UNIVERSIDADE FEDERAL DO RIO GRANDE DO SUL
FACULDADE DE VETERINARIA
PROGRAMA DE POS-GRADUACAO EM CIENCIAS VETERINARIAS

CARACTERIZACAO DO VIROMA FECAL DE FRANGOS DE CORTE
SAUDAVEIS E AFETADOS PELA SINDROME DA MA ABSORCAO

DIANE ALVES DE LIMA

Porto Alegre
2018



UNIVERSIDADE FEDERAL DO RIO GRANDE DO SUL
FACULDADE DE VETERINARIA
PROGRAMA DE POS-GRADUACAO EM CIENCIAS VETERINARIAS

CARACTERIZACAO DO VIROMA FECAL DE FRANGOS DE CORTE
SAUDAVEIS E AFETADOS PELA SINDROME DA MA ABSORCAO

Autora: Diane Alves de Lima

Tese apresentada como requisito parcial para
obtencdo do titulo de doutora em Ciéncias
Veterinarias na area de Microbiologia
Veterinaria — Virologia.

Orientador: Prof. Dr. Paulo Michel Roehe

Coorientador: Dr. Samuel Paulo Cibulski

Porto Alegre
2018



CIP - Catalogacao na Publicacédo

Lima, Diane Al ves de

CARACTERI ZACAO DO VI ROVA FECAL DE FRANGOS DE
CORTE SAUDAVEI S E AFETADOS PELA SI NDROVE DA NA
ABSORCAO / Di ane Alves de Linma. -- 2018.

116 f.

Orientador: Paul o M chel Roehe.

Coori entador: Samuel Paul o Ci bul ski .

Tese (Doutorado) -- Universidade Federal do Rio
Grande do Sul, Facul dade de Veterinéaria, Programa de
P6s- Graduagdo em Ci éncias Veterinarias, Porto Al egre,
BR- RS, 2018.

1. viroma fecal. 2. frangos de corte. 3.
di starbi os entéricos. 4. sequencianento de alto
desenpenho. |. Roehe, Paulo Mchel, orient. I1.
Ci bul ski, Samuel Paulo, coorient. Ill. Titulo.

Elaborada pelo Sistema de Geracéo Automética de Ficha Catalografica da UFRGS com os
dados fornecidos pelo(a) autor(a).




DIANE ALVES DE LIMA
CARACTERIZACAO DO VIROMA FECAL DE FRANGOS DE CORTE

SAUDAVEIS E AFETADOS PELA SINDROME DA MA ABSORCAO

Aprovada em 28 FEV 2018

APROVADA POR:

Prof. Dr. Paulo Michel Roehe
Orientador e Presidente da Comissao

Dr. Samuel Paulo Cibuslki

Coorientador e Membro da Comissado

Prof. Dr. Claudio Wageck Canal

Membro da Comissao

Profa. Dra. Franciele Maboni Siqueira

Membro da Comissao

Prof. Dr. Luis Cesar BelloFallavena

Membro da Comissao



AGRADECIMENTOS

Agradeco a minha mée Erci, pelo exemplo, apoio e dedicacdo em me auxiliar
sempre que possivel. Ao meu marido, Moisés, que esteve ao meu lado em todos os

momentos, demonstrando paciéncia, cumplicidade e carinho.

Ao meu orientador Paulo Roehe pelos ensinamentos repassados e por toda ajuda
na construcdo deste trabalho. Sobretudo agradeco a confianga em mim depositada e a

oportunidade de crescimento.

Ao meu coorientador Samuel pela imensa paciéncia, pelos ensinamentos e por

toda ajuda até aqui. Agradeco também pela amizade e palavras de incentivo.

A todos os colegas do laboratério de virologia do IPVDF e do LabVir/lUFRGS
pelo apoio, pelo auxilio nos trabalhos de bancada, nas coletas, nas analises, bem como

nas discussoes.

Agradeco a CAPES pela concessdo da bolsa e aos demais 6rgaos de fomentos a

pesquisa, FINEP e CNPq, pelo apoio financeiro durante o desenvolvimento do projeto.

Muito obrigada a todos!



RESUMO

A sindrome da ma absorcdo (SMA) é uma doenca de aves jovens caracterizada
por retardo no crescimento, desenvolvimento defeituoso das penas e diarreia, resultando
em relevante impacto econémico. Estudos prévios tém investigado a participagdo de uma
série de agentes virais na etiologia da SMA. No entanto, o conhecimento limitado da
comunidade viral presente no intestino das aves dificulta a identificagcdo precisa do(s)
agente(s) causal(is). Nesse sentido, o presente estudo foi conduzido visando ampliar o
conhecimento sobre o viroma entérico de frangos de corte jovens (3-5 semanas) e seu
envolvimento com a ocorréncia da SMA. Para tanto, em quatro granjas, foram feitas
coletas de conteudo intestinal de frangos clinicamente saudaveis. DNA e RNA virais
foram extraidos, sequenciados e comparados com dados previamente disponiveis através
de analises metagenémicas. Genomas representantivos de uma ampla diversidade de
reconhecidas familias virais (Adenoviridae, Caliciviridae, Circoviridae, Parvoviridae,
Picobirnaviridae, Picornaviridae e Reoviridae) foram identificados. Igualmente, foram
detectados varios agentes ndo previamente descritos, com genomas de DNA fita simples
circular, presentemente denominados virus “CRESS-DNA”. Numa etapa seguinte, foi
conduzido um estudo visando examinar comparativamente o viroma entérico de frangos
de corte afetados pela SMA (n=35) e frangos saudaveis (n=35). Foram detectados
genomas de membros das seguintes familias virais:Picornaviridae, virus CRESS-DNA,
Circoviridae, Anelloviridae, Reoviridae, Picobirnaviridae, Astroviridae, Caliciviridae,
Parvoviridae e Adenoviridae. A comparacao entre a distribuicdo do nimero de reads
correspondentes as diferentes espécies de virus eucarioticos identificados no grupo de
aves doentes e de aves saudaveis ndo apresentou diferenca estatistica. Esses resultados
sugerem que a causa da SMA ndo esta relacionada a infec¢cdo por um agente viral
especifico. Futuros estudos sdo necessarios para elucidar a etiologia desta sindrome em
frangos de corte.

Palavras-chave: viroma fecal, frangos de corte, disturbios entéricos, sequenciamento de
alto desempenho.



ABSTRACT

Malabsorption syndrome (MAS) is a disease of young broilers characterized by
growth retardation, defective feather development and diarrhea with undigested food,
resulting in relevant economic impact. Previous studies have investigated the involvement
of a number of viral agents in the MAS etiology. However, the limited knowledge of the
viral community in poultry gut hinders identification of a particular causative agent(s).
In this sense, the present study was conducted aiming to increase the knowledge about
the enteric virome of young broiler chickens (3-5 weeks) and its potencial involvement in
the occurrence of MAS. For this purpose, on four poultry farms, intestinal contents were
collected from clinically healthy chickens. Viral DNA and RNA were extracted,
sequenced and compared with previously available data through metagenomic analyzes.
Genomes representing a wide diversity of recognized viral families (Adenoviridae,
Caliciviridae, Circoviridae, Parvoviridae, Picobirnaviridae, Picornaviridae e
Reoviridae) were identified. Also, several agents not previously described were detected,
with single-stranded circular DNA genomes, presently known as viruses “CRESS-DNA”.
In a subsequent step, a study was conducted comparing the enteric virome of broilers
affected by MAS (n = 35) and healthy broilers (n = 35). Genomes of members of the
following viral families were detected: Picornaviridae, virus CRESS-DNA, Circoviridae,
Anelloviridae, Reoviridae, Picobirnaviridae, Astroviridae, Caliciviridae, Parvoviridae e
Adenoviridae. Comparison between the distribution of sequences reads matching
different species of eukaryotic virus identified in the group of diseased birds and healthy
birds did not reach statistical difference. These results suggest the cause of SMA is not
related to infection by a specific viral agent. Future studies are needed to elucidate the
etiology of this syndrome in broiler chickens.

Keywords: fecal virome, broiler chickens; enteric disorders, high-throughput
sequencing.
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1 INTRODUCAO

A industria avicola consiste no maior e mais avancado acervo tecnoldgico dentre
os diferentes segmentos da pecuéria brasileira. Em 2016 o pais exportou o equivalente a
4,38 milhdes de toneladas de carne de frango, mantendo-se no posto de maior exportador
mundial do produto (Abpa, 2017). Os elevados indices produtivos do setor resultam da
acdo concomitante de nutricdo, manejo, genética e sanidade, proporcionando fonte
proteica de origem animal de alta qualidade a curtissimo prazo e a precos acessiveis
(Tindco, 2001).

A tecnificacdo da cadeia avicola e o rapido desenvolvimento industrial impuseram
um aumento exponencial do nimero de aves criadas por metro quadrado. Esta situacao,
embora importante para viabilizar os atuais sistemas de producéo avicola, favorece a
multiplicacdo e disseminacdo de agentes patogénicos responsaveis por prejuizos a
agroindustria (Andreatti Filho, 2007).

Uma ampla variedade de doencas pode acometer os plantéis avicolas. Entre as
enfermidades de maior importancia estdo os problemas respiratérios e os disturbios
entéricos, responsaveis por implicacdes econémicas relevantes, como o0 aumento nas
taxas de morbidade e de mortalidade, reducdo no ganho de peso, aumento da condenacgéo
de carcacas no momento do abate, incremento dos custos com medicamentos, méo de

obra e servicos técnicos especializados (Alfieri et al., 2000).

Enquanto algumas patologias possuem etiologia bem definida, outras ainda
requerem maiores investigagdes, como a sindrome da ma absor¢do (SMA). Segundo
outros autores, esta sindrome tem etiologia multifatorial, caracterizando-se pela presenca
de mdltiplos patégenos atuando de forma sinérgica,sem que até o presente tenha sido

possivel associa-la a um agente causal Unico ou primario (Zavala e Sellers, 2005).

A evolucdo das tecnologias de sequenciamento genético tem permitido a
identificacdo de diversos patdgenos previamente desconhecidos. Com estas ferramentas,
torna-se possivel a deteccdo de todo o microbioma, ou seja, todo o conjunto de micro-
organismos presentes em determinado nicho (Mokili et al., 2012). Nesse sentido, a
metagenémica (que compreende o estudo de todos os genomas, genes ou fragmentos
destes detectados em determinada amostra) vem sendo utilizada cada vez mais como
ferramenta diagnostica e investigativa, especialmente em sindromes multifatoriais, tais
como a SMA (Blomstrom et al., 2010).
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O presente trabalho teve como objetivo identificar o viroma (conjunto de virus),
presente no intestino de frangos clinicamente saudaveis, de 3-5 semanas de idade. Além
disso, foram examinados comparativamente animais saudaveis (n=35) e animais
apresentando sinais de SMA (n=35), com a mesma idade e sob as mesmas condicGes de
manejo. Analises metagendmicas foram realizadas para a caracterizacdo dos genomas

detectados.
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2 REVISAO BIBLIOGRAFICA
2.1 Sindrome da ma absorcao

O trato gastroentérico apresenta a maior superficie exposta no organismo e esta
continuamente sujeito a introducdo e proliferacio de uma infinidade de micro-
organismos, sendo a maioria deles benéficos ou comensais. Em determinadas
circunstancias, alguns deles podem causar doencas, enquanto outros, quando presentes,
sdo invariavelmente patogénicos para o hospedeiro (Saif, 2008).

Nas aves de produgédo, como frangos de corte e perus, o intestino representa um
dos principais 6rgdos sob o ponto de vista econémico. Apesar disso, muito pouco é
conhecido sobre a complexa interacdo da comunidade microbiana que nele habita e o
papel desses micro-organismosna indugdo de doengas (Zavala e Sellers, 2005; Day e
Zsak, 2013)

Alterac6es na saude intestinal podem acarretar em diminuicdo da digestibilidade,
perdas na conversao alimentar e falha na expresséo do potencial genético (Ito et al., 2007;
Ito et al., 2009). Consequentemente, ha um impacto negativo na producédo, o qual pode
perpetuar-se por longos periodos mesmo quando ocorre a recuperacédo clinica das aves
(Guy, 1998).

Nas ultimas décadas tem ocorrido um aumento progressivo na incidéncia de
doencas entéricas em aves comerciais por todo mundo. Entre essas enfermidades destaca-
se a sindrome da ma absorcdo (SMA), inicialmente descritaem frangos de corte no final
da década de 1970 (Olsen, 1977; Kouwenhoven et al., 1978; Zavala e Sellers, 2005).
Devido a aparente inexisténcia de um agente etioldgico Unico e a ampla variedade de
sinais clinicos observados, a SMA também €é conhecida por outros termos, tais como
sindrome da desuniformidade tardia (runting stunting syndrome - RSS), sindrome do
nanismo infeccioso, sindrome da ave palida e sindrome dos ossos frageis (Rebel et al.,
2006; Qamar et al., 2013). Este cenario provavelmente esta associado a uma série de
fatores predisponentes incluindo a racionalizacao e otimizacdo dos sistemas de producao,
tipo de alimento e presséo por selecdo genética, fatores que podem favorecer a expresséo

da patogenicidade de certos agentes (Canelli et al., 2012).

O quadro clinico da SMA é caracterizado por crescimento deficiente, nanismo,
desuniformidade do lote e retardo no desenvolvimento das penas devido ao
comprometimento da fungéo gastrintestinal (Zavala e Barbosa, 2006). A diversidade de

lesGes e sinais clinicos varia de acordo com a idade em que o0 processo é desencadeado.
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Frangos de corte nas trés primeiras semanas de vida apresentam maior suscetibilidade e
tendem a manifestar maiores perdas produtivas. Isso ocorre porque 0 processo de
alongamento das vilosidades intestinais permanece acelerado até a segunda semana de
vida. Quando danos ao intestino ocorrem nessa fase, a ave nao recupera o desempenho

devido ao curto periodo de vida até o abate (42 dias) (Ito et al., 2009).

Em geral, o dano causado a mucosa resulta em deficiéncias nutricionais,
especialmente aquelas relacionadas as vitaminas lipossolUveis e sais minerais. A caréncia
de vitamina D, por exemplo, impede a absorcdo intestinal de célcio o que leva a falhas de
mineralizacdo 6ssea e anormalidades esqueléticas frequentemente vistas em frangos de
corte doentes (Ito et al., 2007). Demais sinais clinicos observados incluem a presenca de
diarreia com residuos de alimentos nao digeridos, palidez de membros inferiores e
elevada pigmentacdo nas fezes quando as aves séo alimentadas com milho ou outros
alimentos contendo caroteno (Rebel et al., 2006). Retardo do empenamento na regido da
cabeca, asas e dorso, distensdo abdominal, prostracdo e aumento da mortalidade também
podem estar presentes (Frazier e Reece, 1990; Palade et al., 2011). Além dessas
alteracdes, as falhas na digestdo e absorcdo de nutrientes resultam no desenvolvimento
inadequado de 6rgdos linfoides importantes, como a bolsa cloacal e o timo. Como
consequéncia, pode ocorrer imunodepressdo, aumento da suscetibilidade a outras doencas

infecciosas e elevacdo na condenacdo de carcacas ao abate (Guy, 1998).

Durante a necropsia, é possivel observar o intestino delgado péalido, distendido,
transltcido e com presenca de liquidos ou conteddo ndo digerido. Ao mesmo tempo,
proventriculite, vesicula biliar aumentada e figado diminuido podem estar presentes
(Shapiro et al., 1998).

Alteracdes histopatoldgicas sdo verificadas principalmente no intestino delgado
com a presenca de les@es cisticas nos enterdcitos e degeneracao das vilosidades intestinais
(Figura 1) (Hauck et al., 2016). Outros achados histopatologicos frequentemente
encontrados na SMA incluem encurtamento e atrofia das vilosidades, fusdo da
extremidade dos vilos e distenséo das criptas de Lieberkihn (Otto et al., 2006; Sellers et
al., 2010). Além disso, séo descritas: fibrose, vacuolizagdo e degeneracdo das células
acinares no pancreas; dilatagdo celular com infiltracdo linfocitica no proventriculo e
degeneracéo folicular e epitelial na bolsa cloacal. Entretanto, nenhum desses achados ¢

patognomonico da doenga (Qamar et al., 2013).
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Figura 1 —Alteraces histopatologicas verificadas no intestino delgado de frangos de corte
afetados pela SMA. Setas indicam presenca de lesBes cisticas na parede intestinal (A) e
degeneracéo das vilosidades intestinais (B) (adaptado de: Zavala, Sellers, 2005).

As causas da SMA e agentes infecciosos potencialmente envolvidos no
desencadeamento dessa enfermidade permanecem ainda indefinidos (Rebel et al., 2006;
Awandkar et al., 2017). Embora problemas de manejo, falhas nutricionais e fatores
ambientais possam estar associados ao desenvolvimento da doenca, infecgdes entéricas
causadas por virus tém sido apontadas como causas primarias desta sindrome (Sellers et
al., 2010; Jindal et al., 2014; Devaney et al., 2016). Tal suspeita baseia-se na reproducéao
do quadro clinico em frangos de um dia de idade ap6s administracdo de indculos livres
de bactérias, oriundos do conteudo intestinal de aves afetadas pela SMA (Smart et al.,
1988; Reece e Frazier, 1990; Sell et al., 1992; Shapiro e Nir, 1995; Montgomery et al.,
1997; Kang et al., 2012).

Na busca de definicBes sobre a etiologia da SMA, numerosos virus tém sido
isolados ou identificados no conteddo intestinal de aves afetadas pelo problema,
especialmente astrovirus, reovirus, rotavirus e parvovirus (Barnes et al., 2000; Heggen-
Peay et al., 2002; Baxendale e Mebatsion, 2004; Cattoli et al., 2005; Nufiez et al., 2016).
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Entretanto, tentativas experimentais para reproduzir o quadro com estes agentes,
isoladamente, foram inconclusivas (Mettifogo et al., 2014). Em vérios estudos, dois ou
mais virus foram detectados simultaneamente indicando que infec¢cdes multiplas podem
estar envolvidas na patogénese da doenca (Jindal et al., 2009). Por outro lado, a presenca
desses agentes no intestino de ambos o0s animais saudaveis e doentes, sugere o
envolvimento de diferentes patotipos, ou mesmo a implica¢do de algum virus ainda ndo
identificado na ocorréncia da SMA (Jindal et al., 2014).

