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RESUMO 
 
Análises comparativas dos genes e genomas parciais ou completamente sequenciados em helmintos 

são importantes para entender a diversidade genômica e evolução dos parasitos e seus hospedeiros 

em relação às diversas pressões seletivas em seus habitats. Proteínas secretadas pelos parasitos são 

capazes de modificar o ambiente do hospedeiro e modular seu sistema imune. Pouco se conhece 

sobre a composição e variabilidade das proteínas secretadas por diferentes espécies de helmintos, 

além da sua contribuição para o avanço da infecção. Neste projeto, foi feita a predição in silico do 

secretoma em 44 espécies de helmintos (Nematoda: 31 espécies, Platyhelminthes: 13 espécies) 

visando a compreender a diversidade e evolução dos secretomas. Os resultados indicaram proteínas 

secretadas associadas com processos de infecção, invasão, adesão e imunoregulação, como 

inibidores de proteases e citocinas, dentre outras. Analisamos também os domínios proteicos e o 

conteúdo de arquiteturas nas proteínas secretadas para identificar características específicas do 

nicho ou hospedeiro. Além disso, foram identificados homólogos da família de cistatinas em três 

espécies de Schistosoma e outros Platyhelminthes. As cistatinas são uma família de inibidores de 

cisteíno proteases que fazem parte do secretoma. A reconstrução das relações evolutivas destas 

proteínas permitiu observar sua diversidade no nível molecular e eventos de duplicação gênica 

moldando a evolução das mesmas ao longo do tempo. Em conjunto, o desenvolvimento deste 

projeto contribuiu para o conhecimento da biologia de helmintos, incluindo aspectos da interação 

parasito-hospedeiro. Futuramente, poderemos propor possíveis novos alvos moleculares para o 

tratamento ou diagnóstico das helmintíases. 

 

Palavras-chave: filogenômica, secretoma, helmintos, biodiversidade, bioinformática, cistatinas. 
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ABSTRACT 

Comparative analyses of partially or completely sequenced genes and genomes in helminths are 

important to understand the genomic diversity and evolution of parasites and their hosts in terms of 

different selective pressures in their habitats. Proteins secreted by parasites are able to modify the 

host's environment and modulate their immune system. Little is known about the composition and 

variability of secreted proteins in different helminth species besides its contribution in the progress 

of the infection. In this project we predicted the in silico secretome across 44 helminth species 

(Nematoda: 31 species, Platyhelminthes: 13 species) aiming to understand the diversity and 

evolution of secretomes. Our results indicated secreted proteins associated with biological processes 

such as: infection, invasion, adhesion, immunoregulation (protease inhibitors, cytokines), among 

others. We also analyzed protein domains and domain architectures in secreted proteins to identify 

specific signatures associated with niches or hosts. Furthermore, cystatin family homologs were 

identified in three Schistosoma species and other Platyhelminthes. Cystatins are a family of cysteine 

protease inhibitors which are part of the secretome. The reconstruction of evolutionary relationships 

of these proteins allowed us to observe their diversity at the molecular level and gene duplications 

events, shaping their evolution over time. In summary, the development of this project contributed 

to the understanding of of helminth biology, including aspects of the host-parasite interaction. In the 

future, it will be possible to identify new molecular targets for the treatment or diagnosis of 

helminthiases. 

 

Keywords: phylogenomics, secretome, helminths, biodiversity, bioinformatics, cistatins. 
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I – INTRODUÇÃO 

 

1.1 – Biologia dos helmintos 

Os helmintos representam um grupo polifilético que inclui os filos Nematoda (nematódeos) 

e Platyhelminthes (platelmintos). A maioria dos helmintos apresenta ciclo de vida complexo, 

incluindo estágios de vida livre e parasitária. Em algumas espécies, o estágio assexuado passa por 

um hospedeiro intermediário, tais como gastrópodes ou insetos. Os helmintos podem ser parasitos 

de importância socioeconômica e responsáveis por infecções parasitárias em humanos, animais e 

plantas. Segundo a Organização Mundial de Saúde (World Health Organization - WHO), mais de 

dois bilhões de pessoas sofrem de helmintíases e muitas outras estão em risco de contrair estas 

doenças, especialmente em países em desenvolvimento; não obstante, recentemente a 

esquistossomose causada por S. haematobium emergiu na Europa, na ilha francesa da Córsega 

(Boissier et al. 2016). 

Como definido pelo conceito de DALYs ("disease burden as definided by disability-adjusted 

lifeyears"), a esquistossomose, junto com a ancilostomose e a leishmaniose, estão entre as doenças 

tropicais negligenciadas com o maior peso epidemiológico quantificado em DALYs (Hotez et al. 

2014; Merrifield et al. 2016). A maior parte dos vermes intestinais transmitidos pelo solo (geo-

helmintos) são nematódeos incluindo as filárias que causam filariose linfática (elefantíase) e 

oncocercose. Os platelmintos incluem todas as espécies de Trematoda e Cestoda, causadores da 

esquistossomose e cisticercose, dentre outras. Infecções crônicas de helmintos estão associadas com 

anemia, atraso no crescimento, desnutrição, fadiga e comprometimento do desenvolvimento 

cognitivo (Hotez et al. 2008; Lustigman et al. 2012). 

 Por outro lado infeções experimentais com helmintos podem limitar a severidade da doença 

em modelos murinos de artrites (Salinas-Carmona et al. 2009), diabetes tipo 1 (Mishra et al. 2013; 

Osada et al. 2013), colites (Weinstock 2006), esclerose múltipla (Correale and Farez 2011) e 

inflamação alérgica das vias respiratórias (Wilson et al. 2005). Tais descobertas aumentaram o  
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interesse do uso desses parasitos e seus produtos de secreção (proteínas), para o tratamento de 

doenças inflamatórias. Consequentemente, helmintos vivos são atualmente empregados em pelo 

menos 15 ensaios clínicos em esforços para aliviar doenças alérgicas e autoimunes (Khan and 

Fallon 2013). 

Em plantas, os helmintos causam danos aos cultivos levando a grandes perdas econômicas. 

Alguns dos nematódeos de plantas mais prejudiciais são os endoparasitos dos gêneros Meloidogyne 

spp, Heterodera spp. e Globodera spp. (Mehta et al. 2008). Tais organismos invadem as raízes no 

estágio de larvas juvenis levando a reduções significativas na absorção de água e nutrientes, 

culminando com a morte das plantas. 

 O genoma nuclear de diferentes espécies de helmintos de vida livre e parasitária, que afetam 

humanos e outras espécies de importância agrícola e veterinária, estão sendo sequenciados. Dados 

do genoma, transcritoma e proteoma predito de helmintos têm fornecido informações importantes 

para a compreensão dos mecanismos moleculares envolvidos em seu metabolismo, interação 

parasito-hospedeiro, evasão do sistema imune, evolução molecular, dentre outras abordagens 

(Brindley et al. 2009; Lustigman et al. 2012; Tsai et al. 2013; Zarowiecki and Berriman 2015). Os 

genomas nuclear e mitocondrial das três espécies socioeconomicamente mais importantes de 

Schistosoma (S. haematobium, S. japonicum e S. mansoni) foram sequenciados (Berriman et al. 

2009; Young et al. 2012; Zhou et al. 2009). A análise de dados genômicos e transcritômicos destas 

espécies tem aberto novas fronteiras no estudo e controle da esquistossomose (Mourao et al. 2012; 

Nahum et al. 2012).  

 

1.2 - Genômica comparativa e evolução de helmintos 

 Abordagens de genômica comparativa levam a importantes descobertas e mostram como as 

comparações entre gêneros ou espécies podem ajudar a elucidar como os patógenos evoluem em 

fenótipos específicos que lhes permitam adaptar-se a um novo hospedeiro. Além disso, a 

identificação de características específicas associadas ao parasitismo requer comparação com os 
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genomas das espécies não parasitas (Jackson et al. 2016). A evolução do parasitismo é um evento 

recorrente na história da vida e um problema central na biologia evolutiva além de ser uma das 

áreas onde a genômica comparativa atua. 

A maior parte dos métodos de predição funcional depende da análise de similaridade de 

sequências entre o gene de interesse e os genes com informação funcional disponíveis na literatura 

(Bork et al. 1998; Nahum et al. 2008; Sjolander 2010). Não obstante, a similaridade de sequências 

não garante que as mesmas tenham funções idênticas, sendo este método insuficiente para atribuir 

uma função predita a um gene não caracterizado experimentalmente. 

 A filogenômica corresponde à interseção entre filogenética e genômica, usando 

informações evolutivas na predição funcional de genes e produtos gênicos não caracterizados 

experimentalmente (Eisen et al. 1997; Eisen 1998). Essa abordagem permite melhorar a predição 

funcional em relação aos métodos baseados estritamente em similaridade, fornecendo uma 

plataforma comparativa robusta no contexto evolutivo (Eisen 1998; Nahum et al. 2008; Sjolander 

2010). Os estudos na área da filogenômica e genômica comparativa oferecem uma visão integrada 

de um sistema biológico. No caso do estudo de helmintos, esta abordagem é muito importante, pois 

permite investigar os processos evolutivos no nível molecular, a origem da sua diversidade e 

evolução da relação parasito-hospedeiro. 

Em helmintos encontram-se poucos genes e produtos gênicos caracterizados 

experimentalmente até o momento. Neste contexto, análises comparativas dos genes e genomas 

parcial ou completamente sequenciados e reconstrução filogenética dos mesmos permitem a 

identificação de elementos funcionais conservados entre espécies a partir da identificação das suas 

sequências e funções homólogas (Mitreva 2012; Tsai et al. 2013). Além disso, tais estudos podem 

mostrar como a evolução moldou os genomas nas diferentes espécies ao longo do tempo evolutivo, 

para nos ajudar a compreender sua história e contribuir para a anotação funcional de genomas, 

genes e seus produtos (Eisen 1998; Tsai et al. 2013; Sjolander 2010). 
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Os resultados do nosso grupo no CPqRR apontam para excelentes perspectivas quanto à 

análise filogenômica e genômica comparativa de famílias gênicas específicas e análises em larga 

escala do proteoma predito de S. mansoni e outros helmintos. Na reconstrução do filoma de S. 

mansoni, foi realizada a predição funcional baseada em ortologia de 5,507 proteínas do parasito, 

sendo 956 previamente desconhecidas (Silva et al. 2012). Esta visão global das relações evolutivas 

do S. mansoni forneceu insights sobre o estilo de vida parasitária. 

As endopeptidases são outro alvo de estudo do nosso grupo. Foram identificadas famílias de 

endopeptidases expandidas a partir de eventos de duplicação gênica no proteoma predito de S. 

mansoni com relação a outros metazoários (Silva et al. 2011). Este estudo permitiu identificar 

adaptações potencialmente relacionadas à vida parasitária. Enzimas modificadoras de histonas de 

diferentes espécies de Schistosoma também têm sido estudadas pelo nosso grupo visando à 

identificação de alvos terapêuticos contra a esquistossomose (manuscrito em preparação). 

 

1.3 - Proteínas secretadas em helmintos 

As proteínas secretadas por uma célula cumprem um papel essencial desde bactérias até 

mamíferos (Tjalsma et al. 2000). Tais proteínas podem representar entre 8 e 20% do proteoma de 

um organismo (Greenbaum et al. 2001). As proteínas incluídas no secretoma pertencem a diversas 

classes funcionais, tais como: citocinas, hormônios, enzimas digestivas, anticorpos, proteases, 

toxinas, peptídeos antimicrobianos e proteínas associadas ao estresse oxidativo. Algumas delas 

estão envolvidas em processos biológicos vitais, como adesão celular, migração celular, 

comunicação célula-célula, diferenciação, proliferação, morfogênese e regulação da resposta imune 

(Maizels and Yazdanbakhsh 2003). As proteínas secretadas por parasitos são de particular interesse 

para a compreensão das interações parasito-hospedeiro, uma vez que podem regular a resposta 

imune do hospedeiro e causar doenças (Maizels and Yazdanbakhsh 2003). 

A secreção de proteínas através do retículo endoplasmático está associada a um peptídeo 

sinal na região N-terminal das mesmas e representa a via clássica de secreção. Algumas proteínas 
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secretadas não contêm peptídeo sinal sendo secretadas pela via não-clássica, por meio de vesículas 

extracelulares (Figura 1). As proteínas secretadas por esta via têm sido identificadas como enzimas 

glicolíticas, chaperonas, fatores de tradução, dentre outras, sugerindo que estas proteínas possam ser 

multifuncionais (moonlighting proteins) (Nombela et al. 2006). Trabalhos de microscopia 

mostraram evidências experimentais da existência de vesículas extracelulares em helmintos, 

especificamente nos trematódeos Echinostoma caproni e Fasciola hepatica. Estas vesículas são 

ativamente liberadas pelos parasitos e podem ser captadas pelas células hospedeiras, além de conter 

proteínas do secretoma que desempenham um papel importante na interação parasito-hospedeiro 

(Marcilla et al. 2012). 

 

 
 
Figura 1. Mecanismos de secreção de proteínas pelas vias clássica e alternativa. Via clássica de secreção 
envolvendo o retículo endoplasmático e Golgi (a), possíveis vias alternativas de secreção de proteínas através 
de vesículas (b), subcompartimentos endossomais (c), transferência passiva pela membrana (d), flipping de 
membrana (e), translocação (f) e reconhecimento específico de substrato (g). Baseado em evidências obtidas 
a partir de leveduras, mamíferos e parasitos. Fonte: Nombela et al. 2006. 
 
 
 As proteínas secretadas podem ser conservadas entre parasitos que compartilham um nicho e 

podem ser também compartilhadas entre organismos relacionados filogeneticamente. O secretoma é 

constituído por proteínas relevantes para o estilo de vida e pela capacidade de modular o sistema 
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imune do hospedeiro (Soblik et al. 2011). No secretoma de helmintos parasitos, encontram-se 

proteases tais como aspartato, cisteíno, metalo e serino proteases, as quais estão envolvidas em 

processos de coagulação do sangue, fibrinólise, metabolismo de proteínas, reação imune e 

remodelamento de tecidos (Tort et al. 1999), justificando o estudo do secretoma como potencial 

alvo de intervenção terapêutica (Soblik et al. 2011). 

