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OCORRÊNCIA E CARACTERIZAÇÃO MOLECULAR DE Cryptospodium spp. EM AVES (Gallus domesticus) CRIADAS EM DIFERENTES SISTEMAS NO ESTADO DE SÃO PAULO

RESUMO - Objetivou-se determinar a ocorrência de Cryptosporidium spp. em amostras de fezes de galinha doméstica em criações extensivas, semiextensivas e intensivas, no Estado de São Paulo, e avaliar três protocolos da reação em cadeia pela polimerase (nested PCR) para diagnóstico de Cryptosporidium spp. A purificação e concentração dos oocistos presentes em amostras fecais provenientes de 190 aves foram realizadas por meio de centrífugo-flutuação em solução de Sheather. As amostras foram submetidas à extração do DNA genômico dos oocistos e submetidas à pesquisa de Cryptosporidium spp. utilizando três protocolos de nested PCR para amplificação de fragmento parcial do gene da subunidade 18S do rRNA (18S rRNA), seguida de sequenciamento dos fragmentos amplificados. Os resultados obtidos pelos três protocolos de nested PCR foram analisados pelo teste de McNemar e pelo índice de correlação Kappa. As amostras que foram identificadas como Cryptosporidium meleagridis ou Cryptosporidium sp., pela análise do gene 18S rRNA, foram submetidas à caracterização adicional por meio de subgenotipagem de C. meleagridis pela nested PCR e sequenciamento de fragmento parcial do gene GP60 ou pela nested PCR e sequenciamento de fragmento parcial do gene da actina, respectivamente. A positividade total para Cryptosporidium (total de amostras positivas em pelo menos um método diagnóstico) obtida pela nested PCR foi de 12,6% (24/190), com identificação de Cryptosporidium baileyi (9,47%; 18/190), C. meleagridis (0,53%; 1/190), Cryptosporidium parvum (2,1%; 4/190) e Cryptosporidium sp. (0,53%; 1/190). A subgenotipagem de C. meleagridis revelou a presença do subtipo zoonótico IIIgA23G3R1. A análise do gene da actina permitiu a identificação de um novo genótipo de Cryptosporidium, em uma ave de criação extensiva, relacionado geneticamente com Cryptosporidium bovis e Cryptosporidium xiaoi. A análise de regressão logística não revelou diferenças significativas nas taxas de detecção de Cryptosporidium associadas aos diferentes sistemas de produção (extensivo, semi-intensivo e intensivo). Em comparação com frangos de corte, houve maior probabilidade de que as aves de postura e as aves de criações mistas fossem positivas para Cryptosporidium. Não houve diferença significativa na frequência de resultados positivos obtidos pelos três protocolos de nested PCR (p> 0,05); a concordância obtida pelo índice Kappa variou de substancial (0,70) a quase perfeita (0,9).

Palavras-chave: Criptosporidiose, diagnóstico, galinhas domésticas, nested PCR.


OCCURRENCE AND MOLECULAR CHARACTERIZATION OF Cryptosporidium spp. IN CHICKENS (Gallus domesticus) RAISED IN DIFFERENT SYSTEMS IN THE STATE OF SÃO PAULO.


SUMMARY- The objective of this study was to determine the occurrence of Cryptosporidium spp. in domestic chickens raised in different chicken production systems in Brazil using three nested PCR protocols. The purification and concentration of oocysts present in 190 fecal samples from chickens raised in extensive, semi-intensive and intensive production systems were accomplished by centrifugal flotation in Sheather's solution and were followed by the extraction of genomic DNA. The detection and molecular characterization of Cryptosporidium species and genotypes were performed using three nested polymerase chain reaction (nested PCR) protocols targeting the 18S rRNA gene followed by sequencing of the amplified fragments. The results obtained by the three nested PCR reactions were analyzed using the McNemar test and the Kappa correlation index. Subgenotyping of Cryptosporidium meleagridis was performed using a nested PCR reaction targeting the gp60 gene. Samples identified as Cryptosporidium sp. genetically similar to Cryptosporidium xiaoi and Cryptosporidium bovis by 18S rRNA gene sequencing were further analyzed by nested PCR targeting the actin gene and subsequent sequencing of the amplified fragment. The overall positivity for Cryptosporidium spp. (total samples positive in at least one protocol) from the nested PCR results was 12.6% (24/190), including Cryptosporidium baileyi (9.47%; 18/190), C. meleagridis (0.53%, 1/190), Cryptosporidium parvum (2.1%; 4/190) and Cryptosporidium sp. (0.53%; 1/190). Subgenotyping of C. meleagridis revealed the presence of the zoonotic subtype IIIgA23G3R1. Sequencing of the 18S rRNA gene and the actin gene fragments revealed a new Cryptosporidium genotype in an extensive poultry system genetically related to C. xiaoi and C. bovis. Logistic regression analysis did not reveal significant differences in the rates of Cryptosporidium detection associated with the variable production system (extensive, semi-intensive and intensive). In comparison to broiler chickens, there were higher odds for layer chickens and mixed chickens to be positive for Cryptosporidium. There was no significant difference in the frequency of positive results obtained by the three nested PCR protocols (p> 0.05); additionally, the agreement obtained by Kappa index ranged from substantial (0.70) to almost perfect (0.9).