2.2 Agentes virais potencialmente associados 8 SMA
2.2.1 Astrovirus

Os astrovirus, membros da familia Astroviridae, sdo virus esféricos, icosaédricos
e ndo-envelopados, com aproximadamente 28 a 30 nm de didmetro (Smyth, 2017).
Apresentam um genoma de RNA de fita simples com polaridade positiva, que varia entre
6,8 a7,9 kb. O termo astrovirus foi cunhado para descrever pequenos virus arredondados,
com projecBes com cinco a seis pontas na superficie, semelhantes a estrelas (Méndez e
Arias, 2013). No entanto, apenas uma fracdo dos astrovirus visualizados exibe tal
morfologia (Koci e Schultz-Cherry, 2002). A familia Astroviridae inclui dois géneros: o
género Mamastrovirus, que engloba os astrovirus de mamiferos, e o género Avastrovirus,
que inclui astrovirus de aves (Bosch et al., 2012). Dentro de cada género, numerosos
grupos sdo descritos com base em diferencas sorol6gicas ou genéticas (Pantin-Jackwood
etal., 2011).

O genoma viral possui as extremidades 5’ e 3’ nao traduzidas (untranslated
region, UTR) e trés fases de leitura aberta (open reading frames, ORFs), variaveis em
tamanho, dependendo da cepa (Figura 2). As ORFs la e 1b codificam proteinas ndo
estruturais relacionadas com a transcricdo e replicacdo viral, como a enzima serina
protease e a RNA polimerase RNA-dependente. A terceira ORF, localizada proximo a
regido 3’ e designada ORF-2, codifica a proteina do capsideo (Jindal et al., 2014; Zhang
etal., 2017).

l ’
naaanAAMAL 3
ORF1b

Figura 2 - Organizacdo genémica dos astrovirus (adaptado deViralZone, 2017).
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Consideravel variabilidade genética e encontrada na ORF-2 dos astrovirus. Essa
caracteristica é reportada tanto entre isolados de espécies diferentes quanto entre os
sorotipos de uma mesma espécie animal. Com base em predicdes estruturais, foi sugerido
que essa hipervariabilidade na regido carboxi-terminal seria responsavel pela formacéo
das espiculas e, consequentemente, pelas interagfes precoces entre o virus e os receptores

celulares do hospedeiro (Méndez e Arias, 2013).

Os astrovirus tém sido identificados em uma ampla variedade de espécies animais.
Em humanos e mamiferos causam gastroenterites esporadicas, enquanto que em aves,
estdo associados com doencga entérica de maior gravidade, resultando em manifestacdes
extra-intestinais (Oluwayelu e Todd, 2012). Em aves, recentes investigacoes na etiologia
da SMA sugerem o envolvimento de dois astrovirus identificados em galinhas: o virus da
nefrite aviéria (avian nephritis virus, ANV) e o astrovirus de galinha (chicken astrovirus,
CAstV) (Pantin-Jackwood et al., 2006; Pantin-Jackwood et al., 2008; Pantin-Jackwood
et al., 2011; Canelli et al., 2012; Kaithal et al., 2016).

Em infecgBes experimentais conduzidas em aves de um dia de idade, os astrovirus
induziram reducdo no ganho de peso, retardo no empenamento e lesdes cisticas no
intestino delgado (Pantin-Jackwood et al., 2006; Sellers et al., 2010). Em outro estudo,
trés astrovirus (ANV-1, ANV-2 e CAstV) foram detectados por hibridizacéo in situ no
duodeno de frangos inoculados com contetdo intestinal oriundo de aves com SMA (Kang
et al., 2012). Interessantemente, a administracdo de uma vacina recombinante
expressando a proteina do capsideo de CAstV protegeu parcialmente a progénie de
matrizes submetidas a um modelo de desafio com SMA. Entretanto, a protecao parcial
obtida no estudo pode estar relacionada ao fato de existir outros agentes atuando na
etiologia da doenca (Sellers et al., 2010; Smyth, 2017).

2.2.2 Reovirus

O reovirus aviario (avian orthoreovirus, ARV), pertence ao género Orthoreovirus
e a subfamilia Spinareovirinae, da familia Reoviridae. Membros dessa familia sdo virus
ndo envelopados, com simetria icosaédrica e particulas variando entre 70-80 nm de
diametro (Farkas et al., 2016). O genoma viral dos reovirus possui aproximadamente 23,5
kpb e contém 10 segmentos de RNA fita dupla divididos em trés classes: grande (L),
média (M) e pequena (S). Os genes L e M sdo ainda subdivididos em trés segmentos cada

(L1, L2, L3 e M1, M2, M3), enquanto que o gene S possui quatro segmentos (S1, S2, S3,



16

S4) (Figura 3). Com excecdo de M3 e S1, que originam duas proteinas cada, os demais
codificam apenas uma (Benavente e Martinez-Costas, 2007). No total, doze proteinas sao
traduzidas a partir desses segmentos gendémicos, sendo oito delas componentes estruturais
dos virions (A1, A2, A3, ul, u2, ol, 62 ¢ 63) e quatro proteinas ndo estruturais (uNS,
uUNSC, o1s e oNS) (Ayalew et al., 2017). A identificacdo das proteinas codificadas pelos
reovirus ¢ designada por letras gregas correspondentes aos tamanhos grande (1), médio
(1) e pequeno (o), as quais sdo traduzidos a partir dos genes L, M e S, respectivamente

(Dermody et al., 2013).
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Figura 3 - Representacdo dos dez segmentos gendmicos presentes nos orthoreovirus
(adaptado de Viral Zone, 2017).

Reovirus aviarios podem ser classificados em dois tipos: fusogénicos e nédo
fusogénicos. O primeiro apresenta a capacidade de causar a fusdo das células infectadas
resultando na formac&o de sincicios (células gigantes e multinucleadas), enquanto que o
segundo ndo possui essa habilidade. Reovirus fusogénicos afetam mamiferos, aves e
répteis formando grupos geneticamente distintos dos reovirus ndo fusogénicos, os quais
afetam apenas mamiferos(Mor et al., 2014). Em adi¢do, ARVs podem ser diferenciados
dos reovirus de mamiferos com base na sua especificidade de hospedeiros e na auséncia
de atividade hemaglutinante (Alfieri et al., 2007).

Embora ubiquos e frequentemente encontrados em aves saudaveis, 0s ARVS séo
implicados em numerosas doencas avidrias, resultando em consideraveis prejuizos para
avicultura industrial. Em frangos de corte, a infec¢do por reovirus frequentemente esta

associada com artrite/sinovite viral, aumento da mortalidade, diminui¢do no ganho de
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peso, desuniformidade do lote e aumento da taxa de condenagédo ao abate (Jones, 2008;
Day, 2009; Ayalew et al., 2017).

Inicialmente, os ARVs foram considerados 0s principais agentes etioldgicos da
SMA em razéo de serem isolados ou visualizados por microscopia eletronica em fezes de
galinhas afetadas pela doenca (Page et al., 1982; Rekik et al., 1987; Kouwenhoven et al.,
1988; Van Loon et al., 2001). Através da inoculacdo experimental de dois isolados de
reovirus (1733 e 2408), foram observados sinais clinicos e lesdes intestinais compativeis
com a SMA. Com base nesses achados, atribuiu-se aos ARVs uma funcéo de gatilho no
desenvolvimento da sindrome, com infecgdes bacterianas secundarias ou mesmo outros
virus agravando as lesdes intestinais (Montgomery et al., 1997; Songserm et al., 2000;
Songserm et al., 2002). Entretanto, a utilizacdo de vacinas contendo esses dois isolados
resultou no aumento da performance em apenas 50% dos casos, enquanto que nos casos
remanescentes ndo houve diferenca entre aves vacinadas e ndo vacinadas (Van Der Heide,
2000). Em razao disso, a relacdo dos ARVs com a ocorréncia dessa sindrome permanece

pouco esclarecida até o momento (Rebel et al., 2006; Ayalew et al., 2017).
2.2.3 Rotavirus

Rotavirus sdo membros do género Rotavirus, pertencentes a subfamilia
Sedoreovirinae, da familia Reoviridae. Os virions possuem capsideo icosaédrico, nao
envelopado com didmetro de aproximadamente 85 nm(Attoui et al., 2012). Quando
visualizados por microscopia eletrdnica, os rotavirus apresentam a aparéncia semelhante
a uma roda, caracteristica que originou 0 nome do género (rota, em latim) (Mcnulty e
Reynolds, 2008).

O genoma viral possui cerca de 18,5 kpb e consiste em 11 segmentos de RNA fita
dupla flanqueados por regides ndo traduzidas de extensdo varidvel proximo as
extremidades 5’ e 3’ (Figura 4). Cada segmento codifica a0 menos uma proteina,
totalizando seis proteinas estruturais (viral protein, VP) e seis ndo estruturais (non-

structural protein, NSP)(Estes e Greenberg, 2013).
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Figura 4 - Representacdo dos onze segmentos gendémicos presentes nos rotavirus
(adaptado de Viral Zone, 2017).

A particula viral é composta por trés camadas proteicas. A VP1, juntamente com
a VP2 e VP3 encapsidam o RNA gendmico formando o nucleo viral, também chamado
core. A VP6 compde a camada intermediaria e é altamente conservada, o que permite a
classificacdo dos rotavirus em grupos antigénicos distintos. Ja a camada externa é
constituida pelas proteinas VP4 e VP7, as quais possuem antigenos neutralizantes
especificos (Attoui et al., 2012). A VP4 é formada por estruturas diméricas semelhantes
a espiculas, as quais sdo responsaveis pela ligacdo inicial dos virions aos receptores
celulares. Essas estruturas sdo ativadas pela protease tripsina resultando em aumento da
infectividade viral (Johne et al., 2015).

Com base em propriedades antigénicas detectadas na VP6, os rotavirus sdo
divididos em sete grupos sorol6gicos nomeados pelas letras A al. (Matthijnssens et al.,
2012; Mihalov-Kovacs et al., 2015). Os grupos A, B, C e H sdo conhecidos por infectar
humanos e animais, enquanto que os grupos D, E, F, G e | infectam apenas animais,
especialmente aves (Trojnar et al., 2010; Johne et al., 2011; Marthaler et al., 2014; Phan
etal., 2017).

Além da classificacdo em sorogrupos, os rotavirus podem ser divididos em
sorotipos ou gendtipos, de acordo com caracteristicas antigénicas e genéticas das
proteinas externas do capsideo. Para isso, € utilizado um sistema binario, similar aquele
usado para o virus da influenza, considerando os tipos de VP4 (ou P - proteina sensivel a
protease) e VP7 (ou G — glicoproteina) (Matthijnssens et al., 2011). Atualmente sdo
descritos genotipos com mais de 29 tipos de G e 37 tipos de P (Beserra et al., 2014). Esse
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sistema de classificagéo tem permitido verificar a ocorréncia de eventos de transmisséo
entre espécies, bem como recombinagdo entre os segmentos genémicos de diferentes

cepas de rotavirus aviarios (Schumann et al., 2009).

Rotavirus foram identificados pela primeira vez aposinoculagdo experimental de
bezerros com indculo livre de bactérias e obtido a partir de fezes de bezerros apresentando
diarreia (Mebus et al., 1969). Desde entdo, esses virus tém sido descritos em todo do
mundo como principal causa de gastroenterites em criangas e animais jovens (Fischer et
al., 2007; Bishop, 2009; Trojnar et al., 2010). InfecgBes por rotavirus em aves sdo
descritas mundialmente, e assim como em mamiferos, estdo associadas a quadros de

diarreia com elevadas perdas produtivas no setor avicola (Deol et al., 2017).

Em aves, as alterages clinicas induzidas por esses agentes sdo bastante variaveis
(Guy, 1998). Embora a principal manifestacdo clinica seja a diarreia, outros sinais podem
ser observados: prostracdo, inapeténcia, desidratacdo e emplastamento de cloaca. Como
consequéncia, ocorre diminuicdo no ganho de peso, desuniformidade dos lotes e aumento
da mortalidade (Martins e Resende, 2009).

Rotavirus dos grupos A, D, F e G sdo frequentemente identificados em diferentes
espécies aviarias, como faisdes, patos, perus, pombos e aves silvestres (Beserra e Gregori,
2014; Chenetal., 2017; Pauly et al., 2017). Com relacéo as galinhas, estudos demonstram
a disseminacdo dos rotavirus em lotes comerciais de aves com SMA. Em diferentes lotes
acometidos pela sindrome, foi constatada uma correlacdo positiva entre a presenca de
rotavirus do grupo D e lesdes intestinais graves nas aves examinadas (Otto et al., 2006).
Em outra investigacao, foram analisadas amostras de 18 perus e 375 frangos afetados pela
SMA e oriundos de diferentes paises da Europa e de Bangladesh. Dessas amostras, 337
(85%) foram positivas para rotavirus, sendo que destas, 231 (58,8%) positivaram para o
grupo A e 259 (65,9%) para o grupo D. Embora existam diferencas geograficas, a alta
prevaléncia de rotavirus A e D constatada nesse estudo indica que esses grupos

predominam em aves apresentando sinais clinicos da SMA (Otto et al., 2012).

No entanto, o papel exato dos rotavirus no desenvolvimento da doenga permanece
pouco esclarecido, uma vez que inoculacBes experimentais induziram infeccoes
subclinicas (Meulemans et al., 1985; Yason e Schat, 1986). Além disso, a associacdo

destes com a doenca é complicada pelo fato de que os rotavirus (assim como outros virus
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entéricos) sdo frequentemente detectados em aves saudaveis (Panting-Jackwood et al.,
2007; Pantin-Jackwood et al., 2008; Day e Zsak, 2013; Mettifogo et al., 2014).

2.2.4 Parvovirus

Parvovirus sao virus pequenos, esféricos ndo envelopados com cerca de 25 nm de
diametro e simetria icosaédrica (Berns e Parrish, 2013). O parvovirus de galinha,
recentemente nomeado galliform aveparvovirus 1 (GaPV 1), pertence ao género
Aveparvovirus e a subfamilia Parvovirinae, os quais fazem parte da familiaParvoviridae
(Cotmore et al., 2014).

A estrutura gendmica € similar entre os parvovirus da subfamilia Parvovirinae.
Eles apresentam genoma linear composto por molécula de DNA fita simples, 4-6 kb de
tamanho e contetido de GC variando entre 40 e 55%. As regides terminais 5’e 3’ possuem
sequéncias palindrémicas repetidas (com 120 a 550 nt) as quais dobram-se em estruturas
semelhantes a grampos de cabelo (harpins), essenciais na replicacdo e encapsidagéo do
DNA viral (Tijssen et al., 2012).

O genoma dos parvovirus possui dois principais cassetes de genes responsaveis
por codificar duas proteinas ndo estruturais (NS1 e NS2) e trés proteinas estruturais (VP1,
VP2 e VP3). O GaPV 1 também contém uma pequena ORF de 306 nt, localizada entre as
outras duas ORFs maiores, cuja funcdo é desconhecida (Zsak et al., 2009; Day e Zsak,
2010) (Figura 5).

g a
NP1 gene (T D

Figura 5 — Organizagdo gendmica do parvovirus de galinha (adaptado de Day eZsak, 2010).

A traducdo das proteinas NS1 e NS2 ocorre através de splicing alternativo dos
RNAs mensageiros. NS1 atua na replicacdo do genoma viral, enquanto que NS2 esta
envolvida em diferentes funcdes além da replicacdo, como por exemplo controle da
expressao génica e formacdo do capsideo (Moraes e Costa, 2007). Com relacdo as
proteinas estruturais, VP1 e VP2 sdo traduzidas a partir de um mesmo RNA mensageiro
apos mecanismo de splicing, enquanto a VVP3 € gerada pela clivagem proteolitica da VP2

(Berns e Parrish, 2013). Essas trés proteinas compdem a estrutura dos virions e sao
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responsaveis pela producdo de anticorpos neutralizantes durante a infeccdo (Saikawa et
al., 1993).

Os parvovirus tém sido implicados na etiologia de gastroenterites em uma
variedade de mamiferos incluindo cées, gatos e bovinos (Guy, 1998). InfeccGes por
parvovirus também sdo descritas em perus e galinhas com doenca entérica, entretanto, a
patogenicidade e importancia desses virus como agente causal requer maiores

esclarecimentos.

O potencial envolvimento de parvovirus na SMA foi sugerido apos estudo
demonstrando a presenca de particulas virais semelhantes a parvovirus em fezes de aves
jovens afetadas pela doenca (Kisary et al., 1984). Posteriormente, frangos de um dia de
idade foram infectados experimentalmente com indculo contendo parvovirus purificado
desenvolvendo diarreia, perda de peso (40% menos peso que O grupo controle) e
alteracdes no empenamento (Kisary, 1985). Em estudo recente, resultados semelhantes
foram obtidos apés a infecgdo experimental em aves livres de patdgenos especificos com

uma cepa de parvovirus isolada de galinhas (ABU-P1) (Zsak et al., 2013).

Infeccdes naturais causadas por parvovirus em lotes de perus e frangos de corte
com sinais de enterite foram reportadas na Hungria. Naquele estudo, a investigacédo
histopatoldgica revelou atrofia de érgdos linfoides e presenca de células inflamatdrias na
lamina prépria do duodeno e jejuno. Além disso, particulas semelhantes a parvovirus
foram identificadas por imunohistoquimica indireta demonstrando que o epitélio

intestinal dessas aves serviu como local de replicacdo do virus (Palade et al., 2011).

Testes em busca de genomas de GaPVstém revelado que estes agentes estdo
amplamente disseminados em frangos com sinais clinicos da SMA. A presenca de GaPVs
foi observada em grande parte das regides produtoras de aves nos Estados Unidos, sendo
as amostras de GaPVs identificadas nesse pais, similares geneticamente aquelas
circulantes na Hungria (Zsak et al., 2009; Day e Zsak, 2013). A presenca de GaPV sem
lotes afetados pela SMA também foi descrita em outros paises como Croécia e Poldnia
(Bidin et al., 2011; Tarasiuk et al., 2012). No Brasil, estudos demonstraram que frangos
de corte afetados pela sindrome apresentaram maior carga viral do GaPV nas fezes em

comparacdo com frangos saudaveis (Finkler, F. et al., 2016; Finkler, F. et al., 2016).