A modulação do sistema imune do hospedeiro durante a infecção depende da longevidade 

do parasito no hospedeiro, sendo este processo dependente das proteínas e moléculas secretadas que 

interagem com o hospedeiro (Hewitson et al. 2009). Atualmente, existe um grande interesse da 

comunidade científica em compreender melhor as bases moleculares da imunomodulação feita por 

helmintos. A história de vida dos helmintos, as estratégias de transmissão e os nichos fisiológicos 

estão relacionados com as atividades imunomodulatórias observadas em três grupos taxonômicos, a 

saber: Nematoda, Cestoda e Trematoda (Hewitson et al. 2009). 

 A identificação experimental de proteínas secretadas pode ser um processo demorado e caro. 

Abordagens bioinformáticas baseadas na análise de genomas sequenciados podem ser usadas para 

priorizar a análise experimental de novos alvos terapêuticos e de imunodiagnóstico para doenças 

parasitárias humanas (Gomez et al. 2015) (Figura 2). Para fins de diagnóstico não invasivo, a 

análise do perfil do secretoma tornou-se um campo emergente na área de descoberta de 

biomarcadores, isso ocorre porque vários biomarcadores secretados foram identificados como 

relevantes para o estudo do câncer e outras doenças. 
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Figura 2. Workflow computacional (verde) e experimental (roxo) para a obtenção e análise de secretomas. 
Análise computacional: na ausência de dados experimentais, o perfil de proteínas secretadas pode ser obtido 
mediante abordagens que utilizam ferramentas bioinformáticas usando dados genômicos de transcritoma ou 
proteoma. Análise experimental: para este tipo de análise são necessárias diferentes etapas para a preparação 
da amostra dependendo da complexidade do estudo. O secretoma pode ser fracionado usando abordagens 
baseadas em géis (gel-based) ou sem utilizar géis (gel-free). As proteínas separadas são identificadas e 
quantificadas por espectrometria de massa. Ambas abordagens produzem uma lista de proteínas secretadas 
que devem ser posteriormente analisadas no contexto do significado biológico. Esta figura esta baseada em 
culturas de células mas o workflow pode ser aplicado a cultura de parasitos Fonte: Caccia et al. 2013. 



10	

	

1.3.1 - Métodos computacionais para a predição de proteínas secretadas 

Na ausência de dados experimentais, o perfil do secretoma de uma célula ou organismo pode ser 

gerado com abordagens in silico. Nesse sentido, diferentes ferramentas bioinformáticas podem ser 

usadas para a predição de proteínas secretadas em diferentes organismos (Shah et al. 2009). Não 

obstante, esta metodologia pode apresentar algumas desvantagens. Em primeiro lugar, a sequência 

do genoma deve estar disponível para o organismo de interesse. Em segundo lugar, a precisão na 

predição das proteínas secretadas depende do desempenho da ferramenta utilizada e da qualidade 

das anotações do genoma. 

 Os métodos computacionais são divididos em três categorias: baseados em matrizes de 

pesos, alinhamento de sequências e em algoritmos de aprendizado de máquina. O uso de matrizes 

de peso foi o primeiro método proposto para a predição de peptídeo sinal (von Heijne 1986). Uma 

matriz de peso é uma medida de probabilidade de encontrar cada resíduo em cada posição na 

sequência sinal, indicando a similaridade com a coleção de sequências usadas para gerar a matriz. 

Se a pontuação esta acima de um valor mínimo, isso indica a localização da sequência sinal (Caccia 

et al. 2013).  

 Abordagens baseadas em alinhamento de sequências, tais como buscas usando o pacote 

BLAST, não conseguem identificar peptídeos sinal devido à grande variabilidade de comprimento, 

baixa similaridade na sequência e os parâmetros do algoritmo que não são otimizados para o 

alinhamento de sequências curtas (Altschul et al. 1990). Um dos algoritmos desenvolvidos usando 

esta metodologia é o Signal-BLAST (Frank and Sippl 2008). Este programa compara uma 

sequência query contra dois conjuntos de sequências referência: peptídeo sinal e não peptídeo sinal. 

Se o melhor alinhamento com a sequência query é encontrado no conjunto de sequências com 

peptídeo sinal, o resultado é secretada e vice-versa. 

 Ferramentas mais sofisticadas têm sido desenvolvidas com base na abordagem de 

aprendizado de máquina. Estes métodos “aprendem” a discriminar entre proteínas secretadas e não 

secretadas numa fase de treino, durante a qual os peptídeos típicos sinal e não sinal são 
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apresentados ao algoritmo e este tenta reproduzir a classificação por meio do ajuste dos seus 

parâmetros específicos. No final da fase de treinamento, um modelo de classificação é construído e 

utilizado para categorizar novas sequências de proteínas (Lai et al. 2012). A ferramenta mais usada 

com estas características é o SignalP que está baseado em ANN (artificial neural network) e/ou 

HMM (hidden Markov model) dependendo da versão (Nielsen et al. 1997; Nielsen and Krogh 1998; 

Bendtsen et al. 2004). 

 Um estudo comparativo testou 13 ferramentas das categorias mencionadas anteriormente e 

avaliaram a precisão, especificidade e sensibilidade na discriminação entre peptídeos sinal e não 

sinal e na identificação da posição de clivagem (Choo et al. 2009). Os resultados mostraram que a 

maior parte das ferramentas foram mais precisas para eucariotos do que para bactérias. Isto 

provavelmente foi devido ao fato de existirem mais dados de eucariotos disponíveis para construir 

os modelos matemáticos. Finalmente, o estudo mostrou que as ferramentas baseadas em abordagens 

de aprendizado de máquina parecem superar os outros métodos, sendo o SignalP o que têm o 

melhor desempenho (Caccia et al. 2013). 

 A predição de proteínas secretadas se torna mais difícil pela elevada semelhança das 

sequências de peptídeos sinal e as âncoras sinal (e.g. domínios transmembrana), que têm uma 

composição de aminoácidos semelhantes. Procurar por peptídeos sinal numa escala genômica pode 

ter muitos falsos positivos devido às regiões transmembrana, mas o SignalP (versões 4.0 e 4.1) tenta 

superar este desafio através da combinação da identificação do peptídeo sinal com predição da 

topologia transmembrana (Petersen et al. 2011). Além disso, métodos específicos para a predição de 

hélices transmembrana têm sido desenvolvidos, incluindo TMHMM, um método baseado em HMM 

(hidden Markov model) que faz uso de matrizes de peso que foram extraídas a partir da análise 

estatística de TMbase, uma coleção de todas as proteínas transmembrana presentes e anotadas no 

SwissProt. 

 As ferramentas referidas acima podem predizer a presença de peptídeo sinal que representa a 

via clássica de secreção. A via não clássica é predita com ferramentas específicas como 
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SecretomeP. Nesse caso, os programas estão baseados na ideia de que as proteínas extracelulares 

compartilham características específicas no nível da sequência independentemente do mecanismo 

pelo qual elas são secretadas (Bendtsen et al. 2004; Bendtsen et al. 2005).  

 

1.3.2 – Estudos evolutivos nas famílias de proteínas relevantes na interação parasito-

hospedeiro: cistatinas, um caso de estudo. 

 As cistatinas são uma família de inibidores de cisteíno proteases que fazem parte do 

secretoma e estão presentes em um amplo número de grupos taxonômicos, incluindo Nematoda e 

Platyhelminthes. A família das cistatinas se divide em três subfamílias. Estefinas (I25A): proteínas 

intracelulares de 11 kDa que não apresentam pontes dissulfeto. Cistatinas (I25B): proteínas 

secretadas de 14 kDa com pelo menos uma ponte dissulfeto. Estão envolvidas na regulação da 

atividade das cisteíno proteases em parasitos e na modulação da resposta imune do hospedeiro 

(Gregory and Maizels 2008; Khaznadji et al. 2005). Quininogênio (I25C): glicoproteína intracelular 

com uma massa relativa entre 60 a 120 kDa (Abrahamson 1994). Na literatura também é possível 

encontrar que esta família de proteínas está dividida em tipo I, II e III, respectivamente. A primeira 

cistatina descrita em parasitos foi a onchocistatina da subfamília I25B do nematódeo Onchocerca 

volvulus (Lustigman et al. 1992). Inicialmente pensava-se que esta proteína regulava as proteases do 

parasito durante a muda dos nematódeos. Não obstante, funções adicionais, além daquelas 

associadas ao processo de muda, são evidenciadas pelo fato de que a cistatina da filária de roedores 

Acanthocheilonema vitae é secretada pelo verme macho e pela microfilária no estágio em sangue 

(Hartmann et al. 1997). 

Cistatinas (subfamília I25B) de filárias possuem um motivo adicional (SND) necessário para 

inibir diferentes classes de cisteíno proteases, como as legumaínas. A cistatina de Brugia malayi 

tem a capacidade de inibir uma protease tipo legumaína (Manoury et al. 2001). As cistatinas podem 

ter uma dupla função: inibir as cisteíno proteases de helmintos, assim como as proteases dos 

hospedeiros (Manoury et al. 2001). 
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As diferenças entre as cistatinas (I25B) de filárias e C. elegans foram observadas testando 

sua capacidade proliferativa de células T. Enquanto as cistatinas das filárias O. volvulus e A. viteae 

interferiram com a proliferação de células T humanas ou murinas, as cistatinas de C. elegans não 

tiveram efeito inibitório (Schierack et al. 2003). Cistatinas (I25B) de nematódeos parasitos e de vida 

livre diferem em relação a suas propriedades imunomodulatórias (Schierack et al. 2003). Embora as 

cistatinas apresentem uma baixa similaridade de sequência com as cistatinas dos hospedeiros, suas 

sequências são idênticas ou conservadas na maioria dos aminoácidos críticos. 

Recentemente, o DRG4 (Disease Reference Group on Helminth Infections) definiu dez áreas 

de pesquisa para o desenvolvimento de futuras medidas de controle das helmintíases 

(http://apps.who.int/iris/bitstream/10665/75922/1/WHO_TRS_972_eng.pdf). Destas, as seguintes 

áreas estão relacionadas ao nosso projeto: 1) anotação de genomas e transcritomas e o 

desenvolvimento de novas ferramentas de genômica funcional; 2) melhoramento dos testes de 

diagnóstico; 3) interações parasito-hospedeiro e como helmintos modulam esta interação. 

O presente projeto está centrado no estudo do secretoma em helmintos. Neste estudo, serão 

preditos os secretomas de diferentes espécies de helmintos, comparando-se as espécies de vida 

livre, parasitária e diversos hospedeiros, visando a compreender a diversidade e evolução dos 

secretomas. Para explorar este tema, o presente estudo aborda as seguintes perguntas científicas: 1) 

A composição do secretoma em termos de proteínas e domínios proteicos é conservada entre 

diferentes espécies de helmintos? 2) Esta composição do secretoma está relacionada ao estilo de 

vida de helmintos? 
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II - OBJETIVOS 

2.1 – Objetivo Geral 

O objetivo geral deste projeto é analisar a diversidade e evolução do secretoma de helmintos 

de vida livre e parasitária através da predição in silico das proteínas secretadas que potencialmente 

interagem com seus respectivos hospedeiros. 

 

2.2 – Objetivos Específicos 

• Levantamento e filtragem de sequências genômicas de helmintos. 

• Análise e identificação do secretoma em 44 espécies de helmintos. 

• Comparação de famílias de proteínas que compõem o secretoma de helmintos de diferentes 

estilos de vida e hospedeiros. 

• Identificação de homólogos de cistatinas no proteoma predito de três espécies de 

Schistosoma e outros Platyhelminthes. 

• Análise das relações evolutivas da famílias de cistatinas em três espécies de Schistosoma. 
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III – RESULTADOS 

3.1 – CAPÍTULO I: Secretoma de Helmintos 

Cuesta-Astroz Y, Silva de Oliveira F, Nahum LA, Oliveira G. Helminth secretomes reflect different 

lifestyles and parasitized hosts. (manuscrito submetido à International Journal for Parasitology). 

 Proteínas secretadas de parasitos são capazes de modificar o ambiente do hospedeiro e 

modular seu sistema imunológico. Pouco se sabe sobre a composição e variabilidade das proteínas 

secretadas em diferentes espécies de helmintos e a sua contribuição na progressão da infecção. O 

objetivo deste trabalho foi compreender como a diversidade do secretoma é moldada de acordo com 

diferentes estilos de vida de helmintos e assim identificar características específicas que permitem a 

sobrevivência dos mesmos em diferentes ambientes. Neste estudo foram preditos os secretomas de 

44 espécies de helmintos: 31 nematódeos e 13 platelmintos. Os proteomas preditos foram 

recuperados do banco de dados WormBase versão 1.0 (http://parasite.wormbase.org). As proteínas 

secretadas em 44 espécies foram 41,200 proteínas, sendo 31,192 com peptídeo sinal (via clássica de 

secreção) e 10,008 pela via não clássica. Nossos resultados indicaram proteínas secretadas 

associadas com infecção, aderência, invasão e processos de regulação imunológica como inibidores 

de proteases, citocinas, entre outros. Foram identificadas também proteínas específicas relacionadas 

com os estilos de vida dos helmintos. Proteínas compartilhadas nos secretomas podem revelar 

mecanismos que parecem ser conservados entre helmintos de plantas, animais e vida livre. Este 

estudo contribuirá para a compreensão da interação parasito-hospedeiro e possivelmente para a 

identificação de novos alvos moleculares para o tratamento ou diagnóstico de helmintíases. 
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Abstract 

Helminths cause a number of medical and agricultural problems and are a major cause of parasitic 

infections in humans, animals, and plants. Comparative analysis of helminth genes and genomes are 

important to understand the genomic biodiversity and evolution of parasites and their hosts in terms 

of different selective pressures in their habitats. The interactions between the infective organisms 

and their hosts are mediated in large part by secreted proteins, known collectively as the 

“secretome”. Proteins secreted by parasites are able to modify the host's environment and modulate 

their immune system. The composition and function of this set of proteins varies depending on the 

ecology, lifestyle, and environment of an organism. The present study aimed at predicting in silico 

the secretome in 44 helminth species including Nematoda (31 species) and Platyhelminthes (13 

species) and at understanding the diversity and evolution of secretomes. According to our 

observations, the secretome and proteome sizes are not related. Secretomes from plant's helminths 

range from 7.6% to 13.9% of the total proteome with an average of 10.2% and from free-living 

helminths range from 4.4% to 13% with an average of 9.8% respectively and thus are considerably 

larger secretomes, in relation to animal helminths secretomes which range from 4.2% to 11.8% of 

the proteomes, with an average of 7.1%. Across 44 secretomes in different helminth species, we 

found five conserved domains: 1) PF00014 (Kunitz/Bovine pancreatic trypsin inhibitor domain), 2) 

PF00046 (Homeobox domain), 3) PF00188 (cysteine-rich secretory proteins, antigen 5, and 

pathogenesis-related 1 proteins), 4) PF00085 (Thioredoxin) and 5) PF07679 (Immunoglobulin I-set 

domain). Our results detected secreted proteins associated with invasion, infection, adhesion, and 

immunoregulation processes as protease inhibitors, cytokines, among others. In summary, this study 

will contribute towards the understanding of the host-parasite interaction and possibly identify new 

molecular targets for the treatment or diagnosis of helmintheases. 