Keywords: Brazil, cryptosporidiosis, diagnosis, nested PCR, domestic chicken.


	CAPÍTULO 1 - CONSIDERAÇÕES GERAIS

1  INTRODUÇÃO

A criptosporidiose é uma das principais infecções parasitárias de aves causadas por protozoários do gênero Cryptosporidium, que pertence ao filo Apicomplexa, classe Gregarinomorphea, subclasse Cryptogregaria e família Cryptosporidiidae (BARTA; THOMPSOM, 2006; RYAN et al., 2016). A criptosporidiose se manifesta como uma enfermidade respiratória ou digestiva, em dezenas de espécies pertencentes a várias ordens de aves, com curso agudo ou crônico (GOODWIN, 1989; NAKAMURA; MEIRELES, 2015; RYAN, 2010; SRÉTER; VARGA, 2000), nas ordens Accipitriformes, Anseriformes, Bucerotiformes, Caprimulgiformes, Cathartiformes, Charadriiformes, Columbiformes, Falconiformes, Galliformes, Gruiformes, Passeriformes, Phoenicopteriformes Piciformes, Psittaciformes, Strigiformes, Struthioniformes (NAKAMURA; MEIRELES, 2015). 
Dentre as 31 espécies de Cryptosporidium consideradas como válidas (HOLUBOVÁ et al., 2016; ŠLAPETA, 2013) em diversos animais vertebrados (RYAN et al., 2016), apenas quatro infectam aves: C. meleagridis, C. baileyi, C. galli e C. avium (HOLUBOVÁ et al., 2016). Além dessas espécies, são descritos mais de 40 genótipos em diversos hospedeiros vertebrados (XIAO; FAYER, 2008; RYAN; HIJJAWI, 2015):  genótipo   I de aves (MEIRELES et al., 2006; NAKAMURA et al., 2009; NG et al., 2006), genótipo II de aves (MEIRELES et al., 2006; NAKAMURA et al., 2009; NG et al., 2006; NGUYEN et al., 2013; SANTOS et al., 2005; SEVÁ et al., 2011), genótipo III de aves (MAKINO et al., 2010; NAKAMURA et al., 2014, 2009; NG et al., 2006), genótipo IV de aves (NG et al., 2006) e genótipo VI de aves (CHELLADURAI et al., 2016). Esses genótipos, apesar de morfologicamente semelhantes a algumas espécies já classificadas, diferem destas na composição genética. Devido à ausência de dados relacionados a outras características biológicas desses isolados, ainda não foi possível sua classificação em nível de espécie (FAYER, 2010; XIAO et al, 2002).
Infecções por C. baileyi, por C. galli e por outros genótipos de Cryptosporidium estão presentes em uma ampla variedade de espécies de aves, enquanto que C. meleagridis apresenta número mais restrito de hospedeiros aviários (NAKAMURA et al., 2009; NG et al., 2006; QI et al., 2011; SRÉTER;VARGA, 2000). Em relação a C. parvum, há somente um relato de infecção com presença de sinais clínicos em aves (ZYLAN et al., 2008). 


2 CICLO BIOLÓGICO

O ciclo biológico de Cryptosporidium spp. (Figura 1) possui seis estágios de desenvolvimento dentro do hospedeiro infectado, que são: excistação do oocisto, merogonia, gametogonia, fertilização, formação da parede do oocisto e esporogonia (SMITH; ROSE, 1988). 
Os oocistos são eliminados no ambiente já esporulados, portanto, hábeis a infectar um novo hospedeiro que os ingerir ou, em alguns casos, os inalar. Adentrando o novo organismo, haverá a excistação, que permitirá a liberação dos quatro esporozoítos de cada oocisto, os quais farão adesão às células epiteliais dos tratos gastrintestinal ou respiratório, onde serão englobados pelas microvilosidades para que haja a formação do vacúolo parasitóforo, permitindo que o parasito assuma a posição epicelular. A partir desta etapa, ocorrerá a diferenciação dos esporozoítos em trofozoítos, iniciando um processo de reprodução assexuada (merogonia) ou a reprodução sexuada, a partir dos macrogamontes e microgamontes, sendo que a segunda dará origem aos oocistos esporulados (BARTA; THOMPSON, 2006; CLODE et al., 2015). Uma terceira forma de reprodução é a capacidade de evitar a merogonia e iniciar a divisão mitótica a partir da fusão de esporozoítos. Outras particularidades são os estágios extracelulares do ciclo, particularmente trofozoítos e estruturas similares aos gamontes, que são capazes de se desenvolver fora das células hospedeiras, fazendo com que este protozoário não seja um microrganismo de localização obrigatoriamente epicelular, quando em condições ideais para seu desenvolvimento (BARTA; THOMPSON, 2006).

[image: ]
Figura 1. Ciclo de vida intestinal de Cryptosporidium spp. demonstrando as fases intracelulares e extracelulares (BARTHA; THOMPSON, 2006).