Entretanto, embora diversas pesquisas tenham sugerido o GaPV como patogeno

emergente, seu envolvimento na etiologia da SMA néo esta claro. Futuros estudos séo
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necessarios para entender a indugdo de enteropatias ou mesmo infecgdes assintomaticas

causadas por esses agentes (Kang et al., 2012).
2.2.5 Desafios no diagnostico de agentes virais potencialmente envolvidos na SMA

Em razdo de grande parte dos virus entéricos ndo serem cultivaveis in vitro, 0s
métodos tradicionais de isolamento viral ndo sao utilizados no diagnostico. Por décadas,
a microscopia eletronica (ME) foi a ferramenta de escolha para identificacdo destes
agentes. No entanto, por ndo distinguir particulas morfologicamente semelhantes, a ME
ndo permite a identificacdo de particulas que apresentam variagdes em sua constituicdo

antigénica (Canelli et al., 2012).

Nesse sentido, os métodos de diagnostico molecular oferecem vantagens em
relacdo as técnicas convencionais de isolamento, podendo apresentar maior sensibilidade,
rapidez e baixo custo (Delwart, 2007). Com relacdo a SMA, varios ensaios de PCR
multiplex tém sido desenvolvidos na tentativa de identificar simultaneamente diferentes
patdgenos entéricos potencialmente envolvidos no quadro (Day et al., 2007; Panting-
Jackwood et al., 2007; Pantin-Jackwood et al., 2008; Jindal et al., 2012). Entretanto, a
necessidade do direcionamento prévio da técnica a determinados agentes limita a
possibilidade de identificagdo de novos virus ou variantes previamente desconhecidas,
que possam apresentar potencial patogénico (Blomstrom et al., 2010; Svraka et al., 2010;
Day et al., 2015).

Com o advento das técnicas de sequenciamento de alto desempenho e subsequente
investigagdo metagendmica, as limitagdes associadas aos métodos tradicionais
dependentes de isolamento e caracterizacdo viral tém sido contornadas (Rosario e
Breitbart, 2011). Essa abordagem possibilita o estudo do conjunto de genomas presentes
em determinado nicho ou ambiente, sem conhecimento prévio de sequéncias (Edwards e
Rohwer, 2005). Em razdo de permitir a descoberta de virus “novos”, ndo cultivaveis, a
metagenémica vem se firmando como uma poderosa ferramenta de diagnostico, podendo
ser aplicada tanto para determinacdo de genomas completos, quanto para investigar a
etiologia de doencgas complexas (Day et al., 2010; Pallen, 2014; Posada-Cespedes et al.,
2017).
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2.3 Metagenomica

Micro-organismos nao cultivaveis compreendem a maior diversidade bioldgica da
Terra. Até 0 momento, estima-se que existam em torno de 10% células bacterianas e 103
particulas virais habitando nosso planeta (Riesenfeld et al., 2004; Breitbart e Rohwer,
2005; Carding et al., 2017). Em muitos ambientes, apenas 1% dos micro-organismos
podem ser cultivados pelos métodos convencionais, uma vez que as condicOes
laboratoriais tendem a impor pressdo seletiva, favorecendo o crescimento de
determinados organismos. Com 0 avango mais recente de técnicas independentes de
cultivo, baseadas em sequenciamento gendmico, a composicdo e diversidade dos
microbiomas de diferentes nichos vem sendo desvendados (Singh et al., 2009; Di Bella
etal., 2013).

Em 1985, Lane e colaboradores propuseram a investigacdo do DNA microbiano
diretamente de amostras ambientais através de clonagem seguida pelo sequenciamento
dos fragmentos encontrados (Lane et al., 1985). Posteriormente, o0 termo metagenoma foi
usado para descrever a colecdo de informagdes gendmicas referentes a todos 0s micro-
organismos presentes em uma amostra de solo, incluindo aqueles que ndo puderam ser
isolados (Handelsman et al., 1998). A partir de entdo, o termo metagenoma tem sido
usado para nomear o conjunto de genomas obtidos diretamente de um ambiente ou
amostra clinica, enquanto que o termo metagenémica refere-se ao estudo desses dados
(Wooley et al., 2010).

Nos ultimos anos, a constante evolucdo e substancial reducdo no custo das
tecnologias de sequenciamento de alto desempenho proporcionaram um aumento no
namero de estudos envolvendo metagenémica (Thomas et al., 2012; Greninger, 2017).
Tal avanco vem sendo verificado em funcéo de que o sequenciamento de alto desempenho
(high-throughput sequencing, HTS) possibilita sequenciar paralelamente bilhGes de
moléculas de DNA em um reduzido periodo de tempo, performance muito superior ao
método de sequenciamento convencional (Sanger et al., 1977). Além disso, o HTS
dispensa a necessidade de clonagem dos fragmentos de DNA durante o preparo das
bibliotecas, reduzindo assim contaminagdes com &cidos nucléicos oriundos de outros
micro-organismos que ndo fazem parte do metagenoma (Ansorge, 2009; Barzon et al.,
2011; Escobar-Zepeda et al., 2015).
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Em geral, duas estratégias sdo utilizadas em estudos metagenémicos: o
sequenciamento de genes marcados e o sequenciamento shotgun. A primeira refere-se a
analise da diversidade microbiana a partir do sequenciamento de amplicons alvos,
enquanto a segunda corresponde a analise direta dos micro-organismos presentes na
amostra. O termo shotgun refere-se a quebra aleatéria do DNA em pequenos fragmentos
durante o preparo das bibliotecas, semelhante ao padrdo de disparo de uma espingarda
(Dudhagara et al., 2015).

Na metagendmica aplicada ao estudo do viroma, a colecdo de virus presentes em
determinado ambiente, sdo realizadas diferentes etapas de purificacdo previamente ao
sequenciamento. Esse procedimento visa garantir a detec¢do de acidos nucléicos virais
uma vez que esses encontram-se em pequena quantidade na amostra. O processamento
utilizado para concentracdo de particulas virais inclui as etapas de filtracdo,
ultracentrifugacéo e remoc¢do enzimatica dos &cidos nucléicos desprovidos de capsideo
(Delwart, 2007; Thurber et al., 2009).

Outra técnica utilizada no preparo de amostras inclui a amplificacdo randémica
dos fragmentos ap6s purificacdo e extracdo dos &cidos nucléicos. Essa abordagem tem
por objetivo acessar 0s virus presentes em menor numero, bem como, recuperar material

gendmico suficiente para o sequenciamento (Rosario et al., 2012).

Dessa forma, estudos baseados em metagendmica tém reabastecido o campo da
ecologia viral fornecendo um volume de informacGes sem precedentes sobre a
diversidade e as interacdes entre virus e hospedeiros (Rosario e Breitbart, 2011). Através
dessa técnica, diversos estudos de investigacdo do viroma foram realizados incluindo
amostras ambientais (Breitbart et al., 2004; Alhamlan et al., 2013; Dayaram et al., 2015;
Dayaram et al., 2016), alimentos de origem animal (Zhang, W. et al., 2014), trato
respiratorio (Willner et al., 2009; Yang et al., 2011; Mokili et al., 2013; Correa-Fiz et al.,
2016), plasma (Law et al., 2013; Wang et al., 2018), tecidos de animais (Blomstrom et
al., 2010; Belak et al., 2013) e fezes de diferentes espécies (Victoria et al., 2009; Shan et
al., 2011; Chen et al., 2013; Shah et al., 2014; Zhang, B. et al., 2014; Lima et al., 2017,
Moreno et al., 2017). Entretanto, embora a metagenémica represente uma poderosa
ferramenta para explorar a diversidade microbiana em diferentes nichos, um dos
principais desafios consiste na analise das sequéncias obtidas (Sharpton, 2014). Os dados
produzidos pelas plataformas de HTS correspondem a imensos conjuntos de sequéncias

curtas de leitura (reads), o que dificulta a montagem e anotag@o dos genomas. Em razéo
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disso, elevados recursos computacionais bem como o0 uso de softwares complexos de

bioinformatica sdo requeridos para obter a informac&o de interesse (Foster et al., 2012).
2.3.1 Bioinformatica aplicada ametagenémica

A analise de bioinformatica aplicada aos dados oriundos do HTS segue
basicamente quatro etapas: avaliacdo da qualidade dos reads, montagem, classificacao
taxonémica e anotacdo funcional. Nesse processo, diversos programas computacionais
sdo utilizados visando obter a identificagdo precisa de milhares de espécies em um tempo
razoavel (Cingolani et al., 2015).

A andlise de qualidade dos reads deve ser realizada antes de qualquer outra
andlise. Taxas de erros variam entre as tecnologias de sequenciamento e interferem na
caracterizacdo da comunidade microbiana. Para estimar a probabilidade de erro de cada
nucleotideo inserido, utiliza-se o escore de Phred. Esse escore classifica os reads de
acordo com a acuracia na insercdo das bases(Bzhalava e Dillner, 2013). Por exemplo, um
escore Phred igual a 10 significa que 90% das bases estdo corretas, enquanto que 0s
escores 20 e 30 correspondem, respectivamente, a 99% e 99,9% de precisao (Ewing e
Green, 1998). Existem varios programas que realizam esse tipo de analise, tais como o
FastQC e o PRINTSEQ (Schmieder e Edwards, 2011; Andrews, 2018). Em geral eles
fornecem informagdes adicionais sobre os dados (quantidade e tamanho dos reads,
contetdo de GC, sequéncias super representadas, entre outros) e em alguns casos
permitem realizar a trimagem das sequéncias, ou seja, remocao de adaptadores e/ou

regides de baixa qualidade (Escobar-Zepeda et al., 2015).

Uma vez que os reads tenham passado pela analise de qualidade, eles podem ser
comparados diretamente com sequéncias depositadas em bancos de dados publicos ou
montadas em sequéncias contiguas maiores (contigs) (Wooley et al., 2010). Diferentes
estrategias de montagens estdo disponiveis de acordo com o objetivo de cada estudo.
Entretanto, dois métodos sdo frequentemente empregados para montagem de

metagenomas: montagem guiada por referéncia e montagem de novo (Miller et al., 2013).

A montagem baseada em referéncia pode representar uma boa alternativa quando
0 propasito € recuperar genomas completos ou regides codificantes de proteinas. Nesses
casos, genomas conhecidos podem ser usados para guiar a montagem, desde que o
conjunto de dados contenha sequéncias intimamente relacionadas a eles. Em geral, 0s

algoritmos usados para esse fim sdo rapidos e possuem memoria eficiente o que
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possibilita o resultado dentro de poucas horas. No entanto, a presenca de grandes
variagOes entre os genomas de referéncia e os reads, devido a ocorréncia de insergdes ou
delecdes, resultara em montagens fragmentadas ou em auséncia de cobertura nas regides

divergentes (Thomas et al., 2012).

Com relagdo a montagem de novo, maiores recursos computacionais e atencéo séo
requeridos. Isso porque o algoritmo precisa comparar cada sequéncia com cada leitura
diferente, tornando o processo uma operacdo de alta complexidade (Martins, 2013). Em
razdo disso, montadores baseados em grafos de Bruijn foram especificamente
desenvolvidos para atender o processamento de grandes volumes de dados obtidos no
HTS. Esses grafos utilizam um sistema de vértices representados por k-mers (trechos de
sequéncias com tamanho fixo) onde os reads atuam como arestas conectando esses
veértices. Assim, reads sobrepostos sdo mapeados em uma mesma aresta e podem ser
seguidos simultaneamente, resultando na construcdo de uma sequéncia consenso do
genoma (Wooley et al., 2010). A vantagem em montar os reads em contigs esta
relacionada a acuracia da analise. Quanto maior a sequéncia consenso, maior o ganho de
informacdes facilitando a comparacdo com dados genémicos conhecidos. Dessa forma, é
possivel encontrar elementos genéticos complexos e longos ou mesmo reconstruir
genomas completos, aumentando a confianca na anotacdo da sequéncia (Di Bella et al.,
2013).

A investigacdo da composicdo taxonémica pode ser realizada através da
organizacdo das sequéncias em classes, ou unidades taxondmicas operacionais (OTU),
tornando 0 método mais rapido e conveniente. Ha duas abordagens usadas para esse fim:
a clusterizacdo por composi¢do das sequéncias ou por alinhamento dos reads com
sequéncias de referéncia. A primeira compara todas as sequéncias entre si e realiza o
agrupamento por similaridade, sem utilizar nenhuma referéncia externa ao conjunto de
dados. A segunda, compara as sequéncias com bancos de dados conhecidos utilizando
ferramentas de alinhamento como o BLAST. Dessa forma as sequéncias sdo agrupadas
em OTU de acordo com a similaridade delas em relacdo aos dados previamente
publicados (Wooley et al., 2010; Thomas et al., 2012).

Outra etapa importante na analise metagenémica, consiste na predicao de regides
codificantes, seguida pela anotacdo génica. A atribuicdo de funcdo as ORFs encontradas
pode ser realizada tanto em sequéncias de nucleotideos quanto em sequéncias traduzidas.

Um dos métodos mais faceis e utilizados para isso é pesquisa por homologia em bancos



27

de dados como Swiss-Prot e NCBI-nr, os quais fornecem resultados que também podem
ser usados para informagao taxondmica (Escobar-Zepeda et al., 2015).
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3 OBJETIVOS
3.1 Objetivo geral

Contribuir para a ampliagdo do conhecimento sobre o viroma fecal de aves

comerciais saudaveis e afetadas pela sindrome da ma absorcao.

3.2 Objetivos especificos

1. Caracterizar o viroma fecal de frangos de corte saudaveis.

2. Caracterizar o viroma fecal de frangos de corte afetados pela sindrome da ma absorcéo.

3. Comparar o viroma de frangos de corte saudaveis e afetados pela sindrome da ma
absorcéo, visando examinar o potencial envolvimento de agentes virais na etiologia dessa

sindrome
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4 CAPITULO 1: “Faecal virome of healthy chickens reveals a large diversity

of the eukaryote viral community, including novel circular ssDNA viruses.”
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Abstract

This study is focused on the identification of the faecal virome of healthy chickens raised in high-density, export-driven
poultry farms in Brazil. Following high-throughput sequencing, a total of 7743 de novo-assembled contigs were constructed
and compared with known nucleotide/amino acid sequences from the GenBank database. Analyses with BLASTX revealed that
279 contigs (4 %) were related to sequences of eukaryotic viruses. Viral genome sequences (total or partial) indicative of
members of recognized viral families, including Adenoviridae, Caliciviridae, Circoviridae, Parvoviridae, Picobirnaviridae,
Picornaviridae and Reoviridae, were identified, some of those representing novel genotypes. In addition, a range of circular
replication-associated protein encoding DNA viruses were also identified. The characterization of the faecal virome of healthy
chickens described here not only provides a description of the viruses encountered in such niche but should also represent a
baseline for future studies comparing viral populations in healthy and diseased chicken flocks. Moreover, it may also be
relevant for human health, since chickens represent a significant proportion of the animal protein consumed worldwide.

High-throughput sequencing has allowed unprecedented
advances in the characterization of complex microbial com-
munities [8, 9]. Such technology, allied to constantly
improving methods of metagenomic analysis, has the poten-
tial to circumvent the limitations of conventional virological
methods, such as the limited ability to replicate most viruses
in vitro, unsuccessful PCR amplification of viral genomes or

INTRODUCTION

Chickens are major source of animal protein for human
consumption worldwide. Feed conversion and poultry pro-
ductive performance are strongly dependent on the gut
microbiota and on adequate functioning of the gastrointesti-
nal tract [1]. In view of this, over the past several years, great
efforts have been made to characterize the bacterial popula-

tion in the chicken gut [2-5]. However, despite the interde-
pendence between bacterial and viral contents in the gut,
remarkably little is known about the intestinal virome of
poultry [6, 7].

failure of antibodies to recognize unknown viruses [10].

Using such an approach, researchers have explored the
diversity of the faecal virome from different species at a rap-
idly increasing rate [10-13]. In turkeys, great strides have
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been made in the discovery, description and characteriza-
tion of a multitude of intestinal viruses [14]. As such, a bet-
ter characterization of the intestinal virome of healthy
chickens would be expected to contribute toward increasing
productivity by promoting better efficiency of feed conver-
sion, decreasing the possibility of occurrence of disease and,
ultimately, increasing food safety by minimizing potential
risks to public health [15, 16].

In this study, metagenomic analyses were performed on the
faecal virome of healthy, 3- to 5-week-old broilers. The birds
were raised in export-driven commercial flocks in Southern
Brazil under fairly standard rearing conditions. Sequence
data on purified viral nucleic acids extracted from stools
were generated in an Illumina MiSeq platform. Similar pro-
portions of viruses of eukaryotes and prokaryotes were
identified in samples; however, this report focuses on the
description of viral genomes of eukaryotes from chicken
faecal samples.

RESULTS AND DISCUSSION

Overview of sequence data

A total of 541 988 paired-end sequence reads with an aver-
age of 146.1 nt were generated. Sequence reads were de novo
assembled and compared against a non-redundant database
using BLASTX and BLASTN programmes. Among 7743 assem-
bled contigs, 44.5% had no similarity to any sequences in
GenBank, in agreement with previous findings in human
stool samples [10, 17]. Approximately 4% (279) of the
sequences showed similarity to known eukaryotic viral
sequences with an E-value cut-off of 10 . Fig. 1(a) presents
the taxonomic classification and the relative amount of the
putative viral genomes assembled from the samples
examined.

Summary of the findings on the faecal virome of
healthy chickens

Fifty-seven percent of the sequences with best BLASTX hits
corresponding to eukaryotic viruses were related to DNA
viruses of the families Adenoviridae, Circoviridae and Parvo-
viridae. In addition, a variety of unclassified circular Rep-
encoding ssDNA (CRESS-DNA) viral genomes were
identified.

Regarding RNA viruses, the identified viral genomes could
be assigned to families Caliciviridae, Picobirnaviridae, Picor-
naviridae and Reoviridae (Fig. 1b). Table S1 (available in the
online Supplementary Material) presents a summary of the
eukaryotic viral sequences detected in the present study.

Next, a brief report on the major groups of viruses identified
in the faecal virome of healthy chickens is presented.

DNA genomes

Fowl adenoviruses

Adenoviruses (AdVs) are non-enveloped, icosahedral
viruses with a DNA genome consisting of a double-stranded
molecule with 26 to 45 kbp [18]. AdVs have been identified
in a wide range of vertebrate species, including amphibians,
birds, fishes, mammals and reptiles [19]. AdVs that infect
chickens are named fowl AdVs (FAdVs). These are cur-
rently classified in the genus Aviadenovirus, comprising five
species (FAdVs A-E) and 12 serotypes (FAdV-1 to 8a and
8b to 11) [20]. In the current study, 53 contigs representing
partial genome sequences with high similarity to FAdVs
were identified, ranging from 208 to 1217bp in length
(GenBank nos. KY053058 to KY053110).