Keywords: Secretome, protein evolution, biodiversity, host-parasite interaction, computational 

biology, helminths. 
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1. Introduction 

 

 Helminths (Nematoda and Platyhelminthes) have great medical, veterinary and agricultural 

relevance and cause deep socio-economic impacts. According to the World Health Organization 

(WHO), more than two billion people are infected and many more are at risk of contracting 

helminthiases, especially in developing countries. Diseases caused by helminths are extremely 

varied. They include anemia and malnutrition (caused by hookworms such Ancylostoma 

ceylanicum), river blindness (filarial nematode Onchocerca volvulus), lymphatic filariasis (filarial 

nematodes Brugia malayi, Loa loa, and Wuchereria bancrofti), and impaired cognitive development 

(Hotez et al. 2008; Lustigman et al. 2012). In some cases, helminths can maintain a chronic 

infection in the host. Recorded cases include patients with more than 30 years of Schistosoma 

mansoni infection (A. R. C. Harris et al. 1984) and a record of 53 years of E. granulosus infection 

(Spruance 1974). 

 Helminths are also responsible for considerable losses in agriculture. In plants, helminths 

cause damage to crops leading to huge economic losses. Some of the most damaging nematodes 

include plant endoparasites (root-knot nematodes) belonging to the genera Meloidogyne spp., 

Heterodera spp., and Globodera spp. (Mehta et al. 2008). For example, Meloidogyne spp impacts 

both the quantity and quality of harvest, causing an estimated US$80bn in damage annually 

(Wasmuth et al. 2008). Helminth parasites of livestock, such as cattle and sheep, are the cause for 

severe economic losses worldwide, billions of dollars are spent annually on treatment and control of 

nematodes (Wang et al. 2009).   

 The rationale in the search for anthelmintic targets before the use of genomics was based on 

the molecular study of individual genes associated with helminth virulence (Brindley et al. 2009). 

The genome of different free living and parasitic helminth species, which affect humans and other 

organisms with agricultural and veterinary importance, are being sequenced. Genome, 

transcriptome, and proteome data from helminths have provided important information for 
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understanding molecular mechanisms involved in metabolism, parasite-host interaction, immune 

system evasion and molecular evolution, among other approaches (Brindley et al. 2009; Cuesta-

Astroz et al. 2014; Nahum, Mourão, and Oliveira 2012; Lustigman et al. 2012; Tsai et al. 2013). 

Therefore, approaches that consider species biology in a global manner have been increasing 

deployed (Oliveira and Pierce 2015). 

 Secreted proteins play essential roles from bacteria to mammals (Tjalsma et al. 2000). Such 

proteins may represent between eight to 20% of the organism’s proteome (Greenbaum et al. 2001). 

Proteins included in the secretome belong to various functional classes such as cytokines, 

hormones, digestive enzymes, proteases, toxins, antimicrobial peptides, and proteins associated 

with oxidative stress. Some of them are involved in vital biological processes such as cell adhesion, 

cell migration, cell-cell communication, differentiation, proliferation, morphogenesis, and 

regulation of immune response (Maizels and Yazdanbakhsh 2003). Parasite secreted proteins not 

only play a role in the organisms that produces it but also have been demonstrated to regulate the 

host immune response and to be the direct cause of pathology (Maizels and Yazdanbakhsh 2003; 

Cass et al. 2007; Ferguson et al. 2015; Zhu et al. 2016). 

 The prediction of secreted proteins depends on the computational identification of specific 

signals. Protein secretion through the endoplasmic reticulum is associated with a hydrophobic 

signal peptide at the N-terminus portion, representing the classical secretory pathway. Some 

secreted proteins do not contain a signal peptide and participate in the non-classical secretion 

pathways by extracellular vesicles. Secreted proteins by the non-classical pathways have been 

identified as glycolytic enzymes, chaperones and translation factors, among others, suggesting that 

these proteins may be multifunctional ("moonlighting" proteins) (Nombela, Gil, and Chaffin 2006). 

Microscopy studies have shown experimental evidence of extracellular vesicles in helminths, 

specifically in trematodes Fasciola hepatica, Echinostoma caproni (Marcilla et al. 2012), 

Schistosoma japonicum (Zhu et al. 2016) and Schistosoma mansoni (Sotillo et al. 2016). These 
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vesicles are actively released by the parasites and are captured by the host cells playing an 

important role in host-parasite interaction (Zhu et al. 2016).  

 Little is known about the diversity and evolution of secreted proteins in helminths. Processes 

shaping secretome diversity according to different niches and lifestyles and specific features 

allowing parasite survival in different environments remain open to investigation. The present study 

aimed at performing a comparative analysis of the predicted secretome across 44 species including 

free-living and parasitic Nematoda and Platyhelminthes in order address the following issues: the 

conservation of the secretome among different helminth species; the diversity of the secreted 

repertoire on different secretomes; the correlation between the size and composition of the 

secretome with the species life style, host and phylogenetic lineage; and the presence of different 

protein domain features between secreted and non-secreted proteins. 

 

2. Materials and methods 

2.1. Organisms and sequence data  

 

 Predicted proteomes were retrieved from WormBase (http://parasite.wormbase.org) (T. W. 

Harris et al. 2014). The original dataset had 92 helminth proteomes distributed in 82 species. The 

genomes were filtered according to the scheme mentioned below. The final genome dataset was 

composed of 44 species (31 Nematoda and 13 Platyhelminthes). C. elegans data were retrieved 

from WormBase (https://www.wormbase.org). Data from O. viverrini and G. salaris were retrieved 

from the original genome papers (Young et al. 2014; Hahn, Fromm, and Bachmann 2014). 

Nematoda species were divided according to DNA sequence studies that suggested the existence of 

five clades (Blaxter et al. 1998). Some closely related species, except for Schistosoma, were not 

included to minimize data duplication (for example, species belonging to the same genus). 
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2.2. Data filtering 

 

 Sequences were scanned using a script to remove possible error sources and to validate them 

according to the following criteria: 1) starting with a methionine, 2) having no internal stop codons, 

3) lacking ambiguous amino acids not represented in the 20 IUPAC amino acid codes, and 4) longer 

than 100 amino acids. Proteomes with > 65% of sequences retrieved after the filtering process were 

included. In the case that more than one project was available for the same species, only the project 

with the best values in the filtering process was included in our analyses.  

 

2.3. Secretome prediction  

 

 The in silico prediction of secreted proteins was performed using different bioinformatics 

tools and databases (Figure 1). SignalP 4.1 (Petersen et al. 2011) was used for identifying classical 

secretory proteins. All proteins identified as not having a signal peptide were analyzed with 

SecretomeP (Bendtsen et al. 2004) for predicting non-classical secreted proteins. To limit false 

positive results, only records with NN (neural network) score ≥ 0,9 were considered as secreted 

proteins. Proteins predicted to be secreted were subsequently scanned for the presence of 

mitochondrial sequences by TargetP (Emanuelsson et al. 2000) and transmembrane helices by 

TMHMM (Krogh et al. 2001).  

 This approach has been used for the prediction of soluble secreted proteins in helminths and 

arthropods described by other authors (Garg and Ranganathan 2011; Schicht et al. 2013). For 

consistency, we predicted the secretome datasets using the same methodology. All programs used in 

this study were linked using Perl and bash shell scripts. A MySQL database was created to store and 

retrieve information using queries. 
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2.4. Functional annotation 

 

 Putative secreted proteins were mapped to Gene Ontology (GO) terms and annotated using 

Blast2GO (Conesa et al. 2005) using default parameters (E-Value-Hit-Filter: 1.0E-6; Annotation 

cut-off: 55; GO weight: 5; Hsp-Hit Coverage cut-off: 0). Additionally, secreted proteins were 

associated to protein families, domains, and functional sites through InterProScan v.5.0.7 (Jones et 

al. 2014) in a standalone version. InterProScan combines different protein signature recognition 

methods into one resource integrating the following databases: Coils, FPrintScan, Gene3D, HMM-

Panther, HMM-PIR, HMM-Pfam, HMM-Smart, HMM-Tigr, Phobius, ProfileScan, Prosite, 

PatternScan, and Superfamily. For the protein domain architecture analysis (presence and order in 

which domains are arranged within the protein sequence), we used the Pfam database (Finn et al. 

2016). Pfam is a collection of manually curated families known as Pfam-A and a set of 

automatically generated families named Pfam-B. Pfam-A domains were considered in the present 

study. Additional functional information such as Gene Ontology terms for Pfam domains were 

retrieved from the InterProScan results. These manual annotations are based on the function of 

particular domains rather than the function of domain families. These results were deposited in the 

local MySQL database in order to perform specific queries and retrieve information.  

 

2.5. Orthologs predictions 

 

 To detect putative orthologs across predicted secretomes, we performed an OrthoMCL 

cluster analysis (Fischer et al. 2011) using the default settings (E-value cutoff: 1e-5 and identity: 

50%). In this phase, the OrthoMCL maps proteins to groups in OrthoMCL-DB. It performs a 

BLASTP search against all the proteins in OrthoMCL-DB using a cutoff of 1e-5 and 50% match. 

Each protein is assigned to the group containing its best hit. If the best matching protein does not 

have a group, it is assigned to NO_GROUP.  
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3. Results  

 

 We have analyzed 44 predicted proteomes in order to identify putative secreted proteins. To 

this end, we used a pipeline to identify secreted proteins by classical and non-classical secretion 

pathways (Figure 1). This pipeline is composed by programs based on protein sequences followed 

by functional annotations (Gene ontology, protein domains, domain architecture diversity, and 

cluster of orthologs groups) in order to identify specific signatures in the secretomes according to 

lifestyle and host. Such analyses generated a list of domains and GOs categories identifying specific 

and shared features, the annotated GO terms could suggest adaptations to specific niches based on 

molecular functions and biological process. For the complete list of species and the filtering results, 

see Table 1. 

 

 

Figure 1. Workflow for secretome prediction and annotation. MT: mitochondrial, TM: 

transmembrane. See references for accessing databases and tools. 
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Table 1. Prediction of secreted proteins in 44 helminth species. Nematoda (top) and 

Platyhelminthes (bottom). Total sequences: number of sequences in the predicted proteome of each 

species analysed. Valid sequences: sequences after filtering. AP: animal parasite, PP: plant parasite, 

FL: free living. 

Species Total sequences Valid sequences (%)  Total 

Secretome 

Lifestyle  

Nematoda 

Clade I       

Trichinella spiralis 16,380 13,617 (83.1)  1,146 AP  

Trichuris suis 9,831 8,489 (86.3)  727 AP  

Clade III       

Acanthocheilonema viteae 10,397 8,337(80.1)  507 AP  

Ascaris suum 18,542 14,893 (80.3)  1,158 AP  

Brugia malayi 17,750 12,116 (68.2)  800 AP  

Dirofilaria immitis 12,857 9,163(71.2)  593 AP  

Dracunculus medinensis 9,495 6,559(69.1)  499 AP  

Elaeophora elaphi 9,562 7,636(79.8)  525 AP  

Enterobius vermicularis 12,063 8,842(73.3)  649 AP  

Litomosoides sigmodontis 10,246 8,591(83.8)  542 AP  

Loa loa 15,445 12,204 (79.0)  803 AP  

Onchocerca volvulus 12,534 9,314 (74.3)  682 AP  

Syphacia muris 10,200 7,768(76.1)  584 AP  

Thelazia callipaeda 9,999 7,729(77.3)  532 AP  

Toxocara canis 16,571 10,668(65)  858 AP  

Wuchereria bancrofti 12,625 8,204(65)  517 AP  

Clade IV       

Bursaphelenchus xylophilus 17,704 14,948 (84.4)  2,077 PP  

Globodera pallida 16,403 13,158 (80.2)  1,218 PP  

Meloidogyne hapla 14,420 12,391 (86.0)  943 PP  

Parastrongyloides trichosuri 14,957 12,913(86.3)  1,334 AP  

Rhabditophanes sp. KR3021 13,493 12,168(90.1)  1,192 AP  

Strongyloides ratti 12,430 11,489 (92.4)  973 AP  

Clade V       

Ancylostoma ceylanicum 15,892 13,586(85.4)  1,169 AP  

Angiostrongylus costaricensis 9,989 6,956(69.6)  509 AP  

Dictyocaulus viviparus 13,514 11,510(85.1)  825 AP  

Haemonchus contortus 24,747 20,460(82.6)  2,419 AP  

Necator americanus 19,153 13,924 (72.7)  1,231 AP  

Nippostrongylus brasiliensis 20,234 14,214 (70.2)  1,469 AP  
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Oesophagostomum dentatum 25,291 16,790 (66.3)  1,531 AP  

Pristionchus pacificus 24,217 20,049 (82.7)  2,388 FL  

Caenorhabditis elegans 26,018 24,002 (92.2)  3,121 FL  

Platyhelminthes 

Cestoda       

Echinococcus multilocularis 10,189 9,145 (89.7)  524 AP  

Hydatigera taeniaeformis 10,907 7,614 (69.8)  468 AP  

Hymenolepis microstoma 10,077 9,066 (89.9)  454 AP  

Mesocestoides corti 9,056 6,520 (72)  406 AP  

Taenia solium 12,481 10,406 (83.3)  538 AP  

Trematoda       

Clonorchis sinensis 13,634 11,947 (87.6)  656 AP  

Fasciola hepática 15,739 12,488 (79.3)  992 AP  

Schistosoma haematobium 13,073 8,769 (67.0)  379 AP  

Schistosoma japonicum 12,743 9,141 (71.7)  476 AP  

Schistosoma mansoni 11,828 10,121 (85.5)  431 AP  

Opisthorchis viverrini 16,379 12,117 (73.9)  832 AP  

Monogenea       

Gyrodactylus salaris 15,488 11,148 (71.9)  653 AP  

Turbellaria       

Schmidtea mediterranea 29,850 19,423 (65.0)  870 FL  

 

3.1. Secretome size 

 

 Proteins containing a signal peptide, significant SecretomeP score (NN >= 0.9) and lacking a 

mitochondrial origin signal and transmembrane domains were considered as belonging to the 

soluble secretome (41,200 proteins, 31,192 with signal peptide and 10,008 with significant 

SecretomeP score). Sequences belonging to the secretomes in fasta format per species are available 

in https://figshare.com/s/6410c0479de5e1a6ece1. The secretome constituted on average 7.6% of the 

proteome in all the 44 species (8.4% in Nematoda and 5.5% in Platyhelminthes) with extreme 

values of 13.9% for Bursaphelenchus xylophilus and 4.2% for Schistosoma mansoni (Figure 2).  
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Figure 2. Secretome size (%) distribution across 44 helminth species. Points represent the 

secretome size in percentage in relation with the whole proteome. AP: animal parasite, PP: plant 

parasite, FL: free living. 