Após a fertilização, ocorre a formação do zigoto e, posteriormente, a diferenciação em dois tipos de oocistos: os de parede fina ou, em sua maioria, os parede grossa. Os oocistos de parede fina podem excistar ainda no hospedeiro, portanto, causando reinfecção, e os de parede grossa são eliminados nos ambientes hábeis a infectar um novo hospedeiro, pois os oocistos permanecem infectantes por vários meses, dependendo das condições climáticas (ANDERSON, 1985; CURRENT; REESE, 1986; FAYER et al., 1998; JENKINS et al., 2003). 

3  EPIDEMIOLOGIA

A maioria dos relatos de criptosporidiose em galinhas domésticas se referem a C. baileyi, que infecta o epitélio do trato respiratório, da bursa de Fabricius e da cloaca (CURRENT et al., 1986) e, com menor frequência,  a C. meleagridis, de localização restrita ao intestino delgado (SRÉTER; VARGA, 2000). C. galli e C. avium, assim como os genótipos aviários de Cryptosporidium, raramente são descritos em galinha doméstica (Tabela 1).
A infecção por C. baileyi em frangos de corte já foi relacionada à diminuição do ganho de peso, maior incidência de aerossacculite, aumento da mortalidade e maiores taxas de condenação da carcaça em abatedouros (GOODWIN et al., 1996; GORHAM et al., 1987). A infecção por C. meleagridis na galinha doméstica em geral é assintomática (NAKAMURA; MEIRELES, 2015)
Em um trabalho relacionado à prevalência de infecção por Cryptosporidium sp. em galinhas domésticas, Snyder et al. (1988) demonstraram, por meio de sorologia,  positividade para Cryptosporidium sp. de 24% por lote, em 18 lotes de frangos de corte. No Brasil, há diversos relatos de infecção natural em galinhas por C. baileyi  (HUBER et al., 2007; MEIRELES; FIGUEIREDO, 1992), espécie que, por meio de infecção experimental em galinhas domésticas, ocasiona sinais clínicos e lesões macroscópicas relacionadas ao trato respiratório, além de lesões macroscópicas na bursa de Fabricius (MEIRELES et al. 1998a, 1998b, 1999).
C. meleagridis é considerado primariamente um parasito de células epiteliais do intestino de várias espécies de aves, particularmente de perus (SLAVIN, 1955; SRÉTER ; VARGA, 2000), além de ser a única espécie aviária de Cryptosporidium com potencial zoonótico (ALVES et al., 2003; CAMA et al., 2003; GATEI et al., 2003; GUYOT et al., 2001; PEDRAZA-DIAZ et al., 2001; TIANGTIP; JONGWUTIWES, 2002). Em alguns países, a ocorrência de infecção por C. meleagridis no homem é semelhante ou superior à de infecções por C. parvum (CAMA et al., 2003; XIAO et al., 2001). No Brasil, C. meleagridis já foi encontrado em amostras fecais de calopsita, de galinhas domésticas (HUBER et al., 2007; NAKAMURA et al., 2009) e de humanos (ARAÚJO et al., 2008).
Embora os genótipos aviários de Cryptosporidium não possuam características de infecção bem definidas, por meio de análise filogenética é possível identificar as espécies correlatas, permitindo que algumas informações sejam inferidas. Cryptosporidium genótipo I e II de aves são geneticamente próximos a C. baileyi (MEIRELES et al., 2006) e os genótipos III, IV e VI são geneticamente similares a C. galli (CHELLADURAI et al. 2016; MAKINO et al., 2010; NG et al., 2006). 
Os dados sobre a especificidade de Cryptosporidium spp. por hospedeiros ainda são bastante escassos. Infecções por C. baileyi, por C. galli e por outros genótipos de Cryptosporidium estão presentes em uma ampla variedade de aves, enquanto C. meleagridis apresenta um número restrito de hospedeiros aviários (NAKAMURA et al., 2009; NG et al., 2006; SRÉTER; VARGA, 2000; QI et al., 2011). 
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Tabela 1. Prevalência de Cryptosporidium spp. em aves da ordem Galliformes  (adaptado de Nakamura; Meireles, 2015).

	Espécies Hospedeiras
	Origem 
Geográfica
	Espécies/
Genótipos
	% positivos para Cryptosporidium spp. (n° amostras/ n° positivos)
	Autores

	Alectoris rufa
	República Tcheca
	C. baileyi,
C. meleagridis
	22 (145/663)

	Máca; Pavlásek ,2015 


	Coturnix Coturnix japonica
	
	C. baileyi,
C. meleagridis
	
13.1 (239/1818) 

	Wang et al., 2012

	Gallus gallus domesticus
	China                 Algéria               China
	C. baileyi, C. meleagridis C. baileyi,C. meleagridis, genótipo II de aves  C. baileyi, C. meleagridis
	8.9 (179/2015) 
34.4 (31/90) 
9.87 (38/385) 

	Wang et al., 2010;
 Baroudi et al., 2013; 
Wang et al.,2014

	Meleagris gallopavo

	Iran                     Estados Unidos              Algeria
	Cryptosporidium spp,. C. parvum,            C. meleagridis
	