Of the 53 contigs which could be related to FAdVs, only
one corresponded to the genomic region coding for part of
the hexon-associated protein VIII gene, often used for
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Fig. 1. Putative classification of viral genome sequences detected in pooled stool samples of healthy chickens. Percentages express
relative amounts of viral genomes assigned to each particular family (or unclassified) within the total number of contigs obtained.
(a) Overview of the de novo-assembled Illumina reads. (b) Percentages of eukaryotic viral contigs distributed in different viral families.
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phylogenetic analyses [21]. As such, this was the only geno-
mic segment that could be compared with previously
reported counterparts. The deduced, partial aa hexon
sequence obtained here, named FAdV RS/BR/2015/52, clus-
ters with FAdV-D type 9 (GenBank NC_000899) (Fig. S1).

The presence of FAdVs in faeces of healthy broilers is
expected, since FAdV infections are ubiquitous and tend to
be asymptomatic in chickens [22]. However, severe disease
has been associated to some FAdVs types, especially in
young or immunocompromised birds [19, 23, 24], as well as
inclusion body hepatitis and hydropericardium in specific
pathogen-free chickens [21]. From the findings reported
here, it is possible that FAdV RS/BR/2015/52, most likely a
type FAdAV-D species, may infect healthy birds with no
apparent association with disease, since the chickens
showed no clinical signs at the time of sampling.

Chicken gyroviruses

Gyroviruses are small non-enveloped DNA viruses with ico-
sahedral symmetry [25]. Such viruses possess circular,
single-stranded genomes of ~2.3 kb in length and are classi-
fied in the genus Gyrovirus within the family Anelloviridae
[26]. In the current study, the full genomes of gyrovirus 4
(GyV4) and chicken anaemia virus (CAV), as well as a
near-complete genome of avian gyrovirus 2 (AGV2), were
identified.

The GyV4 full-length genome (named GyV4_RS/BR/15,
GenBank KY024580) is 2035 nt long. This genome contains
a 518-nt-long non-translated region displaying an average
of 554% GC content and a polyadenylation signal
(AATAA). Two overlapping ORFs were predicted in the
same genome strand (putative VP1, 352 aa long; putative
VP2, 217 aa long) (Fig. 2a). A BLASTP search on VP1- and
VP2-predicted aa sequences revealed similarities of 99 %
and 100 %, respectively, to previously described counter-
parts in GyV4. Phylogenetic analyses of the VPI gene
showed that GyV4_RS/BR/15 clustered closely with GyV4
detected in human stool specimens and in chicken meat for
human consumption (Fig. 2b) [27]. GyV4 has also been
reported in faecal specimens from ferrets, indicating possi-
ble dietary sources from consuming infected birds [28, 29].
Therefore, it seems likely that GyV4 may, in fact, be a virus
of avian origin, which was incidentally detected in the intes-
tinal contents of other carnivore species, such as reported in
the previous studies mentioned above.

The complete CAV genome reported here (strain CAV_RS/
BR/15, GenBank KY024579) is 2298 nt in length with a 475-
base-long non-translated region and 59.6 % of GC content.
The genome organization showed typical features of previ-
ously reported CAV genomes, with three overlapping ORFs
putatively coding for VP1 (1350 nt), VP2 (651 nt) and VP3
(366 nt) (Fig. 2¢). The degree of sequence similarity among
CAV_RS/BR/15 and previously reported CAV genomes
ranged from 95 % to 100 %. In comparison to the reference
CAV genome (accession no. NC_001427), CAV_RS/BR/15
has a 21-nt deletion located within the transcription

regulatory region. Such deletion seems associated to a better
efficiency to replicate in MDCC-MSBI cells [30]. However,
it is still unclear whether such alteration might affect viral
pathogenicity [31, 32]. Phylogenetic analyses based on the
VP1 nucleotide sequences cluster CAV_RS/BR/15 into
CAV group D, together with isolates from China, USA,
Argentina, Japan, Australia and Malaysia (Fig. 2d) [33].
Moreover, the CAV sequence reported here is closely
related to the Argentinean isolate ‘CAV-10" (accession no.
KJ872513), suggesting that both might have a common
origin.

The AGV-2-related reads generated a contig (2224 nt) with
98 % to 100 % aa similarity to the previously reported AGV2
sequence (GenBank NC_015396) (Fig. 2e). Phylogenetic
trees constructed with basis on the partial VP1 nt sequences
indicated that the AGV2 reported here (AGV2 RS/BR/2015,
GenBank KY039279) clusters along with AGV2 sequences
previously detected in chickens in this same region (South-
ern Brazil) [34] and in Africa [35] (Fig. 2f). As for GyV4,
AGV2 and a number of other gyroviruses have been identi-
fied in faeces of humans and ferrets, most likely consequent
to the consumption of birds [28, 36]. Although AGV2 has
been previously reported in chicken’s sera, tissues and
feather shafts [34, 37, 38], this is the first report on the iden-
tification of AGV2 genomes in the intestinal contents of
chickens.

Highly divergent circovirus-like genome sequences

Eukaryotic viruses with circular ssDNA genomes represent
‘minimal’ viral elements, often with less than 6kb and
encoding a maximum of six proteins [39]. As a result, most
ssDNA viruses are highly dependent on the host’s replica-
tive machinery and require a conserved replication initiator
protein (Rep) for its replication [40]. Viral metagenomic
studies revealed a highly diverse population of novel
eukaryotic CRESS-DNA viruses in faeces of a number of
species, including chimpanzees [41], pigs [12], rodents [42],
bats [43, 44], bovines [45], dromedaries [46], humans
[47] and caribous [48]. In this study, six full-length genomes
of novel CRESS-DNA viruses were identified. Four of these
genomes shared 56 % to 94 % aa similarity to the Rep pro-
tein of smacoviruses recently reported in faeces from human
and non-human primates [49]. Thus, to facilitate descrip-
tion, these four genomes were provisionally named here
‘chicken-associated smacoviruses’ (ChSmCV RS/BR/2015
from 1 to 4, GenBank KY086298 to KY086301).

One of the other two CRESS-DNA viral genomes identified
showed 52 % similarity to the Cap protein of the caribou fae-
ces-associated gemycircularvirus (GenBank NC_024909) and
was named ‘chicken stool-associated gemycircularvirus RS/
BR/2015” (ChSGV RS/BR/2015, GenBank KY056250). The
sixth full-length CRESS-DNA identified here was named
‘chicken stool-associated circular virus RS/BR/2015 (ChSCV
RS/BR/2015, GenBank KY056251) and displayed 42 % simi-
larity to the Rep protein of the rodent stool-associated circular
genome virus (GenBank JF755404). All of these six sequences
vary in size from 2143 to 4668 nt and contain at least two
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Fig. 2. Putative genome organization and phylogenetic analyses of chicken gyroviruses. (a) Genomic organization of GyV4. (b) Phyloge-
netic tree based on GyV4 VP1 nucleotide sequences. (c) Genomic organization of CAV. (d) Phylogenetic inferences based on CAV VP1
nucleotide sequences. (e) Schematic representation of the reference genome of AGV2 (NC_015396). The black bar represents the
AGV2 genome identified in this study. (f) Phylogenetic tree generated with VP1 nucleotide sequences. Phylogenetic trees were con-
structed by neighbour joining with a 1000 bootstrap. Sequences identified in this study are highlighted by black diamonds.

ORFs arranged in opposite orientations and encoding two predicted stem-loop structures (Fig. 3b) and two rolling-circle
putative proteins: a replicase (204-327 aa) and a capsid pro- replication motifs II (xHxH) and III (YxxK) were detected in
tein (305-326 aa) (Fig. 3a). Conserved nonamers at the top of all six genomes.
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Fig. 3. Novel CRESS-DNA viruses identified in faeces of chickens. (a) Putative genome organization. REP, replication-associated pro-
tein gene; CAP, capsid protein gene; hypothetical proteins refer to putative ORFs with no known function. (b) Conserved nonamers iden-

tified at the top of predicted stem-loop structures.

The phylogenetic tree constructed based on the Rep-
deduced aa sequences allowed clustering of ChSmCV RS/
BR/2015/1 along with the turkey stool-associated circular
ssDNA viruses [50], while ChSmCV RS/BR/2015/2 to 4
clustered separately, along with smacoviruses detected in
human faeces [47] (Fig. 4). Additional phylogenetic analyses
showed that ChSCV RS/BR/2015 clusters along with the
‘stool-associated circular virus’ reported in faeces of drome-
daries and rodents [42, 46]. The ChSGV RS/BR/2015
genome clustered more closely to members of the proposed
family Genomoviridae (previously named Gemycircularvirus
group) [51]. The first member of the newly described
Genomoviridae family was isolated from a plant-pathogenic
fungus [52] and later reported in sewage, faeces and cere-
brospinal fluids from unexplained cases of child encephalitis
[48, 53-55].

CRESS-DNA viruses have been detected in the intestinal
contents of a broad range of asymptomatic and diarrhoeic
animals, including humans [41, 45, 56-59]. Except for the

similar sizes and genome organization, little is known about
their origin, tropism and biology [50]. Yet, such viruses
may be major virome components in most terrestrial and
aquatic environments [53]. It is possible that CRESS-DNA
viruses in faeces might be related to ingested food or infec-
tions of simbiont organisms present in the gastroenteric
tract as protozoa, fungi or bacteria [47, 49].

Galliform aveparvovirus

Galliform aveparvovirus 1 (also named chicken parvovirus,
ChPV) are small, naked, icosahedral ssDNA viruses, classi-
fied in the Aveparvovirus genus of the family Parvoviri-
dae [60]. Here, a near-complete genome of ChPV
comprising the full coding sequence was identified, named
ChPV RS/BR/2015 (GenBank KY069111). The assembled
contig is 4615 nt long and comprises the full coding region
of the ChPV genome (Fig. 5a). The genome architecture of
ChPV RS/BR/2015 reveals three ORFs typical of members
of the Aveparvovirus genus. The first ORF (694 aa,
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Fig. 4. Phylogenetic analysis of chicken CRESS-DNA viruses identified in faeces of chickens. Phylogenetic inferences based on Rep
amino acid sequences were carried out by neighbour joining with a 1000 bootstrap. Sequences identified in this study are highlighted

by black diamonds.

78.3kDa) encodes a putative non-structural (NS) protein
with 99 % aa similarity to the prototype sequence ABU-P1
(GenBank NC_024452). The second ORF in ChPV RS/BR/
2015 genome shows 87 % aa identity with the NS protein
(NP1) of ABU-P1. The third predicted ORF displays 95 %
aa similarity to its counterpart in ABU-P1 and encodes two
putative capsid proteins VP1 (675 aa, 76.5kDa) and VP2
(536 aa, 60,4 kDa), believed to be translated from ORF3 by
alternative splicing [61].

Phylogenetic analyses based on the nt sequences of the full
coding region reveal that ChPV RS/BR/2015 is closely
related to galliform aveparvovirus 1 IPV (KU569162),
another member of the Aveparvovirus genus detected in
Southern Brazil. Both formed a distinct cluster from other
chicken and turkey parvoviruses previously described
(Fig. 5b). Although ChPV has been associated with malab-
sorption syndrome in broilers, such virus has been detected
in both diseased and healthy chickens [62]. In this study,
ChPV RS/BR/2015 genome was identified in apparently

healthy birds at the time of sampling, which is in agreement
with the findings cited above.

To date, few complete ChPV genome sequences are avail-
able. The near-complete, full coding sequence of ChPV RS/
BR/2015 reported here is an additional source of informa-
tion for expanding our knowledge on the biology of ChPV.

RNA genomes

Chicken caliciviruses

Caliciviruses are small (27-36 nm), non-enveloped, icosahe-
dral viruses with a linear ssSRNA genome [63]. Currently,
five genera within the family Caliciviridae are recognized
by the ICTV: Nebovirus, Norovirus, Lagovirus, Sapovirus
and Vesivirus. In addition, five unclassified caliciviruses
(atlantic salmon calicivirus, ‘bavovirus’, ‘nacovirus’, ‘recovi-
rus’ and ‘valovirus’) have been proposed to form new genera
[64, 65]. Here, the complete genome of a new chicken calici-
virus (ChCV RS/BR/2015, GenBank KY120883) was identi-
fied. Its genome is 8176 nt long (excluding the poly-A tail),
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with 54 % GC content, in line with mammalian and avian
caliciviruses previously reported [66]. The genome architec-
ture of ChCV RS/BR/2015 reveals two main ORFs (Fig. 6a).
The predicted ORF1 (2313 aa, 249.5kDa) encodes a puta-
tive polyprotein which is 96 % similar to its counterparts in
a previously published ChCV (accession no. KM254171).
Some aa motifs typically conserved in CVs’ polyproteins
were identified, including the NTPase motif GXPGXGKT at
position 345, the protease motif GDCGXP at position 1176
and the RNA-dependent RNA polymerase (RdRp) motifs
DYSKWDST, GLPSG and YGDD at positions 1457, 1512
and 1560, respectively. The second ORF (287 aa, 30.4kDa)
reveals high similarity (96.1 %) with the VP2 gene of ChCV
strain V0021/Bayern/2004 (GenBank HQ010042). The VP2
gene encodes a structural protein whose function has not
yet been determined [67, 68].

Phylogenetic analyses of ChCV RS/BR/2015 performed
using the RdRp aa sequence confirmed that such genomes
clustered along with other ChCVs in the proposed Bavovi-
rus genus (Fig. 6b). The creation of a new genus within the
Caliciviridae has been proposed by others to accommodate
such viruses [65, 69]. All previously reported ChCV nt
sequences deposited at GenBank originated from Germany,
Netherlands and Korea. The identification of ChCV RS/BR/
2015 in Brazil suggests a widespread distribution of these
viruses.

Picobirnaviruses

Picobirnaviruses (PBVs) are small, non-enveloped viruses
with bisegmented dsRNA genomes with approximately
4.2 kbp [70]. The large genome segment (S1) encodes the
capsid protein, while the small segment (S2) encodes the
RdRp. PBVs are highly variable and have been classified
in two major groups (GI and GII) based on the S2 geno-
mic sequence [71]. In the present study, three contigs
related to PBV genomes were identified (Fig. 2a). One of
these, chicken PBV (ChPBV) RS/BR/2015 1 (264nt,
GenBank KY123114), corresponds to a portion of the
capsid gene and shares 41 % similarity with the equivalent
region on the dromedary PBV genome (GenBank
KM573789). The other PVB-related sequence, ChPBV RS/
BR/2015 2 (258 nt, GenBank KY123115), also matches a
portion of the capsid gene, displaying 41 % similarity to
the homologous region on the porcine PBV genome
(GenBank KF861771). The third PBV-related contig,
ChPBV RS/BR/2015 3 (GenBank KY123116), shares the
highest aa similarity (77 %) with the RdRp gene of human
PBV (GenBank GQ915028).

Phylogenetic analyses of ChPBV are usually based on the
conserved region of the RdRp gene [72]. The only PBV-
related contig obtained here, which comprised a portion of
the RdRp gene, named ChPBV RS/BR2015_3, clustered
along with members of PBV genogroup II (Fig. 2b).
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PBVs have been detected in faecal samples from both asymp-
tomatic and diarrhoeic or immunocompromised individuals
[70]. However, no definite association of PBV with pathoge-
nicity has been drawn [14, 71]. In this study, PBV partial
genomic segments were identified in faeces of chickens with
no signs of illness, as have other studies [72]. These findings
suggest that PBV's are part of the normal intestinal virome of
chickens. Further studies should be conducted to investigate
the role of PBVs in the intestinal microbiota [46].

Divergent chicken picornavirus genomes

Picornaviruses are non-enveloped viruses with a single-
stranded, positive-sense RNA genome. The family Picorna-
viridae currently comprises 31 genera, although new genera
are constantly being created [26, 73]. In the last decade, viral
genomes of at least eight different genera have been identi-
fied in birds: Avihepatovirus, Avisivirus, Gallivirus, Megrivi-
rus, Oscivirus, Passerivirus, Sicinivirus and Tremovirus, as
well as an unassigned genus comprising phacovirus and

chicken picornaviruses 2 and 3 [74]. Nevertheless, little is
known about the diversity of picornaviruses in poultry [75].
Here, the near-complete genomes of two novel siciniviruses
(SiVs) (genus Sicinivirus) and partial sequences which seem
related to members of genus Megrivirus were identified.

The SiV-related genomes detected in the present study
(SiV_RS/BR/2015 1 and 2) reveal a genomic organization
common to picornaviruses, with a single large ORF flanked
by untranslated regions at both 5" and 3’ ends, plus a poly
(A) tail. The SiV sequence, named RS/BR/2015 1 (GenBank
KY069112), is 9253 nt long, with 53.8 % GC content. The
predicted large ORF of the genome encodes a putative poly-
protein precursor of 2861 aa (314.2 kDa) and shares 85 % aa
similarity with SiV' A (GenBank NC_023861.1). The second
SiV genome identified here, SiV_RS/BR/2015 2 (GenBank
KY069113), is 9128 nt in length, with a 53.7 % GC content.
A long ORF was predicted, which encodes a 2868 aa
(315.2kDa) putative protein, with 85 % aa similarity to that
of SiV A (GenBank NC_023861.1).
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The potential protease cleavage sites on the putative poly-
protein were mapped by aligning SiV_RS/BR/2015 1 and 2
and other published SiV nucleotide sequences (Fig. 7a). The
two SiV genomes reported here share the same layout of
predicted cleavage sites and conserved aa motifs as the pre-
viously described 2C helicase (GPPGCGKS; DDVGQ), 3C
protease (QFKDL; GLCG) and 3D RdRp (KDELR,
GGNPSG, YGDD and FLKR) [75, 76].

The 3DP°' region was used to evaluate the evolutionary rela-
tionship between SiV_RS/BR/2015 1 and 2 and other

picornaviruses (Fig. 7b). The clustering of SiV_RS/BR/2015
1 and 2 in the phylogenetic tree reveals a close relationship
between these two viruses.