 

 When we analyzed these secretomes in a phylogenetic context, secretomes in Clade I 

Nematoda had similar sizes, on average 8.4% of the total proteome. Secretomes in Clade III 

enclosed in average 6.9%, Clade IV 9.8%, and Clade V 9.7% of the proteome. Secretomes from 

Cestoda contained in average 5.6%, Trematoda to 5.6%, Monogenea to 5.8%, and Turbellaria to 

4.4% of the proteome. In Platyhelminthes, the average size was noticeably smaller compared with 

Nematoda and also between animal and plant infecting helminths. Across Platyhelminthes the 

relative sizes of the secretomes were similar (Figure 2).  

 According to the classification used by (Krijger et al. 2014), the 44 species were grouped 

into three classes. Class 1 contained seven species with secretomes comprising less than 500 

proteins (six of them are Platyhelminthes). Class 2 comprised 24 species with secretomes ranging 

from 500 to 1,100 proteins. Class 3 included the remaining 13 species with more than 1,100 
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proteins (this secretome size contained exclusively nematodes). According to our observations, the 

secretome size does not depend on the increase of proteomes (Figure 2) (Table 1). In relation to the 

hosts, animal helminths secretomes range from 4.2% to 11.8% of the proteomes, with an average of 

7.1%. Secretomes from plant helminths range from 7.6% to 13.9% with an average of 10.2% and 

thus are considerably larger. The secretome size of free-living helminths range from 4.4% to 13% 

with an average of 9.8% being also considered a larger secretome compared with animal helminths 

secretomes. 

 For each secretome, the protein length distribution was analyzed using the number of 

proteins in defined length intervals (100-300, 301-500, 501-1000 and ≥ 1001 aa) as fractions of the 

total secretome. The complete secretome of 44 species (41,200 sequences) presented length 

distribution as shown in supplementary file 1. Figure 3 presents the length distribution for each 

species. The majority of proteins in the secretomes had less than 300 amino acids and proteins with 

more than 1,000 amino acids were poorly represented across the secretomes. However species with 

greater presence of these large proteins were found in the free-living helminths, C. elegans and P. 

pacificus (Figure 3). Clade III species (D. medinensis and W. bancrofti) did not have this type of 

proteins. In terms of the number of sequences that are part of the secretome, C. elegans has the 

larger secretome containing 3,121 proteins and the smallest was the S. haematobium secretome 

(Figure 3).  
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Figure 3. Secretome size distribution (sequences) and sequence size (number of amino acids – aa) 

across 44 helminth species. N: nematoda, P: platyhelminthes AP: animal parasite, PP: plant 

parasite, FL: free living. 

 

3.2. Protein domain diversity analysis 

 

 We assigned domain information for each protein using InterProScan. We then parsed the 

Pfam domains results using MySQL queries. Out of 41,200 proteins (across 44 species), 20,607 

(50%) proteins had at least one Pfam domain assigned. A total of 2,345 domains were identified 

across the 44 species and the occurrences per species were counted (supplementary file 2).  

 In order to have a global view of domain diversity and distribution, we calculated the most 

represented (top 25) domains across the secretomes (Table 2) and the domain occurrences per 

species (supplementary file 3). The Shk domain (PF01549) is a potassium channel inhibitor and was 

the most represented in the secretomes, 705 times (Table 2). The Shk domain is one of the most 

recurrent domains across protein architectures. Other well represented domains in secreted proteins 

were peptidase domains involved in hemoglobin degradation and uptake nutrients, redox process, 

and cell to cell communication (Table 2). 
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 In general, antioxidant molecules, proteases, and cell to cell communication domains were 

predicted secretomes across helminth species (supplementary file 3). These included peroxiredoxin, 

thioredoxin, protein-disulfide isomerase, trypsins, lectins, cadherins, laminins, among others. 

Proteases such as metalloproteases degrade extracellular matrix proteins and may be involved in the 

degradation of plant and animal tissues. Other domains, however, could mediate the suppression of 

plant defense by degradation of host proteins involved in pathogen recognition or playing other 

important roles in defense (Krijger et al. 2014). 

 

Table 2. Top 25 most represented domains found in secreted proteins across 44 helminth species. 

GO: Gene Ontology. 

Pfam ID Pfam name Description Number of 

proteins 

Domain 

ocorrences 

GO terms 

PF01549 ShK ShK is a powerful inhibitor of T lymphocyte 

voltage-gated potassium channels, in particular 

Kv1.3. Structural analogues may have use as an 

immunosuppressants for the treatment of 

autoimmune diseases 

705 1678 - 

PF01060 Transthyretn-

like family 

Apparently nematode-specific protein family. 665 691 GO:0005615 

extracellular space 

PF01400 Astacin 

(Peptidase 

family M12A) 

Family of metallopeptidases 527 560 GO:0004222 

metalloendopeptidase 

activity.  

GO:0006508 

proteolysis 

PF00188 CAP CAP protein family (cysteine-rich secretory 

proteins, antigen 5, and pathogenesis-related 1 

proteins (CAP)) are found in a wide range of 

organisms, including prokaryotes and non-

vertebrate eukaryotes. 

518 576 - 

PF00059 Lectin_C A C-type lectin (CLEC) is a type of 

carbohydrate-binding protein domain. 

472 574 GO:0030246 

carbohydrate binding 

PF00112 Peptidase_C1 Cysteine proteases, are enzymes that degrade 

proteins.  

389 420 GO:0006508 

proteolysis 

GO:0008234 cysteine-

type peptidase activity 

PF00014 Kunitz_BPTI Kunitz domains are the active domains of 

proteins that inhibit the function of protein 

degrading enzymes (protease inhibitors). 

386 1280 GO:0004867 serine-

type endopeptidase 

inhibitor activity 
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PF00046 Homeobox Is a protein structural domain that binds DNA 

or RNA and is thus commonly found in 

transcription factors. 

329 329 GO:0003677 DNA 

binding 

PF00026 Asp Aspartic proteases are a family of protease 

enzymes that use an aspartate residue for 

catalysis of their peptide substrates. 

301 316 GO:0004190 aspartic-

type endopeptidase 

GO:0006508 

proteolysis 

PF02520 DUF148 A domain of unknown function (DUF) is a 

protein domain that has no characterised 

function 

281 288 - 

PF04155 Ground-like It has been proposed that the domain containing 

proteins may bind and modulate the activity of 

Patched-like membrane molecules, reminiscent 

of the modulating activities of neuropeptides 

263 273 - 

PF00085 Thioredoxin Is a class of small redox, it plays a role in many 

important biological processes, including redox 

signaling. 

242 410 GO:0045454 cell redox 

homeostasis 

PF00135 COesterase Carboxyl-esterases have been classified into 

three categories (A, B and C) on the basis of 

differential patterns of inhibition by 

organophosphates. 

232 261 - 

PF01682 DB This domain has no known function 223 243 - 

PF07679 I-set Are found in several cell adhesion molecules, 

including vascular (VCAM), intercellular 

(ICAM), neural (NCAM) and mucosal 

addressin (MADCAM) cell adhesion 

molecules, as well as junction adhesion 

molecules (JAM). 

223 973 - 

PF00089 Trypsin Trypsin (EC 3.4.21.4) is a serine protease from 

the PA clan superfamily 

220 258 GO:0004252 serine-

type endopeptidase 

GO:0006508 

proteolysis 

PF13499 EF-hand_7 helix-loop-helix structural domain or motif 

found in a family of calcium-binding proteins. 

183 257 GO:0005509 calcium 

ion binding 

PF00431 CUB Is a structural motif of approximately 110 

residues found almost exclusively in 

extracellular and plasma membrane-associated 

proteins. 

180 317 - 

PF08246 Inhibitor_I29 Cathepsin propeptide inhibitor domain (I29). 

protease inhibitors are molecules that inhibit 

the function of proteases. 

173 175 - 

PF01764 Lipase_3 Triglyceride lipases are lipases that hydrolyse 

ester linkages of triglycerides. 

167 175 GO:0006629 lipid 

metabolic process 

PF00092 VWA The von Willebrand factor is a large multimeric 

glycoprotein found in blood plasma. 

162 220 - 

PF00328 His_Phos_2 A phosphatase is an enzyme that removes a 158 168 GO:0003993 acid 
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phosphate group from its substrate. phosphatase activity 

PF00024 PAN_1 The domain is found in diverse proteins, in 

some they mediate protein-protein interactions, 

in others they mediate protein-carbohydrate 

interactions. 

155 266 - 

PF00069 Pkinase The protein kinase domain is a structurally 

conserved protein domain containing the 

catalytic function of protein kinases 

155 171 GO:0004672 protein 

kinase activity 

GO:0005524 ATP 

binding  

GO:0006468 protein 

phosphorylation 

PF00090 TSP_1 Thrombospondins (TSP) are secreted proteins 

with antiangiogenic abilities. Inhibiting the 

proliferation and migration of endothelial cells  

148 447 - 

 

 

3.2.1. Common Pfam domains  

 

 Across 44 secretomes in different helminth species, we found five conserved domains: 1) 

PF00014 (Kunitz/Bovine pancreatic trypsin inhibitor domain), GO:0004867 - serine-type 

endopeptidase inhibitor activity. This domain prevents or reduces the activity of serine-type 

endopeptidases. 2) PF00046 (Homeobox domain), GO:0003677 - DNA binding, is a protein 

structural domain that binds DNA or RNA and is thus commonly found in transcription factors 

(Gehring et al., 1992). 3) PF00188 (cysteine-rich secretory proteins, antigen 5, and pathogenesis-

related 1 proteins), no GO identifier available. Members of this domain (PF00188) are most often 

secreted and have extracellular functions involving processes such as regulation of extracellular 

matrix, ion channel regulation, and in cell-cell adhesion among others. 4) PF00085 (Thioredoxin), 

GO:0045454 - cell redox homeostasis, acts as antioxidants by facilitating the reduction of other 

proteins by cysteine thiol-disulfide exchange. 5) PF07679 (Immunoglobulin I-set domain), no GO 

identifier available. This domain is found in several cell adhesion molecules. These common 

domains are involved in universal functionalities across secretomes from diverse species. Ortholog 

groups retrieved from OrthoMCL were not shared across species.    
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3.2.2. Species-specific domains  

 

 Species-specific domains may represent particular helminth adaptations to specific niches 

and mechanisms implemented by helminths to establish infection and survival in the host. In terms 

of exclusive domains, on average 22 domains were found to be species exclusive. Among the 

species with the highest amount of exclusive domains were F. hepatica (71 domains) and S. 

mediterranea (57 domains), O. volvulus (seven domains) and T. callipaeda (seven domains) had the 

lowest amount of exclusive domains. The identification of these species exclusive domains may 

enable the in silico selection of potential targets for antihelminthic agents. Supplementary files 4 

show the species-specific domains across 44 species.  

 The ectoparasite Gyrodactylus salaris has the domain PF04203 (sortase) as an exclusive 

domain. According to the Pfam description sortase refers to a group of enzymes that modify surface 

proteins by recognizing and cleaving a carboxyl-terminal signal. These proteins often play 

important roles in virulence, infection, and colonization by pathogens. Domains involved in pili 

assembly in bacteria that appeared to be specific to G. salaris are PF03743 (Bacterial conjugation 

TrbI-like protein), which influences the kinetics of pilus; PF06122 (conjugative relaxosome 

accessory transposon protein), which is involved in pili formation, and PF06586 (TraK protein), 

which is known to be essential for pilus assembly, but its exact role in this process is unknown. 

Another G. salaris specific domain is PF02839 (carbohydrate binding domain). This short domain 

is found in many different glycosyl hydrolases and is structurally similar to the C-terminal chitin-

binding domains (ChBD) of chitinase A1 and chitinase B. This domain could be related to 

degradation of chitin squama observed in the fish host Salmo salar.  

 In the cyst nematode Globodera pallida that infect potatoes, the specific domain PF05630 

(necrosis inducing protein NPP1) is related to necrosis inducing proteins from oomycetes, fungi, 

and bacteria (Fellbrich et al. 2002). In G. pallida, this protein is involved in early stages of the 
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infection and in callus formation. A domain associated with plant cell-wall hydrolysis such as 

PF00553 (cellulose binding domain), was another domain involved in host-helminth interaction, 

more exactly in the plant penetration stage. An unexpected domain related also with pathogenesis is 

PF07740 (spider toxin), which is a neurotoxin. This domain was found to be specific of Taenia 

solium, but its function remains unclear. 