35.3 (17/60) 
6.3 (5/79) 
43.9 (25/57) 

	Gharagozlou et al.,2006;
McEvoy; Gidding, 2009; Baroudi et al., 2013



4  SINAIS CLÍNICOS

C. baileyi e C. meleagridis são diferentes em termos de virulência e tropismo tecidual. Em relação ao órgão de predileção dos agentes etiológicos, C. baileyi parasita o epitélio do trato respiratório, bursa de Fabricius, cloaca e rins (GOODWIN, 1989) e C. meleagridis, o epitélio do intestino delgado (SLAVIN, 1955). 
A infecção por C. baileyi é considerada parte do complexo respiratório das aves, como um agente primário ou secundário (BLAGBURN et al., 1987). Em infecções respiratórias por C. baileyi, há acúmulo de muco na traquéia, nos pulmões e nos sacos aéreos, com presença de sinais clínicos caracterizados por dispneia, coriza e eventual mortalidade (RYAN et al., 2003) e a infecção na bursa de Fabricius pode resultar em imunossupressão (ELADL et al., 2014; NACIRI et al., 1989).
C. meleagridis é a única espécie de aves que também acomete mamíferos (NAKAMURA; MEIRELES, 2015), inclusive podendo se caracterizar como uma infecção entérica zoonótica (RYAN, 2010). 


5  DIAGNÓSTICO

O diagnóstico e caracterização genética das diferentes espécies de Cryptosporidium são fundamentais para controle, prevenção e vigilância da criptosporidiose (JEX et al., 2008).
A utilização de exames complementares quase sempre é necessária devido à sintomatologia inespecífica. As técnicas utilizadas para diagnóstico dessa parasitose não são adotadas rotineiramente em laboratórios de ornitopatologia (NAKAMURA et al., 2014), mas inúmeras são as técnicas disponíveis para se efetuar o diagnóstico.
A experiência é um fator fundamental para diagnóstico de criptosporidiose, uma vez que os oocistos do gênero Cryptosporidium são pequenos, quando comparados aos de  outros coccídios, não apresentam esporocistos, são difíceis de serem visualizados e são morfologicamente similares a esporos de fungos e leveduras (CASEMORE, 1991; ELLIOT et al., 1999). Apesar dos oocistos C. baileyi, C. galli e C. meleagridis apresentarem morfologia e morfometria distintas, a análise microscópica não os distingue a nível de espécie, pelo fato de apresentarem pequena variação morfológica e morfométrica e, em muitos casos, serem idênticos entre diferentes espécies ou genótipos (RYAN, 2010). 

Geralmente, para detecção de oocistos a partir de amostras fecais, é o utilizado o método de centrífugo-flutuação em solução de Sheather seguido de observação em microscopia com ou sem contraste de fase. Outras técnicas utilizadas consistem na utilização de diversos métodos de coloração para visualização por microscopia. Apesar de úteis, essas técnicas podem apresentar pouca especificidade ou sensibilidade, particularmente em amostras contendo poucos oocistos (CLARK, 1996; ELLIOT et al.,1999JEX et al., 2008; MORGAN; THOMPSON,1998). 
Além das técnicas microscópicas, vários métodos imunológicos são utilizados para diagnóstico da criptosporidiose, incluindo o ensaio imunoenzimático (ELISA) (FAYER et al., 2000; JEX et al., 2008; SILVA et al., 2003), e o teste de imunofluorescência direta (BIALEK et al., 2002; FAYER et al., 2000; JEX et al., 2008). Apesar das técnicas imunológicas apresentarem maior sensibilidade que as técnicas de coloração, os antígenos são conservados para todas as espécies de Cryptosporidium, não sendo possível o diagnóstico em nível espécie (FAYER et al., 2000; JEX et al., 2008). 


6  REAÇÃO EM CADEIA DA POLIMERASE

Os métodos de identificação das diferentes espécies de Cryptosporidium são baseados na caracterização molecular (RYAN et al., 2014). A identificação de Cryptosporidium spp. pode ser realizada utilizando-se métodos moleculares, como a reação em cadeia pela polimerase (PCR), seguida de sequenciamento dos fragmentos amplificados. Embora seja considerado um método de alto custo, a PCR é uma técnica de realização rápida, sensível e permite a identificação de Cryptosporidium em nível de espécie. O gene utilizado com mais frequência para realização de caracterização molecular do parasito é o 18S Rrna. Por ser menos polimórfico, a análise desse gene permite identificar todas as espécies e genótipos de Cryptosporidium descritos até o momento (RYAN et al., 2014). Outros genes utilizados e que apresentam maior polimorfismo são os genes da actina (SULAIMAN et al., 2002) e da proteína HSP70 (MORGAN et al.,1998). Pelo fato de possuírem alto polimorfismo interespécies, esses genes são muito úteis para analise genética de espécies ou genótipos geneticamente similares.
A PCR é reconhecida como uma reação enzimática sensível, no entanto, sua eficiência é influenciada por determinados inibidores, que estão presentes em diversos tipos de amostras biológicas, incluindo amostras fecais. Esses inibidores representam um grupo de substâncias com diferentes propriedades e mecanismos de ação, que possuem a capacidade de interferir em diferentes etapas da PCR. (BUTOT et al., 2007; FOX et al., 2007; GASSILLOUD et al., 2007; SHRADER et al., 2012).
 Outro fator importante que pode determinar a eficiência da PCR é o tamanho do fragmento amplificado. A PCR com amplificação de fragmentos mais longos supostamente apresenta eficiência menor do que a observada na amplificação de fragmentos menores (PIYAMONGKOL et al., 2003; CHAKRAVORTY et al. 2006; MIRHASHEMI et al., 2015). Uma das justificativas para essa diferença na eficiência da PCR é a ligação de alguns inibidores à fita de DNA, impedindo a extensão da fita de DNA pela taq polimerase (SHRADER et al., 2012)