In addition to SiVs, other six picornavirus-related
sequences were detected, which corresponded to ‘chicken
megrivirus’ (ChMV) and ‘chicken proventriculitis virus’
(ChPrV), both classified in the genus Megrivirus [77].
Two contigs, named ChMV RS/BR/2015 1 and 2
(GenBank KY086293 and KY086292, respectively),
showed 96% to 100 % deduced aa similarity to one of
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the previously published ChMVs (GenBank KF961186).
Another four contigs (ChPrV RS/BR/2015 1 to 4,
GenBank KY086294-KY086297) shared the highest aa
similarity (86-100%) with ChPrV Korea/03 (GenBank
KJ690629) (Fig. 8a). Phylogenetic trees based on the P1
and P2 coding regions, which encode the capsid protein
and NS proteins, confirmed that the sequences identified
in the current study are closely related to members of
the genus Megrivirus (Fig. 8b, c).

The wide diversity of picornaviruses in faeces of healthy
chickens identified in current study is strongly suggestive
of the possibility of recombination events between viruses
[74, 78]. However, this remains to be investigated in the
future.

Rotaviruses

Rotaviruses (RVs) are non-enveloped viruses classified in
the genus Rotavirus of the family Reoviridae [79]. The RV
genome is composed of 11 segments of dsRNA which enco-
des six structural proteins (VP1-4, VP6 and VP7) and six
NS proteins (NSP1-6) [80]. Based on the antigenic charac-
teristics of VP6 protein, RVs have been subdivided into
eight serological species (A-H) [81]. In this study, 43 RV-
related contigs were identified, ranging in size from 231 to
1589 nt. Among these, 22 shared a high aa similarity (94-
100%) to group D RVs (accession no. KY069068-
KY069089), whereas 21 contigs showed 93% to
100 % identity with group A RVs (accession no. KY069090-
KY069110). Phylogenetic analyses based on partial VP6
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deduced aa sequences confirmed the putative serogrouping
of such viral genomes within groups A and D (Fig. S3).

RVs have been associated to severe diarrhoea in young ani-
mals in various species [82]. Group A RVs have often been
detected in chickens, humans and other mammals, whereas
RV-D are only detected in avian species [83]. Zoonotic
transmission, as well as possible recombination/reassort-
ment events, has been demonstrated between human and
animal RVs [84, 85]. Infections with distinct groups of RV,
as identified in this study, might represent potential sources
for recombination/reassortment events that may contribute
to the emergence of additional viral genotypes.

Concluding remarks

The ability to characterize the complexity of the gut micro-
biome of different species has deeply improved over the
past decade, thanks to advances in high-throughput
sequencing. By utilizing culture-independent methods,
metagenomics has provided relevant information about the
composition and diversity of the viral communities in the
hosts. In this study, metagenomic analyses of faecal samples
of healthy, commercially reared, export-ready chickens
revealed a virome constituted by a wide range of viruses rep-
resentative of known families, as well as a number of novel
viruses, most of them with small circular DNA genomes. In
this study, the brief description of the genomes of viruses
encountered in the faecal virome of healthy chickens pre-
sented here is expected to provide a baseline for future stud-
ies comparing viral populations of healthy and diseased
flocks.

METHODS

Faecal samples

Intestinal contents were collected in four commercial
chicken-producing farms in the state of Rio Grande do
Sul, Brazil. Birds were produced under standard rearing
conditions in commercial flocks, following the protocols of
biosafety conditions usually used for export quality flocks.
During the year 2015 (May to October), faecal samples
were collected from five healthy chickens per house, from
birds whose age ranged from 3 to 5 weeks old. Faecal con-
tents were obtained directly from the intestinal tract of
euthanized animals and frozen at —80°C until processing.
All procedures were approved by the Commission of Ethics
on Animal Use of the Veterinary Research Institute
Desidério Finamor (CEUA - IPVDF, no. 21/2014).

Viral nucleic acid purification and Illumina
sequencing

Samples were pooled, resuspended in 10 volumes of PBS
(pH 7.2) and vigorously vortexed for 5min. Subsequently,
they were centrifuged at 3000g for 30 min at 4°C and fil-
tered through a 0.45um filter (Millipore) to remove bacte-
rial cell-sized particles and other particulate debris. The
supernatants were centrifuged on a 25 % sucrose cushion at
150000 g for 4.5h at 4°C (in a Sorvall AH629 rotor), and
the pellet containing viral particles was treated with a

mixture of 2ul DNase (2 U pl~', Turbo DNase; Ambion),
5ul RNase A (20 mgml™'; Invitrogen) and 0.5 ul benzonase
(25 U wl™'; Novagen) at 37°C for 2h to digest susceptible
nucleic acids [12]. Viral DNA was then extracted using a
standard phenol-chloroform protocol [86]. Viral RNA was
extracted with TRIzol LS (Ambion) following manufac-
turer’s instructions.

Viral DNA was enriched by multiple displacement amplifi-
cation using ¢29 DNA polymerase [87]. Viral RNA was
converted in cDNA libraries using a SeqPlex RNA amplifi-
cation kit (Sigma Aldrich) [88]. The DNA products result-
ing from such enrichment protocols were pooled in
equimolar amounts and purified using a Genomic DNA
clean and concentrator (Zymo Research). The quality and
quantity of the DNA were assessed by spectrophotometry
(L-Quant; Loccus Biotechnology) and fluorometry (Qubit;
Invitrogen), respectively. The DNA libraries were further
prepared with 50ng of purified MDA/SEqPlex DNA using
a Nextera DNA sample preparation kit and sequenced
using an Illumina MiSeq instrument (2x150 paired-end
reads with the Illumina v2 reagent Kkit).

Data assembly and processing

The quality of generated sequences was evaluated using
FastQC. The sequences with bases having a Phred quality
score <20 were trimmed with the aid of Geneious software
(version 8.1.7). The paired-end sequence reads were assem-
bled into contigs with SPAdes 3.5 [89]. All assemblies were
confirmed by mapping reads to contigs generated by
SPAdes using Geneious version 8.1.7 software. The assem-
bled contigs and singlet sequences were examined in search
for similarities to known sequences with BLASTX software.
Sequences with E-values of <1072 were classified as likely
originating from a eukaryotic virus, bacteria, phages,
eukaryote or unknown, based on the taxonomic origin of
the sequence with the best E-value. ORF predictions and
genome annotations of the complete near-full-length
genomes were performed with the aid of Geneious software.
Gene and protein comparisons were performed with BLASTN
and BLASTP programmes.

Reconstruction of phylogenetic trees

Sequences representative of known adeno, calici, circo,
CRESS ssDNA, gyro, parvo, picorna, picobirna and RVs
were obtained from GenBank and aligned with the sequen-
ces identified in the present study with CLUSTALX software
version 2.0 [90]. Phylogenetic trees were generated by the
neighbour-joining method with a p-distance model. The
confidence levels of the tree branch nodes were obtained by
analysis of 1000 bootstrap replicates. Analyses were made
on MEGA6 [91]. The GenBank accession numbers of the viral
sequences used in the phylogenetic analyses are shown on
tree figures.
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Supplementary Table S1. Putative family assignment of the eukaryotic viral sequence
reads detected in fecal samples of healthy broilers.
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Fig. S1. Phylogenetic analysis of fowl aviadenovirus (FAdV) RS/BR/2015/52.
Phylogenetic tree based on the partial amino acid sequences of the hexon-associated
protein VIII gene of 17 FAdV. Neighbor-joining analyses were performed with 1000
bootstrap replicates. FAdV RS/BR/2015/52 is highlighted by a black diamond.



(a) Segment 1:

ORF1
ORF2

ChPBV RR/BR/2015/1 _

ChPBV RS/BR1201512’_
Segment 2:

RdRp

Sr—

52 AKN50618 Picobirnavirus Equ1
29 @ KY 123116 ChPBV RS/BR/2015/3
ALL29321 Human picobimavirus
88 ACY 01868 Human picobimanvrus
70 AGZ93689 Feline picobimavirnus

AlY 31294 Dromedary picobimavirus
41 AHX00958 Human picobimavirus GII
97 AKN50624 Picobimavirus Equ3

AlWS53315 Picobimavirus HK-2014

BAJ53294 Human picobimavirus

% AMD33502 Porcine picobimavrus
100 || AF246940 1 Human picobimavirus
751 ALL29324 Human picobimavirus

| AF246939 Human picobimavrus strain 1-CHN-97
100 | AB517739 Human picobimavirus GPBV 12

Fig. S2. Phylogenetic analysis of chicken picobirnavirus (ChPBV) RS/BR/2015. (a)
Schematic representation of the genome of PBVs using the human PBV (~4.3 kb-
NC_007026) as model. The black bars represent the contigs recovered from chicken feces
in the present study. (b) Phylogenetic inferences based on the deduced RdRp aa.
Inferences carried out by neighbor-joining with a 1000 bootstrap. The ChPBV
RS/BR/2015 sequence identified in this study are labeled with black diamonds.
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Fig. S3. Phylogenetic analysis of chicken rotavirus (ChRV) A RS/BR/2015 and
ChRV D RS/BR/2015. Phylogenetic tree based on the alignment of partial amino acid
sequences of the VP6 gene (segment 6) of 16 rotaviruses. Sequences of groups B, G and
H were used as outgroup. The sequences reported in this study are labeled with black

diamonds.
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Abstract

Malabsorption syndrome (MAS) is an economically important disease of young broilers
characterized by growth retardation, defective feather development and diarrheic faeces.
Studies have implicated several viruses in the aetiology of MAS; however, the limited
knowledge on the microbial community within the poultry digestive trait has hindered
identification of a putative causative agent(s) for MAS. In order to examine potential role
for viruses in such syndrome, we characterized the faecal virome of 35 stool samples
collected from chickens displaying clinical signs of MAS. These were compared to
equivalent samples collected from 35 clinically healthy broilers, at the same age and
collected in the same flocks (n=7). The overall fractions of eukaryotic viral reads were
22.1% in the MAS-affected group and 14.5% in the healthy group. Genome sequences of
a number of previously reported poultry viruses, as well as novel uncharacterized
CRESS-DNA viruses, were identified. Genomes representatives of the following families
were detected (presented in decreasing order of percentage of reads): Picornaviridae,
CRESS-DNA viruses, Circoviridae, Anelloviridae, Reoviridae, Picobirnaviridae,
Astroviridae, Caliciviridae, Parvoviridae and Adenoviridae. Comparison between the
distribution of sequences reads matching different species of eukaryotic virus identified
in the group of diseased birds and healthy birds did not reach statistical difference. These
results suggest the cause of MAS is not related to infection by a specific viral agent.

Future studies are needed to elucidate the aetiology of this syndrome in broiler chickens.

Keywords: enteric disorders, virome; broiler chickens; high-throughput sequencing.
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INTRODUCTION

Malabsorption syndrome (MAS), also known as runting-stunting syndrome, is an
economically important disease of young broilers characterized by growth retardation,
defective feather development and diarrhea (1). The condition has been reported in
chickens worldwide since 1970s (2). Its economic impact is primarily related to
inefficient food conversion, decreased meat production, immune dysfunctions and higher

mortality rates (3).

For decades, efforts have been made in attempting to identify the aetiology of
MAS. However, to date, the causative agent (or agents) remains undetermined (4).
Although bacteria, management and environmental factors seem associated to disease
development, viruses have been pointed out as major suspects in MAS aetiology (5, 6).
Among these, astroviruses (7-9), parvoviruses (10-13), reoviruses (14, 15) and rotaviruses
(16, 17) have been in some occasions associated to the occurrence of MAS. However,
such viruses have been detected in both healthy and diseased birds, making it difficult to

establish direct causal relationships (18, 19).

More recently, viral metagenomics has been successfully applied to characterize
viral populations in different hosts and environments (20, 21). Such studies have
significantly contributed to increase knowledge on a great diversity of viruses, allowing
for the discovery of impressive numbers of previously unknown agents in various tissues
and organs, including the gastrointestinal tract of broilers and other animals (5, 22-30).
Metagenomics has also been used to investigate the aetiology of diseases with no
association to previously known causative agents had been reported (31-34). In the
present study, a metagenomic approach was employed to characterize the intestinal
virome of chickens with and without MAS in a case control study. Faecal samples were

collected from diseased and healthy birds and examined comparatively.
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RESULTS

Viral metagenomics

Faecal samples from MAS-affected chickens (n=35) and healthy controls (n=35)
were used to prepare the viral metagenomic libraries. Samples were pooled according to
the farm of origin and clinical condition (named G1 to G7 “R” or “S”), resulting in 14
pools. A total of 8,347,319 paired end reads, with an average of 231 nt, were generated
using the Miseq sequencing platform. Through analysis of de novo assembled contigs,
144 contigs > 1,000 nt were identified with hits to eukaryotic viral sequences according
to BLASTXx analysis. The percentage of eukaryotic virus reads detected in each group was
22,1% in the MAS-affected against 14,5% in the healthy group. Sequences related to nine
known viral families and CRESS-DNA viruses were identified; their relative frequencies
in each of the groups (MAS-affected and healthy birds) are shown in Fig. 1. The following
viral families/groups were detected (in decreasing percentage of abundance of reads):
Picornaviridae, CRESS-DNA viruses, Circoviridae, Anelloviridae, Reoviridae,
Picobirnaviridae, Astroviridae, Caliciviridae, Parvoviridae and Adenoviridae. The
greatest number of viral hits in MAS-affected group were from members of the
Picornaviridae, comprising 74% of all eukaryotic virus sequences detected, against 35%
in healthy birds. Another difference was the percentage of reads of CRESS-DNA viruses:
15% in MAS-affected birds, against 39% in healthy ones. Moreover, representatives of
the Circoviridae were detected in 3% of the reads in MAS-affected birds, whereas in 10%

of the sequences from healthy birds.

Complete and partial viral genomes

(i) Picornaviridae:
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Megrivirus: A total of eleven contigs ranging in size from 1,226 to 9,577 nt were
identified based on protein similarity (Table S2). Complete or nearly complete genomes
were generated in four contigs, named ChMGV/RS/BR/15 2R, 3R, 5R and 3S/2 (Fig. 2a).
The ChMGV/RS/BR/15-2R, 3R and 3S/2 showed 96%, 93% and 98% identity at amino
acid (aa) level to the polyprotein of chicken proventriculitis virus (Genbank ac.
n0.KJ690629), respectively. The ChMGV/RS/BR/15 5R displayed 96% aa identity to

chicken megrivirus polyprotein (Genbank ac. no. KF961186).

Sicinivirus: Seven complete (9,075 nt to 9,874 nt) and one partial (8,710 nt) coding
sequence (CDS) of sicinivirus were detected (Fig. 2a). Fourteen shorter partial genomes
were also identified (Table S2). These viruses shared between 77% and 98% aa identity

to polyprotein of other siciniviruses available at GenBank (Table S2).

Phacovirus: Two phacovirus-related contigs were detected. One of these sequences
(ChPhV/RS/BR/15/1R-1, 4,104-nt-long) contained 5’UTR and encode the first half of the
phacovirus genome (Table S2). The second contig (ChPhV/RS/BR/15/1R-2, 3,925-nt-
long) has 3’UTR and represent the final portion of phacovirus genome (Fig. 2a). At the
aa level, ChPhV/RS/BR/15/1R-1 displayed 87% identity to polyprotein of chicken
phacovirus (GenBank ac. no. KT880670), while ChPhV/RS/BR/15/1R-2 shared 99% aa

identity to the same genome.

Gallivirus: A 2,226 nt-long contig (ChGV/RS/BR/15/2R) of chicken gallivirus was
detected (Fig. 2a). The sequence shows a 3’UTR and encoding a partial polyprotein which
shares 99% aa identity to the prototype strain of chicken gallivirus 1 (GenBank ac. no.

NC_024770).
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The sequences described here and picornaviruses from different genera were used
for phylogenetic analysis performed using 3D polymerase amino acid sequences.

Phylogenetic tree is shown supporting their genera assignments (Fig. 2b).

(if) Unclassified CRESS-DNA viruses: Seven complete circular genomes of CRESS-
DNA viruses were detected. All of these genomes encoding a Rep and a Capsid protein
bidirectionally organized and varying in size from 2,161 nt to 3,173 nt. The genome
characteristics are shown in Fig. 3(a). Table S2 presents the aa similarity with their

matches deposited in GenBank.

A maximum-likelihood phylogenetic tree was reconstructed based on alignments
of the putative Rep amino acid sequences (Fig. 4). One Rep sequence (chicken stool-
associated gemycircularvirus, ChSGmV, RS/BR/15/5S) clustered with members of the
recently described Genomoviridae family (35), while other four sequences (chicken
associated smacovirus, ChSmV, RS/BR/15/1R-1 to 4) were more closely to smacoviruses
(36). The two remaining sequences (chicken stool associated circular virus, ChSCV,
RS/BR/15/1R-1 and 2) were more closely related a distinct cluster of CRESS-DNA

viruses reported in faecal samples from Peruvian patients with diarrhea (37).

(iii) Circoviridae: Five full genomes of cycloviruses (1,778 nt to 1,905 nt-long) were
recovered in this study (Fig. 3b). The major ORFs (putative Rep and Cap proteins) are
arranged in opposite directions and are separated by an intergenic region that contain the
putative origin of replication. Four sequences (named chicken associated cyclovirus,
ChCyV_RS/BR/15/4R, 2S, 4S and 5S) shared 98-99% aa identity to the Rep protein of
Duck associated cyclovirus 1 (GenBank no. ac. NC_034977). The other cyclovirus contig
showed only 48% aa identity to the putative Rep of dragonfly associated cyclovirus 6
(GenBank no. ac. KC512918) and was provisionally named chicken associated cyclovirus

2 (ChCyV 2 RS/BR/15/4R).
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The phylogenetic analysis of the cyclovirus Rep protein described above is shown
in Fig 4. Maximum-likelihood phylogenetic tree confirmed that sequences ChCyV
described here are closely related to duck associated cyclovirus 1, which form a
monophyletic cluster. On the other hand, ChCyV 2 remained in a separated branch

indicating to be a divergent cyclovirus.

(iv) Anelloviridae: Four gyrovirus-related contigs > 1,000 nt were recovered in this study
(Fig Sla and Table S2, available in the online Supplementary Material). The first contig
corresponds to a complete genome of chicken anemia virus (CAV); this shares 99% aa
identity to VP1 protein of a CAV from China (GenBank no. ac. KU645522). The second
contig represents the full genome of avian gyrovirus 2 (AGV2) with 99% identity to
putative nucleocapsid of the prototype sequence (GenBank no. ac. NC_015396). Two
other contigs matched to gyrovirus 4 (GyV4) and showed 97-99% identity to VP1 protein
of a GyV4 recently reported in chicken faeces (GenBank no. ac. KY024580).
Phylogenetic analysis of the VP1 nucleotide sequences confirmed the close relationship

between gyroviruses reported here and its previously described counterparts (Fig. S1b).