 Particular characteristics of the helminth life cycle are the need to penetrate the host and the 

chronicity of the interaction between it and the host. For this purpose, helminths have developed 

several strategies. In Trichuris suis, an especific domain PF00151 (lipase) hydrolyses ester linkages 

of host triglycerides reflecting a particularity of its environment. This hydrolytic enzyme could also 

play a role in nematode penetration of the host by disrupting the tissues in the infected hosts 

(Bahlool et al. 2013). To maintain a chronic infection, cell protection from oxidative damage by 

reactive oxygen species (ROS) is an important process, a defense response domain PF00199 

(catalase) was identified in the plant nematode Meloidogyne hapla as a specific domain. 

 

3.2.3. Nematoda-specific domains and GO terms enrichment 

 

 Only three domains were identified as nematode specific. The domain PF01683 (EB 

module) that has no known function and is found associated with the kunitz domain (PF00014). The 

PF01682 (DB module) domain which also has no known function and is found associated with Ig 

(PF00047) and fn3 (PF00041) domains, as well as with some lipases (PF00657). These domains 

reflect specific functions or biological processes and are accessory domains that work in synergy 

with other domains. PF01060 (transthyretin-like family) was another nematode specific domain 

with unknown function.   

 We found interesting GO terms enriched in nematodes, such as nematode larval 

development (GO:0002119). This is a nematode specific term and is related to the development 

progression of the nematode larva over time from its formation to the mature form. Secreted 
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proteins involved in molting process and signaling during this process are included in these GO 

terms. Metallopeptidase activity (GO:0008237) was also a nematode specific term that is related to 

proteins associated with tissue migration and haemoglobin degradation. Defense response 

(GO:0006952), which is related to proteins that act in response to the presence of pathogens and 

proteins associated to antimicrobial peptide activity are included in this term. Examples of these 

proteins have the PF15291 domain (Dermcidin, antibiotic peptide) that in C. elegans participates in 

the protection against pathogenic Gram-positive bacteria (Amaral et al. 2012). No OrthoMCL 

groups were shared across nematode species.  

 

3.2.4. Platyhelminth-specific domains and GO terms enrichment 

 

 There were no Platyhelminth specific domains. However, we found enriched GO terms for 

this taxon. Here, we highlight some of them. Homophilic cell adhesion (GO:0007156), which is 

related to proteins involved in cell-to-cell comunication such as cadherins, laminins. These proteins 

are important in the host interaction and recognition (Leontovyč et al. 2016; Rowe et al. 2009). 

Platelet activation (GO:0030168) that is involved in a series of progressive events that leads to 

platelets activation. These events could be related to helminth invasion and migration. Leukocyte 

activation (GO:0045321) participates in the change of morphology and behavior of leukocytes 

resulting from exposure to a specific antigen, cellular ligand, or soluble factor. This term fits nicely 

to the proposed effect of secreted proteins and is clearly involved in helminth-host interaction. 

Negative regulation of cell communication (GO:0010648) is related to any process that decreases 

the frequency, rate, or extent of cell communication, such as signaling, cell-cell attachment, 

extracellular matrix interaction, or between a cell and any other aspect of its environment.  

 Within Platyhelminthes we identified a trematoda specific domain PF08034 (Trematode 

eggshell synthesis protein). This domain is present in the eggshell protein vitelline protein B1 

(vpB1). vpB1 is   produced by mature vitelline cells to form the hard protective trematode eggshell 
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and is crucial for eggshell synthesis in Trematoda. There were no Cestoda specific domains. 

Monogenea and Turbellaria domains are species-specific for G. salaris and S. mediterranea, 

respectively. No OrthoMCL groups were shared across Platyhelminthes species, but Trematoda 

specific orthologs groups were identified such as OG5_222248 and OG5_185048.    

 

3.2.5. Free-living species specific domains and GO terms enrichment 

 

 There were no specific domains for free-living helminths, but enriched GO terms for these 

helminths were identified and point to specific functions and biological processes associated with 

free-living. Response to gamma radiation (GO:0010332) was identified and is related to any process 

that results in a change in state or activity of a cell or an organism (in terms of movement, secretion, 

enzyme production, gene expression, etc.) as a result of a gamma radiation stimulus. Another term 

related to radiation exposition was response to UV (GO:0009411), which is associated to ultraviolet 

stimulus. Some terms linked to microorganisms defense were identified such as defense response to 

Gram-negative bacterium (GO:0050829) and defense response to Gram-positive bacterium 

(GO:0050830). The term GO:0009410 is associated xenobiotic compound stimulus. Proteins 

involved in redox process and antioxidant are involved in this vital process. Other enriched term 

was chitin catabolic process (GO:0006032) that results in the breakdown of chitin, which is an 

abundant protein in the free-living environment. 

 In free-living nematodes, we found a specific glycoside hydrolases: PF00857 

(isochorismatase family), PF05089 (glycoside hydrolase family 89) that includes enzymes with N-

acetylglucosaminidase EC 3.2.1.50 activity, and PF12972 (glycoside hydrolase family 89). We 

identified 22 orthologous groups in free-living nematodes (C. elegans and P. pacificus). 

 S. mediterranea, the only representative of free-living Platyhelminthes analyzed in this 

work, had 57 species-specific Pfam domains, being the helminth with the second largest number of 

specific domains. An interesting domain PF03173 (putative carbohydrate binding domain) was 
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found as S. mediterranea specific, this domain is involved in chitin degradation, which is one of the 

most abundant polysaccharides on Earth (Tews et al. 1996), its exclusivity could be related to 

specific aspects of the free living life style of S. mediterranea.  

 

3.2.6. Plant-infecting helminth specific domains and GO terms enrichment 

 

 Cell-wall-degrading enzymes have no counterpart in most animals. Some examples of these 

key proteins are cellulases, xylanases, pectate lyases, and other members of the glycosyl hydrolase 

family (Dieterich and Sommer 2009). We identified Pfam domains related to these important 

proteins in the plant-helminth interaction. 

 PF00295 (glycosyl hydrolases family 28) is an M. hapla specific domain. This domain 

appears in plant bacterial pathogens, such as Erwinia carotovora or Ralstonia solanacearum 

(Pseudomonas solanacearum), and fungal pathogens such as Aspergillus niger, and is involved in 

maceration and soft-rotting of plant tissue. Specific glycosyl hydrolases were identified in B. 

xylophilus such as PF02015 (glycosyl hydrolase family 45) that contains enzymes with only one 

known activity: endoglucanase (EC 3.2.1.4) and PF00722 (glycosyl hydrolase family 16), which 

contains enzymes with a number of known activities: lichenase (EC 3.2.1.73), xyloglucan 

xyloglucosyltransferase (EC 2.4.1.207), agarase (EC 3.2.1.81), kappa-carrageenase (EC 3.2.1.83).  

 Specific glycosyl hydrolases families were identified in G. pallida, such as PF04616 

(Glycosyl hydrolase family 43) that includes enzymes with the following activities: beta-xylosidase 

(EC 3.2.1.37), alpha-L-arabinofuranosidase (EC 3.2.1.55), arabinanase (EC 3.2.1.99), and xylanase 

(EC 3.2.1.8).  

 GO terms were enriched for plant helminths reflecting some specific and vital processes 

such as pectate lyase activity (GO:0030570). PF03211 (pectate lyase) is the domain related to this 

GO term. The plant-specific ortholog group was OG5_132299, which is also related to pectate lyase 

activity. This activity is responsible for the maceration and soft rotting of plant tissue and has been 
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implicated in plant disease. Cellulase activity (GO:0008810), another plant-specific enriched term, 

is related to colonization of the plant by helminths and penetration in plant tissues. Defense 

response to bacterium (GO:0042742) is related to reactions triggered in response to the presence of 

bacterium that act to protect the cell or organism such as the effect of antibacterial peptide activity.  

 

3.2.7. Secreted and non-secreted Pfam domains  

 

 Comparisons between secreted and nonsecreted protein domains across 44 helminth species 

allowed profiling the secretome fingerprints. 5,429 domains were identified in non-secreted and 

2,345 in secreted proteins. 56 domains were secretome exclusive (supplementary file 5) and 2,289 

were shared between secreted and nonsecreted proteins. Secretome specific domains are involved in 

processes such as: recognition, binding, degradation and uptake of extracellular complex nutrients, 

signal transduction, and adhesion. The OrthoMCL analysis showed 6,481 shared groups, 938 

secretome specific groups, and 15,262 non-specific secretome groups. 

 

3.3. Complex-repetitive secreted proteins and GO terms enrichment 

 

 Out of 20,607 secreted proteins with Pfam domain annotations, 98.9% contain ≤ 3 different 

domains, indicating these proteins have a fairly simple domain organization, the following GO 

terms were enriched in these proteins: protein disulfide isomerase activity (GO:0003756), cell redox 

homeostasis (GO:0045454), metalloendopeptidase activity (GO:0004222), serine-type 

endopeptidase inhibitor activity (GO:0004867), cysteine-type endopeptidase activity 

(GO:0004197), and serine-type carboxypeptidase activity (GO:0004185). 

 Our results also showed that 1.1% of the secreted proteins contained ≥ 4 different domains, 

which according to (Suh and Hutter 2012) are named “complex secreted proteins”. In these 

proteins, we found enriched GO terms such as: cell adhesion mediated by integrin (GO:0033627), 
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basement membrane organization (GO:0071711), positive regulation of endopeptidase activity 

(GO:0010950), positive regulation of locomotion (GO:0040017), response to misfolded protein 

(GO:0051788), and regulation of cell proliferation (GO:0042127). Among these terms, there are 

proteins involved in protein-protein interaction including laminin, integrins, and proteins highly 

enriched in EGF domains and trombospondin repeats. Table 3 indicates the number of complex 

proteins per species according to the classification related to the number of different domains 

present in a protein. S. mansoni had the highest percentage (3.4%) of proteins with four or more 

different domains. T. canis did not have complex secreted proteins in the secretome.   

 The majority of potentially secreted proteins contained a small number of domains. Out of 

4,451 architectures, 2,276 (51.1%) had a single domain (unidomain), which is represented in 14,444 

proteins (70,1%). 168 (3.7%) architectures contain more than 10 domains, which are represented in 

237 (1.1%) proteins. Only 62 architectures (1.4%) contain more than 20 domains, which are 

represented in 103 (0.5%) proteins. Comparing with non-secreted proteins, out of 25,708 

architectures, 5,439 (21.1%) were unidomain represented in 202,862 (43.2%). 719 (2.8%) 

architectures contain more than 10 domains that are equivalent to 1,159 (0.24%) proteins and 103 

(0.40%) contain more than 20 domains equivalent to 354 (0.07%) proteins (supplementary file 6). 

In general, secreted proteins are simpler in terms of the domain architecture than non-secreted 

proteins. However, large proteins containing more than 10 and 20 domains were overrepresented in 

the secreted proteins in comparison with non-secreted. This is explained by the presence in the 

secretome of proteins that have highly repetitive domains and are involved in cell to cell 

communication, protein binding, adhesion, among others.  

 Repetitive secreted proteins contain multiple copies of one or two different domains. The 

top 50 highly repetitive secreted proteins contain 83 proteins. Mainly nematode proteins were part 

of this classification (supplementary file 7). C. elegans was the species with more proteins (19 in 

total). Among the top 50 architectures of proteins highly repetitive most had a signal peptide, which 

means that they are proteins secreted via the classical pathway. Only two proteins had no peptide 
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signal. The top 50 highly repetitive proteins contained 21 different domains (supplementary file 7). 

Domains involved in protein-protein interactions, present in cystein-rich proteins (particularly 

characteristic of secreted proteins) and endopeptidase inhibitor activity among others were 

characteristic of the repetitive proteins. Domains of unknown function were also present. Many of 

them were found exclusively in nematodes. 

 

Table 3. Complex secreted proteins. Number of proteins low (≤ 3 domains) or high (≥ 4 domains) 

complexity. 

Species Proteins with ≤ 3 

different domains 

(%) 

Proteins with  ≥ 4 different 

domains (%) 

  

Nematoda   

Clade I     

Trichinella spiralis 406 (98.5) 6 (1.5)   

Trichuris suis 403 (98.3) 7 (1.7)   

Clade III     

Acanthocheilonema viteae 307 (97.5) 8 (2.5)   

Ascaris suum 527 (99.2) 4 (0.8%)   

Brugia malayi 456 (97.2) 13 (2.8)   

Dirofilaria immitis 310 (97.1) 9 (2.9)   

Dracunculus medinensis 279 (99.6) 1 (0.4)   

Elaeophora elaphi 306 (99.6) 1 (0.4)   

Enterobius vermicularis 347 (99.1) 3 (0.9)   

Litomosoides sigmodontis 302 (97.4) 8 (2.6)   

Loa loa 364 (97.8) 8 (2,2)   

Onchocerca volvulus 352 (98.0) 7 (2)   

Syphacia muris 320 (99.6) 1 (0.4)   

Thelazia callipaeda 268 (98.9) 3 (1.1)   

Toxocara canis 405 (100) 0   

Wuchereria bancrofti 266 (99.6) 1 (0.4)   

Clade IV     

Bursaphelenchus xylophilus 999 (98.9) 11 (1.1)   

Globodera pallida 488 (99.1) 4  (0.9)   

Meloidogyne hapla 359 (98.6) 5 (1.4)   

Parastrongyloides trichosuri 759 (99.8) 1 (0.2)   

Rhabditophanes sp. KR3021 585 (98.8) 7 (1.2)   
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Strongyloides ratti 537 (99.2) 4 (0.8)   

Clade V     

Ancylostoma ceylanicum 732 (99.7) 2 (0.3)   

Angiostrongylus costaricensis 254 (99.6) 1 (0.4)   

Dictyocaulus viviparus 433 (99.0) 4 (1)   

Haemonchus contortus 1,227 (98.9) 13 (1)   

Necator americanus 601 (99.5) 3 (0.5)   

Nippostrongylus brasiliensis 594 (99.6) 2 (0.4)   

Oesophagostomum dentatum 763 (99.6) 3 (0.4)   

Pristionchus pacificus 926 (99.3) 6 (0.7)   

Caenorhabditis elegans 1,798 (98) 35 (2)   

Platyhelminthes   

Cestoda     

Echinococcus multilocularis 253 (98.4) 4 (1.6)   

Hydatigera taeniaeformis 229 (99.5) 1 (0.5)   

Hymenolepis microstoma 212 (97.2) 6 (2.8)   

Mesocestoides corti 175 (99.4) 1 (0.6)   

Taenia solium 246 (99.6) 1 (0.4)   

Trematoda     

Clonorchis sinensis 319 (98.7) 4 (1.3)   

Fasciola hepática 449 (99.3) 3 (0.7)   

Schistosoma haematobium 200 (98.5) 3 (1.5)   

Schistosoma japonicum 246 (99.6) 1 (0.4)   

Schistosoma mansoni 227 (96.6) 8 (3.4)   

Opisthorchis viverrini 296 (98) 6 (2)   

Monogenea     

Gyrodactylus salaris 265 (98.8) 3 (1.2)   

Turbellaria     

Schmidtea mediterranea 592 (99.5) 3 (0.5)   

 

 

3.4. Orthology classification of secreted proteins 

 

 OrthoMCL was used to arrange the secreted proteins into clusters and to identify groups of 

the most conserved proteins among secretomes. A total of 26,870 proteins (65%) out of 41,200 

secreted proteins were identified across 44 species and were sorted in 7,419 orthologous clusters. 