7  TRATAMENTO E PROFILAXIA

Não há um tratamento efetivo para a criptosporidiose em aves domésticas (NAKAMURA et al., 2014; RYAN, 2010), sendo assim, a profilaxia torna-se aliada da prevenção da doença.
Os oocistos de Cryptosporidium são altamente resistentes à influência de fatores ambientais e à maioria dos desinfetantes utilizados em instalações aviárias. A prevenção e controle da criptosporidiose devem estar relacionados com a higiene e prevenção de doenças que manifestam simultaneamente com a criptosporidiose aviária. O único desinfetante efetivo que pode ser usado em água potável é o ozônio (KORICH et al., 1990). A temperatura parece ser um fator importante para a viabilidade dos oocistos (JENKINS et al., 2002). 


OBJETIVOS GERAIS

Determinar a ocorrência e caracterização molecular de Cryptosporidium spp.  em amostras fecais de aves (Gallus domesticus) criadas em diferentes sistemas criação no Estado de São Paulo.


OBJETIVOS ESPECIFICOS
		Comparar três protocolos de diagnóstico molecular para detecção de Cryptosporidium spp. em diferentes sistemas de criação no Estado de São Paulo.
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ABSTRACT- The objective of this study was to determine the occurrence of Cryptosporidium spp. in domestic chickens raised in different chicken production systems in Brazil using three nested PCR protocols. The purification and concentration of oocysts present in 190 fecal samples from chickens raised in extensive, semi-intensive and intensive production systems were accomplished by centrifugal flotation in Sheather's solution and were followed by the extraction of genomic DNA. The detection and molecular characterization of Cryptosporidium species and genotypes were performed using three nested polymerase chain reaction (nested PCR) protocols targeting the 18S rRNA gene followed by sequencing of the amplified fragments. The results obtained by the three nested PCR reactions were analyzed using the McNemar test and the Kappa correlation index. Subgenotyping of C. meleagridis was performed using a nested PCR reaction targeting the gp60 gene. Samples identified as Cryptosporidium sp. genetically similar to Cryptosporidium xiaoi and Cryptosporidium bovis by 18S rRNA gene sequencing were further analyzed by nested PCR targeting the actin gene and subsequent sequencing of the amplified fragment. The overall positivity for Cryptosporidium spp. (total samples positive in at least one protocol) from the nested PCR results was  12.6% (24/190) of the samples, including C. baileyi (9.47%; 18/190), C. meleagridis (0.53%, 1/190), C. parvum (2.1%; 4/190) and Cryptosporidium sp. (0.53%; 1/190). Subgenotyping of C. meleagridis revealed the presence of the zoonotic subtype IIIgA23G3R1. Sequencing of the 18S rRNA gene and the actin gene fragments revealed a new Cryptosporidium genotype in an extensive poultry system genetically related to C. xiaoi and C. bovis. Logistic regression analysis did not reveal significant differences in the rates of Cryptosporidium detection associated with the variable production system (extensive, semi-intensive and intensive). In comparison to broiler chickens, there were higher odds for layer chickens and mixed chickens to be positive for Cryptosporidium. There was no significant difference in the frequency of positive results obtained by the three nested PCR protocols (p> 0.05); additionally, the agreement obtained by Kappa index ranged from substantial (0.70) to almost perfect (0.9).

Keywords: Brazil, Cryptosporidiosis, diagnosis, nested PCR, domestic chicken.