(v) Reoviridae: A total of twenty-six contigs related to members of the family Reoviridae
were found (Table S2). These include members of three rotavirus species: Rotavirus D
(15 contigs, ranging in size from 1,017 to 3,302 nt), Rotavirus F (9 contigs, 1,011 to 2,726
nt) and Rotavirus A (1 contig, 1,016 nt). The phylogenetic analysis of the VP2 nucleotide

sequences confirms their species assignment (Fig. S2).

Another contig (1,157 nt-long) was detected which mapped to avian orthoreovirus
(GenBank no. ac. KF741696), with 99% amino acid identity to lambda-A protein (Table
S2). The phylogenetic analysis of such sequence supports its relatedness to avian

orthoreoviruses (Fig. S3).
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(vi) Picobirnaviridae: Twenty-four contigs of picobirnavirus (PBVs) were assembled.
Complete or nearly complete CDS encoding a capsid protein were generated in twelve
contigs (Table S2). These sequences showed identity at the aa level ranging from 32 to
56% to capsid protein of PBVs of swine, dromedaries, otarines and humans (38-40).
Other twelve contigs correspond to full or partial CDS of the RNA-dependent RNA
polymerase (RdRp) protein and shared between 61 and 89% aa identity to the RdRp of

PBVs identified in different mammals species (Fig 5a, Table S2).

Through phylogenetic analysis of RdRp sequences, the PBV genomes identified
here were classified in genogroups | and I1. In view of this, RdRp-contigs here reported
were used for maximume-likelihood (ML) phylogenetic analyses, which revealed that only
two sequences belong to PBV genogroup 1. The additional ten RdARp-sequences clustered

to genogroup | and were widely scattered in the tree presented in Fig. 5(b).

(vii) Astroviridae: Nine contigs displaying similarity to the Avastrovirus genus,
specifically to the species Avian nephritis virus (ANV) and Chicken astrovirus (CAstV)
were detected. One complete ANV genome (RS/BR/15/6R, 6,890 nt-length) was
recovered, with three open reading frames (ORFs) putatively coding for a nonstructural
protein, a RARp and a capsid protein (Fig. S4a). Such viral genome (ANV RS/BR/15/6R)
showed 78% aa identity to the non-structural polyprotein of pigeon avian nephritis virus
(GenBank no. ac. HQ889774). Two shorter sequences, corresponding to the partial CDS

of ANV non-strutural and capsid proteins, were also identified (Table S2, Fig. S4a).

CAstV-related contigs (n=6) were 1,425 to 3,204 nt long and consist of full or
partial CDS of capsid and non-structural proteins. The genetic maps of these sequences

and the similarity to their counterpart are displayed in Table S2 and Fig. S4a.
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Contigs showing identity to the capsid protein were selected to build a
phylogenetic tree. The ML phylogenetic analysis supports the classification of the

avastroviruses reported in this study at the species level (Fig. S4b).

(viii) Caliciviridae: A total of thirteen contigs of chicken calicivirus were found (Table
S2). Among these contigs, two generated the complete genomes of novel chicken
calicivirus (ChCaV RS/BR/15/1R-1 and 6R), resulting in 8,374 and 8,187-bases
sequences, respectively (Fig. S5a). The genome organization of these contigs showed
typical features of previously reported ChCaV genomes with a major ORF encoding the
putative polyprotein and a minor ORF encoding the supposed VP2 protein. ML
phylogenetic analysis based on the RdRp aa sequence revealed ChCaV RS/BR/15/1R-1
and 6R clustered in the proposed Bavovirus genus along with other ChCaV reported in

Brazil (30), Fig S5(b).

(ix) Parvoviridae:

Aveparvovirus: Three contigs corresponding the full CDS of galliform aveparvovirus
(GaPV/RS/BR/15/1R, 4R and 6S) genomes were assembled (Fig. 6a). The overall
genomic organization of these sequences is similar to other GaPV, with three predicted
ORFs, which encode the putative non-structural (NP1 and NS1) and capsid (VP1)
proteins. In addition, GaPV/RS/BR/15/1R (5,265 nt-long) and 4R (5,256 nt) contain an
inverted terminal repeat (ITR) sequences at both the right and left genomic termini. These
sequence shared among 99 and 100% identity to NS1 of other GaPV previously described
(Table S2). Three shorter contigs displaying incomplete coding region of GaPV were also

found (Table S2).

Chapparvovirus: Three contigs showed higher similarity to “Protoparvovirus HK-2014”

(GenBank ac.no. KM254174) recovered from chicken faeces, which has been recently
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classified in the genus Chapparvovirus. Among these sequences, a 1,930 nt-long contig
(named chicken chapparvovirus, ChCPV 1 RS/BR/15/6S) contains a partial CDS of the
NS1 protein and shared 99% aa identity to KM254174. Two other contigs correspond to
the complete (ChCPV 2 RS/BR/15/2S, 4,432 nt in length) and partial (ChCPV 2
RS/BR/15 5S, 4,228 nt-long) coding regions of NS1 and capsid proteins, and showed 75
and 74% aa identity to NS1 of the KM254174 genome, respectively. The genomic

organization of these sequences is shown in Fig. 6a.

Dependoparvovirus: A near-complete genome comprising the full coding region of a
avian adeno-associated virus (AAAV/RS/BR/15/1R) were identified with 4,062 nt in

length and 94% aa identity to VP1 of the AAAV (GenBank ac.n0.GQ368252) (Fig. 6a).

The ML phylogenetic analysis performed with NS1 nucleotide sequences from
parvoviruses described in this study confirmed their genus classification. Interestingly,
ChCPV 2 RS/BR/15/2S and 5S clustered on a separate branch, suggesting they form a

distinct lineage from the other two chapparvovirus identified in chickens (Fig. 6b).

(x) Adenoviridae: Ten contigs > 1,000 nt matched to different regions of fowl
aviadenovirus (FAV) D (FAVD) genome. These contigs ranged from 1,017 to 2,422 nt
in length and displayed among 93 to 100% aa identity to other FAVD deposited in
GenBank as shown in Table S2. Sequence analysis of DNA polymerase confirms its close

relationship with other FAVD sequences (Fig. S6).

In addition, forty six contigs < 1,000 nt-long related to FAV E (FAVE) were found
(data not shown). These contigs were concatenated and used to measure the number of

matching reads.

Disease association of different viruses
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In order to determine the numbers of reads corresponding to a specific virus, viral
contigs were used to match reads in each pool. For this, contigs were taxonomically
classified according to the best fitting hits. Next, very closely related contigs were
concatenated and used to enumerate matching raw reads in samples from MAS-affected

and healthy birds.

Significant differences among the distribution of viral reads matching the different
eukaryotic viruses found in this study were compared using Mann-Whitney tests (Fig. 7).
Higher numbers of viral reads were identified for megrivirus and sicinivirus (blue bars in
Fig. 7) in MAS-affected group. Similarly, chicken-associated cyclovirus 2 (ChCyV 2),
rotavirus D, astrovirus, galliform aveparvovirus, avian adeno-associated virus and fowl
aviadenoviruses were more frequent in diseased chickens. In other hand, a greater amount
of CRESS-DNA virus and ChCyV reads were found in healthy group, followed by
gyroviruses, rotavirus F, chicken picobirnavirus and chicken calicivirus (red bars in Fig.
7). However, no statistical significance (p-value < 0.05) was reach for differences found

between MAS-affected and healthy groups (Fig. 7).

In order to assess relatedness and to examine the overall taxonomic similarities
between samples from MAS-affected and healthy groups, principal component analyses
(PCA) and hierarchical clustering were performed. The PCA showed no clear separation
between samples from both groups, but a considerable overlap between samples from
MAS-affected and healthy birds (Fig. 8a). In agreement with PCA, the hierarchical
clustering analysis on the MAS-affected and healthy groups revealed intermingled
branches in the dendrogram. Additionally, a heat map data generated with the relative
amount of reads did not reveal any distinct pattern that could be positively or negatively

associated to either MAS-affected or healthy groups of birds (Fig. 8b).

DISCUSSION
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Malabsorption syndrome is an economically important disease of young broilers
leading to inefficient food conversion, decreased production, immune dysfunctions and
elevated mortality rates (3). Clinically, the birds show decreased body weight, diarrhea
and defective feather development (1). So far, to the knowledge of the authors, viral
surveys in MAS-affected chickens have predominantly focused on PCR-based
approaches; such methodology is heavily dependent on previous knowledge of the
existing virus diversity; therefore, previously unidentified agents would remain as such
(8, 9). Here, metagenomics analyses, based on sequence-independent amplification and
deep sequencing on a high throughput platform, were used to investigate the role for

viruses in MAS.

Such approach allowed identification of a number of complete or partial genomes
of distinct representatives of putative members of a variety of viral families, not only in

samples from MAS-affected birds but also from healthy broilers.

The relative abundance of eukaryotic viral reads were compared between groups.
The genomes more often detected were representatives of nine known viral families.
Sequences of putative members of the family Picornaviridae were predominant in group
of diseased birds. However, no statistically significant differences were detected in the
amounts of reads detected in MAS-affected and healthy broilers (Fig. 7). Most of the
sequences related to picornaviruses corresponded to members of the genera Megrivirus
and Sicinivirus, with numerous distinct genotypes being detected. Three additional
contigs correspond to new genotypes of galliviruses and phacoviruses. Similar profiles
have been recently reported in faecal samples collected from birds with enteric disorders

and transmissible proventriculitis (41-45) as well as in healthy chickens (30, 46).
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The second most common finding in both groups of birds were sequence reads
that clustered along with CRESS-DNA viruses. These represent a rapidly growing, newly
discovered and yet unassigned group of viruses (47). Although highly divergent, such
small circular sSDNA viruses encode a well-conserved replication initiator protein (Rep)
involved in rolling circle replication (48). Over the last decade, improvements in
sequencing technologies have increased the number of known CRESS-DNA viruses
detected from a wide variety of samples, including insects, plants, sewage and faeces
from a wide range of vertebrates (30, 35, 36, 49-52). In this study, the number of reads of
CRESS-DNA genomes showed no statistical difference in their relative contents when
comparing MAS-affected and healthy birds. These findings are in agreement with the
hypothesis that these agents may be commensals in the birds intestinal virome, although
as has also been postulated, it is possible that such viruses might be acquired through food

consumption (30, 47, 50, 53).

Contigs related to cyclovirus yielded five full genomes in this study. When
comparing the amount of sequence reads of cycloviruses, here again no significant
differences were found in frequencies of detection in MAS-affected and healthy animals.
Although cycloviruses were first reported in stool samples from primates (54), cyclovirus
genomes have been detected from a diversity of invertebrates and vertebrates specimens
including insects (55), birds (56, 57) and mammals (57-61). Here, four contigs showed
high degree of identity to a cyclovirus (Duck associated cyclovirus 1) detected in a cloacal
swab from a wild mallard duck (56), with which it clustered, forming a monophyletic
group. These findings may suggest cross-species transmission of cyclovirus from ducks
to chickens, what would not be unreasonable. Another cyclovirus detected here, chicken
associated cyclovirus 2 (ChCyV2), shared only 48 % identity to the Rep aa sequence from

the dragonfly associated cyclovirus (55) and clustered into a highly supported, distinct
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branch, suggesting that the ChCyV2 reported represents a novel species within the genus
(61). However, assigning a host species may be challenging here, since this cyclovirus
may be present in the birds’intestines in function of its diet, which might have included

insects.

Reads corresponding to genomes of gyroviruses, members of Anelloviridae
family, were also identified in both MAS-affected and healthy birds, although here again
no association could be established between the number of reads detected in birds with
or without MAS. The gyroviruses detected here could be classified in three species: CAV,
AGV2 and GyV4. CAV is the causative agent of chicken infectious anemia and is
distributed worldwide in commercial broiler flocks (62, 63). Likewise, numerous studies
have reported AGV2 and GyV4 in chickens and/or mammals samples (meat, blood or
faecal specimens) from different countries, suggesting the ubiquitous occurrence of these

viruses (30, 64-66).

Sequences matching genomes of members of the Reoviridae included twenty-five
contigs related to rotaviruses (RVs A, D and F) and one avian orthorevirus (ARV). In the
present study, no significant differences were found in the number of reads of RVs and
ARV when comparing MAS-affected and healthy animals. RVs are commonly associated
with acute viral gastroenteritis in multiple animal species, affecting particularly the young
(67). RV A is a well characterized virus and has been identified in both mammalian and
avian species, often associated to enteric disorders (68, 69). RV D was first identified in
chicken faeces (70) while RV F was detected in turkey and subsequently in broilers with
runting-stunting syndrome (71). On its turn, ARVs are widespread and have been
associated to MAS in 2-3 weeks old broilers, as well as to arthritis/tenosynovitis in older
chickens (72). Although RVs and ARVs have been implicated in the aetiology of the

runting-stunting syndrome of broiler chicks, they have also been detected in
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asymptomatic birds (30, 73, 74), suggesting that these viruses can be part of normal

intestinal microbiota (75).

Picobirnavirus (PBVS) contigs generated twenty-four complete or nearly
complete CDS encoding the putative capsid (n=12) and the RdRp (n=12) proteins. Here
again no statistically significant differences could be detected between the numbers of
PBV reads in diseased or healthy birds. The classification of PBV genomes was based on the
RdRp gene; only two of those were classified in genogroup Il. The others RdRp sequences
belonged to genogroup I, along with representatives of viruses detected in different
species, indicating that cross species transmission are probably frequent events among

these viruses (76, 77).

Avian astrovirus sequences yielded nine long contigs corresponding to complete
or partial genomes of previously unreported avian nephritis viruses (ANV; n=3) and
chicken astrovirus (CAstV; n=6) genotypes. Here, however, the distribution of avian
astrovirus related reads in diseased and healthy broilers showed no statistically significant
differences. Avian astroviruses have been reported in commercial poultry flocks
worldwide (5, 8, 78), occasionally associated with decreased growth rates and kidney

lesions in young chickens (79).

Regarding chicken caliciviruses, two complete genomes were identified here,
which where assigned in to the newly proposed genus Bavovirus, in the family
Caliciviridae (80). The chicken calicivirus genomes reported showed no significant
differences in the distribution of reads detected in MAS-affected or healthy birds. Chicken
caliciviruses were first reported in faecal samples from MAS-affected and healthy
broilers in Germany, also no association to disease (81). Therefore, the findings reported

here support the observations of those authors (81).
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In relation to parvoviruses, once more the number of reads recovered from either
diseased or healthy birds was not significantly different. The sequences of avian
parvoviruses detected here could be classified within three genera, Aveparvovirus,
Chapparvovirus and Dependoparvovirus. Six complete or partial CDS of Galliform
aveparvovirus (GaPV) were identified. GaPV, also named chicken parvovirus, have
previously been implicated in the development of MAS (82, 83), what was not supported
in the present study. Other parvovirus sequences were assigned into the genus recently
proposed genus Chapparvovirus (84). One of these sequences (ChCPV 1) showed high
similarity to a new parvovirus discovered in chickens in South Korea, while two other
contigs which were classified as ChCPV 2, shared only 74% and 75% identity to the
latter. According to the ICTV criteria for species demarcation of the Parvoviridae, the
ChCPV 2 genome here reported represents a new species within the Chapparvovirus
genus (85). Another parvovirus contig identified clustered along genomes of the

Dependoparvovirus genus, closely related to avian adeno-associated viruses.

Fowl adenovirus (FAV) D and E contigs were detected in low read numbers, and
again with no statistically significant difference in the distribution of reads, in both
diseased and healthy animals. FAV D and E infections are ubiquitous in chickens, where
such agents are usually not associated to disease (86). More likely, such viruses are part

of the normal intestinal flora of chickens.

In summary, when comparing the overall eukaryotic viral sequences detected in
MAS-affected and healthy samples, no clear distinctive patterns could be associated to
the occurrence of MAS in the virome profiles here obtained. These results support the
hypothesis that there seems not to be a specific viral agent associated to the occurrence

of MAS, as evidenced in this study. These findings point to the possibility that other
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variables such as environmental factors, management conditions and perhaps other

microorganisms may be related to the aetiology of MAS.

CONCLUDING REMARKS

In this study the faecal virome of MAS-affected and healthy chickens were analyzed
comparatively. Genomes of a number of previously known and some as yet unreported
viral genome sequences were identified in diseased and healthy birds. It was not possible
to associate any particular virus or viruses with MAS, nor its relative abundancy (as
revealed by the numbers of reads recovered) in diseased or healthy broilers. Future

longitudinal studies may aid in attempting to define the aetiology of MAS.
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MATERIAL AND METHODS

Biological samples

Samples were collected in 2015 (May to December) from seven different
commercial poultry farms in Rio Grande do Sul State, Brazil. Seventy, 3-5 weeks old
chickens (35 from MAS- affected birds; 35 from healthy ones) were collected. Five birds
presenting clinical signs suggestive of MAS (retarded growth, apathy, diarrhea and
defective feather development) were selected in each flock. Control samples were taken
from five randomly collected, clinically healthy broilers, at the same age and from the
same flocks. The average weight of MAS-affected birds was 0.89 kg; this represents
49,1% less than the average weight of healthy broilers (1.75 kg). The birds were
euthanized, the intestinal tracts removed and frozen at —80 °C until processing. All
procedures were performed in compliance with the Brazilian College of Animal
Experimentation (COBEA) and approved by the Commission of Ethics on Animal Use

of the Veterinary Research Institute Desidério Finamor (CEUA - IPVDF) — No. 21/2014.

Sample preparation, nucleic acids enrichment and high throughput sequencing

The total intestinal contents of the birds were processed in pools. From each of
the seven farms, one pool comprising five stool samples from MAS-affected birds (hamed
groups 1 to 7 “runt”, or G1 to G7 R). Equivalent pools were prepared from control birds,
collected from the same flocks (named G1 to G7 “sound”, or G1 to G7 S). Each pool was
comprised by one gram of each stool sample was diluted g.s.p. 10 ml in PBS (pH 7.2)
and each five (collected from a same farm) were pooled. Such pools were vigorously
vortexed for five minutes and clarified at 3,000 x g for 30 min at 4 °C. Subsequently, the
supernatants were filtered through a 0.45 um filter (Millipore) to remove bacteria and cell

debris. These were then centrifuged at ~150,000 x g for 4 h at 4 °C (Sorvall AH629 rotor).
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The resulting pellets were resuspended in ultrapure water and treated with 2 L DNase (2
Units/uL, Turbo DNase, Ambion), 5 uL. RNase A (20 mg/mL), Invitrogen) and 0,5 uL
benzonase (25 Units/uL, Novagen). Such mixes were incubated at 37 °C for 2 h to digest
nucleic acids unprotected by capsids (28). Viral RNA was extracted with TRIzol LS
(Ambion) and reverse transcribed to generate cDNA libraries with a commercial kit
(SegPlexRNA Amplification Kit; Sigma Aldrich), following manufacturer’s instructions.
Viral DNA extraction was performed with a standard phenol-chloroform protocol (87)
and enriched by multiple displacement amplification (MDA) with $29 DNA polymerase

(88).