2,066 proteins matched other sequences in the OrthoMCL online database, but had “NO_ GROUP” 
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(designation by OrthoMCL DB) (Table 4). Additionally 12,265 proteins had no OrthoMCL 

database hits and were considered unique. Certain clusters contained a large number of proteins. 

The most abundant ortholog group was OG5_186610 with 169 sequences. The proteins included in 

this ortholog group belong to the protein family CAP (PF00188, cysteine-rich secretory proteins, 

antigen 5, and pathogenesis-related 1 proteins) (supplementary file 8).  

 Table 4 shows OrthoMCL distributions of secretome proteins by species. Although the S. 

mansoni and S. haematobium secretomes were smaller, a higher proportion of the S. mansoni 

secretome (425/431 proteins) and S. haematobium secretome (364/379) had OrthoMCL group 

assignments. These proportions were comparable with C. elegans (3,099/3,121). We propose a ratio 

called OG_ diversity, which is result of number of orthologous groups/Total secretome. This value 

reflects the diversity of orthologs groups (OGs) per species. S. haematobium had the largest number 

(0.75) of OGs according to total secretome. The secretome with the least diversity of OGs was T. 

spiralis (0.29). We did not find an orthologous group shared by all 44 helminths species. However, 

we found specific orthologous groups shared between Nematoda or Platyhelminthes (supplementary 

file 9). We also compared orthologous groups between secreted versus non-secreted proteins; free-

living versus non-free-living; plant helminths versus non-plant helminths (supplementary file 9). 

 

Table 4. OrthoMCL results. Number of proteins observed in each category. Hits (%): OrthoMCL 

database hits. OGs: orthologs groups. OG_diversity: OGs/Secretome. 

Species Secretome 

(seqs)  

Hits (%) OGs No_Group No hits OG_diversity  

Nematoda  

Clade I        

Trichinella spiralis 1,146 464 (40.4) 342 8 682 0.29  

Trichuris suis 727 474 (65.2) 365 14 253 0.50  

Clade III        

Acanthocheilonema viteae 507 451 (88.9) 362 57 56 0.71  

Ascaris suum 1,158 772 (66.6) 618 52 386 0.53  

Brugia malayi 800 729 (91.1) 473 142 71 0.59  
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Dirofilaria immitis 593 500 (84.3) 378 98 93 0.63  

Dracunculus medinensis 499 356 (71.3) 274 29 143 0.54  

Elaeophora elaphi 525 470 (89.5) 361 92 55 0.68  

Enterobius vermicularis 649 447 (68.8) 374 28 202 0.57  

Litomosoides sigmodontis 542 488 (90) 377 91 54 0.69  

Loa loa 803 609 (75.8) 441 114 194 0.54  

Onchocerca volvulus 682 566 (82.9) 408 96 116 0.59  

Syphacia muris 584 431 (73.8) 359 26 153 0.61  

Thelazia callipaeda 532 416 (78.2) 336 59 116 0.63  

Toxocara canis 858 558 (65) 454 52 300 0.52  

Wuchereria bancrofti 517 461 (89.1) 348 94 56 0.67  

Clade IV        

Bursaphelenchus xylophilus 2,077 1,197 (57.6) 759 35 880 0.36  

Globodera pallida 1,218 580 (47.6) 430 22 638 0.35  

Meloidogyne hapla 943 450 (47.7) 378 13 493 0.40  

Parastrongyloides trichosuri 1,334 889 (66.6) 546 28 

 

445 0.40  

Rhabditophanes sp. KR3021 1,192 739 (61.9) 545 33 453 0.45  

Strongyloides ratti 973 680 (69.8) 480 27 293 0.49  

Clade V        

Ancylostoma ceylanicum 1,169 951 (81.3) 672 24 218 0.57  

Angiostrongylus costaricensis 509 362 (71.1) 318 10 147 0.62  

Dictyocaulus viviparus 825 639 (77.4) 570 16 186 0.69  

Haemonchus contortus 2,419 1,756 (72.6) 934 39 663 0.38  

Necator americanus 1,231 905 (73.5) 735 26 326 0.59  

Nippostrongylus brasiliensis 1,469 928 (63.1) 721 27 541 0.49  

Oesophagostomum dentatum 1,531 1,115 (72.8) 799 20 416 0.52  

Pristionchus pacificus 2,388 1,274 (53.3) 849 58 1,114 0.35  

Caenorhabditis elegans 3,121 3,099 (99.3) 1,958 315 22 0.62  

Platyhelminthes  

Cestoda        

Echinococcus multilocularis 524 319 (60.8) 268 16 205 0.51  

Hydatigera taeniaeformis 468 276 (58.9) 241 13 192 0.51  

Hymenolepis microstoma 454 267 (58.8) 205 13 187 0.45  

Mesocestoides corti 406 223 (54.9) 191 5 183 0.47  

Taenia solium 538 303 (56.3) 256 10 235 0.47  

Trematoda        

Clonorchis sinensis 656 427 (65) 322 34 229 0.49  

Fasciola hepática 992 756 (76.2) 647 28 236 0.65  

Schistosoma haematobium 379 364 (96) 286 44 15 0.75  

Schistosoma japonicum 476 408 (85.7) 351 35 68 0.73  

Schistosoma mansoni 431 425 (98.6) 270 72 6 0.62  
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Opisthorchis viverrini 832 388 (46.6) 286 23 444 0.34  

Monogenea        

Gyrodactylus salaris 653 307 (47) 263 10 346 0.40  

Turbellaria        

Schmidtea mediterranea 870 716 (82.3) 461 18 154 0.52  

 

 

3.5. Dynamics of domain architecture 

 

 The emergence of proteins with new and species-specific domains or domain combinations 

could be one of the main mechanisms of secretome evolution and diversity. Therefore, distinct 

domain architectures can give rise to new functions and new molecular interaction alternatives. The 

protein architectures found in the secretomes are available in the supplementary file 6. 

 On average, each secreted protein had 1,73 domains, a proportion that did not vary 

significantly among taxonomic groups. B. malayi (2,89) had the highest amount of domains per 

protein and F. hepatica (1,27) the lowest one. The number of domains in non-secreted proteins was 

1.65 per protein on average. Architecture diversity in a species is the number of architectures 

observed divided by the number of proteins with Pfam domains. If the ratio is close to 1 there is a 

greater diversity of architectures, because it means that every protein represents a specific 

architecture. According to our results, we can see that Platyhelminthes have the highest architecture 

diversity in secreted proteins (Figure 4).  

 Overall, 4,451 unique domain architectures were identified across 44 secretomes, with 2,830 

of them (63.5%) appearing exclusively in a single secretome and only two ‘core’ architectures 

(0,04%) that were present in all secretomes. Non-secreted proteins displayed a richer domain 

architecture with 25,709 unique architectures identified, 13,934 (54.1%) of them appear exclusively 

in a single secretome and 158 ‘core’ architectures (0.61%). The ‘core’ architectures of the 

secretomes were composed by only one domain, corresponding to proteins that were related to 
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essential and conserved functions such as Homeobox domain (PF00046) secreted by non-classical 

pathway and cysteine-rich secretory family (PF00188, SP) a classical pathway secreted protein. 

 The average number of exclusive architectures per species was 64, ranging from 24 to 157. 

F. hepatica had the highest number of exclusive domain architectures (41,8%). The lowest number 

of exclusive architectures was found in T. callipaeda (11%). Free-living helminths had values 

above 26% with highest value in S. mediterranea (32%). Plant parasitic helminths and the 

ectoparasite G. salaris also had high values of exclusive architectures. The highest numbers of 

architectures were found in C. elegans (594) and M. corti (143) with the lowest values. 

 

 

Figure 4. Protein architecture diversity (number of architectures per proteins with Pfam domains) 

distribution across secreted and non-secreted proteins in 44 helminth species. N: nematoda, P: 

platyhelminthes AP: animal parasite, PP: plant parasite, FL: free living. 

 

4. Discussion 

 

 The identification of secreted proteins may provide a catalog of potential new 

immunomodulators, the development of new diagnostic tests, potential new drug targets and 

treatments (Geary et al. 2012). The need for new methods for diagnosis and control is well 
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recognized (Liang et al. 2003; Melman et al. 2009). For this reason, the study of helminth 

secretomes may provide new venues for the development of control measures. The secretome of 

helminths also provides the repertoire of proteins that shows the imprint of adaptation to several 

habitats (Krijger et al. 2014).  

 The helminth expressed secretome is dynamic and adjusts to the developmental stage of the 

worm, the milieu in which each life cycle stage is exposed to and the state of the host immune 

system, among others. For example, it has been shown for B. malayi microfilariae that the 

composition of the secreted proteins depends on the local environment of the microfilarie in the 

human host (Moreno and Geary 2008). On the other hand, it has been demonstrated that not only 

secreted proteins are involved, but also carbohydrates (Jenkins et al. 2005; Thomas et al. 2003) and 

lipid mediators play important roles in the modulation of the host immune system by worms 

(Brattig et al. 2009; Van der Kleij et al. 2002). 

 The computationally set of secreted proteins we obtained still needs experimental validation, 

but it already provides strong clues as to which proteins to expect and the adaptations that evolved 

in organisms with distinct life styles.  

 We found that platyhelminthes have smaller secretomes, which is in agreement with 

previous studies (Gomez et al. 2015; Garg and Ranganathan 2012; Tsai et al. 2013). Small 

secretomes could be related to an environment or niche with compounds or nutrients that are easier 

to obtain and metabolize (Krijger et al. 2014). The C. elegans genome encodes a large proportion of 

secreted proteins as compared to other invertebrate and vertebrate organisms (Suh and Hutter 2012). 

According to our results, 3,121 proteins were predicted as secreted. This represents 13% of the 

filtered proteome, being the largest secretome in this study. C. elegans possesses an elaborated set 

of secreted proteins illustrating that genetic complexity does not necessarily correlate with 

anatomical complexity (Suh and Hutter 2012).  

 The higher number of secreted proteins in the free living nematodes C. elegans and P. 

pacificus permits the use of a wider variety of substrates present in soil or plant debris, which are 
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likely more difficult to degrade than those available in animal hosts (Krijger et al. 2014). The plant 

helminth B. xylophilus also had a larger secretome than other animal helminths. This finding may 

be explained assuming that animal hosts represent a nutritionally simpler environment than plant 

hosts. Competition with other microorganisms in free-living and other plant helminths are possibly 

more severe than in animal hosts, which may affect the number of secreted proteins involved in 

counteracting competitors (Krijger et al. 2014). Therefore, the secretome size could be related to 

lifestyle and parasite environment rather than with proteome size. S. haematobium has the smallest 

secretome across 44 helminth species. The small size of animal helminth secretomes may reflect an 

adaptation or a selective advantage in order to evade recognition by the immune system (Krijger et 

al. 2014). 

  However, according to our results H. contortus, a pathogenic nematode of ruminants, had a 

large secretome, almost equal to free living nematodes and plant helminthes. The H. contortus 

secretome is particularly rich in peptidases linked to key roles in host invasion, locomotion, 

migration into stomach tissue (during the histotropic phase), degradation of blood, and other 

proteins as evasive mechanisms (Schwarz et al. 2013). 

 The study of protein domains has provided solutions to some human diseases. One example 

is the case of Kunitz domains (protease inhibitor domain) that are stable as standalone peptides, able 

to recognize specific protein structures. These properties have led to attempts at developing 

biopharmaceutical drugs targeting this domain (Lehmann 2008). The first of these drugs to be 

marketed was a kallikrein inhibitor called ecallantide, which was used for the treatment of 

angioedema (Lehmann 2008). 

 Protein domains are an independent, compact and stable protein structural units that folds 

independently of other units, thus with potentially different biological functions (Barrera et al. 

2014) and may catalyze different reactions (Barrera et al. 2014). The study of domain diversity in 

secretomes is a fast and effective way to characterize protein diversity and may provide clues to the 

different lifestyles and environments in which these organisms live. The architecture of secreted 
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proteins are therefore relevant for the understanding of the interaction of the helminth and the 

environment. In addition, the prediction of domain architectures enables the determination of the 

overall protein function and diversity and has been used to transfer genomic annotations in newly 

sequenced genomes (Barrera et al. 2014).  

 Few domains were found in common across the secretomes, possibly because helminths 

have evolved separately as parasitic worms, leading to specific adaptations for their particular niche 

(Zarowiecki and Berriman 2015). Only five domains were common across 44 secretomes, these 

domains were universal and are involved in biological functions such as peptidases, inhibitors, 

antioxidants, and cell adhesion. All these are important processes in the interaction with the host. Of 

the five domains, the Kunitz domain (PF00014) was the most frequent and is present in proteins 

containing 117 distinct architectures suggesting that this domain is relevant in very diverse 

activities, one of them being the inhibition of proteases. 