1 Introduction

Cryptosporidiosis in one of the most prevalent protozoan infections in birds, and it manifests as a respiratory or digestive disease (Ryan, 2010; Nakamura and Meireles, 2015). Among the 31 species of Cryptosporidium that infect several vertebrates, only four infect birds: C. meleagridis, C. baileyi, C. galli and C. avium (previously known as avian genotype V) (Holubová et al., 2016; Ryan et al., 2016). 
In addition to these species, there are descriptions of the Cryptosporidium avian genotypes I (Ng et al., 2006), II (Santos et al., 2005; Meireles et al., 2006; Ng et al., 2006), III (Ng et al., 2006), IV (Ng et al., 2006), VI (Chelladurai et al., 2016), VII, VIII and IX (Helmy et al., 2017),  the goose genotypes I-IV (Jellinson et al., 2004; Zhou et al., 2004), the black duck genotype (Morgan et al., 2001) and the Eurasian woodcock genotype (Ryan et al., 2003) infecting birds. 
	The literature related to the occurrence of Cryptosporidium infection in avian species is scarce, most likely because the techniques used to diagnose cryptosporidiosis are not routinely adopted in avian pathology laboratories. Infections by C. baileyi, C. galli, and other avian Cryptosporidium species/genotypes are present in a wide variety of bird species; in contrast, C. meleagridis has a more restricted number of avian hosts (Sréter and Varga, 2000; Ng et al., 2006; Nakamura and Meireles, 2015; Qi et al., 2011). There is only one report of C. parvum infection associated with clinical signs in birds (Zylan et al., 2008).
Most reports of cryptosporidiosis in domestic chickens are related to C. baileyi, which infects the respiratory tract, bursa of Fabricius and cloaca (Current et al., 1986), and less frequently to C. meleagridis, which is restricted to the small intestine (Sréter and Varga, 2000). C. galli and C. avium, as well as the avian genotypes of Cryptosporidium, are rarely described in domestic chickens (Nakamura and Meireles, 2015).
The importance of cryptosporidiosis in domestic chickens is unclear. Snyder et al. (1988) reported that the prevalence of antibodies to Cryptosporidium sp. in broiler chickens was 24% per flock in 18 flocks. Infection with C. baileyi in broiler chickens has been related to decreased weight gain, higher incidence of airsacculitis, increased mortality, and higher carcass condemnation rates in slaughterhouses (Gorham et al., 1987; Goodwin et al., 1996). C. meleagridis infection in domestic chickens is asymptomatic (Nakamura and Meireles, 2015).
In Brazil, there have been several reports of natural infection by C. baileyi in chickens (Meireles and Figueiredo, 1992; Huber et al., 2007). Using experimental infection with a Brazilian isolate of C. baileyi, Meireles et al. (1998a, 1998b, 1999) found that domestic chickens developed clinical signs and macroscopic lesions related to the respiratory tract, as well as macroscopic lesions in the bursa of Fabricius.	
C. meleagridis is a parasite of the intestinal epithelial cells in several species of birds, particularly turkeys (Slavin, 1955; Sréter and Varga, 2000), and it is the only avian species of Cryptosporidium with zoonotic potential (Chalmers and Giles, 2010). In some countries, the occurrence of C. meleagridis infection in humans is similar or superior to that of C. parvum infections (Xiao et al., 2001; Cama et al., 2003). In Brazil, C. meleagridis has been found in fecal samples from domestic chickens (Huber et al., 2007; Nakamura et al., 2009) and humans (Araújo et al., 2008). 
Cryptosporidium species can be identified using molecular methods, such as polymerase chain reaction (PCR), followed by sequencing of the amplified fragments. The most commonly used protocol is nested PCR targeting the 18S rRNA gene, developed by Xiao et al. (1999; 2000). However, Mirhashemi et al. (2015) compared three nested PCR protocols using equine, bovine and ovine samples and found that the protocol developed by Ryan et al. (2003) was the most sensitive. There are no studies on the effectiveness of different molecular diagnostic techniques for the detection of Cryptosporidium spp. in avian fecal samples.
Also, there are few studies related to the prevalence of Cryptosporidium spp. in chickens from extensive, semi-intensive and intensive production systems (Nakamura and Meireles, 2015). In addition to presenting clinical disease when infected with Cryptosporidium, domestic chickens may be a source of infection of zoonotic species of this protozoan, such as C. meleagridis and Cryptosporidium species and genotypes adapted to mammals. The present work aimed to determine the occurrence of Cryptosporidium spp. in domestic chickens raised in different production systems and to perform molecular characterization of Cryptosporidium spp. using three nested PCR protocols and sequencing of the amplified fragments.


2  Material and Methods

2.1  Fecal Samples

This study was approved by the Animal Use Ethics Committee (CEUA) of the São Paulo State University (Unesp), School of Veterinary Medicine, Araçatuba, process FOA 2015-00572.
Fecal samples were obtained from domestic chickens (Gallus gallus domesticus) in 20 municipalities of the State of São Paulo, Brazil. According to availability, the samples were collected in 61 chicken farms with extensive (24), semi-intensive (8), intensive - laying hen (25), and intensive – broiler chicken (4) production systems. Mixed types of chickens (broilers and layers) were raised in farms with extensive and semi-intensive production systems. Samples consisted of 190 fecal pools (each containing 10-20 g of feces) formed from the collection of up to 5-10 single fecal droppings per farm with extensive and semi-intensive production systems. In intensive production systems, one fecal pool was collected from up to four flocks. 
In the extensive poultry production systems, it was not possible to identify the age of the birds at the time of collection. In the semi-intensive and intensive production systems (laying hen), the birds were all adults or were 8 to 16 weeks old, respectively. Broiler chickens from intensive production systems were 35 to 46 days old.
The samples consisted of freshly discarded feces collected using a disposable wooden spatula and were preserved in 2.5% potassium dichromate at 4° C. The concentration and purification of oocysts were performed by centrifugal-flotation using Sheather’s sugar flotation solution. 