The randomly enriched nucleic acids of each original pools were mixed in
equimolar amounts (enriched cDNA plus enriched DNA) and purified with a DNA-
cleaning kit (Genomic DNA Clean & Concentrator; Zymo Research). The quality and
quantity of DNA preparations were determined in an L-Quant spectrophotometer (Loccus
Biotechnology) and in a Qubit fluorometer (Invitrogen). For high throughput sequencing,
DNA fragment libraries were prepared with 50 ng of the purified viral derived, enriched
nucleic acids, using a Nextera DNA sample preparation kit (Illumina). Sequencing was
performed in an Illumina®MiSeq instrument using the Illumina v2 reagent kit (2x250
paired-end reads). Supplementary data (sample identification and number of reads

obtained from each library) are presented in Table S1.
Bioinformatics pipeline

Low-quality sequencing reads with a Phred quality score < 20 were trimmed using
PRINSEQ version 0.20.4 (89). The paired-end sequence reads were de novo assembled
in contigs using metaSPAdes 3.10.1 (90). The assembled contigs and singlet sequences

were analysed by BLASTX against a viral protein database. Sequences with the best
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BLAST scores (E values of <10~%) were selected and assigned into known viral families
and, where applicable, to the respective CRESS-DNA current classification. Contigs >
1,000 nt were confirmed by mapping reads and selected to perform ORF predictions and
genome annotations using the Geneious software (version 9.1.8). For the purposes of the
present study and for sake of brevity, only contigs >1000 nt are described, with the

exception of those of fowl adenovirus E, for which no contigs >1000 nt were detected).
Assessment of viral abundance

Numbers of raw reads matching selected viral sequences were measured with the
Geneious software with all raw data output reads in medium-low sensitivity/fast mode.
The amount of virus-specific reads detected in individual samples were divided by the
total number of reads generated from each sample. The read numbers, were expressed as

percentages of viral reads.

Significant differences among the distribution of sequences matching viral contigs
in MAS-affected and healthy groups were compared using Mann-Whitney tests
(GraphPad Prism software version 5). In order to examine overall taxonomic similarities
between metagenomes, principal components analysis (PCA) was applied (IBM SPSS
Statistics software version 22). As a confirmatory visualization, hierarchical clustering

and heat map analyses were performed using the Gplots package in the RStudio software.
Phylogenetic analyses

Sequences representative of known viral families, as well as CRESS-DNA
genomes, were obtained from GenBank and then aligned with the sequences identified in
the present study using either MUSCLE or MAFFT software (91, 92). These were used
to generate maximume-likelihood phylogenetic trees using PHYML (93) with best fit

substitution models determined by Smart Model Selection (94). Statistical significance
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analyses of tree topologies were performed with the approximate likelihood branch

support test (aLRT) (95).
Nucleotide sequences accession numbers

Complete or partial viral genome sequences identified in this study were

submitted to GenBank under the accession numbers presented in Table S2.
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Fig.1. Classification of sequence reads detected in stool samples from (a) MAS-affected
and (b) healthy chickens. Pie charts represent relative amounts of reads classified by
different eukaryotic viral families in faecal samples from MAS-affected and healthy
chickens.

Fig. 2. Putative genome organization and phylogenetic analysis of picornavirus genomes
identified in faeces of MAS-affected and healthy chickens. (a) Schematic representation
of the prototypic genome of chicken sicinivirus (NC_028380). Grey bars represent the
coverage of genomes of megriviruses, siciniviruses, phacoviruses and galliviruses contigs
identified in this study. Only contigs >1000 nts are represented. (b) Maximum likelihood
phylogenetic tree reconstructed with the substitution model LG of 3D polymerase amino
acid sequences (dark shading) from representative members of the Picornaviridae family.
The branch support is evidenced only for the clades with an aLRT support greater than
70 %.The picornaviruses recovered in this study are shown in bold.

Fig. 3. Genome organization of CRESS-DNA viruses and cycloviruses identified in
faeces of MAS-affected and healthy chickens. (a) Putative genome maps of
gemycircularvirus, smacoviruses and chicken stool associated circular viruses. (b)
Putative genome organization of chicken associated cycloviruses.

Fig. 4. Maximum likelihood phylogenetic tree reconstructed with the substitution model
VT+1+G on Rep aa sequences from different CRESS-DNA viruses. The branch support
is evidenced only for the clades with an aLRT greater than 70 %. The CRESS-DNA
viruses and cycloviruses identified here are highlighted in bold.

Fig. 5. Genomic organization and phylogenetic analysis of chicken picobirnaviruses
genomes based on the nucleotide sequences coding for RdRp. (a) Schematic
representation of the ChPBV-contigs recovered from faeces of MAS-affected and healthy
chickens. (b) Phylogenetic inferences carried out by maximum likelihood phylogenetic
analysis with the GTR+G+I substitution model. Branch support is highlighted only for
clades with an aLRT greater than 70 %. The ChPBV genomes reported here are shown in
bold.

Fig. 6. Schematic representation and phylogenetic analysis of parvovirus genomes. (a)
Putative genome organization of the parvovirus related contigs. (b) Phylogenetic tree
based on the NS1 nucleotide sequences from representative members of subfamily
Parvovirinae. Inferences carried out by maximum likelihood phylogenetic analysis with
GTR+G+I substitution model. The branch support is evidenced only for the clades with
an aLRT greater than 70 %. The parvoviruses recovered here are shown in bold.

Fig. 7. Statistical analysis of the distribution of numbers of reads matching different
eukaryotic viruses in MAS-affected and healthy birds. The mean difference* reflect the
average of reads from MAS-affected group minus the average of healthy group. The color
bars are group mean differences and represent higher (blue) or lower (red) read numbers
in MAS-affected or healthy chickens. Mann-Whitney test p-values indicate whether the
red or blue values are statistically significant (p>0,05).

Fig. 8. Principal component analysis (PCA) and hierarchical clustering of MAS-affected
and healthy animal groups. (a) PCA from pooled samples of birds showing clinical signs
of MAS (red circles) and healthy chickens (blue diamonds). (b) Hierarchical clustering
of the number of reads matching eukaryotic viruses in each sample The columns represent
the analyzed samples (G1-G7R and G1-G7S), while the rows represent the distribution
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of reads of each specific virus. The clustering tree of samples is shown at the top. The
white color shows the highest relative amount of reads while the red color indicates the
least amount of reads matching to each viruses.
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828  Fig.3
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Fig. 7

Viru Mean difference MAS-affected - Healthy * P-vales (Mann-V
Chicken megrivirus 0.549:
Chicken sicinivirus I 24401 1.000(
Chicken phacovirus 119 0.722;
Chicken gallivirus 71 0.777.
CRESS-DNA VIRUS I -33977 0.847!
Chicken associated cyclovirus = -12348 0.436:
Chicken associated cyclovirus 2 i 487 1.000(
Chicken anemia virus I 534 1.000!
Avian gyrovirs 2 i -1385 04771
Gyrovirus 4 !i -6287 0.936.
Rotavirus D 2364 1.000(
Rotavirus F | 2117 0.722;
Rotavirus A 318 0477
Avian orthoreovirus -87 0.336¢
Chicken picobirnavirus !i -4415 0.199:
Avian nephritis virus 1872 0.722;
Chicken astrovirus 242 0.810:
Chicken calicivirus | -1157 0.360:
Galliform aveparvovirus ] 733 0.607"
Chicken chapparvovirus 1 3 1.000(
Chicken chapparvovirus 2 -192 0477




843 Fig. 8

(a)

86

3,0

2,09

PC 2 (17%)
2

-1.07]

G1S

G3S

¢

GIR

G4S

(b)

L2
o

844
845

T

0
PC 1 (27%)

G5S
G4S
G4R
G8BR
G6S

G1R

G2R

G2s

G3S

G7R
G3R
G7S

GSR

Chicken sicinivirus

Chicken calicivirus
CRESS-DNA VIRUS

Avian adeno-associated virus
Fowl aviadenovirus E

Avian orthoreovirus

Galliform aveparvovirus
Chicken picobirnavirus
Chicken gallivirus

Fowl aviadenovirus D

Avian gyrovirus 2

Chicken chapparvovirus 1
Rotavirus A

Rotavirus F

Chicken anemia virus
Gyrovirus 4

Rotavirus D

Chicken phacovirus

Chicken associated cyclovirus
Chicken associated cyclovirus 2
Chicken astrovirus

Avian nephritis virus

Chicken megrivirus

Chicken chapparvovirus 2



87

Table S1. Identification of faecal samples collected from MAS-affected and clinically healthy chickens and total number of reads obtained

from each library.

Sample ID Clinical Condition Total Reads
G1S Healthy 540,275
G2S Healthy 404,658
G3S Healthy 620,572
G4S Healthy 388,504
G5S Healthy 1,124,712
G6S Healthy 655,242
G7S Healthy 577,900
GI1R MAS-affected 1,027,030
G2R MAS-affected 536,460
G3R MAS-affected 545,040
G4R MAS-affected 630,826
G5R MAS-affected 506622
G6R MAS-affected 544,556
G7R MAS-affected 244,922
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Table S2. Genomes of eukaryotic viruses identified in faecal samples from MAS-affected and healthy and chickens.

. . GenBank |dentity .

Virus Size GenBank E-value BLASTx  Closest relative
Reference (%)

Chicken megrivirus
ChMGV_RS_BR_15 2S 1,226 MG846455 AHN10843.1 6E-96 92 polyprotein [Chicken megrivirus]
ChMGV_RS BR 15 1R 3 1,282 MGB846456 AlVv42072.1 0 99 polyprotein [Chicken proventriculitis virus]
ChMGV_RS_BR 15 5S 2 1,468 MG846457 AlV42072.1 0 99 polyprotein [Chicken proventriculitis virus]
ChMGV_RS BR 15 1R 2 1542 MGB846458 AHN10843.1 8E-167 94 polyprotein [Chicken megrivirus]
ChMGV_RS BR 15 5S 1 4,219 MG846459 AHN10843.1 0 94 polyprotein [Chicken megrivirus]
ChMGV_RS BR 15 3S 1 4536 MG846460 YP_009021444.1 0 88 polyprotein [Chicken megrivirus]
ChMGV_RS BR_15 1R 1 4,810 MG846461 AHN10843.1 0 96 polyprotein [Chicken megrivirus]
ChMGV_RS BR 15 3S 2 5,059 MGB846462 AIV42072.1 0 98 polyprotein [Chicken proventriculitis virus]
ChMGV_RS _BR 15 2R 9,555 MG846463 AIV42072.1 0 96 polyprotein [Chicken proventriculitis virus]
ChMGV_RS BR 15 5R 9,563 MGB846464 AHN10843.1 0 96 polyprotein [Chicken megrivirus]
ChMGV_RS_BR 15 3R 9,577 MG846465 AIV42072.1 0 93 polyprotein [Chicken proventriculitis virus]
Chicken sicinivirus
ChSiV_RS _BR_15 7R_2 1,023 MGB846466 AND46625.1 0 94 polyprotein [Sicinivirus 10]
ChSiV_RS BR 15 1R 3 1,025 MGB846467 AIK23440.1 8E-164 77 polyprotein [Chicken picornavirus 1]
ChSiV_RS BR 15 7R 1 1,065 MG846468 APR73491.1 0 92 polyprotein [Sicinivirus sp.]
ChSiV_RS BR_15 2R 5 1,073  MG846469 YP_009021767.1 7E-174 87 leader [Sicinivirus A]
ChSiV_RS BR_15 2S 2 1,131 MGB846470 AIK23440.1 0 86 polyprotein [Chicken picornavirus 1]
ChSiV_RS BR_15 2R 3 1,149 MG846471 APR73490.1 3E-170 85 polyprotein [Sicinivirus sp.]
ChSiV_RS BR_15 1R_2 1,236 MG846472 AIK23440.1 0 88 polyprotein [Chicken picornavirus 1]
ChSiV_RS BR_15 2R 4 1,502 MG846473 AIK23440.1 0 82 polyprotein [Chicken picornavirus 1]
ChSiV_RS BR_15 3S 4 1,548 MG846474 APR73490.1 0 89 polyprotein [Sicinivirus sp.]
ChSiV_RS BR_15 2R 2 1,696 MG846475 APR73491.1 0 92 polyprotein [Sicinivirus sp.]
ChSiV_RS BR_15 3S 3 1,723 MGB846476 APR73491.1 0 98 polyprotein [Sicinivirus sp.]
ChSiV_RS BR_15 3S 2 2,587 MGB846477 APR73490.1 0 95 polyprotein [Sicinivirus sp.]
ChSiV_RS BR 15 2R 1 3,832 MG846478 APR73490.1 0 96 polyprotein [Sicinivirus sp.]
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Virus Size GenBank E-value BLASTx Closest relative

Reference (%)
ChSiV_RS BR 15 3S 1 4,486 MG846479 APR73490.1 0 80 polyprotein [Sicinivirus sp.]
ChSiV_RS BR 15 2S 1 8,710 MG846480 APR73490.1 0 88 polyprotein [Sicinivirus sp.]
ChSiV_RS BR_15 4R 9,075 MGB846481 APR73490.1 0 89 polyprotein [Sicinivirus sp.]
ChSiV_RS BR_15 3R 9,240 MG846482 APR73490.1 0 88 polyprotein [Sicinivirus sp.]
ChSiV_RS BR 15 1R 1 9,270 MG846483 APR73490.1 0 97 polyprotein [Sicinivirus sp.]
ChSiV_RS _BR_15 7S 9,471 MGB846484 APR73491.1 0 88 polyprotein [Sicinivirus sp.]
ChSiV_RS BR_15 4S 9,547 MGB846485 APR73491.1 0 94 polyprotein [Sicinivirus sp.]
ChSiV_RS_BR_15 5S 9,711 MGB846486 APR73491. 0 94 polyprotein [Sicinivirus sp.]
ChSiV_RS BR_15 5R 9,874 MG846487 YP_009021568.1 0 92 polyprotein [Sicinivirus A]
Chicken phacovirus
ChPhV_RS BR_15 1R 1 4,104 MG846489 ALR74732.1 0 87 polyprotein [Phacovirus Pf-CHK1/PhV]
ChPhV_RS BR 15 1R 2 3,925 MG846490 ALR74732.1 0 99 polyprotein [Phacovirus Pf-CHK1/PhV]
Chicken gallivirus
ChGV_RS_BR_15 2R 2,226  MG846488 YP_009054903.1 O 99 polyprotein [Chicken gallivirus 1]
Unclassified CRESS-DNA
viruses
Chicken associated smacovirus capsid protein
RS BR_15 1R 3 2,383 MG846351  APR7T3542.1 0 100 [Chicken associated smacovirus]
Chicken associated smacovirus capsid protein
RS BR_15 1R 2 2,408 MG846352  APR73548.1 2,00E-176 100 [Chicken associated smacovirus]
Chicken associated smacovirus capsid protein
RS BR 15 1R 4 2,447 MGB846353  APR73546.1 0 93 [Chicken associated smacovirus]
Chicken associated smacovirus capsid protein
RS BR_15 1R 1 2,467  MG846354  YP_0093378331 0 % [Chicken associated smacovirus]
Chicken stool associated . . . L
circular virus 2 RS_BR_15_1R 3,161 MG846355 ASUS55900.1 7,00E-129 59 replication associated protein [Hudisavirus sp.]
Chicken stool associated 3,173 MGB846356 ASU55900.1 8,00E-88 63 replication associated protein [Hudisavirus sp.]

circular virus 1 RS BR 15 1R
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Virus Size GenBank E-value BLASTx  Closest relative
Reference (%)

Chicken stool-associated utative rep orotein
gemycircularvirus 2161 MGB846357 YP 0093378241 1,00E-130 100 putative rep p . . .

[Chicken stool-associated gemycircularvirus]
RS BR_15 5S
Chicken associated
cyclovirus
ChCyV_2 RS_BR_15 4R 1,778  MGB846358 AGJ74756.1 1,00E-82 48 putative rep protein .