 Species-specific domains are involved in particular functions related to lifestyle or 

ecological niche in helminths. In G. salaris, a salmon ectoparasite, it was possible to identify 

domains related to pilus formation in bacteria. These domains could be participating in the 

attachment of the ectoparasite to the host and have important roles in virulence, infection, and 

colonization by pathogens. However, the presence of these bacterial domains in the secretome of G. 

salaris could be also related to the ectoparasite lifestyle, because Gyrodactilus spp feeds on host 

mucus and epithelial cells (Cable and Harris 2002). On the other hand, Bird and colleagues (2009) 

postulated that pilus formation domains have been acquired from bacteria by ancestral nematodes 

via horizontal gene transfer, and such events would be relevant for the establishment of the parasitic 

life style (Bird et al. 2009).  

 Exclusive plant domains such as the ones found in cellulases, pectate lyases, and cell wall 

degrading enzymes are key adaptations towards plant parasitism most probably achieved by 

horizontal gene transfer from a rhizobial bacterium (Dieterich and Sommer 2009). In the potato 

parasite helminth G. pallida, we found the exclusive domain necrosis inducing protein (NPP1) 
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(PF05630) with the architecture SP (signal peptide) and PF05630, that is involved in early stages of 

the infection and is present in the potato fungus Phytopthora infestans, suggesting that plant 

parasitism has evolved from fungal associations (Dieterich and Sommer 2009).  

 Specific glycoside hydrolases (GH) found in B. xylophilus suggested that they play 

important roles in fungal cell wall degradation. GH 16 is involved in fungal cell wall degradation 

with endo-beta-1,3-glucanase activity and beta 1,3 glucan is one of the main components of the cell 

wall (Adams 2004). This protein was only present in B. xylophilus, reflecting the difference in their 

food sources. Some secreted GH in B. xylophilus were acquired from other organisms by horizontal 

gene transfer as supported by phylogenetic evidence, which showed that they were gained from 

ascomycete fungi and bacteria (Shinya et al. 2013; Kikuchi et al. 2011). Another interesting GH 

protein identified was GH 18 (chitinase) that is involved in insect cuticle degradation and have 

antifungal roles (Staats et al. 2014). This protein was present in some helminths that have insect 

vectors.  

 The most represented domains across helminth secretomes were ranked in a top 25 

classification. The ShK (PF01549) domain was the most common domain. It is suggested that this 

domain is important in parasitic interactions (Heizer et al. 2013). ShK proteins can inhibit calcium-

dependent lymphocyte activation (Tudor et al., 1996). This suggests a direct immunomodulatory 

role for ShK homologs in helminths and its potential biopharmaceutical applications. Kunitz_BPTI 

(PF00014) and Inhibitor_I29 (PF08246) are protease inhibitors. It has been suggested that they are 

involved in protecting helminths from host molecules, in particular, those derived from the 

gastrointestinal tract, such as a broad diversity of peptidases (Heizer et al. 2013). In this way 

gastrointestinal helminths can safely navigate and survive within host digestive tract. 

 CAP (PF00188) domains were also among the most prevalent domains across the helminth 

secretomes analyzed here. They play roles in larval migration and evasion of the host’s immune 

response (Sotillo et al. 2014). CAP domains have been also found associated with proteins with 

immunodulatory activity (Cantacessi et al. 2009) and have been studied in some parasitic nematode 
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species such as the hookworm A. caninum (Hawdon, Narasimhan, and Hotez 1999), and the murine 

strongyloid nematode, Heligmosomoides polygyrus (Moreno et al. 2011).  

 The trypsin (PF00089) domain is involved in the breakdown of proteins. Trypsin domains 

were up-regulated in the parasitic stages of the nematodes Cooperia oncophora and Ostertagia 

ostertagi (Heizer et al. 2013). Proteins associated with this domain play a role in the feeding process 

(Goyal et al. 2005). These secreted proteases may also participate in countering the host immune 

responses by hydrolyzing antibodies or in parasite establishment in the host (Heizer et al. 2013). 

 The lectin_C (PF00059) domain is related to extracellular metazoan proteins with diverse 

functions. In general, it is involved in calcium dependent carbohydrate binding. This domain has 

been linked to proteins involved in the host-parasite interface, which may assist in evading the host 

immune response (Loukas and Maizels 2000). Some nematode C-type lectins have been observed to 

the parasite surface such as the epicuticle.  

 Hosts use oxidative stress as a means of combating parasites (Schirmer et al. 1987). It was 

hypothesized that parasites would have a very well developed redox system to defend themselves 

against reactive oxygen species attacks (Zarowiecki and Berriman 2015). Domains involved in 

detoxification process were part of the most represented domains found in the present work such as 

transthyretin-like family (PF01060) and thioredoxin (PF00085). Other interesting process in host-

helminth interaction was lipid catabolism due to the lipid-rich environment in which helminths 

reside. Lipase_3 (PF01764) and coesterase (PF00135) are involved in these processes and are 

placed among the most represented domains across the helminth secretomes. Domains involved in 

cell adhesion or protein-protein interaction were placed in this top 25 ranking such as: I-set 

(PF07679), CUB (PF00431), PAN_1 (PF00024), and TSP_1 (PF00090). 

 Among the most represented predicted protein families across secretomes, we found 

proteases, which are involved in blood coagulation, protein metabolism, immune reactions, and 

tissue remodeling (Dzik 2006). The role of proteases in extracellular matrix degradation seems to be 

exclusive of parasites. Thus, free-living helminths do not secrete extracellular matrix degradation 
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proteases (Lackey et al. 1989). The specific action and release of peptidases after host infection is 

an important function in the transition from a free-living organism to parasite (Hawdon et al. 1995; 

Gamble and Mansfield 1996). Metallo and cisteine proteases (PF01400 and PF00112, respectively) 

are involved in the tissue/cell invasion process and nutrient uptake. Astacin (PF01400) is most 

represented domain in nematodes. This could support the idea that these proteins had an expansion 

in nematodes as reported by (Park et al. 2010). Furthermore, studies suggest that cysteine proteases 

appeared early in the evolution degrading intra and extracellular proteins (Sajid and McKerrow 

2002). On the other hand, aspartic proteases correspond to a major enzymatic class from parasitic 

helminths and play a key role in the ability to degrade haemoglobin (Brinkworth et al. 2001). Such 

are the targets of protective antibodies against the human parasite Necator americanus (Pearson et 

al. 2009). 

 Domain repetitions in multidomain proteins are important for the overall domain function 

(Messih et al. 2012). Domain repetition is a predominant mechanism for protein diversity and 

evolution. For example, in the glutamate receptor interacting protein (GRIP) contains seven PDZ 

domains, two of them interact with a α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

(AMPA) receptor, but only in the presence of the adjacent copies (Messih et al. 2012).  

 Our results showed that domains such as PAN, TSP-1, VWA, I-set, and EGF are usually 

present as tandem copies, sometimes in combination with other adhesive domains. The presence of 

these repeats suggests that they play a common functional role during the invasion process (host 

interaction). Adhesive proteins play important roles in ligand binding, cell-cell and cell-

extracellular matrix interactions (Bork and Rohde 1991).  

 In the present study, we provide access to the full list of core domains, exclusive domains, 

and domain architectures of the secreted proteins across 44 helminths. This information can be a 

useful resource for researchers interested in comparative studies of secretomes across different 

helminths in order to know more about the protein evolution in these crucial proteins and their 

interaction with the host and to understand protein function and evolution. The number and order of 
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the domains will determine the function, as is the case of multimodular enzymes. The rational is 

that proteins containing the same domain composition could be similarly annotated (Barrera et al. 

2014). 

 Secreted proteins have higher architecture diversity comparing with non-secreted proteins. 

The only exceptions were the secretomes of B. xylophilus and P. trichosuri. This metrics was 

calculated in order shed light on the diversity of secreted proteins in terms of protein domains and 

architectures, once domain and architecture diversity point toward the existence of different 

mechanisms to attach or interact with host components and the environment. On average, 

Platyhelminthes had the smaller secretomes across 44 helminth species, albeit more diverse 

architectures. 

 

5. Conclusions 

 

 This is the first proteome-wide comparative study of predicted secretomes in helminths 

using species with different lifestyles and environments to provide relevant information towards the 

understanding of their diversity, function, and adaptation. The comparison of secretome profiles 

across 44 helminth species revealed their differences and similarities, reflecting the organisms’ life 

style and generating a list of proteins that should be considered for development of new helminth 

control strategies. This is important once helminths have evolved various strategies to invade host 

tissues and to evade or even manipulate the immune system. Only five domains were conserved 

across 44 secretomes and reveal mechanisms that appear to be conserved among plant, animal, and 

free-living helminths. Our findings also indicate that the secretome composition is not conserved 

across species and the differences suggest possible unique adaptations to specific niche. 

 According to our observations, the secretome size does not depend on the increase of 

proteome size. The majority of proteins in the secretomes had less than 300 amino acids, which 

means that these proteins have a fairly simple domain organization (unidomain proteins). Proteins 
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with more than 1,000 amino acids were poorly represented across the secretomes. In 

platyhelminthes, the secretome average size was noticeably smaller compared with nematodes and 

also among animal and plant helminths. 

 Comparisons between secreted and non-secreted proteins allowed profiling the helminth 

secretomes. Secretome-specific domains are involved in biological processes such as: recognition, 

binding, degradation and uptake of complex extracellular nutrients, signal transduction and 

adhesion. In general, secreted proteins are simpler in terms of the domain number than non-secreted 

proteins. However, large proteins containing more than 10 and 20 domains were over represented in 

secreted in comparison to non-secreted proteins. This is explained by the presence in the secretome 

of proteins involved in cell to cell communication, protein binding, adhesion, among others that 

contain repetitive domains such as PAN, TSP-1, VWA, I-set, and EGF. Proteins with these repeats 

may play a common functional role during the invasion process (host interaction). Regarding the 

architecture diversity, secreted proteins have the highest diversity comparing with non-secreted 

proteins, which could be related to selective diversifying pressures. 

 Our approach is based on data available from recently sequenced genomes. All the predicted 

proteins in this study are preliminary predictions, which need to be experimentally validated assays 

or refined in future improved versions of genome assemblies. 
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3.2 – CAPÍTULO II: Análise evolutiva das cistatinas de Schistosoma 

Cuesta-Astroz Y, Scholte LL, Pais FS, Oliveira G, Nahum LA. Evolutionary analysis of the cystatin 

family in three Schistosoma species. Front. Genet. 5:206. doi: 10.3389/fgene.2014.00206. PMID: 

25071834. 

 

 Neste estudo foram identificados homólogos de cistatinas no proteoma predito de três 

espécies de Schistosoma e outros Platyhelminthes. Cistatinas são uma família de inibidores de 

cisteino proteases distribuídos em três subfamílias (I25A-C). Membros desta família sem atividade 

de cistatina são considerados "não classificados". Pouco se sabe sobre a evolução das cistatinas em 

Schistosoma bem como suas funções fisiológicas e padrões de expressão no ciclo de vida dos 

parasitos. Foi analisada a diversidade de sequências de aminoácidos focando na identificação de 

assinaturas proteicas para se estabelecer as relações evolutivas entre cistatinas de Schistosoma e 

humanas validadas experimentalmente. Padrões de expressão de genes foram obtidos a partir de 

diferentes estádios de desenvolvimento no S. mansoni utilizando dados de microarray. Em 

Schistosoma, foram identificadas I25A e I25B refletindo pouca diversificação funcional. I25C e os 

membros da subfamília de "não classificados" não foram identificados nas espécies de platelmintos 

analisadas. A filogenia obtida coloca as cistatinas em diferentes clados, refletindo a sua diversidade 

molecular. Nossos resultados sugerem que as cistatinas de Schistosoma são muito divergentes de 

seus homólogos humanos, especialmente em relação a subfamília I25B. Cistatinas de Schistosoma 

também são diferentes de seus homólogos em outros platelmintos. Finalmente, os dados 

transcritômicos indicaram que os genes de I25A e I25B são constitutivamente expressos e, portanto, 

poderiam ser essenciais para a progressão do ciclo de vida de Schistosoma. Em resumo, este estudo 

fornece insights sobre a evolução, classificação e diversificação funcional de cistatinas em 

Schistosoma e outros platelmintos, melhorando a compreensão da biologia do parasita e abrindo 

novas fronteiras na identificação de novos alvos terapêuticos contra helmintíases.  
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IV – DISCUSSÃO 
 

Apesar da quantidade extraordinária de dados gerados pelos projetos de sequenciamento de 

DNA (genomas ou genes específicos), existe uma grande demanda por análises que possam auxiliar 

a interpretação destes dados integrando a informação genotípica à diversidade fenotípica dos 

organismos e sua adaptação a ambientes diversos (Aguilar-Diaz et al. 2006; Berriman et al. 2009; 

Saarma et al. 2009). Além disso, existe uma grande demanda pela identificação de novos alvos 

terapêuticos e desenvolvimento de novos fármacos para tratamento das helmintíases, especialmente 

pelas limitações apresentadas pelas drogas disponíveis. 

As proteínas secretadas são capazes de modificar ou manipular o ambiente do hospedeiro, 

além de modular a sua imunidade. Pouco se conhece acerca da função e evolução das proteínas 

secretadas pelos helmintos e sua interação com seus hospedeiros. A identificação de proteínas 

secretadas pode proporcionar um catálogo de potenciais novos imunomoduladores e o 

desenvolvimento de novos testes diagnósticos ou potenciais novos tratamentos, sendo o secretoma 

uma interessante e promissória rota de intervenção e terapia, além da identificação de novos alvos 

terapêuticos (Liang et al. 2003; Melman et al. 2009; Coeli et al. 2013). 

A disponibilidade de dados do proteoma predito de alguns helmintos de vida livre e 

parasitária e sua análise comparativa pode nos dar uma ideia da diversidade dos secretomas destes 

organismos e contribuir para o entendimento da evolução do parasitismo incluindo as interações 

parasito-hospedeiro. Métodos experimentais são normalmente trabalhosos e extremamente caros. 

Assim predições computacionais são uma abordagem atraente, particularmente no contexto da 

avaliação em grande escala devido a sua relativa facilidade e rapidez. No entanto, como todas as 

ferramentas de predição, há uma taxa de erro em função de falsos positivos e negativos como 

deveria ser esperado (Torto et al. 2003). 