2.2  Molecular characterization

Genomic DNA from oocysts was extracted from purified fecal sediment (Boom et al., 1990; McLauchlin et al., 2000). Three nested PCR protocols targeting the 18S rRNA gene were used for the detection of Cryptosporidium spp. (Table 1). Samples that were identified as C. meleagridis and Cryptosporidium sp. by sequencing of the 18S rRNA amplicons were subjected to nested PCR targeting the gp60 gene (Stensvold et al., 2014) or the actin gene (Sulaiman et al., 2002), respectively. Genomic DNA from C. parvum and ultrapure water were used as positive and negative controls, respectively.


2.3  DNA sequence analysis

The nested PCR amplicons were purified using the Illustra ExoProStar 1-Step® (GE Healthcare Life Sciences) or the QIAquick®Gel Extraction Kit (Qiagen), following the manufacturer's guidelines. Sequencing was accomplished using the ABI Prism® Dye Terminator Cycling Sequence kit (Applied Biosystems) in an Automatic sequencer ABI 3730XL (Applied Biosystems). 
DNA sequences were assembled with Codoncode Aligner version 7.1.1 software (CodonCode Corporation). The consensus sequences were aligned with homologous sequences published in GenBank using Clustal W (Thompson et al., 1997) and BioEdit Sequence Alignment Editor (Hall, 1999). Phylogenetic trees were generated using Maximum Likelihood analysis based on the General Time Reversible model (Nei and Kumar, 2000), using the software MEGA7 (Kumar et al., 2016).

2.4  Nucleotide sequence accession number

Nucleotide sequences generated in this study were submitted to the GenBank database under the accession numbers MF627416 through MF627421. 

2.5  Statistical analysis

Statistical analysis was performed using Microsoft Office Excel 2010, and results were considered significant when p <0.05. Frequency analysis (McNemar test) and the Kappa correlation coefficient (Landis and Koch, 1977) were calculated to verify the difference in positive rates between each paired nested PCR protocols and the agreement between the diagnostic methods, respectively. Prevalence rates with 95% confidence intervals were calculated using Wilson (score) intervals (Sergeant, 2017). Logistic regression analysis was performed using the stepwise linear regression considering the influence of the variables production system (extensive, semi-intensive, intensive) and type of chicken (broiler, layer, mixed). 


3  Results

The frequency of positive Cryptosporidium spp. detection by the three nested PCR protocols was 24/190 (12.6%; 95% confidence interval: 8.6–18.1%). Sequencing of the 18S rRNA amplicons identified C. baileyi (9.47%; 18/190), C. meleagridis (0.53%; 1/190), C. parvum (2.1%; 4/190) and Cryptosporidium sp. (1/190). The sequences from C. baileyi, C. meleagridis and C. parvum had 100% genetic similarity with sequences previously published in GenBank (AJ276096, AF112574, AF093490). The sequence from Cryptosporidium sp. had 100% genetic similarity with a sequence from environmental Cryptosporidium sp. (EU825742) (Yang et al., 2008).
Two out of four valid Cryptosporidium species from birds, in addition to C. parvum and Cryptosporidium sp., were identified in farms with different production systems (Table 2). In farms with extensive systems, C. parvum (16.7%; 4/24), C. baileyi (4.2%; 1/24), and Cryptosporidium sp. (4.2%; 1/24) were identified. In the semi-intensive systems, 25% of farms (2/8) were positive for C. baileyi. In the intensive systems (laying hen and broiler chicken), 51.7% of farms (15/29) were positive for C. baileyi, and 3.4% of farms (1/29) were positive for C. meleagridis. 
GP60 subgenotyping of C. meleagridis revealed the zoonotic subtype IIIgA23G3R1. 18SrRNA gene sequence from Cryptosporidium sp. found in an extensive production system has already been described in an environmental sample (Yang et al., 2008). Here, we designated this genotype as Cryptosporidium xiaoi-like, owing to its genetic similarity at the actin gene with C. xiaoi (GQ337964) and C. bovis (AY741307) of 96% and 95%, respectively. At the 18S rRNA gene, C. xiaoi-like presented genetic similarity with C. xiaoi (FJ896043) and Cryptosporidium bovis (DQ871346) of 99% and 99%, respectively, and it clustered in a separate clade from those two species in the phylogenetic tree (Figure 1).
There were no significant differences in the rates of Cryptosporidium spp. detection among the three nested PCR protocols (Table 3): protocols 1 and 2 (p=0.3438), 1 and 3 (p=0.1797) and 2 and 3 (p=1). The agreement obtained by Kappa correlation coefficient ranged from substantial to almost perfect: protocols 1 and 2 (0.70), 1 and 3 (0.74) and 2 and 3 (0.90).
Logistic regression analysis did not reveal significant differences in the rates of Cryptosporidium detection associated with the variable production system (extensive, semi-intensive and intensive). In comparison to broiler chickens, there were higher odds for layer chickens (12.5) and mixed chickens (5.0) to be positive for Cryptosporidium. There was no difference in the chance to be positive for Cryptosporidium between layers and mixed chickens.