[Dragonfly associated cyclovirus 6]
ChCyV_RS BR 15 4R 1,002 MG846359 YP_009380542.1 0 98 putative rep protein

[Duck associated cyclovirus 1]
ChCyV_RS_BR_15 2S 1,902 MG846360 YP 0093805421 0 98 putative rep protein

[Duck associated cyclovirus 1]
ChCyV_RS_BR_15_4S 1,905 MG846361 YP 0093805421 0 99 putative rep protein

[Duck associated cyclovirus 1]
ChCyV_RS_BR 15 55 1,005 MG846362 YP_ 0093805421 0 99 putative rep protein

[Duck associated cyclovirus 1]
Chicken anemia virus
CAV_RS BR 15 1R 2,298 MG846491 AO0V9I4162.1 0 99 VP1 [Chicken anemia virus]
Avian gyrovirus 2
AGV2_RS BR_15 2S 2,383 MG846492 YP_004376205.1 O 99 putative nucleocapsid [Avian gyrovirus 2]
Gyrovirus 4
GyV4_RS BR_15 1R 2,036 MG846493 APQ44722.1 0 99 VP1 [Gyrovirus 4]
GyV4 RS BR_15_2S 1,539 MG846494 APQ44722.1 0 97 VP1 [Gyrovirus 4]
Rotavirus A
RVA_RS BR 15 4S 1 1,016  MG846363 AIW53338.1 0 99 VP2 [Rotavirus A]
Rotavirus D

NSP2 [Rotavirus D
RVD RS BR 15 2R 5 1,017 MG846364 YP_003896053.1 O 96 chicken/05V0049/DEU/2005]
RVD_RS BR_15_1R_8 1052 MG846365 YP 0038960541 O 89 VP7 [Rotavirus D

chicken/05V0049/DEU/2005]
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RVD_RS BR_15 1R 7 1,139 MG846366 AIW53354.1 0 99 VVP6 [Rotavirus D]

RVD_RS BR_15 2R 6 1,267 MG846367 AIW53354.1 0 99 VVP6 [Rotavirus D]
NSP3 [Rotavirus D

RVD_RS BR_15 1R 6 1,270 MG846368 YP_003896052.1 1,00E-154 94 chicken/05V0049/DEU/2005]

RVD_RS BR_15 2R 7 1,296 MG846369 APR73519.1 0 99 VP1 [Rotavirus D]
VP2 [Rotavirus D

RVD_RS BR_15 2R 4 1,684 MG846370 YP_003896047.1 O 95 chicken/05\/0049/DEU/2005]
NSP1 [Rotavirus D

RVD_RS BR_15 2R 3 1,794 MG846371 YP_003896050.1 O 95 chicken/05\/0049/DEU/2005]
NSP1 [Rotavirus D

RVD_RS BR_15 1R 5 1,908 MG846372 YP_003896050.1 O 95 chicken/05V0049/DEU/2005]
VP4 [Rotavirus D

RVD_RS BR_15 2R 2 2,048 MGB846373 YP_003896048.1 0 93 chicken/05\/0049/DEU/2005]
VP3 [Rotavirus D

RVD_RS BR_15 2R 1 2,062 MGB846374 YP_003896049.1 O 88 chicken/05V0049/DEU/2005]
VP3 [Rotavirus D

RVD_RS BR 15 1R 4 2,098 MG846375 YP_003896049.1 0 89 chicken/05\/0049/DEU/2005]
VP4 [Rotavirus D

RVD_RS BR_15 1R 3 2,321 MGB846376 YP_003896048.1 0 93 chicken/05V0049/DEU/2005]
VP2 [Rotavirus D

RVD RS BR 15 1R 2 2,789  MGB846377 YP_003896047.1 0 96 chicken/05V0049/DEU/2005]
VP1 [Rotavirus D

RVD RS BR 15 1R 1 3,302 MGB846378 YP_003896046.1 0 94 chicken/05\/0049/DEU/2005]

Rotavirus F
NSP2 [Rotavirus F

RVF_RS BR_15 5R 1,011  MGB846379 YP_008145316.1 0 92 chicken/03V0568/DEU/2003]

RVF_RS BR_15 4S 8 1,052 MG846380 AIW53375.1 0 96 VVP6 [Rotavirus F]

RVE_RS_BR 15 _4S 7 1079 MG846381 YP 0081453161 0 94 NSP2 [Rotavirus

chicken/03V0568/DEU/2003]
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NSP3 [Rotavirus F
RVF_RS_BR_15 4S 6 1,280 MG846382 YP_008145321.1 O 92 chickeL /03V/0568/DEU/2003]

NSP1 [Rotavirus F
RVF_RS BR_15 4S 5 1,749 MG846383 YP_008145320.1 O 95 chickeE\ /03V/0568/DEU/2003]

VVP3 [Rotavirus F
RVF_RS BR_15 4S 4 2,038 MG846384 YP_008145318.1 O 91 chick[en /03V/0568/DEU/2003]
RVF_RS_BR_15 4S 3 2,128 MGB846385 AIW53374.1 0 91 VP4 [Rotavirus F]
RVF_RS BR_15 4S 2 2,450 MGB846386 AIW53371.1 0 96 VP1 [Rotavirus F]

VP2 [Rotavirus F
RVF_RS_BR_15 4S 1 2,726  MG846387 YP 0081453141 0 98 chick[en%%vouses IDEU/2003]
Avian orthoreovirus
ARV_RS BR 15 6S 1,157 MGB846388 AIlS22904.1 0 99 lambda-A protein [Avian orthoreovirus]
Chicken picobirnavirus
ChPBV_RS BR 15 1S 4 1,016 MGB846389 YP_009241385.1 2,00E-117 56 capsid protein [Porcine picobirnavirus]
ChPBV_RS BR_15 4S 2 1,055 MG846390 YP_009241385.1 1,00E-115 54 capsid protein [Porcine picobirnavirus]
ChPBV_RS BR_15 1S 3 1,135 MG846391 AIlY31266.1 1,00E-76 47 capsid protein [Dromedary picobirnavirus]
ChPBV_RS BR 15 5R 2 1,318 MG846392 AMP18944.1 2,00E-89 40 capsid protein [Otarine picobirnavirus]
ChPBV_RS BR_15 1S 2 1,442 MG846393 AHI59996.1 1,00E-144 47 capsid protein [Porcine picobirnavirus]
ChPBV_RS BR 15 6R 2 1,453 MG846394 AHI59994.1 4,00E-112 46 capsid protein [Porcine picobirnavirus]
ChPBV_RS BR_15 6S 2 1,723 MG846395 AOW41970.1 6,00E-69 32 capsid protein [Picobirnavirus sp.]
ChPBV_RS BR_15 6R 1 2,095 MGB846396 AHI59996.1 3,00E-141 45 capsid protein [Porcine picobirnavirus]
ChPBV_RS BR_15 6S 1 2,118 MG846397 AHI59996.1 8,00E-140 46 capsid protein [Porcine picobirnavirus]
ChPBV_RS BR_15 4S 1 2,406 MG846398 YP_009241385.1 O 53 capsid protein [Porcine picobirnavirus]
ChPBV_RS BR 15 5S 2 2,495 MG846399 YP_009241385.1 O 55 capsid protein [Porcine picobirnavirus]
ChPBV_RS BR 15 5S 1 2,767  MG846400 AMP18944.1 7,00E-154 46 capsid protein [Otarine picobirnavirus]
ChPBV_RS BR_15 4S 4 1,007 MG846401 AIW53311.1 0 89 RdRp protein [Picobirnavirus HK-2014]
ChPBV_RS BR_15 4S 3 1,009 MGB846402 ASM93465.1 1,00E-178 74 RdRp protein [Porcine picobirnavirus]
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ChPBV_RS BR 15 5S 6 1,021  MG846403 YP_009389484.1 0 79 RdRp protein [Picobirnavirus dog/KNA/2015]
i RdRp protein [Picobirnavirus
ChPBV_RS BR_15 6R 5 1,070 MG846404 ANS53885.1 2,00E-172 69 Wolf/PRT/416/2015]
ChPBV_RS BR_15 6R 4 1,121  MG846405 AGKA45545.1 5,00E-161 61 RdRp protein [Fox picobirnavirus]
ChPBV_RS BR_15 6S 3 1,258 MG846406 BAJ53294.1 0 69 RdRp protein [Human picobirnavirus]
ChPBV_RS BR 15 5S 5 1,260 MGB846407 YP_009241386.1 O 74 RdRp protein [Porcine picobirnavirus]
RdRp protein [Picobirnavirus
ChPBV_RS BR_15 5R 1 1,336 MG846408 ANS53885.1 0 71 Wolf/PRT/416/2015]
ChPBV_RS BR 15 5S 4 1,400 MGB846409 YP_009241386.1 O 80 RdRp protein [Porcine picobirnavirus]
ChPBV_RS BR 15 6R 3 1,418 MG846410 BAJ53294.1 0 68 RdRp protein [Human picobirnavirus]
RdRp protein [Picobirnavirus
ChPBV_RS BR_15 5S 3 1,607 MG846411 ANS53886.1 0 69 Wolf/PRT/1109/2015]
ChPBV_RS BR_15 1S 1 1,674 MG846412 YP_009241386.1 O 84 RdRp protein [Porcine picobirnavirus]
Avian nephritis virus
ANV RS BR 15 65 1 1,162 MG846413 AIM71334.1 0 88 non-structural polyprotein
=T =TT [Avian nephritis virus]
ANV_RS BR_15 6S 2 1,949 MG846414 AOR81688.1 0 98 capsid protein [Avian nephritis virus]
ANV_RS_BR_15_6R 6,890 MG846415 AEQ33643.1 0 78 non-structural polyprotein
[Pigeon avian nephritis virus]
Chicken astrovirus
CAstV_RS BR_15 6R_3 1,425 MG846416 AFK92946.1 0 91 capsid protein [Chicken astrovirus]
non-structural polyprotein
CAstV_RS_BR_15 6S 1,480 MG846417 AIW53316.1 0 96 [Astrovirus HK-2014]
CAstV_RS BR 15 4R 1 2,367 MG846418 AFK92941.1 0 96 capsid protein [Chicken astrovirus]
CAstV_RS _BR_15 4R _2 2,477 MG846419 AEES88303.1 0 97 non-structural polyprotein [Chicken astrovirus]
CAstV_RS_BR_15 6R_2 2,512 MG846420 NP_059947.1 0 96 orfla polyprotein (ppla) [Turkey astrovirus]
CAstV_RS BR 15 6R_1 3,204 MG846421 AOR81715.1 0 95 capsid protein [Turkey astrovirus 1]
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Chicken calicivirus
ChCaV_RS BR_15 5S 2 1,078 MG846422 YP_009337240.1 1E-135 91 polyprotein [Chicken calicivirus]
ChCaV_RS_BR_15 4R 2 1,196 MG846423 ADN88287.1 0 99 Eﬁ:gﬁggf}gggf}'ég;’émzoo "
ChCaV_RS BR_15 5S 1 1,327 MG846424 YP_009337240.1 O 99 polyprotein [Chicken calicivirus]
ChCaV_RS BR_15 6S 2 1,605 MGB846425 YP_009337240.1 O 99 polyprotein [Chicken calicivirus]
ChCaV_RS BR_15 4R_3 1,880 MG846426 AIW53323.1 0 93 polyprotein [Chicken calicivirus]
ChCaV_RS BR_ 15 6S 1 2,263  MG846427 AIW53323.1 0 94 polyprotein [Chicken calicivirus]
ChCaV_RS BR 15 4R_1 2,540 MGB846428 YP_009337240.1 O 96 polyprotein [Chicken calicivirus]
ChCaV_RS BR 15 3S 1 3,045 MGB846429 YP_009337240.1 0 99 polyprotein [Chicken calicivirus]
ChCaV_RS BR 15 4S 1 3,155 MGB846430 YP_009337240.1 O 99 polyprotein [Chicken calicivirus]
ChCaV_RS BR_15 3S 2 3,783 MGB846431 YP_009337240.1 0 99 polyprotein [Chicken calicivirus]
ChCaV_RS BR 15 4S 2 4,879 MG846432 YP 0093372401 O 98 polyprotein [Chicken calicivirus]
ChCaV_RS BR_15 6R 8,187 MGB846433 YP_009337240.1 0 97 polyprotein [Chicken calicivirus]
ChCaVv_RS BR 15 1R 1 8,374  MG846434 YP_009337240.1 O 99 polyprotein [Chicken calicivirus]
Galliform aveparvovirus
GaPV_RS BR_15 1S 2,318 MG846435 AIW53327.1 0 99 VP1 [Protoparvovirus HK-2014]
GaPV_RS_BR_15 6R 3221 MG846436 AMZ04136.1 0 99 nonstructural protein
- T = [Galliform aveparvovirus 1]
GaPV_RS BR_15 5R 3,492 MG846437 AMZ04138.1 0 97 VP1 [Galliform aveparvovirus 1]
GaPV_RS BR_15 6S 4,886 MGB846438 AIW53325.1 0 99 NS1 [Protoparvovirus HK-2014]
GaPV_RS_BR_15 4R 5256 MG846439 AMZ04136.1 0 100 nonstructural protein
[Galliform aveparvovirus 1]
GaPV_RS_BR 15_1R 5265 MG846440 AMZ04136.1 0 99 nonstructural protein
[Galliform aveparvovirus 1]
Chicken chapparvovirus 1
ChCPV_1 RS BR_15 6S 1930 MG846441 AIW53333.1 0 99 NS1 [Protoparvovirus HK-2014]
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Chicken chapparvovirus 2
ChCPV_2 RS_BR_15 2S 4,432 MG846442 AIW53333.1 0 75 NS1 [Protoparvovirus HK-2014]
ChCPV_2_RS_BR_15 5S 4,228 MGB846443  AIW53333.1 0 74 NS1 [Protoparvovirus HK-2014]
Avian adeno-associated virus
AAAV_RS BR 15 1R 4,062 MG846444 ACU30842.1 0 94 VP1 [Avian adeno-associated virus]
Fowl aviadenovirus D
FAvD RS BR 15 1R 10 1,017 MG846445 APQ44775.1 5E-82 100 ORF23 [Fowl adenovirus]
FAvD RS BR 15 1R 9 1,036 MGB846446 NP_050280.1 0 99 maturation protein [Fowl aviadenovirus D]
FAVD_RS BR 15 1R 8 1,100 MG846447 NP_050286.1 4E-100 99 [’;‘QV?/'; gf‘/f’;&‘iﬁ;gfﬁ:‘; g]ec“rsor
FAvD RS BR 15 1R 7 1,260 MG846448 ANJ02618.1 3E-89 93 ORF11 [Fowl aviadenovirus 11]
FAVD_RS_BR_15_1R 6 1261 MGB846449 APQ44773.1 3E-141 99 triacylglycerol lipase-like protein
[Fowl aviadenovirus D]

FAVD RS BR 15 1R 5 1,401 MG846450 ABB18324.1 0 99 ORF2 [Fowl aviadenovirus 2]
FAVD RS BR 15 1R 4 1,555 MG846451 AKR76208.1 0 99 ORF19 protein [Fowl aviadenovirus D]
FAVD_RS_BR_15_1R 3 2036 MG846452 ANJ02347.1 0 99 hexon assembly protein 100K

- = T = [Fowl aviadenovirus 2]
FAVD_RS_BR_15_IR 2 2378 MG846453 NP 5978251 0 % hypothetical protein FAdVDgp23

- = T = - [Fowl aviadenovirus D]
FAVD RS BR_15 1R 1 2,422  MGB846454 NP_050281.1 0 98 DNA polymerase [Fowl aviadenovirus D]
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Fig. S1. Schematic representation and phylogenetic analysis of gyrovirus genomes. (a)
Genomic organization of CAV, AGV2 and GyV4 describe in this study. (b) Maximum
likelihood phylogenetic tree based on VVP1 nucleotide sequences with GTR substitution model.
The branch support is evidenced only for the clades with an aLRT greater than 70 %. The
gyroviruses described here are shown in bold.
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Fig. S2. Maximum likelihood phylogenetic tree reconstructed with the substitution model GTR
of VP2 nucleotide sequences from representative members of rotavirus A, D and F species.
Branch support is evidenced only for the clades with an aLRT support greater than 70 % .The
rotavirus contigs recovered in this study are shown in bold.
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Fig. S3. Maximum likelihood phylogenetic tree of the lambda-A nucleotide sequence of avian
orthoreoviruses, constructed with the best fit substitution model GTR+1. Branch support is
evidenced only for the clades with an aLRT support greater than 70%. The avian orthoreovirus

contig recovered here is shown in bold.
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Fig. S4. Schematic representation and phylogenetic analysis of astrovirus genomes. (a) Putative
ORF maps of avian nephritis virus and chicken astrovirus contigs recovered from feces of
MAS-affected and healthy chickens. (b) Maximum likelihood phylogenetic tree reconstructed
with the substitution model LG+I+G+F of capsid amino acid sequences from representative
members of Avastrovirus and Mamastrovirus genera. Branch support is evidenced only for the
clades with an aLRT support greater than 70 %.The astroviruses recovered in this study are
shown in bold.
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Fig. S5. Putative genome organization and phylogenetic analysis of chicken caliciviruses. (a)
Schematic representation of the caliciviruses contigs recovered from chicken feces in this study.
(b) Maximum likelihood phylogenetic tree reconstructed with the substitution model
RtREV+G+I+F of RdRp amino acid sequences from representative members of Caliciviridae
family. The branch support is evidenced only for the clades with an aLRT support greater than
70 %. The chicken caliciviruses reported here are shown in bold.
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Fig. S6. Maximum likelihood phylogenetic tree reconstructed with the substitution model
GTR+G+I on DNA polymerase nucleotide sequences from representative members of fowl
aviadenovirus species D and E. The branch support is evidenced only for the clades with an

aLRT greater than 70 %. The fowl aviadenovirus D sequence reported in this study is shown in
bold.
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6 CONCLUSOES:

» A utilizacdo da metagenémica para caracterizacdo do viroma intestinal de frangos de
corte doentes e saudaveis revelou ampla variedade de genomas de virus DNA e RNA,

representantes de diversas familias virais.

» Foram identificados varios genomas de agentes previamente desconhecidos e
constituidos de genoma DNA circular fita simples, descritos como virus CRESS-
DNA.

» Foram detectadas novas espécies virais pertencentes aos géneros Cyclovirus (familia

Circoviridae), Chapparvovirus (Parvoviridae) e Picobirnavirus (Picobirnaviridae).

» A distribuicdo de sequéncias virais correspondentes aos Vvirus eucarioticos
identificados neste estudo ndo apresentou diferenca estatistica quando comparados 0s

grupos de aves afetadas pela SMA e de aves saudaveis.

» Da mesma forma, ndo houve distingéo entre o perfil dos viromas identificados nas
aves acometidas pela SMA e aqueles identificados nas aves clinicamente saudaveis.
Estes resultados sustentam a hipétese de que ndo ha um agente viral especifico

associado a ocorréncia de MAS.
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ANEXO A — Parecer favoravel a pesquisa concedido pelo CEUA — IPVDF.
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Oficio n.” 24/14 - CEUA/IPVDF Eldorado do Sul, 11 de dezembre de¢ 2014,

Senhora Pesquisadora:

Com relagdo ao Projeto de Pesquisa — CARACTERIZACAO DO VIROMA
ASSOCIADO AQ TRATO ENTERICO DE AVES PROVENIENTES DE
DIFERENTES REGIOES DO ESTADO DO RIO GRANDE DO SUL ATRAVES DA
ANALISE METAGENOMICA - protocolado para analise e parecer sob n®, 21/2014,
por Diane Alves de Lima, em 19 de novembro de 2014, cabe referir o seguinte:

A Comissio de Ftica no Uso de Animais (CEUA-IPVDF) reuniu-se
extraordinariamente em 26 de novembro ¢ 11 de dezembro de 2014, no Instituto de
Pesquisas Veterinarias Desidério Finamor e, apds as solicitagdes feitas terem sido
atendidas, cmitc PARECER FAVORAVEL a respectiva pesquisa a ser desenvolvida,
em 600 [rangos de corte, cuja parte experimental abrange o periodo de janciro de 2015

ao primeira semestre de 2017,
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