A função de uma proteína está altamente relacionada com o contexto. Neste caso, as 

proteínas secretadas estão relacionadas por exemplo com o estágio do ciclo de vida do parasito 

entre outros fatores. Além disso, as proteínas secretadas podem ter uma regulação pós-traducional 
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ou ter uma retenção do peptídeo sinal que impede a sua secreção. A integração dos resultados 

computacionais com dados transcritômicos e proteômicos pode melhorar a identificação de 

proteínas que estão sendo secretadas (Caccia et al. 2013) além de melhorar a confiabilidade da 

interpretação funcional dos nossos resultados. 

As proteínas estão sendo cada vez mais identificadas experimentalmente em locais 

inesperados, apresentando um desafio importante nos estudos bioinformáticos do secretoma, assim 

como na análise geral dos dados biológicos (Caccia et al. 2013). Algumas dessas proteínas podem 

ter uma localização incorreta e representarem artefatos, enquanto outras podem ser mal 

interpretadas. Também têm sido observado que proteínas específicas podem executar funções 

diferentes dependendo da sua localização subcelular. O fenômeno pelo qual diferentes formas da 

mesma proteína desempenham diferentes funções em locais diferentes é denominado  moonlighting 

e pode desafiar a interpretação dos dados de proteômica e a compreensão do significado biológico 

da localização das proteínas (Copley 2012; Butler and Overall 2009). 

Devido às limitações das ferramentas computacionais e nosso incompleto conhecimento da 

biologia das proteínas secretadas e exportadas e na ausência da prova experimental direta da 

secreção, é improvável que um secretoma predito in silico represente exatamente o verdadeiro 

secretoma. Uma nova geração de ferramentas bioinformáticas terão que incluir análises integradas 

realizadas em diversas bases de dados "ômicos", mineração de dados e recursos de mineração de 

texto para a extração de conhecimento e interoperabilidade com ontologias para capturar 

propriedades funcionais das proteínas. Além disso, análises experimentais avançadas devem ser 

desenvolvidas para a verificação dos secretomas. 

 Motivados pelas vantagens dos métodos computacionais e com a finalidade de fazer um 

estudo comparativo abrangente em helmintos, identificamos computacionalmente as proteínas 

secretadas preditas em 44 espécies de helmintos com diferentes estilos de vida, linhagens 

filogenéticas e hospedeiros. O conjunto de proteínas secretadas evidencia relações evolutivas e 

adaptação a vários habitats (Capitulo I). Os secretomas obtidos foram representados em 41,200 
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proteínas, com 31,192 preditas pela via clássica (presença de peptídeo sinal) e 10,008 identificadas 

pela via não clássica. 

 Diferentes tamanhos de secretomas foram identificados, com os platelmintos apresentando 

secretomas com menor tamanho. Secretomas pequenos podem estar relacionados com um ambiente 

ou nicho com compostos ou nutrientes que são fáceis de metabolizar (Krijger et al. 2014). Os 

secretomas maiores foram encontrados em helmintos nematoides de vida livre e plantas, com 

exceção de H. contortus que apresentou um secretoma comparável com os anteriormente citados. O 

alto número de proteínas secretadas nos nematoides de vida livre C. elegans e P. pacificus permite 

usar uma ampla variedade de substratos presentes no solo ou restos de plantas, que são 

provavelmente mais difíceis de degradar do que os substratos disponíveis no hospedeiro animal 

(Krijger et al. 2014). 

 O estudo da diversidade de domínios nos secretomas é uma maneira rápida e eficaz 

para caracterizar a diversidade de proteínas e pode fornecer pistas para os estilos de vida e 

ambientes em que esses organismos vivem. Foram encontrados poucos pontos em comum nos 

secretomas em termos de domínios proteicos (Pfam), possivelmente devido ao fato dos helmintos 

parasitas terem evoluído independentemente, sofrendo adaptações específicas para o seu nicho 

especial (Zarowiecki and Berriman 2015). Apenas cinco domínios foram comuns aos 44 secretomas 

(PF00014, PF07679, PF00085, PF00046, PF00188). Esses domínios estão envolvidos em processos 

biológicos tais como peptidases e inibidores, antioxidantes e adesão celular, sendo todos esses 

processos importantes na interação com o hospedeiro. 

 Por outro lado foram encontrados domínios espécie-específicos. Estes domínios estão 

envolvidos em funções específicas relacionadas ao estilo de vida ou nicho em helmintos. Dentre os 

domínios específicos encontrados destacam-se aqueles associados a helmintos de plantas, como 

celulases, pectato liase e enzimas que degradam a parede celular as quais são adaptações chave para 

o parasitismo de plantas. Provavelmente estes foram adquiridos por transferência horizontal de 

genes a partir de rizobios e, portanto, funções bacterianas têm sido propostas como uma importante 
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força motriz na evolução do parasitismo (Dieterich and Sommer 2009). No helminto parasita de 

batata G. pallida foi encontrado o domínio exclusivo NPP1 (necrosis inducing protein, PF05630) 

que está envolvido na fase inicial da infecção e está presente no fungo da batata Phytophtora 

infestans, o que sugere que o parasitismo de plantas evoluiu de associações fúngicas (Dieterich and 

Sommer 2009).  

 Em adição aos domínios específicos de helmintos de plantas, os específicos de helmintos de 

vida livre foram identificados. Este grupo de helmintos são expostos a um maior número de 

substratos mais complexos. Em geral, é provável encontrar mais estresse oxidativo e xenobióticos 

do que em endoparasitas obrigatórios, por isto organismos de vida livre têm sistemas redoxes mais 

complexos e variados (Zarowiecki and Berriman 2015). De acordo com nossos resultados 

encontramos termos GO (Gene Ontology) enriquecidos relacionados com o ambiente de helmintos 

de vida livre, tais como resposta a UV (GO:0009411) e resposta a estímulo xenobiótico 

(GO:0009410). 

 Um outro grupo de domínios de proteínas analisado foram os domínios mais representados 

nos secretomas como as proteases e inibidores, quinases, domínios envolvidos em adesão celular e 

interação proteína-proteína. Um dos domínios com maior representação nas proteínas secretadas foi 

o Kunitz_BPTI (PF00014) que é um domínio inibidor de proteases e tem sido sugerido como 

envolvido em proteger os helmintos das moléculas do hospedeiro, em especial os derivados do trato 

gastrointestinal, tais como uma ampla diversidade de peptidases (Heizer et al. 2013). O estudo do 

domínio Kunitz tem fornecido soluções para doenças humanas, levando ao desenvolvimento de 

produtos farmacêuticos a partir deste domínio, tais como o inibidor de calicreina (serino protease) e 

foi chamado ecallantide usado para o tratamento de angioedema (Lehmann 2008). Este é um 

exemplo de que os estudos da diversidade de domínios poderia ser um campo promissor na busca 

de potenciais fármacos antihelmínticos. 

 Além da análise da presença de domínios e a associação com o estilo de vida de helmintos, a 

importância das repetições de domínios em proteínas secretadas tem sido estudada. A repetição de 
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domínios é um mecanismo predominante para a diversidade de proteínas e sua evolução. Em alguns 

casos, a repetição de domínios em uma proteína multidomínio é essencial para a função da proteína 

(Messih et al. 2012). Nossos resultados mostraram que domínios PAN, TSP-1, VWA, I-set e EGF 

estão normalmente presentes como cópias em série (tandem), as vezes em combinação com outros 

domínios de adesão, sendo as proteínas que contêm esta arquitetura importantes no processo de 

invasão. 

Por outro lado, estudos evolutivos e de expressão em famílias proteicas que fazem parte do 

secretoma são relevantes na compreensão da interação parasito-hospedeiro. A família das cistatinas 

foi nosso estudo de caso. Tais proteínas são inibidores de cisteíno proteases e estão envolvidas na 

regulação da atividade proteolítica e na modulação do sistema imune do hospedeiro (Capitulo II). 

Com o intuito de identificar, classificar e anotar funcionalmente as cistatinas no proteoma predito 

de três espécies de Schistosoma e outros platelmintos, adotamos uma abordagem computacional 

baseada em modelos ocultos de Markov (hidden Markov models), abordagem filogenética para 

anotação funcional de homólogos e análise de expressão em diferentes estágios do ciclo de vida de 

S. mansoni. Como resultado, em diferentes espécies de Schistosoma somente foram identificadas 

cistatinas I25A e I25B refletindo pouca diversificação funcional. I25C e a subfamília de "não 

classificados" não foram identificadas nas espécies de platelmintos analisadas. 

A análise filogenética indicou que as cistatinas pertencem a diferentes clados, refletindo a 

sua diversidade molecular. Nossos resultados sugerem que as cistatinas de Schistosoma são muito 

divergentes dos homólogos humanos, especialmente a subfamília I25B. A análise dos dados 

transcritômicos indicou que os genes de I25A e I25B são constitutivamente expressos e, portanto, 

podem ser essenciais para a progressão do ciclo de vida de Schistosoma. 

O trabalho apresentado nesta tese de doutorado é pioneiro no estudo comparativo de 

secretomas preditos em escala genômica em helmintos, analisando espécies com diferentes estilos 

de vida e hospedeiros para contribuir na compreensão da diversidade, função e adaptação aos seus 

nichos específicos. Além da interação parasito-hospedeiro mediada pelas proteínas secretadas e sua 
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diversidade que reflete especificidades dos helmintos a diferentes ambientes, este estudo pode 

auxiliar na identificação de novos alvos terapêuticos ou moléculas diagnóstico. 

 

V – CONCLUSÕES 
 
O avanço das tecnologias de sequenciamento associadas ao aumento do poder computacional  

levou um crescimento no volume de dados genômicos, transcritômicos e proteômicos em diferentes 

espécies de parasitos o que abriu novas fronteiras na compreensão da biologia de parasitos e na 

identificação de novos alvos terapêuticos. Neste contexto, o estudo das proteínas secretadas 

disponibiliza uma fonte de informações sobre novos alvos de drogas e marcadores diagnóstico. Por 

este motivo, o estudo dos secretomas de helmintos terá um grande impacto para controlar as 

helmintíases futuramente. Como um primeiro passo para elucidar as bases moleculares da 

colonização do hospedeiro torna-se necessário determinar o repertório de proteínas secretadas pelo 

parasito. Além disso, o secretoma de helmintos irá mostrar o fingerprinting da adaptação a vários 

habitats. Esta abordagem tem impacto também no estudo da interação parasito-hospedeiro que é 

importante para a compreensão os mecanismos de infecção pelos quais o helminto entra no 

hospedeiro e persiste. 
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VII – ANEXOS 
 
Além dos trabalhos já mencionados, atuo em outros estudos. Uma síntese dos projetos em 

andamento encontra-se a seguir. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



86	

	

7.1 - An integrative approach to unravel the human-Schistosoma mansoni interactome: who, 

when and where. 

Cuesta-Astroz Y1, 2, Santos A3, Juhl Jensen L3, Oliveira G1. 
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 The study of molecular host–parasite interactions is essential to understand parasite infection 

and local adaptation within the host. Recent efforts use several strategies to identify inter-species 

protein–protein interactions (PPIs) between the host and parasites, viruses and bacterias. Here, we 

investigate the inferred PPI network between human and S. mansoni, one of the parasites causing 

Schistosomiasis, a neglected tropical disease. To this end, we propose an integrative approach that 

gives context to the interactions according to the parasite’s life cycle and subcellular localization of 

the proteins. We use a homology-based method to predict interactions by looking at intra-species 

interactions among all organisms within the closest ancestral group common to both, human and S. 

mansoni and uses conservation of interactions as a measure of confidence. Besides, we used 

publicly available datasets of domain-domain interactions to identify possible PPIs based on 

common domains. To contextualize the interactions, we limit the interactions to human membrane 

and extracellular proteins expressed in tissues that support the parasite’s tropism (skin, blood, lung, 

liver and intestine). In total our approach predicted 34,586 PPIs and 1,392 after filtering, which 

showed crosstalk between parasite and host proteins enriched in biological process and tissue-

specific secretory pathways essential in the life cycle of the parasite. An initial manual curation of 

some of the interactions revealed tissue-specific interactions that are also stage associated according 

to expression data available for S. mansoni. We believe that applying this systems biology approach 

will certainly help uncover targetable mechanisms for the therapy of Schistosomiasis, and also 

opens the possibility for the analyses of any host-parasite pair. 
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7.2 - Whole genome analysis of Biomphalaria glabrata (Lophotrochozoa), a snail intermediate 

host for transmission of schistosomiasis. 

Biomphalaria glabrata Genome Consortium 

 

 Freshwater snails of the genus Biomphalaria are important snail hosts for the widespread 

transmission of schistosomiasis in humans. Schistosomiasis is a debilitating parasitic disease with 

high morbidity and high loss of Disability-Adjusted Life Year (DALYs), ranking second among 

neglected tropical diseases only to malaria in its negative impact on global human health. Here we 

characterize the genome of B. glabrata and describe a variety of biological properties that enable 

their persistence in complex aquatic environments and define this snail as suitable hosts for S. 

mansoni, including aspects of immunity and gene regulation. These efforts may improve snail 

management and perhaps foster developments to successfully interrupt snail-mediated parasite 

transmission in support of schistosomiasis eradication. 

 My contribution to this project was the in silico prediction of secreted proteins. Secreted 

proteins were also clustered based on RNAseq expression patterns in 12 snail tissues. We identified 

583 secreted proteins corresponding to 4.1% of the B. glabrata proteome. The secretomes included 

different functional classes related with different process such as digestive enzymes, protease 

inhibitors, lectins, kinases and antioxidant enzymes. Secreted proteins were mapped onto KEGG 

pathways revealing a great deal of functional diversity. Most secreted proteins belonged to 

categories as carbohydrate metabolism, glycan biosynthesis, folding sorting and degradation, signal 

transduction and transport and catabolism. In order to have a dynamic view of the secretomes, all 

the RNAseq data for the 12 tissues were clustered according protein expression. We found a similar 

expression pattern of the secretomes in foot and salivary glands and a different pattern in ovotestis. 

Secreted proteins expression in different tissues could point to those that may be directly involved 

in snail-parasite interaction. Further studies of the secretomes could help to unravel relevant aspects 

of snail-parasite interactions that are essential for combating infection. 

 

 

 