4  Discussion

In the present study, the two most frequently reported species in Galliformes, C. baileyi and C. meleagridis, were identified in domestic chickens. Although there have been reports in Brazil concerning the occurrence of C. baileyi in domestic chickens (Meireles and Figueiredo, 1992; Cardozo et al., 2005; Nakamura et al., 2009), this is the first report of molecular identification in chickens reared under extensive, semi-intensive and intensive production systems in Brazil.
[bookmark: _Hlk498609521]There were no statistically significant differences in Cryptosporidium detection rates for intensive, semi-intensive and extensive production systems. In contrast, a higher chance of Cryptosporidium positive detection was observed for layers and mixed type of chickens. Since layers (intensive production systems) and mixed type of chickens (semi-intensive and extensive production systems) are raised under less strict biosecurity measures, in comparison with broiler chickens (intensive production systems), a higher chance of Cryptosporidium infection should be expected. Caution is needed in the interpretation of these contrasting results between the variables production systems and type of chickens owing to the low number of samples from semi-intensive and intensive (broiler chickens) production systems and the wide confidence intervals.
In Brazil, C. parvum has been found in fecal samples from Nymphicus hollandicus (Nakamura et al., 2009), Gallus gallus domesticus, Coturnix coturnix japonica (Bomfim et al., 2013), Lonchura striata domestica (Gomes et al., 2012) and Columba livia (Oliveira et al., 2017). C. parvum is not a major cause of  disease in birds, althoug there are many reports of detection of C. parvum DNA in fecal samples of asymptomatic birds from several avian species (Nakamura et al., 2009; Reboredo-Fernández et al., 2015; Oliveira et al., 2017), including free-range chickens (Helmy et al., 2017). The detection of C. parvum, the most frequent species found in ruminants, and C. xiaoi-like suggests that chickens, in both cases, were probably mechanical carriers of oocysts (Majewska et al., 2009), since they were raised in extensive production systems and cohabited with cattle.
The low rate of detection of C. meleagridis corroborated the results of Wang et al. (2014) who reported a prevalence of 5.36% (2/38) for C. meleagridis infection in domestic chickens in China. However, Laatamna et al. (2017) found a prevalence of 35.48% (11/31) for C. meleagridis in domestic chickens in Algeria. In Brazil, C. meleagridis has been described in domestic chickens (Huber et al., 2007; Nakamura et al., 2009) and in humans (Araújo et al., 2008).
C. meleagridis is an important zoonotic species that infects the intestinal epithelial cells in both birds and mammals (Chalmers and Gilles, 2010). GP60 subgenotyping demonstrated that the C. meleagridis subgenotype described in this report, which was previously detected only in humans (Abal-Fabeiro et al., 2013; Stensvold et al., 2014), also infects Brazilian chickens.
In previous works developed in our laboratory, we found nonspecific amplification of Eimeria and Isospora DNA using the nested PCR protocol described by Ryan et al. (2003), in DNA extracted from fecal samples from rabbits and canaries, respectively. Those findings motivated our comparison of Ryan´s protocol with other nested PCR protocols for the detection of Cryptosporidium spp., but in the present study, no nonspecific amplification was observed in any of the protocols tested.
The forward primer used in the nested PCR of protocol 1 (Johnson et al., 1995) contains four substitutions in the annealing region with C. bovis, C. xiaoi, and Cryptosporidium ryanae sequences, which may explain the negative amplification obtained with the use of DNA from C. xiaoi-like genotype.
Despite the absence of statistical significance, protocol 1 (Xiao et al., 1999; 2000, Jiang et al., 2005, Johnson et al., 1995) detected slightly more positive samples than the other two protocols (Table 3). In contrast to the report of Mirhashemi et al. (2015), we found no difference in the positivity rates between protocols 2 (Ryan et al., 2003) and 3 (Xiao et al., 1999; 2000).  Protocol 3 is the most widely used for the detection of Cryptosporidium. However, since the amplified fragments in the primary and secondary reactions are long, ~1318 bp and ~835 bp, respectively, the efficiency of this method is supposedly inferior to those that amplify smaller fragments (Piyamongkol et al., 2003; Chakravorty et al., 2006). The difference in the size of amplicons justifies the results obtained by Mirhashemi et al. (2015) and the results observed in this experiment with the use of protocol 1, which amplifies fragments of ~848 and ~425 bp in the primary and secondary reactions, respectively.


5  Conclusion

C. meleagridis was genotyped for the first time in Brazil, revealing the zoonotic subtype IIIgA23G3R1 in an intensive poultry production system. C. baileyi was the most frequently detected species in the feces of domestic chickens, regardless of the production system. Domestic chickens from extensive production systems may carry the zoonotic species C. parvum in feces. A genotype of Cryptosporidium genetically similar to two Cryptosporidium species of ruminants, C. xiaoi and C. bovis, was found in chickens from an extensive production system. No significant differences were observed among the three nested PCR protocols for the detection of Cryptosporidium spp..
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