins sTAg and LTAg, as well as the capsid
proteins VP, VP2 and VP3 (Fig. 1). These two regions are
separated by an NCCR homologous to those of previously
described polyomaviruses [12]. The LTAg was generated
by alternative splicing of the carly mRNA transcripe [13].
The intronic egion was found to be located between base
positions 5,201 1o 4,350,

According to the actual ICTV classification criteria, a
new polyomavirus species is defined strictly on the following
guidelines: i) the complete genome sequence is available in
a public database (GenBank accession number MHIE2627);
i) the genome displays a typical PyV organization (Fig. 1);
and iii) there is sufficient information on the natural host
(the mitogenome was deposited in GenBank under acces-
sion mumber MH182628). The last criterion (iv) is related
to the genetic distance that must be greater than 137 for the

5250 5423 25

Myocastor coypus Polyemavirus |

5,422 bp

27350
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3105

amino acid LTAg region when compared to members of the
most related species. Multiple alignment analysis showed
nucleotide LTAg genetic distances ranging from 44%, to 56%
with sequences representative of the most closely related
Alphapolyomavirus species (species: Human polvomavirus
12, Pan troglodytes polyomavirus 5. Acerodon celebensiz
polvemavirus |, and Ateles paniscus polyomavirus 1).

In order to finally classify the McPy V1 isolate as repre-
sentative of a novel Polyomavirus species, all PyVs mierence
sequences were refrieved from the GenBank database (htips
Jfarwrw ncbi nlm nih govigenbank/) and multiple sequence
alignments of the LTAg (Supplementary Material 2) were
generated using MUSCLE [14]. Phylogenetic rconstruc-
tions wene performed by applying the Maximum Likelihood
on MEGAT [13] and Bayesian methods on Phylogeny. fr-Mr.
Bayes softwan: [ 16] under the best mode] of amino acid sub-
stitution (LG +F+1+G, as determined on MEGAT)[17]. The
maximum likelihood phy logeny was recorded using MEGAT
with 1,000 bootstrap replicates each.

The reconstrucied phylogenetic tree of the Py Vs ICTV
reference sequences showed four major clusters corre-
sponding to the Alphapolyomavirus-, Betapolyomavirus-,
Gammapolyomavirus- and Deltapolyomavirus genera

Fig.2 Phylogenetic tree based
on the complets amino acsd
LTAg region. MEGAT was
wsed for phylogeny infernoe
umnder the maximum likelihood
method. The isolate represnt-
ing the pew “Myscador coypus

(Fig. 2 and Supplementary Material 1). This analysis
revealed the isolate representing the new species “Myo-
castor caypus polyomavirus 1" clusters within the Alp-
hapolyomavirus genus. Additionally, a Bayesian phyloge-
netic inference was performed and revealed the same tree
topology as the ML analysis (data not shown). McPyV 1
was the sister taxa to a clade of virus infecting humans
(HPyV 12). It was observed that it is mome distantly related
to polyomaviruses infecting monkeys and bats.

Rodentia comprises the largest order within the class
Mammalia, with approximately 40% of documented spe-
cies [18]. Despite this, only 4% of the characterized PyVs
have been deiected in rodents. The first Py Vs strain from
rodents was isolated in 1978 as causing epithelial prolif-
erations in the African multimammate mouse (Mastomy
nataknsis poly omavirus 1) [19]. PyVs can cause malignant
and non-malignant dizeases in birds and mammals, includ-
ing humans, but most mammalian PyVs cause subclini-
cal asymptomatic infections [12]. In this report, a novel
genetically distinct nutria PyV was detected with no dis-
ease association. These findings will aid our understanding
of the expanding genetic diversity of PyVs, mainly in the
Order Rodentia.

podypomenirus 17 species is indi-
cated with 2 black dot (e ). PyVs
ICTV mEmence sequences wee
memieved from the GenBank

idatabase (FenBank acoession
numhers e available for the
phylogenetic mea

Alphapolyomavirus
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